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ABSTRACT

EVALUATION OF DEGRADATION IN GaN HIGH ELECTRON MOBILITY 
TRANSISTORS DUE TO THE INVERSE PIEZOELECTRIC EFFECT

Deepthi Nagulapally 
Old Dominion University, 2014 
Director: Dr. Ravindra P. Joshi

It has recently been postulated that high voltage stress can result in the 

degradation of nanoscale structures that are made up of piezoelectric materials. The 

inverse piezoelectric effect (IPE) is believed to be the likely reason for this degradation 

mechanism. Basically, the IPE leads to the creation o f high internal stresses driven by the 

presence o f an electric field. Consequently, devices based on piezoelectric materials are 

postulated to undergo defect formation induced by the large mechanical stress arising 

from the inverse piezoelectric effect in the presence o f an applied bias. GaN based 

devices are mostly observed to show this degradation mechanism, in particular 

AlGaN/GaN HEMTs. The key feature o f this mechanism is the sudden increase in 

leakage currents due to defect induced energy levels. The leakage currents can contribute 

to local heating or electromigration, and further enhance defect creation leading to an 

irreversible device degradation cycle. Given this possibility, and the need to mitigate such 

deleterious effects, it becomes important to understand and model this degradation 

mechanism in nanoscale devices.

The aim of this dissertation research is to focus on the particular aspect o f the 

inverse piezoelectric effect, understand its role in potential device degradation o f GaN- 

based High Electron Mobility Transistors (HEMTs), and evaluate the possibilities of 

minimizing the inverse piezoelectric effect by optimizing the GaN-HEMT geometry and 

design parameters. The possible modifications o f the parameter space include changing 

device dimensions, varying the A1 composition, and employing high-k insulating cap 

layers. The effect of such changes on various device aspects such as the carrier density, 

strain, internal electric fields and the related stored energy etc. were carefully and



systematically evaluated in this dissertation research. Details on the salient results, 

potential summarizing conclusions, and scope for future work are also presented.
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CHAPTER 1 

INTRODUCTION

1.1 MOTIVATION

There has been rapid development in Group III nitride material systems. The high 

breakdown fields that can be sustained in GaN High Electron Mobility Transistor 

(HEMT) devices, combined with high electron densities o f the two-dimensional electron 

gas (2DEG) in the channel, and the high electron drift velocities, form the important 

foundation for high power electronic applications of HEMTs with high efficiency. Power 

consumption o f transmission power amplifiers has increased drastically with increasing 

transmission speeds over 100 Mbps. Thus high power efficiency is required to reduce this 

increased power consumption for the next generation networks. GaN HEMTs have 

shown higher efficiencies compared to Si-laterally diffused metal oxide semiconductor 

(LDMOS) devices [1]. Because o f their large band gap, high electron mobility and large 

piezoelectric coefficients, HEMTs fabricated from GaN can generate four to five times 

the amount of power that a comparable GaAs HEMT can.

A high output power density o f  over 40 W/mm was demonstrated for a single 

HEMT device [2], Figure 1.1 shows the comparison o f On-Resistance as a function of 

breakdown voltage for Si and GaN materials. For a low value of On-Resistance, which is 

typically a desirable feature, the breakdown voltage for GaN materials is almost an order 

o f magnitude higher than that for Si-devices. As the feature sizes shrink and hence the 

internal electric fields scale up, such higher breakdown field limits are very desirable. 

The high breakdown voltages then mean that the GaN devices are more resistant to 

breakdown and can sustain much shorter device down-scaling. Furthermore, because of 

such high power efficiency, smaller devices can be used for the same output power, and 

high voltage operation is possible. In this regard, the AlGaN/GaN HEMT is the 

commonly used device structure. This high power efficiency is a result o f  high 

concentrations of the two-dimensional electron gas (2DEG) formed at AlGaN/GaN 

interface due the strong piezoelectric and spontaneous polarization effects[3]. The
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electric field values can reach several MV/cm during HEMT operation for high power 

applications.

GaN results
10

1000 10000
B reakdow n voltage  ( V )

Figure 1.1. Comparison of On-Resistance o f materials for power electronics. © 2009 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted, with permission, from 
[ 1]-

However, it has experimentally been observed that GaN HEMT devices used for 

high voltage operation can often fail [3]. It was hypothesized that the failure o f these 

AlGaN/GaN devices studied was due to a new defect formation mechanism associated 

with the inverse piezoelectric effect when biased at high voltages. The inverse 

piezoelectric effect (IPE) is expected to be more important under high fields [3], since the 

electric fields drive material stress and ultimate deformation and defect creation. The 

basic source is the piezoelectric nature o f the GaN and AlGaN materials that leads to 

increased strain and eventual degradation causing crystalline defects at high internal 

electric fields. Crystalline defects in single crystal semiconductor can degrade the 

properties of the device such as the background current levels, intrinsic noise, as well as 

tum-on and turn-off voltage levels. For example, current leakage through dielectric or
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semiconductor can occur which can degrade the device by affecting charge trapping. This 

process, in turn, can cause the device properties (such as threshold voltage in Field Effect 

Transistors and memory devices), or the local electric fields to change dynamically over 

time. In addition, leakage currents can contribute to internal heating. This presents a 

potential problem since the temperature at which device operates has profound effects on 

device operation and its reliability. In the worst scenarios, the deviations in current and 

operating characteristics may be irreversible, leading to run-away and eventual device 

failure. Manufacturers and users both desire to minimize or better yet, completely 

eliminate such device degradation and failures.

GaN microwave power device performance was reported to improve with the 

MOS HEMT structure. Yue et al. [2] proposed the use o f  high-A: layer structure as 

insulator with thickness of about lOnm grown using Atomic Layer Deposition process. In 

the process, they were able to achieve reductions in the gate leakage current by six orders 

o f magnitude over HEMT devices without the high-A layer, for positive gate biasing [4], 

In order to realize the advantages o f high breakdown field and high on-off ratio in group 

III nitride HEMTs, it is required to improve the reliability o f the device with reduced 

leakage currents. The improvement in reliability can result from understanding the 

physics behind the failure mechanisms and optimizing the device parameters.

1.2 SCOPE AND ORGANIZATION

Several questions and issues must be addressed in order to bring the reliability of 

these devices to a reasonable point. The first and foremost task is perhaps to understand 

the mechanisms responsible for the root causes of the failure in GaN-based HEMT 

devices, especially at the high applied biases. Strain relaxation through the generation of 

dislocations at the interfaces is observed to be a formidable source of degradation and 

the inverse piezoelectric effect has been proposed as the mechanism o f degradation. 

However, a complete and quantitative understanding o f the mechanisms o f device 

degradation or failure remains. Furthermore, evaluation o f the critical magnitudes of the 

external voltages (or electric fields) and the regions within the device that could 

potentially trigger failure, needs to be carefully carried out.
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This dissertation is organized to basically address the above fundamental issues, 

and quantitatively access the influence o f the inverse piezoelectric effect in driving 

device failure. In this context then, the dissertation research is organized as given in the 

following paragraphs.

Chapter 2 reviews the history, advantages, operation and fabrication o f 

AlGaN/GaN High Electron Mobility Transistors (HEMTs). An overview o f the different 

failure mechanisms in HEMTS are discussed for completeness, and to provide a basic 

background. The basic theory behind the inverse piezoelectric effect (IPE) and its 

possible role and effect in HEMTs is also presented in Chapter 2. The current solutions to 

challenges such as addition o f cap layers, MOS HFET structures, addition o f field plate 

structure are discussed for completeness. Lastly, this chapter includes possible materials, 

advantages and challenges in HEMT technology leading to the motivation o f this 

research.

Chapter 3 focuses on the methodology that has been used, adapted and adopted to 

model the degradation process in an AlGaN/GaN HEMT. This chapter includes details o f 

the HEMT structure used to analyze and study the degradation process. Calculation of 

different parameters such as stress, strain and elastic energy density that control possible 

device degradation, the variations in their parameter space, and computations o f the 

optimal values required to reduce device degradation are also investigated. This chapter 

also provides an introduction to the COMSOL Multi-physics software tool that is used 

for electrostatics simulations o f the HEMT model. Impact o f the cap layers on the 2DEG 

and details o f the HEMT structure such as the role of the capping layers for improved 

device reliability are also discussed.

Chapter 4 presents the results from our simulations using the models presented 

and discussed in chapter 3. The influence o f the variation in parameters such as Al 

content, the effect o f AlGaN thickness on polarization and sheet charge density, 

quantitative values o f the fields and stresses generated within the HEMT structure are 

also discussed. Finally the effect of capping layers, and the role o f  possible device 

heating are presented.
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Chapter 5 discusses the summary o f the research and the salient points of the 

results obtained. The optimized parameter space for improving the reliability as observed 

from the results given in Chapter 4 is also discussed Finally, this chapter presents some 

scope for possible future work that could be undertaken for further analyses and research 

evaluations.
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CHAPTER 2 

LITERATURE REVIEW AND BACKGROUND

2.1 INTRODUCTION

An ideal semiconductor material for power applications should possess excellent 

transport and thermal properties, a high breakdown voltage, mechanical stability and low 

parasitics. Traditionally, most o f  the power devices today are made from silicon or GaAs. 

However, wide band gap semiconductor materials have attracted a lot o f  attention as 

potential candidates for high power applications (3.4eV for GaN versus 1.4 eV for 

GaAs). In the context o f emerging technologies, Group III nitride semiconductor 

materials have shown great potential in microwave power applications o f  wireless 

communication, radar, and automobile electronics. Its mainstream electronic device 

structure is the AlGaN/GaN high electron mobility transistor (HEMT). During the past 

few years enormous progress has been made in the development o f GaN based HEMTs. 

GaN based material systems offer important characteristics such as high band gap, high 

critical field, high thermal stability, high current density, high switching speed and low 

ON-resistance. Because o f their large band gap, high electron mobility and large 

piezoelectric coefficients, High Electron Mobility Transistors (HEMTs) fabricated from 

GaN can generate four to five times the amount o f power that a comparable GaAs HEMT 

can. A high carrier density is generated at the AlGaN/GaN hetero-interface due to 

spontaneous and piezoelectric polarization effects without requiring large doping. The 

polarization induced contributions to electron density results in low electron scattering 

since high amounts of dopant impurities (and hence impurity scattering) does not arise. 

Due to their high breakdown voltages, GaN HEMTs can operate in conditions that are not 

readily realizable with other device technologies. The GaN technology has been widely 

accepted as vehicle for high performance and high power applications.

These very high bias conditions, however, induce very high electric field within 

the device active area that can result in severe device degradation. GaN and AIN have
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strong piezoelectric properties. The crystal growth direction for these structures is such 

that these properties directly affect the electric field in the direction perpendicular to the 

hetero-interface. Several authors have observed that significant degradation effects may 

take place even when the devices are biased in the “off state”. In this cases, the main 

failures observed are the catastrophic increases in gate leakage current. The existence o f a 

critical voltage beyond which GaN HEMTs start to degrade has led the authors to 

propose a degradation mechanism based on crystallographic defects. Strain relaxation 

through the generation of dislocations at the interfaces is observed to be a formidable 

source of degradation and the inverse piezoelectric effect has been proposed as the 

mechanism of degradation. Improvements in reliability require a better understanding of 

failure mechanisms of GaN HEMT s.

2.2 INTRODUCTION TO HEMTs

High electron mobility transistors (HEMT) are presently undergoing intense 

research due to their usefulness in RF (radio frequency) and microwave power amplifier 

applications including (but not limited to): microwave vacuum tubes, cellular and 

personal communications services, and widespread broadband access [5]. One o f the 

main issues being researched in these devices is their reliability.

The frequency of operation and switching speeds are constantly being challenged 

as advanced semiconductor preparation and processing tools become available. The 

switching speed o f the device is primarily determined by how fast an input pulse can be 

transmitted to the output. For fast switching time, the capacitances and the transit time 

through the device must be made smaller. Large amounts of current, if  available, can 

charge and discharge capacitances faster. The transit time can be made smaller by either 

reducing the current path or by increasing the speed at which the carriers travel. The 

speed o f the carriers, for low electric fields is given by the product o f mobility and 

electric field. Since the current is proportional to the carrier velocity as well as the carrier 

density, carrier density must be increased for large currents. Increased electron 

concentration necessary for high currents required for high power devices (and for 

increased “fan-out”) also means increased donor concentration (in n-channel devices)
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which leads to electron donor interaction called ionized impurity scattering. In general as 

FETs become smaller, thinner channel layers and higher electron concentrations are 

required. The requirement for large electron concentrations without deleterious effects of 

donors (and their associated ionized impurity scattering) can be met by heterojunctions. 

High Electron Mobility Transistor (HEMT) is the major device application of 

heterostructures. HEMTs are currently considered as the fastest transistors. 

Heterostructure Field Effect Transistor (HFET), Modulation Doped Field Effect 

Transistor (MODFET), Selectively Doped Heterojunction Transistor (SDHT), Two- 

dimensional Electron Gas FET (TEDFET) are some of the other commonly used names 

for HEMTs [6, 7, 8],

A heterojuction is defined as a junction formed between two dissimilar lattice 

matched semiconductors with different energy band gaps (£c) , different dielectric 

permittivities S, different work functions(0), and different electron affinities O '). There 

are three different types o f heterojunctions based on the band alignment as shown in 

Figure 2.1. In type I, band gap o f one semiconductor is completely contained in the band 

gap o f other (e.g. AlGaAs/GaAs) and in type II, the band gaps just overlap (e.g. 

InP/InSb), while in type III, the band gaps do not overlap (e.g. GaSb/InAs). However, 

type I is the most commonly used heterojuction due to its applications. Structures formed 

with same lattice constant but have different band gaps are referred to as lattice 

mismatched HEMTs and also structures with different lattice constants are called 

pseudomorphic HEMT (PHEMT).

Conduction Band (CB)

Valence Band (VB) ---------------- ---------------- ----------------

Straddling Gap Staggered Gap Broken Gap
(type I) (type II) (type III)

Figure 2.1. Heterojuction types. Reprinted, with permission, from [9],
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A good example o f heterojunction devices with different band gaps and similar 

lattice constant is made o f AlxGa<i_X)As and GaAs. Here when x=0, GaAs is obtained with 

band gap o f 1.42 eV and lattice constant o f 5.6533 A°, x=l gives ALAs with band gap o f 

2.17 eV and lattice constant o f 5.6605 A0. Therefore, even for extreme cases, the lattice 

mismatch is 0.1% [9]. In most o f the device applications AlAs mole fraction (x) lies 

between 0.2 and 0.3. The band diagram for two isolated semiconductors is shown in 

Figure 2.2(a) and the band diagram of heterojuction formed at thermal equilibrium is 

shown in Figure 2.2(b). Here the difference in the energy o f conduction band edges in the 

two semiconductors is denoted by AEC and the difference in energy o f the valence band 

edges is denoted by AEV. According to the electron affinity rule, the conduction band 

offset at a heterojunction interface is equal to the difference in the electron affinities 

between two semiconductors which is AE c =  X i  ~  X z  as shown in band diagram. The 

valence band offset is then AEv =  AEG — A x  with AEG = EG1 — EG2. Depending upon 

the difference between Xz and Xi different heterojuction interfaces are formed as shown 

in Figure 2.1. Also, as can be seen from the band diagram, there is a band bending across 

the junction and therefore potential difference exists across junction. This is the built in 

potential which is the difference in the Fermi levels on the two sides o f  the junction given 

as qVbi =  En  -  Ef2 .
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Figure 2.2. (a) Band diagrams for isolated semiconductors, (b) at thermal equilibrium.© 
2008 Springer. Reprinted, with permission, from [6].
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Figure 2.3. Discrete energy levels of the electrons trapped in conduction band notch of 
the AlGaAs/GaAs heterostructure. © 1984 IEEE. Reprinted, with permission, from [7].

Fermi level must be same on both sides o f  the interface at thermal equilibrium. 

Therefore, from Figure 2.2, it can be observed that due to difference in electron affinity 

there is discontinuity formed in the conduction band at the interface creating a notch. 

Therefore at the interface, the electrons coming from AlGaAs, confine in the conduction 

band notch due to large barrier height. This notch can also be called as quantum well and 

Figure 2.3 shows the energy levels permitted for this particles trapped are obtained by 

solving Schrodinger’s equation as discrete energy levels. Here, since the thickness o f the 

potential well is very thin of the order o f nanometers, the tunneling o f electrons occurs 

due to wave like nature o f  the electrons [7, 11]. Since these electrons are confined in one
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direction in potential well and can only move in two directions which are parallel to the 

interface, it is called as two dimensional electron gas (2DEG).

This confinement o f electrons becomes the basic principle o f most widely used 

heterostructures in high frequency applications, also called High Electron Mobility 

transistors (HEMTs) [7] as mentioned previously.

2.2.1 HETEROSTRUCTURE FABRICATION AND OPERATION

The AlGaAs/GaAs heterojunction structures needed for HEMTs are grown by 

molecular beam epitaxy (MBE) on semi-insulating substrates. The buffer layer, typically 

GaAs, is epitaxially grown on the substrate. This is to create a smooth surface and isolate 

defects so that active layers of transistor can be grown. An AlGaAs spacer layer, a donor 

layer n+ AlGaAs layer and a Schottky contact layer are then grown above the buffer layer 

which results in a two dimensional electron gas (2DEG) due to band gap difference 

between AlGaAs and GaAs. In a conventional HEMT fabrication process, first a 

nominally 1 pm thick undoped GaAs layer is grown at a substrate temperature o f about 

580°C. Gallium flux which determines the growth rate is adjusted to yield a growth rate 

of about 1 pm/h. This is followed by the growth of the AlGaAs layer, about 20 -  60 A° 

of which is not doped near the interface. Its purpose is to ensure the separation o f the 

hetero-junction interface from the doped aluminum gallium arsenide region. This is 

critical if  the high electron mobility is to be achieved. The doped AlGaAs layer, about 

600 A° thick, may be capped with a doped GaAs layer. The source and drain areas are 

then defied in positive photoresist, and typically AuGe/Ni/Au metallization is evaporated. 

Following the lift-off, the source drain metallization is alloyed at or above 400°C for a 

short time to obtain ohmic contacts and a gate is then defined [7],

The basic operation o f  HEMT is based on the electrons that diffused from the 

doped AlGaAs to the GaAs and are confined by the energy barrier forming a two 

dimensional electron gas. The n+ AlGaAs layer acts as source o f electrons and spacer 

layer serves to separate donor ions from the 2DEG. However, increased spacer layer 

thickness will decrease the sheet carrier concentration. The region o f AlGaAs depleted of
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electrons forms a positive space charge region which is balanced by the electrons 

confined at the interface. The electric field set up by the charge separation causes a severe 

band bending in the GaAs layer with a resultant triangular potential barrier where the 

allowed energy states are no longer continuous in energy, but discrete as shown in Figure

2.5. Since the 2DEG is located in undoped GaAs layer, the columbic scattering by donors 

is avoided resulting in very high mobility. Thus high electron mobility is achieved in 

these heterostructures with mobility o f about 2 x l0 6 cm2/V [7].

Source
3a*e

Orom

T - - v
2 DcG

n-AlGcAs 
zzzczz: i-A! GaAs

GaAs 3jffer 
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Figure 2.4. AlGaAs/GaAs heterostructure. © 1984 IEEE. Reprinted, with permission, 
from [7],
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Figure 2.5. AlGaAs/GaAs heterostructure and energy band diagram. © 1984 IEEE. 
Reprinted, with permission, from [7],

Similar to the Junction Field Effect Transistor (JFET) and Metal Semiconductor 

Field Effect Transitor (MESFET), electric field applied in HEMT devices controls the 

flow o f current through the device. The gate forms a schottky contact with AlGaAs layer. 

When a negative bias is applied to gate, the Schottky barrier becomes depleted. As gate is
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biased further, the 2DEG becomes depleted. Therefore, modulation o f 2DEG is obtained 

by negatively applied gate biasing wherein gain and amplification are achieved until the 

channel is fully depleted or pinched off. Since the conduction of electrons takes place in 

the well confined undoped channel resulting in high saturation velocity, the 

transconductance given by gm = E VsatW /d  remains very high where Vsat is saturation 

velocity, is permittivity, W is gate width and d is the distance from gate to 2DEG. Also, 

the higher mobility achieved in HEMT results in lower parasitic drain and source 

resistance. As a result, the figure o f merits o f a device like cut off frequency given as 

f j  =  where Cgs is the gate to source capacitance and maximum frequency of

oscillation are increased leading to higher gain and lower noise figure.

2.3 III-V NITRIDE BASED HEMTs

In the past 40 years, the focus o f GaAs-based device technologies shifted from 

Metal Semiconductor Field Effect Transistors (MESFETs) to various types o f  High 

Electron Mobility Transistors (HEMTs) and then to Heterojunction Bipolar Transistors 

(HBTs). More recently, GaN-based HEMTs have received much attention for their use in 

high power and high frequency applications due to large energy band-gaps, great electron 

mobility, high breakdown voltages, and considerable 2-D electron gas densities as 

compared to their GaAs counterparts. Two o f the most important requirements for 

switching devices are large breakdown voltage and low “ON” resistance. Silicon has long 

been the dominant semiconductor for high voltage power switching devices but silicon 

power devices are rapidly approaching the theoretical limits for performance. GaN 

material system attracted much attention due its number o f potential advantages over 

silicon. GaN has projected saturation velocities o f  2 .5x l07 cm/s and 3.4 eV band gap that 

leads to a critical breakdown field of 3.3 MV/cm [12]. Also, the ability to form a high 

density 2DEG by polarization doping allows for very high electron mobility while 

maintaining high carrier density. A high mobility and carrier density product in devices 

results in low on resistance. Table 2.1 compares some o f the fundamental physical 

properties of GaN to those of other major semiconductors.
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Employment o f GaN HEMTs for high power radar systems will require devices to 

be subjected to large-signal RF while being driven into saturation, resulting in devices 

experiencing high electric fields and high current densities. Impressive mean-time-to- 

failure values o f greater than 107 hours have been reported at operating temperatures 

below 200 °C, with activation energies ranging from 0.18 eV to 2 eV [13]. Wide bandgap 

semiconductor technology for high-power microwave devices has matured rapidly over 

the last several years as evidenced by the fact that AlGaN/GaN High Electron Mobility 

Transistors (HEMTs) have been available as commercial-off-the-shelf (COTS) devices 

since 2005. AlGaN/GaN HEMTs possess high breakdown voltage, which allows large 

drain voltages to be used, leading to high output impedance per Watt o f RF power, 

resulting in easier matching and lower loss matching circuits. The high sheet charge leads 

to large current densities and transistor area can be reduced resulting in high Watts per 

millimeter o f gate periphery. The high saturated drift velocity leads to high saturation 

current densities and Watts per unit gate periphery. In turn, this leads to lower 

capacitances per Watt of output power. Low output capacitance and drain-to-source 

resistance per Watt also make GaN HEMTs suitable for switch-mode amplifiers. 

