
 
 

Bias Dependence of Radiation Response and Reliability of AlGaN/GaN HEMTs 

By 

Rong Jiang 

Dissertation 

Submitted to the Faculty of the 

Graduate School of Vanderbilt University 

in partial fulfillment of the requirements 

for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Electrical Engineering 

May 11, 2018 

Nashville, Tennessee 

 

Approved: 

Daniel M. Fleetwood, Ph.D. 

Enxia Zhang, Ph.D. 

Robert A. Reed, Ph.D. 

Ronald D. Schrimpf, Ph.D. 

Sokrates T. Pantelides, Ph.D. 



ii 
 

ACKNOWLEDGEMENTS 

The journey of my PhD study will end soon. Through this journey, the acquired knowledge 

and improved self-perception in this process will be the invaluable treasure of my life. I would like 

to take this great opportunity to express my gratitude to those who helped me in my PhD research 

and life. Without your contributions, this dissertation would not be possible. 

First of all, I would like to foremost offer truly heartfelt thanks to my advisor Prof. Daniel M. 

Fleetwood for his invaluable guidance and support. His great overview of my research area and his 

professional advice towards my scientific research makes the PhD research become enjoyable to 

me. His profound knowledge and religious research attitude inspire me not only in the research but 

also in my life. It would be impossible to achieve my PhD degree without his help. I am lucky to 

have him as my advisor. I also would like to thank Dr. Ronald D. Schrimpf for sharing his broad 

knowledge and deeply understanding in semiconductor and semiconductor device physics in the 

class and through the countless discussions when I encounter difficulties in research during or after 

the group meeting. I thank Dr. Sokrates T. Pantelides and his group for their great contribution in 

the physical analysis. I thank Dr. Robert A. Reed for serving on my oral and reading committee. 

Secondly, I would like to especially thank Dr. Enxia Zhang. Ever since I first start my PhD 

research, Dr. Enxia Zhang stands out in teaching me how to use the experimental equipment and 

how to package the devices. She gave me a lot of hands-on help in experiments even out of working 

hours. Her great ideas in experiments setup are also important in help me finish this work. I would 



iii 
 

also thank Dr. Xiao Shen. He performed the density function theory (DFT) calculation for the de-

fects in this work and explained the defects and physical mechanism clearly and precisely. He 

helped me understanding the mechanism and without his help I cannot finish the paper. I thank Dr. 

Jingtian Fang for his Monte Carlo simulation and TCAD simulations for explaining the result. I 

thank Mike McCurdy for his help in proton irradiation testing. I thank Dr. Anthony B. Hmelo and 

Dr. Bo Choi from Vanderbilt Institute of Nanoscale Science and Engineering (VINSE) for their 

experiment support.  

I would also like to thank the sponsors of my project. I thank the DTRA, AFOSR and AFRL 

for financially supporting this work through grant No. 1-11-1-0023 and the Hi-REV program. I 

thank our collaborators at the University of California, Santa Barbara, for providing us the Al-

GaN/GaN HEMTs used in this work. 

Then I would like to thank other students in RER group. I especially thank Dr. Jin Chen. She 

helped me a lot in learning to use the noise system in the lab. I thank Guoxing Duan for his helping 

me in learning wire bonding and doing the stress measurements. I thank Kai Ni and Huiqi Gong 

for the illuminating discussion. I am also grateful to my other friends in Vanderbilt University. I 

thank my classmate Bingshu Wang for his help in Python coding.  

At last, I would like to thank my family for their unconditional love and support. It is their 

support and encourage that make me keep moving forward in my life journey.  

  



iv 
 

TABLE OF CONTENTS 

PAGE 

ACKNOWLEDGEMENTS .................................................................................................................. ii 

LIST OF FIGURES ........................................................................................................................... vi 

LIST OF TABLES ............................................................................................................................. xii 

ABSTRACT ........................................................................................................................................... 1 

 

Chapter 

I. introduction ....................................................................................................................................... 2 

1.1 GaN and AlGaN Material Properties .................................................................................... 2 

1.2 AlGaN/GaN HEMTs ............................................................................................................... 4 

1.2.1 GaN-based HEMTs architecture .................................................................................... 4 

1.2.2 Substrates ....................................................................................................................... 5 

1.2.3 Growth processing ......................................................................................................... 7 

1.2.4 Passivation layer............................................................................................................. 7 

1.3 Reliability issues ...................................................................................................................... 8 

1.3.1 Degradation mechanisms ............................................................................................... 8 

1.3.2 Radiation effects with high field stress ........................................................................ 11 

1.3.3 Techniques for characterization trapping phenomena .................................................. 11 

1.4 Overview ................................................................................................................................ 13 

II. Background ................................................................................................................................... 16 

2.1 Hot carrier degradation in GaN HEMTs ............................................................................ 16 

2.2 OFF state dc degradation ..................................................................................................... 19 

2.3 Radiation effects in AlGaN/GaN HEMTs ........................................................................... 22 

2.3.1 Total ionizing dose effects ............................................................................................ 22 

2.3.2 Displacement damage .................................................................................................. 24 

2.4 Defects that cause degradation ............................................................................................ 27 

2.4.1 Ga and N vacancies and interstitials ............................................................................ 27 

2.4.2 Oxygen related defects ................................................................................................. 31 

2.4.3 Other defects ................................................................................................................ 33 

III. Experimental Setup .................................................................................................................... 34 

3.1 Device information ................................................................................................................ 34 

3.2 DC Measurement .................................................................................................................. 35 

3.3 Low frequency 1/f noise ........................................................................................................ 36 

3.3.1 Introduction of 1/f noise testing ................................................................................... 36 

3.3.2 1/f noise measurement setup ........................................................................................ 40 



v 
 

3.4 Proton and X-ray irradiation setup ..................................................................................... 40 

IV. Degradation and annealing effects caused by oxygen in AlGaN/GaN HEMTs ............. 42 

4.1 Experimental details ............................................................................................................. 42 

4.2 Experimental results ............................................................................................................. 43 

4.3 Discussion ............................................................................................................................... 46 

4.4 Conclusion.............................................................................................................................. 50 

V. TID effects in passivated and unpassivated HEMTs ............................................................ 51 

5.1 Experimental details ............................................................................................................. 51 

5.2 Experimental results and analysis ....................................................................................... 52 

5.2.1 TID and annealing responses of unpassivated HEMTs ................................................ 52 

5.2.2 TID and annealing responses of passivated HEMTs .................................................... 53 

5.2.3 Irradiation and annealing responses of unpassivated HEMTs with hot-carrier injection

............................................................................................................................................... 54 

5.3 Discussion ............................................................................................................................... 55 

5.4 Conclusion.............................................................................................................................. 57 

VI. Bias dependence of high field stress induced degradation in HEMTs ........................... 58 

6.1 Experimental details ............................................................................................................. 59 

6.2 Experimental Results ............................................................................................................ 60 

6.2.1 Gate bias dependence of high field stress induced degradation HEMTs at room 

temperature............................................................................................................................ 60 

6.2.2. Gate bias dependence of high field stress induced degradation at high temperature .. 65 

6.2.3. Step drain bias stress induced degradation in AlGaN/GaN HEMTs ........................... 67 

6.2.4 Low frequency noise .................................................................................................... 70 

6.3 Discussion ............................................................................................................................... 73 

6.4 Conclusion.............................................................................................................................. 78 

VII. Worst-case bias for proton and 10-kev x-ray irradiation of AlGaN/GaN HEMTs .... 79 

7.1 Experimental details ............................................................................................................. 79 

7.2 Experimental results ............................................................................................................. 81 

7.2.1 Proton irradiation: GND bias ....................................................................................... 81 

7.2.2 Proton irradiation and stress: OFF bias ........................................................................ 83 

7.2.3 Proton irradiation and on/semi-on state stress .............................................................. 85 

7.2.4 Biased X-ray irradiation ............................................................................................... 87 

7.3 Discussion ............................................................................................................................... 89 

7.4 Conclusion.............................................................................................................................. 92 

VIII. Summary and conclusions ..................................................................................................... 94 

REFERENCES .................................................................................................................................... 97 

 



vi 
 

 LIST OF FIGURES 

Figure                                                              Page 

Fig. 1.1. Schematic drawing of the crystal structure of wurtzite Ga-face and N-face GaN (after [12]). 4 

Fig. 1.2. Basic HEMT structure. (after [7]) ............................................................................................. 5 

Fig. 1.3. Schematic diagrams of (a) ID–VD curve and (b) ID-VG curve. The red dot shows the typical bias 

point we us for reliability testing. ........................................................................................................... 9 

Fig.1.4 Schematic cross section of an AlGaN/GaN HEMT, identifying critical areas which can be 

subjected to degradation (after [39]). ...................................................................................................... 9 

Fig. 2.1. (a) Top: EL image (intensity in false colors) of a device biased at VDS = 20 V, VGS = 0 V. (b) 

Bottom: EL image taken in the same electrical conditions after 5-h OFF-state test at VDS = 27 V, VGS = 

−8 V. (after [39]) ................................................................................................................................... 17 

Fig. 2.2. Intensity of the EL signal emitted by one of the analyzed HEMTs, as a function of the drain 

and gate voltage levels. (after [74]) ....................................................................................................... 18 

Fig. 2.3. Electron-energy distribution at x = 0.4 μm with different gate biases (after [75]). The inset is 

[36, Fig. 6]............................................................................................................................................. 18 

Fig. 2.4. TEM images showing the variation of defect sizes at the center and near the edge along the 

gate finger; (a) and (b) are images from the same finger, but in different positions. (c) and (d) are images 

from the same positions as (a) and (b), but on a finger from a different device (after [48]). ................ 19 

Fig. 2.5. (left) Arrhenius plot of the time constant of the process responsible for the negative Vth shift 

during stress. The activation energy of 0.37 eV is reported. (right) Schematic representation of the 

process responsible for the negative Vth shift. The surface donors are not indicated for simplicity. (after 

[83]) ...................................................................................................................................................... 21 

Fig. 2.6. Schematic energy band diagram for MOS structure under positive bias, indicating major 

physical processes underlying radiation response. After [91]. .............................................................. 23 

Fig. 2.7. Drain current vs. gate voltage for the CGH40006P as a function of total ionizing dose using 10 

keV X-rays up to a dose of 1 Mrad(SiO2). Note a negative shift in threshold voltage. This plot shows 

the worst-case threshold voltage shift of the two Cree devices tested for TID. The arrow indicates the 

direction in increasing radiation. (after [58]) ........................................................................................ 24 



vii 
 

Fig.2.8. Simple model for radiation defects created in GaN by protons and other ionizing radiation. After 

[62]. ....................................................................................................................................................... 25 

Fig.2.9 (a) SRIM simulation results of (a) energy loss and as a function of target depth, (b) Threshold 

voltages shift and transconductance reduction as a function of irradiation energies at a fluence of 

5x1015cm-2. (after [98]) ......................................................................................................................... 26 

Fig. 2.10. Formation energy of (a) Ga-N divacancies and (b) N vacancies as a function of the position 

of the Fermi level in the band gap of Al0.3Ga0.7N. (after [64]). The slopes indicate different charge states.

 .............................................................................................................................................................. 28 

Fig. 2.11. Comparison of defect levels calculated from first-principles and trap concentration 

dependence on ammonia flow as in Ref. 44.......................................................................................... 29 

Fig. 2.12. Energy barriers as a function of O–N distance and defect configurations (I) and (II) of O –H 

(smaller light atom). (after [65]) ........................................................................................................... 33 

Fig. 3.1. Schematic diagrams of passivated AlGaN/GaN HEMT structures ([13][25][27]). ................ 34 

Fig. 3.2 Topview of DUT [111]. ............................................................................................................ 35 

Fig. 3.3. DC characterstics (a) Id-Vg (left) and Ig-Vg (right) curves and (b) Id-Vd curves for AlGaN/GaN 

HEMTs. ................................................................................................................................................. 36 

Fig. 3.4. high-speed package (after [112].) ........................................................................................... 36 

Fig. 3.5. Example: excess voltage noise power spectral density Svd as a function of frequency for 

AlGaN/GaN HEMTs at 300 K, Vgs - Vth = 0.8 V, Vd = 0.05 V. ............................................................... 37 

Fig. 3.6. Experimental and calculated frequency exponent of noise power spectral density as a function 

of temperature from 85 K to 400 K.(after [61]) .................................................................................... 39 

Fig. 3.7 Low frequency 1/f noise measurement system. (after[123]) .................................................... 40 

Fig.4.1 Threshold voltage shift and (b) normalized peak transconductance for Vds = 0.5 V, 2 V, and 5 V 

as a function of stress and annealing time for NH3-rich unpassivated devices. All measurements and 

stressing were performed at room temperature under room ambient conditions, with Vds = 15 V and Vgs 

= -2 V. The post-stress annealing was performed with all pins grounded. Devices were not exposed to 

light during stressing, annealing, or measurement. ............................................................................... 44 

Fig. 4.2. Normalized peak transconductance at Vds = 0.5 V as a function of stress and annealing time in 



viii 
 

(a) NH3-rich passivated devices and (b) Ga-rich unpassivated devices. ............................................... 46 

Fig. 4.3. Normalized peak transconductance at Vds = 0.5V as a function of stress time in NH3-rich 

unpassivated devices before and after baking in air at 400K for 1 h. The red dots and blue triangles show 

results for devices measured 1 hour after baking and 48 hours after baking, respectively. .................. 46 

Fig. 4.4. Formation energy of ON in AlGaN as a function of the AlGaN Fermi level. The blue arrow 

shows the position of the +1/0 transition level. The dotted line shows the position of the CBM of GaN. 

The three straight lines with different colors represent three different charge states of ON. ................. 47 

Fig. 5.1. Changes in (a) threshold voltage and (b) normalized peak transconductance as a function of 

total ionizing dose and annealing time for Ga/AlGaN HEMTs that vary in device processing and 

passivation............................................................................................................................................. 52 

Fig.5.2. Ig-Vg curves for (a) ammonia-rich unpassivated HEMTs and (b) Ga-rich unpassivated devices 

at Vd = 0.5 V before and after X-ray irradiation. ................................................................................... 53 

Fig. 5.3. (a) Id-Vg curves AlGaN/GaN HEMTs at Vd = 0.5 V before and after X-ray irradiation with all 

pins grounded. (b) The threshold voltage as a function of total ionizing dose and time. ...................... 53 

Fig. 5.4. (a) Threshold voltage shift and (b) changes in peak transconductance as a function of time 

under X-ray irradiation and/or voltage-stress at 15 V drain bias and -2 V gate bias. ............................ 55 

Fig. 6.1. (a) Schematic diagram of HEMT structures grown on GaN-on-SiC substrates – not to scale. 

(After [23].) (b) Top view of DUT. The devices have two sources. For stressing and device testing in 

the OFF and Semi-ON states, both sources are connected. For ON state stressing and testing, only one 

of the two sources is connected to limit heating effects. ....................................................................... 59 

Fig. 6.2. Vth shifts versus stress time and gate bias in AlGaN/GaN HEMTs with (a) PAMBE GaN 

substrates and (b) MOCVD GaN substrates. Red data points show the ON bias condition, blue points 

show the Semi-ON bias condition, and black points show OFF bias conditions. The applied drain voltage 

is 20 V in all cases, and all stresses and measurements were performed at room temperature. ............ 62 

Fig. 6.3. Normalized peak transconductance degradation as a function of stress time under different gate 

bias in AlGaN/GaN HEMTs with (a) PAMBE GaN substrate and (b) MOCVD GaN substrate . The red 

data points show ON bias condition, blue points show Semi-ON bias condition and black points show 

OFF bias conditions .............................................................................................................................. 62 

Fig 6. 4. (a) Measured Vth shifts and (b) peak transconductance degradation after 10 h stress as a function 

of gate bias. ........................................................................................................................................... 63 



ix 
 

Fig. 6. 5. (a) Threshold voltage and (b) normalized peak transconductance degradation as a function of 

stress time under Vds=20V, Vgs-Vth=5.5V in AlGaN/GaN HEMTs with MOCVD GaN substrate for half 

device with single source and whole device with double source. ......................................................... 64 

Fig 6. 6 (a) Threshold voltage shift and (b) normalized peak transconductance degradation as a function 

of stress time and room-temperature annealing time for AlGaN/GaN HEMTs with PAMBE and 

MOCVD grown substrates stressed under represenrative ON state, Semi-ON state and OFF state. 

Annealing was performed at room temperature with all pins grounded. .............................................. 64 

Fig. 6. 7. the normalized transconductance as function of Vgs-Vth (over drive gate bias) for MOCVD 

GaN substrate devices before and after 10 hours stress with Vgs-Vth=-3.6V, Vds =10V ......................... 65 

Fig. 6.8. (a) Threshold voltage and (b) normalized peak transconductance degradation for ON (squares), 

OFF (triangles), and Semi-ON (circles) state stressed for Ga-rich PAMBE GaN substrate devices from 

UCSB that were stressed and measured at 300 K (solid symbols) and 400 K (open symbols). Similar 

trends in response were observed for devices on MOCVD substrates. ................................................. 66 

Fig. 6.9. Temperature dependence of (a) Vth shifts and (b) normalized peak transconductance 

degradation for Ga-rich PAMBE GaN substrate devices. ..................................................................... 66 

Fig. 6.10. Id-Vg curves for AlGaN /GaN HEMTs at Vd = 0.5 V for Ga-rich PAMBE GaN substrate devices 

from UCSB before and after ON state bias stress. The gate bias is 1 V during the stressing process (ON 

state). The drain bias stress starts at 10 V, with a step of 5 V. For each condition, devices are stressed for 

~ 10 h. ................................................................................................................................................... 67 

Fig. 6.11. (a) Threshold voltage and (b) normalized peak transconductance degradation under a series 

of drain biases for Ga-rich PAMBE GaN substrate devices from UCSB. The transconductance is 

normalized to the peak transconductance of a fresh device. ................................................................. 68 

Fig. 6.12. Id-Vg curves for AlGaN /GaN HEMTs at Vd = 0.5 V for Ga-rich PAMBE GaN substrate devices 

from UCSB before and after OFF state bias stress. The gate bias is -6 V during the whole process (OFF 

state). The drain bias starts from 10 V, with a step of 5 V. For each condition, devices are stressed for 

around 8 hours, which is sufficiently long for degradation to reach saturation at low biases. .............. 69 

Fig. 6.13 (a) Threshold voltage shift and (b) normalized peak transconductance degradation under a 

series of drain biases for Ga-rich PAMBE GaN substrate devices. The transconductance is normalized 

to the peak transconductance of a fresh device. .................................................................................... 69 

Fig. 6.14 Example: excess voltage noise power spectral density Svd as a function of frequency for 

AlGaN/GaN HEMTs at 300K, Vgs-Vth = 0.8 V, Vd = 0.05 V. ................................................................. 71 



x 
 

Fig. 6.15. Temperature-dependent noise measurements from 85 to 400 K, at f = 10 Hz for Ga-rich 

PAMBE devices fabricated at UCSB. The noise is measured under the same conditions as in Fig. 5. The 

temperature range corresponds to an activation energy scale ranging from 0.2 to 0.95 eV (top x-axis). 

