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AlGaN/GaN high electron mobility transistors are unique for their combination of 

high temperature, high power, and high frequency applications.  Compared to Si, Ge, 

and compound semiconductors such as GaAS and InP, AlGaN/GaN transistors outclass 

the current technology due to their superior combination of high breakdown voltage and 

high frequency performance.  These characteristics arise from structural and electrical 

properties inherent to the AlGaN/GaN heterojunction which have enabled AlGaN/GaN 

transistors usage in important military and civilian applications such as microwave and 

millimeter technology, RADAR systems, and as high current and voltage switches in 

utility grid systems.  As the technology continues to improve due to increased materials 

quality and device advancements, future applications will require AlGaN/GaN transistor 

usage under even higher voltages and temperatures.  Therefore, the effects of these 

stresses need to be investigated in order improve device performance and reliability. 

When stress conditions are applied in combination, device failure is accelerated.  

However, future applications may require electrical or thermal stress to be effectively 

applied separately.  Therefore, it is important to understand how each factor contributes 
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individually to the reliability and failure mechanisms in transistors to determine the 

actual working device life-time in its operating environment.  The following research 

employs structural, chemical, and electrical device characterization paired with 

simulation in order to develop structure-property relationships between defects and 

device performance.   

Here, for the first time, as-grown gate interfacial layers were characterized using 

atom probe tomography and are composed of two distinct oxide layers, NiOx and AlOx.  

Knowing the composition permits elimination or reduction of the layers through etching 

or processing modifications.  Furthermore, using off-state reverse bias electrical stress, 

Ni-gate metal reactions with AlGaN epilayers emulate the shape and size of the electric 

field contours between 5 – 6 MV/cm; an advancement from the previous understanding 

that defects form only at the peak electric field.  Finally, application of only thermal 

stress is shown for the first time to cause gate metal penetration into threading 

dislocations.  This penetration combined with Ni-Au gate metal interdiffusion causes a 

negative shift in threshold voltage, an increase in drain current, and only above 400°C 

an increase in gate leakage.  
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CHAPTER 1 
INTRODUCTION 

Motivation 

AlGaN/GaN High Electron Mobility Transistors (HEMTs) exhibit excellent high 

frequency, high power, and high temperature performance and have the potential to 

replace Si- and GaAs-based transistors for a number of applications.1-8 Specifically, 

applications for these transistors include both civilian and military functions such as 

microwave applications, broadband wireless access, cellular infrastructure, utility grid 

applications, optoelectronic devices, RADAR, communications, and space applications.  

AlGaN/GaN HEMTs are remarkable for both their large breakdown voltages and high 

operating frequencies.  The combination of these two features makes them superior to 

similar Si, SiGe, GaAs, and InP transistors.  Additionally, AlGaN/GaN HEMTs possess 

large band gaps, high electron saturation velocities, and a high electron sheet carrier 

density.9-10 Another advantage of AlGaN/GaN HEMTs is the ability to fabricate these 

transistors on a range of different substrates including SiC, sapphire, and Si.  This 

permits tuning the transistors to specific applications such as using AlGaN/GaN HEMTs 

on SiC for a larger thermal budget when high temperature applications are 

considered.11 

Despite the inherent material advantages and wide range of applications, 

AlGaN/GaN HEMTs are plagued by a multitude of failure mechanisms ranging from 

electrical to physical.12-21 Many of these mechanisms are not well understood and are 

just beginning to be explored due to improvements in device material quality and 

design.  Additionally, specific components of the transistors are prone to failure such as 

the gate region of the device.  Normally, accelerated testing using harsh, multiple 
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stressing methods is applied to HEMTs in order to induce failure and analyze the root 

cause.  However, the application of these multiple, simultaneous stresses can overly 

accelerate failure and therefore not represent the true failure mechanisms.  However, in 

future applications, these stresses may be effectively applied one at a time.  For 

example, a transistor may be stored in a high temperature ambient, but operate during 

off-state conditions for the majority of its lifet-ime resulting in its life-time limited by 

failure induced by thermal stress.  Therefore, it is important to understand how each of 

these factors contributes individually to reliability issues and failure mechanisms in 

transistors in order to determine the actual working life-time of the transistor in its 

operating conditions.  Thus, in this work, electrical and thermal stress are studied 

independently in order to understand how each stress changes the device structure, 

electrical properties, and device reliability.  

Objectives of Research 

The goal of this work is to investigate the formation of physical defects in 

AlGaN/GaN HEMTs and their effect on HEMT reliability.  These defects could be as-

grown in the transistor due to the growth and fabrication process, or they may arise due 

to accelerated stress testing.  Due to the complex nature of defect formation, the 

variables influencing defect formation are isolated and broken up by their electrical and 

thermal components.   

Dissertation Outline 

The purpose of this work is to identify, characterize, and model failure 

mechanisms in AlGaN/GaN HEMTs.  Therefore, the properties, structure, and device 

physics of AlGaN/GaN HEMTs will be covered in Chapter 2 along with summary of 

physical defect mechanisms that have been previously identified.  The material 
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processing for this work will be covered in Chapter 3 in addition to the various methods 

of sample characterization used to analyze HEMTs.  Structural and chemical 

characterization of as-grown interfacial layers that are known to affect HEMT reliability 

is presented in Chapter 4 along with the difficulties in procuring accurate nano-scale 

data.  Defects generated by the application of large electric fields and their effect on 

HEMT reliability will be presented in Chapter 5.  Finally, defects created by thermal 

processes and their effect on HEMT reliability will be covered in Chapter 6.
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CHAPTER 2 
BACKGROUND 

In the following sections of this chapter, background information on AlGaN/GaN 

HEMTs will be covered.  First the material and electronic properties of GaN and AlGaN 

are presented to provide an explanation on why these materials were chosen to make 

transistors.  Next, information summarizing the structure and fabrication of devices 

made from GaN and AlGaN is presented to clarify the device structure and properties 

exhibited by the devices that are not present in its constituent binary semiconductors.  A 

summary of the device physics and theory of working components of an AlGaN/GaN 

HEMT will follow to explain how the individual parts of the transistors operate.  Finally, a 

review of the current understanding and research on failure mechanisms and reported 

physical degradation of AlGaN/GaN HEMTs is presented. 

2.1  Properties of GaN and AlGaN 

Together GaN and AlN make up the building blocks of AlGaN/GaN transistors.  

When GaN is desired as a semiconductor layer, GaN is grown as a binary compound 

semiconductor.  However, the growth of the tertiary compound semiconductor AlGaN 

requires a combination of GaN and AlN.  When neglecting the gaseous precursors, this 

relationship can simplistically be expressed as: 

(x) AlN + (1-x) GaN = AlxGa1-xN                            (2-1) 

where x is the molar fraction of AlN; however, it is noted that the specific chemical 

reaction that forms AlGaN will vary with the growth technique used in synthesis but this 

general ratio of AlN to GaN in the AlGaN would apply.  Due to the large difference in 

band gap, EG, between GaN at 3.4 eV and AlN at 6.2 eV, AlGaN has a tunable EG 
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between these values based upon its Al composition.  The EG for AlGaN can be 

expressed (if bowing is neglected) as: 

EG (eV) = 3.4 + 2.8 * x                                             (2-2) 

where x is the molar fraction of AlN.  Due to both GaN and AlGaN’s large EG, good 

thermal conductivity, and high thermal stability, they are suitable materials for high 

temperature applications.  In addition to its material properties, GaN also has unique 

electrical properties.  For example, GaN has a high breakdown voltage ~5 x 10 V cm-1, 

a bulk electron mobility of ~1000 cm2 V-1 s-1, and a saturation velocity > 3 x 107 cm s-1.9-

10 These properties make GaN-based devices excellent choices for high electric field 

and frequency applications. 

GaN and consequently AlGaN possess two allotropes.  They can be grown with 

a cubic, specifically zinc blende crystal structure or they can be grown with a hexagonal, 

wurtzite structure.  For this work only hexagonal, wurtzite GaN was used.  Additionally, 

for GaN, the wurtzite structure is more commonly used in order to better lattice match it 

to Si(111) which when used as a substrate has a hexagonal symmetry, too.  GaN 

possesses two other structural features resulting in additional physical and electrical 

properties.  First, in wurtzite GaN, one layer of the crystal is composed of all cations and 

the next layer is composed of all anions.  This arrangement results in a repeating, 

alternating structure of bonded ions.  Due to this alternating structure when GaN growth 

terminates, its last monolayer will be either all Ga or all N.  This gives GaN an 

orientation dependence that is referenced by either Ga-face, for a terminal monolayer of 

all Ga, or N-face, for a terminal monolayer of all N.  The structures of Ga-face and N-

face GaN are shown in Figure 2 – 1 A and Figure 2 – 2 B, respectively.  Second, 
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wurtzite GaN is non-centrosymmetric, and therefore lacks an inversion center (center of 

symmetry).  This lack of symmetry, the alternating layers of ions, and GaN’s deviation 

from an ideal c/a axis ratio gives wurtzite GaN and AlGaN a spontaneous polarization, 

piezoelectricity, and piezoelectric polarization.  

For wurtzite GaN and AlGaN, the spontaneous polarization dipole forms along 

the <0001> direction.  Like the EG of AlGaN, the spontaneous polarization is dependent 

upon the molar fraction of Al due to the difference in polarizations between GaN at  

-0.029 C m-2 and AlN at -0.081 C m-2.22 Piezoelectricity is the ability of a crystal to form 

an internal electric field when strain is applied, or inversely if an electric field is applied 

to the crystal it will undergo a strain.  This additional strain can be found by: 

εij = Sijkl σkl + dkij Ek     (2-3) 

where Sijkl is the elastic compliance tensor, σkl is the stress tensor, dkij is the 

piezoelectric modulus, and Ek is the electric field at a specific, constant temperature.23 

Alternatively, due to the mechanical relationship between stress and strain, the 

additional strain can instead be calculated as the additional stress added to the device 

and is given by: 

σij = Cijkl εkl - ekij Ek      (2-4) 

where Cijkl is the elastic stiffness tensor, εkl is the strain tensor, and ekij is the 

piezoelectric coefficient tensor.24-25 Both dkij and ekij are tensors that describe the 

piezoelectric properties of GaN.  The difference between them is their derivation.  dkij is 

derived as the change in electric charge density displacement over the change in 

temperature at constant electric field.  However, ekij is derived as the change in electric 

charge density displacement over the change in strain at constant electric field.  These 
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piezoelectric constants are a third rank tensor.  Due to wurtzite GaN’s hexagonal 

symmetry, there are only three independent, nonzero coefficients: d31 = d32, d33, and d15 

= d24.  This results in three nonzero axial strain components (εxx, εyy, εzz) due to the 

vertical electrical field in the HEMT, and two shear strain components (εyz, εxz) due to 

the horizontal field.23,26 This is an important property of GaN and AlGaN as future 

sections (Section 2.4.6 and Chapter 5) of this work will explain how the strain caused by 

the application of large electric fields in AlGaN/GaN HEMTs can cause early failure of 

devices and the formation of defects.   

Due to AlN’s smaller lattice constant compared to GaN, AlGaN has a smaller 

lattice constant than GaN.  Thus, when AlGaN is pseudomorphically grown on a GaN 

layer below the critical thickness, it is put into tension in order to match the underlying 

GaN.  This strain in the AlGaN layer creates a piezoelectrically induced polarization in 

addition to the normal spontaneous polarization already present in AlGaN. 

2.2  Transistor Fabrication 

Due to the greater expense, lower quality, and smaller size of GaN substrates, 

AlGaN/GaN HEMTs are grown by heteroepitaxy on a variety of substrates.   Commonly 

used substrates are sapphire (Al2O3), Si(111), and SiC, each with its own advantages 

and disadvantages.  Sapphire has a lattice and thermal expansion mismatch with GaN 

of 16% and 39%, respectively.27 Additionally, sapphire has a relatively poor thermal 

conductivity.28-29 Meanwhile Si and GaN have similar thermal conductivities, but the 

lattice and thermal expansion mismatch between them is large at 16% and 56%, 

respectively.29-30 Although using a Si substrate results in the largest lattice mismatches, 

some of its advantages are the low cost, commercial availability, and large wafer size.  

On the other hand, SiC has excellent thermal conductivity and the smallest lattice and 
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thermal expansion mismatches of 3.5% and 3.2%, respectively.27-29 Due to the lattice 

mismatches between the substrate and GaN, many layers, typically called nucleation 

and transition layers, are needed in order to reduce the strain to permit GaN growth on 

the substrates.  These layers can be seen in the cross-sectional transmission electron 

microscopy (XTEM) micrograph of a typical structure for an AlGaN/GaN HEMT is shown 

in Figure 2 – 2. 

Layer growth in AlGaN/GaN HEMTs uses either molecular beam epitaxy (MBE) 

or metal-organic chemical vapor deposition (MOCVD).  The nucleation layer is the first 

layer to be deposited; it helps the transition layers and therefore the GaN and AlGaN 

epilayers adhere to the substrate.  The chemistry of the nucleation layer varies by 

substrate.  Following the nucleation layer, the next set of layers are the transition layers.  

Because of the large lattice mismatch between the substrate/nucleation layers and 

GaN, misfit and threading dislocations can form and propagate through the material and 

into the epilayers.  One function of the transition layers is to prevent this from occurring 

or at least mitigate some of the threading dislocation density by decreasing the 

mismatch between the substrate/nucleation layers and the GaN.9,29,31 The transition 

layer helps by grading the lattice parameter difference between the two instead of 

depositing GaN directly on the substrate where the change in lattice parameter would 

be immediate.  There are two commonly used transition layer schemes in HEMT 

fabrication.  First, there is a graded layer.  Here, for example, the nucleation layer may 

be some type of AlN layer.  Then the composition will be graded from AlxGa1-xN to GaN, 

where x =1 at the nucleation layer and x = 0 at the beginning of the GaN layer over a 

distance of a few microns.  Second, there is an abrupt multi-layer scheme.  Here, there 
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may be 3 – 5 transition layers, each having a different, constant composition.  However, 

the compositions between the layers change from more Al rich to Ga rich as the layers 

progress further from the substrate/nucleation layer.  In this work, the abrupt transition 

layers were used in the AlGaN/GaN HEMTs.  Another benefit of using the transition 

layers is to prevent residual thermal strain cracking.32 

Following the transition layer is the growth of the GaN buffer and AlGaN layers.  

Typically, the GaN buffer is Fe doped.  This helps reduce the short channel effects and 

confines the vertical component of the electric field to the AlGaN epilayer.  AlGaN has a 

smaller lattice parameter than GaN.  Thus, when AlGaN is pseudomorphically grown on 

GaN below the critical thickness, a permanent tensile strain develops within the layer.33 

One advantage to using a thinner AlGaN layer is better radio frequency (RF) reliability.34 

This is attributed to the reduction in strain by decreasing the AlGaN layer thickness 

relative to the critical thickness and lowering the Al composition.35   

Occasionally, the AlGaN/GaN heterojunction is capped with a thin (~1 – 2 nm) 

GaN layer.  Capping the AlGaN epilayer with GaN yields a few of benefits.  First, it 

decreases the number of seeds from which a crack can initiate by smoothing the 

surface.  This could increase device reliability under high bias conditions and help 

protect it from damage due to piezoelectric strain.  Secondly, it decreases the likelihood 

of an oxide developing on the AlGaN/GaN surface.  The oxide could form an interfacial 

layer between the AlGaN and gate, affecting the HEMT electrical characteristics.  

Thirdly, it reduces the oxygen trap density at the AlGaN/gate interface.36 Lastly, it 

reduces the gate leakage current, IG.  Gate leakage current reduction could be achieved 

in two ways.  One method is by increasing the effective Schottky barrier height between 
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the gate and AlGaN using the inherent piezoelectric charge.37 The second method is by 

reducing the flow of electrons into threading dislocations by reducing the magnitude of 

the vertical electric field.38 This lowers the IG by decreasing the Frenkel-Poole emission 

from surface and near surface states to threading dislocations. 

Following layer growth, the metal contacts are deposited.  There are two different 

types of contacts on the HEMT.  The source and drain contacts are ohmic and are 

deposited first and followed by a short, high temperature anneal.  However, the gate 

contact is Schottky and does not experience a thermal anneal.  While many different 

gate metal stack combinations have been investigated for the best thermal reliability, 

the two most commonly used are Pt/Au and Ni/Au.  In this work, the gate stacks used 

are Ni/Au.   

A passivation layer is used to cover the gate contact and top surface of the 

AlGaN epilayer.  The most commonly used passivation layer is MOCVD SiNx although 

atomic layer deposition (ALD) Al2O3 is being used more frequently in research 

applications.  The deposition of the SiNx passivation layer also decreases the number of 

surface traps which improves HEMT performance by increasing the drain current, IDS.39 

If it is incorporated into the device design, typically the last feature that is 

fabricated is the field-plate.  The inclusion of a field-plate in the device structure helps to 

mitigate the peak electric field by spreading the field out further along the access region.  

This improves performance for microwave applications by reducing the IG.40 Field-plates 

can be connected to the source or gate contacts and consist of metals that match those 

found in the contact stacks making one extended, continuous contact.  



 

28 

2.3  Device Physics 

A HEMT is made up of multiple components that help determine its output 

characteristics.  Two of the most important features are the contacts.  The gate contact, 

which switches the device from off to on mode operation, is based on a Schottky 

contact which permits current to flow in only one direction.  Additionally, the source and 

drain contacts are ohmic contacts which allow easy current transport from the 

conductive two-dimensional electron gas (2DEG) through the ohmic contacts and out 

through the device.  These features are described in more detail in the following 

sections. 

2.3.1 Schottky Contacts 

Schottky contacts are defined by their rectifying properties where almost no 

current flows until a specific forward bias.  Once this bias is achieved, high conduction 

occurs and the current flow becomes exponential in behavior.  It is possible for large 

current flow to occur under reverse bias; however, this only occurs when the reverse 

bias becomes too large.  This causes breakdown resulting in a large amount of current.  

When a Schottky contact is required for an n-type semiconductor, a metal with a larger 

work function than the semiconductor work function is used.  This creates a barrier 

between the gate and semiconductor conduction bands.  However, it is noted that it is 

possible for electrons to tunnel through the barrier. 

In theory, the properties of contacts depend upon the Schottky barrier height 

(SBH).  Although metal work functions may be consulted when choosing a chemistry of 

a contact stack, typically interface and gap states inherent to the semiconductor or 

caused by the transition from the semiconductor to the metal cause the Fermi level, EF, 

to be pinned.  Additionally, surface contamination or reactions between the 
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semiconductor and metal can influence the electronic properties of the interface, making 

the contact behave non-uniform.  Due to these factors, the behavior of the contacts 

typically does not match the predicted behavior from their work functions.  Thus, contact 

behavior is difficult to predict a priori without first experimentally measuring the contact 

properties.  

2.3.2 Ohmic Contacts 

Ohmic contacts are defined by their linear relationship between current and 

voltage under both forward and reverse bias, which agrees with Ohm’s Law.  In theory, 

ohmic contacts can be formed on a n-type semiconductor, by using a metal with a 

smaller work function than the semiconductor work function.  Similar to the Schottky 

contacts, due to Fermi level pinning, gate metal and semiconductor reactions, or 

contamination, contact behavior deviates from the predictive theory.  Another issue is 

scarcity of metals with low work functions.  One way around this problem is to highly 

dope the semiconductor region of the contact.  A highly doped region would narrow the 

depletion width at the metal-semiconductor interface which would allow electrons to 

more easily tunnel through the barrier.  Another method is to use a thin layer of a small 

EG semiconductor between the original metal-semiconductor interface.  Finally, one last 

method for forming an ohmic contact is to use a metal stack that reacts with the 

semiconductor in order to penetrate the metal to the conductive channel. 

2.3.3 Device Operation 

Like all field effect transistors, HEMTs have a threshold voltage, VT, which 

determines whether the device is ‘on’ (permitting current flow) or ‘off’ (no current flow).  

In AlGaN/GaN HEMTs, the VT is determined by charges accumulated at the interfaces 

between the gate metal and AlGaN and the AlGaN and GaN.  Here, the VT is given by: 
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VT = VBI + EF - ΔEC - (tAlGaN σPZ /εAlGaN)    (2-5) 

where VBI is the built in potential, EF is the Fermi energy of the AlGaN, ΔEC is the 

conduction band offset between the AlGaN and GaN, tAlGaN is the thickness of the 

AlGaN layer, σPZ is the combined polarization charge due to spontaneous polarization 

and piezoelectric polarization at the AlGaN/GaN interface, and εAlGaN is the permittivity 

of the AlGaN. 

 These charges are modulated and controlled by the change in gate-to-source 

voltage, VGS.  Here, for the off-state condition, the VGS is not greater than the VT.  Under 

this condition, the 2DEG below the gate contact is depleted of the electron charge 

carriers.  This prevents current from flowing between the source and drain.  However, 

as VGS increases above VT and a voltage is applied to the drain contact, VDS, the 2DEG 

begins to fill and the current increases linearly.  Following the VGS > VT condition, as the 

VDS continues to increase such that VDS > VDS – VT, a saturation of the drain current 

occurs.  Under this condition, the application of additional VDS does not result in any 

additional current flow. 

2.4  Reliability and Degradation Issues in AlGaN/GaN HEMTs 

Despite the useful electrical and materials properties that give AlGaN/GaN 

HEMTs a large spread of applications, there are many unresolved reliability issues that 

remain with these transistors and limit their functionality.  While there are electrical 

degradation mechanisms, this work’s primary focus is on the physical degradation of 

HEMTs.  Thus, only a cursory review of electrical defects will be covered in contrast to a 

more in-depth review of physical defects in the upcoming sections. 
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2.4.1 Surface Traps 

The creation of surface traps is a common occurrence in AlGaN/GaN HEMTs.  

They are measured electrically using gate lag measurements.  Thus, changing the 

device surface using different processing steps such as passivation or chemical/plasma 

processing and then measuring the gate lag correlated the electrical measurements to 

how the process affected the surface traps.  Surface traps act by trapping electrons in 

states near the surface of the device.  These trapped electrons then accumulate and 

deplete the 2DEG.  Due to this depletion, electron flow is limited which causes the IDS to 

decrease.  By reducing the number of available trap sites, the depletion of the 2DEG is 

reduced which causes the normalized IDS to be lowered a smaller amount than the 

original.  Thus, if a process causes an increase in the normalization IDS, then the 

number of surface traps was most likely reduced.   

2.4.2 Buffer Traps 

Due to the many different layers used in AlGaN/GaN HEMTs, there are many 

interfaces that have the possibility of acting as traps.  In particular, traps at the GaN 

buffer interface play a role in device reliability.  Here, the traps in the GaN buffer layer 

are responsible for current collapse in AlGaN/GaN HEMTs.  This was first reported by 

Khan et al. when a 20V drain stress was applied and caused a severe decrease in IDS.41 

Additionally, Binari et al. reported current collapse in GaN metal semiconductor field 

effect transistors (MESFETs).42 The IDS was measured with and without photo 

illumination during VDS stressing and the dependence on the IDS recovery with 

wavelength was noted.  The smaller wavelength (higher energy) photo illumination 

resulted in the greatest recovery.  Additionally, as the VDS was increased, the current 
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collapse worsened.  This demonstrated that the smaller wavelength photo illumination 

released more electrons from their trap sites. 

Furthermore, buffer trapping can be measured using drain lag measurements 

where the time dependence of the recovery from current collapse by thermal emission 

of trapped carriers and the temporal response of the current collapse is measured.43 In 

drain lag measurements, a voltage pulse is used and then the IDS is measured before 

and after the pulse.  The ratio of the measured IDS is taken and the closer it is to unity 

the less buffer trapping there is in the HEMTs.39 

2.4.3 Hot Electron Effects 

The creation of hot electrons is another reliability issue in AlGaN/GaN HEMTs 

due to these hot electrons generating both traps and physical damage in the device.  

They are formed due to the high electric field (~several MV/cm) present during 

operation which accelerates the electrons so that they have a large velocity and 

therefore large energy.  Due to their large kinetic energy, they can penetrate features 

throughout the device and be trapped at many different locations such as on the device 

surface, in the AlGaN layer, or in the GaN buffer.11 Hot electrons can also create defect 

traps from impact damage.  Jha et al. have shown that interface trap density at the 

AlGaN/GaN interface increases significantly from hot electrons.44 Additionally, traps 

created by hot electrons can increase the depletion region which results in a decrease 

in IDS.  Additionally, Sozza et al. showed that in AlGaN/GaN HEMTs subjected to a 3000 

h on-state electrical stress that surface traps were created which led to a decrease in 

IDS and an increase in drain resistance.45 Furthermore, they noticed for HEMTs stressed 

with off-state bias conditions that minimal change in the IDS and resistance occurred.  