Research and development of GaN HEMTs gained considerable momentum in the late 

1990s and early 2000s when it became possible to reproducibly grow high-quality 4H- 

SiC substrates. High total RF powers from GaN HEMT transistors over a wide frequency 

range have been reported for single die up to several hundred Watts_[14]. However, these 

high power densities, in terms o f Watts per millimeter, also present extreme power 

dissipation demands on both the transistor layouts, as well as the semiconductor 

substrates. Fortunately, the high thermal conductivity o f SiC substrates (-330 W/m K) 

allows these high power densities to be efficiently dissipated for realistic drain 

efficiencies, preventing the extreme channel temperatures that would result due to self­

heating with other substrate technologies [12-15]. Figure 2.6 shows the merits o f  GaN 

based material systems compared to Si and GaAs for different applications. The room 

temperature mobility of 2DEG which is typically between 1200 cm2 V '1 S '1 and 2000 cm2 

V 1 S '1 and saturation velocity o f  2DEG at AlGaN/GaN interface is very suitable for high 

power and high frequency applications. The 2DEG carrier density o f  AlGaN/GaN
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13 2structure is around 1 0  cm" due to piezoelectric and spontaneous polarization induced 

effects [16].

Table 2.1. Physical properties of various semiconductors relevant to high voltage 

applications [1-16].

Si 1 . 1 2 11.9 1.5 3 x  1 0 5

GaAs 1.43 12.5 0.45 4 x 105

GaN -3 .4 9.5 1.3 3 x 106

GaN based and other group III Nitride based semiconductors exist in different 

crystal structures like Wurtzite, Zinkblende and Rocksalt. Most of AlGaN/GaN HEMTs 

crystal structures exist in the Wurtzite phase. Wurtzite GaN based semiconductors have a 

polar axis resulting from a lack o f inversion symmetry in the <001> direction. Due to this 

electronic charge redistribution inherent to the crystal structure, the group III-N 

semiconductors exhibit exceptionally strong polarization called spontaneous polarization 

(Psp). Because of their wurtzite structure, GaN based semiconductors can have different 

polarities, resulting from uneven charge distribution between neighboring atoms in the 

lattice. The polarity o f  the crystal is related to the direction of the group III-N dipole 

along the <0001> direction. Figure 2.7 shows the two possible polarities, in cation-face

i.e., Ga face where polarization field points away from surface to substrate and in anion 

face i.e., N-face where direction o f polarization is inverted [17],
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A dvantageous in power supply circuits

High operation tem perature 
► Due to factors including large 

bandgap and high potential barrie r

High breakdown strength 
► Due to targe bandgap

A dvantageous in R F circuits

High maximum oscillation frequency 
► Due to factors including high 

electric field saturation  speed and 
low parasitic capacity

GaAs
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high carrie r density and 
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Figure 2.6. GaN material merits compared to Si and GaAs. © 2013 GaN Systems. 
Reprinted with permission from [16].

Ga-face N-face

Substrate Substrate

Figure 2.7. Illustration o f a) Gallium face, and (b) Nitrogen face ideal Wurtzite GaN 
lattice structure. © 2000, AIP Publishing LLC. Reprinted, with permission, from [17].
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Due to this lack of inversion symmetry, when stress is applied along the 

<0001>direction to the group III-N semiconductors lattice, the lattice parameters o f the 

crystal structure will change to accommodate the stress. This additional polarization is 

called piezoelectric polarization (Ppe). For example, if  nitride crystal is under biaxial 

compressive stress the in-plane lattice constant will decrease and the vertical lattice 

constant will increase. Hence the total polarization strength of the crystal will decrease 

because piezoelectric and spontaneous polarizations will act in opposite direction. If 

tensile stress is applied to the crystal, the total polarization will increase because the 

piezoelectric and spontaneous polarizations in that case act in the same direction. The 

values o f piezoelectric polarization is in Group III Nitrides is always negative due to 

negative piezoelectric coefficient (e3 i) value and for layers under tensile stress 

spontaneous and piezoelectric polarizations are parallel. For layers under compressive 

stress both are anti-parallel. In AlGaN/GaN HEMTs this polarization induced doping is 

the source of two dimensional electron gas (2DEG). Unlike GaAs based HEMTs, GaN 

based HEMTs show high values 2DEG density without intentional doping, as previously 

mentioned.

2.3.1 GaN versus GaAs

The combination o f GaAs and AlGaAs has long been used in fabricating HEMT 

devices. In recent years another material combination, AlGaN/GaN, has been the subject 

of intense research. This is because GaN has attractive electrical properties such as a 

large bandgap (3.2 eV comparing with 1.4 eV o f GaAs), high electrical breakdown field 

(2xl0 6 Vcm ' 1 comparing with 4x105 Vcm ' 1 of GaAs), high peak and saturation carrier 

velocity (3x107 cm/s and 2x l0 7 cm/s comparing with 2 x l0 7 cm/s and 107 cm/s o f GaAs) 

and good thermal conductivity (1.3 Wcm 'K ' 1 comparing with 0.55 WcnT’K ' 1 o f GaAs). 

Furthermore, nitride-based devices are chemically inert and have high temperature 

stability which makes them more reliable.

These superior properties o f GaN are adequate for high power amplifiers, since 

for power applications the three most important device characteristics are breakdown
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voltage, current carrying capability, and speed (including operation at higher frequencies) 

[17]. A typical AlGaN/GaN HFET device is shown in Figure 2.8.

Source G ate Drain

i-GaN

SiC
Figure 2.8. Typical AlGaN/GaN HFET -  with source, gate, and drain metallization 
contacts, and SiC substrate. The approximate location o f the two-dimensional electron 
gas (2DEG) is depicted, just below the heterojunction of AlGaN. © 2005 IEEE. 
Reprinted, with permission from, [18].

Due to lattice mismatch between the GaN and substrate layer, sometimes a buffer 

layer such as AIN is used between these layers to mediate. Mismatch between GaN and 

the substrate generates defects such as dislocations. In the case o f SiC substrate, this 

dislocation density may reach 108-109 /cm2 [19]. Because AlGaN has a wider band gap 

than that o f GaN, the electrons diffuse from the AlGaN layer into the GaN and form the 

2DEG on the GaN side o f the AlGaN/GaN heterojunction.

AlGaN/GaN HEMTs are generally considered to have better high-power 

application performance than the better studied AlGaAs/GaAs HEMT due to the 

favorable larger 2DEG density [20], In an AlGaN/GaN HEMT o f (common) wurtzite 

lattice structure, both the AlGaN and GaN have high polarization present, with that of 

AlGaN is much stronger [21]. In this type of HEMT, the AlGaN possesses 5 times the 

piezoelectric polarization than that o f  an AlGaAs/GaAs HEMT. This large polarization 

results in greater 2DEG density and confinement at the heterointerface than what is 

experienced in GaAs devices [22], This occurs because the change (i.e., difference) in 

polarization at the AlGaN/GaN junction is greater than for AlGaAs/GaAs.
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The device is put into active mode with applied electric bias. From there, the band 

gap difference between GaN and AlGaN, caused mainly by their high conduction band 

offset, stimulates the transfer o f electrons from AlGaN to the adjacent GaN. The 

transferred electrons are there confined to a very narrow “potential well,” or steep 

canyon, in the heterostructure's conduction band o f electrons. There, they can move 

freely only in the two spatial directions parallel to the heterojunction but not back into the 

AlGaN. This drastic transfer o f electrons leaves the AlGaN layer “depleted,” which 

produces the isolation required between the device gate and body in order for the device 

to function. Once part of the 2DEG, the electrons move unimpeded by any dopants in the 

GaN since these dopants are spatially separated from the 2DEG region; thus the mobility 

o f these electrons is enhanced_[2 1 ].

Although both doping conditions and band offsets in the materials help create 

2DEG in a general HEMT device, one key characteristic unique to the AlGaN/GaN type 

is that the electron concentration in the 2DEG is enhanced by the presence o f high 

polarization. This polarization induces a large positive charge at the AlGaN/GaN 

heterointerface, which consequently leads the electrons on the AlGaN side to compensate 

by contributing an additional 2DEG component on the GaN side. The polarization 

consists o f two kinds: spontaneous (i.e., “instant”) and piezoelectric [21]. Spontaneous 

polarization is the polarization that exists in each material when in its individual bulk 

(i.e., “free”) state [23], or at zero strain [5]. Both AlGaN and GaN exhibit spontaneous 

polarization individually, but that o f AlGaN is higher. Piezoelectric polarization is added 

in as a result o f the tensile strain induced in the pseudomorphic (i.e., epitaxial) AlGaN 

layer from being grown on the relaxed GaN layer. An important quantity for 

pseudomorphic AlGaN/GaN heterostructures is the critical layer thickness o f  the AlGaN. 

If it is not too thick, the result is that its atoms adjust themselves according to the lattice 

structure o f  the GaN, creating more densely packed atoms in the AlGaN. After the 

AlGaN growth is complete, the GaN is relaxed back to its original bulk lattice structure 

state, but not without a large number o f resultant dislocations forming near the 

heterointerface [21]. At that point in time, the spontaneous and piezoelectric polarizations 

present are parallel and all act in the same direction [5]. The overall polarization effect is
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what allows the 2DEG to have such a high electron density even when the AlGaN does 

not contain dopants [2 2 ].

2.3.2 OHMIC CONTACTS

The ohmic contacts (source and drain) and Schottky contact (gate) are made of 

metallic materials (i.e. non-semiconductors), and most commonly consist o f layers. In 

literature, the specific layering configuration is written in order of deposition (e.g. “x/y/z” 

means x is the bottom layer and z is the top layer o f the overall contact) and the layers are 

nano-scale (e.g., Ti/Al/Ni/Au (15 nm/50 nm/15 nm/50 nm) [24]). Common ohmic 

contacts used in research are Ti/Al/Ni/Au [25] and Ti/Al [16]. Gong et al. [26] recently 

developed a novel Ti/Al-based ohmic contact structure Ti/Al/Ti/Al/Ti/Al/Ti/Al/Ni/Au 

capable of obtaining both much lower contact resistance and specific contact resistivity 

than the conventional Ti/Al/Ni/Au structure. Low-resistance ohmic contacts are 

important for HEMTs, particularly because they carry high power and thus demand both 

high power conversion efficiency and heat dissipation [27]. Common Schottky contacts 

used in research are Ni/Au [25], Ni [16], and Pd/Ni/Au [24]. This contact is commonly 

referred to as a Schottky “barrier” and causes a space-charge region to develop directly 

beneath it in the AlGaN layer [28]. Additionally, the surface potential o f the AlGaN is 

nearly fixed to the Schottky barrier value, which allows the AlGaN/GaN heterojunction 

polarization charge to induce a 2DEG in the GaN. Research continues in optimizing both 

ohmic and Schottky contacts.

2.3.3 GATE LEAKAGE CURRENT

Factors that limit GaN transistor performance are primarily dispersion and gate 

leakage. The main obstacle to progress has been in controlling the trap densities in the 

bulk and surface of the material. Since material quality is essential to obtaining a high 

power device, research is being done in improving the quality of GaN and AlGaN layers. 

However, surface states are thought to be unavoidable in the material system. 

Spontaneous and piezoelectric polarization effects lead to charge sheets o f opposite 

polarity at the top and bottom surfaces o f AlGaN layer in an AlGaN/GaN heterostructure. 

Experimentally, it is observed that the output power measured at frequencies o f  interest
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(4-18 GHz) is well below the actual calculated power. This reduction in power is caused 

by a decrease of maximum drain current which is referred to as current collapse or 

dispersion. The process o f current collapse becomes is dependent upon the supply of 

electrons to fill up the empty surface states which are observed to come from gate metal. 

Electric field lines which concentrate at drain side edge o f  the gate cause charge injection 

into the surface traps. This reduces field concentration at the drain side o f the gate leading 

to high frequency current dispersion. Dispersion is eliminated with effective surface 

passivation. Surface passivation prevents the formation o f virtual gate on the surface o f 

the device in the gate drain access region. The passivation buries the surface donors and 

make them inaccessible to electrons leaking from the gate metal.

Figure 2.9 shows a sketch o f an AlGaN/GaN HEMT. Both GaN and AlGaN are 

intrinsically piezoelectric materials. In the context o f GaN, its polarizability coupled with 

mechanical strain can cause degradation o f the device. The very high fields which 

AlGaN/GaN is supposed to withstand, can be produced upon device biasing at the gate 

edge on the drain side, causing local strain and parametric changes. When high reverse 

bias voltages are applied to the gate, degradation of electrical characteristics has been 

observed with increases in gate leakage, worsening o f current collapse, increases in drain 

and source parasitic resistance and decreases in saturated drain current [29]. It involves 

the presence or generation of defects at gate edges where electric field is high. These 

defects and strains can couple with local defects to create more distortions at the 

macroscopic level, ultimately leading to failure.

The built-in lattice mismatch between the AlGaN and GaN results in in-plane 

tensile stress and stored elastic energy in AlGaN barrier layer at rest. This stress increases 

with an applied bias during device operation. When this elastic energy exceeds a critical 

value, defects can be produced, which can behave as electron traps introducing a leakage 

path between gate and channel through AlGaN barrier layer. Also, due to the filling o f 

electrons in these traps, the electrostatics o f  the channel is affected reducing the 

maximum current that flows through the device. This mechanism has been reportedly 

observed by several researchers. The defects promote the injection o f electrons from gate 

into AlGaN barrier layer through a trap assisted tunneling mechanism as shown in Figure
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2.10 [29]. This device failure is attributed to new failure mechanism called the Inverse 

Piezoelectric Effect in which the dominant feature is a significant increase in gate leakage 

current [29].

Strain relaxation in AlGaN/GaN HFETs leading to increased gate leakage current 

due to converse piezoelectric effect was identified using micro Raman spectrum at a 

wavelength o f 532nm [30]. Figure 2.11 shows the increase in gate leakage current with 

increase in drain bias where most significant shift occurred in the first 5 hours.

AlGaN

2DEG a z  [0001]

GaN yg>.........  ► X

Figure 2.9. Sketch o f GaN HEMT under electrical stress. © 2009 Elsevier. Reprinted, 
with permission, from [29].

AlGaNgate

GaN
2DEG

Figure 2.10. Trap assisted tunneling mechanism through AlGaN layer. © 2009 Elsevier. 
Reprinted, with permission, from [29].
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Figure 2.11. Time dependent characteristics of gate leakage current under different gate 
bias configurations. © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
Reprinted, with permission, from [30].

In other studies [31-33], cap layers are commonly used to realize various goals in 

GaN based devices. It has been proposed that InGaN cap on GaN, or a GaN cap on 

AlGaN could reduce the resistance of Ohmic contacts. It was also shown that a GaN cap 

layer can be used to increase the Schottky barrier height o f  AlGaN/GaN heterostructures 

by which gate leakage current was significantly reduced. Also, AIN cap layer could act as 

a good gate insulator and a passivation layer.

2.4 PIEZOELECTRICITY & INVERSE PIEZOELECTRIC EFFECTS

In 1880, Pierre and Jacques Curie discovered that positive and negative charges 

can be observed on some portions o f crystal surface when these crystals were compressed 

in particular directions. These charges were proportional to the pressure applied. Later, 

this effect was termed as the Piezoelectric effect, with the prefix “Piezo” meaning “to 

press”. This effect is closely related to Pyroelectric effect in which electric polarity is 

produced on certain crystals by a change o f temperature [34],

The term piezoelectricity can precisely be defined as electric polarization 

produced in certain crystals that lack inversion symmetry, due to mechanical strain and is

o
-  - o -  -  - SQ- -

= 4 0  VDG
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directly proportional to the strain. This polarization reverses its sign if  the stress is 

changed from tensile to compressive. This is also called as the direct piezoelectric effect. 

This effect was observed to be reversible and termed as the converse effect or Inverse 

Piezoelectric effect, wherein a piezoelectric crystal becomes strained when electrically 

polarized. Here the amount o f strain is proportional to the polarizing field as shown in 

Figure 2.12. These effects were found in zinc blende, sodium chlorate, boracite, 

tourmaline, quartz, tartaric acid, and Rochelle salt [34],

Figure 2.12. Schematic representation o f the (a) direct, and (b) Inverse Piezoelectric 
effects. © 2008 Springer. Reprinted, with permission, from [35],

These effects are observed in crystals belonging to certain classes o f  materials that 

lack a center o f symmetry. Such materials are called anisotropic. The classification of 

crystals based on their periodic molecular arrangement, is restricted by geometrical laws 

to a known finite number. This restriction to a finite number o f classifications arises from 

the variety o f atomic arrangements capable o f  forming crystals having a repetitive 

arrangement. Based on atomic configuration, different crystals are classified into finite 

number o f  space groups which have certain geometrical characteristics in common. 

Overall, thirty-two (32) crystal classes were formed from these space groups which
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possess certain symmetry characteristics. If symmetry is with respect to a point, the body 

is centro-symmetrical and possesses no polar properties. Therefore no piezoelectric 

crystals are found in centro-symmetrical classes. With one exception (Class 29), all 

classes devoid o f a center of symmetry are piezoelectric. The piezoelectric effect was first 

used by Curie to measure the charge emitted by radium. Later Langevin used it for 

exciting quartz plates electrically to serve as high frequency sound wave emitters and 

receivers under water, thus becoming the originator o f  the modem science (and art) o f 

ultrasonics [34].

In piezoelectric effect, field E  causes a piezoelectric stress X. This stress is 

linearly related to the driving electric field, i.e., X =  eE, where e is the piezoelectric stress 

coefficient. Similarly, strain x causes electric polarization with P = ex. Stress for a 

homogeneous solid in equilibrium is defined as force per unit area exerted by the portion 

of the body on one side of surface element upon the portion on the other side. Its state o f 

deformation is then called the strain. This definition involves tensors. The symmetrical 

stress tensor that represents a stress system may be resolved into 6  components. 

Compressions along the 3 coordinate axes, and shearing stresses with respect to 3 planes 

normal to these axes. The axis nomenclature is as shown in Figure 2.13 below. The six 

components are designated as Xx, Yy, Zz, Yz, Zx, and Xy. The first letter indicates the 

direction o f force and the second (subscript) indicates the direction o f the normal to the 

surface on which force acts. Similarly the components o f strain are denoted as xx, yy, zz, 

yz, zx and xy.
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Figure 2. 13. Crystallographic axes.

Since there are six possible components o f stress and three o f  electric 

polarization, it is evident that there are 18 possible relations between mechanical and 

electrical states o f crystal. These relations are expressed by 18 piezoelectric constants 

whose values are independent and differ from zero except when the symmetry of the 

class is such that some of the constants have identical values including zero.

According to Lippmann’s reasoning given in [34], when a piezoelectric crystal is 

placed in an electric field of strength E  and at the same time subjected to mechanical 

stress X, electric polarization P  and strain x  are induced in the crystal. Assuming the 

process to be reversible, it can be expressed as:

This represents a situation where in both the direct and converse effects have the 

same piezoelectric constants. The fundamental equations for the direct and inverse 

piezoelectric effects are as given below:

(2 . 1)
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(2.2 a) 

(2.2b)

These equations states that the externally applied stress consists o f two parts. First 

which would produce prescribed strain if E=0 and second part which is necessary to hold 

strain constant when E is applied. From the above equations, the principal equation for 

direct and inverse effect is given below as:

Px =  d l t X x +  d 12Yy  +  d 13Z z  +  d 14Yz  + d \ s Z x + d \ $ X y  , (2.3a)

Py =  d 2 \ X x +  d 2 2 Yy  +  d 23Z z  +  d 24Yz  + d 2 s Z x  + d26% y , (2.3b)

Pz =  d 3 l X x +  d 32Yy  +  d 33Z z  +  d 34Yz  + d 3 5 Z x  + ^36^y (2.3c)

X x  =  6 \ \ E x  +  £?2 i  E y  +  e 3 i E z  , (2.3d)

Yy £ i 2 ^ x "b ^2 2 P y  "b ^ 3 2 ^ z  < (2.3e)

Z z  — s 13 Ex +  e 23E y  +  e 33 Ez  , (2.3/)

Yz  — &14pX "b & 24py  "b £3 4 Ez , (2-3g)

Z x — G\$EX “b ^25Py "b ^35Pz > (2.3h)

and Xy e i ^ E x +  6 26 Py ~b c 3s E z  , (2.3i)

where the d ’s and e ’s are piezoelectric strain coefficients and stress coefficients relating 

the mechanical stress to electric polarization and electrical stress to strain, respectively,
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and tj" is the susceptibility. These d  and e coefficients are related by elastic constants as 

given below:

S i d r ■ r E icih (2.4)

In the above equations for the d  and e coefficients, the first letter in the subscript 

indicates the direction of the field or polarization, and the second letter expresses the type 

o f stress or strain. For a given strain, the associated direction of polarization is always 

the same, regardless o f whether polarization and strain are due to an impressed electrical 

filed or to mechanical stress. According to piezoelectric effect, all components of 

piezoelectric tensor should vanish in crystals possessing a center of symmetry [36],

Majority o f AlGaN HFETs are grown with the Wurtzite structure. The inverse 

Piezoelectric effect in HFET can be written using equations described above as [28]:

x r C n

X2 C 12

x 3 = - C 13

X4 0

x 5 0

X6" 0

r _ cES - eE

c 12 Ci3 0

Cn C,3 0

C,3 c 33 0

0 0 C44

0 0 0

0 0 0

0 0

0 0

0 0

0 0

C 44 0

0 (C ,1-

C ,2 )/2

*1 0

* 2 0

* 3 - 0

*4 - 0

* s e 15

* 6 0

(2.5)

0 e31
0 e31 Ei

0 e33 - e 2

e15 0 e 3.

0 0

0 0

where X  and jc are stress and strain tensors, respectively, E  is electric field vector, ce is 

stiffness coefficient tensor at constant field and e is piezoelectric coefficient tensor.
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Considering the HFET devices made o f AlGaN, this material typically has the symmetry 

of the Wurtzite crystal, and the equations can be written in matrix form as shown above 

[28],

2.5 RELIABILITY ISSUES -  A BRIEF OVERVIEW

Reliability issues such as gate contact degradation through metal diffusion, 

thermal instability of semiconductors, poor electrical reliability under high-electric-field 

operation and strain relaxation of material have all been identified, and limit the use o f 

these devices for long term applications [37,38]. Stresses that are developed in materials 

due to multiple physical phenomena including lattice mismatch, piezoelectric effect, self­

heat generation due to electric current, and coefficient o f  thermal expansion (CTE) 

mismatch may cause local stress concentration at the interfaces and result in cracks and 

failures. Local defects such as pit-shaped defects and cracks in the AlGaN layer beside 

the drain-side edge of the gate may form [19] due to high stress concentration.

Understanding contribution of these physical phenomena in activating the failure 

mechanisms is the key to diminishing these mechanisms. In particular, understanding the 

response of the structure to thermo-mechanical stresses that develop in the material due 

to high temperatures can provide insights in understanding temperature-dependent 

degradation of the device [39].