The stress bias condition is (a) ON state and (b) OFF state. ................................................................. 72 

Fig. 6.16 Experimental and calculated frequency exponent of noise power spectral density as a function 

of temperature from 85 K to 400 K. ...................................................................................................... 72 

Fig. 6.17. (a) Defect energy of substitutional O in AlGaN as a function of the distance from the ideal 

lattice site, showing the existence of a DX configuration. Black squares represent transition points 

between the charge states of ON during the electron emission. The dashed line shows that the energy 

barrier to emit one electron from a negatively charged O DX center is 0.25 eV. (b) This diagram 

schematically illustrates the capture of one electron by the neutral charged oxygen ON
0, which involves 

thermally excited tunneling (red arrow) of an electron from a GaN Fermi level to the empty level of ON
0 

defect in AlGaN. The activation energy of the capture is 0.35 eV. (After [71].) ................................... 77 

Fig. 7.1. Schematic diagrams of HEMT structures regrown on GaN-on-SiC templates and FS GaN 

substrates[29]: (a) HEMT structures on GaN-on-SiC and (b) HEMT structures on FS GaN. .............. 80 

Fig. 7.2. Id-Vg curves for AlGaN/GaN HEMTs at Vd = 1 V before and after proton irradiation with all 

pins grounded: (a) HEMT on GaN-on-SiC and (b) HEMT on FS GaN. DC characterization was 

performed with Vds = 0.5 V.................................................................................................................... 82 

Fig. 7. 3 (a) Peak transconductance and (b) threshold voltage as a function of proton fluence for the 

devices of Fig. 7.2. ................................................................................................................................ 82 

Fig. 7. 4. Normalized peak transconductance of AlGaN/GaN HEMTs with (a) GaN on SiC substrate and 

(b) FS GaN substrate as function of proton fluence for OFF state (Vds = 20 V, Vgs = -6 V) and GND 

irradiation and/or voltage stress. The solid line shows device response to pure high field stress. DC 

characterization was performed with Vds = 0.5 V. The inset in (a) shows the changes in normalized 

transconductance as a function of Vg-Vth before and after 1h stress. ..................................................... 84 

Fig. 7. 5. Vth shifts for the AlGaN/GaN HEMTs of Fig. 4.4 with (a) GaN on SiC substrates and (b) FS 

GaN substrates as function of proton fluence and/or stress time for OFF state bias (Vds = 20 V, Vgs = -6 

V) and GND bias. The solid line shows the device response to pure high field stress. ........................ 85 

Fig. 7. 6. Normalized peak transconductance of AlGaN/GaN HEMTs with (a) GaN on SiC substrates 

and (b) FS GaN substrates as functions of proton fluence for ON state (Vds = 20 V, Vgs = 1 V), Semi-ON 

state (Vds = 20 V, Vgs = -2 V) and GND irradiation and/or voltage stress. The dark red and green lines 

(no symbols) show device response to pure high voltage stress. DC characterization was performed with 

Vds = 0.5 V. ............................................................................................................................................ 86 



xi 
 

Fig. 7.7. Vth shift of the AlGaN/GaN HEMTs of Fig. 7.6 with (a) GaN on SiC substrates and (b) FS GaN 

substrates as function of proton fluence for ON state (Vds = 20 V, Vgs = 1 V), Semi-ON state (Vds = 20 V, 

Vgs = -2 V) and GND irradiation and/or voltage stress. The red and green lines (no symbols) show device 

response to pure high voltage stress. ..................................................................................................... 87 

Fig. 7.8. Normalized peak transconductance of AlGaN/GaN HEMTs with (a) GaN on SiC substrates 

and (b) FS GaN substrates as function of total ionizing dose and/or stress time for ON state (Vds = 20 V, 

Vgs = 1 V) and OFF state (Vds = 20 V, Vgs = -6 V) irradiation and/or stress. .......................................... 89 

Fig. 7.9. Vth shift of the AlGaN/GaN HEMTs of Fig. 4.8 with (a) GaN on SiC substrates and (b) FS 

GaN substrates as function of total ionizing dose and time for ON state (Vds = 20 V, Vgs = 1 V) and OFF 

state (Vds = 20 V, Vgs = -6 V) irradiation and/or stress. .......................................................................... 89 

Fig. 7.10. Temperature-dependent noise measurements from 85 K to 400 K, for unirradiated GaN on 

SiC devices from this work, and for unirradiated Qorvo devices from [61]. Here Vg – Vth = 0.4 V, Vd = 

0.03 V, and f = 10 Hz for the Qorvo devices, and Vg – Vth = 0.5 V, Vd = 0.03 V and f = 10 Hz for the GaN 

on SiC devices fabricated by UCSB. .................................................................................................... 91 

Fig. 7.11. Temperature-dependent noise measurements from 85 K to 400 K in (a) unirradiated devices 

and devices irradiated with worst-case ON bias for GaN on SiC devices fabricated by UCSB, and (b) 

Qorvo devices from [61] irradiated with worst-case semi-ON bias. Fluences are quoted in protons/cm2
.

 .............................................................................................................................................................. 92 

  



xii 
 

LIST OF TABLES 

 

Table                                                              Page  

 

1-1: Comparison of material properties at room temperature (300K) (Si [10],GaAs[10], 4H-SiC [11], 

GaN[4][5][6],and AlN [4][5][6]) .................................................................................................... 3 

1-2. Comparison of substrate properties [30]. Note that lattice mismatch and thermal mismatch are 

calculated by (Substrate-GaN/GaN). .............................................................................................. 6 

2-1. Defects that responsible for electrical and radiation-induced degradation seen in previous work. 

The activation energy are calculated by DFT…………………………………………………………………………..30 



1 
 

 ABSTRACT 

 

During the last three decades, GaN-based HEMTs are increasingly developed for their excel-

lent application for high power, high frequency and radiation-tolerance. The improvements in GaN-

based HEMTs fabrication result in a material with better quality and devices with better perfor-

mance, which makes the defects generated during use a more obvious factor in device reliability. 

This results in a different degradation behavior after stress and some phenomena not observed be-

fore such as total ionizing dose effects. In this work, we tested AlGaN/GaN HEMTs with several 

different structures and growing processes. The bias dependence of reliability and radiation re-

sponse of AlGaN/GaN HEMTs are studied. Density functional theory (DFT) calculations and low 

frequency 1/f noise measurements are used to help identify the possible defects responsible for the 

electrical stress induced degradation and radiation effects. We first compare the hot carrier degra-

dation and annealing performance and total ionizing dose effects in devices with or without a pas-

sivation layer. Hydrogenated ON defects are found to be important in hot carrier effects and total 

ionizing dose effects in AlGaN/GaN HEMTs. Then the bias dependence of high field stress and its 

combination effects with X-ray and proton irradiation are evaluated. Different worst bias case was 

found in devices with different growing processes. This is attributed to multiple defects that occur 

in different locations in the devices. These results emphasize the need to test devices under a wide 

range of conditions during characterization and qualification testing. 
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 CHAPTER I 

 INTRODUCTION 

 

The bias dependence of the radiation response and reliability of AlGaN/GaN HEMTs are in-

vestigated in this thesis. Gallium Nitride (GaN) is a III-V compound semiconductor with wide 

bandgap. GaN-based high electrical mobility transistors (HEMTs) have attracted a huge amount of 

attention over the last two decades for applications in high power and high efficiency radio-fre-

quency systems. The lack of oxide layer also makes AlGaN/GaN HEMTs very robust in radiation 

environments [1][2][3], which makes them very promising in aerospace application. In this first 

chapter, a general overview of GaN-based devices is provided, including the material properties, 

device architectures, radiation effects and reliability issues. 

 

1.1 GaN and AlGaN Material Properties 

Gallium Nitride (GaN) and Aluminum Nitride (AlN) are both wide bandgap semiconductors, 

with band gaps as large as 3.4 eV and 6.2 eV, respectively. The breakdown field is 3.3 MV/cm for 

GaN and 12 MV/cm for AlN [4][5][6]. AlN can form thermal stable alloys with Ga. In particular, 

it is possible to tune the bandgap: from 6.2 eV (pure AlN) to 3.4 eV (pure GaN). The band gap of 

AlGaN can be well controlled by the component of Al. In AlGaN/GaN HEMTs, the component of 

Al is often around 0.25-0.3 [7][8], whose bandgap is around 4.1 to 4.3. The wide bandgap results 

in very low intrinsic carrier concentration even at high temperature. This allows high temperature 
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operation without excessive leakage. In addition, GaN has a high saturation electron velocity (~ 

2.5 × 107 cm/s) [4]. Due to the band off-set at the AlGaN/GaN interface and the polarization, a 

quantum well and a layer of 2DEG (two dimensional electron gas) can spontaneously be formed at 

the AlGaN/GaN hetero-junction, allowing for high electron mobility. The room temperature mo-

bility of the 2DEG is typically between 1200 and 2000 cm2/Vs [9]. Due to the wide band gap and 

high electron mobility, AlGaN/GaN high electron mobility transistors (HEMTs) are promising for 

high-power and high-frequency applications. 

 

Table 1-1: Comparison of material properties at room temperature (300K) (Si [10],GaAs[10], 4H-

SiC [11], GaN [4][5][6],and AlN [4][5][6]) 

 Si GaAs 4H-SiC GaN AlN 

Eg(eV) 1.12 1.43 3.2 3.4 6.2 

r 11.7 13.1 10 9 8.5 

(cm2/(Vs)) 1500 8500 800 900 300 

Vsat(107cm/s) 1 1 2 2.5 1.4 

Ebr(MV/cm) 0.3 0.4 3 3.3 12 

Ni(cm-3) 1.05x1010 1.8x106 9x10-7 1.9x10-10 9.4x10-34 

 

The thermodynamically stable crystal structure for GaN-based materials is wurtzite [12]. The 

most common growth direction of GaN epitaxial layers is along the c-axis [12]. The lack of inver-
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sion symmetry along this polar axis results in a spontaneous polarization. Depending on the differ-

ent growth conditions, GaN can either have a Ga-face or N-face termination, as schematically 

shown in Figure 1.1 [12]. A different face termination leads to different spontaneous polarization 

properties due to the charge transfer from the strongly electronegative N and less electronegative 

Ga. Nowadays, GaN-based devices are normally fabricated with Ga-face termination [13]. The 

alloyed AlGaN crystal shares the same polarization properties with GaN. Additionally, the lattice 

mismatch between GaN and AlGaN leads to a piezoelectric polarization when an AlGaN layer is 

epitaxially grown on top of GaN material. The spontaneous and piezoelectric polarization-induced 

high density 2DEG are the fundamental mechanisms for forming AlGaN/GaN-based electronics. 

 

1 Fig. 1.1. Schematic drawing of the crystal structure of wurtzite Ga-face and N-face GaN (after [12]).  

 

1.2 AlGaN/GaN HEMTs 

1.2.1 GaN-based HEMTs architecture 

An AlGaN/GaN high electron mobility transistor (HEMT) was first demonstrated in [14]. A 

2DEG layer is present at the interface between the AlGaN and GaN buffer layer. Due to the high 
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carrier concentration and the high mobility guaranteed by the unintentional doped structure, the 

2DEG works as an ideal transistor channel. An AlGaN/GaN HEMT is a three-terminal device, 

which has a Schottky metal gate and an Ohmic contact on the drain and source electrode. The 

current between the source and drain contact can flow through the two dimensional conducting 

channel. The channel is controlled by applying a gate voltage that can locally deplete it.  

 

2 Fig. 1.2. Basic HEMT structure. (after [7]) 

1.2.2 Substrates 

The ideal substrate for GaN epitaxy should be a GaN bulk wafer. However, due to the cost 

and limited size of a GaN bulk wafer, AlGaN/GaN HEMTs are typically grown on a large-size 

foreign substrate, such as such as sapphire, silicon carbide (SiC), diamond or silicon (Si). The GaN-

based device was first demonstrated on a sapphire substrate [15], which has the advantages of low 

cost as well as mechanical and thermal stability. However, its low thermal conductivity severely 

limits the power performance of sapphire-based GaN-based power electronic devices [16][17][18]. 

By introducing a proper buffer layer and optimizing the growth conditions, growing high quality 

GaN layers on 8-inch Si substrates [19][20][21][22] has recently been demonstrated. This allows 
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for the implementation of the subsequent device processing in an already existing Si-based pro-

cessing environment. Compared with sapphire and Si, SiC is a better a substrate to grow GaN, due 

to its excellent thermal conductivity and the small lattice mismatch between SiC and GaN. Dia-

mond substrates are also investigated for their high thermal conductivity [23]. GaN-on-diamond 

demonstrated half of the thermal resistance of that on GaN-on-SiC, but the output power of GaN-

on-diamond devices is limited by the relatively lower current density. These hetero-epitaxial growth 

methods pose a serious challenge on how to obtain a high quality GaN epitaxial layer due to the 

lattice and thermal mismatch. The typical density of threading dislocations (TDs) is on the order of 

108 to 1010 cm-2 [13]. This high density can both reduce the electron mobility in 2 DEG [24] and 

increase the gate leakage current [25]. Homo-epitaxial growth of GaN on a freestanding GaN sub-

strate can effectively reduce the density of TDs to ~107cm-2 [13][26]. Recently, AlGaN/GaN HEMT 

devices have often preferred to use extrinsic deep-level dopants in the GaN substrate to improve 

the buffer’s insulating properties. The two widely used buffer dopants are iron (Fe) and carbon (C). 

[27][28][29] 

 

Table 1-2. Comparison of substrate properties [30]. Note that lattice mismatch and thermal mis-

match are calculated by (Substrate-GaN/GaN). 

 Lattice con-

stant  

(Å) 

Lattice Mis-

match 

 (%) 

Themal Ex-

pansion Co-

effecient 

(10-6K-1) 

Thermal 

Mismatch 

(%) 

Thermal 

Conductivity 

(W/(cmK)) 

GaN a=3.19 0 5.6 0 1.3 

Sapphire a=4.75 49 7.5 33.9 0.5 

SiC a=3.08 -3.5 4.2 -25 3.3 

Si(111) 5.43 70 3.59 -35.8 1.5 



7 
 

 

1.2.3 Growth processing 

Both metal organic chemical vapor deposition and MBE techniques are widely used in grow-

ing GaN layers. It was reported that the orientation of (Al)GaN epitaxial layers grown by metalor-

ganic chemical vapor deposition (MOCVD) is normally (0001), whereas either the (0001) or the 

(000ī) orientation can be obtained with molecular-beam epitaxy (MBE) [31]. MOCVD growth is 

more widely used in industry, due to its higher growth rate. On the other hand, the MBE growth 

can get precise definition of interfaces, low point defect concentrations and very low carbon and 

hydrogen impurity concentrations. Thus, some techniques use MOCVD to grow the carbon doped 

GaN substrate and plasma-assisted MBE (PAMBE) for the unintentionally doped (UID) GaN layer 

and the AlGaN layer. On the other hand, impurities may diffuse into the UID GaN layer. To reduce 

this effect, an AlGaN back barrier inserted between the C doped GaN and UID GaN layer is also 

investigated [29]. PAMBE generally involves precisely controlled, low-temperature Ga-rich 

growth. The GaN buffer layer is usually grown at ~700 ºC to smooth the surface and reduce TDD 

[32]. Another MBE technique used in GaN growth is NH3-MBE. The NH3-MBE technique grows 

at higher temperatures compared with PAMBE techniques, i.e. 800 ºC to 900 ºC, and can obtain 

high electron mobility GaN layers on sapphire and SiC substrates [13].  

1.2.4 Passivation layer 

It is believed that surface states at the AlGaN surface provide the source of electrons for the 

2DEG channel [33]. The as-grown structure has some fixed donor-like traps on its surface [34]. 
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This surface trap can cause a dispersion between the large signal alternating current (ac) and direct 

current (dc) characteristics of the HEMTs, referred to as “DC to RF dispersion” or “current col-

lapse”. Deposition of a SiN passivation layer is an effective way to eliminate this effect, though the 

exact mechanism is still under debate [7][8][35][36][37]. Moreover, passivation of device surfaces 

with Si3N4 can have a beneficial effect on hot carrier degradation. [38] 

 

1.3 Reliability issues 

1.3.1 Degradation mechanisms 

A comprehensive understanding of degradation mechanisms and the related effects on GaN-

based HEMTs is essential for the design of more effective devices and improving their robustness 

under operation conditions. Therefore, GaN-based devices need to be examined using various reli-

ability tests in order to verify their capabilities for power switching applications. As schematically 

shown in Figure 1.3, a power device continuously switches from an OFF-state to an ON-state con-

dition. Therefore, the stability of GaN-based devices needs to be tested in regions, such as ON-state 

(high current, relatively low electric field), OFF-state (very low current, very high electric field), 

and SEMI-ON state (medium current, relatively high electric field) [39][40][41][42]. 
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3 Fig. 1.3. Schematic diagrams of (a) ID–VD curve and (b) ID-VG curve. The red dot shows the typical bias 

point we us for reliability testing. 

Ref [39]summarized the main failure mechanism in GaN-based HEMTs, as shown in Fig 1.4. 

At high temperature, the gate metal can diffuse into the semiconductor and form deep trap level, 

which is defined as “Gate sinking” [43], is one of the main reason that causes device failure in 

GaAs-based MOSFETs and HEMTs. But in GaN-based HEMTs, no significant degradation in gate 

contact is observed in either Schottky contact or Ohmic contact when the temperature is below 300 

ºC [44].  

 

4 Fig.1.4 Schematic cross section of an AlGaN/GaN HEMT, identifying critical areas which can be subjected 

to degradation (after [39]). 
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Charge trapping is induced by the pre-existing defects on the AlGaN surface (for unpassivated 

devices) or AlGaN-SiN interface, which can be generated during or after the fabrication [45]. The 

charge or discharge of defects may change the surface potential and form a “virtual gate” [36]. As 

trapping and detrapping processes are usually very fast, charge trapping is the most important issue 

in device short term reliability [41]. This effect is more significant in OFF-state conditions [46] and 

AC testing. As mentioned in 1.2.4, charge trapping is believed to be very important to cause the 

“current collapse” [36][37].  

Hot carrier effects can generate traps near the channel [41][47][48][49][50]. As GaN HEMTs 

typically work under high voltage, the high field in the channel may form “hot electrons”. When 

devices are operating at high drain voltages with high carrier densities, energetic hot carriers pro-

duced by the high electric field can depassivate or reconfigure defects near the AlGaN/GaN inter-

face by dehydrogenation [49] [51]. This effect will result in a degradation in transconductance and 

increase the ON resistence (RON), as well as cause a shift in threshold voltage. The semi-ON bias 

condition is typically the worst case for hot-carrier stress, because it has both high enough carrier 

density and electric field. This is confirmed by both electrical and electroluminescence (EL) tests 

[39].  

Inverse piezoelectric effect is another mechanism that may generate new traps [52]–[55]. As 

the center of the strongly electronegative N atom and less electronegative Ga do not coincide, the 

electric field in the gate-drain region increases the strain in the AlGaN/GaN heterojunction (“in-

verse piezoelectric effect”) Due to their lattice mismatch, AlGaN on GaN is typically under sub-

stantial tensile strain and therefore stores a sizable amount of elastic energy at rest. If the elastic 
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energy exceeds a critical value, it will eventually result in strain relaxation and crystallographic 

defect formation. Joh and del Alamo [54] have found that the critical gate-drain voltage occurs 

around VGD ≈ 20-30 V for the tested devices. This effect results in a sudden and non-reversible 

increase in the gate leakage current. To solve this problem, lattice matched InAlN/GaN HEMTs 

are investigated [56]. 