These changes were associated with a slight increase in trapping.  It is noted that the 
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majority of devices in this work were subjected to off-state or no electrical stress and 

thus hot electron effects have been omitted in the analysis. 

2.4.4 Gate Contact Degradation 

Contact degradation in HEMTs can occur through multiple mechanisms.  Metals 

can interdiffuse, form intermetallic phases, or they can react with the semiconductor.  

These issues can change the electrical properties of the contacts and therefore affect 

the device reliability.  One of the most common reasons for contact degradation is the 

amount of thermal energy a contact receives.  Another degradation mechanism for 

contacts is gate sinking which is an important degradation mechanism in GaAs 

transistors.  However, it has not been directly reported in the AlGaN/GaN HEMT 

literature.  Occasionally, there are reports of some reactions between the gate metal 

and semiconductor epilayers, but this has only occurred when it appears to be the result 

of dislocations.    

Gate sinking was investigated by Chou et al. in AlGaN/GaN HEMTs using 

accelerated life tests.  A temperature step stress starting at 150°C and ending at 240°C 

with 48 h intervals and 15°C steps was used to stress devices.  No gate sinking was 

observed.31 Another study subjected devices to a temperature stress test and a 

combined thermal-electrical stress test.  During the temperature stress test, devices 

were heated to 400°C for 1000 h.  The combined stress test occurred at 350°C and had 

a continuously injected current using the biasing conditions of VDS = 20 V and VGS = 0 

V.  Again, no diffusion of the gate metals into the semiconductor occurred.46 

One type of gate contact degradation is the presence of a native interfacial layer 

between the gate and AlGaN layer.  This can result in a decrease in the saturated drain 

current, IDSS.  Studies have shown that when HEMTs are operated at high 
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temperatures, the interfacial layer is modified (thickness decreases) and may dissolve 

which causes a positive increase in the SBH.  This permanent shift in SBH results in the 

decrease in IDSS.47-48 Additionally, HEMTs exposed only to a thermal anneal also 

exhibited this decrease in interfacial layer thickness.  Furthermore, these devices 

exhibited 50% less degradation compared to unannealed devices. 

Marcon et al. performed long term thermal test on Ni/Au gate AlGaN/GaN 

HEMTs for 1000 h at 325°C.  It was noted that after a short exposure to elevated 

temperatures that device performance improved.  However, after 384 h of exposure to 

325°C, the device performance began to degrade.  The IDSS increased, the VT shifted 

more negatively by 0.4 V, and IG and ID increased 1 to 2 orders of magnitude, 

respectively, with no saturation occurring.  The degradation was attributed to the 

interdiffusion of the Ni and Au layers in the gate Schottky contact by imaging using 

scanning electron microscopy (SEM).8 

2.4.5 Source and Drain Contact Degradation 

Stable ohmic contacts are important features for the HEMT operation.  If the 

ohmic contacts degrade, then the electrical outputs of the device also suffer because 

less IDS is conducted through the contact.  Ohmic contacts can degrade chemically or 

morphologically.  When contacts are subjected to high temperature anneals, the metal 

stack breaks down into different phases that are combinations of the original metals 

present.39 However, these structural and chemical changes may not be detrimental to 

the electrical properties of the contact.  For example, the contact resistance of an ohmic 

stack can be compared to its annealed temperature.  This results in a minimum contact 

resistance at a specific temperature.  Knowing this processing temperature is important 

for producing ohmic contacts with the best electrical properties.  However, subjecting 
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the contact to extra thermal energy would increase the contact resistance and reduce, 

adversely affect the IDS.   

For example, Piazza et al. showed that for Ti/Al/Ni/Au ohmic contacts stored for 

2000 h above 290°C that the contact resistance increased.  Additionally, the contact 

surface roughened due to the growth of Au-rich grains.49 Within the contact it was found 

that Au interdiffused among the ohmic metal stack, and another issue involved the out-

diffusion of Ga from the epilayers and into the contact.  Furthermore, similar 

degradation was found to occur in ohmic contacts when an electrical stress was 

performed to make the internal device temperature equivalent to the 2000 h stored 

thermal tests. 

In addition to chemical degradation, morphology changes can occur.  When the 

contacts are subjected to high temperature anneals, their surface can roughen and their 

rigid edges degrade and become curved.  It has been observed that the stability of 

contact morphology at high temperatures can be improved by adding W or WSix to the 

ohmic stack.50 Again, due to the self-heating during on-state operation, monitoring the 

thermal budget of the HEMTs is an important component of device reliability due to the 

negative electrical and structural changes possible from the long term application of 

thermal energy. 

2.4.6  Inverse Piezoelectric Effect 

The inverse piezoelectric effect is a concern in AlGaN/GaN HEMTs because of 

the large piezo-coefficients in nitrides and the large voltages used during operation and 

reliability testing.  Typically, the largest electric field occurs at the drain edge of the gate 

due to the field distribution from the application of gate and drain voltages.  When these 

voltages become large, typically > |20 V|, defects and traps in the AlGaN layer can 
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occur which degrade the transport properties.  This mechanism has been proposed and 

shown by Joh and del Alamo.  They proposed that once the strain and elastic energy in 

the AlGaN layer reaches a critical value the AlGaN layer will relax through the formation 

of crystallographic defects.12,23,50-54 Additionally, these defects could potentially be 

electrically active by acting as trapping sites which explain the device degradation.23 

Degradation from the inverse piezoelectric effect has been correlated with 

degradation of the ID and IG after a critical voltage is reached.  Additionally, the source 

and drain resistances increase and the VT shifts to a more positive value.  Much 

research has focused on understanding the critical voltage with respect to gate length 

and device structure.  However, it has been found that many factors influence the 

critical voltage.  One of the major causes of variability in the critical voltage for similar 

devices, even neighboring devices within the same wafer, is non-uniformity of the 

epilayer growth or interfacial layer between the gate and AlGaN.49,51 Another factor that 

affects critical voltage is the gate length.  Douglas et al. reported that as gate length 

decreased the critical voltage decreased.19 Additionally, Douglas et al. invested the 

effect of applied VDS on critical voltage.  It was reported that as the VDS increased, the 

critical voltage of the HEMT decreased.19 Later work by Douglas et al. investigated the 

effect of temperature on critical voltage.  It was found that the critical voltage decreased 

with increasingly applied base-plate temperature to the HEMTs.20 Another important 

finding on the variability of the critical voltage was reported by Marcon et al where they 

reported that the duration of the VGS step stress changed the critical voltage of the 

HEMTs.  They noted that as the duration of the VGS step stress time increased the 

critical voltage decreased.55   
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The degradation from the inverse piezoelectric effect has been investigated in 

many studies.  Joh and del Alamo’s work show that the inverse piezoelectric effect is 

driven only as a field-based degradation mechanism.  Their basis for this hypothesis is 

that the mechanical stress resultant from the applied electric field is large enough in 

energy to overcome the elastic energy of the crystal and relax the AlGaN epilayer 

causing physical degradation.53 Due to this proposed field dependence on the 

degradation, current through the device should not influence this mechanism except in 

cases where large current density lead to device heating due to the Joule heating effect.  

Of course even slight heating could effect the device degradation.  For example, an 

increase in temperature will influence the mechanical properties of the AlGaN epilayer 

making it more ductile and thus requiring more mechanical energy to degrade.  This 

could potentially slow degradation from the inverse piezoelectric effect.  Of course this 

seems to be in contrast to work by Douglas et al. where applied base-plate 

temperatures were associated with faster degradation.20  

Due to the inverse piezoelectric field’s dependence upon the magnitude of the 

electric field, device and structural designs that affect the electric field profile should 

impact degradation.53 For example, deposition of the gate metal or SiNx passivation can 

apply tensile or compressive stress to the surface of the HEMT thereby influencing the 

degradation through the inverse piezoelectric effect.  These strain effects from 

deposition are beginning to be researched.  Mastro et al. simulated the strain from 

deposited SiNx and found it to be small in comparison to the tensile strain already 

present in the AlGaN due to pseudomorphically matching the GaN.56 Of course the 

deposition strain will depend upon the process conditions such as thickness, deposition 
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method, temperature, pressure, and frequency.  Additionally, the shape of the 

deposition itself influences the strain.  For example, an opening at the edge of the gate 

metal results in a normal force from the gate across the surface of the AlGaN epilayer.  

Additionally, Mastro et al. proposed that as the gate length of HEMTs decreases that 

the strain field will increase.  This increased strain will need to be accounted for in future 

device design due to its impact on the inverse piezoelectric degradation as feature size 

begins to shrink for HEMTs.   

2.4.7  Threading Dislocation Defects and Impurity Diffusion in AlGaN/GaN HEMTs 

Threading dislocations are almost omnipresent in AlGaN/GaN HEMTs due to 

their high density, ~109 cm-2.  However, it has normally been assumed that they do not 

greatly affect device properties as AlGaN/GaN HEMTs have some of the largest 

electrical parameters for power and frequency applications.  Unfortunately, there is 

growing evidence that this is no longer the case (Chapter 6 of this work will explicitly 

show the affect of dislocation on reliability) and that dislocations need to be taken into 

account for the degradation and reliability of AlGAN/GaN HEMTs. 

Liliental-Weber et al. showed that V-defects or pin holes formed during the 

growth of GaN, InGaN, and AlGaN.57 These defects could form at any depth in the 

growth and could thus result in a large area by the time growth was terminated due to 

their 56° degree opening from the geometry of their growth plans, {10-11}.57 These 

defects are typically much smaller with improved device quality today.  However, should 

they form during growth, they could easily make a void through the 2DEG of the HEMT 

which could negatively affect the device performace.  Additionally, it was observed by 

Liliental-Weber et al. that nanotubes and threading dislocation tend to form at the apex 

of these pinholes.  While the reduction of pinhole size is important, the nanotubes and 
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threading dislocations that are associated with them could be extremely detrimental to 

device performance due to providing an easier diffusion path for impurity in the device. 

Pearton et al. investigated the effect of dislocation density on O diffusion in GaN.  

An SiO2 cap was deposited on GaN and the samples were subjected to anneals from 

500°C to 900°C.  Using secondary ion mass spectroscopy (SIMS) the diffusion profiles 

were compared and found to be non-error function in distribution which indicated a 

faster diffusion than predicted by theory.  This acceleration was contributed to O 

diffusion down dislocation cores which was found to have an activation energy of 0.23 

eV.58 This is a small value indicating that impurities could easily, rapidly diffuse down 

dislocations or possibly even faster down nanotube cores since they are larger in 

diameter than dislocations. 

Tapajna et al. and Kuball et al. also investigated the effect of impurity diffusion 

down dislocation on device degradation and reliability.  Together they used trapping 

analysis in order to view the change in one trap amplitude against an increase in time 

and temperature.18,59 It was found that as off-state stressing continued the trapping 

amplitude increased on the order of root DT.  Additionally, it was found that the trapping 

amplitude increased with temperature.  Due to the fit of their data, they assumed a 

diffusion based model to explain the increase in trapping as a result of increased 

impurity diffusion down dislocations.  From their model, they calculated an activation 

energy of 0.26 eV for impurity diffusion down dislocations.18,59 This value is slightly 

larger than the value from Pearton et al., but it is still within the same order of magnitude 

so it could be a feasible value.  It is also important to note that no physical 

characterization was completed by Tapajna et al. and Kuball et al performed only 
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minimum characterization to show there was no physical defect formation from 

stressing by TEM analysis.  Thus, their calculated activation energy is based purely on 

a model of electrical data and no physical proof of impurity diffusion.  Although it is not 

definitively shown that this degradation is through an impurity diffusion method it is still 

an important result that dislocations and impurities could potential affect device 

reliability. 

2.4.8  Physical Degradation in Pt-Gate AlGaN/GaN/HEMTs 

The first physical degradation noted in the study of reliability of AlGaN/GaN 

HEMTs occurred in Pt-gate devices.  Conway et al. were the first to report on physical 

defect formation under the gate on HEMTs from HRL.  A 3000 h elevated temperature 

electric stress test was performed in air with VDS = 30 V and IDS = 40 mA.  The device 

was heated to a simulated channel temperature of 172°C.  Following DC stress, the IDSS 

decreased 10% and G m decreased 15% from their peak values.  TEM samples were 

prepared from the stressed devices and indicated that a small defect formed under the 

gate on the drain side of the gate and into the AlGaN epilayer of the samples.  EELS 

analysis of the defect revealed oxidation of the AlGaN Schottky barrier layer with no 

evidence of gate sinking or electromigration.60 

Further work using the same samples along with additional non-field plate T-gate 

HEMTs was completed by Burnham et al.  Here, the T-gate HEMTs were step stressed 

using channel temperatures of 136°C, 159°C, 182°C, 205°C, 228°C, 251°C, 274°C, 

297°C, and 320°C through application of a base plate temperature. Each channel 

temperature was held for 24 h with the VDS = 15 V and VGS was adjusted to achieve an 

IDS = 217 mA/mm for the duration of each step stress.  It is noted that HEMTs in air 

failed more quickly than ones in nitrogen.  On average, the HEMTs exposed to air failed 
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58% faster than the nitrogen ambient HEMTs.  Additionally, some T-gate HEMTs 

exhibited an oxidation spike under the gate which was characterized by an O signal 

increase in the EDS spectrum, while other HEMTs showed some possible gate sinking 

into the AlGaN epilayer.61 While these results are important, it appears upon analyzing 

their reported TEM micrographs that most of their material is of poor quality.  It can be 

seen that even in unstressed samples that epilayer uniformity and roughness are poor.  

Therefore, these defects could have manifested due to overall low device quality 

causing the increase in oxidation or the roughness of the gate metal interface with the 

AlGaN.  

After an improvement in device material quality from Triquint Semiconductor, 

Chowdhury et al. also investigated the physical degradation of AlGaN/GaN HEMTs.  

Unlike previous studies, the epilayer structure was found to be smooth and flat and 

there was a sharp interface between the gate and epilayers.  Here, the electrical stress 

conditions used were VDS = 40 V and the VGS was set so that the time-zero IDS = 250 

mA/mm in a nitrogen environment.  Additionally, base-plate temperatures of 82°C, 

112°C, and 142°C were applied to the HEMTs to raise the channel temperature to 

250°C, 285°C, and 320°C as determined by thermal simulation.  These stress 

conditions were applied to the HEMTs for 6 h to 1000 h.  The unstressed devices 

revealed no signs of physical defect formation.  However, a thin layer of amorphous 

material was found between the gate and the semiconductor (this is common for feature 

in unstressed HEMTs).  

By comparison in the stressed HEMTs, there were many instances of physical 

degradation.  For example, all stressed devices showed pitting defects in the AlGaN 
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epilayer under the drain side edge of the gate.  These pits were typically 10 nm in depth 

which means they penetrated through more than half of the AlGaN epilayer.  

Additionally, similar pitting was also sometimes seen on the source side edge of the 

gate.  However, the source side pitting was always significantly smaller compared to the 

drain side pitting.  Another defect that was observed near the gate region was the 

formation of a crack-shaped defect.  The crack was observed to propagate ~20 nm only 

from the bottom of the drain side pitting and extended through the AlGaN/GaN interface.  

For HEMTs with the highest applied base plate temperatures these cracks could form in 

as little 6 h.  It is noted that rarely and in only the most extreme cases of device 

degradation that some gate metal was found to diffuse into the crack defects.  Despite 

all the observations of physical degradation from electrical stressing, the most important 

result from this work is likely the establishment of a relationship between the percentage 

decrease in IDMax and the increase in physical device degradation.  Here, Chowdhury et 

al. noted a linear dependence based on decrease IDMax and increasing relative physical 

degradation based on a double-blind survey.12   

It was believed that the defects were formed by the inverse piezoelectric effect 

due to their positioning at the location of the largest fields in the device.  Additionally, it 

was thought that combining the piezoelectric-induced mechanical strain with the tension 

the AlGaN layer is already under could cause the AlGaN layer to exceed the yield strain 

and cause this degradation.  Thus, the combination of the high temperatures from the 

application of the base-plate, the large electric field due to the applied voltages, and the 

initial tensile strain of the AlGaN layer could lead to the damage of the AlGaN and 

formation of the pit defect.  Furthermore, with increasing pit depth, the AlGaN becomes 
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thinner and weakened, and the tensile strain could form the crack.  Chowdhury et al. 

speculated that the crack could originate at the deepest part of the pit and spread along 

the width of the gate.  This could explain why the crack is present in both deep and 

shallow pits.12 While this is the first paper that speculates on the origin of the physical 

defects in Pt-gate AlGaN/GaN HEMTs, there is no chemical analysis of the defects 

presented which could help explain the chemical and structural degradation. 

However, the next essential work on the study of physical degradation of 

AlGaN/GaN HEMTs was performed by Park et al. which included many of the same 

collaborators as the Chowdhury et al. work and the same device structure.  Due to the 

similarity and the HEMTs and the collaborators the same accelerated off-state DC 

electrical stress tests were completed as the Chowdhury et al. work.  Again, here the 

HEMTs were subjected to base-plate temperatures of 82°C, 112°C, and 142°C which 

correspond to channel temperatures of 250°C, 285°C, and 320°C as determined by 

simulation.  Again, the VDS = 40 V and the VGS was set so that the time-zero IDS = 250 

mA/mm.  However, in this is work, all HEMTs underwent electrical stressing for 1000 h.   

They noted that although degraded devices have different pit sizes, the pits formed at 

the center of the gate finger are always larger than those at the gate finger.  It was 

thought that temperature plays a role in the pit and defect formation as the center of the 

gate finger experiences the most joule heating because it has the lowest cooling 

efficiency.  This is due to the layout geometry of the HEMT. 

Additionally, Park et al. completed a study comparing degradation against life-

time.  HEMTs using the electrical parameters established above were stressed for 

durations ranging from 6 h to 12 days.  Upon completion of the stressing, the most 
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degraded 6 h HEMT was compared to the least degraded 12 day sample.  It was found 

that the 6 h sample showed small pitting but had crack formation while the 12 day 

sample only had large pitting.  Thus, it can be seen that the amount of physical 

degradation in the devices is variable and not consistent between HEMTs; however, it is 

the amount of degradation that negatively affects the device performance and reliability. 

While this work again showed the formation pitting and crack defects from 

electrical stressing, it also presented a reaction based defect that formed under the 

gate.  EDS analysis was applied to the defect area, and it was found that more Si, O, 

and C were detected in the defect than in the rest of the surrounding AlGaN epilayer.  

Also, the defect cavity that formed during degradation was backfilled with SiNx from the 

passivation.  The fact that the passivation filled the pit implied that increased 

temperature possibly due to joule heating could be responsible for this defect 

formation.15 This heating could be due to high densities of localized gate leakage 

leading to a very localized temperature increase and the defect formation.   

An early issue with these reliability studies on defects is their dependence on 

TEM.  Due to the extremely localized area used in TEM sample analysis (<100 nm), 

sampling statistics and meaningful data can be difficult to gather and interpret.  

However, continuing previous work on Pt-gate electrical stressing, Makaram et al. used 

an etching sequence that exposed the top surface of the AlGaN epilayer.  This allowed 

SEM and AFM imaging and analysis of degraded HEMTs in order to study the top 

structural change versus electrical stress conditions.  Here, a dilute HF etch was used 

to removed the SiNx passivation covering the Pt-gate.  This was followed by an 3:1 

HCl:HNO3 aqua regia etch at 80°C for 20 min to remove the source, gate, and drain 
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contacts.  A final surface cleaning was performed using a piranha etch solution 

consisting of 1:1 H2SO4:H2O2 for 5 min at 115°C.62   

This etch sequence did not damage the AlGaN surface or create artifacts that 

could skew the results of the SEM or AFM analysis.  The only issues with the etch 

sequence is that it exposed the dislocations and pits at the top surface of the AlGaN 

epilayer; however, their density was low compared to the overall surface area and did 

not influence the results.  

 Electrical stress conditions for the HEMTs consisted of VGS =−7 V and VDG = 8 – 

70 V at a rate of 1 V/min.  Additionally, a base-plate temperature of 150°C was applied 

to the HEMTs to simulate an increased channel temperature although the authors did 

not quote an estimated temperature for these conditions.  For these stress conditions, a 

critical voltage occurred at VDG = 20 V.  Above the critical voltage, devices exhibited a 

permanent decrease in IDMax up to 10% and a large increase in current collapse.  For 

the unstressed HEMTs, the gate footprint was not visible by SEM.  However, for the 

stressed HEMTs, SEM showed a clear row of pits along the drain side gate edge.   

AFM analysis showed that in the unstressed HEMTs the top epilayer surface was 

smooth under the gate with no pitting defects measured.  However, in stressed HEMTs 

below VDG = 20 V, a shallow, continuous groove formed in the drain side of the gate 

edge on the epilayer along the entire width of the gate.  Additionally, a very shallow, 

almost imperceptible, and discontinuous groove appears on the source side of the gate.  

As the VDG increased beyond the critical voltage, AFM showed that localized pits formed 

along the groove, and their density and size increased with increasing VDG.  The authors 

reported that for the most degraded HEMTs that the pits were measured to be up to 8 
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nm deep and 2 m wide.  However, it is important to note that an accurate measurement 

of the pit dimensions is difficult with AFM.  This is due to the size of the AFM probe tip 

being on the scale of the pit diameter or larger.  Thus, the probe size limits the 

resolution of the measurement making these measurements only a qualitative 

measurement. 

Makaram et al. performed an additional experiment with a constant electrical 

stress of VGS = -8 V and VDG = 50 V but with increasing time.  Additionally, the base-

plate temperature was varied.  It was found that with increasing time and/or temperature 

that the pit density and size increased and the current collapse and reduction in IDMax 

increased.  Due to the dependence of the degradation on temperature and field 

magnitude, It was postulated that the pitting grooves and pits were formed by a field 

induced diffusion process or an electrochemical etching of the epilayers. 

Continuing the study of under gate pit formation, Li et al. used a high power on-

state stress on Pt-gate HEMTs.  Here the VDS = 40 V and the VGS was adjusted so that 

the ID remained at 250 mA/mm for 523 h which resulted in a 33% in IDMax.63 Additionally, 

a base-plate temperature of 120°C was applied to the HEMTs.  Using these conditions, 

thermal simulations estimated the channel temperature to be ~354°C.  Similar to the off-

state stress, pits formed along the drain side of the gate.  It is noted that the pits merged 

together more frequently at the center of the device than at the end with emerged pits 

forming a trench 50 nm wide and 8 nm deep.  Again, the previously noted limits of AFM 

resolution apply to these measurements.   

It was proposed by Li et al. that the increased merger in pitting at the center of 

the HEMT finger was due to the increased temperature and stress in the middle of the 
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finger compared to the end.  Additionally, it is noted that pitting was greater under 

fingers located in the middle of the device compared to the outside of the device.  This 

is consistent with a higher temperature effect due to reduced heat dissipation from the 

geometry of the device layout.  The geometry of the device layout and bias conditions 

were used to create a thermal simulation of the temperature distribution of each finger 

on the device.  The simulated temperatures of the fingers were compared to the pit area 

to the 3/2 power.  Using an Arrhenius extrapolation, a calculated activation energy of 

0.32 eV for the pitting process was found.  This value is similar to previous diffusion 

process results on GaN.  There are two important results from this experiment.  First, 

that during on-state stress pitting can occur at operating temperatures.  Second, that 

this pitting is non-uniform based on the device geometry which could suggest that it is 

accelerated by the self-heating of the device during operation. 

2.4.9  Physical Degradation in Ni-Gate AlGaN/GaN/HEMTs 

As previously detailed in the above section, there is a lot of work reported in the 

literature on physical degradation of Pt-gate AlGaN/GaN HEMTs.  However, there is 

comparatively little work reported for Ni-gate HEMTs.  Due to the almost singular use of 

Ni-gate HEMTs in this work, one of the biggest impacts of the research presented in 

subsequent chapters will be the additional understanding of physical degradation of Ni-

gate AlGaN/GaN HEMTs added to the body of knowledge of the field.  However, first a 

review of reported physical degradation of Ni-gate AlGaN/GaN HEMTs will be 

summarized. 