Studies conducted by Kisielowski et al. [40] showed that cracks may occur in thin 

layers o f material due to biaxial and hydrostatic residual stresses resulting from both 

fabrication and the presence o f defects. Self-heating has been shown to have a strong 

effect on the development o f mechanical stresses in these devices, as shown in an 

experimental study by Bykhovski et al. [41], Over time, relaxation o f the strains caused 

by high temperatures in the device channel (i.e. region o f the two-dimensional electron 

gas) results in degradation in electrical performance of the device and early failure. Use 

of near-perfect material with low dislocation density helps reduce this effect, but 

fabrication o f such material is still under investigation.

In Sarua et al. [42], two-dimensional (2D) finite element (FE) simulation in 

conjunction with Raman optical spectroscopy were used to show that a source-drain
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voltage (Vds) of 40 V applied to AlGaN/GaN HEMTs was found to cause piezoelectric 

strain, resulting in high compressive stress levels (< -300 MPa) located between the gate 

and drain, and also underneath the drain contact. The observed strain was found to be 

directly related to the electric field component normal to the GaN layer.

2.6 FIELD INDUCED DEGRADATION MECHANISMS

Although much progress has been made, GaN HEMTs are not yet reliable as they 

degrade over time. The understanding o f the physics behind failure mechanisms o f 

AlGaN/GaN devices such as HEMTs is increasingly important due to their widespread 

use. Several questions and issues must be addressed in order to bring the reliability o f 

these devices to a reasonable point. The first and foremost task is perhaps to understand 

the mechanisms responsible for the root causes o f the failure.

The failure mechanisms for AlGaN/GaN HEMTs can be grouped together into 

three main categories that affect device lifetime: Contact degradation, hot electron 

effects, and the IPE. Both Schottky and Ohmic contacts have shown excellent stability 

below 300 °C [43], Piazza et al. [44] have reported an increase in contact resistance and 

passivation cracking due to Ga out-diffusion and Au inter-diffusion after a 100-hour 

thermal storage test stress at 340 °C [44], Nickel based Schottky contacts have been 

shown to form nickel nitrides on GaN at annealing temperatures as low as 200 °C, 

resulting in a significant decrease in Schottky barrier height [19]. The observed current 

collapse and gate lag in AlGaN/GaN HEMTs under high voltage and high current 

operation have been attributed to hot electrons. These are electrons that have been 

accelerated in a large electric field, resulting in very high kinetic energy, which can result 

in trap formation. Creation o f traps can occur in both the AlGaN layer and the buffer, 

leading to reversible degradation o f transconductance and saturated drain current [24], 

GaN is a piezoelectric material and under high bias conditions, the electric field induces 

additional tensile stress to the already strained AlGaN layer [25, 26]. Several authors 

have shown that upon reaching a “critical voltage”, irreversible damage to the device 

occurs resulting in defect formation through which electron leakage can occur [27, 28].
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(A) Hot Carrier and Trap Generation: Permanent device degradation after high 

voltage (drain-to-gate) stress under on-state conditions has been attributed to 

the presence o f hot electrons. In GaAs-based devices, hot electrons generate 

holes which are accumulated by the gate and result in a negative shift in the 

threshold voltage VT [26, 45]. Typically, the gate current is used to derive the 

field-acceleration laws for failure. Impact ionization, however, is negligible in 

GaN HEMTs. This is due to the fact that tunneling injection dominates gate 

current, preventing gate current from being used as an indicator for hot 

electron degradation [22, 46]. However, these hot electrons likely lead to trap 

generation at the AlGaN/GaN interface and/or at the passivation GaN cap 

interface. As in GaAs and InP based HEMTs, traps lead to an increase in the 

depletion region between the gate and the drain, ultimately resulting in an 

increase in drain resistance and subsequently a decrease in saturated drain- 

source current. Comparatively, under reverse bias or so-called “OFF-state” 

conditions the degradation is greatly reduced due to the reduction o f electrons 

present in the channel. There have been reports that GaN/AlGaN/GaN 

HEMTs that underwent a 3000-hour “ON-state” stress resulted in an increase 

in surface traps with an activation energy of about 0.55 eV [12]. On the other 

hand, devices stressed under “OFF-state” conditions saw a very small increase 

in traps.

Meneghesso et al. employed the use o f  electroluminescence (EL) to study the 

effect of hot-carriers and its dependence on stress conditions [46]. Uniform 

EL emission was observed along the channel for devices stressed at F Gs  = 0 V 

and Fds = 20 V, which is due to hot electrons. However, there is no presence 

o f hot spots or current crowding. On the other hand, under OFF state 

conditions with VGs  = ~ 6  V and Eds = 20 V (resulting in a V GD = “ 26 V), the 

EL emission from the channel is not uniform. These hot spots may be due to 

injection o f electrons from the gate into the channel. Due to the high bias 

conditions, the electrons acquire enough energy to give rise to photon 

emission.
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(&) Contact Degradation: Contact degradation and gate sinks for currents are 

significant degradation mechanisms at elevated temperatures in GaAs and InP 

based HEMTs. Contact degradation has not yet proven to be a significant 

issue with AlGaN/GaN HEMTs at temperatures below 400 °C for Pt/Au 

Schottky contacts and Ti/Al/Pt/Au annealed Ohmic contacts [47-49], An 

increase in Schottky barrier height was observed for Ni/Au Schottky contacts 

after dc stress at elevated junction temperatures o f 200 °C [50, 51]. This was 

due to a consumption of an interfacial layer between the Schottky contact and 

the AlGaN layer. Though the resulting positive shift in the Schottky barrier 

height, and thus the pinch-off voltage, is ideal, the subsequent change in IDSS 

is not favorable. Unstressed devices were subjected to an anneal after the 

Schottky contact was deposited in order to decrease the interfacial layer 

between the gate and semiconductor. Devices that underwent the gate anneal 

showed 50% less degradation during a 24 hour stress test as opposed to 

devices that did not receive a gate anneal [22]. Thermal storage tests up to 

2000-hour on Ti/Al/Ni/Au ohmic contacts at and above 290 °C showed an 

increase in contact resistance as well as surface roughness due to growth o f 

Au-rich grains that ultimately led to cracks in passivation [51, 52], The two 

primary degradation mechanisms were determined to be Au inter-diffusion 

within the metal layers and Ga out-diffusion from the semiconductor into the 

metallic compounds. Similar degradation was observed after dc stress tests 

that resulted in junction temperatures equivalent to the thermal storage tests. 

Due to the high power capability o f AlGaN/GaN HEMTs, proper temperature 

management is crucial in order to optimize device performance under high 

current and high voltage operation [53, 54], Self-heating o f devices can 

ultimately result in poor device performance through contact degradation. 

Reliability of contacts is highly dependent upon both metal schemes as well as 

processing during fabrication.

(C) Inverse Piezoelectric Effects: Several research groups have shown that high 

reverse bias on the gate results in the generation o f defects that provide a path 

for gate current leakage [55]. This defect formation mechanism is a result of
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the inverse piezoelectric effect. Due to the fact that GaN and AlGaN are 

intrinsically piezoelectric materials, the presence of high electric fields will 

result in an increase in stress within the GaN and AlGaN layers. AlGaN is 

lattice mismatched to GaN, resulting in significant tensile strain, even in the 

absence of an electric field. If under electric stress the elastic energy within 

the AlGaN/GaN layers surpasses a critical value, then the strained layer can 

relax only through crystallographic defect formation. It is possible that the 

defects could be electrically active and result in device degradation [55].

J. Joh et al. [56] have established that drain current (ID) and gate current (IG) 

degradation under high reverse gate bias occurs at a critical voltage, typically 

above VDG = 20 V [57], This is also correlated with a sharp rise in both 

source and drain resistance as well as a positive shift in threshold voltage VT. 

However, the critical voltage for devices can deviate substantially within one 

wafer, though adjoining devices appear to exhibit similar performance. The 

critical voltage corresponds to a threshold field that leads to immediate device 

degradation if it is exceeded. The degradation exhibits a time dependence at 

lower fields, being slower the further below critical voltage that the device is 

biased. The broad distribution of critical voltage observed, ranging from VDG 

o f ~15 V to ~30 V, has been attributed to slow changes within the substrate or 

epi-layer growth over the wafer [51, 52], To verify the inverse piezoelectric 

effect, transmission electron microscopy (TEM) cross sections were studied 

by Chowdhury et al. [19] after stressing with VDS = 40 V and IDO = 250 

mA/mm at various base-plate temperatures, which corresponded to junction 

temperatures o f  250 °C, 285 °C, and 320 °C based on device modeling [46]. 

Unstressed devices showed no evidence o f pits or cracks near the edge o f  the 

Schottky contact. However, all stressed devices showed evidence o f pit-like 

defects on the drain side o f  the gate. The depth o f the pit was about 10 nm, 

and remained within the AlGaN layer. Crack-like defects were observed in a 

few of the stressed devices, and appeared to originate at the bottom of the pit 

defect, extending to the heterointerface o f the AlGaN/GaN layer and 

occasionally into the GaN buffer. As the junction temperature increased, the
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time after which the crack appeared decreased, developing within 6  hours at a 

temperature of 320 °C. Gate metal was also observed to diffuse ~2 nm into the 

defect crack. The formation o f the crack was hypothesized to originate in the 

deepest points in the defect pit and spread along the gate width, thus 

explaining the presence o f cracks in very shallow defect pits [46].

Figures 2.14 and 2.15 show the cross section o f AlGaN/GaN layer before and 

after stress as investigated in [19]. The unstressed device shows no sign of 

defects with a sharply defined interface between gate metal and 

semiconductor, but the evidence o f various defects can be seen in the stressed 

devices.

Figure 2.14. Cross sectional HREM image o f  an unstressed device-source-side edge, 
middle part and drain side edge of the gate. © 2008 IEEE. Reprinted, with permission, 
from [19].

Figure 2.15. Formation o f crack and degradation on drain side gate edge of stressed 
device. © 2008 IEEE. Reprinted, with permission, from [19].
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The inverse piezoelectric effect is solely an electric field driven degradation 

mechanism due to the fact that it is the induced mechanical stress that results in 

the relaxation o f the AlGaN layer. It has also been hypothesized by the del Alamo 

group [56] that current should not drive this mechanism, except for indirect self­

heating that would accelerate degradation o f the device. Device design that affects 

the profile of the electric field on the drain side o f the gate will also, in turn, 

impact the critical voltage.

A pictorial view o f the degradation mechanism in GaN based HEMTs is shown in 

Figure 2.16. Traps are created in the AlGaN layer near to gate edge to the drain 

side when the device is stressed beyond the critical voltage. Electrons flow from 

gate to the channel through these traps. In this process, these traps are filled with 

electrons depleting the sheet charge in the channel degrading the output current 

and drain resistance [56].

Other issues can lead to additional compressive and tensile strains on the 

underlying epitaxial layers, including SiN passivation, which is used extensively 

to minimize surface traps on the AlGaN surface. Typically, SiN has a relatively 

small magnitude o f stress as compared to the tensile strain present in the AlGaN 

layer due to lattice mismatch. The strain in SiN is highly dependent on processing 

conditions, i.e., thickness, frequency o f the plasma during Plasma Enhanced 

Chemical Vapor Deposition (PECVD), pressure, and temperature. When 

deposited on the device, variations and discontinuities can increase the stress 

fields. For instance, the opening at the edge o f the gate metal will result in a force 

on the AlGaN which will be perpendicular to the gate edge and parallel to the 

surface of the AlGaN. It was predicted [58] that as the gate length decreases, the 

magnitude of the strain fields increases. This effect on gate length is o f  great 

importance due to the desire to continuously scale down the dimensions o f the 

devices.
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Figure 2.16. A mechanism for IG degradation. © 2010 Elsevier. Reprinted, with 
permission, from [56].

The physics of GaN devices introduces the possibility for several new failure 

mechanisms. AlGaN/GaN HEMTs operate at higher drain bias, electric fields, and 

temperatures with respect to conventional GaAs transistors. Their quality and 

reliability may be affected by the defectiveness o f  the AlGaN/GaN epitaxial 

layers grown on SiC substrate. The piezoelectric nature o f  GaN introduces 

potential risks related to the additional strain induced by high electric fields. 

Figure 2.17 shows a cross section of schematic AlGaN/GaN HEMT showing 

failure mechanisms.

A.F.M. Anwar et al. [59] investigated gate bias dependence o f  piezoelectric 

polarization and its implications on GaN based device performance and Figure 

2.18 (a) shows variation o f the piezoelectric polarization charge density with 

applied bias. The application o f bias greater than threshold induces 2DEG and 

with increasing 2DEG corresponding the applied gate bias the strain along the c- 

axis in the AlGaN layer increases as shown in Figure 2.18 (b).
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Figure 2.17. Schematic o f degradation mechanisms in AlGaN/GaN HEMTs.© 2012 
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Figure 2.18 (b) Strain in the direction o f c-axis as a function of 2DEG concentration. 
2006 AIP Publishing LLC. Reprinted, with permission, from [59],

C. H. Lin et al. [60] reported evolution o f electronic defects inside AlGaN/GaN 

HEMT’s operating under electric field induced stress measured using depth 

resolved catholuminescence spectroscopy and Kelvin probe force microscopy. 

Figure 2.19(a) shows dc-IV and iG-ofr before and after an off state stress where Ig- 

off increases by 2.6 times with V dg above a critical voltage o f 28V. Figure 2.19(b) 

shows increase in near band edge energy upto 7 meV corresponding to a 0.27GPa 

compressive stress at the edge o f the gate on the drain side. These measurements 

reveal that above a characteristic V dg , field induced stress induces electrically 

active defects supporting inverse piezoelectric effect model degradation in 

AlGaN/GaN HEMTs [60].

Attempts to mitigate the field induced stress in the AlGaN has been done by using 

a thinner barrier layer [59, 61], or AlGaN layer with low Al composition [62, 63], 

or thorough GaN cap layer [62], or by SiN passivation [64, 65],
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The converse piezoelectric effect in AlGaN/GaN HFETs was studied using micro 

Raman scattering spectroscopy by Balaz et al. [6 6 ]. Large strains related to the 

vertical electric field induced by source drain bias were observed. Also, it was 

analyzed that electric field and piezoelectric strain are more concentrated near the 

AlGaN/GaN interface for Fe-doped devices whereas in undoped devices, electric 

field and piezoelectric strain extended into the buffer layer [6 6 ].

0 5 10 15 20 25 30 35
Applied voltage (V XVolt)

After stress V„= C 
Before stress

“  0.2
A V o s = - 1V

0 1 2
3 0 S (ta i§

V

6 7

J * I   I i L. -I   I   U



40

D. Marcon et al. [64] reported on common failure modes in AlGaN/GaN HEMTs 

using stress step experiments and showed that critical voltage for increases in gate 

leakage current depends on step time and formation o f crystallographic defects in 

AlGaN layer. This was in agreement with inverse piezoelectric theory and is the 

main cause o f the permanent output current drop as illustrated in Figure 20 [64],

Increased stability for devices with reduced Al content in AlGaN layer is also 

shown highlighting the fundamental role o f strain on reliability o f  AlGaN/GaN- 

based devices. Figure 2.21 shows the relative variation of output current during 

high power stress on devices with 26% and 30% Al content in the barrier.

Y. Ando et al. [28] investigated inverse piezoelectric effect in AlGaN/GaN 

HFETs with field plate (FP) electrodes and suggested that FP structure drastically 

reduces the elastic energy due to inverse piezoelectric effect and minimizes the 

degradation associated with this effect. Figure 2.22 shows elastic energy density 

profiles calculated for 3 different device configurations: a rectangular gate device, 

a single FP device and a dual FP device indicating a significant reduction in 

elastic energy peak for dual FP device [28].
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(D) GaN based HEMTs with High k Gate Insulators

GaN has emerged as promising material for high speed, high power device 

applications. However, AlGaN/GaN HEMTs suffer from high gate leakage 

current which reduces the reliability and efficiency o f the devices. Considerable 

interest in this issue has initiated the exploration o f dielectrics to reduce the gate 

leakage in the GaN material system. In other works [67-69] high k dielectrics are 

used as gate insulators to prevent tunneling in AlN/GaN HEMT structures which 

exceeded 100GHz small signal frequency performance. The commonly used 

dielectrics are H f02 and Ta205. Next generation networks will need higher 

power efficiency requiring AlGaN/GaN HEMT to be used at saturation region 

which will lead to increased forward gate leakage current under large input signal 

condition creating problems in terms of reliability and amplification 

characteristics. Improvements for this problem have been suggested in by 

Kanamura et al. [6 8 ] to develop MIS HEMT as shown in Figure 2.23. GaN based 

MIS HEMTs with high-k materials and very low leakage currents have been 

reported in [6 8 ],

Source
Ti/AI

Gate 
Ni/Au 

0.8 gm 
r* i Drain

Ta„0« Ti/A1

n-AlGaN

i-GaN

S.I.-SiC

Figure 2.23. Cross section of AlGaN/GaN MIS HEMT. © 2008 WILEY-YCH Verlag 
GmbH & Co. KGaA, Weinheim. Reprinted, with permission, from [6 8 ].
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2.7 CURRENT COLLAPSE

Current collapse in AlGaN/GaN HEMT has been one of the most exciting topics 

in recent years. This is basically an observation in which the output power achieved from 

a device at microwave frequency o f interest is considerably smaller than the expected one 

based on d.c. characterization. This is shown schematically in Figure 2.24. The presence 

of surface and epitaxy related defects, traps or deep levels in the device structure are 

responsible for this observation.

D.C characteristics

idsmax

Vds (V )
nee

Figure 2.24. Schematic showing the current collapse phenomena. © 2001, IEEE. 
Reprinted, with permission, from [70],

The charge transfer process in these levels is too slow to follow high frequency 

signal therefore the electrons get trapped in them [70]. This disturbs the balanced charges 

in 2DEG and reduces the number o f electrons available for current conduction. As a 

result o f which the drain current reduces with an increase in knee voltage, thereby 

limiting the device power output. Hence this current collapse problem is a major obstacle 

in boosting up the overall device performance.

Intensive research works and studies have been performed worldwide to analyze 

and to solve this problem. Wu [71] was the first one to detect the problem o f current 

collapse. Vetury [70] proposed the possible locations o f traps, which were responsible for 

current collapse. He first directly measured the negative surface potential between gate
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and drain. This suggested the presence o f  net negative charge on the surface. This 

negatively charged region therefore acts as a second gate or a virtual gate and limits the 

drain current conduction in the channel. In the context o f current collapse, Ibbeston [72] 

proposed the theory of surface states as the origin o f 2DEG, while Binari [73] presented 

the current collapse effect attributed to surface and buffer layer trapping. Figure 2.25 

shows charge distribution and virtual gate formation due to electrons that leak from the 

gate at large negative gate voltages.

electric

/T >  £ T \ ZD ZD ZD ZD *37 *37 >37 *37 *37 <37

\  Polarization 
/ Charge

Donor-like surface traps: 
filled empty

~ e "  /  /
GATE > * +

©j£) © Q Q Q  0 8 8  0 0 0

depletion | f  AlGaN
» « b ^ ^ b  m i ^ b b  ‘ a a ^ M a

~~ 2D EG 
GaN

Figure 2.25. Virtual gate formation at large negative Vg. © 2001, IEEE. Reprinted, with 
permission, from [70],

Gate lag is a significant reduction in the drain current when the gate voltage is 

changed abruptly. When the gate voltage is suddenly changed (say made negative from a 

zero value), the electrons beneath the gate are pushed out and these electrons get trapped 

in surface interface states. Once trapped at the interface sites, they are unable to follow 

the fast (RF) changes in the gate voltage.

As a result, the surface becomes rich in negative charge and behaves like a virtual 

gate, which modulates the 2DEG. Hence, the drain current gets reduced as a result of 

expanded depletion region, and such a gate lag effect can be attributed to surface states.
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Drain lag is a combined effect o f change in gate bias and drain bias voltages on 

current response. It is believed that increase in device gate widths probably increase the 

defect density and hence current collapse percentage. Large area devices are, therefore, 

needed in order to achieve high power levels.

The difference between current collapse and device degradation due to inverse 

piezoelectric effect is that current collapse is caused by electrons trapping in existing 

traps while due to IPE, new traps are created at energy levels that can retain the trapped 

charges. Passivation has been largely used to suppress current collapse. But, device 

degradation due to inverse piezoelectric effect is still a challenge in GaN technology and 

requires careful analyses and the understanding o f failure mechanisms [74].
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CHAPTER 3 

METHODOLOGY

3.1 INTRODUCTION

This chapter covers methodology and steps undertaken to investigate the inverse 

piezoelectric effect in High Electron Mobility Transistors (HEMT). Inverse piezoelectric 

effect causes irreversible degradation in HEMTs due to the formation o f defects induced 

by excessive mechanical stress. To improve the electrical reliability o f these HEMTs, this 

degradation process has been modeled in this chapter.

Section 3.2 details the HEMT structure used to understand the degradation 

process and includes the calculation o f different parameters such as stress, strain and 

elastic energy density that lead to computation o f  optimal parameters to reduce device 

degradation. Section 3.3 introduces COMSOL Multi physics software used for 

electrostatics simulation o f the HEMT model. Impact o f high-k layers on 2DEG and on 

the improvement o f device reliability are studied in section 3.4.

3.2 HIGH ELECTRON MOBILITY TRANSISTOR (HEMT) STRUCTURE

Figure 3.1 shows the AlGaN/GaN HEMT model used for the calculations [29]. 

The device operation has been discussed in chapter 2. The objective o f  this section is to 

outline the calculations for sheet carrier concentration, stress, strain and elastic energy 

density in AlGaN/GaN HFET structures. Appropriate equations and formulas are 

provided.
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Figure 3.1. HEMT structure.

3.2.1 CALCULATION OF SHEET CARRIER CONCENTRATION

The sheet carrier concentration (ns) at AlGaN/GaN interface can be calculated 

using the following equation outlined by Ambacher [75], and is given as:

where cr(x) = 2 (a(o)-°W)
a(x)

EP(x) =  E0(x ) +  (7rh 2 /m * (x )) * n s (x ),

(3.1a)

(3.1b)

(3.1c)

(3-ld)

Also, in the above, x denotes Al content, qcpb denotes the Schottky barrier height, 

d is the AlGaN layer thickness, a(0) and a(x) are lattice constants, er represents 

polarization induced sheet charge density, e3 i and e33 are piezoelectric constants, C 13 and 

C33 are elastic constants, EF is the fermi level with respect to GaN conduction band edge 

energy, AEc is the conduction band offset at AlGaN/GaN interface, Psp denotes 

spontaneous polarization, q is electron charge and £ denotes dielectric constant. In the
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above, the sheet charge is determined by the polarization consisting o f both the 

piezoelectric (PZ) and spontaneous polarization (SP) components.

Ambacher [75] found that the dominant factor for the sheet carrier concentration 

was the total polarization induced sheet charge which can be controlled by the alloy 

composition (i.e., the Al mole fraction) o f  the barrier. The sheet carrier concentration is 

directly related to the thickness o f the Schottky barrier and inversely proportional to the 

height of the barrier.