1.3.2 Radiation effects with high field stress 

The radiation response and reliability of AlGaN/GaN HEMTs are the subjects of intense re-

searc [1]–[3], [57]–[65] . As the gate of an AlGaN/GaN HEMT is controlled by a Schottky contact 

without the oxide layer, AlGaN/GaN HEMTs are believed to be super hard to total ionizing dose 

(TID). However, significant shifts in threshold voltage have been observed for other research- and 

industrial-grade devices during 10-keV X-ray irradiation [57], [58]. Besides the total ionizing dose 

effect, the more important radiation effect is the displacement damage caused by energetic particles 

such as protons. The traps generated by the displacement damage result in the reduction in device 

transconductance [65] and on-state current [1]. Recent work has shown that the sensitivity of Al-

GaN/GaN HEMTs to proton irradiation can be greatly enhanced by high-field stress during irradi-

ation [61], with the Semi-ON bias condition demonstrated to be worst-case for both threshold-

voltage shifts and trans-conductance degradation of devices fabricated by Qorvo, Inc.  

1.3.3 Techniques for characterization trapping phenomena 

Many electronic and electrooptical techniques are used to characterize the trapping phenom-

ena in GaN HEMTs. Here is the list of the most widely used: 
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1) Deep-level transient spectroscopy (DLTS). This technique is based on the analysis of capacitor 

(C-DLTS) [66][67] or drain current (I-DLTS) [67] transients as a function of channel temperature. 

These techniques can provide very accurate information on the activation energy and cross section 

of the traps. But the C-DLTS is limited by the gate area of the devices. The devices should be large 

enough for standard capacitance measurements. 

2) Low frequency 1/f noise. Trapping and detrapping of electrons in interface traps can result in a 

fluctuation in drain current, leading to noise with 1/f dependence [68][69][70]. Like DLTS, the 

temperature dependence of excess drain-voltage noise power spectral density Sv can also provide 

the information of defect activation energy [68][71][72]. As the measurement is taken at very small 

Vds and Vgs, no damage will happen during the measurement. In this PhD defense, we use 1/f noise 

measurements for trap characterization. A more detailed introduction of this technique will be in-

cluded in Chapter 3. 

3) Gate (drain) lag measurements [72]. This technique measures the drain current at fixed drain 

voltage and the gate voltage pulsed from pinch-off to open channel condition (gate-lag) or fixing 

gate voltage and drain voltage pulsed from OFF-state to open channel condition (drain-lag). Results 

of gate and drain-lag measurement can provide information on the time constants of traps.  

4) Electroluminescence [39][73][74]. With the combination of electrical and optical methods, elec-

troluminescence is widely used in characterization of hot carrier effects. This measurement is can 

be taken at the nominal operating conditions and provides information about the electric field and 

equivalent temperature of hot-electrons. This technique is also used to identify the failed regions.  
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1.4 Overview 

This PhD thesis focuses on the bias dependence of radiation effects and reliability of Al-

GaN/GaN HEMTs. For the reliability part, we tested the device under three bias conditions: ON, 

semi-ON and OFF. For radiation effects, both 1.8 MeV proton irradiation and 10 keV X-ray irradi-

ation are investigated. 

In Chapter I, we presented a brief introduction of GaN material and GaN-based HEMTs struc-

tures. Reliability issues and the most common experimental methods used to study the reliability 

of AlGaN/GaN HEMTs were discussed.  

In Chapter II, we give a more detailed introduction about the background knowledge for this 

work. Physical mechanism and previous work in hot carrier effects, off state degradation, total 

ionizing dose effects and displacement damage will be included. We give a summary of the defect 

candidates that have been found to be responsible for the high field stress induced degradation and 

radiation effects in AlGaN/GaN HEMTs. 

In Chapter III, the information of the devices we tested is given. We also introduce our setup 

for experiments, including stress setup, DC measurements and 1/f noise measurements. 

In Chapter IV, we report the degradation and room temperature annealing effects in Al-

GaN/GaN HEMTs grown under NH3-rich conditions. After stress and annealing, the peak trans-

conductance of unpassivated devices is often higher than its original value. This “super-recovery” 

is not observed in passivated devices. Density functional theory (DFT) calculations suggest that 
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dehydrogenation of pre-existing ON-H defects in AlGaN plays a significant role in hot carrier deg-

radation of NH3-rich AlGaN/GaN HEMTs. The resulting bare ON impurity centers can naturally 

account for the observed super-recovery in peak transconductance. 

In Chapter V, we first compare device response to 10 keV X-ray irradiation in unpassivated and 

passivated devices. Ammonia-rich unpassivated devices show peak transconductance degradation 

and negative threshold voltage shifts after X-ray irradiation. But only negative Vth shifts are ob-

served in passivated devices. Oxygen and hydrogen impurities are found to contribute to the re-

sponses. 

In Chapter VI, we evaluate the gate dependence of hot carrier effects under fixed drain bias (20 

V) and the device performance under a series of drain biases increasing from 10 V to 30 V or 40 V 

at two fixed gate biases: 1 V for ON state and -6 V for OFF state. Devices with two different 

processes are studied for comparison. In both kinds of devices, a positive shift in Vth is observed in 

the “ON” state and a large negative Vth shift in the “OFF” state. The worst cases for transconduct-

ance degradation are “ON” states for both devices. For step drain-bias stress testing, devices show 

typical hot carrier degradation under the “ON” state, which is similar to results obtained in previous 

devices [72]. But under the “OFF” state stress condition, both devices show increases in peak trans-

conductance at low drain bias. The direction of the Vth shift changes from negative to positive with 

the drain bias increasing in one kind of device. The two different directions of Vth shift indicate at 

least two different kinds of defects or mechanisms should be responsible for high field stress-in-

duced degradation in the “OFF” state. 

In Chapter VII, we report the effects of 1.8 MeV proton irradiation, 10-keV X-ray irradiation, 
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and high-voltage stress on AlGaN/GaN HEMTs with two different processes, for a range of typical 

bias conditions: “ON” state, “Semi-ON” state and “OFF” state. The devices’ response to irradiation 

is enhanced by the high electrical field stress but different devices show different worst cases. The 

worst-case response for transconductance degradation is observed for the “ON” bias condition, in 

one kind of devices, and “Semi-ON” for another. Significant total-ionizing dose (TID) effects are 

observed during 10-keV X-ray irradiation in each type of device. Low-frequency noise measure-

ments are performed to evaluate the types of defects and the resulting defect energy distributions 

both before and after proton irradiation, for these devices.  

In the Chapter VIII, a brief summary and conclusions are presented. 
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CHAPTER II 

BACKGROUND 

 

This PhD thesis focuses on the bias dependence of radiation effects and reliability of Al-

GaN/GaN HEMTs. The reliability tests involve three bias conditions: ON state, semi-ON state and 

OFF state. For radiation effects, both 1.8 MeV proton irradiation and 10 keV X-ray irradiation are 

investigated. Hot carrier effects, total ionizing dose effects and/or displacement damage may occur 

during the stress and radiation processes. In this chapter, we will give a brief introduction of the 

mechanisms of these effects. 

 

2.1 Hot carrier degradation in GaN HEMTs 

In high power conditions, GaN HEMTs are often subject to high voltage and non-negligible 

drain current. Electrons injected from the source can be accelerated by the electric field and become 

“hot”. Hot carrier induced degradation is one of the most significant failure mechanisms of GaN 

HEMTs, due to shifts in threshold voltage and increases in on-resistance. This degradation can be 

recoverable [75], when caused by charge trapping, or permanent, if lattice defects are generated 

[49][76]. The density of hot electrons is determined by the source current, while the energy of hot 

carriers is defined by the electric field. Hot carrier effects need both high field and large current. 

To get the information about electric field effects and hot electron concentrations, electrolu-

minescence (EL) characterization is a technique often used to study hot carrier effects [39] [73][74]. 
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Fig 2.1 shows an example of EL micrographs for ON-state and OFF state stress [39]. In Fig. 2.1(a), 

the false colors indicate a high density of hot carriers evenly distributed along the channel during 

ON-state stress. In Fig. 2.1 (b), the density of carriers is much smaller and the distribution shows a 

discontinuity. When measured as a function of VGS, keeping VDS constant, the EL intensity has a 

nonmonotonic “bell-shaped” behavior similar to that of gate current in GaN HEMTs [77], as shown 

in Fig. 2.2 . When VGS is smaller than the pinch-off value, the gate-drain voltage VGD and the electric 

field are maximum, but there are no carriers in the channel, so no light is emitted. The intensity of 

the EL signal starts increasing when the gate voltage becomes higher than the pinch-off voltage. 

However, with a further increase in VGS, a decrease in the average energy of the electrons in the 

channel and of the electroluminescence signal will be observed because the gate-to-drain electric 

field will decrease. The measurement of EL intensity as a function of VDS and VGS allows one to 

evaluate the severity of the “hot-electron-stress” in the device under test. The peak of the bell-

shaped curve suggests a region with high density of carriers with high energy, which should be the 

most dangerous bias conditions for hot-electron-induced degradation, the so-called “semi-ON” re-

gion.  

 

5 Fig. 2.1. (a) Top: EL image (intensity in false colors) of a device biased at VDS = 20 V, VGS = 0 V. (b) Bottom: 

EL image taken in the same electrical conditions after 5-h OFF-state test at VDS = 27 V, VGS = −8 V. (after 

[39]) 
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6 Fig. 2.2. Intensity of the EL signal emitted by one of the analyzed HEMTs, as a function of the drain and 

gate voltage levels. (after [74]) 

Monte Carlo analysis of hot-electron degradation in AlGaN/GaN HEMTs also suggests the 

maximum degradation occurs in the semi-ON bias condition [78][79]. Fig. 2.3 shows the number 

of electrons as a function of energy near the edge of the gate [78]. A spatial peak of electron density 

with an activation energy of 1.5 eV is observed for the Semi-ON bias condition, with a large tail 

extending over 3 eV. Electrons in the distribution tail have high energy, and the energy is sufficient 

for dehydrogenation of pre-existing defects, such as N antisites and Ga vacancies, which play an 

important role in hot carrier induced degradation [49][80]. 

 

7 Fig. 2.3. Electron-energy distribution at x = 0.4 μm with different gate biases (after [75]). The inset is [36, 

Fig. 6]. 
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2.2 OFF state dc degradation 

DC degradation under OFF state bias is also described in this dissertation. Under the OFF-

state condition, the device is biased at a high drain voltage with a negative gate bias under the cut-

off condition, as shown in Fig. 1.3. The degradation is caused by the high electric field [40][81]. 

For DC characterization, the degradation mainly is observed as: 1) output current drop [53], 2) 

permanent leakage current increase [81][82] and 3) negative threshold voltage shift [83].  

 

8 Fig. 2.4. TEM images showing the variation of defect sizes at the center and near the edge along the gate 

finger; (a) and (b) are images from the same finger, but in different positions. (c) and (d) are images from the 

same positions as (a) and (b), but on a finger from a different device (after [48]). 

TEM analysis revealed that electrically degraded devices always contain a pit-like defect next 

to the drain [52] and/or gate [53] in the top AlGaN layer, as shown in Fig. 2.4. One of the most 

widely used theories to explain the formation of the pit-like defect is the inverse piezoelectric effect 
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[84]. As GaN and AlGaN are both polarized materials [4], large electric fields between the gate and 

drain can modify the strain configuration in the AlGaN layer. When a high electric field is applied, 

the AlGaN barrier expands due to the inverse piezoelectric effect. If the total strain exceeds a crit-

ical value, strain can relax through defect formation, such as dislocations. These traps can be 

charged and result in the reduction in the carrier concentration in the channel. This mostly happens 

right next to the gate where the fields are highest [85]. This effect can be resolved by using strain-

less InAlN instead of AlGaN. But this structure suffers the localization of In clusters, which can 

make the device performance unstable [86]. 

The hypothesis of inverse piezoelectric effects has several challenges. Marcon et al. found that 

gate degradation can occur under a lower gate voltage, which is below the critical voltage, men-

tioned by Joh, et al. in [54]. In Ref. [81], Marcon et al. showed that the gate leakage current increase 

should be due to the random formation of percolation path along the gate width, which is not related 

to inverse piezoelectric effect and does not lead to permanent output current drop. This degradation 

does not happen above or below a certain voltage. Instead, it is a time-dependent voltage acceler-

ated phenomenon. Another explanation for the generation of the pit-like defect is vacancy migra-

tion [87]. Although the migration barrier for the vacancies are high, the barrier can be decreased 

significantly when a high electric field is applied by  

migrE Eqd  .                            (2.1) 

Here E is the electric field strength along the direction of atomic migration, q is the charge state of 

the defect, and d is the distance from the initial site to the point of highest energy. The migration 

energies of Ga and Al vacancies in AlGaN under the combination of lattice mismatch, piezoelectric 
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effect, and electric-field-induced barrier lowering become 1.0 and 0.9 eV, respectively. Thus, this 

migration can happen at room temperature.  

The hypothesis of inverse piezoelectric effects also cannot explain the threshold voltage shift 

after stress [83][88]. Meneghini et al. observed a significant negative threshold voltage shift when 

the devices were stressed using Vgs = -10V with other pins grounded at 150 °C. The result suggests 

that Vth shifts may originate from trapping/detrapping from traps located at the SiN/AlGaN inter-

face at the edge of the gate overhang, on the drain side [83]. This positive charge may originate 

from the generation of holes [88], or generation of donor defects at the AlGaN/GaN heterointerface 

[89]. The released electrons can tunnel into the AlGaN/GaN interface when negative gate bias is 

applied, and results in an increase in drain-source current and yellow band in EL spectra [46].  

 

9 Fig. 2.5. (left) Arrhenius plot of the time constant of the process responsible for the negative Vth shift during 

stress. The activation energy of 0.37 eV is reported. (right) Schematic representation of the process respon-

sible for the negative Vth shift. The surface donors are not indicated for simplicity. (after [83]) 
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2.3 Radiation effects in AlGaN/GaN HEMTs 

The energetic particles in space such as protons, electrons and heavy ions can cause permanent 

damage in electronic devices by creating electron-hole pairs or displacement damage [90]. These 

can lead to a variety of effects on the performance of GaN HEMTs, including pinch-off voltage 

shift, increased junction leakage current, transconductance degradation and noise enhancement 

[57]–[65]. GaN is believed to be a radiation hard semiconductor material due to its wide bandgap 

(3.4 eV) and the strong bond between Ga and N. Compared to its competitors like AlGaAs/GaAs 

devices, GaN-based HEMTs are about two orders of magnitude less sensitive to displacement dam-

age due to proton irradiation [1]. The lack of an oxide layer makes the AlGaN/GaN HEMTs less 

sensitive to total ionizing dose effects [2]. This makes AlGaN/GaN HEMTs very promising in aer-

ospace applications, and it is very useful to study the combination effects of radiation effects and 

high field stress.  

2.3.1 Total ionizing dose effects 

When sufficiently energetic particles interact with semiconductor devices, ionization can oc-

cur. Charged particles hit the target materials and create electron-hole pairs. Fig. 2.6 shows a sche-

matic energy diagram of a MOS structure under positive bias applied to the gate and indicates the 

major physical processes that contribute to the total ionizing dose effects in a MOS device [91]. 

When a MOS devices is exposed to high energy ionizing radiation, electron-hole pairs are created 

in the oxide layer. Because the electrons have a much higher mobility than the holes in SiO2 [92], 

most of the electrons are rapidly swept out of the oxide, and holes are trapped in the pre-existing 
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traps or further transport to the Si/SiO2 interface by hopping. At the Si/SiO2 interface, some of the 

holes are neutralized by electrons tunneling from the silicon and others get trapped at deep states 

forming positive oxide trap charges. These oxide trapped charges can cause a shift in the threshold 

voltage. At the same time, hydrogen ions can be released in the oxide bulk as holes transport toward 

the interface. Those protons can drift to the Si/SiO2 interface under positive gate bias and react with 

Si-H to form H2, leaving silicon dangling bonds at the interface. These dangling bonds can act as 

interface traps, leading to a change of threshold voltage and a decrease of carrier mobility.  

 

10Fig. 2.6. Schematic energy band diagram for MOS structure under positive bias, indicating major physical 

processes underlying radiation response. After [91]. 

The most total-dose radiation sensitive parts are the oxide insulators because the large differ-

ence in electron and hole mobility in SiO2 and the fixed deep hole trapping in the oxide layer. In 

AlGaN/GaN HEMTs, this effect is not significant because it typically lacks the oxide insulator. 

Earlier 10-keV X-ray experiments with the AlGaN/GaN high electron mobility transistors found 

no significant changes after a total ionizing dose of 30 Mrad(SiO2) [93] and gamma irradiation of 

AlGaN/GaN HEMTs up to a dose of 600 Mrad(SiO2) did not substantially change the characteris-

tics [2]. However, in some recent works, significant shifts in threshold voltage have been observed 
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for both research- and industrial-grade devices during 10-keV X-ray irradiation [57], [58]. This 

TID sensitivity occurs most likely because the density of native defects in AlGaN/GaN HEMTs is 

being reduced by improvements in fabrication technology, making TID effects caused by radiation 

exposure more easily observed. Thus, it is increasingly important to understand the mechanisms of 

total ionizing dose effects in AlGaN/GaN HEMTs. 

 
11Fig. 2.7. Drain current vs. gate voltage for the CGH40006P as a function of total ionizing dose using 10 

keV X-rays up to a dose of 1 Mrad(SiO2). Note a negative shift in threshold voltage. This plot shows the 

worst-case threshold voltage shift of the two Cree devices tested for TID. The arrow indicates the direction 

in increasing radiation. (after [58]) 

2.3.2 Displacement damage 

When energetic nuclear radiation interacts with a semiconductor material, it may displace 

some atoms from their original sites in the semiconductor lattice. The displaced atoms may form 

pairs of vacancies and interstitials. These are called Frenkel pairs [1]. Most will recombine after 

some time, while others can form stable defects. This radiation-induced displacement damage in 

the crystal lattice may lead to changes in the properties of the devices. Compared with total ionizing 
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dose effects, displacement damage is a more critical radiation effect in GaN-based devices [1].  

In an ideal lattice, the Frenkel pair generated in GaN lattice, gallium vacancies VGa and gallium 

interstitials Gai, nitrogen vacancies VN, and nitrogen interstitials Ni will form shallow donors and 

deep acceptors at Ec - 0.06 eV (VN
+), Ec - 0.8 eV (Gai

++), Ec - 1.0 eV (Ni
-) and Ec - 2.6 eV (VGa

+) [1]. 

But generally this is not the case. Theoretical calculation of displacement defects in GaN shows 

that there exists a wide distribution of threshold energies for both Ga and N sublattices, with mini-

mal energies of defect formation of 18 eV for Ga and 22 for nitrogen, with average displacement 

energy of 45 for Ga and 110 for N [94]. This difference is because of the high density of as-pro-

cessed defects, both during and after fabrication [95]. These preexisting defects and the complexes 

formed by as-processed defects with irradiation induced defects are dominant in the radiation re-

sponse of GaN-based HEMTs [61][96]. 

 
12Fig.2.8. Simple model for radiation defects created in GaN by protons and other ionizing radiation. After 

[62]. 