The presence of O in the ambient during electrical stressing has been shown to 

decrease Id and increase current collapse of AlGaN/GaN HEMTs quicker compared to 

higher vacuum conditions.64 Gao et al attributed this degradation to the formation of 
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defects along the edge of the gate.64 In their work, AlGaN/GaN HEMTs passivated with 

Al2O3 were electrically stressed using off-state conditions of VDS = 0 V and VGS = -40 V 

for 60 s, 600 s, and 6000 s.  As the duration of the stress increased, the amount of 

“stringers” surrounding the edge of the gate increased.  After stressing, the gate metal 

and stringers were etched and revealed pits ranging from 25 to 45 nm in depth around 

the gate edges and the “stringers.”  Additionally, Auger electron spectroscopy revealed 

that the “stringers” consisted of more O than the Al2O3 passivation and the Ni-gate.  It 

was thought that the “stringers” formed as an oxidation process between the AlGaN and 

ambient O due to the large electric field.  When these stress conditions were repeated 

in a vacuum condition of 3 x 10-5 Torr, the pit formation was significantly reduced.  

Additionally, these devices showed 40% less permanent degradation and the current 

collapse was 30% less than in HEMTs stressed in ambient atmosphere.  The decrease 

in degradation was attributed to the lower density, size, and depth of the pits compared 

to stressed in ambient samples.  However, in both stress conditions the VT shifted 

positively by 4 V. 

Gao et al. hypothesized that the large electric field at the gate edge accelerated 

this pitting by lowering the activation barrier for oxidation.  To test this, two different off-

state stress conditions were used.  In both conditions the VGS = -12 V but in one the VD 

= 30 V and VS = 0 V while in the other VD = 0 V and VS = 30 V.  By reducing the Vg and 

increasing the VD or VS, a non-symmetric electric field is produced around the gate.  

This is dissimilar to the previous stress state with VD = 0 V and VG = -40 V where the 

field was symmetric and pitting occurred on both sides of the gate.  These two stress 
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states showed that the pitting and “stringers” only occurred on the gate source or drain 

side with the 30 V, indicating that they only formed on the high field side of the gate. 

Work by Whiting et al also used removal of the gate metal via etching to view 

under-gate pitting in Ni-gate HEMTs using off-state electrical stressing of VG = -8 V and 

VDS = 0 – 70 V in 1 V/min steps.21  During the stressing, a jump in the Ig occurred.  It 

was found after gate metal removal and top-down SEM that pitting defects occurred 

under the middle of the Ni-gate only after the Ig jump.   This stress condition was used 

for both 100 nm and 1 µm HEMTs.  At the end of stressing, the final Ig was recorded 

and compared to the fractional gate area of the HEMT that showed pitting.  It was found 

that an increased area of under gate pitting correlated with a high final IG.  Additionally, 

for the same final IG, the 100 nm HEMTs showed more pitting compared to 1 µm 

HEMTs.   

Unfortunately with these pitting studies, TEM of the pitting prior to etching was 

never obtained.  Thus, no compositional information on the pit was obtained and only 

speculation on chemistry due to oxidation or gate metal diffusion was possible.  
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Figure 2-1.  Schematic of wurtzite GaN. A) Ga-face. B) N-face. 

 

 
 
Figure 2-2.  XTEM micrograph showing the typical structure of an AlGaN/GaN HEMT. 
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CHAPTER 3 
EXPERIMENTAL TECHNIQUES 

The sections of this chapter serve as a basic introduction to the essential and 

relevant material processing and characterization techniques that were used to 

complete this work.  Advanced theories and details are omitted, but a cursory review of 

the techniques is presented for familiarity.  If processing procedures are consistent for a 

technique then they are presented in this section; however, for processes with variability 

specific methodologies will be presented for each technique in the experimental section 

of the following chapters. 

3.1  Material Processing  

3.1.1 Thermal Annealing 

In order to isolate only the effect of thermal stress on AlGaN/GaN HEMTs, 

transistors were placed in a standard tube furnace to undergo thermal anneal.  All 

anneals used a 36” long quartz tube and the temperature was regulated by a heating 

coil wrapped around its perimeter as shown in Figure 3-1.  Due to the miniature size of 

the reticule that contained the transistors (~ 7mm by 3mm), transistors were placed on a 

cleaved piece of Si(100) wafer that was wedged into a slot on a preheated quartz boat.  

This setup prevented the transistors from moving during the insertion and extraction of 

the boat from the furnace and allowed accurate measurement of the temperature.  The 

boat was always placed in the same exact spot for each anneal near the center of the 

furnace using a system of rods and markings.  Because of the size of the samples, the 

temperature was not measured directly on the sample.  Instead a thermocouple was 

positioned on the Si(100) wafer holding the transistors without touching the transistors, 

the quartz boat, or any part of the quartz tube.  Furthermore, the temperature was 
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measured both at the start and at the finish of each anneal.  Additionally, the 

thermocouple measurement error is estimated to be ±1°C as per the accuracy of the 

device.  It is noted that one end of quartz tube had a gas inlet and the other end was 

capped to permit the application of different ambients.  For this work, the anneal 

temperature was varied from 100ºC - 850ºC and for durations from 0.25 h - 1000 h.  

Generally, this method is considered to be slow for sample temperature ramp up and 

cool down (< 5 min) compared to a rapid thermal anneal.  However, since the ramp up 

and cool down time was much smaller than the duration of the anneals, this possible 

error is minimized and the measured anneal times are taken to be accurate.  

3.1.2 Transistor Etching 

In order to observe any large areas (dimensions greater than 20 nm x 20 nm) of 

physical degradation on top of the AlGaN surface, the passivation and gate metal of the 

HEMTs were removed by wet chemical etching.  The first step of the etch process is the 

removal of the SiNx passivation layer covering the AlGaN/GaN HEMTs by submerging 

them in a buffered oxide etch solution of HF for 15 min.  Next, the HEMTs were cleaned 

with water in order to remove any residual solution.  After the cleaning step, the 

metallization was removed by submerging the HEMTs in a solution of FeCN and KI for 

0.75 - 5 days.  Following the removal of the metal, the top surface of the AlGaN epilayer 

was exposed to ambient.  This surface was cleaned of any build up of reaction products 

from the etching steps by ultrasonication in solution of acetone and n-heptane for 1 h, 

then methanol for 1 h, and lastly in water for 1 h.  It has previously been shown that 

using the FeCN and KI solution to remove the metallization doesn’t etch the AlGaN 

epilayer of the HEMTs for periods up to at least 18 h.21 
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3.1.3 XTEM Sample Preparation 

TEM requires electron transparent samples.  However in order to achieve 

electron transparency, TEM foils typically must be < 300 nm thick and preferably < 100 

nm thick if any chemical characterization is desired or if the sample is composed of high 

Z elements.  A thinner foil is advantageous because as thickness increases the number 

of scattering events (both elastic and inelastic) increases making analysis more difficult.  

TEM foil preparation typically involves using either an ion mill or a focused ion beam 

(FIB) system.  In this work, a FIB system was used to prepare site-specific cross 

sectional TEM (XTEM) foils due to the required site-specificity involving regions of 

interest (ROI) < 100 nm wide.  This type of accuracy is not possible in an ion mill which 

typically requires a large, uniform sample such as a wafer.  Although, ion mills use lower 

voltages and currents than FIB systems resulting in foils that are less damaged and 

therefore capable of higher resolution imaging, they take significantly more time to 

prepare a FIB foil.   

In this work, the FIB system used for XTEM sample preparation is a dual beam 

machine with both an SEM and an ion beam which are off-set 52° from each other.  

This orientation permits SEM micrographs to be gathered during the milling progress 

without damaging the sample.  For FIB preparation, the HEMTs were placed on Al stubs 

using C adhesive tape.  If the HEMTs were previously etched (Section 3.1.2), then ~100 

nm of C was thermally evaporated using a carbon rod evaporator system onto the 

surface to make the surface conductive for imaging and to protect the surface during 

subsequent stages of FIB preparation.  If the HEMTs were not previously etched, then 

no C evaporation was necessary for sample conductivity and surface protection due to 
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the thick SiNx passivation layer covering the transistor.  Once the samples are placed in 

the FIB system and the vacuum reaches < 7 x 10-5 mBar, then a focused beam of Ga+ 

ions is accelerated at 30 keV towards an ROI.  A gas injection system is used to deposit 

an organo-Pt layer ~ 8 µm wide x 2 µm long and 1.8 µm thick over the ROI using a 300 

pA beam current.  This Pt layer protects the ROI from further ion beam damage as the 

sample is milled thinner later in the process.  After Pt deposition, large, deep trenches ~ 

10 µm wide x 7 µm long x 3.5 µm deep were milled above and below the Pt using a 

5000 pA beam current which exposed the cross section of the HEMT as shown in 

Figure 3 – 2 A – B.  The Pt covered ROI is then progressively thinned using a 1000 pA 

beam current mill until its thickness reaches ~1µm causing the sample to resemble a 

wish bone shape.  This is followed by an undercut ~ 2µm below the surface of the ROI 

which separates the ROI from the substrate using a 1000 pA beam current.  Then 

another 1000 pA beam current mill is used to release one side of the sample from 

substrate as shown in Figure 3 – 2 C.  A micromanipulator actuating a W needle is 

brought close to the surface of this free side and is attached using organo-Pt deposition 

as shown in Figure 3 – 2 D.  Once the sample is attached to the W needle, the other 

end is milled tol release the sample from the substrate as shown in Figure 3 – 2 E.   

With the sample attached to the W needle, it is vertically moved away from the 

surface of the HEMT and moved to a Cu grid with fingers.  The W needle positions the 

sample so that it touches the grid and the W at the same time, but without overlapping 

the Cu grid and the ROI as shown in Figure 3 – 2 F.  Then the sample is adhered to the 

Cu grid using the organo-Pt deposition and is milled free from the W needle as shown in 

Figure 3 – 2 G.  At this point, the sample’s sides are progressively thinned again using a 
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50 pA beam current until the thickness < 300 nm as shown in Figure 3 – 2 H.  Then the 

sample is tilted 2° on each side and milled which reduces the thickness < 100 nm.  For 

the final thinning step, the sample is rotated 3° and milled so that it forms a wedge with 

the ROI positioned slightly before the edge of the sample achieving a thickness < 100 

nm as shown from a top view of Figure 3 – 2 I.  At this point, the XTEM foil is complete 

is ready for imaging and analysis. 

3.1.4 APT Sample Preparation  

Similar to TEM sample preparation, APT sample preparation requires the 

fabrication of samples on the nm-scale.  The samples are fabricated either by 

mechanical electropolishing or a FIB method to form sharp needle-like tips ~100 nm in 

diameter, 100 nm above the ROI, and possessing a half shank angle between 5° – 7°.  

In this work, two different APT sample preparation techniques were used where the ROI 

was either mounted on a Si post array or a W wire.  These techniques will be covered in 

the following sections. 

3.1.4.1 Si post array mounting technique 

The steps to mount a ROI onto a Si post are the same as the steps for XTEM 

sample preparation in Section 3.1.3 until the sample is extracted from the substrate 

attached to the W needle as shown in Figure 3 – 2 E.  Following sample extraction, 

Figure 3 – 3 A – B shows the ROI is centered on top of a Si post where it is bonded to 

the post using organo-Pt in Figure 3 – 3 C.  Then 2 µm widh sample of the ROI is cut 

free from the rest of the ROI and the backside of the ROI is bonded to the Si post again 

using organo-Pt as shown in Figure 3 – 3 D.  The Si post is then tilted to 52° so that the 

ROI is parallel to the ion beam as shown from top view in Figure 3 – 3 E and from 52° in 

Figure 3 – 3 F.  An annular mill at 5000 pA with an inner radius of 4 µm and an outer 
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radius of 8 µm centered around the ROI is used to mill the Si pillar as shown in Figure 3 

– 3 G.  A second annular mill at 1000 pA with an inner radius of 1 µm and an outer 

radius of 4 µm centered around the ROI is used to mill the Si pillar as shown in Figure 3 

– 3 H.  This is followed by a third annular mill at 300 pA with an inner radius of 0.3 µm 

and an outer radius of 4 µm centered around the ROI to mill the Si pillar.  This mill is 

continued until the tip apex is ~500 nm from the ROI.  By this time the Si post and ROI 

should be needle-like in shape.  Finally, the FIB accelerating voltage is reduced to 8 kV 

and a continuous low voltage mill is used to clean up the tip surface from damage 

caused by higher voltage milling.  This mill is continued until the tip apex is ~100 – 300 

nm from the ROI as shown in Figure 3 – 3 I. 

3.1.4.2 W wire mounting technique 

  An electropolishing technique was used to make W needle substrates on which 

the ROI was mounted for APT analysis.  To make the W needle carrier substrates, W 

rods were cut and attached to the positive terminal of a power source.  The negative 

terminal was connected to a metal hoop which was placed into an electrolyte solution.  

The W rod was then cyclically dipped into the solution and removed in 3 s intervals until 

the tip appeared needle-like in shape.  A schematic of the system used to electropolish 

the W wire is shown in Figure 3 – 4.  Although electropolishing was used to make W 

needle carrier substrates, FIB methods were used to attach and fabricate the ROI into a 

tip for APT which were similar to the instruction in the previous section 3.1.4.1.  

3.2  Material Characterization 

3.2.1 Electrical 

All electrical measurements and stressing for the AlGaN/GaN HEMTs were 

completed using a HP 4156C semiconductor parameter analyzer except for C-V 
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measurements which were measured using an Agilent E4980A precision LCR meter.  

The HEMTs were unpackaged and electrical measurements and applied electrical 

stresses were completed using probe tips.  Conducting metal needles were brought into 

contact with the contact pads of the devices.  Then voltages were applied to the needles 

in order to generate electric fields and current flow.  Figure 3 – 5 shows the setup for the 

TLM measurement that was used to extract the contact resistance from the HEMTs.  

When the resistance measured between the pads is plotted against the pad separation, 

the contact resistance can be found by the y-intercept squared and multiplied by the 

length of the contact pad, but it is divided by the product of the slope of the plot by 4 by 

the width of the contact pad. 

3.2.2 SEM 

SEM is a quick method for obtaining high magnification images of relatively large 

areas of a sample as conductive samples can be immediately imaged while 

nonconductive samples merely need a thin layer of conductive coating deposited over 

their surface.  Compared to optical microscopes, SEMs have superior depth of field and 

higher resolution.  This is due to the wavelength of the electrons used for imaging which 

are smaller than the wavelengths of visible light.  The electrons are either thermionically 

or field emitted from the gun and accelerated towards the ROI between 1 - 40 keV.  The 

majority of the SEM images taken in this work were at 5 kV.  While traveling towards the 

ROI, the electrons are focused by a series of magnetic lens.  Additionally, the last set of 

magnetic coils manipulates the beam in the x- or y-direction on the ROI surface, called 

rastering, which produces the SEM image signal.   

The signal is created by the detection of secondary (SE) or backscattered 

electrons (BSE) emitted from the interaction volume created from the electron beam 
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penetrating into the ROI.  In SEM, the SE and BSE are measured by different detectors, 

and due to the nature of their origin reveal different information about the ROI.  SE are 

generated near the top of the interaction volume due to inelastic collisions between the 

electrons and near surface atoms in the ROI.  These collisions cause the emission of 

electrons from the near surface ROI atoms’ electron shells.  These emitted electrons 

are then collected by a detector which creates contrast based upon the number of SE 

detected.  Thus, more emitted SE correspond to brighter features in the ROI.  

Additionally, as the angle between the electron beam and surface becomes shallower or 

as the beam is brought closer to an edge feature in the ROI, the number of SE emitted 

will increase due to their closer proximity to the surface.  This causes edge features in 

the ROI to appear brighter which makes detection of SE a good method for observing 

the topology of the ROI.   

A second type of contrast mechanism in SEM involves BSE.  BSE are electrons 

from the incident electron beam that are elastically scattered by the atoms in the ROI.  

With increasing atomic number (Z) of the atoms in the ROI, the larger the 

backscattering cross section becomes.  Thus, higher Z atoms produce more BSE and 

appear brighter in contrast when using a BSE detector compared to lower Z elements.  

This permits comparison of compositional gradients or grains in a ROI.  

3.2.3 TEM 

Like SEM, TEM uses accelerated electrons to image a ROI; however, unlike 

SEM the sample preparation is time intensive, the ROI is on the µm scale, and the 

sample thickness is < 100 nm.  This small sample size makes TEM analysis prone to 

statistical aberrations and requires complex analysis if the bulk material analyzed is 

inhomogeneous.  However, the resolution and analytical capabilities of the TEM are 
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unparalleled by any other microscope.  Additionally, the small sample size and high 

resolution makes TEM the optimal and most frequently utilized tool for the analysis of 

the HEMTs present in this work.   

For the TEM in this work, the accelerating voltage was set to 200 kV and the 

electron beam was generated using field emission.  It is noted that thermionic emission 

is possible for the electron source in TEM.  Additionally, typical operating voltages 

normally range from 100 – 300 kV.  Like SEM, using an electron beam permits the 

resolution below the wavelength of visible light; however, in TEM the accelerating 

voltages are one to two orders of magnitude larger than in SEM which helps TEM have 

a much higher resolution.  The derivation of the wavelength of an electron is possible 

through the wave-particle duality of matter, first proposed by Louis de Broglie, where an 

electron with momentum, pe, can be considered wave-like in nature possessing a 

wavelength, λ, where:  

                                   

                                                


h
pe  , (3-1) 

where h = 6.626 × 10-34 Js is Planck’s constant.  The kinetic energy of an electron can 

be calculated as follows: 

     E = ½ mev2     (3-2) 

where me = 9.109 × 10-31 kg is the mass of an electron and v is the velocity of the 

electron.  Additionally, the momentum of an electron is known to have the following 

relationship with its mass and velocity: 

      pe = mev     (3-3) 
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therefore it can be shown that the kinetic energy and electron momentum are related 

through: 

E = ½ pe
2 me

-1      (3-4) 

By using the conversation of energy, it can be shown that kinetic energy of an electron 

is equal to the energy an electron gains passing through a potential difference (applied 

voltage) establishing relationship between pe and Ve which is given by:  

e

e

e eV
m

p


2

2

,                                              (3-5) 

where e = 1.602 × 10-19 C is the electric charge of an electron.  Combining Equations 

(3-1) and (3-5), it is easily shown that: 

eeeVm

h

2
 .                                              (3-6) 

Therefore, if an electron were accelerated at 200 keV it would have a λ ~ 2.7 × 10-12 m 

or 2.7 pm if relativistic effects are neglected.  However, above 100 kV relativistic effects 

need to be taken into account which reduced the λ to ~ 2.5 pm instead of the original 

value of 2.7 pm. 

 After the electron is generated from the source, it passes through the condenser 

lens and aperture.  The condenser lens controls the minimum spot size of the beam and 

focuses the beam on the sample.  Additionally, the condenser aperture controls how 

much of the beam goes to the sample and therefore controls the intensity of the beam.  

The electron beam then passes through the sample where it undergoes both elastic and 

inelastic scattering.  After passing through the sample, the beam is focused by an 

intermediate lens and then projected by the projector lens system onto either a 
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phosphor screen or a CCD camera.  A schematic of the internal set up for a TEM is 

shown in Figure 3-3. 

 Depending on the analysis it is possible to select either the transmitted or 

diffracted parts of the beam using an objective aperture.  By selecting specific diffracted 

beams, increased contrast along specific crystallographic orientations is realized.  The 

TEM micrographs produced in this work acquired in both bright field and dark field mode 

using both conventional TEM and scanning TEM (STEM). 

3.2.4 APT 

Atom probe tomography (APT) is a characterization technique where ultra-sharp 

tips of materials ~ 100 nm in diameter are fabricated and field evaporated.  The atoms 

are collected by a tiered, multi-channel detector.  This allows a time-of-flight (TOF) 

detection of mass-to-charge (M/C) ratio for the field evaporated ions.  APT is a 

progression from field ion microscopy (FIM) which is a point-projection technique where 

an imaging gas is used to make an image of the surface.  Typically in FIM, a tip is 

cooled below 78 K and an imaging gas such as He is used in the chamber. 65 An electric 

field is generated at the tip and can be calculated by: 

 F = V/βR       (3-7) 

where F is the electric field, V is the voltage applied, R is the tip radius, and β is a 

geometric factor.66 Typically, the field is on the order of 15 - 60 V nm-1 when the tip is 

biased.  Then the He absorbs onto the tip surface and loses an electron due to 

tunneling via a quantum effect.67 The now positively charged He ions are 

electrostatically repelled orthogonally from the tip’s surface and detected by the multi-

channel plate.65 This produces a recordable image of the surface. 
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The transition from FIM to APT occurred when a large DC bias was applied to 

the tip.  With this increasing bias, the electric field continued to rise.  Eventually, the 

electric field became large enough and atoms on the tip surface began to sublimate 

from the surface removing the dependence of an imaging gas.  This field evaporation of 

atoms due to a large electric field is a material property that varies with each element 

and compound.68 Thus, different compositions required different voltages in order to 

achieve field evaporation.  This is an important concept because if the voltage is too 

large, the field evaporation will be too rapid causing the tip to fracture.  However, using 

a voltage too small results in no field evaporation. 

Furthermore, the modern APT development occurred with the addition of the 

delay multi-channel TOF detector.69 Due to this design, the TOF of ions could now be 

measured and therefore the depth from the tip surface to the detector could be 

measured.  This allowed APT to become a 3D analysis technique compared to FIM 

which is a 2D surface limited technique.  Additionally, the TOF detector permitted the 

chemical analysis of each evaporated ion due to the M/C measurement.  Combining the 

3D aspect of the analysis with the capabilities of the chemical analysis has allowed the 

creation of 3D chemical map reconstructions, which has permitted APT to become a 

powerful tool for material characterization.70-72 Furthermore, APT has a theoretical 

resolution that rivals TEM.  For example, the best achievable spatial resolution is ~0.02 

nm for metals.  Of course this resolution is materials dependent based upon the 

evaporation quality of the sample (more details will be provided about this later).  

However, even in Si, the (200) planes have been resolved using APT which would 

result in a resolution of ~0.27 nm.65,73-74 



 

63 

The field evaporation of the tip depends on its constituent material.  Originally, 

APT was limited to metals due to their high electrical and thermal conductivity.  These 

properties allowed metals to evaporate easily and not fracture easily due to the large 

electric fields.  However, the evaporation of semiconductors and insulators remained 

elusive.  The EG of the materials created a larger barrier to field evaporation that was 

difficult to overcome using only DC or pulsed biasing.  Additionally, semiconductors and 

insulators typically have poorer electrical and thermal conductivity compared to metals 

which lowers the evaporation quality even when field evaporation occurs.  The 

realization of the field evaporation of non-metals including semiconductors, insulators, 

and polymers occurred with the additional of a pulsed laser applied to the tip.  The laser 

pulse imparts additional energy to the tip with photons allowing it to overcome the field 

evaporation barrier.66,73,75 Finally, the application of different laser wavelengths has 

improved the efficiency of the field evaporation of non-metals.  Today ROI of everything 

electrical and thermal conductivity, EG, and size can be field evaporated.  Recently, 

thick oxide films, polycrystalline Si, gate oxides, dopant interactions and clustering in 

semiconductors, silicide contacts, AlGaN/GaN HEMTs, and FinFETs have been 

successfully field evaporated using laser pulsing.76-92 Also it is noted that, typically, the 

larger the EG of the materials, the smaller the applied laser wavelength needs to be in 

order to achieve efficient field emission of the sample. 
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Figure 3-1.  Schematic of the tube furnace set up used for thermal annealing. 
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Figure 3-2.  SEM and ion beam micrographs showing the FIB procedures to lift-out a 

XTEM sample of an AlGaN/GaN HEMT.  A) Ion beam image of Pt deposition 
and one milled trench.  B) Ion beam image after completion of both milled 
trenches.  C) Ion beam image showing the freeing of one side of the sample 
from the bulk substrate.  D) Ion beam image showing the attachment of the 
micromanipulator to the sample.  E) Ion beam image of the sample extracted 
from the substrate.  F) SEM image of the sample attachment to the Cu-grid.  
G) SEM image from 52° of the sample attached to the Cu-grid.  H) SEM 
image showing the progression of the sample thinning.  I) Ion beam image 
from top view showing the sample thickness after final thinning. 
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Figure 3-3.  SEM and ion beam micrographs showing the FIB procedures to fabricate 

an APT tip of an AlGaN/GaN HEMT.  A) SEM image from top view showing 
the sample alignment over the top of the Si post.  B) Ion beam image from 
52° showing the sample alignment over the Si post.  C) Ion beam image 
showing the attachment of the sample to the Si post.  D) Ion beam image 
showing the detachment of the sample from the micromanipulator.  E) Ion 
beam image from top view of the mounted sample on the Si post.  F) SEM 
image from 52° showing the sample shape before annular milling.  G) SEM 
image showing the tip shape after first annular mill.  H) SEM image showing 
the tip shape after second annular mill.  I) SEM image showing the tip shape 
after final mill. 
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Figure 3-4.  Schematic of the electropolishing system used to sharpen the W wires into 

sharp tips. 
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Figure 3-5.  Diagram of the setup of the TLM measurement technique.  Here, xi is the 

spacing between the contact pads, Z is the width of the contacts, and L is the 
length of the contacts. 
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Figure 3-6.  Schematic of the internal configuration of a TEM.  
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CHAPTER 4 
CHARACTERIZATION OF GATE INTERFACIAL LAYERS  

4.1 Effect of Interfacial Layers on HEMTs  

*Reliability and degradation issues remain a significant challenge and concern for 

future device improvement in AlGaN/GaN HEMTs.12-21 In order to accurately understand 

how defects change the internal structure of the device and degrade its properties, the 

initial state must be known in as much detail as possible.  Due to a continually maturing 

process development technology, AlGaN/GaN HEMTs always have some type of native 

defect present such as dislocations, pinholes, or interfacial layers between contacts.  

