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AlGaN/GaN HEMT technology is promising for RF and high power applications. 

However commercial usability of this technology is currently hindered because of its 

limited electrical reliability which still remains a major concern. AlGaN/GaN HEMTs 

have been shown to degrade irreversibly under typical device operation and there is 

widespread disagreement on the underlying fundamental physics for the observed 

device degradation.  

Electrical degradation in AlGaN/GaN HEMTs due to DC stressing is studied 

typically by performing electrical step stress tests and a critical voltage is determined. 

Device degradation is characterized by changes measured in electrical parameters, 

such as increase in Rs and RD, decrease in IDsat, decrease in gm, Vt shift and sub-

threshold change. The widely accepted theory attributes such degradation to the 

inverse piezoelectric effect. Electric field due to applied bias generates biaxial tensile 

stress which together with intrinsic stress from lattice mismatch increases the elastic 

energy of AlGaN layer. AlGaN layer undergoes crystallographic defect formation when 

total elastic energy reaches a critical value. Another theory associates such degradation 

to thermally activated chemical reaction occurring at metal-semiconductor interface 
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resulting in gate metal diffusion into semiconductor layer or consumption of interfacial 

oxide present. Inverse piezoelectric effect model does not highlight the time dependent 

device breakdown in AlGaN/GaN HEMTs. The electrical degradation is also observed at 

voltages below critical voltage during constant voltage stressing in similarly fabricated 

devices. However time to breakdown is longer for applied lower voltages than for higher 

voltages. 

Heterostructures under excessive strain undergo relaxation to lower system 

energy either through attaining homogeneity at the interface via diffusion or generation 

of misfit dislocations at the interface. Both mechanisms tend to compete and the one 

with more favorable kinetic conditions takes place. These kinetic conditions may vary 

with temperature, electrical bias, external mechanical stress and concentration of 

chemical species (or ambient). Both diffusion and trap generation are rate dependent 

processes and hence can explain the time-dependent degradation in AlGaN/GaN 

HEMT. Strain relaxation models are investigated and validated experimentally in 

AlGaN/GaN HEMTs by monitoring device degradation under external conditions such 

as electrical bias, temperature, mechanical stress and varying ambient.
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CHAPTER 1 
INTRODUCTION 

1.1 Overview and Motivation 

High Electron Mobility Transistors (or HEMTs) are the most advanced of a new 

generation of III-V compound semiconductor devices, incorporating a heterojunction for 

their operation, such as InGaAsP/InP, AlGaN/GaN etc. Heterojunction devices are 

formed between two semiconductor materials of different composition and different 

band-gaps and utilize the high mobility and high velocity of sheet of charge formed at 

the interface. This is contrary to the conventional Si- or GaAs-based field effect 

transistors or bipolar devices, where a junction is formed between similar materials, for 

e.g. bipolar transistors with n- or p- type Si forming emitter/base/collector regions. In 

heterojunction devices, designers have an extra degree of freedom to vary both band 

structure and type of doping in various portions of the device. This gives HEMTs the 

advantage of significant improvements in charge transport properties and resultant 

device performance over conventional FETs. 

AlGaN/GaN HEMTs have gained importance over its other III-V counterparts 

because of their material and structural benefits that make them attractive for high 

power and high frequency operation capabilities. Temperature accelerated life tests for 

this technology have reported mean time to failure MTTF > 107 hr at T=150oC [1] and 

MTTF~ 3.5x109 hr at T=125oC [2]. While the progress on AlGaN/GaN HEMT 

performance improvement is sustained, electrical instability and reliability issues 

observed during typical operation has limited the achievement of full potential of these 

devices. AlGaN/GaN HEMTs lack relatively process-independent uniformity of results 

and widespread agreement on underlying basic physics for observed device failure. The 
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device degradation still remains a challenge and hinders the reliable long-term 

implementation of AlGaN/GaN HEMTs. Although there is a continuous evolution of 

adopted processes and technologies to improve performance, understanding the 

fundamental mechanisms causing device degradation is necessary for improving 

AlGaN/GaN HEMT reliability. 

1.1.1 Brief History 

The idea of a heterojunction was first proposed by William Shockley in 1951 [3] 

and A. I. Gubanov, around the same time, who developed theories illustrating 

heterojunctions [4].  However it was in 1960 when R.A. Anderson predicted an 

accumulation of a sheet of charge carriers forming at the interface of Ge/GaAs interface 

based on a simple energy band model [5]. Alternative models for heterojunction 

behavior have also been proposed by Adams and Nussbaum [6], by von Roos [7] and 

by Hilmi and Nussbaum [8]. Although the idea of a heterojunction had been proposed 

way back in 1950s, it could never be implemented because of difficulty to grow high-

quality extremely abrupt interfaces between dissimilar materials with available 

fabrication techniques at that time. However the development of advanced epitaxial 

growth techniques in 1970s such as Molecular Beam Epitaxy (MBE) and Metal-Organic 

Chemical Vapor Deposition (MOCVD) enabled the fabrication of high-quality 

semiconductor heterostructures [9]. In 1978, R. Dingle et.al. first observed the formation 

of two-dimensional electron gas or sheet of charge at the GaAs/AlGaAs superlattice 

interface with improved carrier mobility[10]. Eventually in 1980, T. Mimura et.al. of 

Fujitsu, Japan; first fabricated and demonstrated GaAs/n-AlxGa1- xAs heterojunction field 

effect transistor, utilizing high mobility of 2D electron gas [11]. The first fabrication and 
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dc characterization of wide band gap GaN/AlxGaN1-xN HEMT, grown on sapphire 

substrate using low pressure MOCVD, was presented by M. A. Khan et.al. in 1993 [12]. 

1.1.2 Structural Details and Basic Operation of AlGaN/GaN HEMT 

AlGaN/GaN HEMTs are depletion mode field effect transistors with a high density 

of charge carrier (2DEG) forming channel at the interface, as a result of large 

spontaneous and piezoelectric polarizations in AlGaN and GaN layers. AlGaN/GaN 

HEMTs consists of a heterojunction formed by AlGaN and GaN layers grown epitaxially 

on a semi-insulating substrate using advanced fabrication techniques, notably MBE or 

MOCVD. Figure 1-1 shows a schematic of a AlGaN/GaN HEMT cross section. One of 

the key issues in HEMT structure is the lattice mismatch between differing materials 

forming epitaxial layers. Si, SiC and Sapphire are the most widely used substrate 

materials for AlGaN/GaN HEMTs. Substrate should have high resistivity, low 

interconnect capacitance, high thermal conductivity and lattice and thermal expansion 

coefficient match with the subsequent III-V layer. After depositing GaN on the substrate, 

AlGaN barrier layer is pseudomorphically grown on top of GaN which implies that 

relatively a very thin layer of AlGaN is deposited so that its crystal lattice stretches itself 

on relaxed thicker GaN layer to achieve lattice match. This induces a biaxial strain in the 

AlGaN layer. A stress mitigating transition layer (such as AlN) is often deposited 

between GaN layer and substrate to achieve lattice match as shown in Figure 1-1. 

The high charge density in 2DEG results from polarization induced bound 

interface charges. The wurtzite GaN and AlN have very high spontaneous and 

piezoelectric polarization, about ten times larger than other III-V semiconductor 

compounds [13].  The direction of polarization can be determined by the polarity of 

AlGaN/GaN heterostructure (N-face or Ga-face). GaN (similarly AlN) has a 
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noncentrosymmetric compound crystal with closely spaced hexagonal bilayers, one 

formed by cations and other by anions, arranged in {0001} basal plane. This leads to 

two possible polar faces or polarities whose direction is given by a vector pointing from 

Ga atom to nearest-neighbor N atom. A basal surface with Ga atoms (or N atoms) on 

top is Ga- faced (or N-faced) and corresponds to [0001] (or [0001̄ ]) polarity as shown in 

Figure 1-2. The Ga-face samples have higher carrier density and smaller interface 

roughness, hence higher carrier mobility than N-face samples. 

Polarization and Formation of 2DEG. Spontaneous polarization in a crystal 

depends on its structural parameters such as lack of inversion symmetry and ionic 

nature of covalent bonds between the atoms, similar to wurtzite structure of GaN. In 

GaN crystal, the ratio of distance between two adjacent atomic layer and lattice 

constant (c/a) differs from the ideal value of √(8/3) which results in a built in dipole and 

induces spontaneous polarization (PSP
GaN) along the direction of polarity. In AlGaN, 

spontaneous polarization is expressed in terms of Al mole fraction x using Vegard’s law 

as- 

𝑃𝑆𝑃
𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁(𝑥) = 𝑥𝑃𝑆𝑃

𝐴𝑙𝑁 + (1 − 𝑥)𝑃𝑆𝑃
𝐺𝑎𝑁                       (1-1) 

It should be noted that spontaneous polarization in AlN (𝑃𝑆𝑃
𝐴𝑙𝑁 = -0.081 C/m2) is larger 

than in GaN (𝑃𝑆𝑃
𝐺𝑎𝑁 = -0.029 C/m2) [13]. GaN and AlN are piezoelectric materials and 

exhibit electrical polarization under mechanical strain. Due to lattice mismatch, 

psedomorphic AlGaN layer is under biaxial tensile stress resulting in piezoelectric 

polarization (PPE
AlGaN) along c-axis, given by [13]- 

𝑃𝑃𝐸
𝐴𝑙𝐺𝑎𝑁 = 2

𝑎−𝑎0

𝑎0
(𝑒31 − 𝑒33

𝐶13

𝐶33
)                           (1-2) 
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Here e31 and e33 are piezoelectric coefficients, c13 and c33 are elastic coefficients and ao 

is unstrained lattice constant. Typical values of these coefficients for GaN and AlN are 

listed in Table 3-1. GaN layer is relaxed and hence does not exhibit piezoelectric 

polarization. The piezoelectric polarization is negative for layers under tensile strain and 

positive for layers under compressive strain. A negative spontaneous polarization is 

directed towards the substrate for a Ga-face layer. Hence piezoelectric and 

spontaneous polarizations are aligned parallel in tensile strained layer and anti-parallel 

in a compressively strained AlGaN layer as shown in Figure 1-3. Both piezoelectric and 

spontaneous polarizations change sign for N-face layer. The difference between the 

total polarization in AlGaN and GaN layers induces a positive fixed sheet charge density 

at AlGaN/GaN interface (on AlGaN side) - 

𝜎𝑖𝑛𝑡 =  (𝑃𝐴𝑙𝐺𝑎𝑁 − 𝑃𝐺𝑎𝑁) 

 = (𝑃𝑆𝑃
𝐴𝑙𝐺𝑎𝑁 + 𝑃𝑃𝐸,𝑙𝑎𝑡𝑡𝑖𝑐𝑒

𝐴𝑙𝐺𝑎𝑁 − 𝑃𝑆𝑃
𝐺𝑎𝑁)                    (1-3) 

Free electrons will accumulate at AlGaN/GaN interface (on GaN side) to compensate 

this positive fixed charge and get quantum-mechanically confined forming a sheet of 

charge or 2DEG near the interface. Since intrinsic carrier density for GaN is low (ni = 10-

10 cm-3), electrons forming 2DEG originate from surface states as described by 

Ibbetson’s surface donor model [14]. Other theories attribute source/drain Ohmic 

contacts to provide necessary electrons forming 2DEG. The maximum 2DEG sheet 

carrier concentration located at the interface is [13]- 

𝑛𝑠0 =
+𝜎𝑖𝑛𝑡

𝑞
− (

𝜖0𝜖𝑟

𝑞2𝑡𝐴𝑙𝐺𝑎𝑁
) [𝜙𝑏 + 𝐸𝐹0 − Δ𝐸𝐶]               (1-4) 
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Here tAlGaN is AlGaN barrier thickness, Φb is the Schottky barrier height at the gate, EF is 

Fermi level relative to GaN conduction band edge and ΔEC is the conduction band 

offset at AlGaN/GaN interface. The ability to achieve high density sheet carrier 

concentration at the interface with superior transport properties due to its quantum 

confinement contributes to the performance of AlGaN/GaN HEMTs. 

1.1.3 Applications of AlGaN/GaN HEMT 

AlGaN/GaN HEMTs have emerged as the most suitable technology for high 

voltage, high power operations at microwave frequencies. The ability to achieve high 

density sheet carrier concentration at the interface with superior transport properties 

due to its quantum confinement contributes to the performance of AlGaN/GaN HEMTs. 

Historically, AlGaN and GaN devices were used in optoelectronics application, such as 

lasers and LEDs, because of its direct and tunable band gap [15]. However benefits of 

GaN over other III-V materials, namely high breakdown field, higher carrier mobility, 

larger saturation velocity, higher thermal stability and 3.4eV wide bandgap makes GaN 

suitable for high power, high frequency applications [16], [17]. Consequently, superior 

device properties such as Pout = 30Wmm-1 at 8 GHz has been reported for such devices 

[18]. Hence, AlGaN/GaN HEMT technology is currently emerging as a promising 

candidate for extremely relevant applications such as high power and high frequency 

applications, ultra wide-band communication systems, robust low noise applications and 

high-temperature scaled digital devices. AlGaN/GaN HEMTs are currently employed in 

expanding markets in communications, radar, sensors, and automotive for both military 

and commercial applications.  Integrating with Si(111) substrates improves its device 

performance while reducing cost. Several commercial vendors, such as Cree, Fujitsu, 
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Nitronex, RFMD, and Triquint, are actively utilizing AlGaN/GaN HEMT technology for 

commercial applications. For example a commercially available AlGaN/GaN power 

transistor by CREE operates at 2.7-3.5 GHz range (S-band) with Pout = 240W and 60% 

power added efficiency (PAE). 

1.2 Dissertation Outline 

1.2.1 Reliability Considerations in AlGaN/GaN HEMT 

Despite its attractive high frequency and high power performance, the electrical 

stability and reliability issues of AlGaN/GaN HEMT restrict its full potential deployment 

for commercial applications. Point and structural defects can reside in GaN bulk,  AlGaN 

barrier layer, at AlGaN/GaN interface, gate-AlGaN Schottky interface and on ungated 

AlGaN surface and create trapping centers [19],[18]. These trapping centers 

compromise device performance by causing degradation characterized by low 

frequency noise [21], [22], transconductance frequency dispersion [21], [23], current 

collapse [24], [25], gate-lag and drain-lag transients [26], [27], enhanced gate leakage 

[28], shift in threshold voltage [29] and light sensitivity [24], [29]. Generation of new 

defects can reduce device performance or cause permanent failure. 

Stress is inherent to AlGaN/GaN HEMTs and impacts device performance and 

reliability. Large mechanical stress profiles are created during device fabrication due to 

lattice mismatch between epitaxial layers potentially creating point defects such as 

vacancies and interstitials and other structural defects such as threading dislocations. 

Stress can also be generated during operation by inverse piezoelectric effect or due to 

thermal expansion coefficient mismatch. Large E-fields generated under gate during 

typical operation induces additional stress in the active layers, since GaN and AlGaN 

are piezoelectric materials. AlGaN/GaN HEMTs are found to undergo device 
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degradation during typical operation. It has been proposed that stress generated from 

the inverse piezoelectric effect can lead to observed permanent device degradation 

[30]. This additional stress together with inbuilt stress in device epitaxial layers 

resultantly increases material’s elastic energy. When material’s elastic energy reaches 

its critical limit, strain relaxation occurs through crystallographic defect formation. 

Another theory explains observed device failure by the degradation of gate/AlGaN 

Schottky interface via field-driven chemical reaction or diffusion. A potential metal 

diffusion into AlGaN barrier (also called gate sinking) reduces AlGaN barrier and 

creates leakage path leading to gate current increase [20]. Device degradation has also 

be attributed to hot electron effects that result in current collapse [31]. 

1.2.2 Research Goals and Contributions 

The main objective of this work is to provide a refined understanding of 

fundamental mechanisms leading to observed degradation of electrical performance in 

AlGaN/GaN HEMTs. To accomplish this, a systematic study of AlGaN/GaN HEMT 

electrical degradation will be conducted through detailed experimentation and study of 

appropriate physical models. Time-dependent degradation of AlGaN/GaN HEMTs will 

be investigated through effects of electrical bias, temperature, mechanical stress and 

ambient (such as O2, N2 and forming gas) on degradation of gate leakage current. 

These external parameters will be varied to accomplish a systematic and detailed 

experimental study of device degradation. Also strain relaxation models will be 

evaluated to describe observed degradation.  Since strain is inherent to AlGaN/GaN 

HEMTs, it is essential to understand the effect of mechanical stress on device 

performance and reliability. The effect of externally applied mechanical stress on 

AlGaN/GaN HEMT channel resistance and gate leakage will also be investigated. 
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The potential contribution of this study is to ascertain a time-dependent 

degradation causing permanent failure in AlGaN/GaN HEMTs. This study shall also 

identify the effects of electrical bias, temperature, mechanical stress and ambient on 

device electrical degradation through reliable experimental techniques, suggest most 

suitable physical models that qualitatively explain experimental results and gain a better 

understanding of the physics of degradation mechanisms causing device failure in 

AlGaN/GaN HEMTs. An accurate value of AlGaN/GaN HEMT gauge factor will be 

extracted as well as dominant transport mechanisms for gate leakage in AlGaN/GaN 

HEMT will be suggested. In addition, the potential outcomes of this work can be used as 

guidelines to improve AlGaN/GaN HEMT design for a reliable long-term operation. 