Proton irradiation damage and its annealing effects in AlGaN/GaN HEMTs were first reported 

by Cai et al. [97]. After exposure to 1.8 MeV proton irradiation to a fluence of 1014 p/cm2, the 

saturation current of HEMTs dropped from 260 mA/mm to about 100 mA/mm, and the device 

transconductance was also degraded from about 80 mS/mm to 26 mS/mm. The electrical perfor-

mance can gradually recover with increasing RTA (rapid thermal anneal) temperature, and can re-
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cover significantly after the annealing temperature reaches 600 °C. This annealing effect is con-

sistent with experiments that show the low annealing temperature of Ga and N interstitials and the 

high annealing temperature of VGa in GaN material [98].  

Several groups studied the energy dependence of proton-induced degradation in AlGaN/GaN 

HEMTs, and found that at fixed fluence, including low fluence (1013 cm-2) and high fluence 

(1015 cm-2), the devices showed the largest changes for the lowest proton energies [63], [93], [99], 

[100]. These effects are explained by the decrease of the energy transferred to Al, Ga and N atoms 

in elastic collisions occurring within the active region of devices as the range of protons increased 

with increasing energy, i.e., the larger non ionizing energy loss of low energy protons. So 1.8 MeV 

protons are commonly used to study the displacement damage in GaN-based HEMTs. 

 

13Fig.2.9 (a) SRIM simulation results of (a) energy loss and as a function of target depth, (b) Threshold 

voltages shift and transconductance reduction as a function of irradiation energies at a fluence of 5x1015cm-2. 

(after [98]) 

As various processing technologies employ different surface and layer growth, the radiation 

response of AlGaN/GaN HEMTs also shows sensitive dependence on processing, similar to elec-

trical stress. Roy et al. [64] and Chen et al. [65] studied 1.8 MeV proton induced degradation in 
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AlGaN/GaN HEMTs fabricated using Ga-rich, N-rich and NH3-rich conditions using dc measure-

ments and low frequency 1/f noise. Similar positive shifts in pinch-off voltage were obtained in all 

cases. The 1/f noise testing results suggest that N vacancies and divacancies generated during the 

irradiation are responsible for the pinch-off voltage changes. At the operating bias condition, these 

acceptor-like traps are negatively charged, leading to the positive shift in Vth. Besides N vacancies, 

the dehydrogenation of ON-H results in similar effects. Chen’s [61] work on the combined effects 

of proton irradiation with high electrical field stress shows the sensitivity of AlGaN/GaN HEMTs 

to 1.8 MeV proton irradiation is greatly enhanced by biasing the devices during irradiation and/or 

applying high field stress before irradiation. Noise test results also support that the dehydrogenation 

of ON-H is responsible for the proton-induced degradation.  

 

2.4 Defects that cause degradation 

Fig. 2.8 suggests the deep levels formed by Frenkel pair defects may result from the displace-

ment damage. But in fact the defects types and the charge states are more complex [101] [102]. In 

this section, a brief summary of most common defects are presented. By helping to identify the 

activation energy, temperature-dependent low frequency 1/f noise can help us to identify the defects 

that causes the degradation before and after high field stress with/or irradiation. The activation 

energies are calculated by density functional theory (DFT) [51], [60], [76], [78], [79]. 

2.4.1 Ga and N vacancies and interstitials 

After proton irradiation, Frenkel pairs may be generated in a GaN lattice, including gallium 
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vacancies VGa and gallium interstitials Gai, nitrogen vacancies VN, and nitrogen interstitials Ni. Ga-

N divacancies can also formed. The defects that dominate the degradation are strongly dependent 

on the grown process of GaN and AlGaN [49], [64], [70], [71],. The charge state of the defects is 

controlled by the position of Fermi level. For example, in devices grown by Ga-rich and N-rich 

MBE, the dominant defects are suggested to be N vacancies and Ga-N vacancies [103]. Fig 2.10 

shows the formation energy of (a) Ga-N divacancies and (b) N vacancies as a function of the posi-

tion of the Fermi level in the band gap of Al0.3Ga0.7N and the slope indicate charge state.  For n-

type AlGaN and GaN, the charge state can change from -2 to -3 for Ga-N divacancies (Fig. 2.10 

(a)) and -1 to -3 for N vacancies (Fig. 2.10 (a)) when the Fermi level is changed by the bias.  

Unlike displacement damage, hot electrons with several electron volts of energy are not able 

to create stable point defects in a perfect crystal. Dehydrogenation of preexisting defects that were 

passivated by hydrogen can then be the dominant degradation mechanism. Fig. 2.11 summarizes 

the activation energy of the most common defects: hydrogenated N vacancies, Ga vacancies, Ga-

N divacancies and nitrogen antisite defects. The detailed formation energy and charge states of 

specific defects can be found in Ref [49].  
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14Fig. 2.10. Formation energy of (a) Ga-N divacancies and (b) N vacancies as a function of the position of 

the Fermi level in the band gap of Al0.3Ga0.7N. (after [64]). The slopes indicate different charge states.  

 

15Fig. 2.11. Comparison of defect levels calculated from first-principles and trap concentration dependence 

on ammonia flow as in Ref. 44. 

Previous research from our group has suggested several defect candidates that are mostly pos-

sible for hot carrier or radiation induced degradation. Table 2-1 summarized the defects that we 

have seen in previous studies. N vacancies (VN
3-), with an activation energy of 0.24 eV and Ga-N 

divancancies (VGa-VN-Hx) with an activation energy around 0.4 eV to 0.5 eV are responsible for 

displacement damage in Ga-rich and N-rich devices [60]. Dehydrogenation of triply hydrogenated 
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Ga-vacancies into the [VGaH2]−1 or [VGaH]−2 complexes is responsible for hot carrier effects in am-

monia-rich devices [70]. The nitrogen antisite defect [NGa] with activation energy of 0.54 eV and 

[NGaHx] with activation energy of 1.05 eV are responsible for hot carrier effects in N-rich devices 

[80].  

Table 2-1. Defects that responsible for electrical and radiation-induced degradation seen in previous 

work. The activation energy are calculated by DFT. 

Type of defects Process donor or 

acceptor 

Defect Energy 

(eV, below Ec), 

Type of stress 

Ga and N 

vacancies 

VN  Ga-rich 

[64] 

acceptor  

([VN]3-) 

0.25 in GaN [49] 

1.2 in AlGaN [64] 

Proton irradiation  

[64] [65], 

VGa N-rich  

[70],[103] 

acceptor 

([VGaHx]-) 

 (x=0~3) 

> 2 [70] 

(Not observed in 1/f 

noise) 
 

1. Dehydrogenate 

at high electric 

field &low cur-

rent 

(gate voltage 

close to Vth) 

[70],[103] 

2. High electric 

field: [60]  

[NGa]-→[VGa]3-

+Ni
- 

VGa-VN-

Hx 

(x=0~3) 

Ga-rich  

[64] [72] 

acceptor 

([VGa-

VN]3-)  

0.6 in GaN [49] 

1.1 in AlGaN 

[49],[60], [64] 

 

 

 

1. Proton irradia-

tion [64] 

2. High electric 

field: [60]  

[VGa]3-→[VGa-

VN]3-+Ni
- 

3.Semi-ON state 

stress [72]  

N antisite NGa NH3-rich 

[49], 

[103]; 

N-rich 

[70][80]; 

Qorvo 

[61] 

acceptor  

([NGa]-) 

0.65 in GaN [49] 

[80] 

1.7 in AlGaN  

[70][80] 

1.As-processed 

[61] 

2. proton irradia-

tion and/or high 

field stress [61] 

3. High electric 

field &low cur-

rent 
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(gate voltage 

close to Vth) 

[70][80] 

NGaHx 

(x=1~3) 

NH3-rich 

[49],[103] 

N-rich 

[71] 

acceptor  

([NGaH3]-,

[NGaH]-) 

>1.5 [80] 

 (Not observed in 1/f 

noise) 

As-processed [61] 

[80] 

 

O related ON
-1DX 

center 

All pro-

cesses 

[65][71][9

6][104]  

acceptor  0.25 (barrier from 

ON
- to ON

0) [71] 

As-processed [71] 

ON neutral  1.Semi-ON state 

stress [104] 

2.TID [96] 

3.Proton irradia-

tion [65]  

ON
+ donor 0.5 (ON

+ to ON
-) [71] 

ON-H neutral 

& 

acceptor 

1 (configuration I to 

II) 

0.5 (configuration II 

to II, [ON-H]-) [65] 

VGa-ON-H Qorvo 

[61] 

acceptor ~0.7 [61] [105] 1.As-processed 

[61] 

2.Dehydrogenate 

at high electric 

field &low cur-

rent [49] 

Fe com-

plexes 

FeGa–H Ga-rich 

[72], [21] 

donor 

( FeGa
+) 

 

~0.55 (FeGa
+) 

[106][105] 

~1.5 (FeGa–H) 

[106]in GaN 

Hot carrier degra-

dation [72] [106] 

FeGa–VN–

H 

donor 

([FeGa–

VN]+) 

~0.55 ([FeGa–VN]+) 

[106] [105] 

~1.5 (FeGa–VN–H) 

[106] in GaN 

Hot carrier degra-

dation [72], [106] 

2.4.2 Oxygen related defects 

Although oxygen is not used in any fabrication step of AlGaN/GaN HEMTs, oxygen is an 

impurity that almost cannot be avoided [65][71][104]. Oxygen diffusion and moisture diffusion 

during and after fabrication, residual gases in the chamber, and the oxide plasma surface treatment 

can all introduce oxygen related impurities into the AlGaN or GaN layer [104], [107], [108]. ON 
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related defects can exhibit different charge states which may depend on the position of the Fermi-

level. The ON
-1 DX center is the most stable state before stress. Thermal excitation of an ON

-1DX 

center can lead to the emission of an electron to the AlGaN conduction band, which converts the 

negatively charged DX center into a neutral ON. The activation energy here is ~0.25V. Neutral ON
0 

can further emit an electron, resulting in ON
+1, with essentially no energy barrier. The energy barrier 

for ON
+ capturing an electron and converting into ON

0 is 0.3 eV [68].  

Hydrogenated substitutional oxygen, i.e., ON-H defects, are also common in AlGaN/GaN 

HEMTs. The ON-H defect complex shows two configurations I and II with activation energy of 

1.0 eV and 0.5 eV respectively [61]. As shown in Fig. 2.12, the activation energy required is 1.0 eV 

for reconfiguration from I to II and 0.5 eV for reconfiguration from II to I. During proton irradiation 

and/or high field stress, the H atom can be removed from the ON-H. This occurs easily via interac-

tion of transporting holes with the ON–H; this process is similar to H transporting in irradiated 

Si/SiO2 and interaction with a hydrogen atom to release a proton, as shown in Fig. 2.6. This reaction 

occurs with a low energy barrier. The dehydrogenation can result in an increase in noise spectrum 

at low temperature, corresponding to a peak at 0.2 eV, which is often observed in AlGaN/GaN 

HEMTs [61][65][72][80]. Additionally, a hydrogenated oxygen impurity can be complexed with a 

Ga vacancy and form VGa-ON-H; this defect has a charge transition level of ~ 0.7 eV. [61] 
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16Fig. 2.12. Energy barriers as a function of O–N distance and defect configurations (I) and (II) of O –H 

(smaller light atom). (after [65]) 

2.4.3 Other defects 

Carbon and iron are two elements often used in doping of GaN substrates. The related defects 

have very high probability to exist in an AlGaN/GaN HEMTs. A yellow band can be observed in 

the EL of carbon-doped GaN, which suggests that the carbon can act as a deep acceptor with an 

energy level around 860 meV [109], 1040 meV, or 650 meV [110]. In Ref. [106], Mukherjee et al. 

suggested two iron complexes can be responsible for hot carrier effects in AlGaN/GaN HEMTs: 

FeGa–H with an activation energy of 0.6 eV [105], and FeGa–VN–H, whose activation barrier is 1.4 

eV. The dehydrogenation of these two defects can result in positively charged defects: FeGa
+, and 

FeGa–VN
 +, resulting in the negatively shifted threshold voltage.  
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CHAPTER III 

EXPERIMENTAL SETUP 

 

3.1 Device information 

In this dissertation, we studied devices with several different structures. Fig 3.1 shows the 

schematic cross-section of the devices. AlGaN/GaN HEMTs were fabricated in AlGaN/GaN heter-

ostructures grown by ammonia-rich or Ga-rich plasma-assisted molecular beam epitaxy (PAMBE) 

on 4H-SiC substrates (group A) or on GaN-on-SiC substrates (Ga-rich, group B) or freestanding 

(FS) GaN substrates (Ga-rich, group C) at the University of California, Santa Barbara [13][25][27]. 

The top view of the device is shown in Fig. 3.2. Devices with a T-shaped layout, and 2x 75µm gate 

width were tested. The gate has the shape of an inverted trapezoid, with a length (LG) of 0.7 µm. 

The gate-to-drain separation (LGD) is 1 µm and the gate-to-source separation (LGS) is 0.5 µm. In 

Chapter IV and V, we study both unpassiavated and passivated devices of group A.  

 

17Fig. 3.1. Schematic diagrams of passivated AlGaN/GaN HEMT structures ([13][25][27]). 
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18Fig. 3.2 Topview of DUT [111]. 

 

3.2 DC Measurement 

Fig. 3.3 shows the typical DC characteristics of an AlGaN/GaN HEMT. In this dissertation, 

the DC characteristics are measured with HP 4156 B or Agilent B1505 parameter analyzers. Fig. 

3.3 (a) shows the Id-Vg curves of AlGaN/GaN HEMTs. An effective value of threshold voltage Vth 

was extracted from the Id-Vg curves in the linear range of transistor response. For the sample in Fig. 

3.3 (a), the threshold voltage is around -4.5 V. The gate leakage current is about 300 nA at Vgs = -7 V, 

corresponding to a gate leakage current density of 0.4 mA/mm. Fig. 3.3 (b) shows the Id-Vd curves 

of AlGaN/GaN HEMTs, with Vgs - Vth varied from -0.5 V to 5.5 V with Vgs steps of 1 V. Vds was 

swept from 0 to 10 V. The saturation current is around 90 mA at Vgs - Vth = 3.5 V, i.e., Vgs = 0 V in 

this device. The dc electrical properties may vary in devices with different structures. To reduce the 

thermal effects, the devices were bonded using a high speed package, which is a good heat sink 

[112].  
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19Fig. 3.3. DC characterstics (a) Id-Vg (left) and Ig-Vg (right) curves and (b) Id-Vd curves for AlGaN/GaN 

HEMTs. 

 

20Fig. 3.4. high-speed package (after [112].) 

 

3.3 Low frequency 1/f noise 

3.3.1 Introduction of 1/f noise testing 

When a constant bias is applied to a semiconductor device, the current can exhibit spontaneous 

fluctuation. Several mechanisms contribute to the noise and result in a unique noise spectral power 

distribution in the frequency domain. For transistors, two mechanisms are dominate [113]: 1) ther-

mal noise or white noise, caused by random thermal motion of charge carriers at any temperature, 

with the voltage noise power spectral density Svd independent of frequency [114]; 2) flicker noise 
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[68], [69], [113], [115], exhibiting a frequency dependence of Svd ∝ 1/f α (with α in the range 

0.8~1.4), where  

   ln / lnvdS f                                (3.1) 

This 1/f noise dominates the noise spectrum at low frequency.  

 

21Fig. 3.5. Example: excess voltage noise power spectral density Svd as a function of frequency for Al-

GaN/GaN HEMTs at 300 K, Vgs - Vth = 0.8 V, Vd = 0.05 V. 

Flicker noise is also called 1/f noise. An example spectrum of 1/f noise in AlGaN/GaN HEMTs 

is plotted in Fig 3.5. There are variety of mechanisms that have been considered to be responsible 

for 1/f noise. In general, the noise results from the trapping and de-trapping of electrons in defects 

near the AlGaN/GaN channel [116]–[118]. Two models are most popular to explain the noise spec-

trum: Hooge’s mobility fluctuation model [115] and McWhorter’s number fluctuation model[119]. 

Hooge’s model attributes the 1/f noise to fluctuation in the mobility of individual channel carriers 

and can be described by the following relationship [115]: 

                  
2 2 2

( ) ( ) ( )V I R H
S f S f S f

V I R fN


                          (3.2) 

where αH is the Hooge’s constant. Many experimental results strongly suggest that this model does 

not correctly identify the origin of the noise in these devices, and often does not describe accurately 
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the frequency, voltage, and/or temperature dependence of these devices [120].  

The McWhorter number fluctuation (ΔN) theory states that flicker noise is generated by fluc-

tuations in the number of carriers due to charge trapping in surface (or near-interface) states, where 

free carriers are randomly trapped by trap centers with different life times. The simplest version of 

this model assumes that trap centers are uniformly distributed near the channel, and that time con-

stants increase with the distance from the channel. According to this model, if a MOS device is 

operated in its linear region at constant drain current and gate bias, the 1/f noise can be described 

approximately by[120] : 
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                     (3.3) 

where SVd is the excess drain-voltage noise power spectral density, Vth, Vg, and Vd are the threshold, 

gate, and drain voltages, f is the frequency, −q is the electron charge, Cox is the gate-oxide capaci-

tance per unit area, L and W are the transistor channel length and width, kB is the Boltzmann constant, 

T is the absolute temperature, Dt (E f ) is the number of traps per unit energy per unit area at the 

Fermi level Ef, and τ1 and τ2 are the minimum and maximum tunneling times, respectively [121]. 

Dutta and Horn [68] have shown that an approximate 1/f spectrum is due to a broad distribu-

tion of activation energies. They demonstrated that the temperature dependence of the 1/f noise is 

often due to a thermally activated random process with a distribution of activation energies, which 

varies with temperature. According to the Dutta-Horn model of low-frequency noise [68][69], the 

frequency and temperature dependence of the noise are related via  

                   

0

ln ( )1
( , ) 1 ( 1)

ln( ) ln

VS T
T

T
 




  


                     (3.4) 
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where ω=2πf, T is the temperature and τo is the characteristic time of the process leading to the 

noise (here assumed for GaN to be ~ 3 x 10-14 s [65][68]). Fig. 3.6 shows that the  from experi-

mental data are in good agreement with the value suggested by Dutta-Horn model. Thus, from the 

temperature dependence of the noise magnitude, we can estimate the shapes of the defect energy 

distributions D(Eo) from low-frequency noise measurements [68][69], via 

                    D(Eo)∝ ω/(kT) *SV,              (3.5) 

where 

                    Eo = -kT ln(ωτo)                                (3.6) 

is the effective defect activation energy [122]. 

 

22Fig. 3.6. Experimental and calculated frequency exponent of noise power spectral density as a function of 

temperature from 85 K to 400 K.(after [61]) 

3.3.2 1/f noise measurement setup 

In this work, the excess noise (corrected for background noise) was measured over a frequency 
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span of 3 Hz to 390 Hz at constant 0.05 V supplied by a HP 4140B constant voltage supply and 

substrate and source grounded. The drain current was derived from a constant voltage source in 

series with a large resistor. The gate voltage is adjusted to make sure that the noise originates from 

the gated portion of the channel. Fluctuations in the drain to source voltage were measured with a 

low noise pre-amplifier SR 560 and SR760 FFT spectrum analyzer. The temperature dependence 

of 1/f noise is measured before and after electrical stress/irradiation. 

