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ABSTRACT 

 

Gallium Nitride or GaN-based high electron mobility transistors (HEMTs) is currently 

the most promising device technology in several key military and civilian applications due to 

excellent high-power as well as high-frequency performance. Even though the performance 

figures are outstanding, GaN-based HEMTs are not as mature as some competing technologies, 

which means that establishing the reliability of the technology is important to enable use in 

critical applications. The objective of this research is to understand the physical mechanisms 

affecting the reliability of GaN HEMTs at moderate drain biases (typically VDS < 30 V in the 

devices considered here). The degradation in device performance is believed to be due to the 

formation or modification of charged defects near the interface by hydrogen depassivation 

processes (due to electron-activated hydrogen removal) from energetic carriers. A rate-equation 

describing the defect generation process is formulated based on this assumption. A combination 

of ensemble Monte-Carlo (EMC) simulation statistics, ab-initio density functional theory (DFT) 

calculations, and accelerated stress experiments is used to relate the candidate defects to the 

overall degradation behavior (VT and gm). The focus of this work is on the ‘semi-ON’ mode of 

transistor operation in which the degradation is usually observed to be at its highest. This semi-

ON state is reasonably close to the biasing region of class-AB high power amplifiers, which are 

popular because of the combination of high efficiency and low distortion that is associated with 

this configuration. The carrier-energy distributions are obtained using an EMC simulator that was 

developed specifically for III-V HFETs. The rate equation is used to model the degradation at 

different operating conditions as well as longer stress times from the result of one short duration 

stress test, by utilizing the carrier-energy distribution obtained from EMC simulations for one 

baseline condition. This work also attempts to identify the spatial location of these defects, and 

how this impacts the VT shift and gm degradation of the devices. 
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CHAPTER I 

 

INTRODUCTION 

 

Over the last two decades, the Gallium Nitride (GaN) material system has established 

itself as extremely important for the next generation microwave/RF communication, power 

electronics, opto-electronics and microelectromechanical systems application areas. GaN-based 

HEMTs have become attractive for very high efficiency microwave systems as well as power 

management applications. GaN HEMTs are expected to replace existing technologies like 

Gallium Arsenide (GaAs), Silicon Carbide (SiC) and Silicon-based Double-Diffused MOS 

(DMOS) in several key military and civilian application areas in the next few years [1].  

 

1.1 Potential for Gallium Nitride Technology 

Historically, GaN was one of the first III–V compound semiconductors to be studied. 

First reports on the epitaxy of GaN by halide vapour phase epitaxy date back to the year 1969. 

Due to the non-availability of a single crystalline GaN substrate, GaN films were typically 

deposited on sapphire substrates. Although years of intensive studies on GaN growth and its 

properties followed, the interest declined in the early 1980s, as several severe problems, 

preventing the utilization of GaN in electronic and opto-electronic devices, seemed to be 

impossible to overcome: the GaN films suffered from a very high n-type background carrier 

concentration and no p-type doping could be achieved. In the late 1980s high quality GaN films 

on sapphire substrates were reported in a two-step growth process, which resulted in a dramatic 

improvement of both the structural and the electrical properties of the GaN films. A broad range 

of GaN-based electronic devices has been realized, including high electron mobility transistors 

(HEMTs), heterojunction bipolar transistors (HBTs), bipolar junction transistors (BJTs), Schottky 

and pin rectifiers and metal oxide semiconductor field effect transistors (MOSFETs) [1]-[3].  
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The first AlGaN/GaN HEMT was demonstrated by Prof. M. Asif Khan and his group in 

1994 [4]. GaN-based HEMTs have been available commercially in the US since 2006, and have 

gained considerable popularity because of excellent high-power and high-frequency performance 

achieved at very high efficiency. The promise of electronic applications is primarily in the area of 

sources and amplifiers for communications and low loss switches in power conditioning 

applications. This performance can be attributed to a combination of extremely high breakdown 

field, high saturation velocity and excellent high temperature performance. Table I-1 lists the 

performance figures of all the major technologies competing in the power electronics space. In 

most categories, GaN-based devices excel over other technologies. The last two rows summarize 

the resulting performance advantages at the system level and to the customer. The highlighted 

features offer the most significant product benefits. The high power per unit width translates into 

smaller devices that are not only easier to fabricate but also offer much higher impedance. This 

makes it easier to match them to the system, which is often a complex task with conventional 

devices in GaAs (e.g., a matching ratio 10 times larger might be needed for a standard GaAs 

transistor, increasing the overall complexity for the design engineers). Today, the state-of-the-art 

AlGaN/GaN HEMTs (grown on SiC substrates) exhibit an output power density as high as 50 

W/mm [3], [5]. 

    TABLE I-1  

Comparison of the important performance figures of major technologies competing in the power electronics 

and RF communication applications domain [1]. 

 

Technology: Si (LDMOS) GaAs SiC GaN Diamond 

Eg (eV) 1.12 1.42 3.26 3.39 5.45 

ni (cm-3) 1.5 x 1010 1.5 x 106 8.2 x 10-9 1.9 x 10-10 1.6 x 10-27 

εr 11.8 13.1 10.1 9.0 5.5 

µn (cm2/Vs) 1350 8500 700 2000 1900 

vsat (107 cm/s) 1.0 1.0 2.0 2.5 2.7 

Ebr (MV/cm) 0.3 0.4 3.0 3.3 5.6 

JFOM  

i.e. Ebr vsat / 2π 

1.0 2.7 20.0 27.5 50.0 

BFOM 

i.e.  

1.0 16 134 637 3900 
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The excellent high-power and high-frequency performance makes GaN HEMT-based 

microwave power amplifiers and switches suitable for numerous military applications like state-

of-the-art active phase array radar, communication jammers, missile guidance electronics and 

non-lethal systems like directed-energy weapons. GaN-based HEMTs can amplify high power 

radio frequency signals at microwave frequencies very efficiently. This result in greater 

sensitivity for an antenna array, which means it can detect and track objects at longer distances. 

Also the size of the antenna can be reduced without compromising performance, greatly 

improving transportability. The wide band gap of GaN provides a large critical breakdown field, 

increasing the maximum operating voltage, whereas the higher drain current that GaN-based 

HEMTs offer makes the broadband matching of high-power MMICs and RF amplifiers simpler 

and more efficient than the competing technologies. The high thermal conductivity of the material 

also enables more efficient amplifier cooling, which makes these devices suitable for applications 

in harsh environments [3], [6], [7].  

          
Fig. I-1. Major military and commercial communication application areas in which GaN-based HEMTs are 

currently being used or will be used in the near future. AlGaN/GaN HEMTs are more suitable for the 

applications in which higher power density is desirable [3]. 
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On the civilian applications side, GaN electronics are becoming more common in ultra-

wideband communication systems like cellular base-station trans-receivers, satellite 

communications and television broadcasting systems. Since these systems operate at higher 

power and higher frequency than competing technologies, they allow a smaller antenna size for 

the terminal users. Increased power and frequency of GaN HEMTs also improves the data 

transmission rate of broadband wireless internet connections. The faster switching of GaN 

devices compared to the competing technologies also results in comparatively more efficient 

power conversion. Hence, gallium nitride transistors are also finding use in applications like 

compact DC-DC conversion systems, AC motor drives, mobile battery chargers, and switched 

mode power supplies. Fig. I-2 gives an overview of the design needs, the enabling features and 

the performance gains that we can expect from a given technology. 

                   
Fig. I-2. Overview of the design requirements, enabling features and the corresponding performance 

advantages obtained for a wide bandgap semiconductor-based system [1].  

 

The best performance figures obtained (till 2013) from GaN-based HEMTs are as follows [6]: 

 Maximum operating frequency (Fmax): 450 GHz 

 Breakdown Voltage (BV): 750 V 

 Maximum operating temperature: 800 C 

 Power Density: 60 W/mm 
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1.2 Reliability Issues in GaN HEMTs 

Thanks to the recent advances in the growth and processing of GaN HEMTs, it is now 

possible to fabricate devices with cut-off frequencies in excess of 400 GHz, and output power 

densities in excess of 50 W/mm. However, the reliability of AlGaN/GaN HEMTs is still a very 

big challenge. Major transistor performance issues observed in the state-of-the-art GaN-based 

HEMTs include current collapse, gate-lag effects, second virtual gate, transient phenomena, 

buffer trapping, leakage, and the gate-sinking issue [5], [8].  

One of the biggest reliability issues is the reverse-bias permanent degradation of these 

transistors at high drain bias (typically VDS > 30 V). HEMTs subjected to reverse-bias stress may 

show a sudden increase in gate current due to the formation of defect-related conductive paths. 

This type of degradation is usually ascribed to inverse-piezoelectric effects or to the generation 

(or percolation) of defects close to the gate. It has been suggested that there is a ‘critical (gate-

drain) voltage’ beyond which the gate diode of the AlGaN/GaN HEMT begins to degrade. Hence, 

the degradation depends on the electric field. Recent reports have suggested that the reverse-bias 

permanent degradation is also possible at a bias less than the ‘critical voltage’ if the duration of 

the electrical stress is sufficiently large [8], [9]. 

The understanding of the reverse-bias or the ‘OFF-state’ reliability has been steadily 

improving over the years. Special designs such as drain field plates and recessed gate structures 

are regularly used to improve the reliability without impacting the transistor performance. The 

processes responsible for the ‘semi-ON-state’ degradation at moderate drain bias have not been 

completely identified, however. It has been suggested that high energy or hot electrons may be 

responsible for this. ‘Semi-ON-state’ is the transition region between the pinch-off and 

completely ON region of the transistor characteristics. Hot carriers can result in the formation of 

traps or activation of defects by transferring energy to the lattice. This may result in shifting of 

the VT and gradual degradation of drain current and peak gm of the device. The impact of hot 

carriers in influencing the degradation kinetics has not been completely understood [5], [9]. 
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1.3 Objective of Proposed Research 

The objective of this research is to understand the physical mechanisms affecting the 

reliability of AlGaN/GaN HEMTs at moderate drain biases (VDS < 30 V). In these conditions, the 

degradation in the device performance is believed to be due to the formation or modification of 

charged point defects near the interface by high energy electrons (electron-activated hydrogen 

removal). A rate-equation describing the defect generation process with respect to stress time is 

formulated based on this assumption. A predictive model is introduced that uses a combination of 

EMC simulation statistics, ab-initio DFT calculations and accelerated stress experiments. The 

model can be used to help determine the type of defect as well as describe the overall degradation 

behavior (e.g., the VT shift and the reduction in gm). The model developed predicts the device 

degradation at longer stress times as well as different operating conditions (like bias and 

temperature) from a single short duration stress test, by utilizing the carrier-energy statistics 

obtained from the EMC simulations, as long as the defects present in the device are properly 

identified. The carrier-energy distribution determined from the EMC simulations is obtained at 

the location in the device where the maximum degradation due to the high energy carriers is 

expected. The focus of this work is the ‘semi-ON’ mode of operation in which the degradation is 

usually observed to be at its highest for moderate drain bias values.  
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CHAPTER II 

 

TECHNOLOGY OVERVIEW: GALLIUM-NITRIDE HEMT 

 

This chapter provides a technological overview of AlGaN/GaN HEMTs. It covers the 

basics of device operation, an analytical model of the 2DEG density, some important figures of 

merit, and reliability issues. The chapter also introduces the concept of ‘semi-ON’ state 

degradation, which is the primary focus of this research.  

 

2.1 GaN-HEMT Device Fundamentals 

A High Electron Mobility Transistor (HEMT), also known as a Heterostructure FET 

(HFET), or a Modulation-Doped FET (MODFET) is field-effect device that utilizes the 

difference in band-gap of two materials to create a potential well in which carriers can flow from 

source to drain. MOSFETs, on the other hand, rely on transport in the doped region under an 

MOS capacitor gate where an inversion layer forms. The carriers in the inversion layer are slowed 

down by scattering from the dopant atoms, which limits the peak mobility as well as the 

saturation velocity of these carriers and decreases the switching time. This makes Si MOSFETs 

unsuitable for very high frequency applications. HEMTs avoid this problem as the carrier 

transport takes place in a quantum well (2D Electron Gas layer) formed at the heterojunction of 

two wide band-gap materials. The quantum well in the conduction band is formed due to the 

band-gap difference of the two materials. The doping of the material in which the 2DEG is 

formed is extremely low. The quantum well provides a very low resistance path as there is very 

little collision of electrons with the impurity atoms. This significantly increases the switching 

speed and the cut-off frequency of the transistor. In GaN-based HEMTs, the carrier density is 

even higher due to the impact of spontaneous and piezoelectric polarization [2].  
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Fig. II-1. The cross-sectional view of AlGaN/GaN HEMT structure. The quantum well (2DEG) forms at 

the interface. SiC or Sapphire is usually used as the substrate material [10].  

 

The cross-sectional view of a typical AlGaN/GaN HEMT device is shown in Fig. II-1. 

The material of choice for the gate metal is an alloy of nickel, gold and platinum. Silicon-carbide 

and sapphire are usually used as the substrate materials. Some recently developed devices use 

silicon as the substrate [14]. The AlGaN layer has a GaN cap, and the entire layer is covered with 

SiN for passivation. The field-plates are introduced to reduce the peak electric field at the gate-

edge and improve the reliability of the devices. Fig. II-2 shows the energy band diagram of the 

device above, obtained vertically at the gate. The quantum well (2DEG layer) is formed at the 

heterojunction even without application of gate bias. Hence, GaN-based HEMTs are typically 

depletion mode devices.  

                            
Fig. II-2. The band diagram of an AlGaN/GaN HEMT at VGS = 0. The quantum well (2DEG) forms in the 

conduction band. Band-gap of GaN = 3.4 eV. Band-gap of AlGaN = 4.5 eV.  
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2.2 Device Fabrication Procedure  

The precise application of the HEMTs determines the selection of the substrate material. 

The lack of a Gallium Nitride substrate necessitates heteroepitaxy on compatible substrates. 

Sapphire (Al2O3) is semi-insulating, can withstand high growth temperatures and is relatively 

inexpensive. On the down side, sapphire has very low thermal conductivity, large lattice 

mismatch and relatively large coefficient of thermal expansion. Silicon carbide on the other hand 

has a high thermal conductivity, low lattice mismatch as well as mismatch due to coefficient of 

thermal expansion. But it is quite expensive and has a large density of crystallographic defects. 