1.2.3 Dissertation Organization 

The remaining document is organized as follows. Chapter 2 presents a brief 

literature review of published physical models that explain the observed degradation in 

AlGaN/GaN HEMTs. Chapter 3 discusses the effect of externally applied uniaxial tensile 

and compressive stress on channel resistance and on gate current. It describes a 

reliable experimental technique to estimate gauge factor value accurately for 

AlGaN/GaN HEMTs and also discusses possible transport mechanisms dominating 

gate leakage current in these devices. Chapter 4 presents experimental results to 

ascertain a time-dependent degradation causing permanent device failure in 

AlGaN/GaN HEMTs. Chapter 5 briefly discusses models for strain relaxation 

phenomenon in hetero-structure devices, including III-V hetero-structures. Chapter 6 

focuses on a detailed experimental study to investigate the effects of varying external 

conditions like bias, temperature, mechanical stress and ambient on the observed time 

dependent degradation in AlGaN/GaN HEMTs. It presents experimental techniques to 
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gain fundamental understanding of device failure mechanisms. Chapter 7 investigates 

some fundamental mathematical models to analyze experimental results on observed 

time-dependent degradation in AlGaN/GaN HEMTs (in Chapter 6) under varying bias, 

temperature and mechanical stress and gain an insight into physics of failure 

mechanisms causing device degradation. Chapter 8 summarizes the work presented in 

this dissertation and also provides recommendations for potential future work to further 

study reliability issues in AlGaN/GaN HEMTs.  

1.3 Summary 

AlGaN/GaN HEMTs have gained tremendous importance for high power and 

high frequency operation capabilities since its inception. This chapter presents a brief 

history on evolution of III-V heterostructures and advantages of AlGaN/GaN HEMTs 

over other existing semiconductor technologies. Some fundamental structural details of 

AlGaN/GaN HEMT are discussed including presence of in-built strain in the epitaxial 

layer and formation of 2DEG. There is a continuous evolution of adopted processes and 

technologies to improve AlGaN/GaN HEMT performance, however high power and high 

field operations have exacerbated reliability issues of these devices.  This chapter also 

briefly discusses the reliability considerations that hinder achievement of full potential of 

this technology. Finally, main objectives and potential contribution of this work and 

organization of this dissertation document are presented. 
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Figure 1-1. Schematic of the cross-section of a basic AlGaN/GaN HEMT structure. 

 
 
Figure 1-2. Schematic of wurtzite GaN crystal structure with Ga-face and N-face 

polarities [13]. 
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Figure 1-3. Schematic of AlGaN/GaN heterostructure showing directions of 

spontaneous and piezoelectric polarizations and sheet charge density 
induced due to resultant polarization [13]. 
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CHAPTER 2 
FAILURE MECHANISMS IN AlGaN/GaN HEMT 

2.1 Introduction to Failure Mechanisms in AlGaN/GaN HEMT 

AlGaN/GaN HEMTs exhibit an excellent capability for high power and high 

frequency applications because of its structural and material benefits of GaN, namely 

wide band gap, higher saturation velocity and higher breakdown field. However, at high 

field, these devices also electrically degrade, leading to reliability issues that currently 

limit the attainment of its full potential deployment commercially. Epitaxially grown GaN 

films contain a high density of threading dislocations, about 105-106 cm-2 [32]. The 

abundance of point and structural defects in the bulk or at the surface act as trapping 

centers and are considered the main origin of AlGaN/GaN HEMT reliability issues.  

Charging and discharging of traps can limit device performance.  In addition to native 

defects formed during epitaxial growth, additional defects can be created during device 

operation that can permanently degrade the device, even to breakdown. Several 

theories have been proposed for degradation mechanisms; however there still remains 

a widespread disagreement on the fundamental physics of electrical degradation in 

AlGaN/GaN HEMTs. Some of the more widely accepted theories for AlGaN/GaN HEMT 

degradation are reviewed in the subsequent sections. 

2.2 Degradation due to Hot Electron Effect and Trapping 

The hot electron effect is a current-driven phenomenon due to the presence of 

large electric field densities leading to device failure. During high voltage operation of 

AlGaN/GaN HEMTs, high lateral electric field increases the drift velocity of electrons in 

the channel, thereby increasing their kinetic energy and making them “hot”. These “hot” 

electrons may gain enough kinetic energy to surmount the conduction band offset at the 
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AlGaN and GaN heterojunction and tunnel into AlGaN barrier layer creating traps at 

AlGaN/GaN or passivation/AlGaN interfaces between drain and gate contacts or even 

under the gate [33], [34]. Consequently hot electron degradation is observed as current 

collapse, increase in series resistance, decrease in transconductance, increase in gate 

leakage and DC-to-RF dispersion effects [31], [34]. 

The influence of hot electron effect on field-accelerated failure is modeled in 

AlGaAs/GaAs using Chynoweth’s law [33] given as – 

|𝐼𝐺|

𝐼𝐷
= 𝐿𝑒𝑓𝑓exp (

−𝐿𝑒𝑓𝑓

𝑉𝐷𝑆−𝑉𝐷𝑠𝑎𝑡
)                                    (2-1) 

This law relates the ratio of (absolute) gate current and drain current to the length 

of the channel region (Leff) over which impact ionization occurs which depends on lateral 

E-field. As can be seen, this model predicts that hot electron effects respond 

logarithmically to the inverse of the difference between VDSAT and VDS. However in 

AlGaN/GaN HEMTs, the gate current cannot be used as an indicator for hot electron 

effects because gate leakage in these devices is influenced by several other parasitic 

contributions and tunneling [31]. Meneghesso et.al. [20] employed electroluminescence 

(EL) to detect hot electrons in AlGaN/GaN HEMTs within the device active area by 

observing the light intensity emitted from the channel. It was observed that the hot 

electron effect, hence EL intensity, is most pronounced in the semi-on mode of 

operation of the device when the gate is just biased high enough to negate pinch off and 

form a conducting channel, depicted in Figure 2-1. If a high VDS is now applied, the 

lateral field across the channel in maximized, thereby maximizing hot electron density. If 

the gate is biased past threshold voltage, the difference between the gate and drain 

potential decreases and the lateral field within the channel becomes too small to induce 
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a substantial density of hot electrons [35]. The hot electron effect is also reduced if there 

is any form of surface passivation on the device, possibly due to reduction of surface 

traps as a result of passivation. It has also been observed that NH3 plasma treatment 

increases AlGaN/GaN HEMT resistance to hot electron effects, indicating that the 

treatment of sample surfaces with hydrogen reduces susceptibility to hot electron 

degradation [36].              

2.3 Degradation due to Strain from Inverse Piezoelectric Effect 

One of the widely accepted theories for AlGaN/GaN degradation is based on 

strain generated due to the inverse piezoelectric effect [37]. As discussed in the 

previous chapter, strain is inherent in the AlGaN/GaN HEMT. Large mechanical strain 

profiles are created within the structure during epitaxial growth and during high power 

operation. In-built stress in AlGaN/GaN HEMTs can arise from lattice mismatch 

between epitaxial layers, between epitaxial layer and substrate, from the passivation 

layer and also from thermal expansion coefficient mismatch. A thin AlGaN barrier layer 

is pseudomorphically grown on relaxed GaN layer which induces a biaxial tensile stress 

in AlGaN layer as it stretches over GaN to achieve lattice match. For 26% Al mole 

fraction, this biaxial tensile stress is ~ 3GPa [38]. J. Joh et.al. [30], [37] conducted a 

series of electrical step stress experiments to study electrical degradation in 

AlGaN/GaN HEMTs. Electrical bias (VGS or VDS) was stepped and various electrical 

parameters were monitored. It was observed that when a critical voltage is reached, 

devices exhibited electrical degradation marked by an increase in gate leakage, 

decrease in drain current and increase in source/drain resistance as shown in Figure 2-

2. Such electrical degradation was attributed to additional mechanical stress generated 

inside the device due to the inverse piezoelectric effect that can initiate defect formation 
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leading to irreversible degradation. During device operation at high voltages, large 

vertical electrical fields are generated under the gate in the AlGaN barrier layer. This 

electric field is the largest at the gate edges. Since AlGaN is a piezoelectric material, 

this field creates additional mechanical stress within the layer (500 MPa for VGS=-30V in 

Al0.26Ga0.74N/GaN HEMT with 18nm AlGaN layer [38]). The mechanical stress due to 

inverse piezoelectric effect adds to the built-in stress inside AlGaN layer and increases 

the material’s elastic energy. When this elastic energy reaches its critical limit (at 

applied critical voltage); the epitaxial layer undergoes relaxation through 

crystallographic defect creation in the form of cracks and pits, near the gate edges 

where field is the largest. These defects may act as trapping centers for electrons, 

degrading device performance and reliability.                     

2.4 Degradation due to Diffusion and Chemical Reaction 

Gate sinking or gate metal in-diffusion into the semiconductor bulk is a well-

known effect in III-V HEMTs causing degradation [39], [40] and resultant variation in the 

Schottky interface characteristics [41]. Gate contacts to AlGaN/GaN HEMTs are applied 

as Schottky contacts using Ni, Pt, Re as well as high-refractory intermetallic compounds 

such as Silicides (e.g. NiSix) and Nitrides (e.g. WSiN) [42]. Temperature-activated 

stability tests, such as annealing, are often used for reliability study of Schottky 

interfaces in III-V devices, especially GaAs and AlGaAs based Schottky diodes. For a 

Al/AlGaAs diode, Schottky barrier height was found to decrease from 0.96eV to 0.80eV 

while ideality factor increased from 1.27 to 1.78 on increasing annealing temperature 

from 300K to 673K, which was attributed to the degradation of metal-semiconductor 

contact [43]. Similar aging tests by annealing AlGaN/GaN HEMT samples showed inter-

diffusion of metals resulting in degradation of gate characteristics. It was observed that 
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annealing a AlGaN/GaN sample, with Ni/Au as gate contact and Ti/Al/X/Ti/Au (X being 

Ir or TiBr2 or Ni) as Ohmic contact, at 350oC for 25 days showed an encroachment of 

Ohmic metal into gate metal for the case of Ni in Ohmic contact [44]. This degradation 

was characterized by increase in gate current for the sample. In another report, 

AlGaN/GaN HEMT with Ti/Al/Pt/Au Ohmic contact and Pt/Au Schottky contact, when 

step stressed up to 400oC, showed marginal degradation up to 300oC and significant 

degradation beyond [45]. Surface morphology of the metal contact showed good 

stability indicating that material defects are responsible for the high-temperature 

instability. In a recent study, Kuball et.al. [46] observed that an increase in trap density 

in electrically degraded Ni-gated AlGaN/GaN HEMT followed a one-dimensional 

diffusion model of the form given by a pseudo-infinite source as [47]- 

𝑁𝑑𝑖𝑓𝑓 (𝑧) =  𝑁0𝑒𝑟𝑓𝑐(
𝑋

2√𝐷𝑡
)                                     (2-2) 

Here Ndiff is the diffusant concentration, X is the diffusion distance, D is the diffusion 

coefficient, and t is the diffusion time. It was inferred that pit-like defects observed in the 

degraded devices formed possibly due to gate metal diffusion down pre-existing 

threading dislocations near the gate edge. This could be initiated by electric field-driven 

chemical reaction at the Schottky interface. Similar observations were confirmed by Lo 

et.al. in their study of electrical degradation of Ni-gated and Pt-gated AlGaN/GaN 

HEMTs [48]. It was found that devices with Ni gate appear to degrade at a much faster 

rate and at a lower critical voltage than Pt-gated devices, suggesting that degradation 

kinetics are different for different gate metals as shown in Figure 2-3. Figure 2-4 shows 

a TEM image of an electrically degraded Ni-gated AlGaN/GaN HEMT illustrating 

diffusion of gate metal into the AlGaN barrier layer [49].       
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2.5 Summary 

AlGaN/GaN HEMTs have been observed to degrade at high gate-to-source and 

gate-to-drain voltages. When the gate voltage is stepped, ultimately these devices 

undergo a catastrophic failure. Several physical models have been published that 

explain different mechanisms leading to device degradation. This chapter reviews in 

detail some of the widely accepted theories of degradation mechanisms in AlGaN/GaN 

HEMTs. Specifically, degradation due to hot electron effects, degradation as a result of 

excessive strain due to inverse piezoelectric effect during high field operation, and 

degradation due to field-driven chemical reaction or diffusion at metal/semiconductor 

Schottky interface are discussed in this chapter. 
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Figure 2-1. EL intensity with respect to changing VG and VDS indicating that hot electron 

effects are maximized in the "semi-on" mode of device operation [20]. 

 
 
Figure 2-2. Degradation in various electrical quantities above critical voltage (Vcrit = 

26V) in a step-stress experiment at VDS = 0V state in AlGaN/GaN HEMT [30]. 
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Figure 2-3. Improved electrical stability of Pt-gated AlGaN/GaN HEMT over Ni-gated 

AlGaN/GaN HEMT [48]. 

 
 
Figure 2-4. TEM images of cross-section of Ni-gate/AlGaN layer interface in 

AlGaN/GaN HEMT (A) control sample and (B) after electrical stress. Two 
white arrows highlight regions with Ni and oxygen diffusion in degraded 
sample [49].  
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CHAPTER 3 
EFFECT OF MECHANICAL STRESS ON CHANNEL RESISTANCE AND GATE 

LEAKAGE CURRENT IN ALGAN/GAN HEMT 

3.1 Mechanical Wafer Bending 

Wafer bending has been extensively used to study the effect of mechanical 

stress on semiconductor performance [50], [51]. Mechanical wafer bending offers a 

simple and cost effective method to study underlying physics of strained 

semiconductors. Modifying fabrication steps to impart process-induced stress in the 

device can be expensive and potentially alter other device characteristics. Also it can be 

difficult to quantify the internal stress imparted to the device accurately. Hence wafer 

bending can be useful to vary externally applied mechanical stress in a controlled 

manner in experiments. 

Several techniques have been employed to apply mechanical stress to wafers 

externally. Smith [52], in his piezoresistance measurement, used hanging weights to 

apply uniaxial tensile stress to semiconductor slabs. Cantilevers are beams anchored at 

one end and can be bent from other end to apply mechanical stress. Three-point 

bending fixtures may also be used to apply mechanical stress externally. However in all 

these methods, accurate stress calibration is difficult because of non-uniform stress 

profile along the bent structure. In this work, we employ four-point based wafer bending 

fixtures to apply uniaxial tensile and compressive stress on AlGaN/GaN HEMT wafer 

samples, capable of applying high uniaxial stress with improved uniformity of stress 

profile along the bent structures between the load points [53]. 

3.1.1 Four-Point Bending Setup 

In a four-point bending set up a beam held between four points, two anchoring 

points at the bottom and two load points on the top as shown in Figure 3-1. The sample 
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is bent with a constant radius of curvature resulting in a uniform stress profile between 

the inner rods, unlike in cantilevers and three-point bending fixtures. The magnitude of 

uniaxial stress on the top surface of sample (homogeneous material) between the inner 

rods is given by following the analysis from Timoshenko [54] - 

𝜎 = 𝐸 ·
𝑡·𝑦

2𝑎(
𝐿

2
−

2𝑎

3
)
                                             (3-1) 

Here E is Young’s modulus of the material and t is the sample thickness. L and a are 

spacing between the rods as shown in Figure 3-1. For calibration, the magnitude of 

applied stress estimated from above analysis was  compared with the readings from a 

noncontact fiber optical displacement system and strain gauge measurements [55]. 

3.1.2 Procedure for Stress Measurements in Small Samples 

Wafer bending methods are potentially destructive and hence AlGaN/GaN HEMT 

wafer pieces are diced into smaller pieces (~1cm2). This maximizes the number of 

measurable samples and provides a cost effective method to measure mechanical 

stress effects. Since these wafer pieces are too small to be directly bent in wafer 

bending fixture, they are attached to a heat treated high-carbon stainless steel plate to 

prepare sizeable bendable samples using these steps. The steel plate is sanded off and 

cleaned using alcohol, ethanol and DI water treatment to remove any dirt or grease. A 

thin layer of thermally conductive epoxy (EPOTEK H74) is applied in the middle of steel 

plate, wafer piece is placed on it and gently placed down and excess epoxy is wiped 

around the sides. To remove any air pockets and ensure secure bond, a metal washer 

is then placed on top of wafer piece and is carefully clasped using binder clip and entire 

assembly is heat treated in oven for 5 min at 100oC. The washer and metal binder are 

removed and sample is further heat treated on a hot plate at 150oC for 5 min to 
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completely cure the epoxy. The wafer piece attached on steel plate can now be loaded 

into bending fixture to apply mechanical stress. A strain gauge is mounted on top of 

wafer piece to calibrate the stress transferred from steel plate to wafer piece. Stress is 

applied and released to the sample to ensure that stress applied is elastic, as the strain 

gauge reading returned to the starting value as shown in Figure 3-3. Also, the stainless 

steel plate does not undergo any permanent deformation for the amount of mechanical 

stress employed in this study. 