 

23Fig. 3.7 Low frequency 1/f noise measurement system. (after[123]) 

 

3.4 Proton and X-ray irradiation setup 

For the total ionizing dose effects study, the HEMTs were irradiated with a 10-keV ARACOR 

x-ray source at a dose rate of 31.5 krad(SiO2)/min at room temperature. For the displacement dam-

age study, the AlGaN/GaN HEMTs were irradiated with 1.8MeV protons to a maximum fluence of 

1x1014cm-2. The total ionizing dose effects were first investigated with all pins grounded (Chapter 

IV). In Chapters V and VI, the devices were irradiated at four bias conditions: GND, OFF, semi-

ON and ON. The proton energy is chosen for its large non-ionizing effective loss (NIEL), and the 
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fluence of 1014 is a high particle fluence compared to realistic space environments. The irradiation 

is performed at room temperature. DC and 1/f noise measurements are taken before and after irra-

diation.  
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CHAPTER IV 

DEGRADATION AND ANNEALING EFFECTS CAUSED BY OXYGEN IN ALGAN/GAN 

HEMTS 

 

In this part, the effects of room-temperature electrical stress and annealing are investigated for 

AlGaN/GaN HEMTs grown under NH3-rich conditions. Passivated devices and Ga-rich unpassiv-

ated devices with similar structures are also tested as controls. After hot-carrier stress, NH3-rich 

devices exhibit a fast recovery during room-temperature annealing with all pins grounded. After 

stress and annealing, the peak transconductance of unpassivated devices is often higher than its 

original value. This “super-recovery” is not observed in passivated devices. We employ density 

functional theory (DFT) calculations to help understand this observation and the nature of the de-

fects in these devices. Calculations suggest that dehydrogenation of pre-existing ON-H defects in 

AlGaN plays a significant role in hot carrier degradation of NH3-rich AlGaN/GaN HEMTs. The 

resulting bare ON impurity centers can naturally account for the observed super-recovery in peak 

transconductance.  

 

4.1 Experimental details 

AlGaN/GaN HEMTs were fabricated on AlGaN/GaN heterostructures with a 25 nm 

Al0.25Ga0.75N layer grown by NH3-rich or Ga-rich plasma-assisted molecular beam epitaxy 
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(PAMBE) on 4H-SiC substrates with and without SiN passivation layers at the University of Cali-

fornia, Santa Barbara. The width of the devices is 150 µm. The gate is trench shaped with a length 

(LG) of 0.7 µm. The gate-to-drain separation (LGD) is 1 µm, and the gate-to-source separation (LGS) 

is 0.5 µm. NH3-rich and Ga-rich unpassivated devices were electrically stressed with a drain voltage 

of 15 V and annealed at room temperature. Devices were packaged and not exposed to light during 

testing. The gate voltage during stress is Vgs = -2 V, corresponding to the “semi-on” state that often 

results in the most significant hot-carrier effects in AlGaN/GaN HEMTs [39]. Device Id - Vg curves 

were measured in air using a HP 4156B Semiconductor Parameter Analyzer at source-drain volt-

ages that ranged from 0.2 V to 5 V; the gate voltage was swept from -7 V to 1 V. An effective value 

of threshold voltage Vth was extracted from the Id - Vg curves in the linear range of transistor oper-

ation with Vds = 0.5 V. The initial values of Vth were approximately -4.1 V for the NH3-rich unpas-

sivated devices, -2.8 V for the NH3-rich passivated devices, and -5.1 V for the Ga-rich devices. At 

least three devices with nominally identical pre-stress response (to within ± 10 % in starting and 

post-stress threshold voltage and transconductance) were tested for each process type; representa-

tive results are shown below. 

 

4.2 Experimental results 

Ammonia-rich AlGaN/GaN HEMTs were stressed for 10 h. After electrical stress, the devices 

were annealed at room temperature in air for 5 h with all pins grounded, stressed again for 5 h, and 

annealed again for 2 h under similar conditions. Figure 4.1 shows the threshold voltage shift and 
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peak transconductance degradation as functions of time and drain bias during measurement for this 

stressing and annealing sequence. Trends are similar for different drain bias during measurement, 

with the most negative values occurring at 0.5 V, and most positive values at 5 V bias. The degra-

dation increases monotonically, indicating an increase in net positive charge with increasing stress 

time. The peak transconductance degrades about 15% after stress for Vds = 0.5 V and 5% for Vds = 

5 V, as shown in Fig. 4.1(b), indicating that traps are generated either in the AlGaN, close enough 

to the channel region to degrade the carrier mobility, and/or in the GaN buffer layer, and not pre-

dominantly at the unpassivated surface of the device. After hot-carrier stress in room ambient con-

ditions, the NH3-rich devices exhibit a fast recovery. The threshold voltage exceeds its original 

value at all three drain bias values, and the peak transconductance after stress plus annealing sig-

nificantly exceeds the pre-stress value for all cases. 

 

24Fig.4.1 Threshold voltage shift and (b) normalized peak transconductance for Vds = 0.5 V, 2 V, and 5 V as 

a function of stress and annealing time for NH3-rich unpassivated devices. All measurements and stressing 

were performed at room temperature under room ambient conditions, with Vds = 15 V and Vgs = -2 V. The 

post-stress annealing was performed with all pins grounded. Devices were not exposed to light during stress-

ing, annealing, or measurement. 

We have also investigated the responses of NH3-rich passivated HEMTs and Ga-rich unpas-

sivated HEMTs for comparison, as shown in Fig. 4.2. We increased the stress conditions to Vds = 
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20 V, Vgs = -1 V for the NH3-rich passivated devices in Fig. 4.2(a) so that the drain current (~ 30 

mA) was similar to that of the unpassivated devices in Fig. 4.1, and Fig. 4.2 because stressing these 

devices at Vds = 15 V did not cause significant degradation for stress times less than one day. Only 

partial recovery is observed during the annealing sequence in Fig. 4.2(a), in contrast with the super-

recovery [124] observed in Fig. 4.1(b). Similar degradation, followed by rapid recovery, is ob-

served for the unpassivated Ga-rich devices in Fig. 4.2(b) and NH3 devices in Fig. 4.1(b), but again 

no super-recovery of peak transconductance is observed in Fig. 4.2(b). Trends in transconductance 

degradation and threshold voltage shifts are similar at other source-drain voltages. Hence, both the 

material growth and/or device processing conditions and the presence or absence of a passivation 

layer play critical roles in determining the degradation and recovery mechanisms in these devices. 

Moisture absorption is always suspected when unpassivated devices show more significant 

degradation than passivated devices. Thus, we show in Fig. 4.3 the device degradation after first 

baking the unpassivated devices at 400 K for 1 h in an effort to drive out absorbed moisture. The 

peak transconductance first degrades rapidly, and then increases slowly with increasing stress. If 

we wait for 48 h after the devices are baked, there is no difference in the response of baked or 

unbaked devices. Hence, not surprisingly, moisture absorption plays at least some role in the ob-

served degradation. 
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25Fig. 4.2. Normalized peak transconductance at Vds = 0.5 V as a function of stress and annealing time in (a) 

NH3-rich passivated devices and (b) Ga-rich unpassivated devices. 

 

26Fig. 4.3. Normalized peak transconductance at Vds = 0.5V as a function of stress time in NH3-rich unpas-

sivated devices before and after baking in air at 400K for 1 h. The red dots and blue triangles show results 

for devices measured 1 hour after baking and 48 hours after baking, respectively.  

 

4.3 Discussion 

Critical factors we have identified in previous studies of the hot-carrier degradation of Al-

GaN/GaN HEMTs include oxygen impurity centers ON, which can either be passivated by hydro-

gen (ON-H) or remain unpassivated [49][65][72]. ON-H defects can form during and after fabrica-
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tion, with the relative densities of ON and ON-H subject to variation, depending on whether pas-

sivation or depassivation is favored during fabrication, stress, and/or annealing. We now consider 

whether this common defect may be able to account for the results shown above. 

Hot carriers can remove H from hydrogenated impurities in semiconductors [51] [78]. There-

fore, if the unpassivated AlGaN/GaN HEMTs contain significant amounts of ON-H defects, elec-

trical stress can convert some ON-H defects into bare ON defects. Hybrid DFT calculations show 

that the bare ON defect in the AlGaN layer on the GaN substrate has a +1/0 transition level right at 

the CBM of GaN, as shown in Fig. 4.4. When the device is under electrical stress, the Fermi-level 

is 0.4 eV below the Ec of GaN [71]. Therefore, bare ON is positively charged as ON
+ during stress 

(Fig. 4.4). The resulting ON
+ shifts the threshold voltage negatively and degrades the transconduct-

ance by scattering the carriers in the two-dimensional electron gas (2DEG) as a Coulombic mono-

pole, consistent with the experimental data obtained during the stressing sequence in Fig. 4.1.  

 

27Fig. 4.4. Formation energy of ON in AlGaN as a function of the AlGaN Fermi level. The blue arrow shows 

the position of the +1/0 transition level. The dotted line shows the position of the CBM of GaN. The three 

straight lines with different colors represent three different charge states of ON. 
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Using the DFT results, we can explain the recovery of threshold voltage and transconductance. 

During annealing, when the negative Vgs stress voltage is removed, the Fermi-level at the Al-

GaN/GaN interface moves above the GaN CBM and ON
+ defects capture electrons from the 2DEG 

to become neutral ON. This leads to a rapid recovery in both threshold voltage and transconductance. 

The observed “super recovery” of the transconductance can be understood by the difference in 

properties between ON-H and ON; although both defects are charge neutral, they have slightly dif-

ferent strengths in scattering electrons. Neutral ON defects have no electrical monopole or dipole 

moments and therefore scatter electrons negligibly in the 2DEG (only a short-range scattering po-

tential is present), while its precursor ON-H has an electrical dipole moment and scatters the carriers 

at a slightly higher rate (the scattering potential has a 1/r2 tail). As a result, the conversion of ON-H 

to ON after both stress and anneal can enhance the electrical mobility, relative to the pre-stress value, 

which may account for the super-recovery of the transconductance in Fig 4.1(b). If we apply elec-

trical stress again, the Fermi-level moves Ec - 0.4 eV. The neutral defects O0 emit electrons, result-

ing in ON
+. Then the peak transconductance quickly drops to a value below the original level, as 

observed in Fig. 4.1. 

The different responses of the NH3-rich unpassivated HEMTs, NH3-rich passivated HEMTs, 

and Ga-rich unpassivated HEMTs during post-stress annealing likely result from their different 

initial concentrations of ON-H precursors. Although both passivated and unpassivated devices are 

exposed to air after fabrication, and may have similar initial amounts of ON and ON-H at the top 

surface of AlGaN before the passivation step, after storage the unpassivated samples have higher 

ON and ON-H concentrations in the interior. This is because oxygen and hydrogen diffusion can 
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continue at a low but finite rate for the unpassivated devices, even at room temperature, but the 

Si3N4 passivation blocks these processes effectively. To evaluate the plausibility of the idea that 

oxygen diffusion at room temperature after device processing may contribute to the observed deg-

radation and recovery, we estimate the diffusion length x of oxygen in AlGaN using x = (2Dt)1/2, 

where D is the diffusivity and t is the time. Assuming that an unpassivated device is exposed in air 

for 6 months and taking an value of oxygen diffusivity in GaN as D = 6 x 10-16cm-2 s-1 [125],the 

calculated diffusion length is 400 nm. As the AlGaN layer in the unpassivated device is only 30 

nm thick, it is likely that oxygen can diffuse through the AlGaN and arrive at the AlGaN/GaN 

interface, leading to an enhanced concentration of ON, and the observed super-recovery in Fig. 4.1. 

Moreover, water molecules dissociate into H and OH when absorbed at the surface of GaN or 

AlGaN [126][127][128]. Thus, ON-H diffusion is also likely to occur, and H diffusion and pas-

sivation of pre-existing ON is also likely, further supporting the plausibility of these mechanisms. 

 For control NH3-rich passivated HEMTs (Fig. 4.2(a)), no super-recovery [72] occurs in pas-

sivated devices. Moreover, the recovery of the transconductance is more complex in Ga-rich un-

passivated devices (Fig. 4.2a) than for the NH3 unpassivated devices (Fig. 4.1). As shown in Fig. 

4.2(b), after the first stress, the device shows more recovery in peak transconductance than observed 

in NH3-rich passivated devices, and no super-recovery is seen. Our DFT calculations show that a 

reduction in density of Ga-vacancies inhibits O diffusivity in GaN and AlGaN [104]; hence, it is 

likely that the devices fabricated under Ga-rich conditions may have fewer ON and ON-H impurities 

than NH3-rich samples, leading to less super-recovery in transconductance. Finally, we note that 

the “super recovery” of transconductance also has not been observed in previous experiments on 
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different types of passivated devices [49][65][72], suggesting that the responsible defects in these 

NH3 unpassivated devices are different from those in previous devices, i.e., VGaHx and NGaH3. [49] 

 

4.4 Conclusion 

In summary, we have investigated hot carrier stress and annealing effects in unpassivated and 

passivated ammonia-rich AlGaN/GaN HEMTs. Devices exhibit fast recovery during annealing 

with all pins grounded, with super-recovery of the peak transconductance observed in the unpas-

sivated devices. DFT calculations suggest that dehydrogenation of pre-existing ON-H defects plays 

a significant role in hot carrier degradation of NH3-rich AlGaN/GaN HEMTs. The super-recovery 

in peak transconductance can be naturally caused by a change of the Fermi-level during the anneal-

ing process and the resulting neutralization of stress-induced bare ON defects at the AlGaN/GaN 

interface. 
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CHAPTER V 

TID EFFECTS IN PASSIVATED AND UNPASSIVATED HEMTS 

 

In this chapter, we report the effects of 10-keV X-ray irradiation and high-voltage stress on 

AlGaN/GaN HEMTs. Significant non-recoverable negative threshold voltage shifts are found in 

both passivated and unpassivated devices, but transconductance degradation is only observed in 

unpassivated devices. We attribute the variations in the observed response to differences in relative 

densities of charged oxygen and hydrogenated oxygen impurity centers among the various types of 

devices. 

 

5.1 Experimental details 

AlGaN/GaN HEMTs were fabricated on AlGaN/GaN heterostructures grown by ammonia-

rich or Ga-rich plasma-assisted molecular beam epitaxy (PAMBE) on 4H-SiC substrates (group A) 

or on GaN substrates (group B) at the University of California, Santa Barbara [13][29][65]. The 

HEMTs were irradiated with a 10-keV ARACOR x-ray source at a dose rate of 31.5 krad(SiO2)/min 

at 295 K with all pins grounded. Some devices were subjected to voltage stress under semi-on bias 

conditions [39][72] (15 V drain voltage and -2 V gate voltage). Device responses to annealing after 

irradiation were evaluated at room temperature. ID−VG curves were measured in air before and after 

irradiation with a HP 4156B Semiconductor Parameter Analyzer with 0.5 V source-drain voltage 

and gate voltage swept from -7 V to 1 V. An effective value of threshold voltage Vth was extracted 
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from ID-VG curves in the linear range of the transistor response. For group A, initial values of Vth 

were approximately -4.1 V for NH3-rich unpassivated devices, -2.8 V for NH3-rich passivated de-

vices, and -5.1 V for Ga-rich unpassivated devices. For group B, the initial value is -4 V. Pre-

irradiation device characteristics of similar devices vary by less than ~ 10%. 

 

5.2 Experimental results and analysis 

5.2.1 TID and annealing responses of unpassivated HEMTs 

 

28Fig. 5.1. Changes in (a) threshold voltage and (b) normalized peak transconductance as a function of total 

ionizing dose and annealing time for Ga/AlGaN HEMTs that vary in device processing and passivation. 

For group A, devices were irradiated to 3 Mrad(SiO2) with all pins grounded. The shifts in 

threshold voltage and changes in normalized peak transconductance are shown in Fig. 5.1. Three 

kinds of devices with the same structure were tested: NH3-rich unpassivated devices (Vth shift 

= -0.12 V), Ga-rich unpassivated devices (Vth shift = -0.10 V) and NH3-rich passivated devices (Vth 

shift less than -0.02 V). After 15 hours of annealing, there is still a -0.08 V shift in NH3-rich un-

passivated devices. The peak transconductance degrades about 7% after 3 Mrad(SiO2) X-ray irra-

diation for NH3-rich unpassivated devices and 4% in Ga-rich devices, as shown in Fig. 5.1(b). This 
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degradation is recoverable after 5 hours of annealing for Ga-rich devices and 15 hours of annealing 

for NH3-rich ones. The passivated devices show no changes in peak transconductance. In addition 

to the significant negative shift in threshold voltage, the gate leakage current also shows a signifi-

cant increase in unpassivated devices, as shown in Fig. 5.2. The leakage current increases almost 

one order of magnitude after 3 Mrad(SiO2) X-ray irradiation for both NH3-rich and Ga-rich unpas-

sivated devices, as compared to pre-irradiation gate leakage. 

 

29Fig.5.2. Ig-Vg curves for (a) ammonia-rich unpassivated HEMTs and (b) Ga-rich unpassivated devices at 

Vd = 0.5 V before and after X-ray irradiation. 

5.2.2 TID and annealing responses of passivated HEMTs 

 

30Fig. 5.3. (a) Id-Vg curves AlGaN/GaN HEMTs at Vd = 0.5 V before and after X-ray irradiation with all pins 

grounded. (b) The threshold voltage as a function of total ionizing dose and time.  
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We have also evaluated the X-ray irradiation response of passivated HEMTs fabricated with 

several different processes. Unlike the control passivated HEMTs in group A, a significant negative 

shift in threshold voltage is also observed in at least two kinds of HEMTs fabricated by UCSB 

using different processes. Fig. 5.3(a) shows the Id-Vg curves of AlGaN/GaN HEMTs fabricated on 

free-standing GaN substrates (group B) before and after irradiation with all pins grounded. The 

threshold voltage shift vs. dose is shown in Fig. 5.3(b). Here a negative shift in Vth is observed, with 

a maximum shift of -0.1 V at 2 Mrad(SiO2), with recovery to -0.04 V after 2 hours of annealing. 

This response is similar to that observed in industrial grade devices in [58]. No peak transconduct-

ance degradation is observed in these devices, and the gate leakage current only increases by about 

50% after 2 Mrad(SiO2) irradiation. 

5.2.3 Irradiation and annealing responses of unpassivated HEMTs with hot-carrier injection 

The combined effects of voltage stress and X-ray irradiation in unpassivated devices were also 

investigated. Devices were stressed with Vds = 15 V, Vgs = -2 V during the X-ray irradiation. The 

threshold voltage shifts are plotted in Fig. 5.4(a). X-ray irradiation combined with large drain bias 

stress results in a shift of -0.16 V, which is much larger than the -0.03 V shift caused by hot carrier 

effects only. We calculate the sum of the threshold voltage shift caused by hot carrier effects and 

the shift caused by X-ray irradiation with all pins grounded, as shown by the blue triangles in Fig. 

5.4(a). The value is about the same as the shift caused by X-ray irradiation with large drain bias 

stress on, indicating that the radiation-induced and voltage-stress induced threshold voltage shifts 

are simply additive. This contrasts with the more complex interaction between proton irradiation 
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and high-voltage stress in [61] and [96]. In Fig. 5.4(b), the peak transconductance of irradiated 

devices shows a degradation of 10% which is larger than either hot carrier effects (8%) or X-ray 

irradiation (7%) alone. 