Silicon is low cost, available in large diameter wafers and easy to integrate due to existing silicon 

fabs. But the lattice mismatch as well as the coefficient of thermal expansion is extremely large. 

The epitaxial layers are grown on the substrates by Molecular Beam Epitaxy (MBE) or 

Metal-Organic Chemical Vapor Deposition (MOCVD) techniques. With sapphire as a substrate, 

the nucleation layer consists of GaN or AlN deposited at a low temperature (typically 600 ºC), 

which is then heated up to the growth temperature of the main layer. The GaN and AlGaN layers 

are typically grown at 1000 ºC at growth rates of ~ 1µm/h. Nucleation on SiC layer is typically 

performed using AlN growth at around 900 ºC . The physical effect that dominates the device 

behavior as well as the defect density is the polar nature of the GaN and AlGaN. The Ga-face 

GaN is the preferred polarity for growing high quality devices [1]-[4].  

The first step of the typical device fabrication process is the definition of the active 

device area. This is determined by Cl2 mesa etching or by ion implantation. The Ohmic contacts 

are made by partially etching the AlGaN in the source and drain regions and depositing the alloy 

and annealing at 900 ºC . Ti/Al/Ni/Au is the preferred material for Ohmic contacts. The gate is 

defined by lift-off of Ni/Au metallurgy and obtained by optical stepper lithography. The final step 

is the deposition of a passivation layer like SiN. This layer serves a critical purpose in eliminating 

dispersion between the large signal AC and the DC characteristics of HEMTs. 
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2.3 Analytical Model for a HEMT  

The analytical model considered here was developed initially for a general HEMT 

device, and the effect of piezoelectric polarization has been added to model the 2DEG density for 

a GaN HEMT more accurately. The conduction band discontinuity at the interface creates a 

potential well which confines the 2DEG. The potential well is assumed to have only two quantum 

levels, E0 and E1, which are relevant for the operation of the device (other levels are always above 

the Fermi level). A self-consistent solution to the Poisson and Schrödinger equation gives us the 

2DEG density. The 2DEG density (cm-2) in terms of energy levels is as follows [1], [2], [11]: 

       
 

D is the density of states in the potential well. Now, the 2DEG density (in the quantum well) at 

the AlGaN/GaN interface is given by: 

                                              
                                       
where VGS is the gate voltage, VT is the threshold voltage, EF is the Fermi level and d is the 

thickness of the AlGaN between the Schottky gate and the 2DEG layer. The complete expression 

for the the threshold voltage is as follows:  

                                                                             
                                                                                              
where ΦB is the barrier height at the Schottky/AlGaN junction, ΔEC is the conduction band 

discontinuity at the AlGaN/GaN interface, and σ is the polarization charge density. The charge is 

formed at the AlGaN/GaN or the AlN/GaN interface due to the highly polar nature of the GaN 

material system. In weak inversion, the Fermi level is below the allowed energy states. The 

carrier density is small in the 2DEG. This Fermi energy and the 2DEG density can be given as, 
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Beyond weak inversion, the sheet carrier density becomes higher as the Fermi level is 

much higher in the quantum well. The VT is usually defined as the beginning of the strong 

inversion region. The sheet carrier density and the Fermi level close to the pinch-off (arrival of 

strong inversion) is given by: 

                                                       
 

                                             
                                                                         

The HEMT is a field effect transistor, and once the 2DEG is formed the current is controlled by 

the channel potential Vc(x). The channel current is given by: 

                                                  
 

where W is the gate width and v(x) is the electron velocity at location x. The velocity of the carrier 

is dependent on the electric field. At very high fields the velocity reaches its saturation value (vs). 

Below this limit, the velocity is limited by mobility. For electric fields less than the critical field, 

the current can be written as:  

                                               
                                                     
In the linear region of operation, the last term can be approximated, and the above current 

expression can be rewritten as follows: 

                                            
                                                      
where L is the channel length of the device. The above expression can be modified to include the 

effects of the source and drain resistances (RS and RD): 

                                                                                             
 
The above expression is very useful is extracting important information from the I-V 

characteristics but it does not take into account the detailed effect of polarization charge.  
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2.4 Impact of Polarization Charge  

The presence of polarization charge at the interface is one important difference between 

GaN-based HEMTs and other HFET devices. GaN and AlN are highly polar in nature. These 

materials exhibit strong polarization-induced fields when in contact. The polarization effects can 

be classified into spontaneous polarization and piezoelectric polarization. Spontaneous 

polarization refers to the built in polarization field present in an unstrained crystal. This field 

exists because the crystal lacks inversion symmetry and the bond between the two atoms is not 

purely covalent. This results in a displacement of the electron cloud towards one of the atoms in 

the bond. Thus, along the direction in which the crystal lacks inversion symmetry, the asymmetric 

electron cloud leads to a net positive charge on one face of the crystal and a net negative charge 

on the other. Piezoelectric polarization is the polarization field that results from the distortion of 

the crystal lattice. Due to the differences in lattice constants of AlN, GaN, and AlGaN, growing 

AlGaN on GaN leads to compressive strain in AlGaN. This strain results in a charge sheet at the 

two faces of the crystal. Fig. II-3 shows the combined piezoelectric (PPE) and spontaneous (PSP) 

electric fields in a structure with an AlxGa1-xN layer grown on GaN. The polarization field 

increases with the Al content (mole-fraction) in the AlGaN. Thus, HEMT structures with AlN on 

GaN have very large polarization fields [1], [10], [12]. 

                 

Fig. II-3. The combined effect of spontaneous (PSP) and piezoelectric (PPE) polarization fields at the 

AlGaN/GaN interface. There is a net positive polarization-induced charge build-up [10].  
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The 2DEG is formed in the GaN buffer layer even if there is no intentional doping in the 

AlGaN layer. The effect of doping in the AlGaN is negligible on the 2DEG density. The 

analytical relation between the 2DEG density and the barrier potential (at the interface) and other 

parameters in the HEMT is summarized by the following equations: 

                                     
                       

                                                      
 
Here ns is the 2DEG density in the channel, σAlGaN is the net polarization charge density of the 

AlGaN, t1 is the thickness of the AlGaN cap layer, t2 is the thickness of the AlGaN layer and d0 is 

the distance between the centroid of the 2DEG and the top UID-AlGaN/GaN interface. The 

equations indicate that there is no doping dependence of the polarization charge.  

 

2.5 Small and Large Signal Figures of Merit  

It is important to understand the behavior of devices at higher frequencies, both in small 

and large signal operation. The former refers to applications such as low noise amplifiers in 

receivers whereas the latter refers to applications such as power amplifiers used in transmitters. In 

this context, several figures of merit can be defined to characterize the device performance. The 

most important figure of merit is the current gain cut-off frequency (fT), which is proportional to 

the inverse of the electron transit time across the device as follows [2], [3]: 

                                                       
 

where ttr represents the transit time of the electrons through the channel. The frequency response 

is therefore improved by using materials with better transport properties and shorter channel 

lengths. If the carriers are moving at a saturated velocity then the transit time is given by,  
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The current gain cut-off frequency is the primary indicator of the average electron 

velocity through the transistor and detailed analysis can extract the electron velocity in regions of 

the transistor. The power gain cut-off frequency of the device (fmax) is evaluated with the output of 

the device presented with the complex conjugate of its output impedance to maximize power 

transfer. This gain is predominantly dependent on the device as the termination and is determined 

uniquely by the device characteristic. The power gain cut-off frequency is given by: 

                                                                 
 

The transistor provides the maximum power gain when both the input and the output are 

conjugate matched to the generator and load impedance, respectively. The maximum available 

power gain (MAG) is related to the power gain cut-off frequency as follows: 

                                                           
 

In power amplifiers a load line match is usually provided at the output rather than a 

match for the maximum available power gain (MAG). The corresponding large signal power gain 

(LSG) is then given by the equation: 

                                        

An important limitation called the power-frequency limit relates to the inherent limit on 

the breakdown voltage a high frequency device technology can achieve. This limits the output 

power that can be obtained from a given technology. This limit imposes particularly severe 

performance limits on broadband microwave power amplifiers. This limit can be given as,  

                                                                                                                                 
 

which is purely dependent on the material parameters. So, the transistor fT and Vbr need to be 

traded against each other, by utilizing the length of the drift region of the device.  
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2.6 Reliability-Limiting Mechanisms 

Even though the performance figures of GaN-based HEMTs are exceptional, there are 

several major reliability-limiting issues which lower the life-time of these devices. Fig. II-4 

presents some important degradation issues and indicates the physical location of the related 

problem, which hampers the reliability of these devices. Degradation of these devices has been 

reported in all three modes of operation: ON, OFF and semi-ON. The modes of operation will be 

discussed in details later. The degradation is limited in the ON state of operation, irrespective of 

the drain bias. Limited degradation is observed in the OFF state of operation when the drain bias 

is low. But, at higher values of drain bias (VDS > 30 V) there is a large and irreversible 

degradation in the OFF state. For moderate and low values of VDS, we observe significant 

degradation of the devices in the semi-ON state. The major transistor performance issues include 

current collapse, gate-lag effect, second virtual gate, transient phenomenon, buffer trapping, 

gate/edge leakage and the gate-sinking issue. Punch-through, vertical leakage, high field charge 

injection, forward turn-on and parasitic breakdown effects have also been reported in some of 

these devices [8], [13], [14]. 

              

Fig. II-4. Overview of all the major and minor reliability-limiting mechanisms observed in the state-of-the-

art AlGaN/GaN HEMT devices. The arrows indicate the exact physical location where the device is 

affected due to the mentioned problem [10].  
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At high values of drain bias, the OFF state degradation is due to inverse piezoelectric 

polarization effects. Both GaN and AlGaN are strongly piezoelectric materials. In response to the 

high voltages, large stresses are introduced inside these materials. A large electric field appears 

under the gate edge across the barrier. This can result in large mechanical stress concentrated in a 

small region of the AlGaN barrier. To make matters worse, due to their lattice mismatch, AlGaN 

on GaN is typically under substantial tensile strain and therefore stores a sizeable amount of 

elastic energy at rest. Under electrical stress, if the elastic energy exceeds a critical value, 

crystallographic defects are formed. These defects are electrically active and may affect the 

device characteristics in a profound way. Another mechanism that may contribute to the 

degradation of GaN devices biased in the OFF state is electrons injected from the gate into the 

GaN due to trap-assisted tunneling. These electrons can reach very high energies and can damage 

the surface and interfaces, as well as induce traps [15]-[18].  

                                    

                          

Fig. II-5. (Top) Representation of high-field on the gate-edge and a large tensile stress in a GaN HEMT 

with a high VDS applied. (Bottom) The change in IDmax, RD, RS and IGoff in an OFF-state step-stress 

experiment with increasing VDG (for VGS = -5 V) [15]. 
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2.7 The Case of ‘semi-ON’ 

For moderate to low drain biases (VDS < 30 V), the degradation is attributed to hot carriers 

and the degradation is found to be maximum in the ‘semi-ON’ state of operation [7]. The 

electroluminescence micrograph images suggest that the effect of hot carriers is the highest at VGS 

of approximately -1.5 V for a VDS of 20 V. This can be attributed to the presence of a moderately 

large number of highly energetic electrons, as a result of a large electric field at the end of the 

gate on the gate-drain access region side. This results in a large degradation of the 

transconductance (up to 15% within the first 12 hours) of the device. The significant increase in 

the degradation at semi-ON state was first reported by researchers from the University of Padova. 

The images of the EL micrograph and the stress tests in different bias conditions are shown in the 

Fig II-6 and Fig. II-7 respectively [5], [19].   

                   

                                   
Fig. II-6. EL-intensity micrograph of an AlGaN/GaN HEMT at (top, left) VGS = 0 V (ON condition) and 

(top, right) VGS = -5 V (semi-ON condition, much brighter) for VDS = 20 V. The bottom plot shows EL-

intensity as a function of VGS with VDS varying from 8 V to 20 V [5]. 
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Fig. II-7. The average percent decrease of the maximum value of transconductance measured for VDS = 10 

V during a 10-hour stress test under ON (VGS = 0 V, VDS = 20 V), OFF (VGS = -7.7 V, VDS = 20 V) and 

semi-ON (VGS = -5.5 V, VDS = 20 V) conditions [5]. 

 

The shift in threshold voltage and degradation in transconductance in the semi-ON state 

may result in performance issues in high-power amplification as well as high-frequency switching 

applications. HEMTs biased in class-AB or deep class-B will be affected the most as the biasing 

point is very close to the semi-ON region where the threshold voltage shift and transconductance 

degradation are expected to be the highest because of the simultaneous presence of high electric 

and field and moderate current density. Class-AB is a popular configuration for high efficiency 

high-power large-signal amplification applications, due to very low distortion compared to other 

configurations. The degradation in the transconductance directly impacts the maximum available 

power gain (MAG), as well as the large signal power gain (LSG) of the amplifier. Additionally, 

class-AB amplifiers are usually biased in a way to reduce power consumption compared to class-

A amplifiers and to reduce distortion compared to class-B amplifiers. The shift in threshold 

voltage will result in the class-AB amplifier functioning more like a class B amplifier, resulting in 

an increase in the distortion [5], [9]. 
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CHAPTER III 

 

PROCESS-DEPENDENCE OF DEGRADATION 

 

This chapter provides an overview of the AlGaN/GaN HEMT devices used for the stress 

experiments, which is the starting point of the modeling effort. This chapter provides details 

about the geometry, material composition and fabrication techniques of these devices. The results 

of the stress experiments performed on these devices have been explained. The modeling 

approach will be explained in details in the next chapter.  

 

3.1 Growth and Processing Information 

The devices used in this study were AlGaN/GaN HEMTs on SiC substrates fabricated at 

University of California - Santa Barbara (SSLEEC Center). These devices were fabricated using 

two growth techniques: Plasma-Assisted Molecular Beam Epitaxy (PA-MBE) and Metal-Organic 

Chemical Vapor Deposition (MOCVD). The MBE growth rate is about 0.5 to 1 µm/hr, performed 

at a temperature of around 700 C. This growth technique enables growth of precise interfaces 

which improves transport properties. On the other hand, the MOCVD growth rate is much higher 

(~ 2 µm/hr), performed at a temperature of about 1000 C. The MOCVD grown devices were 

NH3-rich, whereas the PA-MBE devices were Ga-rich and N-rich. The Ga-rich devices show low 

surface roughness whereas the N-rich devices have lower threading dislocation density.  