Effects of mechanical stress on AlGaN/GaN HEMTs are studied by doing 

electrical measurements while simultaneously varying the applied stress. For this 

purpose, devices need to be wire-bonded and attached with the probe tips using 1mil 

gold wire. Other than standard ball and wedge bonders that may cause delamination of 

device terminal pads, a novel technique is employed to attach wires to them. Using the 

ball bonder, a ball of size suitable for a respective bond pad is formed at the end of gold 

wire. Wire is then cut to about 1cm length and attached to the end of probe tip using 

electrically conductive epoxy (EPOTEK EE129-4) and cured at room temperature for 24 

hours. The probe tip is then mounted on the micro-positioner and using the micro-

positioner, the ball end of the wire is dipped in the electrically conductive epoxy and 

carefully placed on the device terminal pad and cured at room temperature for 24 hours. 

After the epoxy is cured, the probe tip is slightly lowered to allow slack on the gold wire 

for vertical displacement of the sample during application of mechanical stress. 

3.2 Effect of Mechanical Stress on Channel Resistance of AlGaN/GaN HEMT 

The normalized change in channel resistance (R) per unit mechanical strain (ε) is 

characterized as the Gauge Factor (GF), i.e. 
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𝐺. 𝐹. =  
∆𝑅/𝑅

                                                   (3-2) 

The mechanical strain ‘ε’ can be related to the applied stress ‘σ’  via Young’s modulus 

of the material. A wide range of gauge factor values for AlGaN/GaN HEMTs have been 

reported in literature, ranging from -4 to -40,000. This large discrepancy in the 

estimation of gauge factor could arise from the inaccurate estimation of stress applied 

using various methods and also due to changes in the trapped charge density during 

elapsed time of resistance measurement, as AlGaN/GaN HEMTs are known to contain 

high density of traps in form of point defects, dislocations and surface traps. Methods 

used in previous studies on AlGaN/GaN HEMTs gauge factor involved cantilevers, 

circular membranes, complex mass system and three-point bending set up which, as 

stated before, result in inaccurate stress calibration. In this work, a four-point bending 

fixture and a technique to mitigate effect of charge traps are employed to characterize 

stress sensitivity of channel resistance in AlGaN/GaN HEMTs by accurately measuring 

the gauge factor value. 

3.2.1 Effect of Trapped Charges  

AlGaN/GaN HEMTs have a high density of traps that are created during 

fabrication [32]or may also be generated during typical device operation [37], [49]. 

These traps may be present as bulk traps in AlGaN barrier layer or in GaN layer or as 

surface traps at the AlGaN/GaN interface or on the AlGaN surface and can result in 

significant changes in device electrical characteristics such as current collapse [56], 

gate lag [26], drain lag [26], increase in gate leakage [30] and shift in threshold voltage 

[37]. 
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AlGaN/GaN HEMTs utilized in this study exhibit charge trapping effect through 

changes in drain current and threshold voltage shift. The instability during device 

measurement occurs due to changes in density of trapped charge. Applying a VG pulse 

of -10V for 1 minute, fills up the trap states with electrons and shifts the threshold 

voltage less negative. Under illumination from incandescent microscope light on a 

sample with no field plate the trapped charges are photoionized and hence threshold 

voltage shifts to more negative value. Illuminating microscopic light during measurement 

of channel resistance results in 15% reduction in channel resistance during elapsed 

period of the measurement as shown in Figure 3-4. This is approximately similar to the 

change in channel resistance measured during gauge factor estimation of -40,000 in 

[57]. This high value of measured gauge factor could result from changes in the trapped 

charge density during measurement. In this work, effect of parasitic charge trapping is 

eliminated by employing a continuous optical illumination of sub-bandgap energies 

during the measurement and photoionizing the trapped charges. Thus a constant 

trapped charge density is maintained and an accurate estimation of stress sensitivity of 

channel resistance is achieved. 

3.2.2 Experimental Procedure to Measure Gauge Factor 

A schematic of the experimental set up is represented in Figure 3-5. The sample 

is prepared by attaching the wafer piece to high carbon steel plate using thermally 

conductive epoxy following the steps described before. The sample is loaded into 

flexure-based four-point wafer bending set up to apply uniaxial compressive and tensile 

stress. The stress dependence of channel resistance, Rch, is measured at VGS=-1V and 

VDS=0.1V using Keithley 4200 semiconductor characterization system. The measured 

resistance, Rmeas, does not directly give the channel resistance but also includes source 
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and drain contact resistances, RS & RD, and external parasitic resistances, Rext, as 

follows - 

𝑅𝑚𝑒𝑎𝑠 = 𝑅𝑐ℎ + 𝑅𝑆 + 𝑅𝐷 + 𝑅𝑒𝑥𝑡                                 (3-3) 

The source and drain contact resistances, measured using TLM structures, are found to 

be RS = RD = 5 Ω and assumed to have negligible stress dependence. Hence they are 

subtracted from Rmeas. Parasitic external resistances are excluded by using a four-point 

Kelvin method to measure the resistance. Herein two sets of contacts with source and 

drain pads are made with wire bonds. One pair of source and drain contacts is used to 

sense the voltage drop between source and drain terminals and other pair measures 

the dc current flowing through the pads. 

Parasitic trapping/detrapping effect is eliminated by use of a mercury arc 

ultraviolet (UV) spotlight in combination with a 380nm band-pass filter to photoionize 

trapped electrons affecting the resistance measurement. UV spotlight has peak 

wavelength of 377.7 nm (3.284 eV), measured using a spectrometer, and hence has 

significant portion of photon energies above the band-gap of GaN (3.4eV). A band-pass 

filter (CML=380nm and FWHM=10nm), filters out the wavelengths below 365nm (or 

photon energies above 3.4 eV) and prevents band to band photogeneration of electron-

hole pairs by UV spotlight if it were used alone for optical illumination. The band-pass 

filter is mounted on a 4-inch thick polystyrene heal shield and placed before the UV 

spotlight, as shown in Figure 3-5, to block ambient heat from the mercury arc spotlight. 

The measured resistance is allowed to stabilize before mechanical stress is 

applied on the sample to eliminated influence of charge trapping during stress sensitivity 

measurement. Using the above set-up, the resistance is measured for 1500 seconds 
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and stabilized until the change in measured resistance is about 0.02% as shown in 

Figure 3-6. Mechanical stress is then incrementally applied to the wafer sample in the 

direction longitudinal to the channel direction and in increments of 60 MPa, each 

increment held for 100 seconds. Stress is applied to a maximum of 360MPa and then 

gradually released in similar steps to zero, as shown by the dotted line in Figure 3-7. 

The channel resistance, Rch, is measured simultaneously as the stress is being applied 

indicated by solid lines in Figure 3-7. 

3.2.3 Results on Gauge Factor Measurement 

Rch increases with increase in applied compressive stress while Rch decreases 

with increase in applied tensile stress, rendering a negative a value for the gauge factor. 

The normalized change in Rch at the maximum stress of 360 MPa is ~0.83% /100 MPa. 

The change in measured Rch is identical for both applied compressive and tensile 

stress. The measured resistance returns to its initial unstressed value (at 0 MPa) after 

the uniaxial stress is released, indicating that the observed change in channel 

resistance is entirely due to applied mechanical stress, is reversible, and is not 

influenced by parasitic effects such as charge trapping/detrapping. The measured 

change in normalized Rch with stress is much smaller than the one in (001)/<110> Si n-

MOSFET which is ~3.2% / 100 MPa. 

Gauge factor is calculated as described before at each stress increment by 

averaging out the measured Rch at that stress increment, and a plot of averaged 

normalized change in Rch versus mechanical stress is obtained. Uncertainty in Rch 

measurement is estimated using 99% confidence interval (three times the standard 

deviation) and plotted as error bars in Figure 3-8. Total least square analysis is used to 

obtain a linear fit of change in Rch versus stress, which incorporates the uncertainty in 
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the measurement. The gauge factor is determined from the slope of the linear fit and is 

found to be, G.F.= -2.8±0.4. The gauge factor estimated accurately in this work is small 

relative to the range of values published in literature (-4 to -40,000). The large variability 

in published gauge factor values is primarily due to the trapping/de-trapping phenomena 

occurring simultaneously during measurement which can potentially influence the 

measured stress sensitivity of channel resistance. Also, inefficient techniques to apply 

stress, such as hanging weights, cantilevers and three-point bending set up, result in 

non-uniform external mechanical stress on the sample and hence can potentially render 

an inaccurate estimation of gauge factor value.  

The channel resistance Rch is dependent on 2DEG sheet carrier density ‘ns’ and 

electron mobility ‘µe’. Chu et. al. [58] estimated a gauge factor value for AlGaN/GaN 

HEMT by simulating the stress sensitivity of Rch due to the stress induced changes in ns 

and µe. Stress induced changes in ns may arise from the additional polarization induced 

by applied stress since AlGaN and GaN are piezoelectric in nature, while the stress 

induced changes in µe in GaN may arise due to changes in effective mass through band 

warping. A simulated gauge factor value of -7.9±5.2 was obtained [58]. The best fit set 

of elastic and piezoelectric coefficients were obtained by comparing the simulated 

normalized ∆Rch with the experimental results and are listed in Table 3-1 [58].      

3.3 Effect of Mechanical Stress on Gate Leakage Current in AlGaN/GaN HEMT 

Defect formation during typical device operation in AlGaN/GaN HEMTs at high 

bias increases the gate leakage current and reduces the output power [59]. This has 

been attributed to crystallographic degradation of the AlGaN barrier layer due to 

excessive strain generated at regions of high electric field in the device via the inverse 

piezoelectric effect [30]. Such defect formation creates a low resistance path for gate 
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leakage current resulting in an irreversible increase in the leakage current. Since strain 

is inherently present in AlGaN/GaN HEMTs through lattice mismatch and due to the 

inverse piezoelectric effect from applied biases in typical device operation, it is essential 

to investigate the effect of mechanical stress on the gate current density (JG) in these 

devices to improve reliability. In this study, the stress sensitivity of JG is measured and a 

dominant transport mechanism for gate leakage is discussed. 

3.3.1 Experimental Procedure to Measure Gate Current Stress Sensitivity 

A AlGaN/GaN HEMT wafer piece is attached to a heat-treated high carbon steel 

plate using thermally conductive epoxy as described earlier in this chapter. The sample 

is loaded into the flexure-based four-point wafer bending set up to apply external 

mechanical stress as shown in Figure 3-2 (B). The stress sensitivity of JG is measured 

at different reverse gate biases, VGS= -0,25V, -0.5V, -1V, -2V, -4V, and at VDS=0V state 

to isolate the effect of vertical electric field induced by applied gate bias. At each applied 

bias, JG is measured using a Keithley 4200 semiconductor analyzer and is first allowed 

to stabilize as shown in Figure 3-9.  At lower reverse gate bias, JG takes a longer time to 

stabilize than at higher reverse gate bias. After JG is stabilized, longitudinal mechanical 

stress is applied in increments of 60 MPa up to a maximum of 360 MPa. Each 

increment is held for approximately 100sec and then stress is released in same steps; 

while JG is simultaneously measured. Both compressive and tensile stresses are 

applied. 

3.3.2 Results on Gate Current Stress Sensitivity Measurement 

The gate current density JG increases with applied tensile stress and decreases 

with compressive stress and returns to its initial unstressed value when the stress is 

released, for all applied reverse gate biases. This indicates an irreversible change in JG 
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observed entirely due to the applied mechanical stress and not due to any other 

transient effects such as charge trapping. Normalized change in JG, ΔJG/JG, is plotted 

(solid line) along with applied mechanical stress (dashed line) for VGS= -0.25V and VGS= 

-4V in Figure 3-10 (A, B) respectively. JG is averaged at each stress incremental step 

over the time each step was applied and average normalized change, ΔJG/JG, is plotted 

versus applied mechanical stress for each gate bias. Figure 3-11 (A, B) represents such 

a plot for VGS= -0.25V and VGS= -4V.  99% confidence index is used to estimate the 

uncertainty in JG measurement and is indicated as errors bars. A linear fit to the plot is 

obtained by weighted total least square analysis. The stress sensitivity of JG is given by 

the slope of this linear fit and is found to decrease from 1.7±0.3% /100 MPa at VGS= -

0.25V to 0.6±0.1% /100 MPa at VGS= -4V. JG stress sensitivity is estimated and is 

plotted as a function of each applied reverse gate bias represented (as data points) in 

Figure 3-12. It can be inferred that stress sensitivity of JG decreases with increase in 

applied reverse gate bias. 

3.3.3 Gate Current Measurement as a Function of Temperature 

In order to analyze dominant gate leakage transport mechanisms in AlGaN/GaN 

HEMT, DC characterization of gate current as a function of temperature is performed. 

JG is measured by sweeping VG from -5V to 0V at VDS=0V at different chuck 

temperatures, varying from 300K to 400K in steps of 25K, inside Lakeshore cryostat. 

Since PF emission is a thermal assisted phenomenon whose efficiency increases with 

increase in temperature, JG measurement was done at temperatures higher than room 

temperature. JG is observed to increase with increase in chuck temperature as shown in 

Figure 3-13. 
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3.3.4 Discussion on Gate Leakage Mechanism 

The gate leakage mechanism in AlGaN/GaN HEMT is widely discussed in 

literature and several transport mechanisms have been proposed, for e.g. Direct or 

Fowler-Nordheim (F-N) tunneling [60–62], thermionic emission [15-16], trap assisted 

tunneling [62], [64], multi-step trap assisted tunneling [65], Poole-Frenkel (PF) emission 

[66–68] and tunneling through a thin surface barrier [69]. The stress sensitivity of JG, 

estimated in the previous section, can be understood by analyzing the dominant gate 

leakage mechanism. The temperature dependence of gate leakage (Figure 3-13) helps 

to get an insight into probable dominant leakage mechanism by comparing 

measurement with gate leakage transport models. Simulations indicated that F-N 

tunneling and thermionic emission models underestimate experimentally measured JG , 

while PF emission model closely matches with it for the gate bias |VG| < |VTH| [38]. 

Hence Poole-Frenkel (PF) emission model is analyzed in detail to understand gate 

leakage transport in AlGaN/GaN HEMTs for |VG| < |VTH|, and stress sensitivity of gate 

leakage is explained. 

Poole Frenkel Emission. Poole Frenkel emission is the electric field-assisted 

emission of trapped charges into conduction band. This mechanism is manifested when 

the Coulombic potential barrier for the trapped charge is lowered due to applied field 

and trapped charge can easily be emitted into the conduction band. The general 

expression for PF emission current is given by [24,25] –  

𝐽𝑃𝐹 = 𝐶𝐸𝐴𝑙𝐺𝑎𝑁𝑒𝑥𝑝 [−
𝑞∅𝑇−𝛽√𝐸𝐴𝑙𝐺𝑎𝑁

𝑟𝑘𝑇
]                            (3-4) 

𝛽 = √
𝑞3

𝜋𝜖0𝜖𝐴𝑙𝐺𝑎𝑁
                                      (3-5) 
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Here C is proportionality constant based on mobility and density of states, ΦT is the trap 

activation energy, ϵ0 is the vacuum permittivity, ϵAlGaN is the relative permittivity of the 

AlGaN, EAlGaN is the electric field in AlGaN layer. The factor ‘r’ is referred to as the 

compensation parameter with 1 < r < 2, depending upon the density of deep acceptor 

traps in the host material. The acceptor traps compensate the donor traps and 

effectively lower the Fermi level between donor trap level and conduction band, thus 

reducing free carrier concentration contributing in PF emission. For limiting cases, ‘r’ 

assumes a value of 1 if acceptor density is high enough to compensate approximately 

all donor traps and lowering the Fermi level to donor trap level while ‘r’ is equal to ‘2’ if 

there are no acceptor traps and all donor traps participate in PF emission [14-15]. Traps 

are distributed both in energy and space in AlGaN. Traps participating in PF emission 

are assumed to reside close to the AlGaN surface near the metal Fermi level and hence 

are filled otherwise thermal emission of carriers from metal into traps would have to 

occur. Thus leakage current is limited by the emission into conduction band. 

Trap activation energy ΦT can be estimated by taking natural log of Equation 3-4 

which gives the linear form of PF model as follows – 

ln (
𝐽𝑃𝐹

𝐸𝐴𝑙𝐺𝑎𝑁
) =

1

𝑟𝑘𝑇
𝛽√𝐸𝐴𝑙𝐺𝑎𝑁 −

𝑞∅𝑇

𝑟𝑘𝑇
+ ln 𝐶                 (3-6) 

𝑠𝑙𝑜𝑝𝑒   𝑚(𝑇) =
𝛽

𝑟𝑘𝑇
                                         (3-7) 

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡  𝑏(𝑇) = −
𝑞∅𝑇

𝑟𝑘𝑇
+ ln 𝐶                               (3-8) 

Temperature dependence of gate leakage (Figure 3-13) is re-plotted using the above 

analysis as the natural logarithm of JG divided by electric field versus square root of  
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electric field for |VG| < |VTH| and a linear fit is obtained as shown in Figure 3-14. The 

linearity of this plot signifies that PF emission is the dominant mechanism for gate 

current transport for the specified voltage range. Experimentally determined 1D EAlGaN 

values from [74] and high frequency permittivity of AlGaN, εAlGaN = 5.1 [75], are used for 

the analysis. From the slope of linear fit m(T) vs. 1/T plot, the value of compensation 

parameter ‘r’ using Equation 3-7 is evaluated to be 1.07±0.02 which signifies high 

acceptor compensation. The y-intercept b(T) of linear fit vs. 1/T plot gives trap activation 

energy using Equation 3-8 to be ΦT = 0.40 ± 0.05 eV. This is effective activation energy 

of traps participating in PF emission. The uncertainties in ΦT and ‘r’ are evaluated from 

the uncertainties in slope and y-intercept of linear fit obtained. Since traps are assumed 

to exist near metal Fermi level and the Ni/AlGaN Schottky barrier is ~1.4eV, a trap level 

of ~0.4eV suggests that emission of trapped charges does not occur into the conduction 

band of AlGaN. Instead PF emission occurs from trap state into a dislocation band 

which exist 0.4eV above the trap state and provides a conductive path for the leakage 

current from metal to the channel as shown in Figure 3-15. AlGaN/GaN HEMT have a 

high density of threading dislocations which could possibly provide conductive 

dislocation bands for PF emission. 