Also, a number o f useful physical properties such as the dielectric constant e(x), 

the Schottky barrier height qcpb (x), the conduction band offset AEC (x) and band gap 

Eg (x), the lattice constant a(x), and the piezoelectric coefficients C13(x), C33(x), etj(x), 

can be calculated as a function o f the mole fraction (jc) o f  Al in the AlGaN layer (i.e., in 

AlxGai.xN). The specific equations connecting the mole fraction x  are:

e(x) = -0.3 x + 10.4, (3.2a)

(Pb(x) = (1-3 x + 0.84) eV, (3.2b)

AEc(x) = 0.7 | Eg (x) - Eg (0)\, (3.2c)

Eg(x) = [6.13 x  + 3.42 (1-x) - x ( l - x ) ]  eV, (3.2d)

e(x) = -0.3 x  + 10.4, (3.2e)

C13(x) = (5x + 103) GPa, (3.2f)

C33(x) = (-32x + 405) GPa , (3.2g)

eij(x) = [Cij(AlN) - eij(GaN)] x  + e^G a N ), (3.2h)

PSp(x) = (-0 .0 5 2 x -0.029) C/m2, (3.2i)

a(x) = (-0.077x  + 3.189) A, (3.2j)

where the unstrained value of the lattice constant for GaN is 3.189 Angstroms. Also, the 

piezoelectric coefficients for AIN and GaN were taken from [75] and were set to: e3i = - 

0.6 and e33 = 1.46 for AIN, and e3i = -0.49 and e33 = 0.73 for GaN.

Given these formulas for PZ and SP, the induced charge density p P can be 

calculated as: pp = - T P .  Ambacher [75] showed the Fermi level ( £ »  to be dependent



50

on the Al mole fraction o f the AlGaN layer. Based on their data for the sheet carrier 

concentration versus Al mole fraction, the following relation can be obtained: E f{x) = - 

0.102967 + 2 .1917x-7x6.

The above set of equations (3 .la-3 .Id) is solved self consistently to obtain an ns 

value. The procedure stars by assuming a small £> (0.005eV) to obtain ns based on 

equation 3.1(a). Using this ns value, equations 3.1 (c) and (d) are solved for Ef and E 0. 

These values are then substituted back into equation 3.1(a) to obtain ns values. These 

steps are repeated until there is negligible change in ns value. Parameters used for these 

calculations are given in Table 3.1. For these parameters, the value o f ns was obtained as
17 21.5x10 m' at zero bias. This ns value can be used as the initial value o f 2D charge 

density uniformly distributed along AlGaN/GaN interface and the self-consistent 

algorithm is implemented to calculate the ns value after applying bias. Here, electric field 

values midway between discrete grid points are calculated across the channel layer using 

the COMSOL Multiphysics software. Corresponding drift velocity at these midway 

points can then be calculated for the corresponding electric fields using the equation 

given below:

where v(x) represents drift velocity values at grid points and vs is the saturation velocity 

(2. lxlO7 cm/s). The other constant values used are /r0= 260 cm2/V s, Eo = 15.9xl04 

V/cm, Ef= 17.2xl04 V/cm [76]. Using these drift velocity values, flux at right (Fi+1/ 2 ) 

and left side(F. i)  o f grid points is calculated as:

H0E(x)+v,
(3.3a)

2

(3.3b)
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Pi+i/ 2  = - [ ( n £+i + n f)/2 ]  * v i+1/2+ £>* * [O i -  n ;+1)/A x ], (3.3c)

F. l - F . i  
■ ‘ ~ 2  1+2 

Ax

A t

=  An* (3.3d)

where An* is the calculated change in ns value at ith grid point and At is a fixed time step 

equal to (A x/106) s and Dn is diffusion constant equal to 5x l0 '3 m2/s for GaN. The ns 

values can be updated along the grid points as:

n t ( t  +  At) =  rti(t) 4- An*, i= 2 ...N -l., (3.3e)

where N  represents total number of grid points. The ns values at the first and last grid 

points are calculated using the average flux (F) value as:

P = _ _ Z 2 _ l i  ( 3 4 a )

riiCt +  At) =  rijCt) +  Arti , (3.4b)

nN( t  +  At) =  n w(t)  +  An N , (3.4c)

Art! =  , (3.4d)Ax ' 7

(F~-r F A t

and, AnN = ------^ ------ , (3.4e)
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Table 3.1: Parameters used for the AlGaN-GaN HEMT simulations [29, 77],

Parameter Value

x  (Al fraction) 0.26, 0.28, 0.3

a (lattice constant) 3.189e'lu(GaN), 3.112 e lu(GaN),

£o (permittivity of free space) 8 .85xl0 '12 F/m

£ (dielectric constant) 9.5 (GaN), 9.0 (AIN)

B (Planck's constant) 6 .5x l0 '16 eVs

m * (Effective mass) 0.22x1 O'31 Kg

es/ (piezoelectric constant) -0.49C/m7 (GaN), -0.6C/m7(AlN)

ejj (piezoelectric constant) 0.73 C/mz (GaN), 1.46 C/mz (AIN)

C3 3  (elastic constant) 405 Gpa (GaN), 373 Gpa (AIN)

Cu (elastic constant) 350 Gpa

C / 2  (elastic constant) llO G Pa

Cj3 (elastic constant) 103Gpa (GaN), 108 Gpa (AIN)

p (Density) 6095 (GaN), 3965 (Substrate) kg/mJ

K (Thermal Conductivity) 160 (GaN), 49 (substrate) W/ m K

Cp (Heat capacity at constant pressure) 410 (GaN), 730 (Substrate) J/ kg K

aa(In-Plane thermal expansion 

coefficient)

48 x 10*v (GaN) K '1

Oc(Out o f Plane thermal expansion 

coefficient)

43 x 10‘7 (GaN) K '1
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This process is repeated until the changes in ns values are negligible. The 

following convergence condition is used here in this research:

3.2.2 STRESS, STRAIN AND ELA STIC ENERGY DENSITY

First order calculations o f stress, strain and elastic energy density along the 

channel in AlGaN barrier layer are modeled to understand the electrical degradation of 

the device due to inverse piezoelectric effect. Here, the vertical direction is direction 

normal to the interface and is called z direction. The channel direction is along x axis. 

The planar strain in AlGaN barrier is set by thick GaN buffer layer. The equations for 

stress, strain and elastic energy density are given as:

Planar Strain: SI0 = (aGaN-aAiGaN)/aAiGaN , (3.5a)

|ni(t + At) -n,-(t)|/(|nf(t + At) + n;(t)|/2) < 10 4 . (3.4f)

Vertical Strain: S3 (3.5b)

Vertical (Normal) Stress:

Tx =  (C n  +  C12 -  ^ ! )  S10 +  ( ^  -  c3i )EZ , (3.5c)

Elastic Energy D ensity: W=
C iiC 33—2t 13 +C12C33

(3.5d)

where Ez is the electric field in vertical (normal to interface) direction. Parameters used 

for the GaN layer in the present calculations are given in Table 3.1.
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3.3 THE COMSOL SOFTWARE TOOL -  FEATURES AND 

IMPLEMENTATION

3.3.1 ELECTRICAL MODELING

The two-dimensional (2D) electrostatics o f  the HEMT model were computed 

using software called COMSOL Multiphysics. This is a general purpose Finite Element 

application software tool. It contains a graphical user interface which has full CAD, 

meshing and post processing capabilities. This software includes different application 

modes. Electrostatics application mode was used for this model. This mode gives electric 

field and electric potential distribution across the device. The governing equation is:

-V.e(V7) = p , (3.6)

where p  is the space charge density. COMSOL is useful for various physics and 

engineering applications, especially coupled multi-physics phenomena. COMSOL 

Multiphysics also offers an extensive interface to the MATLAB application, and its 

toolboxes for a large variety o f programming, preprocessing and post-processing 

capabilities. The packages are supported across a variety o f platforms such as Windows, 

Mac, and Linux. In addition to conventional physics-based user interfaces, COMSOL 

Multiphysics also allows for entering coupled systems o f partial differential equations 

(PDEs). The PDEs can be entered directly into the COMSOL software tool. In two- 

dimensional (2D), finite element (FE) modeling, it is required for the user to define 

whether a state o f planar strain or planar stress is being assumed to represent true 3D 

geometry. It is very common in literature to see 2D illustrations o f HEMT devices, 

because their geometry as well as the profiles o f  electron flow, do not change as it 

extends into the third dimension (i.e., into the page). Add to that the fact that this third 

dimension of the HEMT device is commonly a factor or two larger than the other two 

modeled dimensions, a plane strain assumption for a 2D model then is often quite logical.
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The simulated AlGaN/GaN HEMT model is shown in Figure 3.1 and is based on 

the device defined by Joh et al. [29]. Geometry as well as material properties were taken 

from literature as relevant and appropriate. The material properties required to run this 

model are given in Table 3.1.

The boundary conditions used for calculations are as given below:

• Zero charge (n.D =0 where D  is electric displacement, and n the unit normal) 

condition is used for all the exterior boundaries.

• Charge conservation (n.(Dj-D2)=0) used for interior boundaries with zero surface 

charge.

• Interface charge density (n.(Di-D2)= p )  set at the AlGaN/GaN interface with 

p =  g — ns  * q where <r represents the spontaneous and piezoelectric polarization 

charge density and ns represents sheet carrier concentration and q is the electron 

charge.

• Ground (i.e., V=0 Volts) applied for the Source contact.

• Electric potentials VG and Vd (Volts) for Gate and Drain contacts, respectively.

This finite element COMSOL Multiphysics model has also been used to 

determine the stress/strain behavior o f select HEMT device structures, in keeping with 

the experimental reports in the literature. The focus o f  the overall approach to this 

research will be to emphasize the electro-mechanical issues in the HEMT device, while 

making some simplifying assumptions, in order to understand the device stress/strain 

mechanics. In reality, the 2DEG region of an HEMT device has a highly complex 

quantum nature [78], However, due to this thesis’s mechanical approach o f  identifying 

stress/strain present in an active HEMT device, it is important to specify that the 2DEG 

will be represented at the AlGaN/GaN heterointerface using a surface charge density 

resulting from polarization present in the GaN and AlGaN materials as a boundary 

condition. In addition, for any thermal calculations, a heat source value (i.e. power 

dissipation) needs to be included. Other crucial boundary conditions applied in the 2D 

model will be voltage levels applied to source, drain, and gate terminals, as well as the 

surface charge density resulting from polarization at the 2DEG location. The 2D model
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could also be coupled to a thermal model to include effects o f heating and thermal 

expansion.

It is important to mention that the external source, drain, and gate voltages were 

not applied at the top of the contacts, but rather at their base (i.e., at their interface with 

the underlying AlGaN layer). This effectively assumes that the voltage drop across the 

contact regions is negligible due to the high doping levels. Additionally, a gradual 

transition o f voltage within the source-gate and gate-drain regions along the top AlGaN 

edge was introduced. This was done by applying a boundary condition in those two 

regions which resulted in a linear transition o f potential. The above numerical step was 

implemented to overcome the possible issue of adverse voltage spikes in the device at the 

boundary edges.

For completeness, a discussion on the COMSOL implementation o f meshes and 

numerical grids is briefly given next. The numerical meshing available in COMSOL 

include the Lagrange 1 st-order through the 5th-order techniques, where each progressively 

higher order requires greater memory storage but smoother derivatives. The discretization 

includes free triangular/quadrilateral/mapped meshing on two-dimensional (2D) 

boundaries, and free tetrahedral meshing in three-dimensional (3D) domains. The most 

important factor in the choice for mesh generation depends on the accuracy o f the 

solution in critical areas (e.g., areas o f  high gradients, or large temperature or voltage 

variations. In the COMSOL FE modeling, once these critical areas are identified, the 

mesh can be refined in these areas until convergence is achieved. While one can attempt 

to manually refine the mesh in the critical areas, COMSOL offers a feature called 

“Adaptive Mesh Refinement.” Using this feature, an initial solution is found for the 

quantities of interest (e.g., voltage, carrier density, temperature etc) based on the initial 

mesh defined by the user. The software then identifies the areas of greatest gradient (i.e., 

critical areas), refines the mesh in those regions, and then proceeds to solve the model 

once again. This process undergoes a user-defined number of iterations until proper 

convergence o f the quantities o f interest in the critical areas is achieved. One drawback to 

this feature, however, is that it does not support 2D quadrilateral meshes, nor does it
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support 3D hexahedral (i.e., “brick”) or prism meshes[77]. In this thesis, a 2D triangular 

mesh with manual refinement is used here as shown in Figure 3.2.

Drain

Figure 3.2. AlGaN/GaN HEMT Structure showing mesh elements. The maximum mesh 
element size was set to 0.2 pm and minimum element size in AlGaN region was set to 
0.002 pm.

3.3.2 THERMAL MODELING

Current carried by the HEMT in 2DEG layer at the GaN-AlGaN interface gives 

rise to dissipation and Joule heating, that provides a distributed source term for 

temperature increases and thermal effects. Such temperature increases result in thermal 

expansion which can create strain and thus thermo-mechanical stress, within the device. 

Such temperature changes due to device operation can be analyzed by the COMSOL tool, 

using its Heat Transfer module. This application mode gives the user the option to 

incorporate conduction, convection, and/or radiation under steady-state (i.e. stationary) or 

transient (i.e. time-dependent) conditions. The governing equation is, upon neglecting 

viscous heating and pressure-work terms:

P CPTt ~  V' (kVT) = Q ~  PC P U.VT , (3.7a)

where k is the thermal conductivity (W m '1 K '1), p  is the mass density (kg m '1), Cp is the 

specific heat capacity at constant pressure (J K g '1 K '1), T  is the absolute temperature (K), 

Q the heat source term (W m’3), and u  the velocity vector. If  both radiation and 

convection effects are excluded, equation (7a) simplifies to:
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P c v f t ~  ^ kv n  =  <2 . (3.7b)

The main task in this thermal modeling aspect is to obtain an FE solution o f the 

temperature distribution in the device and quantify the 2DEG channel temperature.

All thermal boundary conditions were assigned similar to the boundary conditions 

discussed in an FE model by Menozzi et al. [79]. The bottom substrate surface has been 

maintained here at a constant 300 K (i.e., isothermal room-temperature condition). The 

top GaN surface and the remaining exterior model boundaries were considered adiabatic 

(i.e., insulated). The most crucial boundary condition applied in the thermal model is that 

of the power dissipation value applied to the active device area (i.e., the AlGaN/GaN 

interface). This is taken to be E*J (W /m2), with E  being the Electric field values across 

the interface, and J the channel current density calculated as ns*q*u where ns is sheet 

carrier concentration, q is electron charge and v  is the drift velocity. These values are 

calculated as described in sections 3.2. Electric field values are obtained from COMSOL. 

This E*J value represents the power dissipation value across the AlGaN/GaN interface. 

This value is applied as the heat source on the 2D GaN surface of a 3D thermal model as 

shown in Figure 3.3. Parameters used for thermal modeling are given in Table 3.1.

3.4 IMPACT OF HIGH-tf LAYER

A thin insulating layer above AlGaN barrier layer (used as a capping layer) can 

possibly influence the transport properties o f 2DEG in AlGaN/GaN heterostructures. 

With increasing degree of relaxation o f the AlGaN barrier layer, electron mobility is 

observed to decrease [80, 81]. AIN or GaN have been used as cap layers which lead to 

decrease in 2DEG density due to the additional negative polarization charges formed at 

the interface. Variation o f strain state o f AlGaN barrier layer is studied with different 

kinds o f thin cap layers. Since, HEMTs are used for high power applications, under large 

input signal condition gate leakage current increases. To improve reliability, high-k 

dielectric layers were used as insulator between gate and semiconductor. Very low 

leakage currents were reported for GaN MIS HEMT with high-k layer [82], Figure 3.4 

shows the AlGaN/GaN model used to study the impact o f high-k layer [80-82],
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Figure 3,3. Schematic o f  thermal model.

The calculation o f 2DEG density (ns) at the interface for AlGaN/GaN model with 

the inclusion of a high-/: cap layer is given as [81 ]:

n .w  = W + <3'8>

where cr is the spontaneous and piezoelectric polarization charge density, e0 is vacuum 

permittivity, eMGaN is relative permittivity of AlGaN, qcpb is the metal/GaN schottky 

barrier height, EF is the Fermi level, AEc is conduction band offset at AlGaN/GaN 

interface and dGaN, and d high- k are insulating layer and AlGaN barrier layer thickness, 

respectively. The equation for ns is solved self consistently similar to the case as 

AlGaN/GaN without cap layer described in section 3.2. The value o f ns was observed to 

increase with the addition o f a high-/: layer.
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Figure 3.4. HEMT structure with cap or high k layer.

3.5 THERMAL STRAIN MODELING

Heating within the HEMT device can lead to internal stresses as the various 

materials (e.g., GaN and AIGaN) have different coefficients o f expansion. Calculation of 

such stresses is then a coupled linear elastic thermal-mechanical problem which can be 

solved using COMSOL. The total strain e will in general be comprised o f three 

components, namely the elastic strain (eei), the thermal strain (eth), and the residual strain 

(so). Thus: ee = eei + 8th + 8o- O f these, the thermal strain is determined by the thermal 

expansion coefficient a, and given by [83]:

sth = a  AT , (3.9)

where AT is the change in temperature from the equilibrium ambient value. The 

paramaters used are given in Table 3.1. In the present research work, temperature 

dependent dynamic changes to the material parameters (such as the mobility) were 

ignored. Hence, the calculations were not self-consistent, and could be improved by 

incorporating an iterative scheme that first computes temperature changes, which are then
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fed into updating material parameters, and these in turn used to re-evaluate the 

temperature changes in a self-consistent manner.
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CHAPTER 4 

RESULTS AND DISCUSSION

4.1 INTRODUCTION

Modeling and quantitative evaluations o f  the inverse piezoelectric effect in 

AlGaN/GaN HEMT structures described in section 3.2 were carried out using COMSOL 

and MATLAB software tools. For the purpose o f demonstration, polarization charge 

densities and sheet carrier concentrations for various A1 contents and AIGaN thickness as 

described in Chapter 3 were determined. The goal was to evaluate the role and 

significance o f both the A1 content and AIGaN thickness o f the internal electric fields that 

influence the degradation process due to the inverse piezoelectric effect. Later in this 

chapter, the effects o f a high-# layer on the AIGaN layer are discussed. For completeness, 

the influence of 2DEG channel temperature on strain in AIGaN layer has also been 

probed and studied through numerical simulations. In general, our model simulations 

were implemented with an aim to obtain quantitative analysis and to investigate the 

optimal parameter set that might reduce the degradation and failures due to the inverse 

piezoelectric effect in AlGaN/GaN HEMTs.

4.1.1 MODEL VALIDATION

The model used in our simulation was taken from the report by Joh et al. [29], and 

the validation of our simulation and its implementation for the HEMT model was carried 

out by comparing our results with the values reported by Joh et al. [29].
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Figure 4.1 (a). Vertical electric field profile in AlGaN/GaN HEMT with Vd=33V and 

Vg=-5V.
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Figure 4.1 (b). Elastic energy density in AIGaN layers.
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Figure 4.1 (c). Vertical electric field profile.© 2014 Elsevier. Reprinted, with permission, 

from [29],
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permission, from [29],
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Figure 4.1(a) and (b) shows the vertical electric field and elastic energy profiles 

under gate edge obtained in our simulations. The simulation was done at drain to source 

voltage of 33V and gate to source voltage o f -5V. Figures 4.1 (c) and (d) show the 

vertical electric field and elastic energy profiles from Ref. [29] at exactly the same drain 

and gate bias.

From Figure 4.1(a) and (b), it can be seen that both the electric field values and 

elastic energy density values show sharp peak at the gate edge near the drain side. This 

predicted response is similar to the results obtained by Joh et al [29]. The elastic energy 

density value under the gate edge, obtained from our model, is seen to equal about 0.49 

J/m which is almost the same as the value shown in Figure 4.1 (c) and (d) from reference 

[29]. These close agreements between our simulation result and the reported data validate 

our model and provide confidence in our numerical method and its implementation for 

treating the electrical response o f GaN HEMT structures.

4.2 ELECTRICAL MODELING RESULTS FOR ALGAN/GAN HEMTS

4.2.1 INTRODUCTION

The overall problem o f evaluating the degree o f induced stress and strain arising 

from the inverse piezoelectric effect is quite complex because the outcome depends on a 

range o f parameters. More specifically, for the GaN/AlGaN HEMT structure, the internal 

electric fields that are the root cause o f  this effect, and influenced by the aluminum mole 

fraction, the thickness of the Al-layer, the applied external biasing, any variations in the 

cap-layer such as the possible use o f high-£ dielectric materials on top o f the AIGaN layer 

etc. Hence for completeness, a systematic analyses o f all the various factors needs to be 

carried out. One also needs to evaluate possible stress and strain that could be created 

internally due to device heating and thermal effects during operation. In the following 

sections, these various aspects alluded to above, have been examined. The next section 

provides a baseline study and also focuses on the role o f the aluminum composition 

within the AIGaN layer o f the GaN-AlGaN HEMT. The subsequent section examines the 

role of the cap-layer on GaN, and a variety of possible options are evaluated for their role 

in influencing the internal electric fields and stress. Includes in the analyses, are the use
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of a thin GaN cap above the traditional AIGaN layer, the use of different high-# dielectric 

materials, and changes in the AIGaN layer thickness in the presence o f high-k materials. 

Finally, the role o f  heating and its influence on causing stress and strain with the HEMT 

is evaluated for completeness.

4.2.2 BASELINE RESULTS AND FOCUS ON ALUMINUM MOLE FRACTION

VARIATIONS

All the simulation results presented in this section were carried out on the model 

described in section 3.2 with source voltage set at OV, gate voltage set at 2V and a 

variable drain voltage (Vd) that was adjusted in the 5V to 20V range. Figure 4.1(e) shows 

the 2DEG sheet carrier density (ns) and polarization charge density (a) as a function o f Al 

content for AIGaN thicknesses o f 16nm and 20nm. Polarization charge density and 

2DEG are seen to be augmented with increases in the Al content. The 2DEG densities 

also increased with increasing AIGaN thickness. With increases in the Al content from 

0.26 to 0.3, the polarization charge density o was seen to increase from 0.0231 C/m2 to 

0.0269 C/m2. This shows that a higher Al-content or increased AIGaN layer thickness 

would work towards providing higher currents, and hence, small-signal current 

amplification in the HEMTs.
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Figure 4.1 (e). 2DEG sheet carrier density (ns) and polarization charge density (a) as a 

function of Al content at AIGaN thicknesses.