These devices can be classified into three categories depending on the way the gate metal 

has been deposited: unpassivated rectangular gate, passivated rectangular gate and passivated 

trench. The length of the gate is 0.5 µm whereas the width of the structure is 160 µm. The alloy 

(Ti/Al/Ni/Au) used for the contacts (gate, drain and source) has been annealed at 820 C. The 

majority of the stress experiment results shown in this work were performed on the devices with 

passivated rectangular gates (refer Fig. III-1) [21]-[23]. 
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Fig. III-1. The three categories of device characterized: unpassivated rectangular gate (top), passivated 

rectangular gate (center) and passivated trench gate (bottom). Each category was fabricated using three 

process techniques: Ga-rich, N-rich and NH3-rich [21]. 

 

 

The GaN buffer layer is about 3 µm thick and is unintentionally doped. The aluminum 

mole fraction in the AlGaN layer varies from 28-32 %. The gate structure in these devices is not 

recessed. The thickness of this AlGaN layer is 30 nm. There is a lot of variation in the gate-source 

(G-S) and gate-drain (G-D) access region lengths. For consistency, we have used devices with G-

S and G-D access lengths of 0.35 µm and 1.2 µm respectively in this work. The passivation layer 

of silicon-nitride is 160 nm thick [21]. 



 21 

3.2 Basic Transistor Characteristics   

The majority of the stress experiments were carried out on the devices with passivated 

rectangular gates. The value of VT for the unstressed devices was in the range of -3.5 ± 0.15 V. 

Fig. III-2 shows the drain current (ID-VG) and transconductance (gm) characteristics for an 

unstressed Ga-rich rectangular passivated gate device obtained at room temperature. The ID-VG 

characteristic was obtained for a drain bias (VDS) of 0.2 V. 

                                                 
Fig. III-2. The drain current (ID-VG) and transconductance (δID/δVG) characteristics for a PA-MBE grown 

(Ga-rich) rectangular passivated gate device (VDS = 0.2 V). Device width = 160 μm (After [24]). 

 

Fig. III-3 shows the impact of the operating temperature on the VT of an unstressed PA-

MBE grown Ga-rich device. The VT of the device decreases with the increase in the device 

temperature. All the transistors show a linear dependence of temperature change on the VT shift, 

regardless of the fabrication process or device geometry.  

                           
Fig. III-3. The impact of the device temperature on the threshold voltage of an unstressed Ga-rich HEMT. 
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3.3 Stress Experiment Results: At Semi-ON    

The stress tests were performed in the semi-ON condition (VGS = -2 V, VDS = 20 V) as the 

degradation is expected to be the highest in this state. All the initial measurements were carried 

out at room temperature and the stress duration ranged from 12 to 24 hours. For the first set of 

devices, we observed a positive shift in the VT for the PA-MBE grown (Ga-rich and N-rich) 

devices whereas there was a negative shift for the MOCVD (NH3-rich) devices, as shown in Fig. 

III-4. The positive shift in the VT indicates a build-up of negative charge at the AlGaN/GaN 

interface (near the 2DEG), whereas the negative shift in the VT indicates a build-up of positive 

charge. The VT shift for the NH3-rich devices is significantly greater than the Ga-rich and N-rich 

devices. The VT shift plots for N-rich and the NH3-rich devices indicate saturation at around the 

three hour mark. There is considerable device-to-device variation in the VT shift trend, even 

within the devices fabricated using similar processing conditions. We ignore the stress test results 

from the Ga-rich samples (of this batch) for our degradation modeling efforts as these devices 

show very little and inconsistent degradation. There is negligible shift in the VT for all the three 

types of devices when subjected to ON stress conditions (VGS = +2 V, VDS = 20 V) [22], [23]. 

                    

Fig. III-4. Vpinch-off shift for Ga-rich, N-rich and NH3-rich HEMTs from the first batch of devices stressed in 

the semi-ON (VGS = -2 V, VDS = 20 V) condition (After [22]). 
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In the second batch, the majority of the devices were fabricated using the PA-MBE 

technique under Ga-rich process conditions with passivated rectangular gates. These devices were 

also subjected to the semi-ON stress (VGS = -2 V, VDS = 20 V), as we observed the maximum 

degradation in this bias condition. The initial stress tests were carried out at room temperature 

(for 16 hours). Both the VT shift as well as the gm degradation of the device was monitored with 

respect to the stress time. Fig. III-5 shows the VT shift and the gm degradation of the device. The 

VT shift is relatively small (around 1.5%, since the unstressed VT values of these devices are about 

-3.5 V), whereas the gm degradation is very large (15%) for the room temperature data [24].  

                        
 

                         
 
Fig. III-5. (Top) VT shift for Ga-rich HEMTs in semi-ON condition (VGS = -2.0 V, VDS = +20.0 V) for 

devices with identical geometries. (Bottom) The corresponding transconductance degradation (∆gm/gm) for 

the same devices (After [24]).  
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Fig. III-6. VT shift for identical Ga-rich HEMT devices stressed under different values of gate bias at room 

temperature (for VDS = 20 V) (After [24]).  

 

We observe that both the VT shift as well as the gm degradation increases with the 

operating temperature. There is a significant increase in the degradation above 350 K. At lower 

temperatures, the degradation approaches saturation. The small shift in the VT during the semi-ON 

stress may not be of great significance, but the large degradation in gm within 24 hours will be a 

big concern for engineers designing GaN HEMT-based high efficiency power amplifiers for 

operation in the class-AB region. The next chapter provides the detailed description of the 

modeling procedure.  
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CHAPTER IV 

 

DEGRADATION MODELING: METHODOLOGY 

 

This chapter provides a description of the overall degradation modeling methodology. 

The predictive model is based on a rate equation that assumes that the degradation is a result of 

formation of charged defects due to high energy electrons. The chapter also explains the 

assumptions that have been made to simplify the modeling process.  

 

4.1 Approach for Predictive Modeling  

The primary objective of this work is to do predictive modeling of the degradation 

behavior of important transistor characteristics like VT and gm when stressed under different 

operating conditions, from the result of an accelerated stress test at one given condition. 

Ensemble Monte-Carlo (EMC) simulations are run at different bias conditions and the carrier-

energy statistics are compiled. The condition that results in the largest number of high energy 

carriers is identified. Then an accelerated stress test is performed at that specific operating 

condition, as the performance degradation (both VT shift and the gm degradation) is the highest 

when there is maximum number of high energy carriers. The direction of VT shift from the stress 

test is useful in identifying the candidate defects that may be present in the device as the growth 

conditions are known. These point defects are believed to be created by an electron-activated 

hydrogen removal process. First-principles DFT is used to calculate the activation energy of the 

defect. Only the electrons with higher energy than this activation energy can form or modify a 

defect. The number of carriers that exceeds this activation energy is calculated from the EMC 

results. These results are used in an equation that gives the defect generation rate. Fig. IV-1 

provides an overview of the modeling approach used for the threshold voltage degradation 

prediction process [24]-[28].  
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Fig. IV-1. Overview of methodology for the degradation modeling process. The methodology is based on 

the assumption that the VT shift and the gm degradation takes place due to the build-up of charged defects 

near the AlGaN/GaN interface. High energy carriers are responsible for the formation of these defects due 

to hydrogen depassivation process. In this exercise, the DFT calculations were performed by Yevgeniy 

Puzyrev and Xiao Shen, whereas the stress experiments were carried out by Jin Chen and Tania Roy. 

 

4.2 Assumptions for Simplification   

In this approach the charged defects responsible for degradation are assumed to be 

distributed uniformly along the channel and the stress induced change in the areal density of the 

charged defects under the gate results in the shift in VT, whereas the change in the density of the 

charged defects under the gate as well as the gate-drain access region results in the degradation of 

gm. For simplicity, we consider that the defects are created in a single step by the energetic 

carriers. We do not consider the dehydrogenation process in terms of electron wind force. 

Electrons with energies lower than the activation energy can also result in depassivation as long 

as the carrier strike interval is less than the relaxation time of the system. The simplified σ is 

assumed to be zero for energies up to Eact and a constant value for higher energies.    
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4.3 The Rate Equation 

The device response is modeled by assuming that the energetic carriers can transfer 

energy to the pre-existing defects and transform them into new configurations and/or new charge 

states that alter the device characteristics. The change in the defect charge state leads to the shifts 

in VT and the degradation of ID and gm with increasing stress time. The defect generation rate near 

the AlGaN/GaN interface is given by the equation: 

                         

where n(E) is the carrier density, (E) is the velocity of electrons with energy E, Eact is the 

effective activation energy for the defect transformation, q is the electronic charge, σ(E) is the 

effective, average scattering cross-section of the defects, and ΔQd(t) is the stress-induced change 

in the areal density of the charge near the interface, 

                                               

where Nd(t) is the areal density of the activated defects at time t and Nd
∞ is the areal density of the 

pre-cursor defects. The difference [Nd
∞ - Nd(t)] is the concentration of the available pre-existing 

defects at time t. The scattering cross-section is assumed to be zero for energies up to Eact and 

constant for the higher energies. The carrier density n(E) is obtained from the HFET EMC 

simulation results, and Eact, is calculated using ab-initio DFT. The VT shift is related to the change 

in charge density as follows: 

                                         
   

where dAlGaN is the thickness and ε is the dielectric constant of the AlGaN layer. 

The transconductance (gm) degradation can now be related to the VT shift of the device for 

modeling process. The detailed analysis to link the degradation in transconductance (Δgm/ gm) 

with the stress time to the change in charged defect density (Nd(t)) and hence, the shift in VT(t) has 

been shown in the Chapter X. 
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4.4 Exponential Dependence of Degradation  

For determining the scattering cross-section of the defect in device, it is helpful to 

represent the rate equation with an exponential dependence (of time constants) of the carrier 

energy and electron density. The degradation equation with this exponential dependence can be 

used to fit the stress test data reasonably well. This can be done in the following way: 

Assuming the scattering cross-section of the defect to be independent of energy, 

combining the equations IV-1 and IV-2, we get the following expression for the rate of change of 

charged defects with the stress time: 

               

Now, rearranging the terms and integrating, 

                

=> 

                

=> 

                                       

where, 

                                      

Now, at t = 0:  

                                              

Now, combining the equations IV-7 and IV-9,  
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=> 

                       
 

Rearranging the terms,  

                            
 

Combining equations IV-3 and IV-12,   

                      

This equation gives the exponential dependence of the degradation (VT shift) on the 

carrier energy distribution. The time constant (τ) can be obtained from fitting the stress test data, 

and this value is directly related to the energy of the hot electrons capable of depassivating 

hydrogen and cause charged defects, which can be obtained from the EMC simulations. The 

equation IV-13 can be extended to multiple defects (different scattering cross-sections, and with 

different activation energies) in the following way, 

                                 

                                                                 
                                                  

                                                              
 
where the time constants are as follows, 

                                            

                                            

                                                                     ….. 
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CHAPTER V 

 

ENSEMBLE MONTE-CARLO SIMULATOR DESCRIPTION 

 

This chapter describes the basic formalism of the simulator used for the EMC 

simulations. The Michigan HFET is a C++-based 2-D FEM numerical simulator that has been 

designed specifically for modeling III-V semiconductor devices. HFET has been developed at the 

University of Michigan by Prof. Jasprit Singh and his team. This chapter also gives a description 

of the device structure and material composition that are simulated. 

 

5.1 Simulator Overview: Michigan HFET 

This section describes the simulation flow and the physics involved in HFET simulator 

while modeling a standard III-V device. The formalism is as follows [29]-[33],   

1) A two-dimensional (2-D) Poisson, drift-diffusion and continuity equation finite element 

method (FEM) solver has been used to obtain the current-voltage curves, charge distribution, and 

electric field along the channel. Please refer Fig. V-1 for the flow. 

2) The quasi-Fermi levels obtained from the 2-D Poisson and drift-diffusion solver are then 

used to solve the Schrödinger and Poisson equations to obtain the wave function and 2-D 

confined energy level for the different points. Shockley-Read-Hall generation-recombination is 

also included in the current continuity equation. 

3) A 2-D multi-valley (Γ, L, A and U-M) (refer Fig. V-2) EMC technique is then used to 

simulate the electric field and the spatial velocity of electrons along the channel. This is 

calculated using the electric field from the steady-state mobility model. The effects of 

polarization at AIGaN/GaN interface are included through a charge-control model [31]. 

4) The spatial velocity of the electrons obtained from EMC as the new mobility model and 

then feed it back to 2-D Poisson and drift-diffusion solver to solve the equation self-consistently. 
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Fig. V-1. Overview of the flow of the formalism for a simulation run using the HFET simulator. The 

functionalities of the different sections in this flow are as follows [29]: 

 Section DDCC: Solves Poisson and Schrodinger equations (1D).  

                                     Output: Wave-function and charge density. 

 Section CALCHUV: Simulates electron-phonon interaction (2D). 

                                     Output: Electron-phonon interaction data. 

 Section MC: Simulates high-field transport (with 500000 carriers). 

                                        Output: Electron-velocity field along the channel (constant field). 

 Section 2DMOD: Solves Poisson and Schrodinger equations (2D).  

                                  Output: Electric field, Wave-function, charge density (2D). 

 Section 1: Considering constant electric field.  

 Section 2: Considering spatially varying electric field. 

 

5.2 Simulator Formalism: EMC Approach 

From the 2-D solver, the electric field profile, quasi-Fermi level, and charge distribution 

in the channel is obtained. However, the Schrödinger equation can only be solved in the 

perpendicular y-direction to obtain the confined state in the channel. Therefore, the one-

dimensional (1-D) Schrödinger equation and Poisson equation are solved at each x point to obtain 

the wave function and the 2-D confined energy level for different x points. The scattering rate at 
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each point x under the channel is then calculated. Then, EMC method is utilized to simulate the 

electron velocity through the electric field Ex(x). For short-channel effects, the Ey component 

mainly influences the charge density especially near the drain depletion region. This effect is 

already taken into account by applying different scattering rates at different points. The 2-D and 

3-D EMC method is then implemented with 500000 electrons for the structure. The statistical 

electron velocities and energy along position of the channel are then recorded and averaged. The 

MC process takes the following scattering mechanisms (Fig. V-3) into account [31], [32]:  

1) polar optical phonon absorption and emission 

2) acoustic phonon scattering  

3) interface roughness scattering 

4) equivalent and non-equivalent inter-valley scattering 

5) alloy scattering and 

6) charged dislocation scattering. 