Stress sensitivity of JG can be understood by the following analysis of PF 

emission dominant gate current, 

𝐽𝑃𝐹(𝜎) = 𝐶𝐸𝐴𝑙𝐺𝑎𝑁𝑒𝑥𝑝 (−
𝑞∅𝑇+∆∅𝑇(𝜎)−𝛽√𝐸𝐴𝑙𝐺𝑎𝑁

𝑘𝑇
) = 𝐽𝑃𝐹(0)𝑒𝑥𝑝 (

∆∅𝑇(𝜎)

𝑘𝑇
)(3-9) 

∆𝐽𝑃𝐹(𝜎)

𝐽𝑃𝐹(0)
=

𝐽𝑃𝐹(𝜎)−𝐽𝑃𝐹(0)

𝐽𝑃𝐹(0)
= 𝑒𝑥𝑝 (

∆∅𝑇(𝜎)

𝑘𝑇
) − 1                 (3-10) 
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Here JPF(σ) is the PF emission dominant gate current under stress ‘σ’ and JPF(0) is the 

current under no stress. ΔΦT and Δr are the mechanical stress related changes in trap 

level and compensation parameter respectively. Increase in JG with applied tensile 

stress, as shown in Figure 3-11, can be explained by resultant decrease in ΦT and trap 

level moves closer to conductive dislocation band. This potentially decreases acceptor 

compensation and thus increasing value of ‘r’.  Similarly with applied compressive 

stress, ΦT increases and ‘r’ decreases resulting in decrease in JG. By solving Equation 

3-10 simultaneously at biases VGS= -0.5V and -1V, changes in ΦT and ‘r’ are estimated 

to be ΔΦT = -0.26±0.07 meV/100 MPa and Δr = 0.0017±0.0001/100 MPa. As indicated, 

tensile (compressive) stress decreases (increases) ΦT and increases (decreases) ‘r’. 

The bias points selected are in the range where gate leakage is PF emission dominant. 

Simulated ΔJPF(σ)/JPF(0) using Equation 3-10 offers a reasonable fit to the 

experimentally measured JG stress sensitivity as shown in Figure 3-12 (solid line). Small 

observed discrepancy in the fit at low VG can be due to the presence of reverse current 

prominent at lower gate biases. There is relatively high E-field in AlGaN layer (0.75 

MV/cm) at zero gate bias due to the presence of polarization, which can potentially 

produce forward gate current at zero gate bias. Yan et. al. [68] proposed existence of a 

reverse current JR, JR∝ exp(α𝜖3/2/EAlGaN) where α is a constant, which is of equal 

magnitude to balance the gate current at equilibrium or zero gate bias. This reverse 

gate biases decreases with higher gate biases. 

For |VG| > |VTH|, EAlGaN at the gate center begins to saturate while continues to 

increase at the edges and thickness of the AlGaN potential barrier reduces with 

increase in revere gate bias [74]. As a result, Fowler-Nordheim (F-N) tunneling will 
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occur at the gate edges while PF emission will dominate in the middle of gate. F-N 

tunneling current becomes significant for EAlGaN > 3MV/cm [76].The stress dependence 

of FN tunneling is prominently due to out-of-plane effective mass, which is relatively 

independent of stress [77]. This potentially explains the decrease in stress sensitivity of 

JG with increasing reverse gate bias. At extremely high E-fields at which device 

degradation occurs, the gate leakage will likely be dominated by FN tunneling. 

3.4 Summary 

This chapter investigates the effect of longitudinal uniaxial externally applied 

mechanical stress on electrical parameters, such as channel resistance and gate 

leakage current, of AlGaN/GaN HEMT by eliminating the charge trapping effects and 

utilizing a four-point wafer bending set up. Wires are bonded to the device pads to 

simultaneously perform electrical measurements while mechanical stress is being 

applied incrementally. An accurate estimation of gauge factor for AlGaN/GaN is found to 

be G.F. = -2.8 ±0.4, by illuminating the device with a filtered UV light (phonon energies 

within GaN bandgap). Negative value of G.F. indicates that tensile (compressive) stress 

decreases (increases) the channel resistance. A small value of G.F. can be attributed to 

small changes in carrier concentration and carrier mobility due to applied mechanical 

stress. 

Mechanical stress sensitivity of gate current decreases with increasing reverse 

gate bias. Tensile (compressive) stress increases (decreases) gate current for all 

applied gate biases (VGS= -0.25V to -4 V). PF emission dominates gate leakage 

transport for |VG|<|VTH| and stress sensitivity of gate current is attributed to variation in 

trap activation energy and compensation factor under the applied mechanical stress. 
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For |VG|>|VTH|, E-field at the gate edges increases due to 2D effects, and FN tunneling 

is likely to dominate gate leakage. 

  



 

52 

Table 3-1. Best fit material coefficient values for AlN and GaN [58]. 

Material Coefficients 

GaN Piezoelectric: [78]     e14 = 0.375 C/m2 
                                  e15 = e31 = -(1/√3)e14 = -0.217 C/m2 
                                  e33 = -2e31 = 0.433 C/m2 

Elastic: [79]               c11 = 365 GPa 
                                  c12 = 135 GPa 
                                  c13 = 114 GPa 
                                  c33 = 381 GPa 
                                  c44 = 109 GPa 
                                  c66 = 115 GPa 

 

AlN 

 

Piezoelectric: [80]     e15 = e24 = -0.48 C/m2 
                                  e31 = e32 = -0.58 C/m2 
                                  e33 = 1.55 Cm2 

 

Elastic: [81]               c11 = 410 GPa 
                                  c12 = 140 GPa 
                                  c13 = 100 GPa 
                                  c33 = 390 GPa 
                                  c44 = 120 GPa 
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Figure 3-1. Schematic of four-point mechanical wafer bending set up. As indicated, top 

surface is under tensile stress while bottom surface is under compressive 
stress. A neutral axis exists at the center of the bent sample, which is a zero 
mechanical stress axis. 

 
 
Figure 3-2. Four-point mechanical wafer bending fixture. A) Top plate and bottom plate 

based bending set up B) Flexure-based bending set up. 
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Figure 3-3. Calibration of stress applied by four-point flexure-based bending set up 

using a strain gauge mounted on top of wafer, under stress. As shown, stress 
applied by bending set up is elastic. 

 
 
Figure 3-4. A 15% reduction in channel resistance is observed during 1200 seconds of 

measurement under optical illumination with incandescent microscope light. 
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Figure 3-5. Experimental setup to measure stress sensitivity of channel resistance (Rch), 

i.e. gauge factor, while illuminating with sub-bandgap photon energies using a 
filtered UV light to eliminate influence of charge trapping without 
photogenerating band-to-band electron-hole pairs. 

 
 
Figure 3-6. Measured channel resistance (Rch) stabilized to less than 0.02% variation 

over 1500 seconds of measurement under illumination with filtered UV light. 
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Figure 3-7. Change in normalized Rch measured while incrementally applying 

longitudinal uniaxial stress. [Reprinted, with permission, from A.D. Koehler, et 
al., IEEE Elec. Dev. Lett., Vol. 31, pp. 665-667, Figure 2, July 2010] 

 
 
Figure 3-8. Normalized ΔRch measurements averaged at each increment of applied 

stress. Error bars represent 99% confidence interval of uncertainty in the 
measurement. 
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Figure 3-9. Measured JG stabilized before applying external mechanical stress. 
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Figure 3-10. Normalized change in JG for incrementally increasing and decreasing 

longitudinal uniaxial mechanical stress for gate biases A) VG = -0.25V and B) 
VG = -4 V. 

  



 

59 

 
 
Figure 3-11. Normalized change in JG averaged at each increment of applied stress, for 

gate biases A) VG = -0.25V and B) VG = -4 V. Error bars represent 99% 
confidence interval of uncertainty in the measurement. 
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Figure 3-12. Experimental and simulated mechanical stress sensitivity of JG (per 100 

MPa of stress), including ΦT and r variation with mechanical stress, as a 
function of reverse gate bias. 
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Figure 3-13. Measured JG vs. VG for different chuck temperatures from TC = 300K to 

400K. 

 
 
Figure 3-14. PF plot showing linear fit to the measured JG vs. VG data for TC = 300 K to 

400 K. 

  



 

62 

 
 
Figure 3-15. Schematic of PF emission through a dislocation band and conceptual 

reverse current in AlGaN/GaN HEMTs. 
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CHAPTER 4 
TIME-DEPENDENT ELECTRICAL DEGRADATION OF ALGAN/GAN HEMT 

4.1 Background 

4.1.1 Literature Review on Device Degradation by Electrical Step Stress 

Several device electrical parameters can be measured as signatures for device 

degradation. Electrical degradation in AlGaN/GaN HEMT due to DC stressing has been 

characterized by changes measured in different device parameters, such as increase in 

source and drain resistance, decrease in saturation drain current, decrease in Gm, VT 

shift and sub-threshold change [37], [56], [81-82]. An incremental technique to study 

degradation in these devices is termed electrical step stress test whereby voltage on the 

device is incremented until a critical voltage is determined [30]. J. Joh et al performed a 

step-stress experiment on GaN HEMT with LG=0.25μm, where gate bias was stepped 

from VGS=-10V to -50V while keeping VDS=0V. At this condition no channel current flows 

in the device, and at a critical voltage, degradation in several device characteristics 

starts sharply and increases as the stress proceeds, as shown in Figure 4-1 [30]. A RF 

stress experiment in these devices can also cause degradation in IDMAX and output 

power. A GaN HEMT biased under class AB condition at VDS=30V or 40V, was stressed 

at input power for which gain compression was 3dB. The degradation of Pout after initial 

burn in is shown in Figure 4-2 [84]. In another study [85], an AlGaN/GaN HEMT sample 

was electrically stressed by applying current stress pulses on drain terminal while under 

floating gate and grounded gate condition. Catastrophic device degradation is typically 

accompanied by significant increase in gate current and decrease in RS and RD which is 

indicative of degradation of both Schottky and ohmic contacts. This has been 
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hypothesized to occur due to critical temperature increase caused by power dissipation 

under high current levels used for stressing. 

4.1.2 Models for AlGaN/GaN HEMT Device Degradation 

Electrical degradation in AlGaN/GaN HEMT due to DC stressing has been 

characterized by changes measured in different device parameters, such as increase in 

source and drain resistance, decrease in saturation drain current, decrease in Gm, VT 

shift, sub-threshold change and increase in gate leakage [30], [37], [86]. Two theories, 

explaining the cause of electrical degradation in GaN HEMT, have been published in 

the literature. According to one popular theory, such degradation is widely accepted to 

be electric field-driven and is attributed to the stress resulting from the inverse 

piezoelectric effect due to the applied field [30], [38], [88-90]. According to this theory, 

electric field due to an applied voltage generates a tensile stress in the AlGaN layer 

which along with intrinsic stress in the device due to lattice mismatch, increases the 

elastic energy of AlGaN layer. When total elastic energy of AlGaN layer reaches a 

critical value, it undergoes strain relaxation through crystallographic defect formation 

under the gate edge where peak electric field occurs [37]. Another theory associates 

electrical degradation of GaN HEMTs to thermal or chemical reaction occurring at the 

metal-semiconductor interface resulting in diffusion of gate metal into the semiconductor 

layer [87], [91] or consumption of interfacial oxide present at the metal-semiconductor 

interface [92]. Hence the interfacial chemical reaction occurring in this case is a field 

driven mechanism. Gate sinking or gate metal in-diffusion into the semiconductor bulk is 

a well-known effect in III-V HEMTs causing degradation [39], [40] and resultant variation 

in the Schottky interface characteristics [93]. The analysis of device degradation upon 

electrical stressing is severely complicated due to trapping phenomena occurring during 
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device operation. One of the widely accepted models is the “virtual gate” model [19]. 

According to this model, surface states between the drain and gate may capture 

electrons during high drain-field stressing. These trapped charges act as a virtual gate 

causing localized depletion of 2DEG and resulting in an increase in the drain resistance 

and decrease in the drain current. 

4.1.3 Role of Threading Dislocations in AlGaN/GaN HEMT 

Dislocations are chains of discontinuities in a semiconductor material crystal, 

which provide preferential paths for either material diffusion or charge migration [32], 

and hence can influence the device electrical properties. Epitaxially grown GaN films 

contain a high density of threading dislocations, about 105-106 cm-2 [32]. Types of 

threading dislocations associated with hexagonal shaped crystals such as GaN are- 

edge type, screw type and mixed type. The threading dislocations are normally oriented 

along the c-axis of the material. They are believed to affect device performance in GaN 

HEMTs by reducing carrier mobility [94], [95] and by increasing leakage current [96], 

[97].  A dislocation core can be filled up with excess Ga atoms or impurities, thus 

modifying the core structure and creating new energy states in the material bandgap 

[98]. The dangling bonds along an edge dislocation line can act as electron acceptor 

sites which can be filled by electrons from the 2DEG. These negatively charged sites 

induce electron scattering and reduce carrier mobility in the channel. Resultantly, the 

occurrence of trap sites reduces the density of free charge carriers in the channel. The 

gate leakage current in GaN HEMTs is directed vertically across the AlGaN layer and is 

enhanced by the presence of dislocations. Dislocations in AlGaN are presumed to be 

similar to or follow most of those from GaN layers. The strain in the AlGaN layer 

generated due to lattice mismatch are believed to bend threading dislocations in the 
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layer slightly along the growth direction but do not obstruct the propagation path to the 

device surface [98]. 

Several studies have reported electrical conduction through such threading 

dislocations [99–101], proving them to be highly charged. A study by Y. Kamimura [102] 

shows a large amount of conduction through threading dislocations in a GaN single 

crystal, grown using hydride vapor phase epitaxy followed by the epitaxial lateral 

overgrowth technique. A sample of this crystal was deformed by 5% under a uniaxial 

compression. The density of dislocations or spots increased to 109 - 1010 cm-2. The 

electrical conduction along these dislocations studied using scanning spreading 

resistance microscopy (SSRM) indicate current values at these spots 1000 to 100 times 

higher than the surrounding area as shown in Figure 4-3 [102]. Hence due to such a 

high current flow, these dislocations may act as hot spots leading to localized heating. 

Hsu et. al. [103] have also reported similar high current density through screw 

dislocations in GaN, several orders of magnitude higher in samples grown under Ga-

rich conditions than under N-rich conditions. 

Device degradation observed in GaN HEMTs under electrical stressing can be 

attributed to an increase in threading dislocation density when the electric field in the 

device reaches a critical value or the high current propagating through these 

dislocations induces an electro-chemical reaction at the gate-semiconductor interface. 

Increased density of dislocations provides additional propagation paths for reverse bias 

gate current, hence increasing the gate leakage. Occurrence of additional trapping sites 

due to increase in threading dislocations induces additional electron scattering and 

reduction of free charge concentration in the channel, hence causing decrease in drain 
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current and increase in Ron.  A close link between the surface pits acting as leakage 

paths and physical device degradation near the gate edge was recently observed by 

Bajo et.al. [104] in a GaN HEMT sample with LG=0.6μm and Ni/Au gate and stressed at 

VDS= -40V and VGS= -15V. 

4.2 Electrical Step Stress with Varying Time-Step 

As discussed in Section 4.1, the onset of electrical degradation in AlGaN/GaN 

HEMTs has been studied by conducting an electrical step stress experiment [30], [59], 

[48]; where the electrical bias is stepped incrementally while simultaneously monitoring 

an electrical parameter. The voltage at which the device undergoes a sudden increase 

in the degradation of the electrical parameter is termed the critical voltage (Vcrit). 

However, it has not been proven that the so-called critical voltage is actually a 

threshold, independent of the duration of the voltage step. A modified electrical step 

stress experiment is conducted in this work where a set of degradation tests are 

performed with varying time-steps (or length of time for which each voltage step is 

applied) and the ‘critical voltage’ is determined for each test. The main objective is to 

investigate the effect of varying the time-steps on the ‘critical voltage’ at which device 

degradation occurs. If the so-called critical voltage varies as a function of the time-step, 

then the picture of degradation cannot be as simple as a single critical voltage. 

Understanding the time dependence may provide insight into the complex degradation 

mechanism that determine the reliability of AlGaN/GaN HEMTs. 

4.2.1 Experimental Procedure 

A 150 μm wide, 2-finger Al0.28Ga0.72N/GaN HEMT grown on SiC substrate, with 

gate length LG=1μm, Ni/Au gate and SiNX passivation is used for this experiment. 

Electrical step stress is performed by stepping the reverse gate bias in steps of -



 

68 

1V/step, beginning with VGS=-10V at VDS=0V and at room temperature. The length of 

time for each voltage step is varied as t=10sec, 100sec, 500sec and 1000sec for four 

different tests performed separately on four identical devices for comparison. Devices 

are assumed to be identical if they demonstrate similar electrical characteristics before 

the electrical stress, such as saturation drain current, threshold voltage, and gate 

leakage current. The gate current IG is simultaneously monitored while the voltage step 

stress is applied using a Keithley 4200 semiconductor characterization system with the 

IG compliance set at 100 μA to prevent internal heating of the device. A user-defined 

module is coded, compatible to run with Keithley’s KITE platform, to apply any desired 

voltage step stress. 