 

31Fig. 5.4. (a) Threshold voltage shift and (b) changes in peak transconductance as a function of time under 

X-ray irradiation and/or voltage-stress at 15 V drain bias and -2 V gate bias. 

 

5.3 Discussion 

The above results demonstrate the sensitivity of AlGaN/GaN HEMTs to ionization effects, 

and show that ionization effects can be comparable to the degradation observed under typical volt-

age-stress conditions. Moisture absorption is always suspected when unpassivated devices show 

significant degradation relative to passivated devices. Other critical factors include oxygen impu-

rity centers ON, which can either be stand-alone impurity defects or hydrogenated as (ON-H) 

[49][65][72][76]. ON and ON-H defects can form both during and after fabrication, with the relative 

densities of ON and ON-H subject to variations, depending on whether hydrogenation or dehydro-

genation is favored during fabrication, stress, and/or annealing. Our previous work suggested that 
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dehydrogenation of pre-existing ON-H defects plays a significant role in hot carrier degradation of 

NH3-rich AlGaN/GaN HEMTs [104]. Similarly, the unrecoverable negative shift in threshold volt-

age in both passivated and unpassivated HEMTs indicate that positive charges are generated in the 

device by irradiation. Such an increase of positive charge is likely caused by the dehydrogenation 

of pre-existing ON-H defects in AlGaN layer, which leave bare ON defects that are positively 

charged when the Fermi level is below the conduction band minimum of the GaN, according to 

density functional theory calculations [104]. In the AlGaN barrier layer, the Fermi level is usually 

below that of the GaN conduction band [71], therefore most of the newly generated bare ON defects 

in AlGaN barrier layer are ON
+. The passivated devices show no degradation in peak transconduct-

ance, indicating that the newly generated bare ON
+ defects in these devices are far away from the 

AlGaN/GaN interface and thus do not affect the carrier mobility in the channel. Unpassivated de-

vices show degradation of peak transconductance by irradiation, indicating that a non-negligible 

amount of the newly generated ON
+s are close to the channel and behave as Coulombic scattering 

centers. 

The contrast between passivated and unpassivated devices in transconductance degradation is 

consistent with the identification that pre-existing ON-H defects are the main source of the irradia-

tion response. In unpassivated devices, oxygen can diffuse through the AlGaN and arrive at the 

AlGaN/GaN interface, leading to the formation of ON and water molecules dissociate into H and 

OH when absorbed at the surface of GaN or AlGaN[104]. So the unpassivated devices have higher 

concentration of ON-H defects in the AlGaN layer, both far away from and close to the AlGaN/GaN 



57 
 

interface. After irradiation, there are more ON
+ defects near the interface in these devices. In con-

trast, the passivated devices have low concentration of ON-H defects in the AlGaN layer and as a 

result few ON
+ defects are generated near the interface, thus having a negligible impact on the chan-

nel mobility. The higher concentration of ON-H defects in unpassivated devices also explains the 

greater threshold shifts in these devices compared to the passivated one, as shown in Figure 5.1. 

Moreover, our DFT calculations show that a reduction in density of Ga-vacancies inhibits O diffu-

sivity in GaN and AlGaN [104]; hence, it is likely that the devices fabricated under Ga-rich condi-

tions may have fewer ON and ON-H impurities than NH3-rich samples, leading to smaller degrada-

tion in Ga-rich unpassivated samples, as shown in Fig.5.1. 

 

5.4 Conclusion 

We investigated total ionizing dose effects in unpassivated and passivated AlGaN/GaN 

HEMTs with 10-keV x-rays, as well as the combined effects of irradiation and hot carrier stress in 

unpassivated devices. Significant non-recoverable negative threshold voltage shifts are found in 

devices fabricated using both passivated and unpassivated devices, but transconductance degrada-

tion is only observed in unpassivated devices. DFT simulations suggest that X-ray irradiation 

causes degradation by generating positively charged ON
+ centers from the pre-existing ON-H de-

fects on the surface of the devices. In passivated devices, the ON
+ traps are only generated on the 

surface and only cause shifts in Vth, while in passivated devices these centers can be generated on 

both the surface and near the 2DEG layer, resulting in degradation in transconductance.  
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As mentioned in Chapter 2.4, several types of defects can lead to hot-carrier induce degrada-

tion, and donor-like and acceptor-like defects result in oppositely directed shifts in threshold volt-

age Vth, although in past studies a single defect type tended to dominate device degradation 

[49][61][72][95][101]. As AlGaN/GaN HEMTs advance in maturity and overall defect densities 

are reduced, there is an increasing likelihood that multiple defects may contribute to device degra-

dation simultaneously, at least over particular ranges of bias conditions, complicating the analysis 

of device response and of long-term reliability prediction. 

In this work, the gate and drain bias dependence of hot electron-induced degradation of Al-

GaN/GaN HEMTs is evaluated for two differently processed types of devices. In each case, both 

donor- and acceptor-like defects play significant roles in the device degradation. Whether the ob-

served Vth shift is positive or negative depends strongly on biasing conditions. The largest trans-

conductance degradation is observed under the “ON” bias condition for types of devices. Low-

frequency noise measurements are performed as a function of temperature to identify the defects 

responsible for the observed degradation. The observed defects in this study are compared with a 

broad range of defects identified in previous work involving both irradiation and high-voltage stress. 

Oxygen and hydrogen related impurities centers play significant roles in these devices. 

 

CHAPTER VI 

BIAS DEPENDENCE OF HIGH FIELD STRESS INDUCED DEGRADATION IN HEMTS 
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6.1 Experimental details 

AlGaN/GaN HEMTs were fabricated on AlGaN/GaN heterostructures grown by Ga-rich 

plasma-assisted molecular beam epitaxy (PAMBE) with 700 nm unintentionally doped (UID) GaN 

on GaN substrates grown by PAMBE (sample A) or MOCVD (sample B) on SiC, as shown in Fig. 

6.1. The gate has the shape of an inverted trapezoid, with a length (LG) of 0.7 µm. The gate-to-drain 

separation (LGD) is 1 µm, and the gate-to-source separation (LGS) is 0.5 µm[25], [29]. The tested 

devices have a T-shaped layout, and 2 x 75 µm gate width. The top view of the device was shown 

in Fig 6.1(b). Ids - Vgs device characteristics were measured in air before and after irradiation with 

a HP 4156B or Agilent B1505 Semi-conductor Parameter Analyzer with 0.5 V source-drain volt-

age and the gate voltage swept from -7 V to 1 V. 

 

32Fig. 6.1. (a) Schematic diagram of HEMT structures grown on GaN-on-SiC substrates – not to scale. (After 

[23].) (b) Top view of DUT. The devices have two sources. For stressing and device testing in the OFF and 

Semi-ON states, both sources are connected. For ON state stressing and testing, only one of the two sources 

is connected to limit heating effects.  
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To minimize heating effects during stress and testing, the devices were bonded using a high 

speed package [112], which provides an effective heat sink [72]. For ON state bias stress, to further 

reduce the possibility of significant heating, only one of the sources was connected during the stress 

and Ids - Vgs test. For devices with both sources connected, the package tem-perature, as measured 

with a thermocouple, is stable at ~ 330 K after 1 h of ON state bias stress, 309 K for Semi-ON 

stress, and ~ 295 K (room temperature) for OFF state stress. In con-trast, the package temperature 

for an ON state device with a single source is ~ 307 K, which provides a closer temperature match 

to Semi-ON and OFF-state devices stressed with both sources connected. 

An effective value of Vth was extracted from Ids - Vgs curves in the linear range of transistor 

response [3][129]. For sample A, the pre-irradiation value is Vth = -4.3 ± 0.2 V, and for sample B, 

Vth = -4.0 ± 0.2 V. At least two devices were measured for each test condition. The responses of 

the devices were evaluated over a range of gate and drain biases at room temperature, with a limited 

number of measurements performed for comparison at 400 K (both stress and test). 

 

6.2 Experimental Results 

6.2.1 Gate bias dependence of high field stress induced degradation HEMTs at room temperature 

Figs. 6. 2(a) and (b) show Vth shifts versus stress time for devices with PAMBE and MOCVD 

grown substrates, as a function of applied gate bias during stress. Devices were stressed at drain 

bias Vds = 20 V, at biases Vgs -Vth(0) from -2.0 V to 5.5 V (PAMBE devices) and -3.6 V to 5.3 V 
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(MOCVD devices), where Vth(0) is the pre-stress threshold voltage. For reference, we plot the re-

sulting Vth shifts in each case at 10 h in Fig. 6.4(a).  

A large positive Vth shift (~ 0.35 V at a stress time of 12 h) is observed in devices with PAMBE 

substrates under ON-state bias stress (Vgs - Vth(0) = 5.5 V in Fig 6. 2(a)). On the other hand, a large 

negative shift is observed for OFF state stresses (Vgs - Vth(0) = -1.5 V and -2V in Fig 2(a)). In both 

the ON and OFF states, stress-induced Vth shifts are larger than those in otherwise similar devices 

from previous process runs [61][72][104]. Fig. 6.3 (c) shows that Vth shifts are less negative (or 

increasingly positive) as the value of Vgs -Vth(0) is varied from -4 V to 5.5 V. For the “Semi-ON” 

state, with Vgs -Vth(0) in the range of +1 to +2 V for these devices, often found to be the worst case 

for hot carrier effects in AlGaN/GaN HEMTs [37][39] [49][71][78], Vth shifts are smaller in mag-

nitude than for “OFF” state stress.  

The results of Fig. 6.2 and Fig. 6.4 (a) indicate that precursors for both electron (acceptor-like) 

and hole (donor-like) traps most likely exist in these devices. Electron traps are dominant when 

devices are stressed in the ON state, hole traps are dominant when devices are stressed in the OFF 

state, and the two types of defects evidently lead to offsetting effects when devices are stressed in 

the Semi-ON state. Except at the most positive stress voltage, where devices on PAMBE substrates 

show larger shifts, Vth shifts are generally similar for the two device types. 

Normalized peak transconductance GM degradation is shown as a function of stress time in 

Fig. 6.3 for (a) PAMBE and (b) MOCVD substrate devices. The degradation in peak GM after 10 h 

stress is plotted as a function of gate bias in Fig. 6.4(b). For both device types, “ON” state stress 

results in the largest reduction in peak GM. Peak GM is reduced by up to 25% For PAMBE devices 
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and by up to 15% for MOCVD devices. Figs. 6.3(a) and 6.3(b) show that both types of devices 

show initial increases in peak GM at very short times under off-state stress, with degradation fol-

lowing at later times. “Semi-ON” stress leads to little change in peak GM, again in contrast to pre-

vious results [37][39][49][71][78], reinforcing the evidently offsetting effects of hole and electron 

trapping in these devices.  

 

33 Fig. 6.2. Vth shifts versus stress time and gate bias in AlGaN/GaN HEMTs with (a) PAMBE GaN substrates 

and (b) MOCVD GaN substrates. Red data points show the ON bias condition, blue points show the Semi-

ON bias condition, and black points show OFF bias conditions. The applied drain voltage is 20 V in all cases, 

and all stresses and measurements were performed at room temperature. 

 

34Fig. 6.3. Normalized peak transconductance degradation as a function of stress time under different gate 

bias in AlGaN/GaN HEMTs with (a) PAMBE GaN substrate and (b) MOCVD GaN substrate . The red data 

points show ON bias condition, blue points show Semi-ON bias condition and black points show OFF bias 

conditions 
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35Fig 6. 4. (a) Measured Vth shifts and (b) peak transconductance degradation after 10 h stress as a function 

of gate bias. 

To further demonstrate the importance of minimizing heating, Fig. 6.5 compares (a) the Vth 

shifts and (b) the GM degradation for MOCVD substrate devices with single or double sources. 

Large shifts are observed for the double source connection as a result of additional heating effects. 

This additional heating occurs because the drain current during stress with Vds = 20 V, Vgs - Vth = 5.5 

V is ~40 mA for a single source device, but it can reach ~110 mA for devices with both sources 

connected, as a result of the effective channel resistance decrease. The calculated channel temper-

ature will be around 400 K for single source device and 420 K for double source [130]. Note that 

the devices with two source connections stressed in the ON condition show a Vth shift greater than 

that of any of the devices with MOCVD substrates in Fig. 6. 2(b), and a greater GM degradation 

than any of the devices with MOCVD sub-strates in Fig. 6.3(b). 

We have also evaluated the device annealing response during two hours of storage at room 

temperature with all pins grounded, as shown in Fig. 6.6, for devices stressed under representative 

ON, Semi-ON, and OFF stress conditions. The Vth shifts in Fig. 6. 6(a) are nearly unchanged during 

annealing, consistent with previous work [104]. The relative stability of Vth during annealing with 
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all pins grounded reaffirms that the changes in threshold voltage are associated primarily with de-

fects created (and/or passivated) during voltage stress, and not associated with heating effects, for 

example. There is a relatively significant recovery during the post-stress annealing for the peak GM 

in Fig. 6.6 (b) for the MOCVD devices stressed in the ON state, but small or negligible changes in 

peak GM for the other stress conditions. 

 

36Fig. 6. 5. (a) Threshold voltage and (b) normalized peak transconductance degradation as a function of 

stress time under Vds=20V, Vgs-Vth=5.5V in AlGaN/GaN HEMTs with MOCVD GaN substrate for half device 

with single source and whole device with double source. 

 

37Fig 6. 6 (a) Threshold voltage shift and (b) normalized peak transconductance degradation as a function of 

stress time and room-temperature annealing time for AlGaN/GaN HEMTs with PAMBE and MOCVD grown 

substrates stressed under represenrative ON state, Semi-ON state and OFF state. Annealing was performed 

at room temperature with all pins grounded.  
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38Fig. 6. 7. the normalized transconductance as function of Vgs-Vth (over drive gate bias) for MOCVD GaN 

substrate devices before and after 10 hours stress with Vgs-Vth=-3.6V, Vds =10V 

The transconductance is plotted as function of Vgs-Vth before and after stress in Fig. 6.7. The 

positions of the peaks and the shapes of the transconductance-voltage curves show little change 

with stress, indicating that the increases in peak transconductance is due to a decrease in scattering 

rate, and not the results of Vth shifts. Similar results are observed for devices on PAMBE substrates. 

6.2.2. Gate bias dependence of high field stress induced degradation at high temperature 

Because the results of Figs. 6.2-6.7 suggest that at least two defects are influencing the device 

response to voltage stress at room temperature, it is important to determine whether the defects are 

present in similar proportions at other temperatures [106]. Fig. 6.8 compares the responses of de-

vices on PAMBE substrates that were stressed and measured at 300 K and 400 K. In all cases, 

devices stressed and measured at 400 K show more positive Vth shifts than devices stressed and 

measured at 300 K. The increase in Vth shift with temperature is ~ 0.5 V for OFF state and Semi-

ON state stresses, and only 0.2 V for ON bias stresses. Larger decreases (up to 20 %) in normalized 

peak transconductance are also observed in OFF state and Semi-ON state stresses at 400 K than at 

300 K. There is little change in peak transconductance degradation with stress and measurement 
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temperature for the “ON” state bias condition. These results show that additional electron trapping 

(activation of acceptor-like defects) is favored in these devices at higher stress temperatures, as 

compared to hole trapping (activation of donor-like defects). Moreover, Fig. 6.9 shows that the 

changes in Vth and GM that occur as a result of changing the measuring temperature alone than the 

observed changes in Fig. 6.8 that are due to stressing the devices at elevated temperature. 

 

39Fig. 6.8. (a) Threshold voltage and (b) normalized peak transconductance degradation for ON (squares), 

OFF (triangles), and Semi-ON (circles) state stressed for Ga-rich PAMBE GaN substrate devices from UCSB 

that were stressed and measured at 300 K (solid symbols) and 400 K (open symbols). Similar trends in re-

sponse were observed for devices on MOCVD substrates. 

 

 

40Fig. 6.9. Temperature dependence of (a) Vth shifts and (b) normalized peak transconductance degradation 

for Ga-rich PAMBE GaN substrate devices. 
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6.2.3. Step drain bias stress induced degradation in AlGaN/GaN HEMTs  

We now consider the evolution of device response as individual devices are subjected to pro-

gressively higher stress voltages. Fig. 6.10 shows Id-Vg curves and Fig. 6.11 shows (a) threshold 

voltage shifts, and (b) transconductance degradation as a function of stressing time for devices with 

PAMBE substrates stressed at a constant gate bias of 1 V, and drain biases increasing in stages 

from 10 V to 30 V, in 5 V steps. This corresponds to the ON condition for these devices. The stress 

period is 10 h for each drain bias. The results of Fig. 6.10 show increasingly larger degradation in 

ON-state current after higher drain voltage stresses. Correspondingly larger and more positive Vth 

shifts and greater peak transconductance degradation are observed in Figs. 6.11 (a) and (b). The 

largest rate of change in Vth is observed for Vds = 20 V, and the largest rate of change in peak trans-

conductance is observed at Vds =15 V, consistent with an acceleration in the rate of electron trapping 

and the resulting increase in carrier-defect scattering [49][51][76]. 

 

41Fig. 6.10. Id-Vg curves for AlGaN /GaN HEMTs at Vd = 0.5 V for Ga-rich PAMBE GaN substrate devices 

from UCSB before and after ON state bias stress. The gate bias is 1 V during the stressing process (ON state). 

The drain bias stress starts at 10 V, with a step of 5 V. For each condition, devices are stressed for ~ 10 h. 
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42Fig. 6.11. (a) Threshold voltage and (b) normalized peak transconductance degradation under a series of 

drain biases for Ga-rich PAMBE GaN substrate devices from UCSB. The transconductance is normalized to 

the peak transconductance of a fresh device. 

 

Fig. 6.12 and 6.13 shows results for similar stepped-drain voltage stresses for similar devices 

under OFF state bias conditions. These devices were stressed stressed at a constant gate bias of -6 

V, and drain biases increasing in stages from 10 V to 40 V, in 5 V steps. The stress period is 8 h 

for each drain bias. A clear turnaround is observed in the Vth shifts in Fig. 6.13(a), with negative 

shifts observed at lower drain biases, and increasingly positive shifts observed at higher drain biases. 

Very little transconductance degradation occurs at low drain biases in Fig. 6.13(b), with much 

larger degradation in transconductance observed at larger stress biases. This result suggests that 

acceptor-like defects dominate the transconductance degradation in these devices under OFF state 

conditions, while donor-like defects are relatively more important to threshold voltage shifts at 

lower drain biases than at higher drain biases. These differences in effectiveness of donor- and 

acceptor-like defects on the Vth shifts and transconductance degradation suggest that these defects 

may be located in different regions of the devices, with the acceptor-like defects located closer to 

the edge of the gate that is closest to the drain, in the AlGaN layer, and not in immediate proximity 

to the conducting channel [72][83][131][132]. This is the region of the device where the electric 
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field tends to be highest [76][83][106][131][132]. In contrast, the donor-like defects that are created 

above a “critical” drain voltage[54] of ~ 15-20 V are evidently located in the GaN buffer layer and 

closer to the drain, where the current is highest, and/or in the AlGaN layer in very close proximity 

to the conducting channel [72][78][133][134][135][136]. The microstructure and locations of these 

devices are discussed further below. 