The breakdown field o f  Wurtzite crystal structure GaN devices has been reported 

to be in the ~3-5 MV/cm range [84, 85]. Defect formation in a stressed material is 

determined by the critical elastic energy per unit area. This latter areal elastic energy 

density is obtained by integrating the volume elastic energy density calculated using the 

equations given in chapter 3 along the direction normal to the interface (the y-axis) within 

the AIGaN layer. The critical elastic energy density value was reported to be about 0.49
>y

J/m [29], The elastic energy density can be computed from the electric fields inside the 

device. Hence, as a logical step towards the evaluation o f the energy density, electric 

field distributions in AlGaN/GaN HEMT at different drain biases were calculated. The 

impact of electric field on stress, strain and in turn elastic energy density in the AIGaN 

barrier, were then all systematically obtained to analyze the parameter space that can lead 

to the attainment o f breakdown fields and critical energy densities in AlGaN/GaN 

HEMTs.
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Variations o f these parameters in the AlGaN/GaN layers for different device 

configurations are discussed below. Figures 4.2(a)-4.2(i) show the results o f electric field 

distributions, potentials, stress etc. for a AlGaN/GaN HEMT with a 26% Al mole- 

ffaction content (xAi) and AIGaN thickness o f 16nm (tAiGaN) at a drain voltage (Vd) o f 

10V. Figures 4.3(a)-4.3(g) show the results the same Al-mole fraction (of 26%) and 

AIGaN thickness (tAicaN) o f 16nm, but now at a higher drain voltage o f 20V. These two 

sets o f figures are given on the following pages.

T----------------- 1----------------- 1----------------- 1----------------- 1----------------- 1----------------- 1---------- A  10

Source Gate AIGaN layer

0 1 2 3 4 5 6 T  0

X-Device Length [pm]

Figure 4.2(a). 2D Electric potential in AlGaN/GaN layers [xAi = 0.26, tAiGaN — 16nm, Vd = 

10 V].
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Dram

Figure 4.2(b). Electric potential in AlGaN/GaN HEMT [xAi = 0.26, tAiGaN =16nm, Vd =

10V],
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Figure 4.2(c). Lateral electric field in AlGaN/GaN layers [xAi = 0.26, tAiGaN =16nm, Vd =

10V], The electric field values are in V/m
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Figure 4.2(e). Electric field norm (V/m) in AlGaN/GaN layers [xAi=0.26, tAiGaN=16nm, 

Vd=10V],

Source Drain
Gate

Figure 4.2 (f). Arrow surface showing electric field lines in ALGaN/GaN layers [xAi = 

0.26, UicaN =16nm, Vd = 10V],
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Figure 4.2(g). Planar stress (Pa) in ALGaN/GaN layers [xAi = 0.26, tAiGaN =16nm, Va 

10V],
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Figure 4.2 (h). Vertical strain in AlGaN/GaN layers [xAi = 0.26, tA)GaN =16nm, Vd = 10V],
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Figure 4.2(i). Elastic energy density (J/m3) in AlGaN/GaN layers [xai- 0.26, tAiGaN= 16nm, 

Vd=10V].

Though there is a lot o f data and the plots may look “busy”, useful information 

can be extracted from the set o f figures. From these results, it can be observed that the 

vertical electric field, as well as the elastic energy density, sharply peak just below the 

gate edge on the drain side of the device. This location can thus be a potential weak spot 

for failure. Also as may be expected, it becomes apparent from Figures 4.2 and 4.3 that 

changes in elastic energy density due to the inverse piezoelectric effect become larger 

with increasing voltages and can lead to crystallographic defects.
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Figure 4.3 (a). Electric potential in AlGaN/GaN HEMT [xAi = 0.26, tAiGaN =16nm, V<j =

20 V],
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Figure 4.3 (b).
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Figure 4.3 (f). Vertical strain in AlGaN/GaN layers [xai — 0.26, tAiGaN —16nm, Vd
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Figure 4.3 (g). Elastic energy density in AlGaN/GaN layers [xAi = 0.26, tAiGaN =16nm, Vd 

= 20 V],

Figures 4.4 and 4.5 show the effect o f increased A1 content on the electric field 

and elastic energy density. Figs. 4.4(a) and 4.4(b) are the vertical electric field and elastic 

energy density profiles for an Al-mole fraction xA1 o f 0.26, an AlGaN layer thickness 

tAiGaN of 16nm, and a drain voltage Vd of 20V. The corresponding data for a higher 

Aluminum mole fraction xAi o f 0.3, but the same drain voltage V d (=20 Volts), and 

AlGaN layer thickness tA]GaN o f 16nm is shown in Figures 4.5(a) and 4.5(b). The vertical 

electric field and elastic energy density values have increased from 1.9 x 108 to 2.1 x 108 

and 0.29 to 0.38, respectively, with increase in A1 content from 0.26 to 0.3 with 16nm 

AlGaN thickness and 20V drain bias.
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Figure 4.4 (a). Vertical electric field in AlGaN/GaN layers [xAi = 0.28, tAiGaN =16nm, Va

= 20 V].
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Figure 4.4 (b). Elastic energy density in AlGaN/GaN layers [xAi = 0.28, tAiGaN =16nm,

Vd = 20V],
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Figure 4.5 (b). Elastic energy density in AlGaN/GaN layers [xAi = 0.3, tAiGaN =16nm, Vd 

= 20V].

Figures 4.6, 4.7 and 4.8 show planar stress, vertical strain and eleastic energy 

density, respectively, as a function of distance between source to drain in AlGaN layer at 

A1 contents o f 0.26, 0.28 and 0.3 for a 16nm AlGaN layer thickness and 20V drain bias. 

Figures 4.9 and 4.10 show the maximum values o f  planar stress and elastic energy 

density, respectively, in AlGaN layer as a function o f drain voltage at A1 contents o f 0.26, 

0.28 and 0.3 with 16nm AlGaN layer thickness. The maximum values o f stress or elastic 

energy density located at the gate edge o f drain side were observed to increase with 

increasing drain bias. In theory, this can lead to defect creation under the gate edge at 

high voltages which can furthur lead to gate leakage currents via a feedback machanism.
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Figure 4.6. Planar stress in AlGaN layer at different A1 content [tAiGaN =16nm, Vd = 20V].
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Figure 4.7. Vertical strain in AlGaN layer at different Al content [tAiGaN =16nm, Vd 

20 V],
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Figure 4.8. Elastic energy density in AlGaN layer at different Al content [ t A io a N  =16nm, 

Vd = 20 V].
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Figure 4.9. Maximum stress as a function of drain voltage.



88

Figure 4.9 shows the maximum stress as a function o f drain voltage in the AlGaN 

layer at different Al content. The AlGaN later thickness was set to 16nm and a drain 

voltage Vd o f 20V was used.
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Figure 4.10. Maximum elastic energy density as a function of drain voltage in AlGaN 

layer at different Al content [tAiGaN =16nm, Vd = 20V],

From the Figures 4.4-4.10 above, it can be observed that increases in Al content 

increase the vertical electric field in the AlGaN layer. Under an increasing positive field, 

the planar stress increases which results in an increased elastic energy. Also, the vertical 

strain is increased in magnitude with increasing fields and Al content. For AlGaN/GaN 

structure with AlGaN barrier layer grown pseudomorphically on GaN buffer, there exists 

an unchanged as-grown (i.e., inherent) planar strain equal to 0.0068. From equation 

3.5(b) in section 3.2, even in the absence o f electric field, there exists a vertical strain that 

dependes on the Aluminum content. As the Aluminum content increases from 0.2 to 0.3, 

the magnitude of the vertical strain increases from 0.0025 to 0.0039, and the stored 

elastic energy density increases from 0.152 to 0.344. Therefore, the elastic energy already
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present increases with increasing fields due to inverse piezoelectric effect that can lead to 

degradation if  the stored elastic energy reaches the critical value.

4.2.3 FOCUS ON ALGAN TH ICK N ESS VARIATIONS

AlGaN layer thickness is an important parameter that can change the sheet carrier 

concentration, electric fields and energy density in the AlGaN layer. There exists a 

critical thickness for strain relaxation in AlGaN/GaN heterostructures beyond which the 

stored elastic energy in AlGaN layer leads to the formation o f dislocations.

Figure 4.11 (a) shows the result o f elastic energy density and Figure 4.11 (b) 

shows the result o f vertical field values at two different AlGaN thickness values as a 

function of drain voltage. Figure 4.12 shows the results for planar stress and vertical 

strain for AlGaN layer thickness o f 22 nm. 20V o f  drain bias is applied in both the cases. 

The stress values have observed to decreased as the AlGaN thickness is increased from 

16nm to 22nm. The vertical electric field are seen to have decreased from 2.08 x 108 

V/m to 1.7 x 108 V/m. Also, the elastic energy density values have increased from 0.33 to 

0.41, respectively, with an increase in AlGaN thickness from 16nm to 22nm at an 

Aluminum content o f 0.28 and a 20V drain bias.
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Figure 4.11. Simulation results for different AlGaN thickness [xAi = 0.28, Vd = 20V], (a) 

Vertical electric field, and (b) Elastic energy density.
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Figure 4.12. Planar stress and vertical strain in AlGaN layer [xAi = 0.28, tAiGaN =22nm, 

Vd=20V].

4.2.4 EVALUATING THE ROLE OF HIGH-A DIELECTRICS

In this section, the effects of a cap layer on electric field values, as well as the 

elastic energy in AlGaN are discussed. High-/: dielectric materials have been used as the 

cap layers on AlGaN layer to study different scenarios.
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Figure 4.13. 2D Electric field profile in AlGaN/GaN HEMT with high-& cap layer.
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High-/: dielectrics have been used as insulating layers between gate electrode and 

the semiconductor to improve the forward leakage current in AlGaN/GaN HEMTs 

operating under large input signal conditions [82]. HfD 2  and Ta2 0 s have been the 

commonly used high-fc dielectrics. Given their use, these same materials were chosen 

here as a test for evaluating and possibly mitigating device failure in the GaN HEMTs.
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Figure 4.14. (a) Electric field, (b) Elastic energy density profiles under gate in AlGaN 

layer.
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Figures 4.13-4.19 show the simulation results of the MIS HEMT with 

HfD2 and Ta2C>5 high-k cap layers as insulators. At first, simulation o f AlGaN/GaN 

HEMT with 12nm high-k cap layer was done with the device in the OFF state with a 33V 

drain bias and a -5V gate bias. Here, fixed positive and negative charges are placed at the 

AlGaN/GaN interface and at the top o f the AlGaN surface, respectively. Figure 4.13 

shows the electric field profile and Figures 4.14 (a) and (b) show the peak electric field 

and energy density values under the gate in the AlGaN layer. The peak values are 

observed under gate edge towards the drain side within the AlGaN layer. But, if  we 

compare these peak values with the values observed in Figure 4.1 (a) and (b) for the 

AlGaN/GaN HEMT without a high-k cap layer, it can be observed that the peak electric 

field value reduced from 9.8 MV/cm to 6.6 MV/cm. Furthermore, the elastic energy 

density value reduced from 0.49 MJ/m2 to 0.41 MJ/m2 with inclusion o f the high-/: cap 

layer.

The gate bias is now changed from -5V to 2 V. Figure 4.15 shows vertical field 

and elastic energy density in AlGaN/GaN layers with 6nm Ta2Os (er =22) cap layer 16nm 

AlGaN thickness, a 0.28 Aluminum content at 20V drain bias. Figure 4.16 shows vertical 

field and elastic energy density in AlGaN/GaN layers with 6nm H f0 2 (er =25) cap layer, 

16nm AlGaN thickness, a 0.28 Aluminum content at 20V drain bias. Figure 4.17 

compares the vertical electric field values and elastic energy density values in AlGaN 

layer with and without a high-/: cap layer. The vertical electric field and elastic energy 

density values have decreased from 2.08 x 108 to 1.9 x 108 and 0.335 to 0.333, 

respectively, with addition o f high-k cap layer o f  6nm for a 16nm AlGaN thickness, a 

0.28 Aluminum content and a 20V drain bias.
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Reduction in both the electric field values and elastic energy density values at the 

gate edge were observed for HEMTs with high-# layer. However, not much difference 

was observed in electric field values between device having HfC>2 and Ta2 0 5 cap layers. 

Figure 4.18 shows vertical electric field and elastic energy density values in AlGaN/GaN 

layers with AlGaN thickness o f  22nm which is equivalent to the case o f  AlGaN thickness 

of 16nm and high-k cap layer thickness o f 6nm. This simulation was carried out to 

compare the results of increasing the thickness of AlGaN layer to the combined total 

layer with the high-/: cap structure. As can be observed from the results, the vertical 

electric field values have significantly decreased and energy density values have 

significantly increased due to increased thickness of AlGaN layer. Figure 4.19 show the 

results due to increased thickness o f high-/: cap layer. As the high-/: layer thickness 

increases, the electric fields, and in turn elastic energy density, were observed to 

decrease. Figures 4.20 and 4.21 show results that compare a HEMT with a high-k layer 

with another HEMT without high-k layer but with increased AlGaN layer thickness. As it 

can be seen from the results, increases in AlGaN thickness reduce the electric fields in 

AlGaN layer, but as the thickness increases critical energy also increases. The elastic 

energy value increased from -0.33 J/m2 at 16nm thickness to -0 .46  J/m2 at 22nm 

thickness at drain bias of 20V. This value can also increase with increased drain bias. The 

value is close to the critical energy density (0.49 J/m2) beyond which the crystallographic 

defects start to occur. So, instead o f increasing the AlGaN thickness, a thick high-k layer 

proves to be advantageous (and a better option) in reducing the stored elastic energy as 

well as gate leakage current.
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Figure 4.16. Simulation results for AlGaN/GaN layers with 6nm HfD2 cap [xAi

IAiGaN =16nm, Vd = 20V], (a) Vertical electric field, and (b) Elastic energy density.
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1 AiGaN =16nm, Vd = 20V]. (a) Vertical electric field, and (b) Elastic energy density.
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Figure 4.18. Results in AlGaN/GaN layers [xAi = 0.28, tAiGaN =22nm, Vd = 20V]. (a)

Vertical electric field, and (b) Elastic energy density.
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Figure 4.21 show the elastic energy density plot in the AlGaN layer with and 

without a high-/: cap layer o f 12nm at higher drain bias (40V). The elastic energy is
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maximum at the gate edge on the drain side, similar to the results for the case with a drain 

bias of 20V. However, the results show a nearly flat line up to 1pm after the gate edge 

with high stored elastic energy. It also shows a decrease in the elastic energy density 

value due to high-A cap layer.

4.2.5 FOCUS ON POSITION OF GATE

The position (i.e., relative placement) o f  the gate electrode was observed to 

influence the magnitude o f electric fields in AlGaN layer as well. In figure 4.22, the 

effect of gate shift towards the source side. As the gate moves towards the source, the 

values of electric fields and elastic energy density were observed to decrease strongly. 

The vertical electric field and elastic energy density values have decreased from 2.08 x 

108 V/m to 1.46 x 108 V/m and 0.335 to 0.325, respectively, with gate shifted toward 

source by 1.5 pm from center. The AlGaN thickness was taken to be 16nm, with a 0.28 

Aluminum content and a 20V drain bias. Table 4.1 summarizes the maximum values o f 

vertical electric field and elastic energy density for all the cases discussed above for 

comparison.

Table 4.1. Maximum values o f vertical electric field and elastic energy density in AlGaN 

layer.

Parameter x Ai= 0 .2 6  x Ai= 0 .2 8  x Ai= 0 .3  X ai= 0 .2 8  xAi= 0 .2 8

t\IG a \= 16 t A|GaN=16 tAIGaN-H> tAjcaN=22 tAIC»Kss16

Vertical

Electric

Field

Elastic

Energy

Density

Vd=20

1.9x10

(V/m)

0.29

(J/m2)

Vd=20

0.334

(J/m2)

Vd=20

2.02x10s 2.1x10*

(V/m) (V/m)

0.38

(J/m2)

Vd=20

0.455

(J/m2)

Vd=20

x Ai = 0 .2 8

Vd=20

HfC>2= 12nm (LSK<Lgd)

1.75x10* 1.87x10*

(V/m) (V/m)

0.332

(J/m2)

1.46x10*

(V/m)

0.325

(J/m2)
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4.3 THERMAL MODELING RESULTS FOR ALGAN/GAN HEMTS

For completeness, thermal modeling was carried out based on model described in 

section 3.3.2. The 2DEG channel power density for a given bias and thermal strain due to 

the change in temperature were observed. Figure 4.25 shows power density calculated 

across the AlGaN/GaN interface. Figure 4.26 shows the 2DEG channel temperature due 

the power density values applied across the active device area. The observed temperature 

increase was insignificant. Figure 4.27 shows the thermal in plane and out o f plane strain 

due to 2DEG channel temperature in AlGaN layer. These results collective underscore 

the irrelevance o f thermal heating. Such temperature increases have been shown to be 

insignificant, and play no possible role in contributing to internal stresses or degradation 

o f the GaN HEMT structures.

1.4 -...............-■------------ <------------ •------------ •----- -

10.6

0.4

0.2

0.0
X-Device Length [pm]

Figure 4.23. Power density across AlGaN/GaN interface [xAi = 0.28, tAiGaN =16nm, Vd = 

20 V],
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-  20V],
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4.4 CONCLUSIONS

For the design of AlGaN/GaN HEMTs, it is important to understand the role of 

parameters such as AlGaN thickness and Aluminum content that affect the formation of 

the 2DEG, and electric fields that drive the inverse piezoelectric effect. The analysis 

presented in this chapter was based on simulation results that were obtained by varying 

important design parameters. The 2DEG was observed to increase with larger AlGaN 

thickness and Aluminum content. But, it is also important to reduce the electric fields in 

the AlGaN layer which were observed to be present at the gate edge near drain side and 

were increasing with increasing Aluminum content. The effect of high-k layers were also 

studied. It was understood from the results that a larger AlGaN thickness can be used to 

reduce electric fields. However, since this thickness cannot go beyond a critical value 

(otherwise unstable island formation can occur), high-A: layer can be used to further 

reduce both the electric fields and elastic energy densities. Results also suggested that 

larger the drain-to-gate electrode distance, the lower are the vertical electric field and 

stored energy density values. Also, strain changes due to temperature changes were 

studied, and thermal strain due to 2DEG channel temperature changes were observed to 

be almost insignificant.
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSIONS

Numerical simulation models were developed to quantitative access and evaluate 

the role of the inverse piezoelectric effect (IPE) in AlGaN/GaN High Electron Mobility 

Transistors at high electric fields. The high electric fields arise practically in the scaled 

down devices that typically have sub-micron dimensions. The goal was to acquire the 

numerical capability to investigate the parameters that drive the degradation due to the 

IPE in HEMTs. Another important objective was to assess the relative effect o f  each 

parameter in affecting the reliability o f  the device, and the ways in which detrimental 

effects could be reduced through a judicious choice o f the parameter or geometry or 

material. These objectives were all successfully achieved. We investigated, electric field 

distribution, stress, strain and stored energy in AlGaN layer for an AlGaN/GaN HEMT 

structure in detail. In addition, an optimized parameter space was probed, and for 

completeness, the role o f device heating was also examined.

The model development was initiated by considering the changes in 2DEG 

density, electric field distributions and stored elastic energy with variations in Al mole 

fraction in the AlGaN layer, as well as changes in AlGaN thickness and drain biasing. 

The calculations were discussed in detail in chapter 3 and the results obtained with each 

set o f parameter variation were presented in Chapter 4. It was observed that Al mole 

fraction and AlGaN thickness play an important role in inducing high electric fields in 

AlGaN layer. Pseudomorphic AlGaN layers grown on GaN layers have tensile in-plane 

strains. The elastic energy generated by such strains leads to deformation. With 

increasing Al mole fraction, the strain present in AlGaN layer was observed to increase 

significantly. Consequently the critical thickness where dislocations can become 

detrimental, places an important limit on device design. Although higher 2DEG densities 

and lower electric fields were observed with the increasing thickness o f  AlGaN layer, the 

significant increase observed in elastic energy stored in AlGaN layer were seen to place
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limit on the barrier layer thickness. Values beyond which dislocations can potentially 

start to occur were determined. Consequently, a low Al content AlGaN layer and 

thickness below critical thickness were observed to be important for reducing the device 

degradation. The effect o f  capping layers such as high-A: cap layers on top o f AlGaN 

layers were studied.

The use of high-A: materials such as Hf02 and Ta20s as cap layers was examined. 

High-A: materials are commonly used as insulators to reduce the leakage current from 

gate. It was observed that, electric field magnitudes and stored elastic energy densities 

could be decreased with the use o f high-A: cap layer, although no significant difference 

was observed between HPO2 and Ta2<I>5 materials as cap layers. Therefore, AlGaN/GaN 

model with high-A: cap layer were shown to ensure low gate tunneling through traps, 

sustain much higher critical voltages, and support a larger gate voltage swing. Also, 

electric field magnitudes were observed to be further reduced with increasing high-A: cap 

layer thickness. These high-A: cap layers are commonly grown using Atomic Layer 

Deposition method which is used to grow thin uniform layers. In the numerical 

evaluations, high-A: layers with 6nm and 12nm thickness were used. Our results thus 

indicate great potential o f high-A: cap/AlGaN/GaN MOS HEMTs for high power 

applications. The effects o f shifting the gate position were also observed. Results showed 

that the electric fields and in turn the stored elastic energy densities, could be decreased 

with increasing distance between gate and drain. For completeness, the effects o f power 

density generated due to 2DEG and its influence on 2DEG channel temperature and in 

turn thermal strain were also studied. The drain bias applied in the model was in the 

range o f 5 to 20V. In this range, the temperature changes as well as thermal strain were 

observed to be very low. Therefore, considering the overall results, it can be summarized 

that a AlGaN/GaN HEMT model with relatively low Al content, AlGaN layer with 

thickness below critical thickness that generates enough 2DEG density for high power 

applications, a high-A: cap layer that suppresses large electric fields, and gate tunneling, 

gate position towards the source end will form an optimum parameter set for reducing the 

device degradation.
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5.2 FUTURE WORK

The AlGaN/ GaN HEMT model developed for understanding the underlying 

degradation mechanism based on the inverse piezoelectric effect with different model 

parameters (such as Al content, barrier thickness, cap layers etc.) is useful. However, this 

model can be further improved and the methodology can be applied to numerous other 

applications. A few such tasks for possible future work are presented below.

1. The present model assumed AlGaN layer as the barrier layer. The same model 

simulation could be used for evaluating different alloy compositions such as 

InGaN barrier layers. Such evaluations would provide insights into the effects of 

different alloy composition on device degradation.

2. In this model, a single high-A: layer was used as cap layer. The model can be 

expanded by using a passivation layer such as silicon nitride or aluminum nitride 

layer between the high-A cap and the barrier layer.

3. The model as explained in the previous section was simulated with drain bias in 

the range o f 5 to 20V. The model can be simulated at higher drain bias for all 

different cases to observe the value of critical voltage beyond which the elastic 

energy density might reach the critical threshold value.

4. Also, the temperature effects could be coupled to the electrical simulation model 

by adding the thermal strain value as initial strain in the AlGaN layer while 

calculating the total stress generated. This would make for self-consistent thermal 

analyses.

5. The model described used sapphire as substrate. The effects o f different substrates 

on temperature changes could also be studied using the model developed in this 

research.