4.2.2 Results and Discussion 

All four step-stress tests depict IG trapping transients at each voltage step prior to 

breakdown. When a critical voltage is reached, a sudden increase in IG is observed 

indicating onset of irreversible degradation. This is followed by multiple smaller jumps in 

IG and IG continues to increase beyond the ‘critical voltage’ until it hits the set current 

compliance limit. This indicates that once initiated, device degradation continues to 

proceed until compliance is reached which is preset on the Keithley 4200 to protect the 

instrument. Figure 4-4 depicts IG degradation due to electrical step stress with 

100sec/step time-step. It is observed that the critical voltage at which IG begins to 

degrade depends on the time-step (or length of time for each applied voltage step) and 

it decreases with increase in time-steps as shown in Figure 4-5. Devices that are 

electrically step stressed with longer time-steps begin to degrade sooner (at smaller 

critical voltage) than the devices that are step stressed with smaller time steps. Figure 

4-6 shows a plot indicating linear dependence between critical voltage or breakdown 
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voltage (from each electrical-step stress test) versus square root of corresponding time-

step. This implies that a diffusion phenomenon may be playing a role in determining the 

critical voltage for a device because Fick’s mathematical model for diffusion shows a 

√(time) dependence, as described in detail in Chapter 5. There exists a thin oxide layer 

at the gate-metal/semiconductor Schottky interface. It can be hypothesized that this 

oxide layer undergoes a diffusion due to excessive strain under the gate from the high 

electrical field (from the applied voltage step) or due to the presence of threading 

dislocations that potentially act as hot spots. A longer time-step (at each voltage step) 

allows more time for slow diffusion of the oxide layer at each voltage step, until the 

oxide layer weakens, loses its integrity and ruptures potentially around the threading 

dislocations. This is observed as a sharp increase in IG and marked by a critical voltage. 

Hence, the electrical step stress test with longer time-step gives a smaller critical 

voltage for the device. The inset of Figure 4-4 shows the time evolution of IG during the 

‘critical voltage’ step for electrical step stress test with 100 sec/step time-step. It is 

observed that the gate current undergoes significant enhancement not immediately but 

after some elapsed time of the application of the critical voltage indicating that 

degradation in AlGaN/GaN HEMTS is time dependent. The diffusion of oxide layer is 

potentially a time-dependent phenomenon.  

4.3 Summary 

A detailed literature review of existing models for AlGaN/GaN HEMT degradation 

is presented in this chapter. AlGaN/GaN HEMTs are known to have a high density of 

threading dislocations, generated during epitaxial growth. The role of threading 

dislocations is discussed in this chapter. They are believed to affect device performance 
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in GaN HEMTs by reducing carrier mobility and by providing leakage paths for high gate 

current which may act as hot spots leading to localized degradation within the device. 

In addition, a modified electrical step stress experiment is presented to 

investigate the effect of time step on the ‘critical voltage’ at which the gate current 

increases abruptly. It is inferred that the critical voltage decreases with increase in 

length of time-steps indicating a time-dependent electrical degradation in the 

AlGaN/GaN HEMT. A linear dependence of the critical voltage on the square root of 

time-steps may imply that a diffusion phenomenon is playing a role in determining the 

critical voltage for the device. 
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Figure 4-1. Changes in normalized IDMAX, RD, RS, IGstress, and IGOFF versus voltage step 

at VDS=0V state in a step-stress experiment [30]. 

 
 
Figure 4-2. Output power degradation during RF stress of AlGaN/GaN HEMT with field-

plated gate [84]. 
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Figure 4-3. SSRM images of (A) undeformed and (B) 5% deformed samples 

respectively [105]. 

 
 
Figure 4-4. IG degradation of AlGaN/GaN HEMT at VDS=0V during electrical step stress 

test with 100sec/step time-step. Inset shows IG progression during “critical 
voltage” step, indicating time dependent degradation of IG. 
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Figure 4-5. Dependence of “critical voltage” (voltage at onset of IG breakdown) on time-

step (length of time for each applied voltage step) in electrical step stress test. 

 
 
Figure 4-6. Linear dependence between “critical voltage” and square root of the time-

steps indicates potential role of diffusion phenomenon in determining critical 
voltage. 
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CHAPTER 5 
STRAIN RELAXATION IN AlGaN/GaN HEMT 

5.1 Review of Strain Relaxation in Heterostructures 

Heterostructures, such as Si/SiGe superlattices, or compositionally modulated 

films under excessive strain undergo relaxation to lower the system energy either 

though attaining homogeneity of the entire structure [106] or generation of misfit 

dislocations at the interface [107]. Both of these mechanisms tend to compete, and the 

one with more favorable kinetic conditions takes place in the heterostructures. Strained 

structures relax to lower energy or less-strained state when an external excitation is 

applied such as temperature, electrical bias, and mechanical stress. The strain in such 

structures is generated due to varying factors, such as lattice mismatch between 

epitaxially grown layers [108], compositional gradient [109], thermal mismatch during 

annealing or self-heating [110], or in some cases inverse-piezoelectric effect such as in 

GaN HEMTs [30]. 

5.2 Strain Relaxation through Trap Generation 

In as-grown structures, stress arises mainly due to lattice mismatch or 

compositional gradient (Si-SixGe1-x) and is dependent on growth conditions, composition 

and layer thickness and leads to the formation of misfit dislocations at the hetero-

epitaxial interfaces [111–114]. In cases where stress is accommodated by an array of 

dislocations near the edge in the as-grown state, there is tendency to relax by 

generating additional misfit dislocations which depends on the initial dislocation density 

in the structure. Dislocations present at the interface play a catalytic role in the 

generation of additional dislocations. It has been proposed by Hagen and Strunk [115] 

and Vdovin el al. [116] that when an orthogonal network of dislocations is present, the 
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intersection between the dislocations with identical Burger vectors can be a source for 

dislocation multiplication. Misfit dislocations when present in the active areas of a device 

can be electrically active and may act as generation-recombination centers and facilitate 

dislocation multiplication to achieve strain relaxation. The kinetics of trap generation can 

be expressed through trap generation and recombination rate equations and hence 

gives the transient nature of strain relaxation. The strain relaxation through dislocation 

multiplication in III-V material system can occur through condensation of point defects, 

dislocation half loop glide, and edge dislocation tilt [117]. 

5.2.1 Rate of Dislocation multiplication 

As mentioned before, a strained-layer structure may be subjected to loading 

conditions of biaxial shear strain through internal lattice misfit, thermal strain, external 

mechanical strain, or strain due to inverse piezoelectric nature. Strain relaxation occurs 

through introduction of a network of additional misfit dislocations at the overlay 

interface, if the kinetic barrier of such an event is lowered [118–121]. The energy barrier 

for strain relaxation can be lowered by external excitation such as applied temperature, 

electrical bias or externally applied mechanical stress. Such strain relief is proportional 

to the dislocation density and is analytically given via the following kinetic model [118], 

𝑑 (𝑡)

𝑑𝑡
= 𝑏

𝑑𝜌𝑚

𝑡
                                                  (5-1) 

Here ε is the degree of strain relaxation, ρm is the density of misfit dislocations, 

and b is the magnitude of the Burger vector. The strain relaxation via dislocation 

multiplication can be understood by the phenomenological model developed by 

Alexander and Haasen [119] for dislocation dynamics. According to this model, the 
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effective stress in a strained layer driving dislocation motion induces a dislocation glide 

velocity ν which is thermally activated and dependent on the local stress as [118], 

𝑣 ∝ 𝜎𝑒𝑓𝑓 . 𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝑇
)                                           (5-2) 

Here EA is the activation energy of the dislocation glide velocity, and σeff is the 

effective stress in the epitaxial layer. In AlGaN/GaN HEMTs, additional stress in the 

layer can result from applied electrical bias due to the inverse piezoelectric effect, 

thermal mismatch during device operation, or externally applied mechanical stress. The 

strain relaxation occurs through multiplication of moving dislocations that occurs in 

proportion to their moving length and the distance travelled. Under thermally activated 

glide velocity and local strain field, the rate of dislocation multiplication is given as [119] 

𝑑𝜌𝑚

𝑑𝑡
∝ 𝜌𝑚. 𝑣. 𝜎𝑒𝑓𝑓                                            (5-3) 

5.2.2 Dislocation Motion and Dislocation Glide Velocity in Heterostructures 

The activation energy EA of the dislocation glide velocity is expected to be 

dependent on the bond energy because the dislocation glide motion occurs via a bond 

breaking process [122]. Hence EA depends on the lattice energy or the cumulative bond 

energy of the crystal. Figure 5-1 [122] represents EA for different types of dislocations in 

III-V binary compounds which increases linearly with lattice energy. The α-dislocations 

have the largest mobility and hence are expected to dominate the degradation rate 

[122]. GaN-based materials have a high density of threading dislocations parallel to the 

c-axis of the GaN wurtzite crystal. These dominant threading dislocations have parts on 

the (0001) basal plane and are highly mobile and hence may dominate the degradation 

of AlGaN/GaN HEMT under the influence of enhanced stress in the epitaxial layer. As 
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mentioned before, the enhanced stress in AlGaN/GaN HEMT may occur due to applied 

bias and thermal mismatch during device operation or externally applied mechanical 

stress. EA for GaN semiconductor is found to be ~ 2.1eV from the plot of EA vs. lattice 

energy in Figure 5-1. 

5.3 Strain Relaxation through Diffusion 

5.3.1 Fick’s Diffusion Model 

The one-dimensional diffusion process follows Fick’s laws of diffusion and can be 

formulated in terms of a rate of increase in concentration (of diffusant) with time as 

follows [123] 

𝛿𝑁

𝛿𝑡
= 𝐷

𝛿2𝑁

𝛿𝑥2                                                    (5-4) 

Here D is the diffusion coefficient or diffusivity which is temperature dependent and is 

assumed to be independent of position. N is the concentration of the impurity species. 

In semiconductors, the solution to the partial differential equation in Equation 5-4 is 

obtained using two specific boundary conditions.  

The first boundary condition is a constant-source that corresponds to a constant 

concentration of impurity (or diffusant) at the surface of the semiconductor epilayer. For 

a semi-infinite wafer with N0 impurity concentration at the surface, the solution to 

Equation 5-4 is given by a complementary error function as [124]     

𝑁(𝑥, 𝑡) = 𝑁0𝑒𝑟𝑓𝑐 (
𝑥

2√𝐷𝑡
)                                       (5-5) 

The diffusion front (x) continues to proceed into the semiconductor bulk with time (t), 

while the surface concentration is assumed to remain constant and supplies a continual 

flow of diffusant atoms into the bulk. Another boundary condition relates to a limited-
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source which implies that the impurity concentration at the surface (supplying diffusant 

atoms) is limited. It can be mathematically modeled as an impulse function and is 

referred to as a total dose ‘Q’. The solution to the basic diffusion equation in Equation 5-

4 in this case is given by a Gaussian distribution as [124] 

𝑁(𝑥, 𝑡) =
𝑄

√𝜋𝐷𝑡
𝑒𝑥𝑝 [− (

𝑥

2√𝐷𝑡
)

2
]                               (5-6) 

As the diffusion front (x) moves with time (t), the surface concentration decreases while 

the total dose ‘Q’ of impurity diffusing into the semiconductor bulk remains constant.  

5.3.2 Self-Diffusion and Inter-Diffusion in Heterostructures 

When an energy barrier to trap generation exists, strain relaxation may occur 

through strain-enhanced diffusion in the structures. As in Si-Ge superlattices [125], such 

tetragonal strain is relieved by causing Ge to out-diffuse into the substrate, reducing 

strain and resulting in homogenization at the interface. Strain-enhanced diffusion is a 

well-studied phenomenon in metallic systems. Cahn [126] proposed that an increase in 

elastic energy in such systems due to excess strain is seen to act as the driving force 

for the diffusion to relieve strain. Spaepen [127] discussed that such strain-enhanced 

diffusivity is proportional to the second power of strain and the Young’s modulus. The 

non-linear and transient nature of the strain-enhanced diffusion phenomenon arises 

from the dependence of diffusion on the concentration of diffusing material that changes 

with time as the diffusion proceeds. Also, diffusion is influenced by the density of misfit 

dislocations that may be present in the structures or may be generated during strain 

relaxation. 
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5.3.3 Effect of Traps on Diffusion Rate 

Cowern et.al. [128] quantitatively studied the defect-mediated diffusion in Si/SiGe 

heterostructures via vacancy and interstitials injection. In a strained-layer, the diffusivity 

generalizes to [128] 

�̂� = 𝐷(𝑖)𝑒𝑥𝑝 (−
𝐸(𝑖)

′

𝑘𝑇
) + 𝐷(𝑣)𝑒𝑥𝑝 (−

𝐸(𝑣)
′

𝑘𝑇
)                    (5-7)   

Here D(i) and D(v) are diffusion coefficients related to interstitial and vacancy traps 

respectively under strain-free conditions, and E’(i) and E’(v) are the corresponding 

activation energies of diffusion for interstitial and vacancy-mediated diffusion, 

respectively. It was observed that in a Si-Ge superlattice, there is an increase in 

diffusivity of As as the lattice is compressed [129] and a corresponding decrease in 

diffusivity of B [130]. Interstitial defects cause an outward relaxation of the surrounding 

lattice, similar to in a Si lattice around migrating B interstitials, resulting in an increase in 

defect formation energy in a compressively strained lattice. This explains the decrease 

in B diffusion as the Si lattice is compressed. On the other hand substantial inward 

relaxation due to bulk vacancy defects causes a decrease in defect formation energy 

and corresponding change in activation energy of defect-mediated diffusion. Hence 

there is an increase in diffusivity of As in compressively strained Si lattice. 

Strain is inherent in the AlGaN/GaN HEMT due to lattice mismatch. An excessive 

strain can also be generated by the inverse piezoelectric effect during typical device 

operation which may lower the energy barrier for a diffusion process to occur in these 

devices. There exists an oxide layer at the metal/semiconductor junction in AlGaN/GaN 

HEMT. Activation energy of oxygen diffusion into the GaN epitaxial layer is reported to 

be 0.23 eV [131] while activation energy of dislocation motion in GaN is estimated to be 
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2.1 eV [122]. Hence an oxygen diffusion process is more likely to occur as a result of 

strain relaxation in AlGaN/GaN HEMT and may affect device reliability. A high density of 

threading dislocations can provide a low resistance path for the oxygen mediated 

diffusion process and an elevated temperature can accelerate the diffusion process by 

providing the required energy for the diffusion kinetics. 

5.4 Summary 

This chapter discusses the strain relaxation phenomenon widely observed in 

heterostructures, such as Si/SiGe and III-V heterojunctions. Heterostructures undergo 

relaxation to release excessive strain and lower system energy, either by trap 

generation or diffusion. These phenomena are aided by high density of already existing 

point defects and dislocations, temperature, as well as excessive strain. These 

mechanisms tend to compete, and the one with more favorable kinetic conditions 

dominates. This chapter reviews the models for strain relaxation through trap generation 

and strain relaxation through diffusion, published in literature. One dimensional diffusion 

models, based on Fick’s laws of diffusion, for two specific boundary conditions in 

semiconductors are also briefly described in this chapter. Strain relaxation due to a 

diffusion process is more likely to occur in AlGaN/GaN HEMT because of the lower 

activation energy of oxygen diffusion than the activation energy of dislocation motion in 

GaN and hence can potentially affect the device reliability.   
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Figure 5-1. Plot of activation energy of dislocation motion (EA) versus lattice energy in 

III-V materials [122]. 
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CHAPTER 6 
EFFECT OF ELECTRICAL BIAS, TEMPERATURE, MECHANICAL STRESS AND 

AMBIENT ON AlGaN/GaN HEMT TIME-DEPENDENT DEGRADATION 

6.1 Introduction and Research Objective 

To realize the potential of AlGaN/GaN HEMTS including its built-in polarization 

and wide band gap for high power and high frequency operation, the reliability of 

AlGaN/GaN HEMTS needs to be improved. Irreversible physical damages have been 

observed in these devices during typical operation causing permanent degradation of 

electrical parameters and compromising device reliability.  Electrical degradation in 

AlGaN/GaN HEMTs has been studied using voltage step stress measurements. Under 

such measurements, a “critical voltage” is observed at which a sharp increase in gate 

current occurs. Some studies, as discussed in previous chapters, associate such 

degradation to high electric fields generated at the critical voltage that creates a 

mechanical strain via inverse piezoelectric effect in addition to the inherent strain from 

lattice mismatch and causes crystallographic defect formation [30], [37]. Other groups 

explain this type of electrical degradation by an electric field-driven chemical reaction or 

thermal reaction occurring at the metal-semiconductor interface and potentially causing 

diffusion of gate metal or other chemical species into the semiconductor epitaxial layer 

[87], [91]. Thermal reactions based study of these devices has mostly focused on the 

thermal stability of the Schottky and Ohmic contacts during the annealing process [43], 

[44]. However temperature has also been shown to accelerate electrical degradation of 

AlGaN/GaN HEMTs by trap generation via thermal mismatch and hot electron effects 

[33]. In addition, F.Gao et.al. [132], [133] have observed that variations in the ambient 

condition significantly influences AlGaN/GaN HEMT degradation. The effect of ambient 

has been postulated as follows:  the presence of oxygen causes the oxidation of the 
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device surface while moisture can form a thin water layer on hydrophilic surfaces (such 

as AlGaN), and both of these processes are hypothesized to create new trapping 

centers at the interface [132], [133]. 