 

43Fig. 6.12. Id-Vg curves for AlGaN /GaN HEMTs at Vd = 0.5 V for Ga-rich PAMBE GaN substrate devices 

from UCSB before and after OFF state bias stress. The gate bias is -6 V during the whole process (OFF state). 

The drain bias starts from 10 V, with a step of 5 V. For each condition, devices are stressed for around 8 hours, 

which is sufficiently long for degradation to reach saturation at low biases.  

 

 

44Fig. 6.13 (a) Threshold voltage shift and (b) normalized peak transconductance degradation under a series 

of drain biases for Ga-rich PAMBE GaN substrate devices. The transconductance is normalized to the peak 

transconductance of a fresh device. 
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6.2.4 Low frequency noise 

To obtain insight into the nature and energy distribution of the defects responsible for the 

stress-induced degradation, we have measured the temperature dependence of the low frequency 

1/f noise of representative devices [61] [65] [69][72]. Fig. 11 shows the excess drain voltage noise 

power spectral density SV (corrected for background noise) for AlGaN/GaN HEMTs with PAMBE-

grown GaN on SiC substrates (sample A) at constant Vgs –Vth = 0.8 V and Vds = 0.05 V at room 

temperature. The bias voltages chosen here and for the measurements of the temperature depend-

ence of the noise that follow ensure that the noise originates primarily from the gated por-tion of 

the channel, and the channel resistance is an approximately constant [120] [129]. As shown in Fig. 

6.14, noise originating in the channel follows a 1/ f  dependence, where 

   ln / lnvdS f   
                            (3.1) 

is approximately unity in magnitude. According to Dutta-Horn model of low-frequency noise [68] 

[69], the frequency and temperature dependence of the noise are related via,  

     0
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                    (3.4) 

where ω=2πf, T is the temperature and τo is the characteristic time of the process leading to the 

noise (here assumed to be ~ 3 x 10-14 s [68] [71]). Fig. 6.15 shows that the  from experimental 

data are in good agreement with the value suggested by Dutta-Horn model. Thus, from the temper-

ature dependence of the noise magnitude, we can estimate the shapes of the defect energy distribu-

tions D(E0) from low-frequency noise measurements [68] [69], via 

                        D(E0)∝ω/(kT)*SV,              (3.5) 



71 
 

where 

 E0 = -kT ln(ωτ0)                                 (3.6) 

is the effective defect activation energy[68][122]. 

 
45Fig. 6.14 Example: excess voltage noise power spectral density Svd as a function of frequency for Al-

GaN/GaN HEMTs at 300K, Vgs-Vth = 0.8 V, Vd = 0.05 V. 

In Fig. 6.15 we plot the excess drain-voltage noise power spectral density SVd (corrected for 

background noise) as a function of temperature, before and after stress. For the stressed devices, 

we first anneal the device for 20 minutes with all pins grounded to allow the device to stabilize 

before the noise measurement process is initiated. The energy scale on the upper x-axis is derived 

from Eq. (3.6). Fig. 6.16 shows that the measured values of from the experimental pre-stress 

noise data are in general agreement with the value suggested by Dutta-Horn model. Similar results 

are found for the post-stress data (comparisons not shown).  
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46Fig. 6.15. Temperature-dependent noise measurements from 85 to 400 K, at f = 10 Hz for Ga-rich PAMBE 

devices fabricated at UCSB. The noise is measured under the same conditions as in Fig. 5. The temperature 

range corresponds to an activation energy scale ranging from 0.2 to 0.95 eV (top x-axis). The stress bias 

condition is (a) ON state and (b) OFF state. 

 

 

47Fig. 6.16 Experimental and calculated frequency exponent of noise power spectral density as a function of 

temperature from 85 K to 400 K. 

The energy scale on the upper x-axis of Figs. 6.15(a) and (b) is derived from Eq. (3.6). Fig. 

6.15(a) shows the noise for devices stressed under ON state bias. Before stress, the normalized 

noise shows a broad maximum in magnitude around ~ 150 K to 200 K (~ 0.4 to 0.5 eV). Stressing 

the device with Vd = 10 V does not significantly change the noise magnitude. After stressing the 

device at Vd = 20 V, several local maxima appear in the normalized noise magnitude at ~ 250 K (0.6 
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eV), 300 K (0.7 eV), and 400 K (0.9 eV) or above. Similar peaks in noise magnitude were observed 

in other GaN-based HEMTs during studies of their radiation response [61] [65] [71] [72], suggest-

ing that these are likely common defects in Al-GaN/GaN HEMT fabrication. The large increase in 

effective defect density in Fig. 6.15 (a) is consistent with the increase in peak GM degradation be-

tween Vds=15 V and 20 V in Fig. 6.11(b). After 30 V stress, the noise increases significantly over 

the entire range of temperatures, which indicates the generation of multiple defects with energies 

more evenly distributed throughout the band gap. 

Fig. 6.15 (b) shows the noise data after “OFF” state stressing at drain voltages of 10 V, 20 V, 

30 V and 40 V. Before stress, the normalized noise shows a broad maximum in magnitude around 

250 to 300 K (0.6 to 0.7 eV). After stressing the devices at drain voltages less than 20 V, the noise 

increases more at low temperatures than at higher temperatures. After 20 V stress, the noise exhibits 

a small local maximum in the effective defect energy distribution at ~0.6 eV, with generally in-

creasing normalized noise magnitude with decreasing temperature below ~ 240 K, and generally 

increasing noise magnitude above 350 K. For higher stress voltages, again we see a large increase 

in noise magnitude at all temperature and energies. 

 

6.3 Discussion 

The results of Fig. 6. 2-Fig. 6.16, show that positive threshold voltage shifts tend to be observed 

in these AlGaN/GaN HEMTs under “ON” stress conditions at all drain voltages, and for “OFF” 

stress conditions only at high drain voltages. A negative Vth shift is only observed under “OFF” 
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stress conditions and low drain bias. Above we have identified two general types of processes that 

most likely account for the Vth shifts and GM degradation: (1) creation of traps in the channel when 

devices are stressed under large positive gate bias in the ON-state, or in the gate-drain access region 

when the device is stressed at high drain voltage in the OFF-state, and (2) creation or activation of 

hole traps in the AlGaN layer, near the drain-edge of the gate, when devices are stressed under large 

negative gate voltage in the OFF-state condition at low drain voltages.  

For “ON” state stress, the acceptor-like defects responsible for the Vth shifts and peak GM deg-

radation are most likely generated in or near the channel region where current is high-est. High 

current stressing activates defect precursors by re-moving the H from a pre-existing point defect 

and/or impurity complex [49] [51]. On the other hand, hole traps generated during “OFF” state stress, 

leading to much lower GM degradation than the electron traps, are generated at a location in the device 

where carriers are energetic and fields are higher, but the charged defects are evidently more distant 

from the device channel. These traps could be generated, for example, (1) at the SiN/AlGaN interface 

[83], (2) within the AlGaN layer near the drain edge of the gate, mostly above the 2DEG [131], and/or 

(3) distributed within the GaN buffer layer, mostly below the 2DEG [133]. As a result, the hole traps 

are less detrimental to the carrier mobility in the channel, although their density and effects on Vth may 

be significant. 

At large OFF state drain voltages, Vth shifts positively and the transconductance decreases signifi-

cantly, similar to what is observed for “ON” state stress at similar drain voltages, confirming that the 

responsible electron traps are located near the channel, thus reducing the mobility. These traps can result 

from vacancy migration under high-field stress [87], or by the inverse piezoelectric effect [54]. The 
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reversal of sign of the Vth shifts from negative to positive at higher drain biases shows that generation 

of electron traps is favored under these stress conditions over generation of hole traps. This is additional 

evidence that the electron traps responsible for the increasing device degradation at higher drain voltages 

are most likely formed near the drain end of the channel, in close proximity to the 2DEG.  

The low frequency 1/f noise results in Fig. 6.15 provide additional physical insight into the micro-

structures of the defects that are likely responsible for the degradation. To facilitate the identification of 

candidate defects that may account for the observed device degradation and low frequency noise, Table 

2.1 summarizes a number of defect properties observed in previous studies of the responses of Al-

GaN/GaN HEMTs to voltage stress and/or proton irradiation. The direction of Vth shift is determined by 

the type of the traps (donor or acceptor like), while the locations of peaks in noise magnitude as a 

function of temperature provides information about the energy levels of defects[60] [64] [65] [69] [70] 

[80] [103] [105][120] [137]. This facilitates the selection of candidate defects that may lead to the 

observed degradation. 

Before stress, as-processed defects with small E0, such as the nitrogen vacancy VN (E0 ~ 0.25 eV) 

[49], [72] and oxygen impurity ON (E0 ~ 0.2 eV [18]) may contribute to increases in noise magnitude 

that occur at low temperatures. The dehydrogenation of H-VN defects and H-ON defects with bias stress-

ing are therefore logical candidates for increases in noise at low temperature that occur for any of the 

stressing conditions [60] [64] [65] [69] [70] [80] [103] [105]. 

Under ON state bias, Vth shifts positively for all drain bias stress conditions, suggesting the activa-

tion and/or creation of acceptor-like defects. The noise magnitude exhibits local maxima at energies of 

~0.6 eV, ~0.7 eV, and ~0.9 eV in Fig. 12(a) after devices are stressed with Vds = 20 V and Vgs = 1 V. 
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Peaks with similar energy levels have been observed in previous work using devices based on materials 

with a wide range of different processing  [61] [71] [72] [80] [96]. 

The 0.9 eV peak has been identified with an acceptor-like defect that contributes to the observed 

degradation and low-frequency noise because of changes in the defect charge state that result from H 

migration within an ON-H complex [65], as shown in Fig. 14. Above ~ 375 K (~ 0.9 eV), a neutral ON-

H can reconfigure into another structure that is negatively charged, as discussed in detail in [65]. 

Within Table 1, there are at least three candidate defects in GaN that are acceptor-like after dehy-

drogenation that may account for the ~0.6 eV and ~0.7 eV peaks in Fig. 12(a). These are the divacancy 

defect VGa-VN, the nitrogen anti-site defect H-NGa, and iron complexes FeGa and FeGa–VN. Hydrogen 

removal from either of these originally neutral, passivated defects will leave to a negatively charged 

center that can shift Vth positively and contribute to GM degradation. In this regard, we note that FeGa 

and/or FeGa–VN alone cannot be the only defects leading to voltage-stress induced Vth shifts in previous 

work by Mukherjee, et al. [106], because the Vth shifts are negative in that study, and cannot be solely 

due to an acceptor-like defect. So it is likely that multiple defects are contributing to the observed deg-

radation in [106], such as O-related [71] and C-related donor [102]. 

 For the OFF bias condition, after a stress of Vds = 10 V and Vds = 20 V, an increase in noise is 

observed in the low temperature region in Fig. 12(b). Because Vth shifts negatively for this stress condi-

tion, it cannot be explained by the activation of acceptor-like defects. But because there is no significant 

increase in GM during this stressing interval, the decrease in Vth and the increase in noise may result 

from the thermal transition of an ON
- DX center to a neutral ON

0, as illustrated in Fig. 15 [71]. Further 

emission of an electron from ON
0 to ON

+ has essentially no energy barrier [71]. The median energy of 
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~0.4 eV for this transition is also close to the activation energies of ~0.5 eV for the transition between 

an ON
- DX center and ON

+, as shown in Fig. 15. This mechanism can explain the initial increase in 

tranconductance during OFF bias stress in two ways: 1) the neutralization of negatively charged defects 

in the as-processed material can reduce the initial scattering rates [71] [104] and 2) electrons can be 

injected into the channel by tunneling from the SiN/GaN interface into the AlGaN/GaN channel layer 

and become trapped [83]. This process is unlikely to happen under ON state bias because the Fermi-

level is relatively high [104] and the field is not enough for electron tunneling [83]. 

 

48Fig. 6.17. (a) Defect energy of substitutional O in AlGaN as a function of the distance from the ideal lattice 

site, showing the existence of a DX configuration. Black squares represent transition points between the 

charge states of ON during the electron emission. The dashed line shows that the energy barrier to emit one 

electron from a negatively charged O DX center is 0.25 eV. (b) This diagram schematically illustrates the 

capture of one electron by the neutral charged oxygen ON
0, which involves thermally excited tunneling (red 

arrow) of an electron from a GaN Fermi level to the empty level of ON
0 defect in AlGaN. The activation 

energy of the capture is 0.35 eV. (After [71].) 

When the drain voltage is larger than 30 V, a larger overall increase of the noise is observed, which 

can be caused by the generation and increasing dehydrogenation of a large number of (predominantly 

acceptor) defects with a broad range of activitation energies, similar to what is observed by Chen et al. 

under similar stress conditions in [72]. These likely include the nitrogen vacancy VN (E0 ~ 0.25 eV) [49] 

[51], oxygen impurity ON (E0 ~ 0.2 eV [71]), and Fe-related [72] [105] [106] [135] defects discussed 
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above, as well as additional point defects and defect complexes that can be created as a result of the 

vacancy and interstitial migration that occurs at high electric fields in AlGaN/GaN HEMTs [87].  

 

 

6.4 Conclusion 

We studied the gate bias dependence of hot carrier effects under fixed drain bias (20 V) and the 

devices performance under a series of drain biases increasing from 10 V to 30 V or 40 V at two 

fixed gate bias: 1 V for ON state and -6 V for OFF state. Devices with two different processes were 

studied for comparison. Unlike previous results, the worst cases for transconductance degradation 

were “ON” state for both devices. For step drain bias stress testing, devices undergo typical hot 

carrier induced degradation under “ON” state stress. But under the “OFF” state stress condition, 

both devices showed a small increase in peak transconductance at low drain bias. The direction of 

the Vth shift changed from negative to positive with the drain bias increasing in one kind device. 

The two different directions of Vth shift indicate that multiple kinds of defects or mechanisms should 

be responsible for high field stress induced degradation at “OFF” state. However, the specific mech-

anisms are not identified yet. This work also demonstrates that a single worst-case bias condition 

cannot be defined for all varieties of AlGaN/GaN HEMTs. Each processing technology must be 

characterized in detail. 
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CHAPTER VII 

WORST-CASE BIAS FOR PROTON AND 10-KEV X-RAY IRRADIATION OF AL-

GAN/GAN HEMTS 

 

In this chapter, we report the effects of 1.8 MeV proton irradiation, 10-keV X-ray irradiation, 

and high-voltage stress on AlGaN/GaN HEMTs fabricated at the University of California, Santa 

Barbara, with two different processes, for a range of typical bias conditions [39]. The worst-case 

response for transconductance degradation is observed for the “ON” bias condition, in one kind of 

devices, and “Semi-ON” for another. Significant total-ionizing dose (TID) effects are observed 

during 10-keV X-ray irradiation in each type of device. Low-frequency noise measurements are 

performed to evaluate the types of defects and the resulting defect energy distributions both before 

and after proton irradiation, for these devices. We compare these results with those from a previous 

study of commercial devices processed by Qorvo, Inc. 

 

7.1 Experimental details 

AlGaN/GaN HEMTs were fabricated on AlGaN/GaN heterostructures grown by Ga-rich 

plasma-assisted molecular beam epitaxy (PAMBE) with 700 nm unintentionally doped (UID) GaN 

on GaN substrates grown by MOCVD on (A) SiC or (B) n-type free standing (FS) GaN substrates, 

as shown in Fig. 7.1. A two-step carbon-doped buffer was included in the re-growths on FS GaN, 

reducing the dUID to 200 nm [29]. The width of the devices is 150 µm. The gate has the shape of an 
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inverted trapezoid, with a length (LG) of 0.7 µm. The gate-to-drain separation (LGD) is 1 µm and the 

gate-to-source separation (LGS) is 0.5 µm.  

 
49Fig. 7.1. Schematic diagrams of HEMT structures regrown on GaN-on-SiC templates and FS GaN sub-

strates[29]: (a) HEMT structures on GaN-on-SiC and (b) HEMT structures on FS GaN. 

The HEMTs were irradiated with 1.8 MeV protons to a fluence of 1014/cm2 at a flux of 2 x 1013 

protons/h using the Vanderbilt Pelletron or with 10-keV x-rays using an ARACOR Model 4100 

Irradiator to a dose of 2 Mrad(SiO2) at a rate of 31.5 krad(SiO2)/min at room temperature. Proton 

irradiations were performed under four different bias conditions: (1) GND (Vds = 0 V, Vgs = 0 V), 

(2) OFF (Vds = 20 V, Vgs = -6 V), (3) Semi-ON (Vds = 20 V, Vgs = -2 V) and (4) ON (Vds = 20 V, Vgs 

= +1 V). To compare the biased irradiation response with shifts under high-field and/or high-volt-

age stress, control devices were monitored under OFF (high field, zero current), Semi-ON (higher 

field, moderate current), and ON (lower field, high current) conditions for times similar to those of 
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the proton irradiations. To see whether these devices are sensitive to TID effects, 10-keV X-ray 

irradiations were also performed. Device Id-Vg curves were measured in air before and after irradi-

ation with a HP 4156B or Agilent B1505 Semiconductor Parameter Analyzer with 1 V source-drain 

voltage, with the gate voltage swept from -7 V to 1 V. An effective value of threshold voltage Vth 

was extracted from the Id-Vg curves in the linear range of transistor response. For the GaN on SiC 

devices, the pre-irradiation value of Vth = -4.2 ± 0.2 V and for the devices on FS GaN substrates, 

Vth = -4 ± 0.2 V. At least two devices were measured for each of the test conditions shown below. 

 

7.2 Experimental results 

7.2.1 Proton irradiation: GND bias 

Fig. 7.2 shows the Id-Vg curves for AlGaN/GaN HEMTs before and after proton irradiation 

with all pins grounded. Increasingly, positive threshold voltage shifts are observed with increasing 

fluence in both samples, indicating an increase in net negative charge as a result of the creation of 

deep acceptor traps. These have been attributed to N vacancy-related defects in our previous work 

[61] [65]. 

Fig. 7.3 shows the peak transconductance Gm degradation and threshold voltage shift vs. flu-

ence for these devices. In Fig. 7.3(a) the peak Gm degrades about 7% after a fluence of 1014 cm-2 for 

the GaN on SiC devices and degrades by about 12% for the FS GaN substrate devices. However, 

in Fig. 7.3(b) the GaN on SiC devices show larger positive Vth shifts (~ 0.4 V at 1014/cm2) than the 

FS GaN substrate devices (~ 0.27 V at 1014/cm2). At low fluence, a small increase in peak Gm is 
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observed in the GaN on SiC devices, while a negative Vth shift is observed in the FS GaN substrate 

devices. This change suggests that at least two different kinds of defects likely contribute to the 

radiation response in both samples. This should not be surprising, given the large number of defects 

found to be significant in previous studies of AlGaN/GaN HEMTs subjected to proton irradiation 

and/or high field stress, e.g., N-vacancy-related defects, O and Fe related impurities, hydrogenated 

point defects, etc. [64][65][104][138][139].  

 

50Fig. 7.2. Id-Vg curves for AlGaN/GaN HEMTs at Vd = 1 V before and after proton irradiation with all pins 

grounded: (a) HEMT on GaN-on-SiC and (b) HEMT on FS GaN. DC characterization was performed with 

Vds = 0.5 V. 