                     
Fig. V-2. The E-k diagram for Gallium Nitride (for Wurtzite arrangement). The Michigan HFET simulator 

considers the non-parabolicity effects in the Γ, L, A and U-M valleys [34]. 
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Fig. V-3. Calculated dispersion curves for acoustic and optical branch phonons for Gallium Nitride [34]. 

 

For the first iteration, the spatial velocity of the electrons is obtained from the electric 

field calculated from the steady state mobility model. However, for the short-channel devices, the 

steady-state mobility model may not work well due to the velocity-overshoot effects. The 

electric-field component Ex(x) obtained from the steady-state mobility model may not be correct 

in such short-channel devices. For better accuracy, there is a need to couple the EMC into a 2-D-

Poisson and drift-diffusion solver to solve the equation self-consistently. Therefore, the spatial 

velocity and the old Ex(x) in the channel are used as the new mobility model for the 2-D Poisson 

and drift-diffusion solver to obtain the new electric-field Ex(x) and charge-distribution profile. 

Then, the previous steps are repeated to solve the equations self-consistently. With these iteration 

steps, the spatial electron velocity can be obtained accurately. 

The values of fixed charges are used in the charge control calculation, which involves the 

solution of the Schrodinger and Poisson equations (in 1-D) self-consistently to obtain the 

potential profile, carrier wave functions and energy levels. The Schrodinger equation (Eq. V-1) 

yields the confined charge terms in the Poisson equation (Eq. V-2), which in turn determines the 
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potential profile. This potential profile is fed back into the Schrodinger equation and this process 

is repeated until the solution of the Poisson equation converges.  

                                     
                                           

                                                    
 

The resulting wave functions from the solution of Eqs. V-1 and V-2 are then used to 

calculate overlap integrals, Imn, which are used in the calculation of the inter-subband matrix 

elements. It must be noted that the above wave functions are normalized over the entire device, 

                                            
 

Transport properties are calculated by the usual Monte Carlo method. This involves 

simulation of the motion of a single electron over a long period of time to obtain carrier velocities 

or simulation of many carriers over a short period of time to obtain the distribution of velocities. 

This Monte Carlo process models the dominant scattering mechanisms at 300 K – acoustic and 

polar optical phonon emission and absorption, interface roughness and alloy scattering, 

interspersed with periods of free flight. The process proceeds in the following steps: 

1) Initial calculation of the scattering rates for intra- and inter-subband scattering. 

2) Injection of electrons into the structure. Carriers are initially injected with thermal velocity. 

3) Random choice of scattering event as one of acoustic phonon scattering, polar optical  

phonon absorption and emission, intervalley scattering, interface roughness scattering, alloy 

scattering, etc. 

4) Updating the final position and velocity of the electron after the scattering event. 

5) Free flight. 

Steps 3 and 5 are repeated until the end of the simulation. For the purpose of the 

simulation, the motion of one electron is considered, for a long period of time in the present case, 

16 ns. This long period of simulation is chosen to ensure that the velocity at the end of the 
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simulation is a steady state velocity corresponding to the saturation, uniquely corresponding to 

the electric field in the channel. The resulting curve is used to deduce the low field drift mobility. 

The advantage of using this technique is that one can obtain a very fine level of detail about the 

electron transport process.  

The values of different material constants are taken from the literature. There is 

considerable uncertainty about the values of non-parabolicity of the upper valleys in the 

conduction band of wurtzite nitrides. The non-parabolicity factors used in the simulator are 

obtained from first principles calculation. The relation of effective mass of an electron in a 

semiconductor to the band gap is described by the k.p formalism: 

                                       
 

where Δ is the separation between the heavy hole and the split-off bands.  

In the Monte-Carlo approach, the electron is treated as a point particle along the channel 

plane, but in the growth direction, it is represented by an envelope function. The envelope 

function for the ground state is localized very close to the AlGaN/GaN interface. For higher 

subbands, it is spread into the GaN or AlGaN region. To calculate the scattering rates for a state 

that overlaps several different regions, an averaging procedure is used. The material parameters 

are averaged over the number of layers (N) and hence, each subband has its own value of the 

relevant parameter. Since, the wave functions are normalized over the entire device, the subband 

dependent value of material parameter is given by: 
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5.3 Device Structure and Composition 

The device simulated was an AlGaN/GaN HEMT structure shown in Fig. IV-1. The 

AlGaN layer is 25.0 nm thick and its mole-fraction is 0.32. A Schottky barrier of Фb = 1.68 eV is 

used to model the gate contact. The device structure and composition is the same as that of the 

actual devices used in the stress experiments. The formation of the two-dimensional (2-D) 

electron gas in AlGaN/GaN HEMT is due to the simultaneous presence of spontaneous and 

piezoelectric polarization introduced by fixed charges at the interface. The fixed charges are 

represented by 1.4  1013 cm-2 positive charges [12]. The doping in the GaN is 1015 cm-3 n-type, 

representing the unintentional doping during fabrication process. The gate, gate-source (G-S) 

access and gate-drain (G-D) access region were 0.05 μm, 0.35 μm, and 1.20 μm long, 

respectively. The initial simulations were performed at 300 K and the threshold voltage of the 

device was estimated to be about -3.8 V. The experiments showed that the VT was around -3.5 V. 

The simulations were repeated at different gate biases in order to investigate the electric field and 

energy distributions for the ON and Semi-ON states. In the OFF state (with gate-bias less than the 

threshold voltage) there are insufficient carriers to complete the simulation and obtain the carrier-

energy statistics. Similar simulations were performed to examine the effects of drain-bias, device 

temperature, doping concentrations, mole-fraction and device geometry on the carrier-energy 

statistics [27]-[29]. The results of the EMC simulations have been presented in the next chapter. 

                                     

Fig. V-4. Cross-section of the AlGaN/GaN HEMT structure used for the EMC (Michigan HFET) 

simulations. The substrate (not shown here) used is SiC by default. The gate structure is recessed. Gate, 

source and drain contacts are all 50 nm in length [27]. 
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CHAPTER VI 

 

ENSEMBLE MONTE-CARLO SIMULATION RESULTS 

 

This chapter describes the results obtained from the Michigan HFET EMC simulator. The 

energy band diagrams and the carrier densities are initially obtained under different operating 

conditions. Then we look at the electric field along the device under the same conditions. Next 

the carrier energy distribution is reported at the specific location where the electric field is at its 

highest for the three regions of operation. We also report the change in the carrier distribution 

depending on the change in other operating conditions such as temperature, doping density, 

device dimensions, AlGaN thickness and the Al mole-fraction.   

 

6.1 Band Diagram and Carrier Density 

The device described in chapter V (Fig. V-4) has been used for the EMC simulations, in 

which the AlGaN layer is 25 nm thick and the Al mole-fraction is 0.30. In these simulations, we 

maintain the drain bias at 20 V. The lowest value of gate bias for which the simulation cycle gets 

completed is -3.8 V. This indicates that for a VDS of 20 V, there are insufficient carriers in the 

channel when VGS is lower than -3.8 V. The results indicate that the threshold voltage for the 

simulated device is approximately -3.9 V when the drain bias applied is 20 V. Hence, we have not 

reported results from the OFF state of transistor operation  

The energy band diagrams reported here are obtained vertically, sliced at the middle of 

the gate contact. Fig. VI-1 reports the band diagrams for the different bias conditions. We first 

look at the energy band diagram for the case when no gate bias (VGS = 0 V) is applied to the 

device. Even without application of a gate bias, a quantum well (2D Electron Gas layer) is formed 

at the interface. So, the device is turned ON without a positive gate bias. Hence, these 

AlGaN/GaN HEMTs are depletion mode, which is typical.  



 38 

a) 

                           
b) 

                            
c) 

            
 
Fig. VI-1. Energy band diagram obtained at the middle of gate (at 300 K) for (a) VGS = 0 V, VDS = 20.0 V 

(b) VGS = -2.0 V, VDS = 20.0 V (c) VGS = +2.0 V, VDS = 20.0 V. The quantum well (2DEG) at the interface. 

The blue points indicate the conduction band, the red points indicate the valence band, green points indicate 

the electron fermi level and the violet point indicates the hole fermi level. The x-axis is in nanometers, 

whereas the y-axis is in eV.  
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Next, we investigate the carrier density in the device by slicing the device at the same 

point where the energy band diagrams were obtained. Fig. VI-2 shows the electron and hole 

densities for different bias conditions at room temperature. The AlGaN/GaN interface in this 

figure is at 15 nm. A very high peak in the electron density can be observed near this interface for 

all the bias conditions considered. The hole density on the other hand is negligible for all the 

cases. There is a very large electron density at the interface even without a gate bias being 

applied, since the device is depletion-mode (Fig. VI-2 (b)). The carrier density increases as we 

apply a positive gate bias (Fig. VI-2 (c)). In the semi-ON state of operation (VGS = -2 V), the 

electron density is about a quarter compared to that of the ON condition (Fig. VI-2 (a)). Now, 

increasing the VDS also has an impact on electron density at the interface too. It can be observed 

that for VDS of 30 V, the density for VGS = -2 V is higher than for VDS of 20 V (Fig. VI-2 (d)). 

 
 

Fig. VI-2. Electron and hole density obtained by slicing at the gate (at 300 K) for (a) VGS = -2.0 V, VDS = 

20.0 V (b) VGS = 0 V, VDS = 20.0 V (c) VGS = +2.0 V, VDS = 20.0 V (d) VGS = -2.0 V, VDS = 30.0 V. The x-

axis is in nanometers. The peak is right at the AlGaN/GaN interface. 
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6.2 Profiles of Electric Field 

The electric field dependence on the bias conditions is reported in this section. Both the 

parallel and perpendicular component of the electric field are presented (along the channel) in 

Fig. VI-3. The simulations are performed at different gate bias conditions for a VDS of 20 V. All 

these results are for 300 K. In the figures mentioned below, the gate region extends from 0.35 μm 

to 0.40 μm (in the x-axis). The position 0.4 μm represents the gate edge on the gate to drain (G-

D) access region side. 

a) 

b)                    

                                                        

 
 
Fig. VI-3. a) Parallel and b) Perpendicular electric field as a function of channel position for different VGS 

values at 300 K for VDS = 20.0 V. The gate extends from 0.35 µm to 0.4 µm (After [26]). 
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The parallel electric field (refer Fig. VI-3 (a)) becomes positive at the gate-edge on the G-

S access region side and goes negative at the gate-edge on the G-D access region side. The 

magnitude is significantly higher at the gate-edge on the G-D access region side for all the values 

of gate bias. The electric field keeps increasing as the value of VGS becomes more and more 

negative. The electric field is negligible for a positive gate bias. The perpendicular component 

(refer Fig. VI-3 (b)) of the electric field is significantly smaller in comparison for all values of 

VGS. Hence, the resulting magnitude of the total electric field is also the highest at the end of the 

gate on the G-D access region side. This indicates that the carriers with the highest kinetic 

energies are present in this region of the device, irrespective of the device operating conditions.  

 

6.3 Carrier Energy Distribution (Bias Dependence) 

Since, the electric field is at its maximum at the end of the gate on the G-D access region 

side, we investigated the energy of the electrons at this point by taking a slice at this point. Fig. 

VI-4 shows the carrier energy distribution for four values of VGS vaat 300 K with VDS at 20 V, 

obtained at the end of the gate on the G-D access region side. These carrier energy distributions 

(sliced at 0.4 µm across the device cross-section, with the source edge as the origin) show a 

distinct peak for moderate energy electrons (0.5 to 2.0 eV) and a high energy (carrier with 

energies greater than 2 eV) tail for all non-positive VGS values. Both the moderate energy and the 

high energy carrier peaks are the highest for the case of VGS = -2.0 V (semi-ON state). For VGS = 

+2.0 V (completely ON), there are very few carriers above 0.4 eV, so the degradation is expected 

and observed to be minimal. The moderate energy carrier peak moves more and more to the left 

(lesser energy) as the gate bias becomes more and more negative. Hence, the number of lower 

energy carriers (i.e., less than 0.5 eV) is significantly larger for VGS = -3 V. In the region of 2-3 

eV energy, the highest number of carriers are for VGS = 0 V.  
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Fig. VI-4. Carrier energy distribution for different gate bias values at 300 K for VDS = 20.0 V sliced at the 

end of gate on G-D access region side (0.4 µm) (After [27]). 

 

The moderate and high energy peaks in the carrier-energy distribution can be explained 

in terms of inter-valley scattering. The moderate energy carrier peak observed at around 1.1 to 1.4 

eV is due to carriers getting accumulated in the A-valley of the E-k diagram of Wurtzite GaN 

(please refer Fig. V-2). The reason is that the A-valley is about 1.3 eV from the lowest point in 

(Г-valley) the conduction band. So, the number of electrons in this valley increases as the electric 

field increases when the gate bias become more and more negative (till VGS = -2 V). At a more 

negative value of VGS the electric field becomes so high that the electrons scatter back to the Г-

valley. So, there is no moderate energy carrier peak for VGS = -3 V, as there are few electrons 

present in the A-valley. Instead, there is a relatively large concentration of lower energy carriers 

in this condition. The higher energy carriers peaks (around 3 to 4 eV) can be attributed to the 

presence of carriers in the upper valleys. The electric field for VGS = +2 V is so low that there are 

virtually no electrons in the A-valley, resulting in very few moderate energy carriers and virtually 

no high energy carriers. Table VI-1 reports the distribution of carriers for different gate bias 

conditions. This simultaneous presence of large electric field as well as moderate density of 

carriers in the semi-ON state may result in much higher degradation than in the ON or OFF 

conditions. 
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TABLE VI-1 

Number of carriers above a given energy level (in steps of 0.5 eV) for different values of VGS with VDS = 20 

V at room temperature obtained at the end of the gate on the G-D access region side. 