Specifically, it is known that interfacial layers between contacts and epilayers can have 

considerable effects on device performance.   

One particular area of concern is the interface between the gate metal stack and 

AlGaN epilayer.  It has been shown that variation in the interfacial layer thickness and 

chemistry cause the SBH to change.47 Additionally, decreasing the thickness of this 

interfacial layer from annealing was found to improve the device reliability during life-

time testing.  Therefore, accurate chemical characterization of the gate metal 

stack/AlGaN interfacial layer, which may have nm to sub-nm thickness, may prove 

crucial in understanding and ultimately improving HEMT reliability and performance.  By 

knowing the original composition of the interfacial layer and how it changes due to 

processing or stress, the change in electrical properties can be measured.  This would 

allow for a structure-property relationship to be established.  Here, a combination of 

HAADF-STEM and APT were used to characterize a Ni/AlGaN interfacial oxide layer 

                                            
*Parts reprinted with permission from M.R. Holzworth, N.G. Rudawski, S.J. Pearton, K.S. Jones, L. Lu, 
T.S. Kang, F. Ren, and J.W. Johnson, Characterization of the gate oxide of an AlGaN/GaN high electron 
mobility transistor, Applied Physics Letters. 98, 122103 (2011), Copyright 2011, American Institute of 
Physics. 
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with sub nm thickness.  Additionally, it was found that the interface thickness influenced 

the field evaporation of the HEMT APT tips.  Thus, multiple device geometries and APT 

evaporation conditions were used in order to analyze interfacial layers. 

4.2 Experimental 

In this work three types of AlGaN/GaN HEMT growth structures were used with 

varying gate lengths ranging from 100 nm to 1 µm.  The three HEMT structures had 

different thicknesses for their interfacial layer between the gate/AlGaN epilayer.  

Additionally, two types of APT systems were used to analyze the structures.  More 

details on the device structures and APT systems are presented in the following 

sections.  

4.2.1 Device Structures 

4.2.1.1 Si(111) substrate Ni gate HEMT 

The semiconducting epilayers in the AlGaN/GaN HEMTs used for this work were 

grown on 100 mm Si(111) substrates using MOCVD with a scheme described in more 

detail elsewhere.3,47,93 The nominal composition of the AlGaN was Al0.26Ga0.74N.  The 

fabrication steps following epilayer growth to create the HEMT structures (including 

Ni/Au gate metal stack Schottky contact formation) are described in detail in Reference 

2.   

4.2.1.2 SiC substrate Ni gate HEMT 

For the AlGaN/GaN HEMTs grown on SiC used for this work, all were grown on 

the same semi-insulating 6H-SiC substrate and received the same processing.  An AlN 

nucleation layer was used on the SiC and followed by a 2.25 µm-thick Fe-doped GaN 

buffer, 15 nm of Al0.28Ga0.72N, and capped with 3 nm of an unintentionally doped GaN 

layer (this layer is not normally visible in TEM micrographs).  The ohmic contacts 
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consisted of metal stacks of Ti/Al/Ni/Au annealed for 30 s at 850 °C.16,19-20 Additionally, 

the gate contact consisted of a Ni/Au metal stack.  The devices employed a “double-

gate” design with each gate having a 150 µm width and a gate length of ~100 nm, ~170 

nm, or ~1 µm.   

4.2.1.3 Pt gate HEMT 

With the Pt gate HEMTs, devices were grown on SiC using MOCVD.  This was 

followed by an epitaxial GaN buffer layer.  On top of the buffer, a 16 nm thick 

Al0.28Ga0.72N layer was grown and topped with a 3 nm GaN cap.  The Pt gate employed 

a double layer Pt/Au design with the Pt in contact with the epilayers.  Finally, the device 

was passivated with SiNx.  

4.2.2 APT Systems 

Two types of APT systems were used in this work.  The system experimental 

parameters used for each system are described in the following sections. 

4.2.2.1 Image LEAP tomography system 

Laser-assisted APT was performed using an Imago local electrode atom probe 

(LEAP) 3000X-Si system.  During field evaporation, the specimen temperature was 

maintained at 65 K with a chamber pressure < 3.210-9 Pa, and the laser wavelength 

was 532 nm with a pulsing frequency of 250 kHz. 

4.2.2.1 Cameca APT system 

For APT analysis on the Cameca system, an Amplitude Systems s-pulse 

femtosecond Yb:KGd(WO4)2 laser was used to laser-assist the field evaporation.  A 

locally built straight type 3DAP instrument was fitted with a CAMECA fast delay line 

detector.  The flight path of the ions was 130 mm and the acceptance angle of the 

CAMECA delay line detector was ~ 0.3 sr.  For the experiments, the temperature 
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ranged from 22K to 60K, the laser energy was varied between 0.4mW to 10mW, and 

the ambient consisted of ultra high vacuum conditions with the occasional addition of a 

slight pressure of Ne.  The slight addition of Ne was added to help reduce the electric 

field at the sample tip.  Additionally, while keeping the temperature, laser power, and 

ambient at the same conditions, the orientation of the gate region with respect to the tip 

apex was changed in order to determine the effect of sample orientation on the quality 

of the field evaporation. 

4.3 Results and Discussion 

4.3.1 Structural TEM Analysis 

XTEM samples of the HEMT structures were prepared using FIB milling methods 

described in Section 3.1.3.  Here, low magnification HAADF-STEM images of the gate 

stack and semiconductor for the Ni gate on Si(111), Ni gate on SiC, and Pt gate are 

presented in Figure 4 – 1 A – C, respectively.  In these images, brighter features 

corresponding to areas of greater average atomic number; the individual Au, Ni, AlGaN, 

and GaN layers are indicated along with the approximate area used for high 

magnification HAADF-STEM images shown in Figure 4 – 1 D – F and APT analysis 

shown in Figure 4 – 2 A – C.  Comparing the high magnification HAADF-STEM images 

from Figure 4 – 1 D – F, it is clear that the interfacial layer (dark band) between the gate 

metal and AlGaN epilayer increases as the samples progress from Ni gate on Si(111) to 

Ni gate on SiC to Pt gate on SiC.  Here the interfacial layer thickness increases from 5 

Ǻ to 15 Ǻ and finally to 18 Ǻ, respectively for the samples. 

4.3.2 Imago APT Analysis 

APT samples of the HEMT structures were prepared using FIB milling methods 

described in Section 3.1.4.  APT reconstructions of the gate/AlGAN interface are shown 
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in Figure 4-2 A – C for the Ni gate on Si(111), Ni gate on SiC, and Pt gate, respectively.  

Figure 4-2 A presents a reconstruction of the collected data from a single APT sample 

from the Ni gate on Si(111) device showing the location of different individual atoms.  

The data reveals that the Ni/Au gate metal stack and AlGaN/GaN epilayers were field 

evaporated in sequential order, therefore implying inclusion of the Ni/AlGaN interfacial 

layer in the analysis.  Due to the quality of the field evaporation from the Ni gate on 

Si(111) samples, the complete M/C and one-dimensional (1D) concentration profiles 

were acquired.   

Although the reconstruction of the Ni gate on Si(111) was complete, it can be 

seen in Figure 4-2 B and C that the reconstructions of the Ni gate on SiC and Pt gate 

are incomplete and the entire gate/AlGaN interface did not successfully field evaporate.  

To provide more evidence of the incomplete field evaporation, the evaporation mass 

history from the three reconstructions in Figure 4-2 A – C are shown in Figure 4-3 A – 

C, respectively.  From Figure 4-3 A which depicts the Ni gate on Si(111) which was 

successfully field evaporated, it is clear that the mass histories of the detected ion 

species are continuous, broad, and graded.  This indicates that the layers are being 

evaporated because of the data transitions between the different layers.  This is in 

contrast to Figure 4-3 B and C where the mass history is very sharp and discontinuous 

at the interface between the gate and AlGaN epilayer.  This indicates that a fracture 

occurred in the gate metal, but field evaporation was restarted somewhere in the AlGaN 

and GaN layers.  Due to this incomplete field evaporation, all the layers were not 

detected in Figure 4-2 B and C.  Specifically, the bottom of the Ni layer of the gate, the 

interfacial layer between the gate and AlGaN, and the top of the AlGaN epilayer were 
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not detected in Figure 4-2 B and C.  Thus, complete M/C spectra and 1D concentration 

profiles for the Ni gate on SiC and Pt gate on SiC are not presented because they could 

not be acquired. 

However, due to the high quality of the field evaporation from the Ni gate on 

Si(111) samples, the complete M/C and 1D concentration profiles acquired were 

analyzed.  Here, the complete M/C spectrum (not presented) of the region indicated in 

Figure 4-1 A indicates peaks at 21.5 and 74.0 that correspond to 27AlO++ and 58NiO+, 

respectively, which are presumably constituents of the interfacial oxide layer.  A partial 

M/C spectrum shown in Figure 4-4 A shows three peaks at 41.5, 42.0, and 42.5; these 

peaks correspond to 69GaN++, 14N3
+, and 71GaN++ or 69GaO++

, respectively.  It is 

important to note there is no distinguishable peak at 43.5, which corresponds to 

71GaO++.  Additionally, the partial M/C spectrum presented in Figure 4-4 B shows no 

distinctive peaks at 85.0 and 87.0, which correspond to 69GaO+ and 71GaO+
, 

respectively. 

The lack of a peak at 85.0 and the presence of a peak at 42.5 indicate the 

possibility that the peak at 42.5 may be due to 71GaN++ instead of a 69GaO++.  

Distinguishing between 71GaN++ and 69GaO++ can be accomplished by evaluating the 

isotopic ratio of 69Ga/71Ga.  If there is no significant amount of 69GaO++ at the 42.5 peak, 

then the ratio of the value between the peaks at 41.5 and 42.5 should correspond to 

ratio between 69GaN++ and 71GaN++ which is correlated to the isotopic ratio between 

69Ga and 71Ga, ~1.507.  Therefore, if a significant amount of 69GaO++ is present, then 

the ratio between the peaks at 41.5 and 42.5 should be lower than the natural isotopic 

ratio. 
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The peaks at 41.5 and 42.5 are slightly non-Gaussian in shape; instead of 

possessing a true, center maximum, each peak has a slight plateau where there are 

multiple maximums that may or may not be centered.  To compensate for this shape, 

the average value over the plateau was calculated and used as the number of counts at 

the 41.5 and 42.5 peaks.  The average ratio between the peaks at 41.5 and 42.5 was 

calculated to be 1.516  0.05; this value is within measurement error of the natural 

isotopic ratio of 69Ga to 71Ga.  With the measured ratio very close to the natural isotopic 

ratio, it is reasonably concluded that 42.5 is most likely a 71GaN++ peak instead of a 

69GaO++ peak.  Thus, with the peak at 42.5 associated with 71GaN++, there appears to 

be no GaOx detected in the HEMT. 

1D concentration profiles of Au, Ni, O, Ga, N, and Al across the gate region into 

the semiconducting epilayers were obtained from the full reconstruction presented in 

Figure 4-2 A using a 40 nm cylindrical data pipe.  The data pipe was positioned 

orthogonally to the Ni/AlGaN interface by using the iso-concentration curve of Al.  By 

positioning the data pipe orthogonal to the interface, the resulting 1D concentration 

profile is more accurate because the smearing between the layers is minimized.  The 

complete 1D atomic concentration profile for the gate region of the Ni gate on Si(111) 

HEMT is shown in Figure 4-5 A indicating an O peak at the Ni/AlGaN interface, 

confirming the evaporated O+ detected in the full M/C spectrum resides in the Ni/AlGaN 

interfacial layer.  Peaks on the full M/C spectrum at 21.5 and 74.0 were previously 

identified as 27AlO++ and 58NiO+; the 1D concentration profiles of these ions are 

presented in Figure 4-5 B in addition to the measured O+ profile in the interfacial layer.  

The peaks of the 27AlO++ and 58NiO+ ions are distinct and do not overlap within the O+ 
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profile indicating the interfacial layer is composed of distinct AlOx and NiOx layers 

adjacent to the AlGaN epi-layer and Ni gate contact, respectively. 

The observation that the interfacial oxide is composed of distinct NiOx and AlOx 

layers is an important result and provides insight into possible device failure 

mechanisms.  Specifically, it is known that AlGaN oxidation can occur even under ultra-

high vacuum conditions94, and the oxidized layer consists of non-stoichiometric O-rich 

AlOx.95-98 The excess O from the AlOx layer can therefore be used to form an adjacent 

NiOx layer during or after Ni deposition, which changes the composition of the AlOx 

layer.  The generation of the NiOx layer and/or the compositional changes to the AlOx 

layer after NiOx generation may change the electrical properties of the gate/channel 

interface, particularly the surface Fermi level, SBH, and surface band bending, which 

will influence device performance and may influence device failure.  While this proposed 

formation mechanism is speculative, accurate characterization of the interfacial oxide is 

an important step in avoiding its formation.  Furthermore, characterization of the 

interfacial oxide provides information that could potentially be used to improve device 

reliability and performance. 

4.3.3 Cameca APT Analysis 

Here, APT samples of the HEMT structures were prepared using FIB milling 

methods described in Section 3.1.4.  The APT analysis on the Cameca system was 

performed at the National Institute of Materials Science in Tsukuba, Japan.  Due to out 

of country location, only the Ni gate Si(111) and SiC samples analyzed on this system.  

However, due to the previously successful field evaporation of Ni gate on Si(111) 

HEMTs, the work in this section focused on the Ni gate on SiC HEMTs.   
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Many factors affected the quality of the field evaporation of the AlGaN/GaN 

HEMTs.  Increasing specimen temperature increased the evaporation rate, but it did not 

reduce the frequency of the sample tip fracture.  Decreasing laser power increased the 

time until specimen fracture, but it also did not prevent fracture.  However, if the laser 

power was too large, the laser would damage the sample, preventing evaporation.  

Concurrent scanning electron microscopy (SEM) during FIB atom probe tip fabrication 

reveals in Figure 4-6 A a specimen tip after complete fabrication and Figure 4-6 B a 

sample after fracture when using a laser power of 10mW.  By comparing the thickness 

of the specimen (since all atom probe tips in this study are approximately the same 

geometry), the distance from the tip to the sample fracture can be estimated.  Figure 4-6 

A shows that the tip has a diameter of approximately 1µm about 10µm from the apex of 

the tip.  However, in Figure 4-6 B, the diameter of the tip at the fracture surface is 

approximately 2 to 4µm indicating that the specimen fracture occurred more than 10µm 

away from tip and area of interest.  Thus, lowering the laser power prevents the 

catastrophic fracturing of tips from AlGaN/GaN HEMTs.  Additionally, it is noted that 

adding a slight amount of He gas to the vacuum during evaporation also reduced the 

time until fracture for the specimen.  The addition of He gas would reduce the 

magnitude of the electric field at the tip of the specimen.  Thus, if there is a weak 

interface in the specimen, it may not fracture as quickly. 

Furthermore, the orientation of the specimen with respect to the tip apex was 

studied.  Because fracture predominately occurred at the gate/AlGaN interface, different 

sample orientations were used to try to prevent fracture.  By changing the orientation 

between the interfacial layer and the tip apex, the different layers (gate metal, interfacial 
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layer, and AlGaN/GaN epilayers) are exposed at different and varying times during the 

evaporation.  This affects the evaporation of the tip due to the change in electric field 

distribution at the tip apex due to the change in tip apex composition.  For the sample 

orientation comparison, a transmission electron microscopy (TEM) micrograph of a 

representative cross section of a 1µm gate length AFRL AlGaN/GaN HEMT is 

presented in Figure 4-7 A.  Here, high-angle annular dark-field scanning TEM (HAADF-

STEM) was used.  The contrast mechanism correlates to the atomic number where 

brighter features correspond to areas of greater atomic number.  In Figure 4-7 A the two 

bright layers of the gate are the Au and Ni layers while the two darker layers below them 

are the AlGaN and GaN epilayers.  Additionally, Figure 4-7 A shows the directions of 

analysis for the four different orientations studied.  The labels next to the direction of 

analysis in Figure 4-7 A correspond to Figure 4-7 B – E, respectively. 

The standard top-down orientation where the sample tip is fabricated so that it 

matches the TEM cross section is shown in a pre-sharpened state in Figure 4-7 B.  

Here, the gate region is mounted above the AlGaN/GaN epilayers and evaporation 

begins in the metal and progresses into the epilayers.  The reverse top-down orientation 

is shown in Figure 4-7 C in a pre-sharpened state and is the opposite of the standard 

orientation.  Here, the epilayers are mounted above the gate so evaporation begins in 

the GaN and progresses into the gate metal.  Additionally, it is noted that in some 

samples additional metal was deposited over the gate in order to increase the distance 

between the gate and the weld between the microsampled HEMT and W wire.  The next 

orientation consists of a 90° rotation of the gate/AlGaN interface with respect to the 

cross section of the HEMT.  In this orientation, as shown in Figure 4-7 D, evaporation 
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occurs at the gate, interfacial layer, and AlGaN/GaN epilayers at the same time.  The 

last orientation again consists of a 90° rotation of the gate/AlGaN interface but this time 

out of the plane of the cross section of the HEMT as shown in Figure 4-7 E.  Once again 

evaporation occurs at the gate, interfacial layer, and AlGaN/GaN epilayers at the same 

time, but in this case evaporation could continue down the gate width of the device 

while in the previous orientation it would only be possible for the 1µm across the gate 

length.  From these four orientations, the standard top-down orientation provided the 

best field evaporation before tip fracture.  The reverse top-down orientation exhibited 

poor evaporation and fractured.  Additionally, the two 90° rotation orientations had the 

worst results with fractures occurring immediately upon the initiation of field evaporation.  

These results indicate that including the interfacial layer in the immediate field 

evaporation resulted in early fracture of the tip, and may indicate that the interfacial 

layer is a weak feature in the sample that contributed to the samples constantly 

fracturing. 

While there was no ‘complete’ field evaporated specimen obtained, the best atom 

probe run resulted from the standard top-down orientation at 40K, 0.5 mW, and a small 

amount of He gas added.  This run showed part of the AlGaN epilayer and continued 

down into the GaN epilayer which is shown in Figure 4-8.  Here, a slight amount of O is 

seen at the top of the AlGaN epilayer.  This could be the bottom of part of the interfacial 

layer although no other ions were detected in this region, or it is possibly some kind of 

contamination in the sample or from a fracture in the gate metal above the AlGaN.  The 

majority of the other fractured tips only resulted in the evaporation of the Au layer of the 

gate followed by the beginning of the Ni evaporation, and then concluded with a sample 
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tip fracture and evaporation of only GaN.  Figure 4-8 shows the only run to contain part 

of the AlGaN epilayer.  Thus, the interfacial layer between the gate and AlGaN epilayer 

and the top part of the AlGaN layer were not analyzed.   

4.3.4 Aberration Corrected XTEM Chemical Analysis 

As discussed in the previous section, the native interfacial layer between the gate 

and AlGaN epilayer of the Ni gate on SiC HEMTs could not be analyzed due to 

incomplete field evaporation.  Therefore, high resolution aberration corrected chemical 

analysis of XTEMs from these samples was acquired.  Figure 4 – 9 A shows a high 

magnification HAADF-STEM image of the gate region and semiconductor interface of 

an unstressed Ni gate AlGaN/GaN HEMT on SiC.  The distinct layers of the device are 

labeled: Au, Ni, AlGaN, and GaN.  Additionally, a highlighted box is shown indicating the 

region that EELS maps were acquired from for chemical analysis.  EELS maps of Ni, 

Ga, N, and O are presented from the highlighted region of Figure 4 – 9 A in Figure 4 – 9 

B, C, D, and E, respectively.  The Ni EELS map in Figure 4 – 9 B shows the Ni layer of 

the gate and that it is flat and uniform.  The Ga and N EELS maps shown in Figure 4 – 9 

C and D show the AlGaN layer below the gate.  Comparing the Ni and Ga maps it is 

seen that there is a small gap between them.  This is explained by analyzing the O 

EELS map in Figure 4 – 9 E which indicates that presence of an O layer between the Ni 

gate and AlGaN.  This is comparable to the data shown in section 4.3.1 and 4.3.2 which 

indicates the interfacial layer between the gate and AlGaN was composed of an oxide.  

Thus, similarly to the Ni gate on Si(111), it is shown that the interfacial layer between 

the gate and AlGaN in the Ni gate on SiC is also composed of an oxide layer. 
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4.4 Summary 

It was observed using XTEM that the there was an interfacial layer present 

between the gate and AlGaN of all AlGaN/GaN HEMTs analyzed in this work with 

varying thicknesses.  However, it was only possible to analyze the interfacial layer of the 

Ni gate on Si(111) completely using APT.  This successful APT field evaporation 

occurred on the Imago LEAP system which indicated that the interfacial layer was an 

oxide composed of two distinct regions.  There was a NiOx layer at the bottom of the Ni 

layer of the gate, and there was an AlOx layer at the top of the AlGaN layer.   

Additionally, different APT systems and system parameters were tested in order 

to try to get successful evaporation from the other HEMT structures.  However, the only 

factor that resulted in successful evaporation was when the interfacial layer between the 

gate and AlGaN epilayer was the thinnest.  The samples with thicker interfacial layers 

did not successfully field evaporate the gate region, interfacial layer, and AlGaN epilayer 

together.  Typically, either the samples fractured in the metal layer, or they fractured 

near the interfacial layer during evaporation and only the AlGaN or GaN layers were 

acquired.  Thus, from both a reliability and characterization stand point the interfacial 

layer in AlGaN/GaN HEMTs should be made as thin as possible. 