6. The effects o f different Cap layers such as AIN, InGaN and the relation between 

strain variations in AlGaN layer due to cap layers could also be studied.

7. A uniform positive charge representing the spontaneous and piezoelectric 

polarization and 2DEG charge was applied at the AlGaN/GaN interface. The 

effects o f additional trapped charges in the AlGaN layer could be studied to better 

understand the changes in the electrostatics o f the device due to trapped charges
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in the barrier layer. Such charging can practically result from gate tunneling 

currents.

8. Finally, a self-consistent, dynamic model towards device failure could be 

developed. This would need to include leakage currents, charge trapping from the 

leakage flux, concomitant changes in the local electric field due to variations in 

the trapped charge, and the positive feedback for subsequent leakage currents. A 

feedback loop could be constructed for a dynamic development until final device 

failure with large leakage currents. For greater accuracy and completeness, 

thermal changes in the material properties, or trapping- or detrapping 

characteristics could also be included.
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•  Where content in the article is identified as belonging to a third party, it is the obligation o f  
the user to ensure that any reuse complies with the copyright policies o f  the owner o f  that 
content.

•  If  article content is copied, downloaded or otherwise reused for non-commercial research 
and education purposes, a Ink to the appropriate bbliographic citation (authors, journal 
article tile, vokime. issue, page numbers. DOI and the link to the definitive published version 
on W iley Online Library ) should be mahtained. Copyright notices and disclaimers must 
not be deleted.

•  Any translations, for which a prior translation agreement with Wilev has not been agreed, 
must prominently display the statement: ’This is an unofficial translation o f  an article that 
appeared in a Wiley publication. The publisher has not endorsed this translation."

Use In commercial "for-profit" organisations

Use o f  Wiley Open Access articles for commercial promotional or marketing purposes requires 
further explicit permission from Wiley and will be subject to a lee. Commercial purposes itclude:

•  Copying or downloading o f  articles, or Inking to such articles for liirther redistribution, sab  
or licensing;

•  Copying, downloading or posting by a site or service that iicorporates advertising with such 
content;

•  The inclusion or incorporation o f  artide content in other works or services (other than 
normal quotations with an appropriate citation) that is then available for sab  or licenshg, for 
a fee (for exampk, a compilation produced for marketing purposes, inclusion in a sabs 
pack)

•  Use o f artbb  content (other than normal quotations with appropriate citation) by for-profit 
organisations for promotional purposes

•  1 .iiking to a rtbb  content in e-mails redistributed for promotional m arketiigor educational 
purposes;

•  Use for the purposes o f  monetary reward by means o f  sab , resab, licence, ban. transfer o r 
other form o f  commercial expbitation such as marketing products
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•  Print reprints o f  Wiley Open Access articles can be purchased from: 
corporatcsalcsT/ wilev. com

Further details can be found on Wiley Online Library 
http: olabout.WTlcy.comWilevCDA Section id -4 10895.html

Other Terms and Conditions:

v 1.9

If you w ould like to pay for this licen se  now , p lease  rem it this lic e n se  along with your 
paym ent m ade payable to  "COPYRIGHT CLEARANCE CENTER" o th erw ise  you will be 
invoiced within 4 8  hours o f the licen se  date . Paym ent should be in the form of a  check  or  
m oney order referencing your account number and this invoice num ber 5 0 1 3 5 9 9 8 8 .
Once you  receive your invoice for this order, you  m ay pay your in vo ice  by credit card. 
P lease  follow  instructions provided at that tim e.

H ake Paym ent To:
Copyright C learance Center 
Dept OOl 
P.O. Box 8 4 3 0 0 6  
Boston, MA 0 2 2 8 4 -3 0 0 6

For su ggestion s or com m ents regarding th is order, contact Rights Link Customer Support: 
custom ercaregicopvriaht.com  or + 1 -8 7 7 -6 2 2 -5 5 4 3  (toll free  in th e  U S) or + 1 -9 7 8 -6 4 6 -  
2 7 7 7 .

Gratis lic en ses (referencing $ 0  in the Total field) are free . P lease  reta in  this printable 
license  for your reference. No paym ent is required.
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3
CONFIRMATION

Step 3: Order Confirmation

Thank you  fo r y o u r  o rd e r!  A confirmation for your order will be sen t to you?" account email address. If you have 
questions about your order, you can call us at +1.855.239.3415 Toll Free, M -Fbetween 3:00 AM and 6:00 PM 
(Eastern), or write to us a t tn6:.@yroriyrtgh:.C''rn. This is not an  invoice.

C onfirm ation Number: 1 1 2 5 0 1 0 8  
O rder D ate: 0 7 / 2 5 / 2 0 1 4

If you paid by credit card, your order will be finalized and your C3rd 
will be charged within 24 hours. If you choose to be invoiced, you can 
change or cancel your order until the invoice is generated.

P a y m e n t  In fo rm a tio n

Deeptni Nagulapally 
dnaguOOl @>odu. edu 
+ 1 (540^8424491 
Payment Method, n /a

O rder D eta ils

Semiconductor device physics and design

O rd e r d e ta il ID: 
O rd e r L icense 
Id :
ISBN:
P u b lica tio n
Type:
Volum e:
I s s u e :
S ta r t  p ag e :
P u b lish e r:
A u th o r/E d ito r :

65638086
3435720499379

973-1-4020-6481-4
e-Bool:

KLUvVEP. ACADEMIC PUBLISHERS 
MISHRA, LMESH

P e rm iss io n  S ta tu s ;  v5f  G ran ted

P e rm iss io n  ty p e : Republish or display content 
T ype o f  u s e : Thesis/Dissertation

R e q u e s to r  ty p e

F o rm a t

Academic institution

Pr int

P o r tio n  dw t/g ra p h /tab le /fig u re

N u m b e r of
c h a r t s / g r a p h s / t a b l e s /  1
f ig u re s

T itle o r  n u m e ric
r e f e r e n c e  o f th e  Figure 5.9
p o r t io n ( s )

T itle  o f  th e  a r t ic le  o r  
c h a p te r  th e  p o r tio n  is 
from

Semiconductor
Heterojunctions

E d ito r  o f  p o r t io n ( s )  N/A

A u th o r o f p o r t io n ( s )  N/A
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V olum e o f se r ia l or 
m onograph N/A

I s s u e ,  if rep ublish ing  
an  a r tic le  from  a se r ia l

P a g e  ran ge  o f  portion

Publication  d a te  o f 
portion

N/A

N/A

N/A

R ights for 

Duration o f  u se

Main product

Life of current edition

C reation  o f c o p ie s  for  
th e  d isab led no

With m inor ed iting  
p r iv ileg e s

For d istribution  to United S ta tes

In  th e  follow ing  
la n g u a g e (s )

Original language of 
publication

With incidental 
prom otional u se

L ifetim e unit qu antity  
o f  n e w  product

Made a v a ila b le  in th e  
fo llow in g  m ark ets education

The req u estin g  
p e r so n /o r g a n iz a tio n Deepthi Naguiapally

O rder referen ce  
nu m ber None

A uthor/E ditor Deepthi Naguiapally

The standard id en tifier  Dissertation

Title

Evaluation of degradation 
in GaN high electron 
mobility transistors due to 
the inverse piezoelectric 
effect

Publisher Old Dominion University

E xp erted  p u blication  Aug 2014 
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E stim ated  s iz e  ( p a g e s )  110

N ote: This item will be invoiced or charged separately through CCC's RightsLink service. More info $0.00

This is  not an in vo ice .
Total order items: i Order Total: $ 0.00
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Confirmation Number: 11250108  

Special Rightsholder Terms & Conditions
The following term s &. conditions apply to the specific publication under which they a re  listed

Sem iconductor d e v ic e  p h ysics and d esign  
P erm ission  typ e: Republish or display content 
Type o f u se: Thesis/Dissertation

TERMS AND CONDITIONS 

The fo llow ing  te r m s  a re  individual to  th is  publisher:

A maximum of 10% of the content may be licensed for republicabon.

The user is responsible for identifying and seeking separate  licenses for any third party materials th a t a re  identified 
anywhere in the work. Without a separate  license, such third party materials may not be reused.

O ther Term s and  C onditions:

None

STANDARD TERMS AND CONDITIONS

1. Description of Service; Defined Term s. This Republicabon License enables the User to obtain licenses for 
republicabon of one or more copyrighted works a s  described in detail on the relevant Order Confirmation (the 
"Work(s)"). Copyright Clearance Center, Inc. ('"CCC") grants licenses through the Service on behalf of the 
rightsholder identified on the Order Confirmation (the "Rightsholder"). "Republication" as used herein, generally 
m eans the inclusion of a Work, in whole or in part, in a new work o r works, also as described on the Order 
Confirmation, '“User", as used herein, m eans the person or entity making such republicabon.

2. The term s set forth in the relevant Order Confirmation, and any terms se t by the Rightsholder with respect to a 
particular work, govern the term s of use of Works in connection with the Service. By using the Service, the  person 
transacting for a republicabon license on behalf of the User represents and w arrants that he/she/it (a) has been duly 
authorized by the User to accept, and hereby does accept, all such term s and conditions on behalf of User, and (b) 
shall inform User of all such terms and conditions. In the e v en t such person is a "freelancer" o r o th e r third party 
independent of User and CCC, such party shall be deem ed jointly a  "User" for purposes of these term s and 
conditions. In any event, User shall be deem ed to have accepted and agreed bo all such  terms and conditions if User 
republishes the Work in any fashion.

3 . S cop e  o f L icen se; Limitation* and O bligations.

3.1 All Works and all nghts therein, including copyright rights, rem ain the sole and exclusive property of the 
Rightsholder. The license created by the exchange of an O rder Confirmation (and /or any invoice) and paym ent by 
User of the full am ount se t forth on that docum ent includes only those rights expressly se t forth in th e  O rder 
Confirmation and in these term s and conditions, and conveys no o ther rights in the Work(s) to User. All rights not 
expressly granted a re  hereby reserved.

3.2 General Paym ent Terms: You may pay by credit card or through an account with us payable a t  the end of the 
month. If you and we agree that you may establish a standing account with CCC, then the following term s apply: 
Remit Paym entto : Copyright C learance Center, Dept 001, P.O. Box 843006, Boston, MA 02284-3006. Paym ents Due: 
Invoices are payable upon their delivery to you (or upon our notice to you th a t they a re  available to you for 
downloading). After 30 days, outstanding am ounts will be subject to a  service charge of 1-1/2% per month or, if less, 
the maximum rate  allowed by applicable law. Unless otherw ise specifically s e t  forth in the Order Confirmation or in a 
separa te  written agreem ent signed by CCC, invoices are due and payable on "net 30" terms. While User may 
exercise the rights licensed immediately upon issuance of the O rder Confirmation, the license is automatically 
revoked and is null and void, as  if it had never been issued, if com plete paym ent for the license is not received on a 
timely basis either from User directly or through a paym ent agent, such a s  a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any g ran t of nghts to User (i) is "one-time " (including the 
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to 
any and all limitations and restnctions (such as, but not limited to, limitations on duration of use or circulation) 
included in the Order Confirmation or invoice and /o r in these  te rm s and conditions. Upon completion of the licensed 
use. User shall either secure a new permission for further use of the Work(s) or immediately cease  any new use of 
the Work(s) and shall render inaccessible (such as by deleting o r by removing or severing links or o ther locators) any 
further copies of the Work (except for copies printed on paper in accordance with this license and still in U ser's stock 
a t  the end of such period).

3.4 In the even t that the material for which a  republication license is sought includes third party m aterials (such a s  
photographs, illustrations, graphs, inserts and similar materials) which a re  identified in such m aterial a s  having been 
used by permission. User is responsible for identifying, and seeking separa te  licenses (under this Service or 
otherwise) for, any of such third party  m aterials; without a  sep a ra te  license, such third party m aterials may not be 
used.

Ntps/Awwccpyrigrt.ccrrVprintCdCcntrmPur chase do?cpwatim=detaUtOpetean&canfirn*4urml1250108&showTC^iteim=TRUE 4/7
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3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. 
Unless otherwise provided in the O rder Confirmation, a proper copyright notice will read  substantially a s  follows: 
"Republished with permission of [Rightshoider's nam e], from [W ork's title, author, volume, edibon num ber and  year of 
copynght]; permission conveyed through Copyright C learance C enter, Inc. " Such notice must be provided in a 
reasonably legible font sire and m ust be placed either immediately adjacent to the Work as used (for exam ple, as 
part of a  by-line or footnote but not a s  a  sep a ra te  electronic link) o r  in the place where substanbally all o ther credits 
o r notices for the new work containing the republished Work are  located. Failure to include the required notice results 
in loss to toe  Rightsholder and CCC, and toe  User shall be liable to pay liquidated dam ages for each  such failure equal 
to twice the use fee specified in toe  Order Confirmation, in addibon to the use fee itself and any o ther fees and 
charges specified.

3.6 User may only m ake alterations to  toe Work if and as expressly s e t  forth in the Order Confirmation. No Work 
may be used in any way that is defam atory, violates the rights of third parties (including such third parties' rights of 
copynght, privacy, publicity, o r o ther tangible o r intangible p roperty), or is otherw ise illegal, sexually explicit o r 
obscene. In addition. User may not conjoin a Work with any o ther material that may result in dam age to the  
reputation of toe Rightsholder. User agrees to inform CCC if it becom es aw are of any infringement of any rights in a 
Work and to cooperate with any reasonable request of CCC or th e  Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and ag rees  to defend toe Rightsholder and CCC, and their respective 
em ployees and directors, against all claims, liability, dam ages, co sts  and expenses, including legal fees and expenses, 
arising out of any use of a Work beyond toe scope of toe rights g ran ted  herein, or any use of a  Work which has been 
altered in any unauthorized way by User, including claims of defam ation or infringem entof rights of copyright, 
publicity, privacy or other tangible or intangible property.

5. Limitation of Uability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY 
DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR 
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR 
INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAS BEEH ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, in 
any event, the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not 
exceed toe total am ount actually paid by User for this license. User assum es full liability for toe actions and omissions 
of its principals, em ployees, agents, affiliates, successors and assigns.

6. Limited W arranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO 
USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM 
ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING 
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. 
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS 
OR OTHER PORTIONS OF THE WORK (AS OPPOSEDTOTHE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; 
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL 
RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any am ount when due , or any u se  by User of a Work beyond toe scope 
of toe license set forth in toe Order Confirmation and/or these te rm s and conditions, shall be a  m aterial breach of the 
license created by toe  Order Confirmation and these  terms and conditions. Any breach not cured within 30 days of 
written notice thereof shall result in immediate termination of such  license without further notice. Any unauthorized 
(but Hcensabte) use of a Work that is term inated immediately upon notice thereof m ay be liquidated by paym ent of 
the Rightshoider’s ordinary license price therefor; any unauthorized (and unlicensable) use that is not term inated 
immediately for any reason (including, for exam ple, because m aterials containing th e  Work cannot reasonably be 
recalled) will be subject to all rem edies available a t  law or in equity , but in no e v en t to a  paym ent o f less than three 
times the  Rightshoider's ordinary license price for the most closely analogous licensable use plus Rightshoider's 
and/or CCC’s  costs and expenses incurred in collecting such paym ent.

8. M iscellaneous.

8.1 User acknowledges that CCC m ay, from tim e to time, make changes or additions to toe Service or to th e se  term s 
and conditions, and CCC reserves toe  right to send notice to the User by electronic mail or otherwise for the  purposes 
of notifying User of such changes o r additions; provided that any such changes or additions shall not apply to 
permissions already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy policy, available 
online here: http://www.copynght.com /content/cc3/en/tools/footer/pnvacypolicy.htm l.

8.3 The licensing transaction described in toe  O rder Confirmation is personal to User. Therefore, User may not assign 
or transfer to any other person (whether a natural person or an  organization of any kind) the license c reated  by the 
Order Confirmation and these term s and conditions or any rights granted hereunder; provided, how ever, th a t User 
may assign such license in its entirety on written notice to CCC in the  event of a transfer of all o r substantially all of 
User's rights in toe new material which includes the  Work(s) licensed under this Service.

8.4 No am endm ent o r waiver of any terms is binding unless se t forth  in writing and signed by the parties. The 
Rightsholder and CCC hereby object to any te rm s contained in any writing p repared  by the User o r its pnncipals, 
em ployees, agents o r affiliates and purporting to govern or otherw ise relate to the licensing transaction described in 
the Order Confirmation, which term s are  in any way inconsistent with any term s se t forth in the O rder Confirmation 
and/or in these term s and conditions or CCC’s standard operating procedures, w hether such writing is prepared prior 
to, simultaneously with or subsequent to toe O rder Confirmation, and whether such writing appears on a copy of the 
Order Confirmation or tn a separa te  instrum ent

8.5 The licensing transaction described in toe  O rder Confirmation docum ent shall be governed by and construed under 
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case , 
controversy, suit, action, or proceeding ansing out of, in connection with, or related to such licensing transaction shall

hOps/jW#copyig^.c<yTVtrtf<CdCcri4rrnPur chase clo'?operati on =Oe4aU{Operaaon&canflrnnNum=11250105&5h<>vTCCiteicn=TRUE
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be brought, a tC C C 's  sole discretion, in any federal o r state court located in the County of New York, S ta te  of New 
York, USA, or in any federal o r s ta te  court whose geographical Jurisdiction covers the location of the Rightsholder se t 
forth in the Order Confirmation. The parties expressly submit to th e  personal jurisdiction and venue of each  such 
federal o r s ta te  co u rtlf  you have any comments o r  quesbons ab o u t the  Service or Copyright C learance C enter, 
please contact us a t 978-750-8400 or send an e-mail to info(0fcopyright.cofn.

v 1.1

Qose
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Confirmation Number: 11250108  

Citation Information
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publication

Title: M odula tion -doped  Ga As/AIGaAs
h e te ro ju n c tio n  field -effect 
t r a n s is to r s  (MODFETs), 
u ltra h lg h -s p e e d  device for 
su p e rc o m p u te rs  

Author: S o lom on, P.M.; Morkoc, Hadis
Publication: Electron D evices, IEEE 

T ra n sa c tio n s  on 
Publisher: IEEE
Date: Aug 1 9 8 4
Copyright £j 1984, IEEE

User ID 

Password

I f y ou 're  a  copy righ t.com  
jse r , you cart login to 
^ightsLinl using your 
ropyright.corrt credentials, 
already a  R ightsLink u s e r  or 
want to is a-r n i :______

Thesis /  Dissertation Reuse

The IEEE does not require individuals working on a thesis to obtain a  form al reuse license, 
how ever, you may print out this statem en t to be used a s a  perm ission grant:

Requirements to be followed when using any portion (e.g., figure, graph, table, or textual material) o f an 
IEEE copyrighted paper in a thesis:

1) In th e  c a s e  o f te x tu a l m ateria I (e .g ., using  sh o r t  q u o te s  o r  refe rrin g  to th e  work w ithin th e s e  
p a p e rs )  u s e rs  m u s tg lv e  full credit to  th e  orig inal so u rc e  (a u th o r, p a p e r ,  publication) follow ed by th e  
IEEE copyrigh t line © 2011 IEEE.
2) In th e  c a s e  o f Illustra tions or ta b u la r  m a te ria l, w e  require th a t  th e  copyrigh t line ©  [Y ear of 
original publication] IEEE a p p e a r  prom inen tly  w ith e a c h  re p rin te d  figure a nd /o r tab le .
3) If a su b s ta n tia l  portion  o f  the o rig inal p a p e r  Is to  be u s e d , an d  If you a re n o t the  s e n io r  a u th o r , 
a lso  ob ta in  th e  s e n io ra u th o r 's  ap p ro v a l.

Requirements to be followed when using an entire IEEE copyrighted paper in a thesis:

1 )T h e  following IEEE co pyrigh t/ c red it notice sh o u ld  be p laced  p rom inently  in the r e fe re n c e s : ©  
[y e a r  o f original publication] IEEE. R ep rin ted , w ith p erm iss ion , from [a u th o r  n am es, p a p e r  title , IEEE 
publication title , an d  m o n th /y e a r  of publication]
2) Only th e  a c c e p te d  version  of an  IEEE co p y rig h ted  p a p e r  c a n  be  u s e d  w h e n  posting  th e  p a p e r  o r 
y o u r th e s is  on-line.
3) In placing th e  th e s is  on th e  a u th o r 's  u n iversity  w e b s ite , p le a s e  d isp lay  th e  following m e s s a g e  in 
a p ro m in en t place on th e  w e b s ite : In re fe ren ce  to  IEEE copyrigh ted  m ate ria l which Is u se d  w ith 
perm ission  In th is th e s is , th e  IEEE d o e s  n o t e n d o r s e  any o f [u n iv e rs ity /e d u ca tio n a l e n tity 's  nam e 
g o e s  h e re ] 's  p ro d u c ts  o r  se rv ices. In te rn a l o r  p e rso n a l u se  of th is  m a te ria l is p erm itted . If 
In te re s te d  in rep rin ting /repub lish ing  IEEE co p y rig h ted  m a te ria l fo r ad v e r tis in g  or p rom otional 
p u rp o se s  o r  for crea ting  new  collective w orks for re s a le  o r  red is tr ib u tio n , p le a se  g o  to  
h ttp ://w w w .ieee .o ro /D u b lica tlo n s s ta n d a rd s /p u b lic a t io n s /r ia h ts /r lo h ts  link.html to  learn  how  to  
o b ta in  a License from  RlghtsLlnk.

If app licab le , U niversity Microfilms a n d /o r  P ro Q u e s t Library, o r  th e  Archives o f  C anada m ay  su p p ly  
single cop ies o f th e  d isse rta tio n .
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hstitutional repository for internal use only and may make tlieir manuscript publicaOy available alier 
tlie journal-specific embargo period has ended.

Please also refer to Elsevier's Article Posting Policy for fortlier information.

18. For book authors the following clauses are appficable in addition to the above: Authors are 
permitted to place a brief summary o f  their work online only.. You are not allowed to download 
and post the published electronic version o f your chapter, nor may you scan the printed edition to 
create an electronic version. Posting to a  repository: Authors are permitted to post a summary o f  
their chapter only in their institution's repository .

20. Thesis/D issertation: If your license is for use it a thesis dissertation your thesis may be 
submitted to your institution in cither print or electronic form. Should your thesis be published 
commercially, please reapply for permission. These requirements include permission for tlie Library 
and Archives o f  Canada to supply' single copies, on demand, o f  the complete thesis and include 
permission for UM1 to supply single copies, on demand, o f  the complete thesis. Should your thesis 
be published commercially, please reapply for permission.

E lsevier O pen Access Term s and Conditions

Elsevier publishes Open Access articles in both its Open Access journals and via its Open Access 
articles option in subscription journals.