 

Greater than VGS = +2 V VGS = 0 V VGS = -2 V VGS = -3 V 

0.5 eV 2840 139000 184000 162000 

1.0 eV 340 115000 129000 94600 

1.5 eV 110 63800 64500 62500 

2.0 eV 32 32600 35400 34800 

2.5 eV 0 14900 26200 25300 

3.0 eV 0 6840 20400 20800 

 

a) 

                    
b) 

                    
 
Fig. VI-5. (a) Carrier energy distribution for VGS = -2.0 V, VDS = 20.0 V (at 300 K) obtained by slicing at 

different points along the channel. (b) The total number of carriers at each slicing point compared with the 

number of energetic (E > 2 eV) carriers at the corresponding point (after [24]). 
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Fig. VI-5 (a) shows carrier energy distributions at different points along the channel for 

the semi-ON state at 300 K. The figure confirms that the number of both moderate and high 

energy carriers is significantly higher at the gate edge (0.4 μm slice). As we move away from the 

gate edge towards the drain, the moderate energy carrier peak starts to decrease. As we move 

towards the gate, very few moderately energetic carriers are present, but a fairly large number of 

low energy (less than 0.5 eV) carriers are present. Only the 0.4 μm slice shows the secondary 

peak for very high energy carriers. Other cuts show very few carriers with energies greater than 

2.5 eV. Fig. VI-5 (b) indicates the total number of carriers as well as the number of energetic 

carriers at each slicing point in the device. 

 

6.4 Carrier Energy Distribution (Temperature Dependence) 

Next, we consider the effects of the device temperature on the carrier energy distribution 

in the semi-ON state. EMC simulations were performed with the device biased in the semi-ON 

(VGS = -2.0 V, VDS = 20 V) for temperatures ranging from 250 K to 600 K. The carrier energy 

distributions at the end of the gate on the G-D access region side are shown as a function of the 

device temperature in Fig. VI-6 (a). Fig. VI-6 (b) focuses on the high energy (> 2 eV) carrier 

distribution tail portion of Fig. VI-6 (a).  

As the temperature increases, the number of moderately energetic carriers (0.5 to 2.5 eV) 

increases. On the other hand, the number of higher energy (> 2.5 eV) carriers decreases with the 

increase in temperature. In Fig. VI-6 (b), the 600 K semi-ON stress result shows significantly 

fewer high energy carriers compared to the lower temperatures. The number of moderately 

energetic electrons keeps increasing with the device temperature till 450 K. There is no mid-

energy carrier peak at 500 K and above. Above 500 K, there is an increase in the number of lower 

energy (less than 0.5 eV) carriers. The shape of the carrier-energy distribution changes very little 

as the temperature increases further.  
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a) 

                  

 b)    

                                            
Fig. VI-6. (a) Carrier energy distribution for different temperatures in the semi-ON (VGS = -2.0 V, VDS = 

20.0 V) condition sliced at the end of the gate on the G-D access region side. (b) Close-up view of the high 

energy carrier distribution region (greater than 2 eV) of Fig VI-6. (a) (After [24]).  

 

Table VI-1 presents the number of carriers above a given energy value for different 

temperatures at semi-ON. Fig. VI-7 shows the plot for this table. This figure is helpful in 

understanding the effect of temperature on the energetic carriers. It is clear from the plot that the 

number of carriers above 2.5 eV decreases with increasing temperature, whereas the number of 

energetic carriers in the ‘above 1.5 eV to above 2.0 eV’ range is relatively unaffected by the 

device temperature.  
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TABLE VI-1 

Number of carriers above a given energy level for different temperatures at semi-ON (VGS = -2 V) 

 

Greater than T = 250 K T = 300 K T = 350 K T = 400 K 

0.5 eV 152000 184000 203000 214000 

1.0 eV 91800 129000 141000 152000 

1.5 eV 59500 64500 65300 67900 

2.0 eV 36200 35400 33100 25800 

2.5 eV 25100 26200 21000 12900 

3.0 eV 19200 20800 16400 9020 

  

There is a peak in the carrier distribution at about 1.0 to 1.4 eV for temperatures up to 

450 K. As described before, this phenomenon is due to electrons getting accumulated in the A-

valley (Fig. V-2), as the bottom of the A-valley is approximately 1.3 eV from the bottom of the 

conduction band (Г-valley). Only at about 500 K, the optical phonons gain the energy to scatter 

these electrons (Fig. V-3). Hence, there is not a distinct peak for 500 K and 600 K. Instead, there 

is an increase in low energy carriers (less than 0.5 eV) for 500 K and 600 K. Fig. 8 summarizes 

the trend of change in carrier distribution with the increase in device temperature. Both high and 

moderate energy carriers can create or reconfigure defects if the defect activation energy is 

sufficiently low. 

             
Fig. VI-7. Number of carriers with energies greater than the specified value (in steps of 0.5 eV) over the 

temperature range of 250 K to 500 K (After [24]).  
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6.5 Carrier Energy Distribution (Doping Dependence) 

Next, the impact of varying the doping in the GaN and AlGaN layer on the carrier energy 

distribution has been investigated. In this case, we increase the doping level in the GaN and 

AlGaN from 1015 cm-3 to 1016 cm-3 (donor type) and run the simulations. We use the semi-ON 

stress conditions, and keep the temperature at 300 K. The results (Fig. VII-1) indicates that 

increasing the doping in the AlGaN has relatively no impact on the carrier distribution. On the 

other hand, increasing the doping in the bulk (GaN) has a reasonable impact on the distribution. 

The number of moderate energy carriers increases whereas the number of high energy carriers 

decreases as the doping in the bulk increases. 

a) 

 b)                

                    
 
Fig. VI-8. (a) Carrier energy distribution for different GaN and AlGaN donor density in the semi-ON (VGS 

= -2 V, VDS = 20 V) condition sliced at the end of the gate on the G-D access side. (b) Close-up view of the 

high energy carrier distribution region (above 2 eV) of Fig VI-8. (a). 
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6.6 Carrier Energy Distribution (Geometry Dependence) 

We also investigated the impact of the variation in the device dimensions on the carrier 

energy statistics. The impact of changing the access region lengths on the distribution has been 

investigated. The simulations were carried out at semi-ON condition (VGS = -2 V, VDS = 20 V). 

The device temperature is kept at 300 K. We initially keep the G-D access region and the gate 

lengths constant (from Fig. V-4) and vary the G-S access region lengths. G-S access region length 

of 0.35 μm was the dimension of our original device.  

Fig. VI-9 reports the results of the simulations. The carrier energy distribution is obtained 

at the end of the gate on the G-D access region side in all three cases. Varying the G-S access 

region length has minimal effect on the carrier energy distribution. The reason is the lateral 

electric field at the gate-edge on the drain side remains unaffected with the change in G-S access 

region length, as long as the G-D access region length remains constant. Similarly, varying the 

gate length has limited impact on the distribution too. However, varying the G-D access region 

length has a slightly higher impact on the carrier distribution. The number of energetic carriers 

increases as the G-D access region length decreases. 

                
Fig. VI-9. Carrier energy distribution for different device geometry (access region lengths) in the semi-ON 

(VGS = -2 V, VDS = 20 V) condition sliced at the end of the gate on the G-D access region side (at room 

temperature). 
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6.7 Carrier Energy Distribution (Drain Bias Dependence) 

Finally, the impact of drain bias on the carrier energy distribution has been explored. For 

consistency, VGS was maintained at -2 V. We keep the device dimensions and the temperature 

constant, and vary the VDS from 10 V to 30 V. Fig. VI-10 reports the results of the simulations. It 

can be observed that the medium energy carrier peak increases with the increase in the drain bias. 

But above 21.5 V the medium energy carrier peak suddenly disappears and we see a significant 

increase in the number of lower energy carriers. Above 25 V, the carrier energy distributions do 

not change much with the change in the value of VDS. 

               

               
Fig. VI-10. Carrier energy distribution for different drain bias values for VGS = -2.0 V, sliced at the end of 

the gate on the G-D access region side (at room temperature).   
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Fig. VI-11. Comparison of high energy (E > 1.8 eV), medium energy (E > 0.5 eV) and total number of 

carriers obtained for different drain bias values obtained at VGS = -2.0 V, sliced at the end of the gate on the 

G-D access region side.   

 

 

Fig. VI-11 summarizes the variation of carriers with the drain bias. The total number of 

carriers at the gate-edge increases with increase in the drain bias. The number of carriers with 

energies above 0.5 eV is highest at VDS = 20 V. Above 20 V, this number decreases sharply. On 

the other hand, the number of energetic carriers (above 1.8 eV) keeps increasing with the increase 

in the drain bias. The next chapter describes how the information related to the carrier energy 

distribution can be used to estimate the scattering cross-section of the defect.    
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CHAPTER VII 

 

EXTRACTION OF SCATTERING CROSS-SECTION 

 

This chapter explains the first step of the degradation modeling procedure, i.e., 

calculation of the scattering cross-section of the defect present in the device. For extracting the 

scattering cross-section, it is important to identify the defect and calculate the activation energy of 

the defect. This chapter also gives an overview of the steps involved in the calculation of the 

barrier for hydrogen depassivation, which involves ab-initio DFT calculations. The impact of this 

activation energy as a modeling parameter is also described in the chapter.  

 

7.1 Energy-Independent Scattering Cross-Section  

The scattering cross-section (σ) of the defect in the device can be calculated from the VT 

shift data of a stress experiment. The equations used for estimating the scattering cross-section of 

the defect has been derived in chapter IV. As explained before, the defect cross-section is 

modeled as being energy-independent for simplicity. Thus, the scattering cross-section is 

assumed to be zero for energies up to Eact and constant for the higher energies. The equations VII-

1 and VII-2 gives the VT shift equation assuming the cross-section is a simple step function: 

                          
                          

                                      
 

Equation VII-1 can be used to fit the stress test data (VT shift), and the value of the time 

constant (τ) can be calculated from the exponential dependence using equation VII-2. Then, using 

first principles DFT calculation we compute the activation energy (Eact) of the defect. Using this 

information and the results of EMC simulation results the value of σ can be determined.  
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7.2 Defect Activation Energy Calculation: Ab-initio DFT 

For each candidate defect the energy barrier for depassivation (hydrogen removal) is 

determined using first-principles Density Functional Theory calculations were performed using 

VASP (Vienna Ab-Initio Simulation Package) [35]. These calculations employ the Perdew-

Burke-Ernzerhof (P-B-E) version of the generalized gradient approximation (GGA) exchange-

correlation functional [36], and include corrections for the zero-point vibrational contribution for 

hydrogen migration in GaN [37], [38].  

The Nudged Elastic Method (NEB) is employed for the relevant defect activation 

processes [39]. Ultra-soft pseudopotentials were used to replace core electrons. The plane-wave 

basis energy cut-off was set at 348 eV. Supercells containing 128 atoms in a Wurtzite structure 

were used. A single k-point at 2π/a (¼, ¼, ¼) was employed for the Brillouin zone integrations. 

Atomic positions were relaxed until the configuration energy difference was less than 10-4 eV. 

The hybrid functional HSE06 was used for calculations to reproduce the correct value of the band 

gap, which is underestimated in the local density approximation. A correct value of the band gap 

is necessary to identify the position of electron levels near the conduction band. The defect 

formation energy is calculated as a function of the position in the band gap using [37], [40],       

                                   

 

                                                              

 
where  is the total energy of the supercell with defect with charge q at a gallium 

site, with or without (x = 0,1) a nitrogen vacancy and an impurity (hydrogen or oxygen) (y = 0,1) 

atom.  is total energy of the supercell containing only bulk GaN. For Ga-rich fabrication 

conditions the Ga chemical potential ( ) is chosen to represent metallic orthorhombic Ga. The 

impurity chemical potential for O2 or H2 is chosen to correspond to the gas environment. 

Chemical potentials depend on the defect under investigation. For instance, if the defect is a N in 

a Ga site then only the chemical potential of Ga and N are required [40], [41].  
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      To overcome the band gap problem, we use the ‘standard candle, method where we first 

choose the gallium vacancy as the standard candle defect below the midgap levels and the 

nitrogen vacancy as the standard candle defect for levels above midgap. We locate the valence 

band maximum for each defect by calculating the change in the local potential (ΔV) far from the 

defect and aligning the band edge from a GaN perfect crystal calculation. The alignment 

correction strongly depends on the charge state of the defect and varies from -0.2 to 0.1 eV. The 

conduction band is fixed using the experimental band gap. Then, the standard candle defect is 

shifted by δEshift to fit the experimental level. Finally, all corresponding defect levels for are also 

shifted by the same δEshift value. The accuracy of this method depends on defect levels having the 

same shifts as the standard candle defects [39]-[41].   

As an example, we consider the case where electrons dehydrogenate a Ga vacancy 

hydrogen complex (N-rich devices, with positive VT shift), Fig. VII-1 (a) and (b) that shows the 

atomic configurations and the energy barrier for the H removal from substitutional ON in 

Al0.30Ga0.70N. First-principle calculations show that the energy barrier of hydrogen removal from 

the Ga vacancy hydrogen complex is Eact = 2.7 eV and energy barrier for the removal from 

oxygen complex is Eact = 2.1 eV. The VT of the devices grown in N-rich conditions have negative 

shifts, as shown in Fig. III-4. These negative shifts are attributed to reconfiguration of ON–H 

complexes, namely the H removal and subsequent increase in the concentration of O+1
N [26]. 

In the next example, the process described is dehydrogenation of substitutional 

oxygen (Ga-rich devices, with negative VT shift), with the energy barrier of initial step 

calculated to be about 0.5 eV. Fig. VII-2 shows the energy barrier for H removal from 

substitutional oxygen in AlGaN. The initial step is shown in Fig. VII-2 (a) and further 

removal is shown in Fig. VII-2 (b). We consider the Eact for the complete removal of H 

atom, as described in ref. [15]. The barrier for the complete removal of H is about 2.1 eV. 

The activation step controlling VT and gm degradation corresponds to the initial process. 
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Fig. VII-1. (a) Atomic configuration and the corresponding migration energy barrier of a doubly 

hydrogenated Ga vacancy (for N-rich devices) in GaN. The red line highlights the H removal path and 

energy barrier along the path. (b) Atomic configuration and barrier of hydrogenated substitutional oxygen 

in AlGaN. The red arrow shows the removal of H to the next cell. The barrier is calculated along the path 

between initial and final positions of H. Colors used, Ga: Green, N: Blue, H: Orange, Al: Dark Blue [26]. 
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a) 

                          
 

b) 

                                   
 
Fig. VII-2. (a) Energy barrier for electron-activated removal for hydrogen in GaN from first-principles 

DFT calculations using VASP. The figure shows the atomic configuration of hydrogenated substitutional 

oxygen (for Ga-rich devices), with Al atoms shown in dark blue. The red circle shows the position of H. 