Finally, high resolution aberration correct TEM chemical analysis was used to 

identify the interfacial layer of the Ni gate samples that could be field evaporated 

successfully.  From the EELS maps it was concluded that there was an O signal 

between the Ni gate and AlGaN which indicated that in these devices the interfacial 

layer was an oxide, too. 
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Figure 4-1.  HAADF-STEM images of the gate region of AlGaN/GaN HEMTs showing 

an increase in the interfacial layer thickness from left to right.  A) Low 
magnification micrograph of a Ni-gate on Si(111).  B) Low magnification 
micrograph of a Ni-gate on SiC.  C) Low magnification micrograph of a Pt-
gate on SiC.  D) High magnification micrograph from the red box of part A.  E) 
High magnification micrograph from the red box of part B.  F) High 
magnification micrograph from the red box of part C.† 

                                            
†Parts reprinted with permission from M.R. Holzworth, N.G. Rudawski, S.J. Pearton, K.S. Jones, L. Lu, 
T.S. Kang, F. Ren, and J.W. Johnson, Characterization of the gate oxide of an AlGaN/GaN high electron 
mobility transistor, Applied Physics Letters. 98, 122103 (2011), Copyright 2011, American Institute of 
Physics. 
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Figure 4-2.  Imago LEAP reconstructions of the gate/AlGaN interface showing the Ni/Au 

gate metal stack and AlGaN and GaN epilayers.  A) Ni-gate on Si(111) 
HEMT.  B) Ni-gate on SiC HEMT.  C) Pt-gate on SiC.‡ 

 
 

 

 

                                            
‡Parts reprinted with permission from M.R. Holzworth, N.G. Rudawski, S.J. Pearton, K.S. Jones, L. Lu, 
T.S. Kang, F. Ren, and J.W. Johnson, Characterization of the gate oxide of an AlGaN/GaN high electron 
mobility transistor, Applied Physics Letters. 98, 122103 (2011), Copyright 2011, American Institute of 
Physics. 
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Figure 4-3.  Mass histories from field evaporation of the gate/AlGaN region of HEMTs 

using the Imago LEAP 3000X-Si system.  A) Ni-gate HEMT on Si(111).  B) 
Ni-gate HEMT on SiC.  C) Pt-gate HEMT on SiC. 
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Figure 4-4.  Partial M/C spectra collected from APT analysis of the gate region of an 

AlGaN/GaN HEMT structure on Si(111).  Partial spectra are used to deduce a 
lack of Ga-oxide in the interfacial oxide. A) From M/C 40.5 to 44.0, indicating 
peaks at 41.5, 42.0, and 42.5.  B) From M/C 84.5 to 87.5, indicating no 
distinct peaks.§ 

 

                                            
§Reprinted with permission from M.R. Holzworth, N.G. Rudawski, S.J. Pearton, K.S. Jones, L. Lu, T.S. 
Kang, F. Ren, and J.W. Johnson, Characterization of the gate oxide of an AlGaN/GaN high electron 
mobility transistor, Applied Physics Letters. 98, 122103 (2011), Copyright 2011, American Institute of 
Physics. 
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Figure 4-5.  1D concentration profiles from the gate/AlGaN interface region of an 

AlGaN/GaN HEMT on Si(111).  A) The complete 1D atomic concentration 
profile for the gate region of the HEMT indicating an O peak at the Ni/AlGaN 
interface.  B) 1D ionic concentration profiles of O+, 27AlO++ and 58NiO+ 
measured in the vicinity of the interfacial layer indicating the oxide is 
composed of distinct AlOx and NiOx layers.** 

                                            
**Reprinted with permission from M.R. Holzworth, N.G. Rudawski, S.J. Pearton, K.S. Jones, L. Lu, T.S. 
Kang, F. Ren, and J.W. Johnson, Characterization of the gate oxide of an AlGaN/GaN high electron 
mobility transistor, Applied Physics Letters. 98, 122103 (2011), Copyright 2011, American Institute of 
Physics. 
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Figure 4-6.  BSE micrographs of APT tips from AlGaN/GaN HEMTs.  A) A freshly 

micromachined APT tip.  B) The same APT tip from part A after laser assisted 
field evaporation utilizing a laser power of 10mW. 
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Figure 4-7.  A XTEM image and BSE micrographs of the orientation of the gate and 

epilayers of an AlGaN/GaN HEMT.  A) HAADF-STEM micrograph showing 
the cross section of a Ni-gate AFRL AlGaN/GaN HEMT including the gate 
metal and AlGaN and GaN epilayers.  The analysis direction for the different 
sample orientations is indicated.  B) BSE micrograph of a pre-sharpened 
standard top-down oriented atom probe tip.  C) BSE micrograph of a pre-
sharpened reverse top-down oriented atom probe tip.  D) BSE micrograph of 
a pre-sharpened 90° rotated with respect to the HEMT cross section atom 
probe tip.  E) BSE micrograph of a pre-sharpened 90° rotated out of the plane 
of the cross section atom probe tip. 
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Figure 4-8.  A partial APT reconstruction showing part of the AlGaN epilayer and the 

GaN layer below it.  Additionally, there is a layer of O above the AlGaN 
epilayer which may be part of the interfacial layer between the gate metal and 
AlGaN, or it may be contamination from the metal fracturing above the 
AlGaN. 
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Figure 4-9.  XTEM image and EELS chemical maps of the gate/AlGaN interface region 

from a Ni-gate on SiC HEMT.  A) HAADF-STEM image of the 
gate/semiconductor interface with the distinct layers of the HEMT labeled and 
the box indicated for the EELS chemical analysis.  B) Ni EELS map of the 
gate, interfacial layer, and AlGaN.  C) Ga EELS map of the gate, interfacial 
layer, and AlGaN.  D) N EELS map of the gate, interfacial layer, and AlGaN.  
E) O EELS map of the gate, interfacial layer, and AlGaN indicating the 
interfacial layer is an oxide.   
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CHAPTER 5 
EFFECT OF ELECTRIC FIELDS ON RELIABILILITY  

5.1 Need to Understand Physical Defects in AlGaN/GaN HEMTs  

††Previous work has reported the physical degradation of the AlGaN epilayer at 

the edges of the gate contact and interactions between the gate contact metal and 

epilayers have been observed using transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), and atomic force microscopy.21,62-64,99 This degradation 

occurred during electrical stressing.  The epilayer degradation near the gate contact, 

degradation of the Ni/AlGaN interface, and transport of gate metal into the epilayers 

decreases drain current, which contributes to a reduction in the reliability of the 

HEMTs.11,15,21 Understanding the mechanisms behind these interactions could enhance 

the reliability of AlGaN/GaN HEMTs by circumventing the defect formation conditions 

and preventing device degradation.  Therefore, accurate structural characterization of 

defects is crucial in understanding the defect formation mechanism(s) and potentially 

improving HEMT reliability and performance.  Here, high-angle annular dark-field 

scanning TEM (HAADF-STEM) was used to characterize a structural defect that forms 

between the Ni layer of a Ni/Au gate and the AlGaN epilayer during electrical stressing.  

It was found that the defect morphology approximates the simulated electric field during 

device electrical stressing indicating the shape of the field is an important factor 

influencing defect formation. 

                                            
††Parts reprinted with permission from M.R. Holzworth, N.G. Rudawski, P.G. Whiting, S.J. Pearton, K.S. 
Jones, L. Lu, T.S. Kang, F. Ren, E. Patrick, and M.E. Law, Field-induced defect morphology in Ni-gate 
AlGaN/GaN high electron mobility transistors, Applied Physics Letters. 103, 023503 (2013), Copyright 
2013, American Institute of Physics. 
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5.2 Experimental 

5.2.1 Device Structure 

The AlGaN/GaN HEMTs used for this work were all grown on the same semi-

insulating 6H-SiC substrate and received the same processing.  An AlN nucleation layer 

was used on the SiC and followed by a 2.25 µm-thick Fe-doped GaN buffer, 15 nm of 

Al0.28Ga0.72N, and capped with 3 nm of an unintentionally doped GaN layer (this layer is 

not normally visible in TEM micrographs).  The ohmic contacts consisted of metal 

stacks of Ti/Al/Ni/Au annealed for 30 s at 850 °C.16,19-20 Additionally, the gate contact 

consisted of a Ni/Au metal stack.  The devices employed a “double-gate” design with 

each gate having a 150 µm width and a gate length (LG) of 100 nm (TEM micrographs 

indicate LG ~ 55 nm at the Ni/AlGaN interface).  Lastly, the devices were passivated 

with SiNx.  A typical cross section of the devices is shown in the HAADF-STEM image 

presented in Fig. 1, with the source, gate, and drain contacts indicated.   

5.2.2 Electrical Stress Conditions 

Electrical data was measured using a HP 4156C semiconductor parameter 

analyzer.  Off-state high reverse gate bias conditions were used to electrically stress the 

HEMTs.  During the applied stress, a constant drain-source voltage VDS = 5 V was 

applied to the majority of the samples.  Additionally, for some samples a VDS = 0, 10, or 

15 V was applied.  However, the gate-source voltage (VGS) was varied for each sample 

during stressing and started at either –5 or –10 V and ended at –42 V with the gate 

voltage stepped at –1 V/min.  Electrical parameters of each HEMT were measured 

between each unit decrease in VGS at VDS = 5 V and VGS = 0 V.  All stressing occurred 

at 25 °C and in ambient atmosphere. 
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5.3 Results and Discussion 

In order to better understand and correlate structural changes in HEMTs to 

performance changes shown by a change in the output electrical curves, both electrical 

characterization and structural/chemical characterization will be discussed in the 

following sections.  In order to make these connections clear, different electrical 

parameters and their change compared to the physical change in the HEMT will be 

compared in separately. 

5.3.1 Relationship between IDmax and Large Scale Physical Degradation 

 The majority of HEMTs underwent an electrical stress with VDS = 5 V; therefore, 

this stress condition will be address first.  This is will be followed by a discussion of 

representative curves from all VDS stress conditions.  The complete cross section of an 

unstressed HEMT is shown in Figure 5-1.  This is shown to later compare the image 

against degraded samples.  After application of the electrical stress with VDS = 5V, two 

different behaviors, ‘slow’ and a ‘rapid’ degradation, were recorded for the change in 

normalized maximum drain current (ID max) of the HEMTs as given by ID max(VGS)/ID 

max(0), where ID max(VGS) is the maximum drain current measured after the applied gate 

stress of VGS, and ID max(0) is the maximum drain current of the unstressed device 

measured before the application of electrical stress.  For each device, the applied 

electrical stress decreases the measured ID max; therefore, the normalized ID max 

decreases as stressing continues.  The first typical behavior of normalized ID max is 

shown by the curve labeled “ID slow” in Figure 5-2 and is observed to be a relatively ‘slow’ 

degradation process.  On average, devices that exhibit this ‘slow’ degradation behavior 

show a minimal decrease of ~3.5 % in normalized ID max by VGS = –22V.  Furthermore, 

by the end of stressing at VGS = –42V, normalized ID max has decreased on average by 
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~13 ± 4 %.  This behavior is in contrast to the second behavior typically shown by the 

curve labeled “ID rapid” presented in Figure 5-2, which is characterized as a ‘rapid’ 

degradation process.  For these HEMTs, normalized ID max has decreased by ~16 % by 

VGS = –22 V, which is more than a 350 % larger decrease in normalized ID max compared 

to the ‘slow’ degradation process.  Additionally, by VGS = –42 V, normalized ID max has 

decreased by ~26 %, which is a decrease in normalized ID max of 160 % compared to the 

‘slow’ degradation process.  Lastly, it should be noted that the overall decrease in drain 

current (IDS) was permanent after stressing as revealed by the IDS versus VGS family of 

curves (not presented) between the ‘slow’ and ‘rapid’ degradation devices measured 

approximately 48 h after stressing.  Furthermore, the permanent decrease in IDS was 

~14 % ± 4 % for the ‘slow’ degradation samples compared to ~37 % for the ‘rapid’ 

degradation sample at VGS = –2 V.   

Additionally, the gate current (IG) behaviors between the ‘slow’ and ‘rapid’ 

degradation HEMTs shown in Figure 5-2 are dissimilar.  For the ‘slow’ HEMTs “IG slow” 

dramatically increases by approximately two orders of magnitude at a lower VGS 

compared to the ‘rapid’ degraded HEMTs indicated by “IG rapid”.  Also, for the ‘slow’ 

HEMTs it is shown that only after the jump in IG at VGS = –14 V does the normalized ID 

max begin to degrade.  Before the jump in IG, ID max had degraded by <1 % over the first 

10 V of applied gate stress; however, after the IG jump, ID max begins to degrade slowly 

and constantly at ~0.5 %/V until the end of stressing.  In contrast, for the HEMTs that 

experience ‘rapid’ degradation, ID max begins to decrease as soon as stressing initiates.  

This contrast between the characteristic ID max and IG curves of the sets of devices 

indicates that different degradation modes are occurring. 
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Following the application of electrical stress, the HEMTs were serially sectioned 

along the width of the gate using site-specific FIB milling.  Each sample was serially 

sectioned at approximately 9 – 15 locations with the sections approximately 10 µm long 

by 1 µm wide by 2 µm deep and spaced approximately 10 – 15 µm apart.  From the 

exposed cross sections, the gates were inspected for defects and irregularities using 

cross-sectional scanning electron microscopy (XSEM) at an incident angle of 52°.  After 

examining the gate/AlGaN epilayer interface using XSEM, some sections were further 

thinned for TEM analysis.  HAADF-STEM images of typical ‘slow’ and ‘rapid’ 

degradation samples are presented in Figure 5-3 A and Figure 5-3 B, respectively.  In 

these images, brighter features correspond to areas of greater average atomic number; 

the individual Au, Ni, AlGaN, and GaN layers are indicated in Figure 5-3 A.   

The ‘slow’ degradation HEMT, shown in Figure 5-3 A, shows no obvious physical 

degradation and the gate contact has maintained the same morphology as the 

unstressed control HEMT shown at lower magnification in Figure 5-1.  Furthermore, no 

defects were ever observed in any of the ‘slow’ degradation samples.  However, the 

gate region of a ‘rapid’ degradation HEMT exhibits a markedly different morphology as 

shown in Figure 5-3 B.  This image indicates the presence of an ‘arch’-shaped defect 

under the gate, which penetrates into the AlGaN epilayer at two points.  Although this 

defect penetrates the AlGaN epilayer, it stops before crossing the AlGaN/GaN interface.  

However, the presence of this defect near the interface may still impact the electrical 

performance of the device possibly by influencing leakage and/or trapping, and it may 

explain the rapid decrease in normalized ID max compared to ‘slow’ degradation devices 

that exhibited no early, rapid decrease in normalized ID max and no observed defect 
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formation.  It should be noted that this defect was present throughout the entire device 

width and corresponds to the ID rapid and IG rapid curves shown in Figure 5-2 indicating the 

largest initial drop in normalized ID max.  Additionally, IG is greater in the ‘slow’ 

degradation HEMTs showing no physical degradation compared to the ‘rapid’ 

degradation HEMTs, which contain physical defects indicating that ID max is a more 

useful measure of physical device degradation.  Furthermore, this pattern of an initial 

‘rapid’ degradation in ID max has been observed in multiple devices containing physical 

defects compared to devices that show ‘slow’ degradation and no defects.  Lastly, the 

bottom of the Au layer of the gate is elevated relative to the AlGaN layer in ‘rapid’ 

degradation HEMTs, indicating that the defect formation pushed the gate vertically from 

its initial position and partially separated it from the SiNx passivation.  Thus, it appears 

that a rapid decrease in ID max is possibly correlated to large physical defect formation 

under the gate. 

In addition to HEMTs stressed using a VDS = 5 V, other HEMTs where stressed 

with VDS varying from 0 V to 15 V in increments of 5 V.  The change in normalized ID max 

against VDS for representative devices from these stress conditions are shown in Figure 

5-4.  Again, it can be seen that from the ~30 devices stressed in total, that two 

behaviors occur, a ‘slow’ and ‘rapid’ degradation of ID max.  Again, for the ‘rapid’ 

degradation cases shown with VDS = 5 and 10 V, the decreases immediately from the 

start of electrical stressing.  Additionally, it is shown again that for the ‘slow’ degradation 

cases shown with VDS = 0, 5, and 15 V that the ID max doesn’t decrease immediately.  

The normalized ID max and IG for the ‘slow’ degradation cases at VDS = 0, 5, and 15 V are 

plotted in Figure 5-5, Figure 5-6, and Figure 5-7, respectively.  It is clear from these 



 

98 

figures that once again the ID max does not decrease until the IG jump occurs.  Thus, it 

appears for the ‘slow’ degradation samples that the onset for the decrease in ID max is 

linked to the IG jump.  It is interesting to note that the slopes of the ID max degradation 

from the ‘slow’ HEMTs are all approximately the same after their respectively IG jump, 

~0.5 %/ V.  It is noted that even during sections of greatest ID max degradation in ‘slow’ 

HEMTs that the average decrease is still ~0.5 %/V.  This may indicate that these 

devices degrade by similar and constant mechanisms after the IG jump possibly due to 

the creation of traps from the off-state electrical stressing.  This is in contrast to the 

‘rapid’ HEMTs where the slopes of their overall ID max degradation are ~0.8 – 1 %/V, and 

during sections of greatest ID max degradation range from ~1 – 2 %/V.   

Following the electrical stressing at VDS = 0, 5, 10, and 15 V, the HEMTs were 

again serially sectioned, inspected by XSEM, and fabricated into XTEM samples as 

discussed previously.  HAADF-STEM images of typical ‘slow’ and ‘rapid’ degradation 

samples at VDS = 5 V were previously presented in Figure 5-3 A and Figure 5-3 B, 

respectively.  Additionally, now the ‘slow’ degradation samples at VDS = 0 and 15 V and 

the rapid degradation same at VDS = 10 V are presented in Figure 5-8 A-C, respectively.  

Again, in these HAADF-STEM images, brighter features correspond to areas of greater 

average atomic number; the individual Au, Ni, AlGaN, and GaN layers are indicated in 

Figure 5-8 A.   

Again, the ‘slow’ degradation HEMTs, shown in Figure 5-8 A and B, show no 

obvious physical degradation and the gate contact has maintained the same 

morphology as the unstressed control HEMT shown at lower magnification in Figure 5-1 

and the ‘slow’ degradation HEMT shown in Figure 5-3 A.  Furthermore, no defects were 
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ever observed in any of these ‘slow’ degradation samples.  However, the gate region of 

a ‘rapid’ degradation HEMT at VDS = 10 V exhibits a markedly different morphology as 

shown in Figure 5-8 C.  This image indicates the presence of a ‘wave’-shaped defect 

under the gate, which penetrates into the AlGaN epilayer.  Although this defect 

penetrates the AlGaN epilayer, it stops before crossing the AlGaN/GaN interface.  

However, this ‘wave’ defect is much larger in area of AlGaN reacted compared the 

‘arch’ defect shown in Figure 5-3 B.  This aerial difference probably helps contribute to 

the larger drop in ID max for the ‘wave’ defect at 37 % compared to the ‘arch’ defect at 26 

% as shown in the ID max plot in Figure 5-4. 

Additionally, energy dispersive X-ray spectroscopy (EDS) and electron energy-

loss spectroscopy (EELS) analysis were performed on the ‘arch’-shaped and ‘wave’-

shaped defects suggesting the defect regions contain Al, Ga, Ni, and O but not N.  

Here, EDS line scans were performed on an unstressed device and the ‘arch’ and 

‘wave’ defect devices which are presented in Figure 5 – 9 A, C, and E, respectively.  

Additionally, the position of the line scans is indicated by the lines on the HAADF-STEM 

micrographs on Figure 5-9 A, C, and E.  The EDS line scan for the unstressed HEMT is 

shown in Figure 5 – 9 B from the analysis region indicated in Figure 5 – 9 A.  The EDS 

line scan indicates that there are four distinct compositional areas of the 

gate/semiconductor interface region: the Au, Ni, AlGaN, GaN layers.  These original, 

distinct layers are indicated on all three of the EDS line scans.  It is noted that there is 

no diffusion or reaction indicated between the gate metals and the AlGaN layer in this 

unstressed sample.  The EDS line scan through a leg of the ‘arch ‘defect is shown in 

Figure 5 – 9 D from the region indicated by Figure 5 – 9 C.  Here, the EDS line scan 
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clearly indicates that there is Ni, Al, and Ga signal spread throughout the ‘leg’ of the 

defect.  This implies that there is some mixing of the Ni layer of the gate and the AlGaN 

epilayer.  However, the signal quality from the line scan drops in the defect in the AlGaN 

layer.  This may be due to two reasons.  First, the defect may be of lower density due to 

the reaction between the layers and thus less material may be present to produce signal 

for analysis.  Second, the combination of the NI, Al, and Ga may create a matrix effect 

that emits very few X-rays.  Lastly, a vertical EDS line scan of the ‘wave’ defect is 

shown in Figure 5 – 9 F from the region indicated in Figure 5 – 9 E.  Similar to the 

results presented from the ‘arch defect, the EDS line scan of the ‘wave’ defect shows 

that Ni, Al, and Ga are again present throughout the defect.  This indicates that there 

appears to be a mixing of the Ni, Al, and Ga in the defect.  Thus, the ‘arch’ and ‘wave’ 

defects appear to have roughly the same cation chemistry for their composition.  

Additionally, the mixing of the Ni, Al, and Ga is shown by the decrease in the Ni signal 

from the unstressed HEMT compared to the ‘arch’ and ‘wave’ defects.  In the 

unstressed HEMT, the Ni signal is the largest of the signals; however, in the defects it is 

clear that the Ni signal is drastically reduced.  This indicates a decrease in Ni 

concentration in the original Ni region of the gate presumably due to its mixing into the 

AlGaN epilayer.   

In addition to EDS line scans, EDS maps were also acquired from the ‘arch’ and 

‘wave’ defects.  The EDS maps are overlaid on the same image from each defect in 

order to better show the change in composition.  Additionally, the maps are shown in 

partial transparency and opaque in help view the transition of the composition.  Figure 5 

– 10 A shows a bright-field TEM (BF-TEM) of the ‘arch’ defect which will be the 
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background image used for comparison to the EDS maps of this defect.  Figure 5 – 10 

B and C show the Ni maps of the ‘arch’ defect with partial and no transparency, 

respectively.  These images indicate that there is a large Ni signal present around the 

original Ni layer of the gate and that there is a small Ni signal present in the defect.  This 

small signal from the defect could again be due to the change in composition.  Figure 5 

– 10 D and E show the Ga maps of the ‘arch’ defect with partial and no transparency, 

respectively.  These maps clearly show that Ga has diffused into the defect near the 

gate region and that the Ga signal is lower in the AlGaN epilayer where the defect is 

present.  Additionally, Al maps with partial and no transparency are respectively shown 

in Figure 5 – 10 F and G.  Like the Ga maps, the Al maps show that Al has diffused into 

the defect near the gate region.  These results match well with the previous EDS line 

scan of the ‘arch’ defect indicating that the defect is a mixture of Ni, Ga, and Al.   

For the ‘wave’ defect, EDS maps are again presented as partially transparent 

and opaque in order to help view the transition of the composition on the same image.  

Figure 5 – 11 A shows a HAADF-STEM image of the ‘wave’ defect which will the 

background template used for comparison to the EDS maps for this defect.  The EDS 

maps of Ni for the wave defect are shown in Figure 5 – 11 B and C in partial and no 

transparency, respectively.  In these maps, Ni is shown to be present just below the Au 

region of the gate where the original Ni layer of the gate was and it extends down into 

the top half of the defect.  There is some disagreement here between the Ni EDS line 

scans and maps as in the line scans Ni is shown to be throughout the defect, but in the 

maps it is depicted as being in the top half of the defect.  However, this could simply be 

due to the sample size, data acquisition time, sample drift, and resolution of the map.  
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Ga maps of the ‘wave’ defect are shown in Figure 5 – 11 D and E with partial and no 

transparency, respectively.  From these figures, it is clear that Ga has diffused up into 

the defect.  Additionally, the Al maps are presented in Figure 5 – 11 F and G with partial 

and no transparency, respectively.  No conclusion is drawn from these figures as there 

is too much Al signal noise in the maps which is indicated by the AlGaN not being sharp 

in resolution.  However, the Ni and Ga maps can be compared to the EDS line scans 

which agree that the defect is composed of a mixture of Ni and Ga and possibly Al. 

While EDS is an ideal analysis tool for larger Z elements and metals, it has 

difficulty detecting low Z elements.  Thus, the anion groups for the new composition of 

the ‘arch’ and ‘wave’ defects could not be detected by EDS.  Therefore, EELS mapping 

was used in order to view the complete composition of these defects.  Similar to the 

EDS maps, the EELS maps are overlaid on the same image from each defect in partial 

and no transparency in order to better show the change in composition.  For the ‘arch’ 

defect the background template BF-TEM image is shown in Figure 5 – 12 A.  Ni EELS 

maps were acquired for the ‘arch’ defect and are shown in partial transparency and no 

transparency in Figure 5 – 12 B and C, respectively.  From these figures, Ni is shown to 

be present just below the Au region of the gate at the original Ni layer of the gate, at the 

bottom of the defect in the AlGaN epilayer showing the interface between the defect and 

epilayer, and in some regions between the gate and defect/AlGaN interface.  This 

verifies the EDS line scan data showing the Ni present throughout the defect that was 

shown for the ‘arch’ defect in Figure 5 – 9 D.  Next, the O EELS maps are presented in 

partial and no transparency in Figure 5 – 12 D and E, respectively.  Inspection of these 

figures shows there is an increased signal at the side of the defect at the defect/SiNx 
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interface and at the bottom of the defect at the defect/AlGaN interface.  These figures 

may indicate that O is present in the defect.  Lastly, the N EELS maps in partial and no 

transparency are shown in Figure 5 – 12 F and G.  Clearly from these figures, there is 

shown to be a deficiency of N in the defect at both the original Ni layer of the gate and 

where the defect penetrates the AlGaN.  Therefore, these EELS maps indicate there is 

some measured Ni throughout the defect, and that the defect is shown to contain O and 

lack N where it penetrates the AlGaN epilayer indicating that probably an oxidation 

reaction has occurred. 