It can be seen that there exists a wide disagreement on a variety of fundamental 

degradation mechanism models. Hence there is a need for a more comprehensive 

study on AlGaN/GaN HEMT degradation occurring during device operation. The main 

objective of the work in this chapter is to conduct a systematic study of time dependent 

degradation observed in AlGaN/GaN HEMTs by varying electrical bias, temperature, 

mechanical stress and ambient conditions. As stated in previous chapters, electrical 

degradation can occur in AlGaN/GaN HEMTs even at voltages below the critical 

voltage, but it takes a longer time for the device to degrade at lower voltages than at 

higher voltages. This time dependence in device failure is key in understanding the 

degradation mechanisms. The strain relaxation phenomenon, discussed in detail in 

chapter 5, is typical to heterostructures. Excessive strain generated in epitaxial layers 

due to lattice mismatch, thermal mismatch, compositional variation, or by inverse 

piezoelectricity causes the heterostructure to undergo relaxation through trap 

generation or diffusion processes, potentially degrading its electrical performance. The 

rate of trap generation and diffusion depend on electrical bias, temperature, mechanical 

stress, and ambient and can give insight into the time dependent degradation observed 

in AlGaN/GaN HEMTs. These processes are kinetically triggered by application of 

electrical bias and temperature. Since strain is inherent to these processes, externally 

applied mechanical stress will also play an effective role in investigating these 

processes. Hence this work endeavors to gain an understanding of fundamental physics 
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behind degradation of AlGaN/GaN HEMTs through detailed experimentation using 

applied bias, temperature, mechanical stress and ambient and theoretical analysis. 

6.1.1 AlGaN/GaN HEMT Sample Description 

The AlGaN/GaN HEMT structure used in this study is shown in Figure 6-1. The 

heterostructure consists of a 15nm thick Al0.28Ga0.72N barrier layer on top of 2.25μm 

thick Fe-doped GaN buffer layer grown epitaxially on a substrate with ICP (inductively 

coupled plasma) etched 100nm mesas. Two types of samples are used, one grown on 

semi-insulating 6H SiC substrate and the other grown on Si substrate. There exists an 

unintentionally doped 0.3nm thick GaN cap layer on top of the AlGaN layer. Also, an 

AlN nucleation layer is present between the GaN layer and substrate to improve lattice 

mismatch. Source and drain ohmic contacts are made of Ti/Al/Ni/Au stack while Ni/Au 

form the Schottky gate contacts. The AlGaN/GaN HEMT test wafer has a reticle layout, 

and each reticle is comprised of four sub-reticles, A to D. Each sub-reticle is populated 

with one FATFET structure, one 1μm long centered gate HEMT structure, one sub-

micron off-centered gate HEMT, one sub-micron centered gate HEMT, one ungated 

HEMT site, isolation structures, van der Pauw test structures and Transfer Length 

Module (TLM) structures. Among the subreticles, the sub-micron gate lengths vary as 

(A) 100nm, (B) 125nm, (C) 140nm and (D) 170nm. All gated HEMT structures have 

150μm wide 2-finger gates. All structures have a wide-band gap SiNx passivation layer 

but no field plate. The source to drain spacing is 4μm and in devices with off-centered 

gate, the drain to gate spacing is 3μm. 

6.1.2 Sample Requirement for Experimental Study 

The AlGaN/GaN wafer sample was diced into smaller pieces for cost effective 

utilization of the sample for the experimental study. The effect of mechanical stress was 
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investigated by attaching a small wafer piece on a high carbon steel plate with a 

thermally conductive epoxy using the procedure described in chapter 3. The prepared 

sample is then inserted into a four-point wafer bending jig to apply mechanical stress. 

Since the wafer sample is ~400 μm thick and SiC (Young’s modulus of SiC = 460 GPa 

[134]) is a much stiffer material than Si (Young’s modulus of <110>(100) Si = 169 GPa 

[135]), it is difficult to transfer mechanical stress to the samples fabricated on SiC 

substrate using a steel plate in a wafer bending jig. Hence only the samples fabricated 

on Si substrate are chosen to study the effect of mechanical stress. All other 

experimental studies on time dependent degradation can be performed on samples 

fabricated on both Si and SiC substrate. For all time dependent degradation 

experiments, AlGaN/GaN HEMTs with 1μm gate length are utilized. Sub-micron devices 

have 2D edge effects in the E-field profiles under the gate and other short channel 

effects which can potentially complicate the study of the fundamental physics behind 

time dependent device degradation. However in some cases where no measurable 

effect of external conditions (such as ambient) on device degradation is observed in 

1μm gate length devices, sub-micron devices are utilized to gain further insight into 

possible failure mechanisms. 

In order to compare the effect of variations in an external parameter (electrical 

bias, temperature, mechanical stress or ambient) on time dependent degradation of 

AlGaN/GaN HEMT, identical devices need to be selected for each experimental study. 

This is accomplished by doing pre-degradation DC characterization of the devices. First 

DC characterization is conducted by measuring IG while sweeping VGS from -5V to 1V at 

VDS=0V and by measuring ID while sweeping VGS from -5V to 0V at VDS=0.1V. The 
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transconductance (Gm), threshold voltage (VTH), saturation drain current (IDSAT) from ID-

VGS measurement and forward and reverse gate current from IG-VGS measurement are 

compared and devices with similar electrical characteristics are chosen for the 

degradation study. It is assumed that devices with similar Gm, VTH, IDSAT and gate 

leakage current will exhibit similar degradation under identical external conditions or 

excitations. 

6.2 Effect of Electrical Bias on AlGaN/GaN HEMT Degradation 

6.2.1 Experimental Details 

The effect of electrical bias on AlGaN/GaN HEMT degradation is studied via 

constant voltage stressing (CVS). CVS offers a simpler way to study time dependent 

degradation over conventional step stress measurements in AlGaN/GaN HEMTs by 

monitoring the time evolution of an electrical quantity under constant applied bias. A 

reverse gate bias is applied at VDS=0V state on 1μm gate length AlGaN/GaN HEMTs 

grown on SiC substrate and gate leakage current is simultaneously monitored over time 

at room temperature. The critical voltage (Vcrit) determined from electrical step stress of 

these devices helps to ascertain the gate biases needed to capture the time dependent 

degradation within a reasonable time. These AlGaN/GaN HEMTs undergo degradation 

at Vcrit ~ -30V when the gate voltage is stepped from VGS=-10V at VDS=0V with each 

voltage step held for 100 sec. Thus three gate biases are used for this experiment, 

VGS=-25V, -30V and -35V which are applied separately to three identical devices, 

selected from pre-degradation DC characterization. The VDS=0V state allows the effect 

of vertical field under the gate to be isolated and simplifies the theoretical analysis of 

failure mechanisms and also eliminates any possible device self-heating which would 

occur if high drain bias were applied. 
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Electrical characterization is performed by the Keithley 4200 semiconductor 

characterization system to measure (or sample) IG under the applied bias condition 

during degradation experiment. However the inbuilt interactive module (ITM) in the 

Keithley can only capture 4096 samples over the time during an electrical measurement 

in the sampling mode which is insufficient to observe time dependent degradation 

especially at smaller biases. Hence, a compatible user-defined module was coded to 

run with Keithley’s KITE platform and collect a large number (>16000) of samples over 

the entire span of the time dependent degradation test. 

6.2.2 Results and Discussion 

A sudden increase in IG is observed after an elapsed period of time indicating the 

onset of device degradation under the applied high reverse gate bias. IG continues to 

increase further until it reaches a set current compliance. The IG compliance is set at 

100μA to prevent any internal heating. It is observed that devices biased at higher 

reverse gate biases (such as VGS=-35V) begin to degrade sooner than devices biased 

at smaller gate biases (such as VGS=-25V), as shown in Figure 6-2. A higher gate bias 

results in a higher E-field under the gate, especially at the gate edges. Hence it can be 

inferred that high E-field accelerates device degradation, possibly by adding to the 

existing stress through the inverse piezoelectric effect and enhancing the strain 

relaxation process under the gate either through generation of new trapping centers or 

field-driven chemical reaction resulting in diffusion and altering of the metal-

semiconductor interface. This can alter the Schottky barrier height and also provide 

additional low resistance paths for the leakage current and hence may be manifested as 

an increase in the gate current, a decrease in the saturation drain current and a shift in 

VTH in the degraded samples. 
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In order to analyze the failure mechanism causing IG degradation in AlGaN/GaN 

HEMTs, a quantity ‘average gate failure current’ (IGfailure_avg) is defined as follows- 

𝐼𝐺𝑓𝑎𝑖𝑙𝑢𝑟𝑒_𝑎𝑣𝑔 =
∫ 𝐼(𝑡)𝑑𝑡

𝑡2
𝑡1

𝑡𝑑𝑒𝑔
                               (6-1) 

Here t1 is the time at which sudden sharp increase in IG is observed which is believed to 

be start of permanent degradation in the device. Time t2 is the time at which IG reaches 

the set current compliance and tdeg is the total time during which permanent degradation 

in device occurs (manifested by the increase in gate current, till IG_max=IG(t2) as 

defined) and is given by- 

𝑡𝑑𝑒𝑔 = 𝑡2 − 𝑡1                                     (6-2) 

The quantity IGfailure_avg is an estimate of the average current that flows through the 

device during degradation, calculated over the critical failure time interval of device 

degradation, tdeg=t2-t1, and hence can potentially give insight into the time-dependent 

device degradation. The validity of IGfailure_avg as a metric to analyze failure mechanism in 

AlGaN/GaN HEMT is explained in Section 7.2. It is expected that IGfailure_avg would be 

larger for higher applied voltages due to the larger gate current and the shorter critical 

failure time interval of device degradation. IGfailure_avg is estimated from the time-

dependent IG degradation for each applied bias and is plotted as a function of the 

applied reverse gate bias in Figure 6-3. It can be directly inferred from the plot that the 

average gate failure current increases with increase in applied reverse gate bias 

indicating that higher VGS accelerates the degradation process in these devices. 

IGfailure_avg for each applied reverse gate bias is also plotted versus the square root of the 

time to degrade (√tdeg) at that gate bias as shown in Figure 6-3. The plot shows a strong 
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linear relationship between IGfailure_avg and √tdeg. Hence it can be hypothesized from this 

plot that the diffusion process may potentially be influencing the device degradation in 

AlGaN/GaN HEMT. Fick’s mathematical model for diffusion shows a √(time) 

dependence, as described in detail in Chapter 5. 

6.3 Effect of Electrical Bias and Temperature on AlGaN/GaN HEMT Degradation 

6.3.1 Experimental Details 

The effect of electrical bias and temperature is studied at a constant high reverse 

gate bias at VDS=0V with varying chuck temperature. To alter the chuck temperature, a 

thermal stress set up is employed, as shown in Figure 6-5, that consists of a Peltier 

heater attached to the back of an aluminum block which acts as a heat sink for the 

heater as well as a chuck to place the sample being measured. A thermistor is attached 

to the setup to monitor the chuck temperature. A PID controller controls the chuck 

temperature via a PC (personal computer). The chuck temperature (TC) is varied as 

375K, 400K and 450K for three different degradation tests in this experimental study. 

1um gate length AlGaN/GaN HEMTs fabricated on SiC substrate are used for this 

study. Three identical devices are employed to compare the time dependent 

degradation at three different chuck temperatures listed above. Devices are biased at 

VGS=-25V, VDS=0V state, and IG is simultaneously measured (or sampled) over time. 

The device temperature is monitored using a RTD sensor, and Keithley 4200 is 

employed for electrical measurements similar to the previous experimental study. 

6.3.2 Results and Discussion 

Similar to the previous test in Section 6.2, an onset of device degradation is 

marked by a sudden increase in IG observed after an elapsed period of time under the 

applied high reverse gate bias and elevated chuck temperature. IG continues to increase 
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further until it reaches a set current compliance of 100μA. The increase in chuck 

temperature is observed to enhance device degradation in AlGaN/GaN HEMT, as 

shown in Figure 6-6. The device stressed under high reverse gate bias at Tc=450K 

shows a quicker and more enhanced degradation than the device stressed at Tc=375K. 

This possibly indicates that elevated temperature accelerates device degradation 

through a thermally activated process such as trap generation or chemical reaction 

resulting in diffusion and modifying the metal-semiconductor Schottky interface. This 

may be manifested as an increase in gate leakage current, decrease in saturation drain 

current and shift in VTH in the degraded devices. Since all the devices are stressed at 

VDS=0V state, no or little self-heating occurred, and the effect of externally applied 

electrical bias and elevated temperature can be independently studied by externally 

controlling the device temperature. 

To get insight into the possible mechanism causing device degradation, the 

average gate failure current IGfailure_avg and time to degrade tdeg are estimated from these 

tests as described in Section 6.2.2. tdeg is the time during which IG is observed to 

undergo degradation, hence 1/tdeg corresponds to the rate of IG degradation and reflects 

the failure mechanism causing device degradation. A plot of Ln (1/tdeg) versus 1/T, 

where T is the chuck temperature, is shown in Figure 6-7. At each temperature a set of 

three devices is stressed under constant voltage stressing. Uncertainty in Ln (1/tdeg) at 

each temperature is estimated using 99% confidence interval and plotted as error bars 

in Figure 6-7. A thermal activation energy EA=0.28±0.06 eV is computed from the slope 

of the plot of Ln (1/tdeg) vs 1/T, which is consistent with the activation energy published 

in literature for oxygen diffusion along dislocations in III-nitride layers [46], [132-133]. 
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Pearton et. al. [131] estimate an activation energy of 0.23eV for diffusion of oxygen into 

GaN epitaxial layer. The devices, used in this study of time-dependent degradation, 

potentially have a thin oxide layer between the Ni-gate metal and AlGaN layer. Under 

appropriate conditions of applied bias and temperature, this oxide layer may weaken 

and eventually rupture which may cause the onset of permanent device degradation 

marked by sudden increase in gate current. Further, oxygen from the oxide layer 

diffuses into the AlGaN layer which may be accompanied by the diffusion of gate metal 

into the epitaxial layer, as observed in TEM images of degraded AlGaN/GaN HEMT 

samples in [49]. Figure 6-8 shows a plot of average gate failure current IGfailure_avg 

(computed for each test done in this study) versus the square root of time to degrade 

(√tdeg). We observe a linear relationship between IGfailure_avg and √tdeg which may be 

indicative of possible diffusion causing device degradation, since Fick’s mathematical 

model for diffusion shows a √(time) dependence, described in detail in Chapter 5. 

However we find a weak linear dependence of IGfailure_avg with √tdeg in this study 

compared to the time-dependent degradation study under varying gate biases. This 

could be due to the fact that under elevated temperatures, the increase in gate current 

may also be caused by temperature dependent thermal emission along with the 

possible device degradation. 

6.4 Effect of Electrical Bias and Mechanical Stress on AlGaN/GaN HEMT 
Degradation 

6.4.1 Experiment Details 

The effect of mechanical stress on IG degradation in AlGaN/GaN HEMTs is 

studied on samples fabricated on Si substrate, by applying externally uniaxial 

mechanical stress using a 4-point wafer bending jig as shown in Figure 6-9. A sample is 
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prepared by attaching a small wafer piece on a high carbon steel metal plate using a 

thermally conductive epoxy, and the sample is then inserted into the jig to apply 

mechanical stress. The device is wire-bonded, using the procedure described in Section 

3.1.2, so that uniaxial mechanical stress can be applied simultaneously while it is 

electrically stressed. Electrical step stress test is first performed at VDS=0V and varying 

reverse gate bias in steps. This test is stopped just as the device’s critical voltage is 

reached. Reverse gate bias for constant voltage stressing (CVS) is chosen close to the 

critical voltage of device. As IG begins to undergo degradation during CVS, mechanical 

stress is applied on the sample and varied between two values in a cyclic manner as 

shown in Figure 6-10. This procedure allows the study of the effect of varying 

mechanical stress on the rate of time-dependent IG degradation on the same device just 

as it begins to exponentially degrade, thereby eliminating the influence of device to 

device variation during such tests. A uniaxial tensile stress, longitudinal to channel 

direction, is applied using the bending jig on an AlGaN/GaN HEMT sample which is 

electrically stressed at constant voltage at VDS=0V and a high reverse gate bias of VGS= 

-65V at room temperature. Tensile stress is varied between 0 MPa and 105 MPa in a 

cyclic manner simultaneously while IG is being monitored simultaneously. Similarly on 

another AlGaN/GaN HEMT sample, a uniaxial compressive stress, longitudinal to 

channel direction, is applied using the bending jig while it is electrically stressed at 

constant voltage at VDS=0V and VGS= -35V at room temperature (Note the device-to-

device variation as this device has a different critical voltage from the previous device). 