The energy barrier is calculated along the path between initial and final positions of the H. The activation 

barrier for the initial step of removal process is 0.5 eV. (b) Barrier and defect reconfiguration for H to move 

further from O defect. The calculated barrier for this complete removal is 2.1 eV (After [27]).  
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7.3 Scattering Cross-Section Calculation 

This section presents the values of extracted scattering cross-section, and how they vary 

from device to device. As an example, consider the case of Ga-rich devices. Fig. VII-3 presents 

the VT shift data from semi-ON stress (at room temperature) for three Ga-rich HEMTs. Even 

though the device dimensions and growth techniques were identical, the device-to-device 

variation in the degradation trend can be observed from the figure. Since, these devices are Ga-

rich and the VT shift direction is negative, we can conclude that the likely defect in these devices 

is substitutional oxygen. From the DFT calculation results (Fig. VII-2), we know that the initial 

barrier for H removal for this defect is 0.5 eV. Now equation VII-1is used to fit the three VT shift 

results using Eact of 0.5 eV. The corresponding value of Σn(E)v(E) for 0.5 eV can be obtained 

from the EMC simulation results. The value of cross-section (σ) can be calculated using equation 

VII-2 from the value τ of calculated from the fit. Fig. VII-3 presents the values for σ for the three 

devices. All the values are in the 10-16 cm2 range, which is consistent with the numbers reported 

in the literature for defects in GaN. The value of σ is higher for devices which show greater VT 

shift within the same stress time. We will use the VT shift result for device # 3 to explain the 

dependence of activation energy on the modeling process. 

                    
 
Fig. VII-3. Exponential fits to the semi-ON stress (VGS = -2 V, VDS = 20 V) results for the three Ga-rich 

devices, and the corresponding extracted scattering cross-section values. Activation energy of 0.5 eV has 

been considered for the calculation (After [26]). 
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7.4 Activation Energy as a Modeling Parameter 

  The accurate estimation of the defect activation energy is important in calculating the 

scattering cross-section. In this study we consider several hypothetical defects with different 

activation energies (in steps of 0.5 eV) and calculate the scattering cross-section values from the 

fit to the VT degradation result of the Ga-rich device # 3. Even in this case we consider that the 

defect cross-section is independent of carrier energy. The number of carriers with energies higher 

than the activation energy of each hypothetical defect at semi-ON (Table VII-1) is mentioned 

below. The calculated cross-section values for different activation energies are shown in Fig. VII-

4. The value of σ varies a lot with the value of Eact, especially for defects with high activation 

energies (greater than 2 eV).                 

TABLE VII-1 

Number of carriers above a given energy level for semi-ON (VGS = -2 V, VDS = 20 V) at 300 K. 

 

Greater than Number of Carriers 

0.5 eV 184000 

1.0 eV 129000 

1.5 eV 64500 

2.0 eV 35400 

2.5 eV 26200 

3.0 eV 20800 

3.5 eV 12300 

        

                   
Fig. VII-4. Extracted scattering cross-section values from the fit to Device # 3 (Ga-rich) semi-ON stress 

data for eight hypothetical defects with different activation energies. 



 58 

7.5 Energy-Dependent Cross-Section 

So far in our calculations we have considered the scattering cross-section (σ) to be 

independent of carrier energy for simplicity. In other words, we were treating σ as a step function. 

In this section σ is calculated considering a more realistic distribution with a dependence on 

carrier energy E. Equations VII-4 and VII-5 are used to describe the new σ. The result of VT shift 

for the Ga-rich device # 3 has been used for the calculations. 

                                             

 
                                           

 

           
Fig. VII-5. Impact on the extracted scattering cross-section values from the fit to the Device # 3 semi-ON 

stress data when the cross-section is assumed to be energy-dependent.  

 

Fig. VII-5. presents the distribution profiles for the two cases. The calculations show that 

the difference in the calculated cross-sections for the two cases is relatively small. The likely 

explanation for this observation is the very fast rise of the exponential for E<Eact, as shown in 

Fig. VII-5. So, it can be concluded that using an energy-independent cross-section (for simplicity) 

will not have a significant impact on the predictive modeling results. The next three chapters 

describe how the extracted value of the scattering cross-section can be utilized to model 

degradation at different operating conditions. 
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CHAPTER VIII 

 

THRESHOLD VOLTAGE DEGRADATION MODELING 

 

This chapter provides the procedure for the predictive modeling of the VT as well as the 

results of the degradation modeling process considering the bias dependence. The results of the 

predictive model are then compared to the experimental results for similar stress conditions in 

order to verify the accuracy of the model. This chapter provides this comparison for three sets of 

devices fabricated using different process conditions.  

 

8.1 Predictive Model for VT Shift: Bias-Dependence  

For predicting the bias-dependence of the devices we use equation VIII-1, which has 

been derived from the equation IV-1. Equation VIII-1 shows an exponential dependence of the VT 

shift with the stress time, which is obtained from the number of carriers that exceeds the 

activation energy of the defect for a given gate bias (VGS) using equation VIII-2: 

                         
 

                                           
 

Once we have established the type of defect present in the device and calculated the 

scattering cross-section based on the estimated activation energy, the degradation at different gate 

bias conditions can be predicted by simply substituting the value of  obtained for 

all E>Eact, assuming the cross-section to remain constant. The same procedure can be extended to 

model the drain bias (VDS) dependence of degradation too. The maximum shift in VT is 

determined by the number of pre-cursor defects in the device obtained from the unstressed VT, 

which is considered constant for the bias-dependence modeling.  
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8.2 Results of Predictive Modeling  

Once the type of defect present in the device has been stablished and the scattering cross-

section based on the estimated activation energy has been calculated, we can predict the 

degradation at different gate bias conditions by substituting the value of  obtained 

for all E>Eact in equation VIII-1, assuming the cross-section to remain constant. Fig. VIII-1 

shows the trend in the change in the value of  with respect to the activation energies 

of hypothetical defects for all the bias conditions that have been considered. This value is 

maximum for VGS = -2 V irrespective of the defect activation energy. 

                       
Fig. VIII-1. The values of summation of product of number of carriers and their velocities obtained for 

different VGS values considering six hypothetical defects with different Eact. 

 

We initially consider the case of N-rich devices from our first batch for the predictive 

modeling exercise. For the N-rich devices, the ab-initio DFT calculations showed that the 

hydrogenated Ga-vacancy with activation energy of 2.7 eV is the likely defect. We first fit the 

semi-ON stress data at 300 K using the equation VIII-1. The scattering cross-section of the defect 

(σ) calculated (using the equation VIII-2) from the value of time constant obtained from the fit is 

1.2 x 10-15 cm2. Now, we can use equations VIII-1 and VIII-2 again to determine the degradation 

at different bias conditions by simply plugging the value of  for the corresponding 

bias condition considering the activation energy of 2.7 eV (from Fig. VIII-1). 
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Fig. VIII-2 shows the VT shift predictions for the other gate bias values at 300 K obtained 

with the model by keeping the value of the defect scattering cross section constant. The results 

clearly show that the initial degradation is slower for all the other values of VGS, as compared to 

VGS = -2 V. All the predictions are made for VDS of 20 V. All the predicted curves reach the same 

saturation value, but at different rates. The saturation point is determined by the number of 

available defects in the device, which is considered to be the same for all the devices as long as 

the process conditions and the operating temperatures are the same. The time taken to reach this 

value depends on the number of energetic carriers above the defect activation energy at the 

specified value of VGS. This explains why the degradation rate is so slow for the ON condition 

(VGS = +2 V). Virtually no degradation is expected in the ON condition, as there are very few 

carriers (above 2.7 eV) that can create or modify defects by hydrogen depassivation. The VGS = 0 

V prediction curve reaches the saturation value in about 20 hours whereas the VGS = -3 V curve 

takes around nine hours to reach this saturation point. We will later check the consistency of the 

model by comparing the predicted results with the stress experiment results for the corresponding 

gate bias conditions for VDS = 20 V.  

                
Fig. VIII-2. The VT shift predictions (for the N-rich devices) obtained for different values of VGS at 300 K 

(for VDS = 20 V). The predictions are based on the scattering cross-section value obtained from the 

exponential fit to the semi-ON (VGS = -2 V) stress experiment data (black). The value of σ extracted from 

the fit to the VGS = -2 V stress data is 1.2 x 10-15 cm2. 
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 Next we consider the case of Ga-rich devices for predictive modeling. For the Ga-rich 

devices, the VT shift is in the opposite direction as that of the N-rich devices. So, there is a net 

build-up of positive charge at the interface due to the applied stress. The DFT calculations show 

that substitutional oxygen is the likely defect in these devices. The energy barrier for this defect is 

about 0.5 eV. Again, the VGS = -2 V stress test data was fitted using the equation VIII-1 and 

calculate the scattering cross-section. The value of σ obtained is 3.8 x 10-16 cm2. Next, we use the 

value of  for the corresponding bias condition considering the activation energy of 

0.5 eV (from Fig. VIII-1) and determine the respective prediction in shifts.  

Even in this case, the predictions are made for VDS of 20 V at room temperature. Even in 

the case of Ga-rich devices the rate of degradation is greatest in the semi-ON state of operation 

and the degradation is negligible in the ON condition (VGS = +2 V). The predicted shifts do not 

show saturation within 24 hours. For the N-rich devices, the VT shift predictions saturated within 

18 hours. On the other hand, the maximum value of degradation (shift in VT) for the Ga-rich 

devices is much less (about 25%) than the N-rich devices. This can be attributed to lesser number 

of pre-existing and available defects in the N-rich devices when the stress test started.  

                   
Fig. VIII-3. The VT shift predictions (for the Ga-rich devices) obtained for different values of VGS at 300 K 

(for VDS = 20 V). The predictions are based on the scattering cross-section value obtained from the 

exponential fit to the semi-ON (VGS = -2 V) stress experiment data (black). The value of σ obtained from 

the semi-ON fit is 3.8 x 10-16 cm2. 
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Table VIII-1 summarizes the values of available defect concentration and the estimated 

values of time constants for the other bias conditions for the Ga-rich device. The values of 1/τ 

increase as VGS is becomes more negative. 

 
TABLE VIII-1 

Number of benign defects and the calculated values of time constant for different values of VGS. 

 

VGS  

 

Σ n(E) v(E) 1/τ 

+2.0 4.26 x 1016 0.72 x 109 0.073 

0 4.26 x 1016 6.21 x 1010 0.467 

-2.0 * 4.26 x 1016 8.12 x 1010 0.648 

-3.0 4.26 x 1016 7.58 x 1010 0.626 

 

 

8.3 Comparison with Experimental Results  

It is important to verify the results obtained from the predictive model. For this, we 

compare the predicted results with the stress experiment results for the corresponding gate bias 

conditions. We use devices of similar dimensions and processing conditions for consistency. 

Figures VIII-4 and VIII-5 show the comparison between the predicted results and experimental 

data for N-rich and Ga-rich devices respectively. The stress test data show good agreement with 

the predicted values for the N-rich devices. For the Ga-rich device, the stress test data deviates 

slightly from the predicted path.  

                     
Fig. VIII-4. Comparison of experimental results (for VDS = 20 V) with VT shift predictions (N-rich devices) 

obtained for different values of VGS at 300 K.  
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Fig. VIII-5. Comparison of experimental results (for VDS = 20 V) with VT shift predictions (Ga-rich 

devices) obtained for different values of VGS at 300 K.  

 

8.4 Prediction for Longer Duration Stress  

We also modeled the long term degradation of these devices under semi-ON stress. In 

this case, we predict the shift in the VT of a device under stress for more than two days from the 

VT shift observed from the first 8-10 hours. Here, we consider the example of a Ga-rich device. 

The device is subjected to semi-ON (VGS = -2 V, VDS = 20 V) stress at room temperature for a few 

days, but only the first few hours of data was used for the modeling purpose.  

           
Fig. VIII-6. The long duration VT shift prediction (Ga-rich) obtained for semi-ON (VGS = -2 V) at 300 K 

(for VDS = 20 V). The predictions are based on the scattering cross-section value obtained from the 

exponential fit to the first 10 hours of the stress experiment data. 
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We fit the data for the first 10 hours using equation VIII-1, and extract the value of the 

scattering cross-section (σ) of the defect in the device. The value of σ in this case is 2.6 x 10-16 

cm2. We keep the value of σ constant and only vary the stress time parameter t to obtain the long 

term degradation of the device. Fig. VIII-6 shows the comparison of the stress test data with the 

prediction curve. The prediction shows good agreement with the data till the 30 hour mark, at 

which time the stress experiment data shows a sudden deviation from the prediction. A similar 

trend was observed in devices fabricated under N-rich and NH3-rich conditions too. This sudden 

bump in the VT shift may be attributed to creation or modification of another defect following a 

long duration semi-ON stress. The next chapter describes how the model can be extended to 

predict the temperature-dependence of the VT degradation.  
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CHAPTER IX 

 

VT DEGRADATION MODELING (TEMPERATURE-DEPENDENCE) 

 

This chapter explains the procedure for predictive modeling of the VT shift considering 

the temperature dependence. The results of the predictive model are then compared to the 

experimental results for similar temperature conditions in order to check the consistency of the 

model. The results shown in this chapter are mainly for the Ga-rich devices.  

 

9.1 Predictive Model for VT Shift: Temperature-Dependence  

The procedure for predictive modeling of temperature is quite similar to that of modeling 

bias dependence. For predicting the temperature-dependence of the devices we use equation IX-1, 

which has been derived from the equation IV-1. Equation IX-1 shows an exponential dependence 

of the VT shift with the stress time, which is obtained from the number of carriers that exceeds the 

activation energy of the defect for a given gate bias (VGS) using equation IX-2: 

                            
 

                                          
 

Since, we already know the type of defect present in the device and calculated the 

scattering cross-section based on the estimated activation energy, we can predict the degradation 

at different temperatures by simply substituting the value of  obtained for all 

E>Eact, assuming the cross-section to remain constant. The maximum shift in VT is determined by 

the number of available defects in the device at the given temperature. This is dependent on the 

number of pre-cursor defects in the device, which can be obtained from the initial unstressed 

value of VT at the specific temperature   
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9.2 Results of Predictive Modeling  

Once we have established the type of defect present in the device and calculated the 

scattering cross-section based on the estimated activation energy, the degradation at different 

temperatures can be predicted by substituting the value of  obtained for all E>Eact 

in equation IX-1, assuming the cross-section to remain constant. Fig. IX-1 shows the trend in the 

change in the value of  with respect to the activation energies of hypothetical 

defects for all the temperatures that we have considered (obtained from EMC, Fig. VI-6).  