Now, for the ‘wave’ defect, EELS maps are presented as partially transparent 

and opaque in order to help view the transition of the composition on the same image.  

Figure 5 – 13 A shows a HAADF-STEM image of the ‘wave’ defect which will the 

background template used for comparison to the EELS maps for this defect.  Ni EELS 

maps are presented in partial and no transparency in Figure 5 – 13 B and C, 

respectively.  Similar to the EDS maps, the EELS maps show Ni present just below the 

Au region of the gate where the original Ni layer of the gate was and extending down 

into the top half of the defect.  Next, the O EELS maps are shown in partial and no 

transparency in Figure 5 – 13 D and E, respectively.  It is clear from these figures that O 

is present in the original Ni layer of the gate, and there is an increase in O signal in the 

defect itself particularly in the original AlGaN region as the O signal mimics the shape of 

the defect.  Lastly, the N EELS maps are presented in partial and no transparency in 

Figure 5 – 13 F and G, respectively.  Here, N is shown to be deficient in the defect at 

both the original Ni layer of the gate and where the defect penetrates into the AlGaN.  

Therefore, these elemental maps indicate there is some measured diffusion of Ni into 
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the defect and that the defect is shown to contain O and lack N where it penetrates the 

AlGaN epilayer indicating that an oxidation reaction has occurred.  Additionally, it 

appears from both the EDS and EELS analysis that both the ‘arch’ and ‘wave’ defect 

exhibit this NI, Ga, and Al mixing in the defect with O and the lack of N.  Therefore, it is 

shown that the composition of the ‘arch’ and ‘wave’ defects is similar consisting of a Ni-

Al-Ga-oxide. 

This EDS and EELS work is consistent with the HAADF-STEM image of the 

‘arch’ defect in Figure 5-3 B and ‘wave’ defect in Figure 5-8 C in which the contrast 

mechanism arises from differences in the average atomic number.  In general, the 

defects are darker in contrast than both the Ni and the AlGaN epilayer.  This implies that 

there was a decrease in average atomic number, which is consistent with the EDS and 

EELS results showing the presence of O in the defect.   

In order to better understand the change in shape of the gate upon degradation, 

a simulation of the electric field in the ‘rapid’ degradation HEMTs was performed using 

the Florida Object Oriented Device Simulator.100-101 Measured electrical data was used 

to calibrate the simulated results to actual device performance, and no temperature 

effects were taken into account in the simulation due to the off-state stress where there 

should be negligible current flow and heating.  For the VDS = 5 V stress, at 

approximately VGS = –23 V, IG rapid has jumped two orders of magnitude, suggesting an 

electronic or physical leakage path between the two-dimensional electron gas at the 

AlGaN/GaN interface and gate as shown in Figure 5-2; however, ID rapid has decreased 

since the initial application of stress.  Therefore, the ‘arch’-shaped defect shown in 

Figure 5-3 B could have formed continuously throughout the entire application of 
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electrical stress.  This same analogy is possible for the VDS = 10 V ‘rapid’ HEMT 

representing the ‘wave’ defect.  Consequently, the electric field for the VDS = 5 V stress 

condition is plotted at the final voltage condition, VDS = 5 V and VGS = –42 V, and is 

shown in Figure 5 – 14, where iso-contour lines of the magnitude of the vertical and 

lateral components of the electric field are indicated.  It is noted that due to the inverse 

piezoelectric effect, the electric and strain fields are linked.102 Therefore, the magnitude 

of the strain field is proportional to this simulated electric field at these bias conditions 

and would possess the same shape.  From the simulations, it appears the 6 MV/cm 

contour line approximately models the form of the ‘arch’-shaped defect   

Additiionally, the Ni-gate structures exhibiting gate edge pitting by Gao et al., 

which are much larger than the work presented here, were simulated.  It is mentioned 

again that pitting ~60 – 85 nm in diameter was observed.  Here, the simulations of the 

electric field contours for the Gao et al. HEMTs are plotted in Figure 5 – 15 A – B at the 

stress state of VDS = 0 V and VGS = –40 V.  Furthermore, from figure 5 – 15 B it is 

observed that the 5 – 6 MV/cm contour lines approximately models the size of the 

observed gate edge pitting by Gao et al.  This simulation result paired with the 

simulation from the ‘arch’ defect in Figure 5 – 14 may indicate that the electric/strain 

field may influence the evolution of defect morphology.  Previous work has suggested 

that defects and reactions occur where the electric field is largest in a HEMT, at the gate 

edges.61,64 However, in this case, due to this large, nearly symmetric electric/strain field 

present, it is possible that the fields influence the diffusion or reactivity of the layers and 

O directly contributing to the morphology of the defect and explain the similarity 

between the defect shape and the simulated electric/strain field contours.  This could 
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indicate that it is the shape of the electric/strain field itself that influences the defect 

morphology and not just the large magnitude of the field for HEMTs with LG < 100 nm. 

As previously mentioned, the O in the defects most likely came from the outside 

ambient during the stressing due to the similar processing each HEMT received, and 

each HEMT was on the same wafer in near proximity to each other.  Due to the 

processing technique used to deposit SiN x in these devices, there are air gaps in the 

SiN x passivation.  From the edge of these gaps, channels runs to the gate edges.  This 

would provide an easier diffusion path for O to reach the gate edges where it could 

readily react with the AlGaN or Ni.  Figure 5 – 16 A shows a low magnification BF-TEM 

image of the gate region of a HEMT showing the air gaps in the SiN x passivation on 

both sides of the gate.  The higher magnification BF-TEM image shown in Figure 5 – 16 

B indicates that channels running from the gaps to the gate edges.  Thus, these defects 

could be the result of an oxidation due to the low barrier diffusion pathway between the 

gate edge and the ambient. 

5.3.2 Relationship between IG and Large Scale Physical Degradation 

As shown in Figure 5 – 2 and Figure 5 – 4, when a 100 nm gate HEMT is 

electrically stressed, it usually exhibits a sharp jump in the IG,  which is also known as 

the critical voltage.  Thus, the IG jump was investigated to determine whether or not it 

was linked to any physical degradation in the devices.  HEMTs were stressed to three 

specific conditions: before the IG jump, at the IG jump, and after the IG jump.  These 

electrical conditions comparing the IG to VGS the can be seen in Figure 5-17 where the 

‘before’ curve is representative of the before IG jump, the ‘middle’ curve is representative 

of during the IG jump, and the ‘after’ curve is representative after the IG jump condition.   



 

107 

Following the application of electrical stress, the HEMTs were serially sectioned 

along the width of the gate using site-specific FIB milling.  Each sample was serially 

sectioned at approximately 9 – 15 locations with the sections approximately 10 µm long 

by 1 µm wide by 2 µm deep and spaced approximately 10 – 15 µm apart.  From the 

exposed cross sections, the gates were inspected for defects and irregularities using 

XSEM at an incident angle of 52°.  After examining the gate/AlGaN epilayer interface 

using XSEM, some sections were further thinned for TEM analysis.  Representative 

XTEM samples analyzed by HAADF-STEM of a HEMT stressed before the IG jump, a 

HEMT stressed until it was within the IG jump, and a HEMT stressed past the IG jump 

are shown in Figure 5-18 A – C respectively.  It is clear from the images in Figure 5-18 

that no large physical degradation has occurred at the gate.  Additionally, it is noted that 

no large physical degradation was ever noted for these samples.  Thus, it appears that 

the dramatic change in IG is not an indicator of large physical degradation in AlGaN/GaN 

HEMTs. 

5.4 Summary 

High-angle annular dark-field scanning transmission electron microscopy was 

used to study a reaction-based defect present between the Ni layer of a Ni/Au gate and 

the AlGaN epilayer of an AlGaN/GaN high electron mobility transistor.  For devices 

stressed at VDS = 5 V where the normalized maximum drain current was rapidly and 

greatly reduced compared to ‘slow’ degrading devices, ‘arch’-shaped oxidation defects 

associated with significant reaction between the Ni and AlGaN were observed.  This is 

particularly noticeable during early electrical stressing where the difference between the 

two sets of devices was greatest.  Additionally, when the sample set is expanded to 

include VDS stress ranging from 0 to 15 V, this trend of a rapid decrease in ID max 
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associated with physical degradation continues.  For example, at VDS = 10 V, a ‘wave’ 

shape oxidative defect was found between the gate and into the AlGaN epilayer.  Due 

to the devices originating from the same wafer with identical processing, the O in the 

defect likely could have come from the SiNx passivation or from the ambient after 

diffusion through the passivation. This low barrier to diffusion could be due to the 

channels present in the SiN x passivation between the gate edges and the air gaps in 

the SiN x which lead to the outside ambient.    

Additionally, the ‘arch’ defect imitates the shape of the simulated electric/strain 

field iso-contour at approximately 6 MV/cm present in the device during electrical 

stressing while the ‘wave’ defect exhibits similar behavior between 5 – 6 MV/cm.  

Furthermore, simulations of the gate structure and bias conditions from Gao et al. 

reveals the 5 – 6 MV/cm contours matches the size of the pitting, too.  This suggests 

that the shape of the field may influence defect morphology.  However, this electric field 

condition may not be sufficient to generate defects as there may be multiple failure 

mechanisms occurring between the ‘rapid’ and ‘slow’ HEMTs which contribute to their 

differences in degradation.   

Finally, the jump in IG was compared to gate defect formation.  It was shown that 

whether or not the samples were stressed to before the IG jump, until with the IG jump,or 

past the IG jump that no physical deformation was detected.  This indicates that relying 

on IG measurements as a indicator for physical degradation is a poor choice while the 

better option would be relying on the ‘rapid’ decrease in ID max during stressing. 
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Figure 5-1.  Low magnification HAADF-STEM image of a cross section of an unstressed 

Ni-gate AFRL AlGaN/GaN HEMT on SiC with the source (S), gate (G), and 
drain (D) contacts labeled. ‡‡ 

                                            
‡‡ Reprinted with permission from M.R. Holzworth, N.G. Rudawski, P.G. Whiting, S.J. Pearton, K.S. 
Jones, L. Lu, T.S. Kang, F. Ren, E. Patrick, and M.E. Law, Field-induced defect morphology in Ni-gate 
AlGaN/GaN high electron mobility transistors, Applied Physics Letters. 103, 023503 (2013), Copyright 
2013, American Institute of Physics. 
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Figure 5-2.  Measured normalized ID max and IG of characteristic ‘slow’ and ‘rapid’ 

degradation HEMTs when stressed from VGS = –5 or –10 V to –42V at –1 
V/min and VDS maintained at 5 V throughout stressing. §§ 

                                            
§§Reprinted with permission from M.R. Holzworth, N.G. Rudawski, P.G. Whiting, S.J. Pearton, K.S. Jones, 
L. Lu, T.S. Kang, F. Ren, E. Patrick, and M.E. Law, Field-induced defect morphology in Ni-gate 
AlGaN/GaN high electron mobility transistors, Applied Physics Letters. 103, 023503 (2013), Copyright 
2013, American Institute of Physics. 



 

111 

 

 

 
Figure 5-3.  High magnification HAADF-STEM images of the gate region of AlGaN/GaN 

HEMTs showing the distinct Ni/Au gate metal stack layers and AlGaN and 
GaN epilayers.  A) HEMT experiencing ‘slow’ degradation, which is basically 
indistinguishable from an unstressed device.  B) HEMT experiencing ‘rapid’ 
degradation showing an ‘arch’-shaped defect formed from the original Ni layer 
of the gate and penetrating into the AlGaN epilayer.*** 

                                            
***Reprinted with permission from M.R. Holzworth, N.G. Rudawski, P.G. Whiting, S.J. Pearton, K.S. Jones, 
L. Lu, T.S. Kang, F. Ren, E. Patrick, and M.E. Law, Field-induced defect morphology in Ni-gate 
AlGaN/GaN high electron mobility transistors, Applied Physics Letters. 103, 023503 (2013), Copyright 
2013, American Institute of Physics. 
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Figure 5-4.  Measured normalized ID max representative curves of ‘slow’ and ‘rapid’ 

degradation HEMTs when stressed from VGS = –5 or –10 V to –42V at –1 
V/min while VDS maintained at either 0, 5, 10, or 15 V throughout stressing. 
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Figure 5-5.  Measured normalized ID max and IG representative curves of a ‘slow’ 

degradation AlGaN/GaN HEMT stressed from VGS = –10 V to –42V at –1 
V/min while VDS was maintained at 0 V throughout stressing. 
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Figure 5-6.  Measured normalized ID max and IG representative curves of a ‘slow’ 

degradation AlGaN/GaN HEMT stressed from VGS = –5 V to –42V at –1 V/min 
while VDS was maintained at 10 V throughout stressing. 



 

115 

 
 
Figure 5-7.  Measured normalized ID max and IG representative curves of a ‘rapid’ 

degradation AlGaN/GaN HEMT stressed from VGS = –10 V to –42V at –1 
V/min while VDS is maintained at 15 V throughout stressing. 
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Figure 5-8.  High magnification HAADF-STEM images of the gate region of AlGaN/GaN 

HEMTs showing the distinct Ni/Au gate metal stack layers and AlGaN and 
GaN epilayers.  A) HEMT experiencing ‘slow’ degradation with VDS = 0 V, 
which are basically indistinguishable from unstressed devices.  B) HEMT 
experiencing ‘slow’ degradation with VDS = 15 V.  C) HEMT experiencing 
‘rapid’ degradation with VDS = 10 V showing an ‘wave’-shaped defect formed 
from the original Ni layer of the gate and penetrating into the AlGaN epilayer. 
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Figure 5-9.  High magnification HAADF-STEM images of the gate region of AlGaN/GaN 

HEMTs and their corresponding EDS line scans.  A) Representative HAADF-
STEM image of an unstressed HEMT.  B) EDS line scan showing the four 
distinct regions of the the unstressed HEMT: GaN, AlGaN, Ni, and Au.  C) 
Representative HAADF-STEM image of a HEMT experiencing ‘rapid’ 
degradation showing an ‘arch’-shaped defect formed from the original Ni layer 
of the gate and penetrating into the AlGaN epilayer at VDS = 5 V.  D) EDS line 
scan showing the lack of change in the Au and GaN layers but the mixing of 
the Ni and AlGaN.  E) Representative HAADF-STEM images of a HEMT 
experiencing ‘rapid’ degradation showing an ‘wave’-shaped defect formed 
from the original Ni layer of the gate and penetrating into the AlGaN epilayer 
at VDS = 10 V.  F) EDS line scan showing the lack of change in the Au and 
GaN layers but a mixing of the Ni and AlGaN layers. 
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Figure 5-10.  High magnification BF-TEM images of the gate region of the ‘arch’ defect 

overlaid with EDS maps.  A) Template image used for EDS map overlay for 
comparison.  B) Ni EDS map shown in partial transparency.  C) Ni EDS map 
shown with no transparency.  D) Ga EDS map shown in partial transparency.  
E) Ga EDS map shown with no transparency.  F) Al EDS map shown in 
partial transparency.  G) Al EDS map shown with no transparency.   
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Figure 5-11.  High magnification HAADF-STEM images of the gate region of the ‘wave’ 

defect overlaid with EDS maps.  A) Template image used for EDS map 
overlay for comparison.  B) Ni EDS map shown in partial transparency.  C) Ni 
EDS map shown with no transparency.  D) Ga EDS map shown in partial 
transparency.  E) Ga EDS map shown with no transparency.  F) Al EDS map 
shown in partial transparency.  G) Al EDS map shown with no transparency.   
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Figure 5-12.  High magnification BF-TEM images of the gate region of the ‘arch’ defect 

overlaid with EELS maps.  A) Template image used for EELS map overlay for 
comparison.  B) Ni EELS map shown in partial transparency.  C) Ni EELS 
map shown with no transparency.  D) O EELS map shown in partial 
transparency.  E) O EELS map shown with no transparency.  F) N EELS map 
shown in partial transparency.  G) N EELS map shown with no transparency.   
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Figure 5-13.  High magnification HAADF-STEM images of the gate region of the ‘wave’ 

defect overlaid with EELS maps.  A) Template image used for EELS map 
overlay for comparison.  B) Ni EELS map shown in partial transparency.  C) 
Ni EELS map shown with no transparency.  D) O EELS map shown in partial 
transparency.  E) O EELS map shown with no transparency.  F) N EELS map 
shown in partial transparency.  G) N EELS map shown with no transparency.   
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Figure 5-14.  Simulation showing the iso-contour lines of the magnitude of the vertical 

and lateral components of the electric field in a ‘rapid’ degradation HEMT at a 
stress state of VDS = 5 V and VGS = –42V.††† 

                                            
†††Reprinted with permission from M.R. Holzworth, N.G. Rudawski, P.G. Whiting, S.J. Pearton, K.S. 
Jones, L. Lu, T.S. Kang, F. Ren, E. Patrick, and M.E. Law, Field-induced defect morphology in Ni-gate 
AlGaN/GaN high electron mobility transistors, Applied Physics Letters. 103, 023503 (2013), Copyright 
2013, American Institute of Physics. 
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Figure 5-15.  Simulation showing the iso-contour lines of the magnitude of the vertical 

and lateral components of the electric field from Ni-gate HEMTs structures by 
Gao et al.  A) Low magnification simulation image of the entire gate at a 
stress state of VDS = 0 V and VGS = –40V.  B) High magnification of the 
simulation image from A) indicated by the black box where the pitting defects 
Gao et al. observed are approximately the same size as the 5 – 6 MV/cm 
contours. 
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Figure 5-16.  Representative BF-TEM images show how the air gaps in the SiN x 

passivation lead to ambient and the channels connecting the gate edges to 
the gaps.  A) Low magnification image showing the air gaps with respect to 
the gate with the orange box indicating the region for higher magnification 
analysis in part B.  B) High magnification image showing the channel that 
runs between the gate edges and gaps possibly allowing easier diffusion of O 
to the gate edge inducing reactions such as the ‘arch’ and ‘wave’ defects. 
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Figure 5-17.  Measured IG representative curves of stressed AFRL AlGaN/GaN HEMTs 

on SiC demonstrating the before, middle, and after IG jump characteristics.  
HEMTs were stressed from VGS = –10 V up to –33 V at –1 V/min while VDS 
was maintained at 5 V throughout stressing. 
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Figure 5-18.  High magnification HAADF-STEM images of the gate region of AFRL 

AlGaN/GaN HEMTs on SiC showing the distinct Ni/Au gate metal stack layers 
and AlGaN and GaN epilayers.  A) Representative HEMT stressed before the 
IG jump.  B) Representative HEMT stressed to within the IG jump.  C) 
Representative HEMT stressed past the IG jump.
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CHAPTER 6 
EFFECT OF THERMAL STRESS ON RELIABILITY 

6.1 Importance of Understanding the Thermal Exposure to HEMTs 

Normally, thermal annealing is used to accelerate failure of AlGaN/GaN HEMTs 

in conjunction with electrical biasing.  Due to this dual application of stress, failure 

mechanisms caused only by thermal or electrical stress may not be detected.  However, 

normal on-state operating conditions with small electrical stress can produce internal 

temperatures up to 300°C.  Additionally, high temperature storage and applications of 

HEMTs require an understanding of how pure thermal stress can modify the device 

structure and electrical properties of the HEMTs in order to improve reliability and 

device life-time models.  Here, AlGaN/GaN HEMTs on SiC and Si(111) substrates with 

no electrical or mechanical stress are subjected to only thermal stress using anneals 

ranging from 300°C to 850°C for durations of 0.5 h to 400 h in order to isolate the 

effects of temperature on HEMT degradation. 

6.2 Experimental 

There are two types of thermal anneals presented in this work.  First, there are 

the iso-chronal anneals which are anneals at different temperatures but for the same 

duration.  Second, there are iso-thermal anneals which are anneals at the same 

temperature but for varying duration.  For clarity, the descriptions of the specific anneals 

are broken down in the following sections.  

6.2.1 Iso-chronal Anneals 

Iso-chronal anneals were completed on HEMTs on both SiC and Si(111) 

substrates.  For the AlGaN/GaN HEMTs grown on SiC used for this work, all were 

grown on the same semi-insulating 6H-SiC substrate and received the same 
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processing.  An AlN nucleation layer was used on the SiC and followed by a 2.25 µm-

thick Fe-doped GaN buffer, 15 nm of Al0.28Ga0.72N, and capped with 3 nm of an 

unintentionally doped GaN layer (this layer is not normally visible in TEM micrographs).  

The ohmic contacts consisted of metal stacks of Ti/Al/Ni/Au annealed for 30 s at 850 

°C.16,19-20 Additionally, the gate contact consisted of a Ni/Au metal stack.  The devices 

employed a “double-gate” design with each gate having a 150 µm width and a gate LG = 

~100 nm or ~1 µm.   

For the AlGaN/GaN HEMTs grown on Si(111), all were grown on the same Si 

substrate and received the same processing which was nearly identical to the HEMTs 

grown on SiC.  Again, HEMTs on Si(111) had a 2.25 µm-thick Fe-doped GaN buffer, 15 

nm of Al0.28Ga0.72N, and capped with 3 nm of an unintentionally doped GaN layer (which 

is not normally visible).  The ohmic contacts consisted of metal stacks of Ti/Al/Ni/Au 

annealed for 30 s at 850 °C.16,19-20 Additionally, the gate contact consisted of a Ni/Au 

metal stack.  The devices employed a “double-gate” design with each gate having a 150 

µm width and a gate length LG = ~100 nm or ~1 µm 

Devices on SiC were annealed for 0.5 h at 450°C, 650°C, 750°C, and 850°C.  

Each HEMT was only exposed to one temperature in order to isolate the effects of that 

temperature on structural changes.  Devices on Si(111) were annealed for 0.5 h at  

300°C, 350°C, 400°C, 450°C, 500°C, 550°C, and 600°C. 

6.2.2 Iso-thermal Anneals 

Iso-thermal anneals were performed only on HEMTs on Si(111) substrates.  The 

same device structure for the Si(111) HEMTs was used in the iso-chronal anneals.  The 

HEMTs were placed in a furnace at 300°C and annealed for varying durations.  

Samples were removed at 0.5 h, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 96h, 192 h, and 400 h.    
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6.3 Results and Discussion  

6.3.1 Iso-chronal Anneals on SiC HEMTs 

Iso-chronal anneals on SiC HEMTs were undertaken to show the difference 

between defects created electrically as presented in Ch. 5 and thermally in sub µm gate 

length HEMTs.  After subjecting the HEMTs on SiC to thermal anneals, XTEM samples 

were prepared using the FIB.  BF-TEM of a pre and two post-annealed sub µm gate 

HEMT is shown in Figure 6-1 A – C, respectively.  Comparing the two images it is clear 

that the Ni layer of the gate has been modified.  Additionally, it is clear from the pre and 

two post-annealed HAADF-STEM images in Figure 6-2 A – C, respectively, that only the 

Ni layer of the gate is affected by the thermal anneal.  However, it is not clear about the 

amount of interdiffusion present in the gate contact as the modification of the Ni layer 

prevents this analysis.   

The post-annealed HEMTs were also subjected to the etching described earlier 

in section 3.1.2.  PSEM of the sub µm and 1 µm gates was used to characterize the top 

surface of the AlGaN epilayer of the HEMTs.  Figure 6-3 A shows the PSEM of an 

unannealed sub µm HEMT which shows that the top surface is pristine of any defects.  

For the thermally annealed samples, two distinct types of surface features were 

revealed by PSEM.  First, no surface change is visible as shown in Figure 6-3 B.  

Second, a surface reaction has occurred as revealed by the etching of the AlGaN layer 

as shown in Figure 6-3 C. Additionally, from the PSEM shown in Figure 6-3 it was 

shown that when a surface reaction does occur that it is rare and only consumes a 

small percentage of the gate.  The exact mechanism of this reaction is unknown as it 

was never captured in a XTEM sample due to its low density of formation unlike the 
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electrical defects, which when formed always possessed more than 30% of the gate 

width. 

For the 1 µm gate HEMTs, PSEM performed on etched samples revealed two 

types of surfaces, too.  For comparison to the annealed devices, an unannealed HEMT 

surface is shown in Figure 6-4 A.  Figure 6-4 B shows an annealed sample at 450°C 

which demonstrates that no change in the surface was observed.  However, Figure 6-4 

C shows some etch pits on the surface of a sample exposed to a 650°C anneal.  