Compressive stress is varied between 0 MPa and 50 MPa in a cyclic manner while IG is 

being monitored simultaneously. 
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6.4.2 Results and Discussion 

It is observed, as shown in Figure 6-11, that the rate of IG degradation decreases 

under externally applied uniaxial tensile stress while it begins to increase after the 

tensile stress is released from the sample. It is observed in Figure 6-13 that the rate of 

IG degradation increases under externally applied uniaxial compressive stress and it 

begins to decrease after the compressive stress is released from the sample. Figure 6-

12 and Figure 6-14 represent the % change in IG during the time dependent degradation 

of AlGaN/GaN HEMT while being electrically stressed at constant voltage at VDS=0V 

and high reverse gate bias, during two cycles of varying external uniaxial tensile and 

compressive stress respectively. A moving average of data points is also plotted 

alongside (with subset of 100 points) to smooth out local fluctuations in each gate 

current measurement and highlight the overall trend of rate of IG degradation during the 

course of application of external mechanical stress. A slope is also estimated using 

linear regression for the plots of % change in IG during AlGaN/GaN time-dependent 

degradation under the externally applied mechanical stress and a high reverse gate 

bias. The moving average plots as well as the corresponding slopes, as shown in Figure 

6-12 and Figure 6-14, suggest that the rate of IG degradation decreases under the 

application of uniaxial tensile stress while it increases under the application of uniaxial 

compression stress. Uniaxial tensile (compressive) stress is applied in-plane to AlGaN 

layer and longitudinal to channel direction. Resultantly, this generates compressive 

(tensile) stress transverse to the channel direction. This resultant compressive (tensile) 

stress can be estimated using the Poisson’s ratio (negative ratio of transverse to axial 

strain). Externally applied longitudinal tensile (compressive) stress together with 

resultant transverse compressive (tensile) stress can potentially decelerate (accelerate) 
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the gate current degradation.  One possible explanation is the combination of electric 

field and mechanical transverse compressive (tensile) stress decreases (enhances) 

diffusion, of both oxygen and gate metal, at the gate metal/AlGaN layer interface that 

causes device degradation at VDS=0V and high reverse gate bias although proof would 

require material characterization studies. 

6.5 Effect of Electrical Bias and Ambient on AlGaN/GaN HEMT Degradation 

6.5.1 Experimental Details 

A state-of-the-art cryogenic probe station chamber from Lakeshore Cryotronics 

Inc., shown in Figure 6-15, is employed to study the effect of varying ambient on IG 

degradation at VDS=0V state in AlGaN/GaN HEMT samples fabricated on SiC substrate. 

The ambient is varied by purging the cryostat chamber using the procedure described 

below. A device is electrically stressed at constant voltage at VDS=0V and a high 

reverse gate bias while monitoring IG simultaneously. The reverse gate bias for constant 

voltage stressing (CVS) is chosen close to the critical voltage of the device, similar to as 

described in Section 6.4.1. As IG begins to undergo degradation during CVS, the 

ambient is varied between two gases, used for the study, in a cyclic manner as shown 

in Figure 6-16, similar to as described in Section 6.4.1. This procedure allows the study 

of the effect of ambient variation on the rate of time-dependent IG degradation on the 

same device and eliminates the potential influence of device to device variation on the 

outcome. The study of ambient variation is done at elevated temperatures to enhance 

potential diffusion of ambient gas through the thick SiNX passivation on the device. This 

probe station consists of a three-stage heating set up to control the temperature of 

inside of the chamber as well as of the stage where the device is placed. The 
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temperature range supported by this set up is 77K-450K. A RTD temperature sensor is 

used to monitor the temperature of the device being tested. 

Two tests are performed on two separate devices for this study. In the first test, 

the device is electrically stressed at VGS= -25V and VDS=0V while IG is being monitored. 

The stage temperature is set at 400K and ambient is varied between Nitrogen gas and 

Oxygen gas in a cyclic manner for the test. In a second test, the device is electrically 

stressed at VGS= -25V and VDS=0V while IG is being monitored, and the stage 

temperature is set at 450K and the ambient is varied between Nitrogen gas and 

Forming gas (4% Hydrogen+96% Nitrogen) in a cyclic manner. 

Purging Procedure. Lakeshore probing chamber consists of a purge valve on 

one side (Figure 6-15 (B)) and a 1/3 psi relief valve on the other side (Figure 6-15 (C)). 

The 1/3 psi means that the relief valve will begin to open when the pressure inside 

reaches 1/3 psi above atmospheric pressure and maintains 1/3 psi inside the chamber. 

Purging Lakeshore chamber with a gas requires displacing the already present 

atmospheric air with a constant flow of the gas through purge valve. A gas line is 

attached to the purge valve. The purge valve is slowly opened and a regulated flow of 

gas is maintained so that the pressure inside the chamber does not exceed 1/3 psi. The 

relief valve functions on a spring system. As the pressure inside the chamber exceeds 

beyond the marked limit, it stretches the spring associated with relief valve and opens 

the valve to release the excess pressure. If the chamber is over-pressurized beyond the 

safe limit, it causes the spring to stretch beyond its elastic limit and potentially break it 

and resultantly the relief valve will not reseal. Hence the gas flow through the purge 

valve must be limited and regulated by using a precision pressure regulator attached to 
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the gas cylinder. The lids of the chamber are left unscrewed/loosened to act as 

secondary relief valve and prevent over-pressurizing inside the chamber. At 1/3 psi, the 

gas flow rate is approximately 5 liters per minute (LPM) while the volume of cryostat 

chamber is about 35 liters as shown in Figure 6-15. Hence the gas being purged will 

ideally take approximately 5 minutes to completely fill the chamber. 

It is essential to completely equilibrate the device in the desired ambient gas 

inside the chamber. Hence to successfully purge the cryostat chamber completely with 

desired ambient, the ambient gas must completely displace all atmospheric air and 

moisture from the chamber. Displacing moisture out of chamber is the hardest to 

achieve. Hence a pre-purging procedure is employed to facilitate displacement of 

moisture from the Lakeshore chamber. The chamber is purged with the gas for a short 

period of time (5-10 min), followed by creating vacuum by running a Agilent DS-101 

roughing pump. This process is repeated about 4-5 times, thereby displacing moisture 

from inside the chamber. Moisture can be more easily displaced by vacuum pump than 

the exhaust gas. The purging procedure is summarized in a flow chart in Figure 6-17. 

6.5.2 Results and Discussion 

Figure 6-18 shows the effect of varying ambient between Oxygen and Nitrogen in 

a cyclic manner at 400K on IG degradation, while the device is electrically stressed at 

constant voltage at VGS= -25V and VDS=0V. Figure 6-19 shows the effect of varying 

ambient between Forming gas and Nitrogen in a cyclic manner at 450K on IG 

degradation, while the device is electrically stressed at constant voltage at VGS= -25V 

and VDS=0V. In both of the tests, no observable effect of ambient variation on rate of IG 

degradation is captured during the measurement. This could be potentially due to the 

presence of a thick passivation layer on AlGaN/GaN HEMT samples used in this study. 
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Also the cycle time used in these tests to allow the device to equilibrate in a given 

ambient gas at a time is considerably short. Thus, the thick passivation layer and the 

short cycle time, would prevent the diffusion of ambient gas molecules through the 

passivation into the device to influence any device performance. However the devices 

continue to degrade under constant voltage stressing at a certain rate until the gate 

current reaches the set current compliance. 

6.6 Summary 

This chapter focuses on a detailed experimental study to investigate the effect of 

varying external conditions such as bias, temperature, mechanical stress, and ambient 

on the observed time dependent degradation in AlGaN/GaN HEMT. Device degradation 

is studied through increase in gate current at high reverse gate bias at VDS=0V state. It 

is observed that IG degradation increases with increase in applied gate bias and also 

with applied temperature. A linear dependence with the square root of the time to 

degrade (√tdeg) indicates that observed time-dependent degradation is potentially via 

diffusion mechanism occurring within the device. An activation energy of EA=0.28±0.06 

eV is obtained from IG degradation under varying temperature which may correspond to 

the diffusion of oxygen from the oxide present at the interface into the GaN epitaxial 

layer. 

The effect of externally applied mechanical stress on time dependent 

degradation is studied by varying mechanical stress in a cyclic manner on the same 

device. It is observed that the rate of IG degradation decreases (increases) under 

external uniaxial tensile (compressive) stress applied longitudinal to channel direction. 

The effect of ambient variation is also studied by varying ambient gases in a cyclic 
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manner inside a cryostat chamber. No observable effect of ambient variation is 

measured on the rate of IG degradation. 
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Figure 6-1. Schematic of the cross section of AlGaN/GaNHEMT hterostructure used for 

time dependent degradation study. 

 
 
Figure 6-2. Time-dependent IG degradation of AlGaN/GaN HEMT on SiC substrate by 

varying reverse gate bias (VGS=-25V, -30V, -35V) at VDS=0V state and at 
room temperature. 
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Figure 6-3. IGfailure_avg estimated over time of degradation increases with increase in 

applied reverse gate bias indicating that degradation is accelerated with 
increase in applied bias in AlGaN/GaN HEMT. 

 
 
Figure 6-4. Strong linear dependence between IGfailure_avg (estimated over time of 

degradation) and square root of time to degrade for the time-dependent 
degradation test at varying reverse gate biases. It indicates a potential role of 
diffusion process on device degradation in AlGaN/GaN HEMT. 
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Figure 6-5. Peltier heater set up to vary chuck temperature. 

 
 
Figure 6-6. Time-dependent IG degradation of AlGaN/GaN HEMT by varying the chuck 

temperature (T=375K, 400K, 450K) at VGS= -25V and VDS=0V. 
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Figure 6-7. Plot of log of time to degrade versus chuck temperature. Activation energy 

of EA=0.28±0.06 eV is obtained. 

 
 
Figure 6-8. Linear dependence between IGfailure_avg and square root of time to degrade 

for the time-dependent degradation test at varying temperatures. It indicates a 
potential role of diffusion process on device degradation in AlGaN/GaN 
HEMT. 
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Figure 6-9. Experimental set up to investigate effect of mechanical stress on rate of IG 

degradation in AlGaN/GaN HEMT. 

 
 
Figure 6-10. Varying two different mechanical stresses alternatively to study effect of 

mechanical stress on rate of AlGaN/GaN HEMT degradation. 
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Figure 6-11. Effect of uniaxial tensile stress on rate of IG degradation in AlGaN/GaN 

HEMT on Si substrate which is electrically stressed at VDS=0V, VGS= -65V at 
room temperature. 

 
 
Figure 6-12. % Change in IG during time dependent degradation in AlGaN/GaN HEMT 

at VDS=0V, VGS=-65V at room temperature during two cycles of varying 
external uniaxial tensile stress (as in Figure 6-11). 
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Figure 6-13. Effect of uniaxial compressive stress on rate of IG degradation in 

AlGaN/GaN HEMT on Si substrate which is electrically stressed at VDS=0V, 
VGS= -35V at room temperature. 

 
 
Figure 6-14. % Change in IG during time dependent degradation in AlGaN/GaN HEMT 

at VDS=0V, VGS=-35V at room temperature during two cycles of varying 
external uniaxial compressive stress (as in Figure 6-13). 
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Figure 6-15. Lakeshore cryogenic probe station chamber used for the study of effect of 

ambient variation on time-dependent degradation in AlGaN/GaN HEMT. (B) 
Purge Valve (C) Relief Valve. 

 
 
Figure 6-16. Varying two different ambients alternatively in cyclic manner while device is 

being electrically stressed under constant voltage to study the effect of 
ambient variation on time-dependent degradation in AlGaN/GaN HEMT. 

  



 

107 

 
 
Figure 6-17. Flow-chart of the steps to purge cryostat chamber with desired ambient 

gas completely. 
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Figure 6-18. Effect of varying ambient between Oxygen and Nitrogen at 400K on IG 

degradation while device is electrically stressed at VGS=-25V and VDS=0V. 

 
 
Figure 6-19. Effect of varying ambient between Forming gas and Nitrogen at 450K on IG 

degradation while device is electrically stressed at VGS=-25V and VDS=0V. 

  



 

109 

CHAPTER 7  
MODELLING AND ANALYSIS OF EFFECT OF ELECTRICAL BIAS, TEMPERATURE, 
MECHANICAL STRESS AND AMBIENT ON AlGaN/GaN HEMT TIME-DEPENDENT 

DEGRADATION 

7.1 Resultant Mechanical Stress in AlGaN layer due to Applied Bias 

One of the widely accepted theories for AlGaN/GaN HEMT degradation is the 

creation of additional mechanical stress at high operating voltages due to inverse 

piezoelectric effect [30], in addition to in-built strain in AlGaN layer from lattice 

mismatch. The added mechanical stress increases the material’s elastic energy and 

when a critical limit is reached, the epitaxial layer undergoes relaxation through 

crystallographic defect creation in form of cracks and pits. These defects may act as 

trapping centers for electrons or provide additional transport path for gate leakage 

current; hence degrading device performance and reliability. This chapter identifies the 

effect of electrical bias, temperature, and mechanical stress on the time dependent 

degradation of AlGaN/GaN HEMTs and carefully explains possible degradation 

mechanism through diffusion kinetics as hypothesized in Chapter 6 causing irreversible 

device failure. 

In order to perform a quantitative analysis of mechanical stress generated in 

AlGaN layer due to inverse piezoelectric effect as a result of applied bias, following 

constitutive relations for a piezoelectric material need to be considered [137], 

𝑇 = 𝑐𝐸 . 𝑆 − 𝑒𝑡 . 𝐸                                   (7-1) 

𝑆 = 𝑠𝐸 . 𝑇 − 𝑑𝑡 . 𝐸                                              (7-2) 

Here,  

 

T = Stress matrix (6X1) 
S = Strain matrix (6X1) 

E = Electric Field (3X1) 
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For AlN and GaN wurzite crystals, the stiffness and piezoelectric coefficients 

matrix is given by [137] 

 

 

 

 

 

 

 

 
 

 

Assuming free standing and clamped model for thin AlGaN layer grown (in x-y 

plane) pseudomorphically on relatively relaxed GaN layer, the mechanical stress in zz, 

xz and yz directions can be neglected (Tzz,Txz,Tyz=0). Also the planar strain in the xx 

and yy directions (Sxx, Syy) can be assumed to be equal when mechanical stress is 

generated due to a transverse applied field in the zz direction. Hence using the 

piezoelectric constitutive relations (Equations 7-1 and 7-2) and following these 

assumptions, the mechanical stress due to the vertical electric field Ezz is given by 

𝑇𝑥𝑥 = (𝑐11 + 𝑐12 −
2𝑐13

2

𝑐33
) 𝑆𝑥𝑥 + (

𝑐13𝑒33

𝑐33
− 𝑒31) 𝐸𝑧𝑧             (7-3) 
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The first term in Equation 7-3 corresponds to the stress generated in the AlGaN 

layer due to lattice mismatch. Lattice mismatch between AlGaN and GaN layers is 

associated with the in-plane (x-y plane) strain (Sxx and Syy) in the AlGaN layer. The 

second term in the equation gives the resultant stress due to the applied bias via the 

inverse piezoelectric effect. The piezoelectric constants and stiffness coefficients for 

GaN and AlN are listed in Table 3-1 [38]. The field values are estimated by performing 

2D simulations using FLOODS for the applied reverse gate bias with the source and 

drain grounded. Only the vertical field values Ezz are employed for the calculation of 

stress in the above equation. The simulated contours of the total electric field values 

under the gate edges for varying reverse gate bias and at VDS=0V is shown in Figure 7-

1. Figure 7-2 indicates the simulated vertical E-field values used to estimate the 

resultant stress due to the inverse piezoelectric effect for the applied reverse gate bias 

at VDS=0V, with E-field values extrapolated to larger reverse gate biases. The in-plane 

(x-y plane) resultant stress, Txx, generated in the AlGaN layer due to the applied reverse 

gate bias is plotted as a function of electric field in Figure 7-3 and is found to be ~10 

MPa for 1V of applied gate bias. 

 As mentioned above, this model of device degradation is based on the elastic 

energy stored in the AlGaN layer and its modification due to the electric field under the 

gate through the inverse piezoelectric effect. The elastic energy stored in AlGaN layer 

corresponding to resultant strain can be calculated using the following equation [138] 

𝑊𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑌𝐴𝑙𝐺𝑎𝑁 × 𝑡𝐴𝑙𝐺𝑎𝑁 × 𝑆𝑧𝑧
2

                                 (7-4) 

Here, Welastic is the elastic energy stored in AlGaN layer, YAlGaN is the Young’s 

modulus of AlGaN, tAlGaN is the thickness of AlGaN layer, and Szz is the strain in the 
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vertical direction in the AlGaN layer. The thickness of the AlGaN layer in AlGaN/GaN 

HEMTs under study is 15nm, as mentioned in Chapter 6. 

7.2 Metal to Semiconductor Current Transport 

Time dependent IG degradation in AlGaN/GaN HEMT is further investigated in 

this section by analyzing a model for the tunneling current through a reverse-biased 

Schottky interface and utilizing results from the set of experimental results from Chapter 

6 to gain further insight into possible degradation mechanisms in AlGaN/GaN HEMTs. 

The gate in AlGaN/GaN HEMTs forms a Schottky interface with the underlying 

semiconductor epilayer, in this case AlGaN layer. Several theories have been proposed 

in the literature explaining the degradation of the AlGaN/GaN HEMT during typical 

device operation; namely inverse piezoelectric effect [37], hot electron effect [31], 

diffusion at gate/AlGaN Schottky interface [49], and virtual gate model [19] among 

others. This section identifies the effect of electrical bias, temperature, and mechanical 

stress on the time dependent degradation of AlGaN/GaN HEMTs and carefully explains 

probable degradation mechanisms through diffusion kinetics as hypothesized in 

Chapter 6 causing irreversible device failure.  