                       
Fig. IX-1. The values of summation of product of number of carriers and their velocities obtained for 

different values of temperature considering six defects with different activation energies. 

 
In this example, we consider the case of Ga-rich devices. For these devices, the DFT 

calculations showed that substitutional oxygen with activation energy of 0.5 eV is the likely 

defect. We first fit the semi-ON stress data at 300 K using equation IX-1. The scattering cross-

section of the defect (σ) calculated (using the equation IX-2, Fig. IX-3) from the value of time 

constant obtained from the fit is 4.7 x 10-16 cm2. Now, we can use equations IX-1 and IX-2 again 

to determine the degradation at different temperatures by utilizing the value of  for 

the corresponding temperature considering the activation energy of 0.5 eV (from Fig. IX-1). The 

number of available defects can be computed from Fig. IX-2 (calculated from Fig. III-3). This 

quantity defines the maximum value of degradation at a given temperature.  
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Fig. IX-2. The density of precursor defects (Nd

∞) for different device temperatures (for Ga-rich) obtained 

from the initial VT values for the corresponding temperature (from Fig. III-3). 

 
The density of the precursor defects in the device increases with the temperature. This is 

because the initial VT (at t = 0) of the device increases with the temperature. Hence, the number of 

available defects initially (at t = 0) also increases with the device temperature. So, we expect the 

value of maximum degradation (VT shift) to increase with the temperature. We neglect the impact 

of device-to-device variation. The time taken to reach this saturation is dependent on the carrier 

energy distribution, however. Table IX-1 summarizes the values for the available defect 

concentration and the time constants at different temperatures. The values for the 300 K data are 

obtained directly from the fit. The time constants for the other temperatures are obtained using the 

results of EMC temperature simulations. The value of 1/τ increases as the temperature increases. 

This is because the number of carriers with energies above the activation energy of substitutional 

oxygen (i.e., above 0.5 eV) in GaN increases with the increase in the device temperature. 

TABLE IX-1 

Concentration of available defects (at t = 0) and the calculated values of time constant for different 

temperatures at semi-ON. The values for 300 K are obtained directly from the fit. 

 

Temperature  

 

Σ n(E) v(E) 1/τ 

250 K 1.92 x 1016 6.76 x 1010 0.461 

300 K  2.26 x 1016 7.87 x 1010 0.548 

350 K 2.47 x 1016 8.18 x 1010 0.618 

400 K 4.52 x 1016 8.62 x 1010 0.704 
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9.3 Comparison with Experimental Data  

Next the VT shift prediction (temperature) results were compared with the experimental 

data for the corresponding temperature. All the devices had similar dimensions and were Ga-rich. 

The devices were stressed at semi-ON (VGS = -2 V, VDS = 20 V), as this was the bias condition 

used in the simulations. Fig. IX-3 compares the results of the predictions with the stress 

experiment data. As explained earlier, the results were obtained based on the defect cross-section 

(σ) calculated from the fit to the 300 K semi-ON stress data.    

                 
Fig. IX-3. VT shift predictions (for Ga-rich devices) obtained for different temperatures at semi-ON (VGS = -

2 V, VDS = 20 V) compared with the experimental data for the corresponding temperature. The predictions 

are based on the scattering cross-section value obtained from the exponential fit to the 300 K stress 

experiment data (green) considering an Eact of 0.5 eV. 

 

The results from Fig. IX-3 indicate that the temperature stress experiment results show 

good agreement with the predicted degradation path for temperatures up to 350 K. At 400 K, the 

stress test results match the predictions for the first 5-6 hours only. Following that, there is an 

additional shift in the VT with the stress time. So, it is clear that there is an additional build-up of 

positive charge at the interface at elevated temperatures. This may be due to generation or 

modification of additional defects at the elevated temperatures. This may be due to the significant 

increase in moderate energy carriers at elevated temperatures. Although these carriers are not 

very energetic, these are still capable of creating defects since the energy barrier for the initial 

removal of H in substitutional oxygen is low (0.5 eV). 
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Here we show an example of modeling the degradation with incorrect defect activation 

energy. In this example we consider the energy barrier for the complete removal of H as the 

activation energy. So, the temperature stress data was modeled with an Eact of 2.1 eV. The process 

of predictive modeling remains exactly the same as before. Fig. IX-4 presents the results of the 

new predictions compared with the same stress test results. The stress test data do not show good 

agreement with the new predictions for any temperature, not even during the initial degradation 

(4-5 hours). In the next chapter, we extend the model to predict the transconductance degradation 

by linking the threshold voltage shift to mobility reduction.  

        
Fig. IX-4. VT shift predictions (for Ga-rich devices) obtained for different temperatures at semi-ON 

compared with the experimental data for the corresponding temperature. The predictions are based on the 

scattering cross-section value obtained from the exponential fit to the 300 K stress experiment data (green) 

considering an Eact of 2.1 eV. 
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CHAPTER X 

 

TRANSCONDUCTANCE DEGRADATION MODELING  

   
 

As the experimental results showed, the observed VT shifts are relatively small in these 

devices, but the corresponding degradation in gm is significant and likely to be a concern in 

practical applications. Hence, it is important to model the effects of stress on the gm degradation 

as well. This chapter provides the procedure for the predictive modeling of the gm degradation 

with the stress time.  

 

10.1 Transconductance Model: Relating gm Degradation to VT Shift 

First, we determine whether the gm degradation can be directly linked to the same defects 

in type and location as those that cause the VT shift of the device. We first assume that both the 

effects are due to a correlated increase in the scattering from the same charged defects in type and 

location, and check for the self-consistency and plausibility of this assumption. The relationship 

between the effective mobility (µ) and the areal defect density Nd(t) in the device can presented 

using Matthiessen’s rule as follows [42]: 

                                                          
                                  
where α is a proportionality constant related to the scattering strength and µ0 is the pre-stress 

mobility. The equation X-1 can be rearranged to determine the change in mobility,                                      

                                                          
 

The drain current (ID) of the device in this region of transistor operation is given by [43],           
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where W is the width of the device and L is the channel length. The transconductance (gm) of a 

transistor (in the linear region) can now be determined by differentiating the equation X-1 with 

respect to the gate voltage (VGS), 

                              
                                   

The transconductance degradation (Δgm/gm) can be linked to the mobility reduction (Δµ/µ) using 

the following equation, 

                                                

The transconductance degradation in the linear region of operation can be linked to the defect 

density Nd(t) using the equation,  

                                                                                               

Using this equation the gm degradation can be linked to the VT shift, which gives a linear 

relationship between the two quantities, 

                                                                                                        
                                            

                      
Fig. X-1. The best fit obtained by scaling the VT shift exponential fit to the semi-ON stress data at 300 K to 

match the corresponding gm degradation data at semi-ON (also 300 K). 
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A potentially self-consistent value of α can now be calculated by scaling the VT shift 

equation until obtain the best match to gm degradation for that specific condition. Fig. X-1 shows 

the best match to the gm degradation data for 300 K using the equation for the 300 K VT shift fit. 

The scaling factor obtained is, 

                                                         
 

The value of α obtained from the 300 K stress data is about 4 x 10-9 cm2. The gm degradation 

simulations at other temperatures can be obtained by changing the values of τ and with the values 

of α and σ kept constant. Previous work shows that the values of α for similar carrier-defect 

scattering that are more than three orders of magnitude smaller [44], [45]. Hence, it is clear that a 

greater density of defects must contribute to the gm degradation than to the VT shifts. The simplest 

explanation of this result is that the charged defects that cause the VT shift and gm degradation 

build up at similar rates with stress, but differ in density and location. A self-consistent 

explanation for the above results is obtained if one assumes that the shifts in VT are caused by the 

subset of defects at or near the gate-edge where the influence of traps on VT is very strong, but the 

gm degradation is determined by the charged defects of similar type located across a much broader 

region of the gate-drain access region.  

Hence, for more accurate results we model the gm degradation by directly relating it to the 

change in the charge density in the channel using [2], [46], [47]: 

                              
                                      

where h is the channel thickness (25 nm), ΔQ’d(t) is the stress-induced change in the volume 

charge density and the voltage VA is given by, 
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Here, Vbi is the built-in voltage and Vp is the threshold voltage of the device. Now, the 

transconductance degradation (Δgm/gm0) can be given as, 

                                
 

                                         
 
Unlike equation X-7, here the reduction in the transconductance degradation has been represented 

in terms of the initial value of peak transconductance (gm0). As in the case of VT modeling, the 

degradation at a different condition can be estimated by simply using the value of Σn(E)v(E) for 

the specific condition (obtained from the EMC simulation results) in the equation above. The 

scattering cross-section (σ) is assumed to be constant. Similar to the case of the VT shift prediction 

equation in chapter IV, the gm degradation prediction equation can be extended to include 

multiple defects, 

                            
 

                                                             
 

                                              
 
where the time constants for the defects are as follows, 

                                            

                                            

                                                                     ….. 
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10.2 Results of Predictive Modeling  

We consider the example of the Ga-rich devices again, with substitutional oxygen as the 

likely defect in the GaN buffer. Similar to the case of VT shift modeling, the first step of the gm 

modeling process is to estimate the scattering cross-section (σ) of the defect. We calculate this 

value by fitting the 300 K semi-ON stress test data (please check Fig. I-1, green-triangle data 

points) using equation X-10. The value of σ for this data set is approximately 1.4 x 10-16 cm2. 

Keeping the value of σ constant throughout, we estimate the gm degradation predictions for 

different temperatures by using the respective values of Σn(E)v(E) at 0.5 eV (the activation 

energy of substitutional oxygen) from Fig. VIII-1 in equation X-10.  

The predictions are compared with the stress test data obtained at semi-ON condition for 

250 K, 350 K and 400 K. The prediction results show good agreement with the stress test data for 

all the temperatures in the initial 2-3 hours. Up to 350 K the predictions are good till the 16 hour 

mark. But for 400 K stress, the stress test data deviates from the prediction results significantly. 

The experimental data for 400 K do not show saturation within 16 hours. This continuation of 

degradation may be due to the activation of another defect with a higher activation energy (but 

same charge state) at the elevated temperatures. 

                     
Fig. X-2. The gm degradation predictions (Ga-rich devices) obtained for different temperatures at semi-ON 

(VGS = -2 V,VDS = 20 V) compared with the experimental data for the corresponding temperature. The 

scattering cross-section (σ) of the defect is initially estimated from the time constant (τ) calculated from the 

fit to the 300 K data.  
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We next try to understand the dependence of the operating temperature and the activation 

energy of the defect on the scattering cross-section of the defect. In this case, the semi-ON stress 

data has been directly fitted for the four temperatures on the Ga-rich devices (from Fig. X-2) 

using the single-defect gm degradation equation (equation X-10). The dependence of the 

scattering cross-section on the temperature for 0.5 eV has been reported in Fig. X-3 (a), and the 

dependence of scattering cross-section on the temperature (with respect to different defect 

activation energies) calculated (from gm data) in Fig. X-3 (b). The scattering cross-section values 

obtained for 250 K is significantly larger compared to the other temperatures.  

a) 

b)                    

                       
Fig. X-3. Impact on the extracted scattering cross-section values from the fit to the semi-ON stress 

temperature data when the cross-section is assumed to be energy-dependent.  
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10.4 Prediction for Longer Duration Stress  

This section compares the results of long duration gm degradation test data with the 

prediction results. In this approach, we keep the value of σ (obtained from the fit to VT shift data, 

first 10 hours) constant and scale the VT shift equation till it matches the gm degradation data 

(similar to X-7) for the first 10 hours. Then, we can keep the values of σ and α constant and 

determine degradation at a longer time. The comparison of the prediction result with the stress 

test data indicates that the agreement is again reasonably good till the 30 hour mark (similar to the 

long duration VT case), following which the stress test data deviates from the prediction results. 

a) 

b)                        

                  

Fig. X-4. The long duration gm degradation prediction (Ga-rich) obtained for VGS = -2 V at 300 K (for VDS = 

20 V). The prediction is based on the scattering cross-section value obtained from the exponential fit to the 

first 10 hours of the stress test data (Fig (a)), and α obtained from scaling the VT shift to closely match the 

gm degradation data at 300 K, again for the first 10 hours (Fig (b)). 
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CHAPTER XI 

 

MODELING MULTIPLE DEFECTS: VT AND TRANSCONDUCTANCE 

 

Since the model including one defect was insufficient to explain the degradation observed 

at elevated temperatures, we try to model the stress test data with multiple defects. This chapter 

provides a description of the procedure of modeling with multiple defects. The approach can be 

extended to both VT shift and gm degradation experiment results. 

 

11.1 Fit with Two Defects (or a Defect with Two Energy Barriers) 

The multiple-defect model includes multiple exponentials with dependence on the carrier 

energy distribution. The number of exponentials with different time constants (τ) is equal to the 

number of defects believed to be present in the device. The VT degradation model with multiple 

defects is shown in equation XI-1. Each defect-type is assumed to have a different concentration 

of pre-existing defects. The corresponding gm degradation can be obtained similar to gm for the 

one-defect model, and is shown in equation XI-2. 
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where the time constants for the defects are, 

 

                                              

                                                 
 

                                                            

The first step of the process is to fit the VT shift and gm degradation data at 400 K with 

two defects. A model with two exponentials is sufficient to get a proper fit for the 400 K data for 

both the VT shift and gm degradation. This is a reasonable indication that a second defect is 

activated in the device at the elevated temperatures. The next step is to determine the activation 

energies of these defects. This can be done by calculating the values of Σn(E)v(E) from the time 

constants of each defect obtained from the fit. The values of activation energy for each can now 

be estimated from the results of the EMC simulations.  