Additionally, Figure 6-4 D shows more etch pits on the surface of the etched HEMT as 

the temperature is increased to 750 °C.  As can be observed from Figure 6-4 C and D, 

these etch pits only formed under the gate contact and not under the SiNx passivation. 

Due to the pits’ location under the gate and far from the edges where O could penetrate, 

it is assumed that O diffusion did not play a role in formation.  Therefore, these pits are 

likely formed by the diffusion of gate metal down the threading dislocations present in 

epilayers of the device structure.  Another indicator that this is likely a diffusion based 

event is the increase in density of the pitting with increasing temperature.  Furthermore, 

the size of the etch pits increased with temperature demonstrating that a larger thermal 

energy increased the pitting reaction rate.  It is noted that high magnification PSEM of 

the etch pits shown in Figure 6 – 5 reveals their hexagonal symmetry which matches 

the symmetry of the epilayers.  Due to this matching symmetry, the pits are unlikely to 

be due to a non-equilibrium formation process indicating that this reaction could be 

easily modeled. 

6.3.2 Iso-chronal Anneals on Si(111) HEMTs 

Only 1 µm gate length HEMTs were analyzed for the iso-chronal anneals of 

HEMTs on Si(111).  The purpose of these anneals was to determine the effect of 
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temperature on the structural change of the gate metal.  Similar to the iso-chronal 

anneals on SiC HEMTs, XTEM samples of post-annealed Si(111) HEMTs were 

prepared using the FIB.  It was found that annealing between 300°C and 550°C resulted 

in gate metal entering into threading dislocations in the AlGaN epilayer.  This is 

demonstrated in the low magnification HAADF-STEM image Figure 6-6 A where gate 

metal can be observed penetrating into the dislocations.  This penetration is more easily 

observed in the high magnification HAADF-STEM image Figure 6-6 B.  Additionally, it 

was observed that for moderate temperature anneals (>550°C) even for a short anneal 

time of 0.5 h that delamination of the gate metal occurred as observed in Figure 6 – 6 C.  

While delamination of the gate metal is a serious reliability issue that needs to be 

avoided, it prevented the metal from penetrating into the threading dislocation in the 

HEMT.  This was due to the metal now elevated above the surface of the AlGaN and 

not in connection with it or the dislocations anymore.  Thus, metal penetration into 

dislocations was not observed using XTEM for temperatures > 550°C. 

Additionally, anneals were capped at 0.5 h for comparison between the rates of 

metal penetration between the anneal temperatures.  This condition was applied 

because it was observed that metal penetration saturated and stopped after 0.5 hr in 

anneal temperatures greater than 500°C.  This is demonstrated comparing high 

magnification HAADF-STEM images of anneals at 500°C for 0.5 h and 6 h in Figure 6-7 

A and B respectively.  It is clear from these images that the metal penetration has 

effectively stopped.  This conclusion is reached due to the penetration depth being 

approximately the same between the 0.5 and 6 h samples even though the anneal 
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duration was 12 times longer between the samples.  Thus, the interdiffusion of the Ni-

Au layers in the gate contact limits the metal penetration.   

At higher temperatures, the interdiffusion of the Ni-Au is comparatively much 

larger than at lower temperatures.  Thus, the concentration of Au into the metal 

penetration at higher temperatures is much greater than at lower temperatures.  A high 

magnification HAADF-STEM image of gate penetration from a 0.5 h 500°C sample is 

shown in Figure 6 – 8 A.  An EDS line scan is shown through this defect in Figure 6 – 8 

A indicated by the red arrow and is presented in Figure 6 – 8 B.  The line scan shows 

that the Au composition in the defect is much larger than the Ni composition.  This 

indicates that under this thermal stress condition, the defect has become mostly Au due 

to high interdiffusion between the Ni and Au. 

A quick study was completed to view the effect of gate metal on penetration 

depth.  AlGaN/GaN HEMTs were etching following the procedures from section 3.1.2.  

These HEMTs were then separated into two groups where one group had only Ni 

deposited and the other had only Au deposited on the now exposed AlGaN surface.  

Following metal deposition, the metal was passivated with PECVD SiN x.  This 

effectively made two sets of samples with HEMTs having only Ni or Au gates instead of 

the original Ni/Au structure.  The single gate metal HEMTs were then annealed for 0.5 h 

at 500°C.  Figure 6 – 9 A shows a HAADF-STEM image of the Ni only gate HEMT 

indicating gate metal penetration, and Figure 6 – 9 B shows a HAADF-STEM image of 

the Au only gate HEMT indicating no gate metal penetration.  These results indicate that 

Au is either less likely to penetrate the dislocations or Au is less reactive with the 

dislocation cores.  This is further evidence suggesting that once the Au concentration in 
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the gate metal penetration sufficiently increases that the metal penetration either stops 

or is significantly hindered. 

Thus, in order to avoid these interdiffusion effects on saturating gate metal 

dislocation penetration, the anneal times were limited to short durations of 0.5 h.  These 

times helped to avoid slowing the metal penetration rate due to increased interdiffusion 

which allowed a more accurate measurement of the metal penetration rate and 

subsequently the calculated activation energy for metal penetration.  Presented in 

Figure 6-10 A – F are HAADF-STEM images showing the metal penetration into the 

dislocation at no anneal, 300°C, 350°C, 400°C, 450°C, and 500°C at 0.5 h respectively.  

It can be observed comparing Figure 6-10 B, a 300°C anneal for 0.5 h, and Figure 6-10 

F, a 500°C anneal for 0.5 h, that for the same time the amount of interdiffusion is much 

greater in the 500°C sample.  This is indicated by the brighter contrast of the original Ni 

layer which is now the same contrast as the Au layer in Figure 6-10 F.  Due to the 

nature of the contrast mechanism in HAADF-STEM, this increase in brightness in the 

layer implies that the average Z has increased.  This indicates that more Au is now in 

the original Ni layer and that the amount of interdiffusion is larger from the high 

temperature anneal.   

Additionally, from Figure 6 – 10, the rate of penetration of the gate metal into the 

dislocations was calculated by measuring the penetration distance of the metal and 

dividing the penetration distance by the anneal time, 0.5 h.  From Figure 6-10 B – F, it is 

clear that with increasing anneal temperature penetration depth increased.  Making the 

assumption that the metal penetration is a diffusion based process, then using the 

Arrhenius equation to plot the logarithm of the penetration rate against the anneal 
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temperature would yield a linear fit whose slope is the activation energy.  Indeed this is 

the case when these metal penetration rates are plotted on a semi-log graph as shown 

in Figure 6-11; the data appears approximately linear.  Upon fitting a curve to the plot of 

the data, the activation energy for metal penetration was extracted, ~0.31 eV. 

It is unsurprising that this calculated activation energy is larger than in the pipe 

diffusion case presented by Pearton et al of 0.23 eV.  The activation energy by Pearton 

et al. is only for O diffusion down the dislocation core from a SiO2 cap.  Additionally, O 

reacts with GaN at higher temperatures used in their anneal conditions from 500°C to 

900°C.  This could result in a lower effective activation energy for O diffusion as the O 

would be more likely to react with the extra free surfaces in the dislocation core.  

However, in this work metallic Ni is penetrating the dislocation cores.  While Ni can 

react and form intermetallics with Ga and Al, measurements of the lattice parameter 

using HAADF-STEM indicate that Ni is only penetrating into the AlGaN and not reacting 

with the epilayers.  Additionally, the Ni penetration spreads laterally as well while from 

the Pearton et al. work it is unclear if the O has any lateral spread or if it is only confined 

to the dislocation core by pipe diffusion.  Due to this reaction less penetration, change in 

layering from GaN to AlGaN, and lateral expansion of the Ni penetration, the activation 

energy should be larger in this work compared to previously studies.   

Further work on the possible impact of impurity diffusion on AlGaN/GaN HEMTs 

was completed in collaboration by Tapajna et al. and Kuball et al.  Together they used 

trapping measurements and a diffusion based model to explain the increase in trapping 

as a result of increased impurity diffusion down dislocations.  From their model, they 

calculated an activation energy of 0.26 eV for impurity diffusion down dislocations.  
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Again, the activation energy for the work presented here is larger but still within the 

same order of magnitude.  It is also important to note that no physical characterization 

was completed by Tapajna et al. and Kuball et al.; meaning their derived activation 

energy is based merely on fitting a curve to a model and not on physical proof of 

impurity diffusion.  Thus, it seems reasonable that the 0.31 eV activation energy 

presented here is on the correct scale and larger than previously reported values. 

6.3.3 Iso-thermal Anneals 

In the calculation of the activation energy of the metal penetration, it was 

assumed that the process was diffusion based due to the set up of the experiment and 

the linear fit of the data.  However, in order to verify the Arrhenius behavior of the metal 

penetration, iso-thermal anneals of varying duration were completed at 300°C.  These 

post iso-thermally annealed HEMTs were subjected to FIB preparation of XTEM 

samples, and HAADF-STEM imaging was used to image the progressive metal 

penetration as anneal time increased in the samples.  Figure 6-12 A – D shows the high 

magnification HAADF-STEM images of the 0.5 h, 4 h, 8 h, and 24 h anneals at 300°C.  

It is clear from these images that the metal penetration depth is increasing as the 

anneal duration is increased.   

Next, the penetration depth against time was plotted as shown in Figure 6-13.  

From Figure 6-13, it appears that the data follow approximately a (DT)1/2 fit as shown by 

the regression equation on the plot.  The power of the regression equation shows a fit of 

~0.59 which is close to 0.5, a (DT)1/2.  Due to this closeness of fit, it is acceptable to 

conclude that the metal penetration is diffusion limited and that the assumptions used to 

calculate the activation energy are accurate, too. 
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6.3.4 Effect on IG, VT, ID, and Contact Resistance 

In additional to the structural imaging, pre-annealed and post-annealed devices 

were also characterized electrically in order to develop relationships between the 

change in structural properties (metal penetration and interdiffusion) to electrical 

changes.  First an iso-chronal anneal study was completed with HEMTs stressed for 0.5 

h at 300°C, 400 °C, 450°C, 500°C, and 600°C.  Before and after the applied thermal 

stress, the HEMTs’ IG, Gm, VT, family of ID curves, contact resistance (by TLM), and VFB 

(by C-V) were measured.  Representative IG curves for the annealed HEMTs at 300°C, 

400°C, 450°C, 500°C, and 600°C are presented on a combined plot in Figure 6 – 14 

and separately in  Figure 6 – 15 through Figure 6 – 19, respectively.   

From the combined IG data plot shown in Figure 6 – 14, it can be seen that under 

positive VGS the IG is always greater than the unstressed value when VGS > 0.4 V, 

except for the 300°C thermal stress.  However, the IG behavior varies when VGS is 

negative depending upon the stress condition.  For the 300°C anneal shown in Figure 6 

– 15, IG is always lower than the original value indicating that leakage is reduced for all 

values.  Additionally, the IG from 400°C anneal is shown in Figure 6 – 16 and is always 

below the unstressed IG.  These results are unsurprising as the interdiffusion of the Ni-

Au < 400°C is relatively small compared to higher temperatures, and the metal 

penetration is less than 3 nm deep into the AlGaN so not many structural changes have 

occurred.  Additionally, it has previously been reported by Singhal et al. that gate 

anneals can reduce the IDSS which could be similar to the mechanism taking place here 

(as this thermal stress is a gate anneal).47-48 However, for the 450°C and 500°C anneals 

shown in Figure 6 – 17 and 6 – 18, respectively, both cause similar trends in the IG 

which varies widely.  For the first few volts of negative VGS the IG is below the 
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unstressed value.  However, below VGS = -3 V, the IG is always greater than the 

unstressed value.  Lastly, as can be seen in Figure 6 – 14 and Figure 6 – 19, the IG 

does not always become greater than the initial IG until the 600°C anneal.  This could be 

due to interdiffusion of the Ni-Au in the gate contact being more complete, or the 

physical degradation of the gate itself due to delamination shown earlier in Figure 6 – 6 

C.  It is noted that for these HEMTs on Si(111) the device is ‘on’ when VGS = 0 and 

generally speaking when VGS > -1.1 V, the VT.  Thus, it can be seen from Figure 6 – 14, 

that as long as the thermal anneal is < 500°C for 0.5 h, the IG is decreased when -3 V < 

VDS < 0.4 V.  Therefore, if the shift in other electrical parameters is acceptable, these 

stress conditions could be used to improve device performance with respect to IG. 

In addition to the IG changes, the VT, ID, and ohmic contact resistance, Ώ, change 

due to thermal stressing as shown in Table 6 – 1.  Here, the VT shift is the relative 

change in VT between the stressed and unstressed HEMTs.  For example in the 400°C 

anneal, the VT = -0.96 V before stress and VT = -1.22V after stress which resulted in the 

reported shift of -0.26 V.  This shift in VT can be seen in the ID - VGS plot in Figure 6 – 20 

for the 400°C anneal.  For the thermal anneals, it is shown that at 300°C there is almost 

no VT shift; however, by 400°C  the VT shift is large but decreases in magnitude as the 

anneal temperature is increased to 500°C. 

For the normalized ID change, the measured ID during saturation at VGS = 0 V 

after stress was divided by the measured ID during saturation at VGS = 0 V before stress.  

Thus, if the ID is larger post stress, the normalized ID > 1, and if the ID is smaller post 

stress, the normalized ID < 1.  This change in can be seen in Figure 6 – 21 for the 400°C 

annealed sample for 0.5 h.  Additionally, all stress temperature > 300°C resulted in a 
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larger ID except the 450°C annealed sample.  Furthermore, as the temperature 

increased, the change in IDS decreases.  This is mostly likely due to the shift in VT 

discussed earlier and not the change in Ώ.  As the VT shifts more positive with 

temperature, the gates will be more depleted at VGS = 0 V which will lower the ID.  For 

the HEMTs, Ώ change is equal to Ώ (stress)/ Ώ (unstressed).  Ώ increased when thermal 

stress was < 500°C and decreased when > 500°C.  This might explain the outlier at 450 

°C as Ώ doubles which would halve the ID.  However, Ώ in general does not follow the 

change in ID. 

Following these iso-chronal anneals, iso-thermal anneals at 300°C were 

completed up to 400 h.  Again, 300°C was chosen to lessen the effects of interdiffusion 

on the electrical results and to isolate the effects of deeper metal penetration.  The 

normalized IG for these HEMTs is presented in Figure 6 – 22.  It is shown that the 

normalized IG is always lower than the initial measurement except when the gate is 

under forward bias > 0.7 V.  Additionally, the VT slowly shifts more positive as the 

thermal stressing is continued as shown in Figure 6 – 23.  Furthermore, it is shown in 

Figure 6 – 24 that the normalized ID measured at VGS = 0 V is always lower than the 

initial measurement.  These measurements all run in contrast to previously reported 

work by Marcon et al. about the change in IG, VT, and ID.8 This could be indicative that 

the metal penetration plays a larger role in this degradation compared to previous work, 

or that the gate metal interdiffusion reported in the previous work was not the true culprit 

of the degradation. 

6.3.5 Simulation of Metal Penetration Effect on VT and ID 

In order to better understand the effect the gate metal penetration had on the VT 

and ID alone without the effects from interdiffusion, a simulation was performed using 
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the Florida Object Oriented Device Simulator.100-101 Here, the gate was modified so that 

a small piece penetrated the AlGaN epilayer.  Due to system restrictions, the 

penetration was approximated to be rectangular instead of triangular as would be 

observed in a XTEM image due to the defects hexagonal pyramid shape.  Also, the 3D 

features of the gate were normalized to the 2D simulation grid.  The derivation of these 

2D features from the 3D HEMTs is shown in Appendix B.  Lastly, measured electrical 

data was used to calibrate the simulated results to actual device performance. 

An image of the simulated gate design for no gate metal penetration, 5 nm wide x 

2.4 nm of penetration, and 5 nm wide x 3.5 nm of penetration are shown in Figure 6 – 

25 A – C, respectively.  Figure 6 – 25 B corresponds to the penetration from the 500°C 

for 0.5 h anneal, and Figure 6 – 25 C corresponds to the penetration from the 300 °C for 

24 h.  For these penetration depths, the simulated shifts in the VT are 0.015 V and 0.042 

V, respectively.  Since the 500°C for 0.5 h had the deepest penetration in the anneals 

for 0.5 h and simulation shows only a 0.015 V change in VT, it can be concluded that the 

negative shift in VT from the 0.5 h anneals is not from the metal penetration.  However, 

this shift could be due to the Ni-Au interdiffusion, a change in the charge distribution in 

the interfacial layer, a change in the surface or buffer states due to annealing, or a 

possible change in the Fermi level pinning of the gate contact.  These results indicate 

that the gate metal penetration causes very little change in the VT and is not the primary 

factor for the shift. 

Additionally, the ID - VD family of curves were simulated for the no gate metal 

penetration, 5 nm wide x 2.4 nm of penetration, and 5 nm wide x 3.5 nm of penetration.  

It was found that for 2.4 nm of penetration the ID decreased by 1.6 % at VGS = 0.  For 
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3.5 nm of penetration, the ID decreased by 4.4 % at VGS = 0.  However, from the 

experimental data in Table 6 – 1, it is known that the ID actually increased from 

annealing.  Thus, it appears that the metal penetration is not responsible for this effect 

either. 

6.3.6 Capacitance – Voltage Results 

Because the simulations could not explain the shit in VT for the HEMTs, C-V 

measurements were performed to measure the change in VT and effective EF.  From the 

C-V measurements, the change in flat-band voltage, VFB, was measured.  The VFB is 

defined as: 

VFB = ΦMS – Qf C-1 – ε-1 ∫0t ρ(x) x dx                                  (6-1) 

where ΦMS is the difference in work function between the metal and semiconductor, Qf 

is charge in the interface and the layer, C is the capacitance of the layer, ε is the 

permittivity of the layer, t is the thickness of the layer, and ρ(x) is the charge density 

within the layer.  However, ΦMS can vary due to Fermi level pinning; therefore, the 

specific change in ΦMS from these measurements cannot be ascertained as they may 

vary due to pinning.  Additionally, the change in trap charges in the interface and the 

layer cannot be separated from the possible change in Fermi level pinning or the 

change in the metal work function due to Ni-Au interdiffusion.  Therefore, the measured 

value of VFB from the C-V could be written as: 

measured ∆VFB = actual ∆VFB + ∆effective EF                          (6-2) 

Thus, VT and VFB are related by: 

         ∆VT ~ ∆VFB + ∆effective EF +∆VT (simulation)                         (6-3) 

C-V measurements were completed before and after thermal anneals at 300°C, 

400°C, 450°C, 500°C, and 600°C at 1 MHz.  The shift in the VFB was calculated for each 
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anneal and is listed in Table 6 – 1.  Representative C-V curves before and after the 

400°C anneal for 0.5 h are shown in Figure 6 – 26.  Interestingly, the shifts in the VFB 

match the trend shown by the shift in the VT between 400°C and 500°C.  Both show a 

large negative spike in the voltages at 400°C and continue to shift more positive 

towards zero net change as the temperature increases to 500°C.  This indicates that the 

shift in VFB and therefore effective EF is partly responsible for the shift in VT, as the only 

change in VT shown by the gate metal penetration from the simulations was only slightly 

positive.   

Additionally, from Figure 6 – 26, it can be seen that the before and after anneal 

C-V curves are similar in shape and only a horizontal shift has occurred.  Normally, 

when this shift is toward a more negative value, this is due to an increase in the charge 

of the capacitive layer.  This indicates that part of the effective EF shift could be due to 

charge creation from the thermal anneals.  Additionally, Au has a larger work function 

than Ni by ~0.3 V.  Thus, as more interdiffsion occurs at higher temperatures the work 

function should shift larger which would make the VFB and therefore the VT shift more 

positive.  Therefore, the relative positive shift observed in the and from 400°C to 500°C 

could be due to increased interdiffusion.  However, should large Fermi level pinning 

occur in these HEMTs, this effect would be mitigated or negligible although the increase 

of Au in the metal penetration could neutralize some of the charge or traps which again 

would lead to the relative positive shift with increased temperature.  Further thermal 

studies paired with C-V and additionally electrical measurement should be completed in 

the future to separate the different factors inside the ‘effective EF’ including but not 

limited to isolating: the effect of the change in metal work function from the Ni-Au 
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interdiffusion, the effect of the change in charge and trapping in the layers, the effect of 

the change in surface state charge, and effect of the change in Fermi level pinning.  

6.4 Summary 

The application of thermal anneals to HEMTs has produced many meaningful 

results to improve the reliability of AlGaN/GaN HEMTs.  One of the most meaningful 

changes is the degradation of the gate structure.  For example, at temperatures greater 

than 550°C, the gate delaminates from the AlGaN epilayer.  This is an extreme case of 

failure that degrades the electrical properties of the HEMT and should be avoided.  

Another structural change is the interdiffusion of the Ni and Au in the gate stack.  This 

effect could influence the work function of the metal contact or passivate trapped 

charges in the material which would affect the electrical proerties.  Furthermore, thermal 

anneals caused the gate metal to penetrate the AlGaN epilayer.   

This metal penetration causes many electrical changes in the HEMTs.  It was 

found upon annealing that the VT shifted negatively for temperatures > 400°C, and for 

long thermal anneals at 300°C up to 400 h the VT shifted positively.  Additionally, IDS 

increased for anneals > 400°C but decreased for long term anneals at 300°C.  Using 

simulations of gate metal penetration, it was found that metal penetration only played a 

minor role in VT shift, a maximum of +0.04 V.  Additionally, the simulations showed that 

only slight decreases in IDS occurred, up to 4.4%.  Thus, C-V measurements were 

performed to measure the change in ‘effective EF.’  These C-V measurements showed 

that the VT and VFB/effective EF shift followed the same trends and were on the same 

order of magnitude.  This indicates that the VT shift is most likely due to the change in 

effective EF from the annealed HEMTs. 
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Table 6- 1.  Electrical data from 0.5 h anneals on Si(111) AlGaN/GaN HEMTs 

 

Temperature (°C) 

 

          300 

 

400 

 

         450 

 

        500 

 

VT shift (V) 

 

         -0.03 

 

         -0.26 

 

       -0.16 

 

        -0.10 

 

ID / ID(0) 

 

         0.98 

 

          1.33 

 

        0.79 

 

        1.19 

 

Ώ / Ώ(0) 

 

          3.8 

 

2.0 

 

         4.2 

 

        0.29 

 

VFB shift (V) 

 

-0.06 

 

         -0.15 

 

        -0.13 

 

       -0.12 
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Figure 6-1.  Low magnification XTEM images of the gate region of AFRL AlGaN/GaN 

HEMTs on SiC showing the distinct Ni/Au gate metal stack layers and AlGaN 
and GaN epilayers.  A) Unannealed HEMT.  B) HEMT annealed at 750°C for 
0.5 h.  C) Different HEMT annealed at 750°C for 0.5 h.   

 

 
 
Figure 6-2.  Low magnification HAADF-STEM images of the gate region of AFRL 

AlGaN/GaN HEMTs on SiC showing the distinct Ni/Au gate metal stack layers 
and AlGaN and GaN epilayers.  A) Unannealed HEMT.  B) HEMT annealed 
at 750°C for 0.5 h.  C) Different HEMT annealed at 750°C for 0.5 h.  Both 
annealed HEMTs show a modification of the Ni layer of the gate but no 
change to the AlGaN. 
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Figure 6-3.  PSEM images of the top of the AlGaN layer.  A) Unannealed sub µm gate 

length HEMT.  B) Annealed sub µm HEMT showing no physical changes to 
the AlGaN layer.  C) Annealed sub µm HEMT showing degradation to the 
AlGaN epilayer. 
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Figure 6-4.  PSEM images of the top of the AlGaN layer of 1 µm gate length AFRL 

AlGaN/GaN HEMTs on SiC.  A)  Unannealed.  B) Annealed at 450°C for 0.5 h 
showing no physical changes to the AlGaN layer.  C) Annealed at 650°C for 
0.5 h showing slight pitting under the gate indicated by red arrows.  D) 
Annealed at 750°C for 0.5 h showing large, copious pitting only under the 
gate. 
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Figure 6-5.  High magnification PSEM image of the top of the AlGaN layer of an AFRL 

AlGaN/GaN HEMT on SiC showing the hexagonal symmetry of the pits 
indicated by white arrows. 
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Figure 6-6.  HAADF-STEM images of the gate region and epilayers of Ni-gate AFRL 

AlGaN/GaN HEMTs on Si(111) showing the gate metal penetration in 
dislocations.  A) Low magnification image after a 500°C anneal for 0.5 h.  B) 
High magnification image from the box in part A clearly showing the gate 
metal penetration.  C) Low magnification image showing the partial 
delamination of the gate from the AlGaN epilayer after a 600°C anneal for 0.5 
h. 
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Figure 6-7.  High magnification HAADF-STEM images of the gate/AlGaN interface of 

AFRL HEMTs on Si(111) showing the gate metal penetration depth into the 
AlGaN epilayer after a 500°C anneal.  A) 0.5 h.  B) 6 h.  The penetration 
depth of the images is within 1 nm. 
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Figure 6-8.  XTEM image of gate metal penetration and EDS chemical composition 

analysis.  A) HAADF-STEM image of the gate metal penetration at 500°C for 
0.5 h indicating the area of the EDS line scan.  B) EDS line scan of the gate 
metal penetration showing the composition in the AlGaN and metal which is 
mostly Au. 
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Figure 6-9.  HAADF-STEM images of only single metal coated AlGaN/GaN epilayers 

after a 500°C anneal for 0.5 h.  A) Ni.  B) Au. 