The analytical model formulated in this chapter is based on the analysis of the 

tunneling current in metal-GaN Schottky diodes [60], [139]. The tunneling current model 

for Schottky diodes applied to a metal-AlGaN Schottky diode involves the gate current 

density Jm→s, due to electrons tunneling from metal into semiconductor under reverse-

biased gate in AlGaN/GaN HEMTs. The degradation in AlGaN/GaN HEMTs is believed 

to occur under the gate near the gate edges where the electric field is the highest in the 

device [37], [49]. Hence, any catastrophic failure of the gate-semiconductor junction will 

be reflected in the degradation of IG which is a useful metric in this study to analyze 
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device degradation. Current flow due to electron tunneling from the metal-to-

semiconductor is given by the basic equation as follows [60] 

𝐽𝑚→𝑠 =
𝐴∗𝑇

𝑘
∫ 𝐹𝑚𝑇(𝜂)(1 − 𝐹𝑠)𝑑𝜂

𝑞𝑉𝑏

0
                         (7-5) 

Here A* is the effective Richardson’s constant, Fm and Fs are the Fermi-Dirac 

distribution functions in metal and semiconductor, k is Boltzmann constant, T is 

temperature in Kelvin (K), and η represents the range of energies of electrons that will 

participate in tunneling from metal into the semiconductor conduction band. Figure 7-4 

shows a schematic of the energy band diagram at an applied reverse gate bias ‘V’ at 

VDS=0V state and defines relevant parameters, including energies qVb and η, which are 

used in this derivation. Since only a few electrons will tunnel from the metal into 

semiconductor at the base of triangular barrier, most states in the semiconductor 

conduction band participating in this derivation can be assumed to be unoccupied, 

giving (1-Fs) ~ 1. In case of metal, since the Fermi level is within the conduction band, 

all the participating states can be assumed to be occupied yielding Fm ~ 1. 

The quantity, T(η), is the quantum transmission coefficient of the electrons 

tunneling through an approximately triangular Schottky barrier and is expressed as-  

𝑇(𝜂) = 𝑒𝑥𝑝 (−
4

3

√2𝑚∗

ℏ
𝑤√𝜂)                                       (7-6) 

The variable ‘w’ in the above equation is the width of the tunneling barrier. 

Electrons in the metal may tunnel through the barrier throughout the range of energies 

used in the integral in Equation 7-5. Hence, the barrier width ‘w’ accounts for the energy 

dependence as follows  
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𝑤(𝜂) =
𝜂

𝑞𝑉𝑏
𝑑                                                 (7-7) 

Here the parameter ‘d’ is the physical distance that electrons must travel at the base of 

the triangular barrier and corresponds to the thickness of the AlGaN barrier layer 

(dAlGaN) in devices used in this study. This parameter ‘d’ is very important in this study as 

it can be modified due to potential gate metal diffusion into the AlGaN epilayer as a 

result of degradation of the metal-semiconductor junction. If gate metal diffusion into the 

AlGaN barrier layer occurs at high gate E-fields, it would reduce the AlGaN barrier 

physical thickness and resultantly narrow the tunneling barrier for electrons, increasing 

the gate leakage current ‘IG’ and potentially leading to device failure. Two useful 

assumptions can be made in this analysis:  

1) Fick’s limited-source diffusion model can be assumed for the potential diffusion 

occurring at the gate/AlGaN junction, described in detail in Chapter 5 and is 

given by [124]  

𝑁(𝑥, 𝑡) =
𝑄

√𝜋𝐷𝑡
exp [− (

𝑥

2√𝐷𝑡
)

2
]                              (7-8) 

Here, Q is the total dose of diffusant, D is the diffusion coefficient that depends on 

temperature, and x is the distance by which diffusion front moves in time t. 

2) During device degradation due to metal diffusion under the gate, the gate current 

IG can be assumed to be concentrated near localized areas of gate metal 

diffusion as shown in Figure 7-5. 

Using the assumption (1) stated above, the distance, ddiff, to which metal diffusion 

occurs into the AlGaN layer can be estimated by using a condition where diffusant 

concentration is negligible (N(x,t) ~0 in Equation 7-8). Hence, for N(x,t) = 0.002 or 0.2%, 
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𝑑𝑑𝑖𝑓𝑓 = 𝑥 = 2.5 × 2√𝐷𝑡                                     (7-9) 

Therefore, the effective distance at the base of tunneling barrier at time t during time-

dependent device degradation due to gate metal diffusion will be given by  

𝑑 = 𝑑𝐴𝑙𝐺𝑎𝑁 − 𝑑𝑑𝑖𝑓𝑓                                        (7-10) 

The parameter ‘d’ is applied in Equation 7-6 to compute the transmission coefficient 

which is then plugged into the integral in Equation 7-5. The integral is computed 

numerically to estimate the gate current density Jm→s. TEM imaging by Ray [140] shows 

the regions of metal diffusion under the gate in a degraded AlGaN/GaN HEMT and the 

associated cross-section area is found to be ~10-15 m2. Using assumption (2), the gate 

current can be estimated from the simulated Jm→s using the best fit for the area of the 

localized metal diffusion where the gate current is assumed to be concentrated. The 

above simulation steps to estimate IG are summarized in a flowchart in Figure 7-6.  

The gate current IG as a function of time is simulated for varying applied gate 

biases as well as varying temperatures and compared with the experimentally 

measured gate current during the time-dependent degradation study, described in 

Chapter 6. Figure 7-7 shows the simulated IG (dotted curve) for varying reverse gate 

biases, VGS= -25V and VGS= -30V, at room temperature and compared with 

experimentally measured IG under similar conditions. Figure 7-8 shows the simulated IG 

(dotted curve) for varying temperatures, T=375K and T=400K, at VGS= -25V and 

compared with experimentally measured IG under similar conditions. It is observed that 

the simulated IG shows a close match with the measured IG for the range of time span 

‘tdeg‘ (marked in the figure) during which irreversible time-dependent device (or IG) 

degradation is believed to occur. Hence it can be inferred that diffusion at the gate-
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semiconductor Schottky interface, due to high E-field (due to applied bias) or elevated 

temperature, may be playing a significant role in the observed time-dependent 

degradation in AlGaN/GaN HEMTs. The best fit values of the parameters employed in 

this simulation are listed in Table 7-1. 

To validate the significance of the quantity ‘average gate failure current’ 

(IGfailure_avg) as a metric to analyze device degradation, the gate current IG is simulated 

using the above model for device degradation assuming gate metal diffusion into the 

AlGaN layer for varying reverse gate biases. The simulated IG for varying reverse gate 

biases, at VDS=0V and room temperature, is plotted in Figure 7-9. IGfailure_avg is estimated 

at each reverse gate bias from the simulated IG using the procedure described in 

Section 6.2.2 and is found to have a strong linear dependence with the square root of 

the time to degrade (√tdeg) as shown in Figure 7-10. This implies that if device 

degradation occurs via gate metal diffusion into the AlGaN layer then IGfailure_avg will have 

a linear dependence with √tdeg. The plot between IGfailure_avg versus √tdeg estimated from 

the measured IG (Figure 6-4 and Figure 6-8) shows slight deviation from the linearity. 

This could be due to the fact that the measured gate current may also be influenced by 

trap-assisted leakage mechanisms as well as thermionic emission at elevated 

temperatures.  

7.3 Summary 

Fundamental mathematical modelling has been presented for a quantitative 

analysis of the effect of varying bias, temperature, and mechanical stress on time-

dependent degradation in AlGaN/GaN HEMTs. It is found that, for 1V of applied gate 

bias, approximately 10 MPa of biaxial tensile stress is generated in the AlGaN layer due 
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to inverse piezoelectric effect. To utilize the VDS=0V state, only the vertical electric field 

under the gate is employed for the computation of the resultant stress. 

This chapter also investigates a metal-semiconductor tunneling transport model 

to get an insight into the physics of the failure mechanism causing device degradation in 

AlGaN/GaN HEMTs. The transmission coefficient for electrons tunneling from metal into 

semiconductor depends on the tunneling barrier width. A potential metal diffusion of 

gate metal into the AlGaN epilayer (initiated by the oxide layer rupture followed by its 

diffusion into AlGaN epilayer) can alter the barrier width, thus increasing the gate 

current and resulting in permanent device degradation. Assuming a limited source 

diffusion model and the gate current will mainly be concentrated at localized areas of 

metal diffusion, a good fit is obtained between the gate current measured during device 

degradation and the gate current simulated using this model. 
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Table 7-1. Best fit of parameters used in IG simulation by metal-semiconductor tunneling 
model. 

Parameter Fitting Value 

Barrier Height (φb) 1.4 eV [74] 

Electron Effective Mass (m*) 0.25 me0 [141], [142] 

Area (A) 
(where IG is concentrated) 

1E-15 m2 [140]  

Diffusion Coefficient (D) at 300K 2E-18 cm2s-1 [46] 
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Figure 7-1. Simulated E-field contours under the gate in AlGaN layer for varying reverse 

gate biases at VDS=0V. 

 
 
Figure 7-2. Simulated and extrapolated vertical E-field values (Exx) under the gate for 

varying reverse gate bias at VDS=0V. 
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Figure 7-3. Simulated in-plane mechanical stress generated in AlGaN layer due to 

applied gate bias as a result of inverse piezoelectric effect. 

 
 
Figure 7-4. Schematic of energy band diagram in AlGaN/GaN HEMT under reverse 

gate bias showing electron tunneling from metal into semiconductor. 
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Figure 7-5. Schematic showing concentration of gate current near localized areas of 

gate metal diffusion in AlGaN/GaN HEMT. 

 
 
Figure 7-6. Flow chart showing steps to simulate IG in AlGaN/GaN HEMT under reverse 

gate bias including diffusion under the gate at Schottky interface. 
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Figure 7-7. Simulated and measured IG indicating time dependent degradation in 

AlGaN/GaN HEMT at varying reverse gate biases. 

 
 
Figure 7-8. Simulated and measured IG indicating time dependent degradation in 

AlGaN/GaN HEMT at varying temperatures. 
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Figure 7-9. Simulated IG during AlGaN/GaN HEMT degradation at varying reverse gate 

biases due to gate metal diffusion into the AlGaN layer. 

 
 
Figure 7-10. Linear dependence between IGfailure_avg and square root of time to degrade. 

IGfailure_avg is estimated from the simulated IG during device degradation at 
varying reverse gate biases due to gate metal diffusion into the AlGaN layer.   
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CHAPTER 8 
CONCLUSION AND FUTURE WORK 

8.1 Conclusion  

The AlGaN/GaN high electron mobility transistor (HEMT) has emerged as the 

most attractive candidate for high power and high frequency applications over its other 

semiconductor counterparts, namely Si MOSFETs and AlGaAs/GaAs FETs. Existence 

of wider band-gap, higher saturation velocity and higher breakdown field are some of 

the material parameters which render high performance capabilities to this technology. 

AlGaN/GaN HEMTs have demonstrated both reversible as well as irreversible electrical 

degradation during its device operations, marked by increase in source/drain resistance, 

current collapse, decrease in transconductance, threshold voltage shift, increase in gate 

leakage etc. 

A body of work has been published proposing several theories to explain the 

degradation mechanisms in AlGaN/GaN HEMTs. Hot electron effect, strain due to 

inverse piezoelectric effect, formation of virtual gate on AlGaN surface between gate 

and drain contacts, and occurrence of chemical reaction at the gate/AlGaN Schottky 

interface resulting in diffusion of gate metal or other chemical species are some of the 

widely accepted physical models for the degradation of GaN based HEMTs. Clearly 

there is a lack of agreement on the physics behind the observed device degradation 

and reliability of these devices still remains a major concern. This work has endeavored 

to investigate the fundamental physics of AlGaN/GaN HEMT device failure through a 

series of systematic experimentation and to perform a qualitative analysis of existing 

physical model for gate metal diffusion into the semiconductor causing degradation in 

these devices. 
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The effect of mechanical stress on device performance is studied through stress 

sensitivity of the channel resistance and gate current. A four-point wafer bending 

apparatus is described which allows application of external mechanical stress in a 

controlled manner. Also, a cost effective method is presented to apply mechanical 

stress externally to a small wafer piece by attaching it to a high-carbon steel plate. The 

effect of mechanical stress on AlGaN/GaN HEMT channel resistance and gate leakage 

is studied eliminating the effect of charge trapping. An accurate value of gauge factor 

(G.F.= -2.8±0.4) is extracted indicating a small stress dependence on device resistivity. 

Also, from the stress sensitivity of gate current, it is proposed that PF emission 

dominates the gate leakage for low gate biases above the threshold voltage while the 

gate leakage, at high depletion gate biases below the threshold voltage, could 

potentially be dominated by FN tunneling. 

A thorough literature review on the existing models explaining electrical 

degradation in AlGaN/GaN HEMT is presented. Physical models for strain relaxation 

phenomenon in heterostructures are also discussed. Strain relaxation in 

heterostructures can occur either through trap generation or self- or inter- diffusion, and 

the process with more favorable kinetic conditions takes place. A modified electrical 

step stress experiment is designed to investigate the dependence of ‘critical voltage’ (at 

which permanent electrical degradation begins) on varying time-steps or the length of 

time for which each voltage step is applied. It is observed that degradation in 

AlGaN/GaN HEMTs is time dependent and can also take place at voltages below the 

critical voltage. 
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Following this inference, a series of systemic experiments are performed to 

investigate the effects of electrical bias, temperature, mechanical stress, and ambient 

(N2, O2, forming gas) on the time dependent device degradation by monitoring the 

increase in gate leakage (or IG degradation) at VDS=0V state in AlGaN/GaN HEMTs. It is 

observed that IG degradation is enhanced by an increase in reverse gate bias as well as 

chuck temperature. The average failure gate current (IGfailure_avg) is estimated from the 

measured IG degradation and is shown to have a linear dependence with the square 

root of time for the observed irreversible degradation (√tdeg). This implies that the 

observed degradation can be due to a potential diffusion phenomenon. An activation 

energy EA=0.28±0.06 eV is extracted from the IG degradation observed under varying 

temperatures, which is consistent with the activation energy of oxygen diffusion into the 

GaN epitaxial layer published in literature. The AlGaN/GaN HEMTs with Ni-gate, used 

in this study, have a thin oxide layer at gate/semiconductor junction due to oxidation of 

Ni during device fabrication. It is hypothesized that this oxide layer potentially 

undergoes slow degradation and diffusion under appropriate conditions of applied bias 

and temperature, until it weakens and eventually ruptures most probably around 

threading dislocations. This is observed as a sudden increase in gate current and 

causes the onset of permanent device degradation. The diffusion process may be 

influenced by the high-field driven excessive strain or elevated temperature. The 

diffusion of oxygen from the oxide layer may be accompanied by the diffusion of gate 

metal into the AlGaN epitaxial layer, providing a low resistance path for enhanced gate 

leakage current. The effect of mechanical stress on device degradation is studied using 

a four-point wafer bending jig and it is observed that the rate of IG degradation 
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decreases with applied uniaxial tensile stress longitudinal to channel direction. A state-

of-the-art cryogenic probe station chamber is utilized to study the effect of ambient 

variation on time dependent IG degradation. A metal-semiconductor tunneling model 

through a triangular barrier to simulate gate current across Ni-AlGaN Schottky interface 

is studied by varying the tunneling distance. The tunneling distance is varied due to gate 

metal diffusion using a Fick’s limited-source diffusion model. A close fit of simulated 

current, under varying biases and temperatures, with experimentally measured IG 

degradation provides further evidence that a metal diffusion mechanism may potentially 

be causing the observed time-dependent IG degradation in AlGaN/GaN HEMTs. 

Degradation in AlGaN/GaN HEMTs due to strain relaxation via dislocation motion is 

improbable due to high activation energy of such mechanism.  

8.2 Recommendations for Future Work 

One of the major challenges in this work is the device-to-device variation across 

the wafer. Device-to-device variation makes it challenging to compare the effects of an 

external condition on device degradation. In order to investigate the effect of variation in 

external conditions (temperature, mechanical stress, ambient and others) on device 

degradation reliably, measurement techniques must be developed to apply such 

variations on the same device being tested. AlGaN/GaN HEMTs have a high density of 

point defects and threading dislocations. Constant trapping/de-trapping interferes with 

the reliable electrical measurement to investigate degradation process. Hence, methods 

to eliminate trapping/de-trapping phenomenon during an electrical measurement need 

to be employed while investigating device degradation. One possible way to accomplish 

this is to employ a filtered UV light source to de-trap any trapped charges without 

causing photo-generation of carriers during the course of electrical measurement for 
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device degradation. To gain a better insight into physics of mechanisms resulting in 

device degradation, new measurement techniques need to be employed to measure 

temporal variation in other electrical metrics such are source/drain resistance, 

transconductance, threshold voltage, position of Fermi-level and others during time-

dependent device degradation. Finally, a study of AlGaN/GaN HEMT device 

degradation through electrical measurements is recommended on samples with 

different gate metals, passivation layers, and substrates and varying Al mole fraction in 

AlGaN epilayer to gain a better understanding of failure mechanisms in AlGaN/GaN 

HEMTs and to develop robust mathematical models to explain observed device 

degradation. 
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