Fig. XI-1 shows the fits using two-defects to the VT shift and gm degradation data for 400 

K semi-ON stress. The figures also show the individual contributions from each defect for both 

VT and gm. The fit to the VT shift data gives 0.46 eV and 1.68 eV as the activation energies for the 

two defects. The fit to the gm degradation data gives 0.42 eV and 1.74 eV as the activation 

energies for the defects. From the individual contributions, it is clear that the defect with the 

higher activation energy is responsible for the continued degradation that we observe in the stress 

test data at 400 K. It can also be noted that the values of the defect activation energies obtained 

from VT and gm are reasonably close. The next step in the process is to identify the defects in GaN 

with energy barriers close to the values obtained using the fitting process. It is also important to 

calculate the exact values of energy barriers for this defect, in order to figure out whether it can fit 

stress test data at other conditions. Ab-initio DFT calculations are used again to identify the new 

defect and the energy barriers.   
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Fig. XI-1. The best fit to the VT shift and gm degradation data at 400 K using the two-defect exponential 

model. The relative contributions for each defect Eact has been also presented. 

 

 
11.2 Likely Defect: Substitutional Iron Complex 

 
Since the VT shift is negative, the candidate defects that produce the degradation must 

reduce the negative net charge or increase the net positive charge. Negative VT shift in devices 

grown in an NH3-rich environment were attributed to the dehydrogenation of N antisite defects 

[23]. The present devices were grown in a Ga-rich environment, for which a lower percentage of 

N antisite defects are expected, so we must broaden the list of candidate defects. It has been 

recently reported that the iron-vacancy complex FeGa-VN can cause current collapse. The defect is 

initially hydrogenated and neutral, but upon dehydrogenation, it has an energy level at about 0.57 

below the conduction band edge, is positively charged, and acts as an electron trap. Thus FeGa-

VN-H is a good candidate for the degradation we are discussing here. Other candidate defects on 

the basis of past work and new analysis are FeGa-H and hydrogenated oxygen complexes [26].  
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a) 

                            
 
b) 

                                     
 
Fig. XI-2. Atomic configurations are shown above the corresponding migration energy barriers of H 

removal from iron impurity. Red circles show the positions of Fe (in brown) and H. Arrows connect initial 

and final H positions. These positions correspond to the initial and final points of the distance axis in the 

migration energy plots. Nitrogen atoms are shown in blue; gallium atoms are shown in green. (a) H 

migration near FeGa with the barrier of 0.6 eV. (b) The defect configurations of H migration near Fe-VN 

with barrier of 1.4 eV [24].  
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We now show that the charge states and activation energies for the dehydrogenation of 

FeGa-VN-H and FeGa-H enable a self-consistent description of the full data set. Energy barriers for 

dehydrogenation of FeGa and Fe-VN complexes are shown in Fig. I-1. The values are 0.6 eV for 

FeGa and 1.4 eV for FeGa-VN. Fig. XI-2 (a) shows the configurations of hydrogenated FeGa before 

and after H migration across an atomic plane, and the corresponding energy barriers for neutral 

and positively charged complexes.  

The charge state of the complex is determined by choosing the state (neutral or positive) 

with lower energy at the H atom position on the migration path. Therefore, the charge state of 

FeGa changes from neutral to positive as the minimum energy changes at the crossing of the 

migration barrier curves. Hydrogen migration, which controls both VT shift and gm degradation, is 

rate-limiting for lower temperature stress, where the migration barrier for the initial step of 

moving away by one unit cell is 0.6 eV. The x-axis shows the distance between the initial 

position and the position of H along the removal path. The relative positions of the energy barrier 

curves depend on the Fermi level, which is at Ec–0.7 eV during high-field stress.  

Atomic configurations and the energy barrier for H removal from the FeGa-VN complex 

are shown in Fig. XI-2(b). This removal from FeGa-VN occurs without changing the charge state. 

The barrier for the H to migrate more than one unit cell away from the impurity complex occurs 

with an energy barrier of 1.4 eV. This corresponds to the diffusion barrier of H in GaN. After H 

diffuses from the FeGa-VN complex, the resulting configuration is an isolated FeGa-VN
+1, causing 

an additional shift in VT and further degradation in gm. This process of complete removal of H 

from the impurity, characterized by the energy barrier of 1.4 eV, describes the degradation at the 

elevated temperatures (above 350 K).  

We now show using equation X-1 that a degradation model with Eact1 and Eact2 equal to 

0.6 eV and 1.4 eV, associated with the above dehydrogenation processes, can self-consistently 

describe the device response (VT shift) vs. temperature. Fig. XI-1 shows the fits for the VT shift for 

stress data at four temperatures using the two activation energies.  
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Fig. XI-3. The VT shift data for the devices stressed at semi-ON for different temperatures modeled using 

two-defect model, with the activation energies of 0.6 eV (for the initial barrier) and 1.4 eV (for the 

complete removal of H).  

 

11.3 Modeling Temperature Stress Data (considering Substitutional Iron) 

In this process, σ1 and σ2 are treated as free parameters. We first fit the data at 400 K, 

where the deviation from a single-defect model is largest. The best-fit values obtained at 400 K 

for σ1 and σ2 are 8.2 × 10-16 cm2 and 2.3 × 10-16 cm2, respectively. The time constants 

corresponding to the two defect activation energies are calculated for the other temperatures using 

these values of σ1 and σ2, without further adjustment. The remaining temperature dependence 

enters entirely through the electron energy distribution. The calculated values of time constants 

obtained as a result are listed in Table XI-1. We use these time constants to model 𝛥𝑉𝑇 (𝑡) for the 

other three temperatures. As shown in Fig. XI-3, the model describes the degradation well at all 

temperatures. The model agreement is essentially the same if Eact1 varies by up to ± 0.1 eV and/or 

Eact2 varies by up to ± 0.25 eV. These results provide strong evidence that dehydrogenation of 

FeGa-H and FeGa-VN-H are the most likely origins of the observed hot-electron degradation. The 

values for the concentrations of available pre-existing defects obtained from this process are 

listed in Table XI-2. The pre-existing concentration for the higher-energy defect (FeGa-VN-H) is 

greater at 400 K than at other temperatures, consistent with activation of a second defect.  
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TABLE XI-1 

Calculated time constants at different temperatures for the defect activation energies of 0.6 eV and 1.4 eV, 

respectively. The time constants for 400 K are obtained directly from the two-activation-energy fit to the 

400 K stress experiment data. 

 

Temperature 

(semi-ON) 

For Eact = 0.6 eV 

1/τ (h) 

For Eact = 1.4 eV 

             1/τ (h) 

250 K 0.486 0.043 

300 K 0.538            0.048 

350 K 0.636 0.056 

400 K 0.763 0.067 

 
TABLE XI-2 

Concentrations of available pre-existing defects at different temperatures for the defect activation energies 

of 0.6 eV and 1.4 eV, obtained from the exponential fits to the data of Fig XI-3. 

 

Temperature 

(semi-ON) 

For Eact = 0.6 eV 

[Nd
∞- Nd(0)]1 (cm-2) 

For Eact = 1.4 eV 

    [Nd
∞- Nd(0)]2 (cm-2) 

250 K 1.28 × 1011 0.31 × 1011 

300 K 1.46 × 1011 0.36 × 1011 

350 K 1.66 × 1011 0.47 × 1011 

400 K 1.87 × 1011 1.19 × 1011 

 

We can also show using the equation XI-2 that the degradation model with Eact1 and Eact2 

equal to 0.6 eV and 1.4 eV can be used for the gm degradation too. Fig. XI-4 shows that the gm 

degradation data for the four temperatures can be modeled well using the two activation energies.  

                         
 

Fig. XI-4. Fits to the transconductance degradation (∆gm/ gm) data for the devices stressed at semi-ON (VGS 

= -2 V, VDS = 20 V) for different temperatures using the two-defect model, with defect activation energies 

of 0.6 eV and 1.4 eV.  
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Although defects with the same microstructure appear to be causing the shifts in 

threshold voltage and degradation in transconductance, it is not just the subset of the charged 

defects under the gate that cause the threshold voltage shifts that also cause the transconductance 

degradation. Instead, it is likely that similar defects located in the gate-drain access region 

dominate the transconductance degradation. Recent work using scanning Kelvin probe 

microscopy suggests that the Fe complexes responsible for the degradation in these devices do 

not lie in the AlGaN layer, but instead are located in the GaN buffer [48]-[50]. 

We conclude that dehydrogenation of substitutional iron complexes is largely responsible 

for the hot-carrier degradation observed in these devices. A two-defect energy-level model is 

developed that accounts for the time and temperature dependence of the observed degradation in 

VT and gm. The early-stage degradation observed in these devices at lower temperatures results 

from the electron-activated process of hydrogen migration across the atomic plane, causing a 

charge state change in a FeGa impurity complex, characterized by a 0.6 eV activation barrier. The 

higher temperature degradation is caused both by dehydrogenation of FeGa-H and 

dehydrogenation of FeGa-VN-H whose activation barrier is 1.4 eV. Similar defects located near the 

drain-edge of the gate and in the gate-drain access region are evidently responsible for the VT 

shifts and gm degradation in these devices, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 86 

CHAPTER XII 

 

CONCLUSIONS 

 

The physical mechanisms affecting the reliability of AlGaN/GaN High Electron Mobility 

Transistors operating at moderate drain biases are explored in this work. A predictive model is 

developed to describe the degradation of transistor characteristics (like VT and gm) over time. The 

model is based on the assumption that the degradation in device performance at moderate drain 

biases is due to the formation or modification of charged point defects by energetic electrons. 

These energetic electrons have sufficient energies to create these defects by hydrogen 

depassivation (electron-activated hydrogen removal) process. A combination of EMC simulation 

statistics, ab-initio DFT calculation and accelerated stress experiment fit results are used to 

describe the type of defect and the overall degradation behavior. The EMC as well as TCAD 

simulations indicate that the highest degradation is expected in the ‘semi-ON’ state of operation. 

We observe a significant increase in the density of both moderate as well as high energy carriers 

at semi-ON (between VGS = -1.5 V and VGS = -2.5 V) at the end of the gate on the gate-drain 

access region side where the lateral electric field is very high. The stress experiments confirm that 

the device degradation (both VT and gm) is at its maximum for VGS = -2.0 V. The semi-ON stress 

tests indicate a relatively minor shift for VT (about 1.0 to 1.5 %) but a very large degradation in 

gm (about 12 to 20 %) within 24 hours. We observe this trend consistently across a range of 

devices fabricated using different processing techniques like PA-MBE and MOCVD. The 

combination of very high electric field (at the gate edge) and moderate density of carriers in the 

semi-ON state is the primary reason behind this degradation. The large degradation of gm in the 

semi-ON state can be a big concern to the designers of high efficiency (class-AB) high-power 

microwave amplifiers as these devices are biased very close to pinch-off.  
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The candidate defects are identified using the DFT calculations by understanding the 

process conditions and the polarity of the charge build-up (from the direction of VT shift). The 

scattering cross-section of the defect is calculated using the defect generation rate equation. The 

carrier-energy distribution is obtained from the EMC simulations whereas the barrier for the 

removal of hydrogen is calculated using DFT. The scattering cross-section used in the 

calculations is assumed to be a step function for simplicity, transitioning at the activation barrier. 

The difference in VT shifts in the model is linked to the values of the time constants which are 

obtained from the energetic carrier distributions (from EMC simulations). The gm degradation is 

initially linked to the VT shift through a mobility reduction model, using a constant to represent 

the scattering strength. A single defect model is sufficient to describe the bias-dependence of both 

VT shift and gm degradation. For the devices grown using PA-MBE, the degradation in the Ga-rich 

devices is attributed to substitutional oxygen (Eact = 0.5 eV), whereas the degradation in N-rich 

devices is attributed to hydrogenated gallium vacancies (Eact = 2.1 eV). For the devices grown 

using MOCVD, the degradation in the NH3-rich devices is attributed to the nitrogen anti-sites 

(Eact = 1.8 eV). In the case of longer duration stress experiments, the VT shift and gm degradation 

models show reasonably good agreement with the experimental data till the 30-32 hour mark.  

The semi-ON state temperature stress experiments indicate that both the VT shift and gm 

degradation increase with the device temperature. The carrier-energy distributions from the EMC 

simulations show that the density of moderate energy (0.5 to 2.5 eV) carriers increases with the 

rise in temperature whereas the density of high energy (greater than 2.5 eV) carriers decreases at 

elevated temperatures. This observation can be attributed to the rise in phonon scattering of 

electrons at elevated temperatures. The temperature dependence of the degradation is explained 

well with a single defect model till 350 K. At higher temperatures, the experimental data deviate 

considerably from the model. For example, for the Ga-rich devices the single defect model 

considering substitutional oxygen (Eact = 0.5 eV) did not match the experimental data at 400 K. 

Hence, we introduce a multiple-defect model to explain the effects at higher temperatures. The 
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calculations show a two-defect model with activation energies of 0.5 eV and 1.45 eV can fit the 

experimental data for 400 K well. The DFT calculations indicate that dehydrogenation of 

substitutional iron and its complexes is the likely defect. The initial barrier for the removal of 

hydrogen in these complexes is 0.6 eV, and the process of complete removal of hydrogen is 

characterized by a barrier of 1.4 eV. The semi-ON stress temperature data can be modeled well 

with these two activation energies. Iron is a well-known contaminant in GaN-based devices, 

especially those grown using the PA-MBE technique. The VT shift in these devices is due to the 

presence of these defects under the gate (peaking at the gate-edge), whereas the gm degradation is 

due to scattering of electrons from the defects which are present under the gate as well the gate-

drain access region. The defects resulting in the device degradation are located at the AlGaN/GaN 

interface as well as the GaN buffer. Hence, only a subset of the charged defects actually 

contributes to the VT shift whereas all the defects are contributing to the gm degradation. This 

explains the relatively small shift in VT compared to the larger reduction in gm.  

This work explores a very important topic in the field of GaN-based HEMT technology 

development. The conclusions from this work can be useful to the system designers as well as the 

process technologists working in this field. The designers can use the model for rough prediction 

of device performance parameters that may be useful in defining proper guard-bands (avoiding 

over-estimation). The process engineers can try to reduce (or eliminate) the defects identified in 

this work, which may be helpful in reducing the semi-ON state degradation. Additionally, the 

approach used in this work can be refined and extended to other III-V material-based systems 

(like LEDs, Solar Cells and MEMS/Sensors) where the primary reliability concern is the 

degradation due to hot electrons.  
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