 

152 

 
 
Figure 6-10.  High magnification HAADF-STEM images of the gate/AlGaN interface of 

HEMTs on Si(111) after a 0.5 h anneal.  A) No anneal exposure.  B) 300°C.  
C) 350°C.  D) 400°C.  E) 450°C.  F) 500°C.  The dashed lines delineate the 
outline of the increasing metal penetration into the dislocation and increased 
Ni-Au interdiffusion is observed with temperature. 
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Figure 6-11.  Plot of the rate of metal penetration vs. temperature for 0.5 h iso-chronal 

anneals for HEMTs on Si(111) from 300°C to 500°C.  An activation energy for 
this process is linearly extracted from this plot indicating a value of ~0.31 eV. 
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Figure 6-12.  High magnification HAADF-STEM images showing the gate metal 

penetration after a 300°C anneal.  A) 0.5 h.  B) 4 h.  C) 8 h.  D) 24 h. 
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Figure 6-13.  Plot of the gate metal penetration distance vs. duration of anneal at 300°C.  

The regression equation shows that the fit is near square root DT indicating 
that the penetration is diffusion limited. 
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Figure 6-14.  Normalized IG plot showing anneals at 300°C, 400°C, 450°C, 500°C, and 

600 °C for 0.5 h.  In general, the IG increases with temperature. 



 

157 

 
 
Figure 6-15.  Change in IG after a 0.5 h anneal at 300°C indicating that the IG is always 

lower than the unstressed condition. 
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Figure 6-16.  Change in IG after a 0.5 h anneal at 400°C indicating that the IG is always 

smaller than the unstressed condition when VGS < 0.7 V. 
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Figure 6-17.  Change in IG after a 0.5 h anneal at 450°C. 

 

 
 
Figure 6-18.  Change in IG after a 0.5 h anneal at 500°C. 
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Figure 6-19.  Change in IG after a 0.5 h anneal at 600°C indicating that the IG is always 

larger than the unstressed condition. 

 
 
Figure 6-20.  Representative VT shift in an AlGaN/GaN HEMT annealed at 400°C for 0.5 

h. 
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Figure 6-21.  Normalized ID from the 400 °C anneal for 0.5 h indicating that the ID has 

increased from the stress.  
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Figure 6-22.  Normalized IG for HEMTs exposed to a 300°C anneal for up to 400 h.  The 

figure indicates that all HEMTs exhibited lower IG below VGS = 0.7 V. 
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Figure 6-23.  Shift in VT over time for HEMTs exposed to a 300°C anneal up to 400 h. 
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Figure 6-24.  Normalized ID for HEMTs exposed to a 300°C anneal for up to 400 h.  The 

figure indicates that ID decreased with time. 
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Figure 6-25.  Gate structures used in simulations to determine the effect of gate metal 

penetration on HEMTs.  A) No penetration.  B) Gate metal penetration 5 nm 
wide and 2.4 nm deep representing the 500°C for 0.5 h anneal.  C) Gate 
metal penetration 5 nm wide and 3.5 nm deep representing the 300°C for 24 
h anneal. 
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Figure 6-26.  Representative C-V curves from an AFRL HEMT on Si(111) before and 

after a 400°C anneal for 0.5 h. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK  

The body of this presented work as has identified many reliability and failure 

mechanisms in AlGaN/GaN HEMTs.  Additionally, how these defects affect the device 

performance has been outline.  These defects have been shown to be as-grown in the 

devices, caused by electrical stress, or caused by thermal stress.  Interfacial layers 

were characterized using TEM and APT.  It was revealed that they consisted of dual 

NiOx and AlOx layers.  Furthermore, in different device structures with a similar Ni-gate, 

a native oxide later was chemically identified using EELS analysis between the gate and 

AlGaN epilayer.  Unfortunately, in these devices, APT analysis was not possible, but the 

HR-TEM still ultimately revealed the O present in the interface.  By understanding the 

composition of this interfacial layer, it can now be removed from the HEMT fabrication 

process which will improve performance and reliability.   

It was shown that applying large electric fields can cause the Ni from the gate to 

react with the AlGaN epilayer.  Additionally, it is noted that the reaction was an oxide 

and that N was deficient in the defect compared to the unstressed state.  This implies 

that the Ni and AlGaN mixed into an oxide.  Furthermore, the shape of the defects 

matched the shape of the electric fields between the 5 – 6 MV/cm contours.  Therefore, 

care should be taken to design devices so that the magnitude of the field is mitigated, or 

spread out so that it does not become too large to control the shape of a Ni/AlGaN 

reaction defect should one occur.  Additionally, finding these large scale under-gate 

reaction defects is challenging.  TEM and APT both rely on < 100 nm of sample 

material.  Therefore, identifying defects by serially sectioning the samples using these 

techniques would prove fruitless.  However, analyzing the electrical data can show if 
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defects may be present.  It was shown that large, rapid initial decreases to the 

normalized ID max of stressed HEMTs corresponded to the presence of these reaction 

defects under the gate in HEMTs.  Additionally, it was shown that when the ID max 

decreased slowly that these defects were never found.  Furthermore, all HEMTs 

experienced an IG jump from the electrical stressing if carried out above the critical 

voltage.  When the electrical stress was stopped before, during, and after the IG jump 

and the normalized ID max was ‘slow’, these reaction defect at the gate were never found.  

These results indicate that monitoring the normalized ID max for ‘rapid’ decreases is a 

better measure for detecting these reaction based under-gate defects.  

Lastly, it was shown that gate metal penetrated the threading dislocation in the 

HEMTs.  This penetration negatively affects the device electrical performance although 

a combination of thermal stress followed by electrical stress was never performed.  It 

was found upon annealing that the VT shifted negatively for temperatures > 400°C, and 

for long thermal anneals at 300°C up to 400 h the VT shifted positively.  Using 

simulations of the gate metal penetration, it was found that penetration only play a minor 

role in the VT shift, a maximum of 0.04 V.  Thus, C-V measurements were performed to 

measure the change in ‘effective EF.’  The C-V measurements showed that the VT and 

VFB /effective EF shift followed the same trends.  This indicates that the VT shift is most 

likely due to the change in effective EF from the annealed HEMTs. 

While there are many reliability issues presented here, there are still many issues 

that remain with these devices.  Future work should explore the effect of changing the 

device materials or structure on the formation of these defects and therefore their 

influence on device performance.  One of the first studies that should be undertaken is 
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replacing the Ni gate metal.  It is clear from the Ni reactions with the AlGaN in Chapter 5 

and the Ni penetration into the dislocations in Chapter 6 that Ni is too reactive with 

AlGaN to be stable for long term reliability.  Therefore, it should be replaced with a 

metal less reactive with O or AlGaN. 

While passivation plays an important role in decreasing surface traps, it also 

functions as a diffusion barrier to the ambient and contains contamination.  Studies 

should be undertaken to test different chemistries of passivation from oxide and nitride 

based to more exotic ones.  For example, Chapter 5 showed that the Ni and AlGaN can 

react with O and form a defect.  Therefore, it is important to find out if an oxide based 

passivation like ALD Al2O3 reacts with the gate metal or AlGaN epilayer.  Additionally, 

its effectiveness as a diffusion barrier needs to be ascertained.  While passivation that 

does not react with the AlGaN is great for reliability, if it does not stop ambient from 

reaching the surface, then reactions could still occur.  Additionally, due to the inverse 

piezoelectric effect the amount of stress each type of passivation induces should be 

studied. 

Further studies should focus on reducing the dislocation density in AlGaN/GaN 

HEMTs.  In Chapter 6, it was shown that gate metal penetrates dislocations.  Therefore, 

more dislocations present in the device will result in more metal penetration into the 

AlGaN epilayer, and the more negative effect on electrical properties and reliability 

these defects will produce.  By decreasing the dislocations, less metal penetration will 

occur and the HEMTs will become more reliable.  Furthermore, different types of gate 

metal stacks should be examined to observe if different metals penetrate dislocations at 

different rates, as Ni is shown to penetrate the dislocations much more readily than Au.  
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An extension of this work would be the change the passivation layer chemistry between 

the gate and AlGaN.  Different interfacial chemistries may increase or decrease the rate 

of penetration due to the diffusivity or reactivity of the different metals with the layer.  
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APPENDIX A 
FLOOPS SCRIPTS FOR GATE STRUCTURES 

In this appendix, the FLOOPS scripts for each gate structure in this work are 

included.  These gate structures include the T-gate with 100 nm length on SiC, the 1 µm 

gate length on SiC, 1 µm gate length on Si(111), and an example of metal penetration 

with 5 nm width and 2.4 nm depth from a 1 µm gate length on Si(111).  The bolded text 

indicates the type of structure and is not part of the code. 

 

T-gate, 100 nm AFRL HEMT on SiC 

    proc Struct2D {} {   ;# T-gate, Lg=100 nm, SiC 

 

    #Structure definition 

 

    line x loc=-0.291 spac=0.01 tag=MetTop 

    line x loc=-0.087 spac=0.01 tag=Oxtop 

    line x loc=0.0 spac=0.001 tag=AlGaNTop 

    line x loc=0.014 spac=0.001 tag=AlGaNBottom 

    line x loc=1.8 spac=0.2 tag=GaNBottom 

    line x loc=2.0 spac=0.02 tag=AlNBottom 

    line x loc=3.0 spac=1.8 tag=BBottom 

 

    line y loc=-2.0 spac=0.1 tag=Left 

    line y loc=-1.25 spac=0.1  

    line y loc=-0.2155 spac=0.1 tag=Oxleft 
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    line y loc=-0.0475 spac=0.001 tag=Oxgs 

    line y loc=0.0 spac=0.005 

    line y loc=0.0475 spac=0.001 tag=Oxgd 

    line y loc=0.2155 spac=0.1 tag=Oxright 

    line y loc=1.25 spac=0.1 

    line y loc=2.0 spac=0.1 tag=Right 

  

    #Bulk 

    region SiC xlo=AlNBottom xhi=BBottom ylo=Left yhi=Right 

    

    #thin AlN layer 

    region AlN xlo=GaNBottom xhi=AlNBottom ylo=Left yhi=Right 

 

    #Buffer 

    region GaN xlo=AlGaNBottom xhi=GaNBottom ylo=Left yhi=Right 

 

    #AlGaN under gate 

    region AlGaN xlo=AlGaNTop xhi=AlGaNBottom ylo=Left yhi=Right 

 

    #Oxides for t-gate 

    region oxide xlo=Oxtop xhi=AlGaNTop ylo=Left yhi=Oxgs 

    region oxide xlo=Oxtop xhi=AlGaNTop ylo=Oxgd yhi=Right 

    region oxide xlo=MetTop xhi=Oxtop ylo=Left yhi=Oxleft 
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    region oxide xlo=MetTop xhi=Oxtop ylo=Oxright yhi=Right 

 

    #metal in the middle 

    region metal xlo=Oxtop xhi=AlGaNTop ylo=Oxgs yhi=Oxgd 

    region metal xlo=MetTop xhi=Oxtop ylo=Oxleft yhi=Oxright 

 

    #initialize the grid 

    init  

 

    #Smooth AlGaN 

    #Smooth GaN 

    #Smooth SiC 

 

    #Contacts 

    contact name=G metal xlo=-0.28 xhi=0.001 ylo=-0.44 yhi=0.44 add depth=1.0 

width=1.0 

    contact name=B SiC xlo=2.9 xhi=7.0 add depth=1.0 width=1.0 

    contact name=S AlGaN ylo=-3.4 yhi=-1.99 xlo=-1.0 xhi=0.0145 add depth=1.0 

width=1.0 

    contact name=D AlGaN ylo=1.99 yhi=3.4 xlo=-1.0 xhi=0.0145 add depth=1.0 

width=1.0 

} 
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1 µm AFRL HEMT on SiC 

    proc Struct2D {} {   ;# Lg=1 um, SiC 

 

    line x loc=-0.3 spac=0.01 tag=MetTop 

    line x loc=-0.1 spac=0.01 tag=Oxtop 

    line x loc=0.0 spac=0.015 tag=AlGaNTop 

    line x loc=0.015 spac=0.005 tag=AlGaNBottom 

    line x loc=1.8 spac=0.55 tag=GaNBottom 

    line x loc=2.0 spac=0.02 tag=AlNBottom 

    line x loc=3.0 spac=1.5 tag=BBottom 

 

    line y loc=-2.0 spac=0.05 tag=Left 

    line y loc=-1.25 spac=0.1  

    line y loc=-0.75 spac=0.1 tag=Oxleft 

    line y loc=-0.5 spac=0.01 tag=Oxgs 

    line y loc=0.0 spac=0.01 

    line y loc=0.5 spac=0.01 tag=Oxgd 

    line y loc=0.75 spac=0.1 tag=Oxright 

    line y loc=1.25 spac=0.1 

    line y loc=2.0 spac=0.05 tag=Right 

  

    #Bulk 

    region SiC xlo=AlNBottom xhi=BBottom ylo=Left yhi=Right 
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    #thin AlN layer 

    region AlN xlo=GaNBottom xhi=AlNBottom ylo=Left yhi=Right 

 

    #Buffer 

    region GaN xlo=AlGaNBottom xhi=GaNBottom ylo=Left yhi=Right 

 

    #AlGaN under gate 

    region AlGaN xlo=AlGaNTop xhi=AlGaNBottom ylo=Left yhi=Right 

 

    #Oxides for t-gate 

    region oxide xlo=Oxtop xhi=AlGaNTop ylo=Left yhi=Oxgs 

    region oxide xlo=Oxtop xhi=AlGaNTop ylo=Oxgd yhi=Right 

    region oxide xlo=MetTop xhi=Oxtop ylo=Left yhi=Oxleft 

    region oxide xlo=MetTop xhi=Oxtop ylo=Oxright yhi=Right 

 

    #metal in the middle 

    region metal xlo=Oxtop xhi=AlGaNTop ylo=Oxgs yhi=Oxgd 

    region metal xlo=MetTop xhi=Oxtop ylo=Oxleft yhi=Oxright 

 

    init  

    #Smooth AlGaN 

    #Smooth GaN 
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    #Smooth SiC 

 

    #Contacts 

    contact name=G metal xlo=-0.29 xhi=0.001 ylo=-0.76 yhi=0.76 add 

depth=300.0 width=1.0 ;#for 1um length 

    #contact name=G metal xlo=-0.19 xhi=0.001 ylo=-0.75 yhi=0.75 add 

depth=300.0 width=1.0 

    contact name=B SiC xlo=2.4 xhi=9.0 add depth=1.0 width=300.0 

    contact name=S AlGaN ylo=-3.4 yhi=-1.99 xlo=-1.0 xhi=0.01 add depth=300.0 

width=1.0 

    contact name=D AlGaN ylo=1.99 yhi=3.4 xlo=-1.0 xhi=0.01 add depth=300.0 

width=1.0 

} 

 

1 µm AFRL HEMT on Si(111) 

    proc Struct2D {} {   ;# Lg=1.1 um, Si substrate  

 

    #Structure definition: no defect 

     

    line x loc=-0.30 spac=0.01 tag=MetTop 

    line x loc=-0.01 spac=0.01  

    line x loc=0.0 spac=0.001 tag=AlGaNTop 

    line x loc=0.014 spac=0.001 tag=AlGaNBottom 
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    line x loc=1.0 spac=0.2 

    line x loc=2.264 spac=0.2 tag=GaNBottom 

    line x loc=3.0 spac=0.2 tag=BBottom 

 

    line y loc=-1.7 spac=0.1 tag=Left 

    line y loc=-1.25 spac=0.1  

    line y loc=-0.55 spac=0.001 tag=G-l 

    line y loc=-0.2 spac=0.1 

    line y loc=0.0 spac=0.001 

    line y loc=0.2 spac=0.1 

    line y loc=0.55 spac=0.001 tag=G-r 

    line y loc=1.25 spac=0.1 

    line y loc=1.7 spac=0.1 tag=Right 

  

    #Bulk 

    region Silicon xlo=GaNBottom xhi=BBottom ylo=Left yhi=Right 

 

    #Buffer 

    region GaN xlo=AlGaNBottom xhi=GaNBottom ylo=Left yhi=Right 

 

    #AlGaN under gate 

    region AlGaN xlo=AlGaNTop xhi=AlGaNBottom ylo=Left yhi=Right 
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    #passivation 

    region oxide xlo=MetTop xhi=AlGaNTop ylo=Left yhi=G-l 

    region oxide xlo=MetTop xhi=AlGaNTop ylo=G-r yhi=Right 

 

    #metal  

    region metal xlo=MetTop xhi=AlGaNTop ylo=G-l yhi=G-r 

 

    #initialize the grid 

    init  

     

    #Contacts 

    contact name=G metal xlo=-0.28 xhi=0.001 ylo=-0.57 yhi=0.57 add 

depth=300.0 width=1.0 

    contact name=B Silicon xlo=2.9 xhi=7.0 add depth=300.0 width=1.0 

    contact name=S AlGaN ylo=-3.4 yhi=-1.7 xlo=-1.0 xhi=0.013 add depth=300.0 

width=1.0 

    contact name=D AlGaN ylo=1.7 yhi=3.4 xlo=-1.0 xhi=0.013 add depth=300.0 

width=1.0 

} 

 

1 µm AFRL HEMT on Si(111) with gate metal penetration 2.4 nm deep and 5 nm 

wide into AlGaN epilayer  

    proc Struct2D_d1 {} {   ;#Lg=1.1 um, Si substrate  
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    #Structure definition:5 nm wide, 2.4 deep defect into AlGaN 

     

    line x loc=-0.30 spac=0.01 tag=MetTop 

    line x loc=-0.01 spac=0.01  

    line x loc=0.0 spac=0.001 tag=AlGaNTop 

    line x loc=0.0024 spac=0.0007 tag=defect 

    line x loc=0.014 spac=0.001 tag=AlGaNBottom 

    line x loc=1.0 spac=0.2 

    line x loc=2.264 spac=0.2 tag=GaNBottom 

    line x loc=3.0 spac=0.2 tag=BBottom 

 

    line y loc=-1.7 spac=0.1 tag=Left 

    line y loc=-1.25 spac=0.1  

    line y loc=-0.55 spac=0.001 tag=G-l 

    line y loc=-0.2 spac=0.1 

    line y loc=-0.0025 spac=0.0005 tag=defect-l 

    line y loc=0.0 spac=0.0005 

    line y loc=0.0025 spac=0.0005 tag=defect-r 

    line y loc=0.2 spac=0.1 

    line y loc=0.55 spac=0.001 tag=G-r 

    line y loc=1.25 spac=0.1 

    line y loc=1.7 spac=0.1 tag=Right 
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    #Bulk 

    region Silicon xlo=GaNBottom xhi=BBottom ylo=Left yhi=Right 

 

    #Buffer 

    region GaN xlo=AlGaNBottom xhi=GaNBottom ylo=Left yhi=Right 

 

    #AlGaN under gate 

    region AlGaN xlo=AlGaNTop xhi=AlGaNBottom ylo=Left yhi=defect-l 

    region AlGaN xlo=AlGaNTop xhi=AlGaNBottom ylo=defect-r yhi=Right 

    region AlGaN xlo=defect xhi=AlGaNBottom ylo=defect-l yhi=defect-r 

 

    #passivation 

    region oxide xlo=MetTop xhi=AlGaNTop ylo=Left yhi=G-l 

    region oxide xlo=MetTop xhi=AlGaNTop ylo=G-r yhi=Right 

 

    #metal  

    region metal xlo=MetTop xhi=AlGaNTop ylo=G-l yhi=G-r 

    region metal xlo=AlGaNTop xhi=AlGaNBottom ylo=defect-l yhi=defect-r 

  

    #initialize the grid 

    init  
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    #Contacts 

    contact name=G metal xlo=-0.28 xhi=0.01 ylo=-0.57 yhi=0.57 add 

depth=300.0 width=1.0 

    contact name=B Silicon xlo=2.9 xhi=7.0 add depth=300.0 width=1.0 

    contact name=S AlGaN ylo=-3.4 yhi=-1.7 xlo=-1.0 xhi=0.013 add depth=300.0 

width=1.0 

    contact name=D AlGaN ylo=1.7 yhi=3.4 xlo=-1.0 xhi=0.013 add depth=300.0 

width=1.0 

} 
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APPENDIX B 
DERIVATION OF GATE METAL PENETRATION DEFECT SIZE FOR SIMULATION 

FLOOPS uses a 2D representation of a 3D transistor.  Therefore, the 3D 

transistor must be approximated and projected into 2D.  This is taken into account in 

two ways when determining the size of the defects for the gate metal penetration 

simulation.  First the average width of the defect must be calculated.  Second, the 

average depth of the defect must be calculated.  For the first condition, the average 

width, ω, of the defect is found by finding the total area under the gate of the defects 

divided by the total area of the gate.  This proportion, α, is then applied to the 2D 

simulation gate length.  The total area of the defects can be found by: 

 Atotal = Adefect  ρ Agate                                             (B-1) 

where Adefect is the area of a regular hexagon, which approximates the shape of the 

defect and is known to be 33/2 a2 2-1 where a is the length of a side of the hexagon (nm), 

and ρ is the density of the defects under the gate (cm-2).  The area of the gate is known 

to be 165 µm2 from the gate length of 1.1 µm and gate width of 150 µm.  If ρ is 

approximately some amount, x, where x is on the order of 109 cm-2, then it can be 

shown that: 

α = (Adefect) (ρ Agate) (Agate
-1)                                      (   B-2) 

α = (Adefect) (ρ)                                                    (B-3) 

α = (33/2 a2 2-1) (x 109)                                              (B-4) 

α = (33/2 a2 2-1) (x 109) (10-14)                                         (B-5) 

α = (33/2 a2 2-1) (x 10-5)                                              (B-6) 
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where α is the proportion of the gate length of the simulation defect.  If a = 13 nm and x 

= 1 (therefore a density of 10 9 cm-2), then it can be found that α = 0.0044.  The average 

width of the simulation defect would be: 

ω = LG α                                                       (B-7) 

ω = (1100 nm) (0.0044)                                             (B-7) 

where in this case ω = ~5 nm which is the value used in the simulations in this work. 

The average depth, δ, for the gate metal penetration can also be similarly 

calculated given by: 

δ = Vdefect Adefect
-1                                                 (B-8) 

where Vdefect is the volume of the defect.  Again, the defect is approximately a regular 

hexagonal pyramid based upon SEM and TEM analysis.  Therefore, the Vdefect can be 

calculated by finding the volume of a regular hexagonal pyramid.  A regular hexagonal 

pyramid can be divided into 12 equal parts due to symmetry and the volume for each 

part can be found by: 

Vpart = ∫0a/2 ∫r xr a/2 (h – 2 h y a-1 r-1 )dy dx                              (B-9) 

where r = 31/2, a is the length of a side of the regular hexagonal base, and h is the 

height of the pyramid (or in this case the depth of the metal penetration).  This results in 

Vdefect = 8-1 3-1/2 h a2.  Now the Vdefect can be found by: 

Vdefect = 12 (Vpart)                                             (B-10) 

where multiplying Vpart by 12 was from the original symmetry of the hexagonal pyramid 

to simplify the calculations for the volume.  This yields Vdefect = 31/2 2-1 h a2.  Now, 

solving for the average penetration depth, δ, yields δ = h/3.  For an anneal at 500°C for 
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24 h, the penetration depth was ~11 nm which yields a δ ~3.5 nm which was a value 

used in the simulations.
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