Authors publishing ii an Open Access journal or who choose to  make their article Open Access in 
an Elsevier subscription journal select one o f the following Creative Commons user licenses, which 
dcfiic how a reader may reuse their work: Creative Commons Attribution License (CC BY). 
Creative Commons Attribution -  Non Commercial - ShareAlike (CC BY NC SA) and Creative 
Commons Attribution Non Commercial N o Derivatives (CC BY NC N D )

Terms & Conditions applicable to ail E lsevier O pen A ccess articles:

Any reuse o f the article must not represent the author as endorsing the adaptation of the article nor 
should the article be modified in such a way as to damage the author’s honour or reputation.

The authorf s) must be appropriately credited.

If any part o f the material to be used (for example, figures) has appeared in our publication with 
credit or acknowledgement to another source it is the responsibility o f  the user to ensure their reuse 
complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to  each C reative Commons u se r  license:

CC BY: You may distribute and copy the article, create extracts, abstracts, and other revised 
versions, adaptations or derivative works o f  or from an article (such as a translation), to include in a 
collective work (such as an anthology), to text o r data mite the article, including for commercial 
purposes without permission from Elsevier
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C'C BY NC'.' SA: For non-conimercial purposes you may distribute and copy the article, create 
extracts, abstracts and other reused versions, adaptations or derivative w orks o f  or from an article 
(such as a translation), to include ki a  collective work (such as an anthology), to text and data mine 
the article and license new adaptations or creations under identical terms without permission front 
Elsevier

CC BY NC ND: For non-commercial purposes you may distribute and copy the article and 
include it it  a collective work (such as an anthology), provided you do not alter or modify the 
article, without permission from Elsevier

Any commercial reuse o f Open Access articles published with a CC BY N C  SA or CC BY NC 
ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

•  Promotional purposes (advertising or marketing)

•  Commercial exploitation ( e.g. a  product for sale or loan)

•  Systematic distribution (for a foe or free o f  charge)

Please refer to Elsevier's O pen Access Policy for fiirther information.

21. O ther Conditions:

vl.7

If you would like to  pay for this licen se  now , p lease  rem it this licen se  a long with your  
paym ent m ade payable to  "COPYRIGHT CLEARANCE CENTER** o th erw ise  you will be  
invoiced within 4 8  hours o f the licen se  date. Paym ent should be in the form of a  check  or 
m oney order referencing your account number and this invoice number 5 0 1 3 6 1 1 6 9 .  
O nce you receive your invoice for this order, you  may pay your invoice by credit card. 
P lease follow  instructions provided a t that tim e.

Hake Payment To:
Copyright Clearance Center 
DeptO O l 
P.O. Box 8 4 3 0 0 6  
Boston, MA 0 2 2 8 4 -3 0 0 6

For suggestions or com m ents regarding this order, contact RightsLink Customer Support: 
custom ercareecop vriaht.com  or + 1 -8 7 7 -6 2 2 -5 5 4 3  (toll free  in the U S) or + 1 -9 7 8 -6 4 6 -  
2 7 7 7 .

Gratis licen ses (referencing $ 0  in the Total field ) are free . P lease  retain  this printable  
license for your reference. No paym ent Is required.
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T E R M S  A ND  C O N D ITIO N S

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons. Inc. or one o f 
its group companies (each a "Wiley Company") o r handled on behalf o f  a society with which a 
Wiley Company has exclusive publishing rights in relation to a particular work (collectively 
’WILEY"). By clicking ^ a c c e p t ^  in connection w ith completing this licensing transaction, you 
agree that tlie following terms and conditions apply to this transaction (along with the billing and 
payment terms and conditions established by the Copyright Clearance Center Inc.. ('C C C 's Billing 
and Payment terms and conditions"), at tlx? time that you opened your Rightslink account (these are 
available at any time at http: mvaccount.copvright.coniV

Term s and Conditions

•  The materials you have requested permission to reproduce or reuse (tlx: "Wiley Materials") 
are protected by copyright.

•  You are hereby granted a personal, non-exclusive, non-sub Kcensable (on a stand-alone 
basis), non-transferable, worldwide, limited license to reproduce the Wiley Materials tor tlx; 
purpose specified it the licensing process. This license is for a one-time use only and limited 
to any maximum distribution number specified in the license. The first instance of 
republication or reuse granted by this licence must be completed within two years o f  the date 
o f the grant o f  this licence (although copies prepared before the end date may be distributed 
therealter). Tlie Wiley Materials shall not be used in any other manner or for any other 
purpose, beyond what is granted in tlx; license. Permission is granted subject to an 
appropriate acknowledgement given to the author, title o f  the materialbook journal and the 
publisher. You shall also duplicate the copyright notice that appears in the Wiley publication 
h your use o f  the Wiley Material. Permission is also granted on the understanding that
now here in the text is a previously published source acknow ledged for all or part o f  this 
Wiley Material. Any third parly content is expressly excluded from this permission.

•  With respect to tlie Wiley' Materials, all rights are reserved. Except as expressly granted by 
the terms o f  the license, no part o f  tlx; Wiley Materials may be copied, modified, adapted 
(except for minor reformatting required by tlie new Publication), translated, reproduced, 
transferred or distributed, in any form or by any' means, and no derivative works may be 
made based on tlx: Wiley Materials without the prior permission o f  the respective copyright 
owner. You may not alter, remove or suppress in any manner any copyright, trademark or 
other notices displayed by the Wiley Materials. You may not license, rent, sell loan, lease, 
pledge, offer as security, transfer or assign the Wilev Materials on a stand-alone basis, or 
any o f  the rights granted to you hereunder to any other person.

• 'Hie Wiley Materials and aB o f  the intellectual property rights thereri shall at aO times remain 
tlx; exclusive property' o f  John Wiley & Sons Inc, the WJcy Companies, o r their respective 
licensors, and your interest therein is only that o f  having possession o f  and the right to 
reproduce the Wiley Materials pursuant to Section 2 hcrem during the continuance o f  tltis 
Agreement You agree that you own no right, title or interest in or to tlx; Wiley Materials or

https y&IOOcop/ight.conVAppOi spat ch Servlet



7/24^2014 Rightslink Printable License

any o f  the intellectual property rights therein. You shall have no rights hereunder other than 
the license as prosided for above in Section 2. N o right license or interest to any trademark, 
trade name, service mark or otlier branding ("Marks") o f  WILEY or its licensors is granted 
hereunder, and you agree that you shall not assert any such right. Bcense or interest with 
respect thereto.

•  NEITHER WILEY N O R  ITS LICEN SORS MAKES ANY WARRANTY OR 
REPRESENTATION OF ANY K IND  TO YOU OR ANY THIRD PARTY. EXPRESS. 
IMPLIED OR STATUTORY. WITH RESPECT TO H IE  MATERIALS OR H IE  
ACCURACY OF AN Y IN FO R M A T O N  CONTAINED IN THE MATERIALS. 
INCLUDING. WITHOUT LIMITATION. ANY IMPLIED WARRANTY OF 
MERCHANTABILITY. ACCURACY, SAHSFACTORYQUALITY. FITNESS FOR 
A PARHCU1AR PURPOSE. USABILITY. INTEGRATION O R  N O N ­
INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCIJJBED BY 
WILEY AND ITS LICENSORS A ND  WAIVED BY YOU

• WILEY shall have the right to terminate this Agreement immediately upon breach o f  this 
Agreement by you.

•  You shall indemnity, defend and hold harmless WILEY, its Licensors and their respective 
directors, officers, agents and employees, front and against any actual o r  threatened claims, 
demands, causes of action or proceedings arising from any breach o f this Agreement by you.

•  IN N O  EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU O R  A NY  
OTHER PARTY O R  ANY OTHER PERSON OR ENTITY FOR A N Y  SPECIAL. 
CONSEQUENTIAL. INCIDENTAL, INDIRECT. EXEMPLARY O R  PUNITIVE 
DAMAGES. HOWEVER CAUSED, ARISING OUT OF OR IN C O N N EC H O N  
WITH THE DOWNLOADING, PROVISIONING. VIEWING O R  USE OF THE 
MATERIALS REGARDLESS O F THE FORM O F ACTION, WHETHER FOR 
BREACH OF CONTRACT. BREACH O F WARRANTY, TORT. NEGLIGENCE. 
INFRINGEMENT O R  OTHERWISE (INCLUDING, WITHOUT LIMITATION, 
DAMAGES BASEDON I.OSS O F PROFITS. DATA, F llE S , USE, BUSINESS 
OPPORTUNITY O R  CLAIMS OF THIRD PA RTES), AND WHETHER OR NO T 
THE PARTY HAS BEEN ADVISED O F THE POSSIBILITY O F SUCH DAMAGES. 
T B S  LIMITATION SHALL APPLY N O T W IT  ISTANDING A N Y  FAILURE O F 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

•  Should any' provision o f  this Agreement be held by a court o f  competent jurisdiction to be 
JlegaL invalid, or unenforceable, that provision shall be deemed amended to achieve as 
nearly as possible the same economic effect as the original provision, and tie  legality, validity 
and enforceability o f the remainkig provisions o f this Agreement shaB not be affected or 
impaired thereby.

•  The failure o f  either party to enforce any term or condition o f  this Agreement shall not 
constitute a waiver o f  either party’s right to enforce each and every term and condition o f  this 
Agreement. N o breach under this agreement shall be deemed waived or excused by either
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party unless such waiver or consent is in writing signed by the party granting such wait e r or 
consent. The waiter by or consent o f a party to a breach o f  any provision of this Agreement 
shall not operate or be constnied as a waiver o f  o r consent to any o tte r or subsequent 
breach by such o tter party.

•  Tins Agreement may not be assigned (including by operation of law or otherwise) by you 
without WILEYs prior written consent.

• Any fee required for this permission shall be non-refinidable after thirty (30) days from 
receipt by the CCC.

•  These terms and conditions together with C C C ^ s  Billing and Payment terms and conditions 
(which are incorporated herein) form tlie entire agreement between you and WILEY 
concerning this licensing transaction and (in the absence o f  fraud) supersedes all prior 
agreements and representations o f  the parties, oral or written. This Agreement may not be 
amended except in writing signed by both parties. This Agreement shall be binding upon and 
hure to tlie benefit o f the parties' successors, legal representatives, and authorized assigns.

• In the event of any conflict between your obligations established by these terms and 
conditions and those established by C C C ^ s  Billing and Payment terms and conditions, 
these terms and conditions shall prevail.

• WILEY expressly reserves aD rights not specifically granted in the combination of(i) the 
license details provided by you and accepted in the course o f  tins licensing transaction, (ii) 
tliese terms and conditions and (iii) C C C ^ s  Billing and Payment terms and conditions.

• This Agreement will be void if the Type ofU se. Format. Circulation, or Requestor Type was 
misrepresented during the licensing process.

•  This Agreement shall be governed by and construed ii accordance with the laws o f  the State 
ofNevv York, USA. without regards to such s t a te r s  conflict o f  law rules. Any legal action, 
suit or proceeding arisngout o f o r relating to these Terms and Conditions or tlie breach 
thereof shall be insttuted in a court o f competent jurisdiction in New York County in tlie 
State ofN cw : York in the United States o f  America and each party hereby consents and 
submits to tlie personal jurisdiction o f  such court, w anes any objection to  venue in such 
court and consents to service o f  process by registered or certified mail, return receipt 
requested, at the last known address o f  such party'.

WILES O PEN  ACCESS TERM S AND C O N D IT IO N S

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals 
o tiering Onlhe Open. Although most o f  the folly Open Access journals publish open access articles 
under tlie tenns of the Creative Commons Attribution (CC BY) License only, tlie subscription 
journals and a few of the Open Access Journals offer a choice o f  Creative Commons Licenses:: 
Creative Commons Attribution (CC-BY) license Creative Commons Attribution Non-Commercial
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rCC-BY-NC ) license and Crcativc Commons Attribution Non-Connnercial-NoDcrivs (CC-BY-
N C-ND l License. The license type is clearK identified on the article.

Copyright in any research article in a journal published as Open Access under a Creative 
Commons License is retained by the authors). Authors grant Wiley a license to publish the article 
and identity’ itself as the original publisher. Authors also grant any third party die right to use the 
article fiech as king as its integrity is maintained and ts  original authors, citation details and 
publisher are identified as (blows: [Title o f  Article Author/Journal Title and Volume Issue.
Copyright (c) [year] (copyright owner as specified ri the Journal]. Links to the final article on 
W iley^s website are encouraged where applicable.

The Creative Commons A ttribution lic en se

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit 
an article, adapt the article and make commercial use o f  the article. The C C-BY  license permits 
commercial and non-commercial re-use o f  an open access article, as long as the author is properly 
attributed.

The Creative Commons Attribution license does not affect the moral rights o f  authors, including 
without limitation the right not to have their work subjected to derogatory treatment. It also does 
not affect any' other rights held by authors or third parties in the article, including without limitation 
the rights o f privacy and publicity. Use o f the article nust not assert or imply, whether implicitly or 
exploit tv. any connection with, endorsement o r sponsorship o f  such use by the author, publisher or 
any other party associated with the article.

For any reuse or distribution, users must include tlie copyright notice and make clear to others that 
the article is made available under a Creative Commons Attribution license, linking to the relevant 
Creative Commons web page.

To the fullest extent permitted by applicable law. tlie article is made available as is and w itlxiut 
representation or warranties o f  any kind whether express, implied, statutory o r otherwise and 
including without limitation, warranties o f title, merchantability, fitness for a particular purpose, non- 
jntrkigenient, absence o f detects, accuracy’, or the presence o r absence o f  errors.

C reative Commons Attribution Non-Commercial l ic e n s e

The Creative £  ammoas Attribution Non-ComiiKaial (C C -I3Y- NC) License permits use. 
distribution and reproduction in any medium, provided the original work is properly cited and is not 
used tor commercial purposes.(see below)

C reative Commons Attribution-.Non-Commercial-NoDerivs lic e n se

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) 
permits use, distribution and reproduction in any medium, provided the original work is properly 
cited, is not used for commercial purposes and no modifications or adaptations are made, (see 
bebw )

Use by non-commercial users
https/A i OO.cop/ightccrrvAppQspatchSerMet
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For non-commercial and non-promotional purposes, individual users inav access, download, copy, 
display and redistribute to colleagues W icy Open Access articles, as weB as adap t translate, text- 
and data-mine the content subject to tire following conditions:

•  The authors’ moral rights are not compromised These rights ricludc the right of "paternity" 
(also known as "attribution” - the right tor the author to be identified as such) and "integrity” 
(the right tor the author not to haw  the work altered in such a way that tlie author's 
reputation or integrity may be inpugied).

•  Where content in the article is identified as belonging to a third party, it is the obligation ol' 
tlie user to ensure that any reuse complies with the copyright policies o f  the owner o f  that 
content.

•  If article content is copied, downloaded o r otherwise reused lor non-commercial research 
and education purposes, a link to the appropriate bfoliographic citation (authors, journal, 
article tile, volume, issue, page numbers. DOI and the link to the definitive published version 
c»i Wiley Online Libraiy) should be maiitahed. Copyright notices and disclaimers must 
not be deleted.

• Any translations, for which a prior translation agreement with Wiley has not been agreed, 
must prominently display tlie statement: "This is an unofficial translation o f  an article that 
appeared ii a  Wiley publication. The publisher has not endorsed this translation."

Use hri commercial "for-profit" organisations

Use ol Wiley Open Access articles for commercial, promotional or marketing purposes requires 
further explicit permission from Wiley and will be subject to a tee. Commercial purposes iichtde:

•  Copying or downloading o f articles, or liikiig to such articles for further redistribution, sab 
or licensing

•  Copying downloadkig or posting by a site or service that incorporates advertising with such 
content

•  The inclusion or incorporation o f  article content in other works or services (other than 
normal quotations with an appropriate citation) that is then available for sab  or licensing for 
a foe (tor example, a compilation produced for marketing purposes, incluskin in a sales 
pack)

•  Use o f  articb content (other than normal quotations with appropriate citation) by for-profit 
organisations for promotional purposes

•  Lhking to articb content in e-mails redistributed for promotional markctiig or educational 
purposes:

•  Use for the purposes o f  monetary reward by means o f  sale, resak. licence, ban. transfer or
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other tbmi o f  commercial exploitation such as marketing products

•  Print repriits o f  Wiles Open Access articles can be purchased front: 
corporate sales' a svilcv. com

Further details can be Ibund on Wiley Online Library 
http: olabout.wilev comW ilesCDA Section id -410895 .html

Other Terms and Conditions:

vl.9
If you would like to pay for this license now, please remit this license along with your 
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be 
invoiced within 48 hours of the license date. Payment should be in the form of a check or 
money order referencing your account number and this invoice number 501361161.
Once you receive your invoice for this order, you may pay your invoice by credit card. 
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center 
Dept 001 
P.O. Box 843006 
Boston, MA 02284-3006

For suggestions or comments regarding this order, contact Rightslink Customer Support: 
customercareecopvriaht.com or +1-877-622-5543 (toll free in the US) or +1-978-646- 
2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required.
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Special Rightstolder Terms ft Conditions
The following term s &. conditions apply to the specific publication under which they a re  listed

P iezoelectr ic  and A coustic M aterials for T ransducer A pplications  
Perm ission  typ e: Republish or display content 
Type o f u se: Thesis/Dissertation

TERMS AND CONDITIONS 

The fo llow ing  te r m s  are individual to  th is  publisher:

A maximum of 10% of the content may be licensed for republtcation.

The user is responsible for identifying and seeking separa te  licenses for any third party materials that a re  identified 
anywhere in the work. Without a sepa ra te  license, such third party  materials may not be reused.

Other T erm s and C onditions:

None

STANDARD TERMS AND CONDITIONS

1. Description of Service; Defined Term s. This Repubficabon License enables the User to obtain licenses for 
republication of one o r m ore copyrighted works a s  described In detail on the re levan t Order Confirmation (the 
"Work(s)"). CopynghtC learance C enter, Inc. ("CCC") grants licenses through the  Service on behalf of the 
rightshoSder identified on the  O rder Confirmation (the  "Rigbtsholder"). '‘RepubMcation", as used herein, generally 
m eans the inclusion of a Work, in whole or in part, in a new work o r works, a lso  as described on the Order 
Confirmation. "User", as used herein, m eans the  person or enbty making such republication.

2. The term s se t forth in the relevant Order Confirmation, and any  term s se t by the RightshokJer with respec t to a 
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, th e  person 
transacting tor a republication license on behalf of the User represen ts  and w arrants that he/she/it (a) has been duly 
authorized by the User to accept, and hereby does  accept, all such term s and conditions on behalf o f User, and (b) 
shall inform User of ail such terms and conditions. In the event such person is a  "freelancer'’ or o ther third party 
independent of User and CCC, such party shall be deem ed jointly a  ’TJser" for purposes of these term s and 
condibons. In any event, User shall be deem ed to have accepted and agreed to all such terms and conditions if User 
republishes the Work in any fashion.

3 . Scope o f L icen se; L im itations and O bligations.

3.1 AM Works and all rights therein, including copyright rights, rem ain the sole and exclusive property of the 
Rightsholder. The license created by the exchange of an Order Confirmation (and /or any invoice) and paym ent by 
User of the full am ount s e t forth on th a t docum ent includes only those rights expressly set forth in the O rder 
Confirmation and in these  term s and conditions, and conveys no o ther rights in the Work(s) to User. All rights not 
expressly granted a re  hereby reserved.

3.2 General Payment Term s: You m ay pay by credit card or through an  account with us payable a t  the end of the 
month. If you and we agree that you may establish a  standing account with C CC, then the following term s apply: 
Remit Paym ent to: Copyright C learance C enter, D ept 001, P.O. Box 843006, Boston, MA 02284-3006. Paym ents Due: 
Invoices a re  payable upon their delivery to you (or upon our notice to you that they a re  available to you for 
downloading). After 30 days, outstanding am ounts will be subject to  a service charge of 1-1/2% per month o r, if less, 
the maximum rate allowed by applicable law. Unless otherwise specifically s e t  forth in the Order Confirmation o r in a 
separate  written agreem ent signed by CCC, invoices a re  due and payable on "net 30" terms. While User may 
exercise the rights licensed immediately upon issuance of the O rder Confirmation, the license is automatically 
revoked and is null and void, as  if it had never been  issued, if com plete paym ent for the license is not received on a 
timely basis either from User directly or through a paym ent agen t, such a s  a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any g ra n t of rights to User (i) is "one-time" (including the 
editions and product family specified in the license), (it) is non-exclusive and non-transferable and (iii) is sub ject to 
any and all limitations and restnctions (such as, but not limited to, limitabons on durabon of use or circulabon) 
included in the Order Confirmation or invoice an d /o r in these te rm s and condibons. Upon completion of the licensed 
use. User shall either secure a new permission for further use of the  Work(s) o r immediately cease  any new use of 
the Work(s) and shall render inaccessible (such a s  by deleting o r by removing o r severing links o r o ther locators) any 
further copies of the Work (except for copies printed on paper in accordance with this license and still in User's stock 
a t  the  end of such period).

3.4 In the event that the material for which a republication license is sought includes third party m aterials (such as 
photographs, illustrations, graphs, inserts and sim ilar materials) which a re  identified in such material a s  having been 
used by permission, user is responsible for identifying, and seeking separate  licenses (under this Service or 
otherwise) for, any of such third party  m aterials; without a sep a ra te  license, such  third party m aterials m ay not be 
used.
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3.5 Use of proper copyright notice for a Work »s required as a condition of any license granted under the Service. 
Unless otherwise provided in the O rder Confirmation, a proper copyright notice will read  substantially a s  follows: 
"Republished with permission of [Rightsholder's nam e), from (W ork’s tide, author, volume, edition num ber and year of 
copyright); permission conveyed through Copyright C learance C enter, Inc. " Such notice must be provided in a 
reasonably legible font size and must be placed e ither immediately adjacent to the Work as used (for exam ple, as  
part of a  by-line or footnote but not as  a  sepa ra te  electronic link) o r  in the place w here substantially all o ther credits 
or notices for the new work containing the republished Work a re  located. Failure to include the required nobce results 
in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated dam ages for each such failure equal 
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and 
charges specified.

3.6 User may only m ake alterations to  the Work if and as expressly se t forth in the O rder Confirmation. No Work 
may be used in any way that is defam atory, violates the rights of third parties (including such third parties' ngh ts  of 
copyright, privacy, publicity, o r other tangible or intangible property), or is otherw ise illegal, sexually explicit o r 
obscene. In addition. User m ay not conjoin a  W ork with any o ther material that m ay result in dam age to d ie  
reputation of the Rightsholder. User agrees to inform CCC if it becom es aware of any  infringement of any rights in a 
Work and to cooperate with any reasonable request of CCC or the  Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective 
em ployees and directors, against ait claims, liability, dam ages, costs and expenses, including legal fees and expenses, 
arising out of any use of a Work beyond the scope of the rights granted  herein, or any  use of a Work which has been 
altered in any unauthorized way by User, including claims of defam ation or infringem ent of nghts of copynght, 
publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY 
DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR 
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR 
INABILITY TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In 
any event, the total liability of the Rightsholder and  CCC (including their respective employees and directors) shall not 
exceed the total am ount actually paid by User for this license. User assum es full liability for the actions and omissions 
of its principals, em ployees, agents, affiliates, successors and assigns.