 

51Fig. 7. 3 (a) Peak transconductance and (b) threshold voltage as a function of proton fluence for the devices 

of Fig. 7.2. 
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7.2.2 Proton irradiation and stress: OFF bias 

Fig. 7.4 compares peak Gm degradation and Vth shifts for OFF (Vds = 20 V, Vgs = -6 V) and 

GND state irradiations of the two types of AlGaN/GaN HEMTs. Stress-only results are also shown 

under OFF-state bias for comparison; the applied gate voltage during OFF-state irradiation or stress 

is 2 V more negative than Vth. For OFF state irradiations of GaN on SiC devices in Fig. 7.4(a), the 

peak Gm first increases by 6% at low fluence and then drops to 95% of the original value by 1014/cm2. 

Only a positive shift in Gm is observed for OFF-state bias stress (no irradiation) for the same amount 

of time. As shown in the inset, the shape of the Gm vs. Vg-Vth curve and position of the Gm peak do 

not change significantly during OFF-bias stress with no proton irradiation. In Fig. 7.4(b), the value 

of Gm for the FS GaN substrate devices increases slightly at low fluence, and drops to 88% of its 

initial value by 1014/cm2. In each case, at 1014/cm2 fluence, the OFF state bias degradation caused 

by proton irradiation is similar to the degradation under GND bias. The significant increase in peak 

Gm in Fig. 7.4(a) is most likely caused by bias-induced passivation of pre-existing, charged defects. 

The results of Fig. 7.4 suggest there is a larger density of pre-existing charged defects in these GaN 

on SiC devices than for the FS GaN substrate devices. 

The Vth shifts for these devices are shown in Fig. 7.5. For proton irradiation under OFF-state 

bias stress, in each case a negative shift in Vth is observed at low fluence that is similar to the pure 

bias stress results. Increasingly positive Vth shifts are observed with increasing fluence for each type 

of device. The Vth shifts in each case for OFF-state bias irradiation are less positive than those 

observed for irradiation under positive bias. The initial decrease in threshold voltage for the OFF 
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state devices is evidently caused by voltage-induced passivation of acceptor defects. The threshold 

voltage subsequently increases at a rate similar to that of the OFF state devices. The relatively small 

shift in Vth at a fluence of 1014/cm2 evidently results from the fortuitous compensation of radiation-

induced acceptor and stress-induced donors under these irradiation and stress conditions. The pos-

itive shift due to proton irradiation is once again most likely due to the creation of N-vacancy-

related acceptor defects at a rate that does not strongly depend on the applied bias [64][65]. The 

negative shift due to bias-stress most likely results at short times and low fluences from the pas-

sivation of pre-existing charged defects, as discussed above. At longer times and higher fluences, 

bias-stress induced dehydrogenation of previously passivated point defects and/or impurities most 

likely leads to the creation of new donor traps, as often observed in AlGaN/GaN HEMTs [64][65] 

[138][139]. 

 

52Fig. 7. 4. Normalized peak transconductance of AlGaN/GaN HEMTs with (a) GaN on SiC substrate and 

(b) FS GaN substrate as function of proton fluence for OFF state (Vds = 20 V, Vgs = -6 V) and GND irradiation 

and/or voltage stress. The solid line shows device response to pure high field stress. DC characterization was 

performed with Vds = 0.5 V. The inset in (a) shows the changes in normalized transconductance as a function 

of Vg-Vth before and after 1h stress. 



85 
 

 

53Fig. 7. 5. Vth shifts for the AlGaN/GaN HEMTs of Fig. 4.4 with (a) GaN on SiC substrates and (b) FS GaN 

substrates as function of proton fluence and/or stress time for OFF state bias (Vds = 20 V, Vgs = -6 V) and 

GND bias. The solid line shows the device response to pure high field stress.  

7.2.3 Proton irradiation and on/semi-on state stress  

Fig. 7.6 shows peak Gm degradation for ON and Semi-ON bias conditions. Results for control 

parts subjected to similar biases for the same amounts of time are also shown. In the ON state, Vgs-

Vth = 5 V and the drain current Id is ~ 90 mA in both types of devices, and in the Semi-ON state, 

Vgs-Vth = 2 V and Id ~ 40 mA. Under these bias conditions, the peak Gm decreases monotonically in 

all cases. Clearly, the peak Gm degradation is much larger when devices are irradiated under bias 

than when they are just subjected to pure voltage stress. The worst case bias condition is different 

for the two device types. For GaN on SiC devices, the peak Gm degrades by 31% at a fluence of 

1014 cm-2 when irradiated under ON bias, but only degrades by 17% under the semi-ON bias con-

dition. In FS GaN substrate devices, the peak Gm for devices irradiated with ON bias degrades by 

16% at 1014 cm-2, but degrades by 20% for semi-ON bias conditions. Comparing results in Figs. 7.4 

and 7.6, it is clear that worst-case peak Gm degradation occurs for ON-bias proton irradiation of the 

GaN on SiC devices, but under Semi-ON bias conditions for the FS GaN substrate devices. 
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54Fig. 7. 6. Normalized peak transconductance of AlGaN/GaN HEMTs with (a) GaN on SiC substrates and 

(b) FS GaN substrates as functions of proton fluence for ON state (Vds = 20 V, Vgs = 1 V), Semi-ON state (Vds 

= 20 V, Vgs = -2 V) and GND irradiation and/or voltage stress. The dark red and green lines (no symbols) 

show device response to pure high voltage stress. DC characterization was performed with Vds = 0.5 V.  

Vth shifts for the ON and semi-ON bias conditions are shown for these devices in Fig. 7.7; 

irradiation results for GND bias conditions and pure stress results are again shown for comparison. 

In contrast to GND-bias irradiation, Vth shifts are negative for the devices biased in the Semi-ON 

condition for the GaN on SiC devices in Fig. 7.7(a). In the ON condition, the Vth shift is initially 

negative, and then becomes slightly positive at higher fluence. For the devices on FS GaN sub-

strates in Fig. 7.7(b), when devices are irradiated with Semi-ON bias, Vth initially shifts negatively 

at lower fluence and then positively at higher fluence. On the other hand, devices irradiated in the 

ON state bias condition show monotonically positive shifts that are smaller than the shifts in devices 

irradiated with all pins grounded (0.28 V at 1014 cm-2) or devices exposed to pure ON-state bias 

stress (0.18 V at 5 h). These results again are consistent with a combination of donor and acceptor 

trap formation during proton irradiation [64][65][104][138][139]. For ON-bias irradiation, the cre-

ation of acceptor and donor defects evidently occurs at similar rates under these irradiation and bias 
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conditions, leading to nearly offsetting effects on Vth, but large Gm degradation, because each type 

of defect contributes strongly to carrier scattering. 

 

55Fig. 7.7. Vth shift of the AlGaN/GaN HEMTs of Fig. 7.6 with (a) GaN on SiC substrates and (b) FS GaN 

substrates as function of proton fluence for ON state (Vds = 20 V, Vgs = 1 V), Semi-ON state (Vds = 20 V, Vgs 

= -2 V) and GND irradiation and/or voltage stress. The red and green lines (no symbols) show device response 

to pure high voltage stress.  

7.2.4 Biased X-ray irradiation  

The individual and combined effects of voltage stress and 10-keV X-ray irradiation are shown 

in Fig. 7.8 and Fig. 7.9. For devices irradiated with all pins grounded, no Gm degradation is observed 

for either type of device. But X-ray irradiation leads to significant Gm degradation when devices 

are biased during irradiation. In GaN on SiC devices, a 15% decrease in Gm is observed when 

devices are irradiated under ON-state bias in Fig. 7.8(a). This shift is larger than either the shift 

observed in devices exposed to pure ON-state stress for a similar time (8% at ~ 1 h Fig. 4.8a), or 

for similar devices irradiated under semi-ON bias to 2 Mrad(SiO2), for which a similar 8% decrease 

is observed (results similar to pure bias stress in Fig. 7.8a). Moreover, about twice as much increase 

in Gm is observed in the OFF case for the GaN on SiC devices in Fig. 7.8(a). In contrast, X-ray 
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irradiation under ON-state bias leads to less degradation (4% at 2 Mrad(SiO2) in Fig.7.8b) than 

pure ON-state biased stress (8% at 2 Mrad(SiO2) in Fig. 7.8b). Fig. 7.9 shows that, for both types 

of devices, X-ray irradiation results in negative Vth shifts, indicating in an increase in positive 

charge and/or a decrease in pre-existing negative charge. The largest Vth shifts for each device type 

are now observed for the OFF-state bias condition, and for each device type, the amount of negative 

Vth shift is about 0.05 V to 0.1 V greater than that observed with pure OFF-state stress at the highest 

doses and longest times. 

10-keV X-rays are too low in energy to result in displacement damage in either the GaN or 

AlGaN layers of these devices [60]. Hence, the additional degradation in Gm and shifts in Vth ob-

served in these devices, relative to bias-stress alone for similar times, are the results of X-ray-

induced electron-hole pair creation. The resulting charge transport can lead to (a) passivation of 

pre-existing charged defects (acceptors in these devices) by the capture of radiation-induced elec-

trons, and (b) the dehydrogenation of previously passivated defects [60]. These results reinforce 

the interpretation of the proton irradiation results discussed above, and add to the growing number 

of cases in which significant ionization-induced shifts in AlGaN/GaN device parameters are ob-

served, even in devices with no gate insulator [57][58].  
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56Fig. 7.8. Normalized peak transconductance of AlGaN/GaN HEMTs with (a) GaN on SiC substrates and 

(b) FS GaN substrates as function of total ionizing dose and/or stress time for ON state (Vds = 20 V, Vgs = 1 

V) and OFF state (Vds = 20 V, Vgs = -6 V) irradiation and/or stress. 

 

57Fig. 7.9. Vth shift of the AlGaN/GaN HEMTs of Fig. 4.8 with (a) GaN on SiC substrates and (b) FS GaN 

substrates as function of total ionizing dose and time for ON state (Vds = 20 V, Vgs = 1 V) and OFF state (Vds 

= 20 V, Vgs = -6 V) irradiation and/or stress. 

 

7.3 Discussion 

The results of Figs. 7.2-7.9 all strongly suggest that the types of process- and radiation-induced 

defects and impurities in the two types of devices evaluated in this study are significantly different 

from ones evaluated in  [61] and[65]. Moreover, the results also suggest that the rates of donor 
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and acceptor trap neutralization and/or buildup during bias-temperature stress also differ signifi-

cantly with device processing and irradiation and/or bias-stress conditions  [61][64][65] 

[138][139]. The difference in observed worst-case bias conditions for peak Gm degradation for the 

GaN on SiC devices in this work and the Qorvo devices of [61] therefore also suggest there likely 

are significant differences in as-processed and radiation-induced defects in these two different sets 

of devices. 

To obtain additional insight into the defect energy distributions for the GaN on SiC devices of 

Figs. 7.2-7.9 and the Qorvo devices of [61], we compare the low frequency 1/f noise of the two 

types of devices in Fig. 7.10. Here we plot the excess drain-voltage noise power spectral density SV 

(corrected for background noise) as a function of frequency and temperature. The bias voltages are 

chosen to ensure that the noise originates from the gated portion of the channel, with an approxi-

mately constant channel resistance [61][64][65]. The energy scale on the upper x-axis is derived 

from the Dutta-Horn model of low-frequency noise [68][69], which has been demonstrated to be 

applicable to each type of device [61]. Noise measurements were reproducible from run to run and 

from day to day on these devices. The statistical uncertainty in the noise measurements is approx-

imately equal to the symbol size. From the temperature dependence of the noise magnitude, we can 

estimate the shapes of the defect energy distributions D(E0) from low-frequency noise measure-

ments [68][69], via  

                        D(E0)∝ω/(kT)*SV,              (1) 

where E0 = -kT ln(ωτ0) is the effective defect energy [122]. 
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At low temperatures and energies, the noise magnitude is higher for the as-processed GaN on 

SiC UCSB devices than the Qorvo devices, which suggests a greater density of defects with low 

E0, such as nitrogen vacancy-related defects and oxygen impurities ON ([65] [104]). A large peak 

in noise magnitude at 0.7 eV (due to a NGa defect [61]) is observed in the Qorvo devices [61] but 

not in the GaN on SiC UCSB devices. Because these devices have different types of defects and 

impurities before irradiation, it is not surprising that irradiated devices might not only have different 

defects, but also show different bias sensitivities for defect buildup and/or neutralization. 

 

58Fig. 7.10. Temperature-dependent noise measurements from 85 K to 400 K, for unirradiated GaN on SiC 

devices from this work, and for unirradiated Qorvo devices from [61]. Here Vg – Vth = 0.4 V, Vd = 0.03 V, and 

f = 10 Hz for the Qorvo devices, and Vg – Vth = 0.5 V, Vd = 0.03 V and f = 10 Hz for the GaN on SiC devices 

fabricated by UCSB. 

As a further test, we also compare the noise of GaN on SiC UCSB devices before and after 

proton irradiation with the noise of Qorvo devices in Fig. 7.11. Each is irradiated under worst-case 

bias conditions for that process: ON for the GaN on SiC devices, and semi-ON for the Qorvo de-

vices. For the GaN on SiC UCSB devices in Fig. 7.11(a), an increase in defect density is observed 

at energies from ~ 0.25 eV to ~ 0.8 eV. This result suggests the generation of several different kinds 

of defects with a range of energy levels. Very little increase is observed at low defect energies. For 
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the Qorvo devices in Fig. 7.11(b), in contrast, a significant increase in defect density with irradia-

tion exposure is observed only at low temperature, indicating primarily an increase of low energy 

nitrogen vacancy-related defects and/or oxygen impurities ON. A decrease in the noise at high tem-

perature is also observed for the Qorvo devices, reflecting a decrease in density of ON-H defects 

(E0 ~ 0.9 eV) as a result of defect dehydrogenation [65]. Hence, both the as-processed and proton-

irradiation-induced defect types and energy distributions differ significantly for these devices. 

These kinds of differences in dominant defect type and density evidently are responsible for the 

observed differences in worst-case bias conditions for radiation response of AlGaN/GaN HEMTs.  

 

59Fig. 7.11. Temperature-dependent noise measurements from 85 K to 400 K in (a) unirradiated devices and 

devices irradiated with worst-case ON bias for GaN on SiC devices fabricated by UCSB, and (b) Qorvo 

devices from [61] irradiated with worst-case semi-ON bias. Fluences are quoted in protons/cm2
. 

 

7.4 Conclusion 

We have investigated the effects of proton irradiation, X-ray irradiation, and/or hot carrier 

stress on AlGaN/GaN HEMTs fabricated in two different processes. Both TID and displacement 

damage effects are observed in these AlGaN/GaN HEMTs. The magnitude of these effects can vary 
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significantly with applied bias during proton or 10-keV X-ray exposure. The worst-case bias con-

dition for transconductance degradation differ for these devices, as well as those evaluated in a 

previous study [61]. These results demonstrate that (1) a single worst-case bias condition cannot be 

defined for all varieties of AlGaN/GaN HEMTs; each technology must be characterized in detail. 

These differences result from differences in as-processed and radiation-induced defect types and 

energies in these devices. (2) In contrast to older generation AlGaN/GaN HEMTs, TID effects can 

contribute significantly to radiation response in these devices, complicating the interpretation of 

proton irradiation of newer technologies. This TID sensitivity occurs most likely because the den-

sity of native defects in AlGaN/GaN HEMTs is being reduced by improvements in fabrication 

technology, making TID and displacement damage effects caused by radiation exposure more eas-

ily observed. 
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CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

 

In summary, this PhD thesis provides a systematically study of the bias dependence of radiation 

effects and high field stress of AlGaN/GaN HEMTs. We test devices with different processes and 

substrates, both unpassivated and passivated under three bias conditions: ON, semi-ON and OFF. 

1.8 MeV proton irradiation and 10keV X-ray irradiation are both investigated. Both gate bias de-

pendence and step drain bias dependence are discussed. Comparing with previous devices reported 

by our group, we find some new effects in high field stress induced degradation and radiation ef-

fects in AlGaN/GaN HEMTs.  

First we compare the results in AlGaN/GaN HEMTs with or without passivation layers. Un-

passivated devices growing using ammonia-rich condition exhibit fast recovery during annealing 

with all pins grounded, with super-recovery of the peak transconductance observed in the unpas-

sivated devices. This result is consistent with the transconductance degradation in unpassivated 

devices after 10 keV X-ray irradiation, which is not observed for passivated ones. DFT calculations 

suggest that dehydrogenation of pre-existing ON-H defects plays a significant role in hot carrier 

degradation of NH3-rich AlGaN/GaN HEMTs. The super-recovery in peak transconductance can 

be naturally caused by a change of the Fermi-level during the annealing process and the resulting 

neutralization of stress-induced bare ON defects at the AlGaN/GaN interface. X-ray irradiation 
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causes degradation by generating positively charged ON
+ centers from the pre-existing ON-H de-

fects which can reach the region near the 2DEG layer. A significant non-recoverable negative 

threshold voltage shift are found in devices fabricated using both passivated and unpassivated de-

vices. In passivated devices, the ON
+ traps are only generated on the surface and only cause shifts 

in Vth, while in passivated devices these centers can be generated on both the surface and near the 

2DEG layer, resulting in degradation in transconductance. 

For passivated devices, we studied the gate bias dependence of hot carrier effects under fixed 

drain bias (20 V) and the device performance under a series of drain biases. Unlike previous results, 

the worst cases for transconductance degradation were the “ON” state for both devices. For step 

drain bias stress testing, devices undergo typical hot carrier induced degradation under “ON” state 

stress. But under the “OFF” state stress condition, both devices showed a small increase in peak 

transconductance at low drain bias. The direction of the Vth shift changed from negative to positive 

with the drain bias increasing in one kind of device. The two different directions of the Vth shift 

indicate that multiple kinds of defects or mechanisms should be responsible for high field stress-

induced degradation in the “OFF” state. However, the specific mechanisms are not identified yet. 

This work also demonstrates that a single worst-case bias condition cannot be defined for all vari-

eties of AlGaN/GaN HEMTs. Each processing technology must be characterized in detail. 

Then we have investigated the combination effects of proton irradiation, X-ray irradiation, 

with hot carrier stress on AlGaN/GaN HEMTs fabricated in two different processes. Both TID and 

displacement damage effects are observed in these AlGaN/GaN HEMTs. The magnitude of these 
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effects can vary significantly with applied bias during proton or 10-keV X-ray exposure. These 

results demonstrate that (1) a single worst-case bias condition cannot be defined for all varieties of 

AlGaN/GaN HEMTs; each technology must be characterized in detail. These differences result 

from differences in as-processed and radiation-induced defect types and energies in these devices. 

(2) In contrast to older generation AlGaN/GaN HEMTs, TID effects can contribute significantly to 

radiation response in these devices, complicating the interpretation of proton irradiation of newer 

technologies.  

To summarize, we study the combination effects of radiation effects and hot carrier effects in 

AlGaN/GaN HEMTs. As with the development in AlGaN/GaN HEMTs, the GaN material shows 

less lattice defects density and makes the role of defects depassivation during the stress or radiation 

become more and more important in device reliability. Effects not seen in previous devices appear 

such as total ionizing dose effects and negative bias-induced threshold voltage instability. Some 

effects show different bias dependence than previous result such as hot carrier effects. These results 

emphasize the need to test devices under a wide range of conditions during characterization and 

qualification testing. 
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