6. Limited W arranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO 
USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM 
ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), OTHER EXPRESS OR IMPLIED, INCLUDING 
WITHOUT LIMITATION IMPUED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. 
ADDITIONAL RIGHTS MAY BE REQUIRK) TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS 
OR OTHER PORTIONS OFTHE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; 
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL 
RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any am ount when due, or any u se  by User of a Work beyond the scope 
of the license set forth in the Order Confirmation and /o r these  te rm s and conditions, shall be a  m aterial breach of the 
license created by the  Order Confirmation and th ese  term s and conditions. Any breach not cured within 30 days of 
written notice thereof shall result in immediate termination of such  license without further notice. Any unauthorized 
(but Iscensable) use of a Work that is term inated immediately upon notice thereof m ay be liquidated by paym ent of 
the Rightsholder's ordinary license price therefor; any unauthorized (and uniicensable) use that is not term inated 
immediately for any reason (including, for exam ple, because m aterials containing th e  Work cannot reasonably be 
recalled) will be subject to all rem edies available a t  law o r in equity , but in no e v en t to a payment of less than three 
times the  Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's 
and/or CCC’s costs and expenses incurred in collecting such paym ent.

8. M iscellaneous.

8.1 User acknowledges thatCCC  m ay, from time to time, make changes or additions to  the Service o r to th ese  term s 
and conditions, and CCC reserves th e  right to send  notice to the  User by electronic mail or otherwise for th e  purposes 
of notifying User erf such changes or additions; provided that any such changes or additions shall not apply to 
permissions already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy policy, available 
online here: http://www.copynght.com /content/cc3/en/tools/footer/pnvacypolicy.htm i.

8.3 The licensing transaction described in the  O rder Confirmation is personal to User. Therefore, User m ay not assign 
or transfer to any other person (whether a  natural person or an  organization of any kind) the license created  by the 
Order Confirmation and these  term s and conditions o r any rights granted hereunder; provided, however, th a t User 
may assign such license in its entirety on wntten notice to CCC m the event of a  transfer of ail or substantially all of 
User's nghts in the new material which includes the  Work(s) licensed under this Service.

8.4 No am endm ent o r waiver of any term s is binding unless se t forth m writing and  signed by the parties. The 
Rightsholder and CCC hereby object to any term s contained in any writing prepared  by the User or its pnncipals, 
em ployees, agents o r affiliates and purporting to govern or otherwise relate to th e  licensing transaction described in 
the Order Confirmation, which term s are  in any way inconsistent with any term s s e t  forth in the Order Confirmation 
and/or in these  term s and conditions or CCC's standard  operating procedures, w hether such writing is prepared prior 
to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the 
Order Confirmation or in a separate  instrum ent

8.5 The licensing transaction described in the  O rder Confirmation docum ent shall be governed by and construed under 
the law of the State of New York, USA, without regard  to the principles thereof o f conflicts of law. Any case , 
controversy, suit, action, or proceeding arising out of, m connection with, or related to such licensing transaction shall
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be brought, a t  CCC’s sole discretion, in any federal or s ta te  court located in the County of New York, S ta te  of New 
York, USA, or in any federal or s tate  court whose geographical jurisdiction covers the location of the Rightsholder se t 
forth m the Order Confirmation. The parties expressly submit to the  personal jurisdiction and venue of each  such 
federal or state c o u rtlf  you have any comments o r questions abou t the Service or Copyright C learance C enter, 
please contact us a t 978-750-8400 or send an e-mail to infoOcopyrightcom.

v 1.1

Oose
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copyrigh t o f  a n o th e r  e n tity , a n d  th a t  t h e  copyrigh t n o tic e  o f  th e  figure, p h o to g ra p h , 
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5. AIPP o r  th e  C opyright C lea ran ce  C e n te r  m ay, w ithin tw o  b u s in e s s  d a y s  of g ra n tin g  th is  
licen se , revoke th e  license  fo r a n y  re a s o n  w h a ts o e v e r ,  w ith a  full re fu n d  p ayab le  to  
you. Should you  v io la te  th e  te rm s  o f  th is  license  a t  a n y  tim e , AIPP, AIP Publishing LLC, 
o r  C opyright C lea ran ce  C e n te r  m ay re v o k e  th e  lic e n se  w ith  no  re fu n d  to  you. Notice o f  
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a  w riting  s ig n e d  by th e  p a rty  to  b e  c h a rg e d .

8. If p u rc h a se  o rd e rs , ack n o w le d g m e n ts  o r  check  e n d o r s e m e n ts  a r e  is su e d  on a n y  form s 
con ta in ing  te rm s  a n d  conditions w hich a r e  in c o n s is te n t w ith  t h e s e  prov isions, such  
in c o n s is te n t te rm s  a n d  conditions sh a ll b e  o f  no  fo rce  a n d  effec t. This docum en t, 
including th e  CCC Billing a n d  P ay m en t T erm s a n d  C o n d itio n s , sh a ll b e  th e  en tire  
a g re e m e n t  b e tw e e n  th e  p a r t ie s  re la tin g  to  th e  s u b je c t  m a tte r  h e re o f .

Iliis Agreement shall be governed by and construed in accordance with the laws of the Slate o f  
New York. Both parties hereby submit to the jurisdiction o f  the courts o f  N ew  York County for 
purposes o f  resolving any disputes that may arise hereunder.

If you w ould like to  pay for this license now , p lease  rem it th is licen se  a long with your 
payment m ade payable to  "COPYRIGHT CLEARANCE CENTER" oth erw ise  you will be  
invoiced within 4 8  hours o f the license date. Paym ent should  be in th e  form of a  check  or  
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O nce you  receive your invoice for  this order, you m ay pay your invoice by credit card. 
Please follow instructions provided at that time.

Make Paym ent To:
Copyright Clearance Center 
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P.O. Box 8 4 3 0 0 6  
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For su ggestion s or com m ents regarding th is order, contact RightsLink Customer Support: 
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a n d /o r  d is tr ib u te  th e  M aterial accord ing  to  th e  u s e  sp ec ified  in yo u r o rd e r ,  o n  a on e-tim e  
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copyrigh t o f  a n o th e r  e n tity , a n d  th a t  t h e  copy rig h t n o tice  o f  th e  f igu re , p h o to g ra p h , 
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4. The fo rego ing  license shall n o t ta k e  effec t u n le s s  a n d  until AIPP o r  its a g e n t. C opyrigh t 
C lea ran ce  C e n te r , rece ives th e  P a y m e n t in a c c o rd a n c e  w ith  C op y rig h t C learance  C e n te r  
Billing a n d  P ay m en t Term s a n d  C o n d itio n s , w hich a r e  in c o rp o ra te d  h e re in  by re fe re n c e .

5. AIPP o r  th e  C opyright C lea ran ce  C e n te r  m ay, w ithin tw o  b u s in e s s  d a y s  of g ra n tin g  th is  
license, revoke th e  license fo r a n y  re a so n  w h a ts o e v e r ,  w ith  a  full re fu n d  p ay ab le  to  
you. S hould  you v io la te  th e  te rm s  o f  th is  licen se  a t  a n y  tim e , AIPP, AIP Publishing LLC, 
o r  C opyright C lea ran ce  C e n te r  m ay  revoke th e  licen se  w ith  no re fu n d  to  you. Notice o f  
su c h  rev o ca tio n  will b e  m ade u sin g  th e  c o n ta c t inform ation  p ro v id ed  by you. Failure to  
receive su c h  notice will n o t nullify t h e  rev o ca tio n .

6. AIPP m a k e s  no re p re se n ta t io n s  o r  w a rra n tie s  w ith  r e s p e c t  to  t h e  M aterial. You a g r e e  to  
indem nify a n d  hold h a rm less  AIPP, AIP Publish ing  LLC, a n d  th e ir  officers, d irec to rs , 
em p lo y e e s  o r  a g e n ts  from a n d  a g a in s t  a n y  a n d  all d a im s  arising  o u t  o f  your u s e  o f  th e  
M aterial o th e r th a n  a s  specifically a u th o r iz e d  h e re in .

7. The perm ission  g ra n te d  h e re in  is p e r s o n a l  to  you  a n d  is n o t t r a n s fe ra b le  o r a s s ig n a b le  
w ith o u t th e  prior w ritten  p e rm iss io n  o f  AIPP. This license  m ay n o t  b e  a m e n d e d  e x c e p t  in 
a  w riting s ig n e d  by th e  p a rty  to  b e  c h a rg e d .

8. If p u rc h a se  o rd e rs , ack n o w le d g m e n ts  o r  check  e n d o rs e m e n ts  a r e  is s u e d  on a n y  fo rm s 
con ta in in g  te rm s  a n d  conditions w hich a r e  in c o n s is te n t w ith  t h e s e  p rov isions, such  
in c o n s is te n t te rm s a n d  conditions sha ll b e  o f  n o  fo rce  a n d  e ffec t. This docum en t, 
including th e  CCC Billing an d  P ay m en t Term s a n d  C o n d itio n s , sh a ll b e  th e  en tire  
a g re e m e n t b e tw e e n  th e  p a r t ie s  re la tin g  to  th e  s u b je c t  m a t te r  h e re o f .

This Agreement shall be governed by and construed in accordance with the laws of the State o f 
N ew  York. Both parties hereby submit to the jurisdiction o f  the courts o fN ew  York County tor 
purposes o f resolving any disputes that may arise hereunder.

If you would like to  pay for this license now, p lease  rem it th is license along with your 
paym ent m ade payable to  "COPYRIGHT CLEARANCE CENTER" o therw ise  you will be 
invoiced w ithin 4 8  hours of the license d a te . Paym ent should be  in th e  form of a check or 
money order referencing your account num ber and this invoice num ber 5 01361196 .
O nce you receive your invoice fo r th is order, you m ay pay  your invoice by credit c a rd  
Please follow instructions provided a t  th a t time.

Make Paym ent To:
Copyright C learance Center 
Dept 001 
P.O. Box 8 4 3 0 0 6  
Boston, MA 02 2 8 4 -3 0 0 6

For suggestions o r comments regarding th is order, contact RightsLink Customer Support: 
ni5temBrsareftWgyrltlffl.«Hn or + 1 -8 7 7 -6 2 2 -5 5 4 3  (toll free  in th e  US) or + 1 -9 7 8 -6 4 6 - 
2777 .

Gratis licenses (referencing $0 in th e  Total field) a re  free . P lease re ta in  this printable 
license for your reference. No paym ent is required.

https 7A100 copyr Qht. conVAppOi spetchServt et



166



7/24/2014 Rightsbr* Printable License

ELSEVIER LICENSE 
TERMS AND CONDITIONS

Jul 25 , 2014

This is a license Agreement between Deepthi NagailapaOv (’"You") and Elsevier ("Elsevier") 
presided by Copyright Clearance Center ("CCC"). The license consists ofyour order details, the 
terms and conditions presided by Elsevier, and the payment terms and conditions.

All paym ents m ust be  m ade in full to  CCC. For paym ent instructions, p lease  see 
information listed a t the bottom  of this form.

Supplier

R eg istered  C om pany 
N um ber

C u sto m er n a m e  

C u sto m er a d d re s s

L icense n u m b er 

L icense d a te

L icensed c o n te n t  pub lisher

L icensed c o n te n t 
publication

L icensed c o n te n t  title 

L icensed c o n te n t  a u th o r

L icensed c o n te n t  d a te

L icensed c o n te n t  volume 
num ber

L icensed c o n te n t  issu e  
num ber

N um ber o f  p a g e s  

S ta r t  P age 

End P age 

Type o f  U se

In te n d e d  p u b lish e r o f new  
work

Portion

N u m b ero f
fig u res /ta  b les/illu s tra tio n s

E lsev ier Limited
The B oulevard ,L angford  Lane
K ldlington,0xford ,0X 5 1GB,UK

1 9 8 2 0 8 4

D eep th i N agulapally

3 9469  G allau d e t Dr Apt 312

FREMONT, CA 9 4 5 3 8

3 4 3 5 7 7 0 8 1 9 6 5 2

Jul 25 , 2014

E lsevier

M icroelectronics Reliability

Reliability o f  AIGaN/GaN HEMTs: P e rm a n e n t le a k a g e  cu rre n t 
in c re a se  a n d  o u tp u t  cu rre n t d ro p

D. M arcon,J. V iaene,P . Favia,H. Bender,X . K ang,S . Lend,S. 
S toffels,S . D eco u te re

S e p te m b e r -O c to b e r  2012

52

9 - 1 0

6

2 1 8 8

2193

r e u s e  in a  th e s is /d is s e r ta t io n  

o th e r

figu res A ab les /iliu s tra tio  ns 

1

https/;*100. cop /i ghtccrrVAppDispetchSerMel



7/24/2014

Form at print
Rigrtshr*Printable License

Are you th e  a u th o r  o f  th is  No 
E lsevier article?

Will you b e  tran s la tin g ?

Title o f your 
th e s is /d is s e r ta t io n

No

E valuation o f  d e g ra d a tio n  in GaN high e le c tro n  mobility 
t r a n s is to r s  d u e  to  th e  in v e rse  p iezo e lec tric  e ffe c t

E xpected  com pletion d a te  Aug 201 4

E stim ated  s iz e  (nu m b er o f  110 
p a g e s )

E lsevier VAT nu m b er G B 494 62GB 4 9 4  6 2 7 2  12 

0 .0 0  USD

0 .0 0  USD /  0 .0 0  GBP 

0 .0 0  USD

P erm issions price 

VAT/Local S a les  Tax 

Total

Term s a n d  C onditions

IN TRO DU CTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection with 
completiig this licensing transaction, you agree that the following terms and conditions apply to this 
transaction (along with the Billing and Payment terms and conditions established by Copyright 
Clearance Center, Inc. ('CCC"), at the time that you opened your Ri^itsliik account and that are 
available at any time at http: nTvaccount.copvnght.com)

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to the 
terms and conditions indicated.

3. Acknowledgement: If any part o f  the material to be used (for example, figures) has appeared in 
our publication with credit o r acknowledgement to another source, permission must also be sought 
from that source. If such permission is not obtained then that material may not be included in your 
publication copies. Suitable acknowledgement to the source must be made, either as a footnote or 
in a reference list at the end o f  your publication, as follows:

“Reprinted from Publication title. Vol edition number. Authorfs). Title ofarticle title o f  chapter. 
Pages No.. Copyright (Year), with permission from Elsevier [OR APPLICABLE SOCIETY 
COPYRIGHT OWNER]." Also Lancet special credit - “Reprinted from The Lancet. Vol. number. 
Authors). Title o f article. Pages No.. Copyright (Year), with permission from Elsevier.”

4. Reproduction o f  this material Is confined to the purpose and or media for which permission is 
hereby given.

5. Altering'Modifying Material: Not Permitted. However figures and illustrations may be
altered adapted minimally to serve your work. Any other abbreviations, additions, deletions and or 
any other alterations shall be made only with prior written authorization o f  Elsevier Ltd. (Please 
contact Elsevier at permissions.'/r elsevier.com)
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6. If the permission fee for the requested use o f our material is waived in this instance, please be 
advised that sour future requests for Elsevier materials may attract a fee.

7 Reserv ation o f  Rights: Publisher reserves all rights not specifically granted in the combination o f  
(i) the license details provided by you and accepted in the course o f  this liccnsiig transaction, (ii) 
these terms and conditions and (iii) C C C ’s Billing and Payment terms and conditions.

8. license Contingent Upon Payment: While you may exercise the nghls licensed immediately upon 
issuance o f  the license at the end o f the licensing process for the transaction, provided that you have 
disclosed complete and accurate details o f  your proposed use. no license is finally effective unless 
and until lull payment is received from you (either by publisher o r by CCC ) as provided in C CC 's 
Billing and Payment terms and conditions. If Bill payment is not received on a timely basis, then am 
license prelinmarily granted shall be deemed automaticalh’ revoked and shall be void as if never 
granted. Further, in the event that you breach any o f these terms and conditions or any o f  C CC 's 
BiBrig and Payment terms and conditions, the license is automatically revoked and shaD be void as 
if never granted. Use o f  materials as described in a revoked license, as well as any use o f  the 
materials beyond the scope o f  an unrevoked license, may constitute copyright infringement and 
publisher reserves the right to take any and all action to protect its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed 
material

10. Indemnity: You hereby indemnity' and agree to hold harmless publisher and CCC, and ther 
respective officers, directors, employees and agents, from and against any and all claims arisiig out 
o f  your use o f the licensed material other than as specifically authorised pursuant to this license.

11. N o Transfer o f  License: Tills license is personal to you and may not be sublicensed, assigned, 
or transferred by you to any other person without publisher's written permission.

12. N o Amendment Except in Writing: This license may not be amended except in a writing signed 
by both parties (or, it the case o f publisher, by CCC on publishers behall).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any purchase 
order, acknow ledgment, check endorsement or other writing prepared by you. which terms are 
inconsistent with these terms and conditions or CCC 's Billing and Payment terms and conditions. 
These terms and conditions, together with C C C 's Billing and Payment tenns and conditions (which 
are incorporated herein), comprise the entire agreement between you and publisher (and CCC ) 
concerning this Kcenskig transaction. In the event o f  any conflict between your obligations 
established by these terms and conditions and those established by C CC 's Billing and Payment 
terms and conditions, these terms and conditions shall control

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in this 
License at their sole discretion, for any reason or no reason, with a full refund payable to you. 
Notice o f such denial will be made using the contact information provided by you. Failire to 
receive such notice win not alter or invalidate the denial. In no event will Elsevier or Copyright 
Clearance Center be responsible o r liable for any costs, expenses or damage incurred by you as a 
result o f a denial o f  your permission request other than a  refund o f  the amountfs) paid by you to
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Elsevier and or Copyright C lcarance Center for denied permissions.

LIMrrED LICENSE 

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only unless 
your license was granted for translation rights. I f  you licensed translation rights you may only 
translate this content into the languages you requested. A professional translator must perform all 
translations and reproduce the content word for word preserving the integrity o f  the article. If this 
license is to re-use 1 or 2 figures then permission is granted for non-exclusive world rights in all 
languages.

16. Posting licensed content on any W ebsite: The following terms and conditions apply as 
follows: Licensing material from an Elsevier journal: All content posted to the web site must 
maintain the copyright information line on the bottom o f  each image: A hyper-text must be included 
to the Homepage o f  the journal from which you arc licensing at
http: www .scienccdirect.com science journal xxxxx or the Elsevier homepage for books at 
httn: www .clscvicr.com. Central Storage: This license does not include permission for a scanned 
version o f  the material to be stored in a central repository such as that protided by Heron XanFdu.

Licensing material front an Elsevier book: A hyper-text link must be included to the Elsevier 
homepage at http, www elsevier com . All content posted to  the web site must maintah the 
copyright information line on the bottom o f  each image.

Posting licensed content on Electronic reserve: In addition to the above the following chases 
are applicable: The web site must be password-protected and made available only to bona fide 
students registered on a relevant course. This pemissfon is granted for 1 year only. You may obtain 
a new license for tiiture website posting

For journal authors: the following clauses are applicable in addition to the above: Permission 
granted is limited to the author accepted manuscript version* o f  your paper.

‘A ccepted A uthor M anuscript (A AM ) Definition: An accepted author manuscript (AAM) is 
the author's version o f  the manuscript o f  an article that has been accepted for publication and which 
may include any author-incorporated changes suggested through the processes o f  submission 
processing peer review, and editor-author communications. AAM s do not include other publisher 
value-added contributions such as copy-editiig formatting technical enhancements and (if 
relevant) pagination.

You are not allowed to download and post the published journal article (whether PDF or HTML, 
proof or final version), nor may you scan the printed edition to create an electronic version. A 
hyper- text must be included to the Homepage o f the journal from which you are licensing at 
http, vvwvv.se jencedirect.com science ioumal xxxxx. A s part o f  our normal production process, 
you will receive an e-mail notice when your article appears on Elsevier's online service 
ScieneeDirect (www.sciencedirect.com). That e-mail will include the article's Digital Object 
Identifier (DOI). This number provides the electronic link to the published article and sltould be
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hckided in the posting o f your personal \ersion. Wc ask that you wait until you receive this e-mail 
and hate the IX) I to do any posting

Posting to a repository: Authors may post their AAM immediately to ther employer's 
institutional repository for internal use only and may make their manuscript publically available after 
the journal-specific embargp period has ended.

Please also refer to Elsevier's Article Posting Poliev for further information.

18. For book authors the following clauses are applicable bt addition to the above: Authors are 
permitted to place a brief summary o f their work onlme only.. You are not a lb  wed to download 
and post the published electronic version o f  your chapter, nor may you scan the printed edition to 
create an electronic version. Posting to a repository: Authors arc permitted to  post a summary o f  
their chapter only in then institution's reposiory.

20. Thesis/D issertation: If your license is for use it  a thesis dissertation your thesis may be 
submitted to your institution it either print o r electronic form. Should your thesis be published 
commercially, please reapply for permission. These requirements include permission for the library 
and Archives o f  Canada to supply single copies, on demand, o f  the complete thesis and include 
permission for IJMI to supply single copies, on demand, o f  the complete thesis. Should your thesis 
be published commercially, please reapply for permission.

E lsevier O pen Access Term s and Conditions

Elsevier publishes Open Access articles in both its Open Access journals and via its Open Access 
articles option in subscription journals.

Authors publishing in an Open Access journal or who choose to make their article Open Access in 
an Elsevier subscription journal select one o f  the follow big Creative Commons user licenses, which 
define how a reader may reuse their work: Creative Commons Attribution License (CC BY). 
Creative Commons Attribution -  Non Commercial - ShareAlike (CC BY N C  SA) and Creative 
Commons Attribution -  Non Commercial -  No Derivatives (CC BY NC ND)

Term s &  Conditions applicable to all E lsev ier O pen A ccess articles:

Any reuse o f the article must not represent the author as endorsing the adaptation oftlte article nor 
should the article be modified bi such a way as to damage the author s honour or reputation.

The authors) must be appropriately credited.

If any part o f the material to be used (for example, figures) lias appeared in our publication with 
credit or acknowledgement to another source it is the responsibility o f the user to ensure their reuse 
complies with the terms and conditions detennined by the rights holder.

Additional Terms & Conditions applicable to each  C reative Commons u se r license:
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C C  BY: You may distribute and copy the article, create extracts, abstracts, arid other revised 
versions. adaptations or derivative works o f  or from an article (such as a translation), to include in a 
collective work (such as an anthology), to text o r data mine the article, inchidrig for commercial 
purposes without permission from Klsevier

CC BY NC S.V. For non-commereial purposes you may distribute and copy the article, create 
extracts, abstracts and other revised versions, adaptations or derivative w orks o f  or from an article 
(such as a translation), to include in a collective work (such as an anthology), to text and data mine 
the article and license new adaptations or creations under identical terms without permission from 
F.lsevier

CC BY N C  ND: For non-commercial purposes you may distribute and copy the article and 
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