
Radiation Effects and Low-Frequency Noise of 

III-V/III-N Semiconductor Devices 

 

By 

Simeng (Ellen) Zhao 

 

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 

December 12th, 2020 

Nashville, Tennessee 

 

 

Approved: 

Daniel M. Fleetwood, Ph.D. 

Ronald D. Schrimpf, Ph.D. 

Robert A. Reed, Ph.D. 

En Xia Zhang, Ph.D. 

Sokrates Pantelides, Ph.D. 

 



 

 

 

 

 

 

 

 

 

 

Copyright © 2020 by Simeng (Ellen) Zhao  

All Rights Reserved 



 

 

 

 

 

 

 

 

“So we beat on, 

boat again the current, 

borne back ceaselessly into the past.” 

[F. SCOTT FITZGERALD] 

 



i 

 

ACKNOWLEDGEMENT 

Life is a journey, and the path in the past five years is significant to me. Wherever I go for the rest of 

my life, it stays with me as a moveable feast. I would like to take this great opportunity to express my 

gratitude to those who helped me through my journey.  

First and foremost, I would like to express my sincere appreciation to my advisor, Prof. Daniel 

Fleetwood, for his continuous support and encouragement through these five years. His profound 

knowledge and unique insights in this field enlighten me, so I can find the right direction through the path. 

I appreciate for all the valuable guidance he gives to me. I cannot make progress toward something 

meaningful and important without him. The luckiest thing in my life is becoming one of his PhD students. 

No matter ups and downs, he is always there, becoming my most powerful backing, from the first day we 

met, and till the end of my journey.  

I would like to express my gratitude to all my committee members, Dr. Ronald Schrimpf, Dr. Robert 

Reed, Dr. En Xia Zhang, and Dr. Sokrates Pantelides. They lead me the way to become an independent 

researcher in the radiation effects and reliability field, as well as a qualified engineer in the semiconductor 

industry. Dr. Ronald Schrimpf teaches me device physics from the first day of my PhD study, and he always 

provides meaningful suggestions and profound knowledge on semiconductor mechanism. I believe the 

knowledge I learnt from his will go a long way in my life. I thank Dr. Robert Reed for mediating with imec 

to provide the state-of-the-art devices used in this study. He offered me the great opportunity to work at 

imec (Leuven, Belgium) for 6 months during my PhD study, and it was a valuable experience for me to 

directly work with the device manufacturer. A special thank you goes to Dr. En Xia Zhang for teaching me 

technical skills including device testing, probing, packaging and bonding. Her assistance during the 



ii 

 

experiment always make me feel at ease. She is very patient and I would like to discuss research questions 

with her, no matter how big or trivial the question is, she is always there to help me out. Moreover, her 

warm help in my life encourages me throughout the path of my PhD study. I must also thank Dr. Sokrates 

Pantelides whom has profound knowledge on device physics and defects mechanism. During our group 

meetings every week, I can always inspire by his suggestions. I value the insightful discussions with him,  

especially on the suggestions on 1/f noise and DFT calculations in the InGaAs FinFETs.  

During my PhD study, I’m grateful to have a 6-month internship experience at imec. The research I 

did at imec forms the last two Chapters (5 and 6) in this dissertation. I would like to thank my internship 

advisor Prof. Guido Groeseneken for the help and meaningful discussion of my research at imec. I want to 

thank Dimitri Linten for his encourage and support to my research. He is a great manager in the reliability 

group holding up all the research activities and solving every trouble we met. A big thank you goes to my 

daily supervisor, Vamsi Putcha. He is the one who lead me to the research projects from the first day of my 

internship. His solid background in semiconductor device physics and extensive experience in reliability 

measurement clear the hurdles for me during the study. I would also like to thank Alireza Alian, 

Uthayasankaran Peralagu, Eddy Simoen, Bertrand Parvais, Niahm Waldron, Nadine Collaert, Amey Walke, 

Jerome Mitard, Sonja Sioncke, Ming Zhao, Ben Kaczer, Erik Bury, Simon Van Beek, Gaspard Hiblot, Sofie 

Beyne, Ming Zhao, Hao Yu and Yefan Liu, for their valuable guidance and insightful discussion for my 

research projects.  

This work cannot be finished without the warm support from the Radiation Effects and Reliability 

group at Vanderbilt. I would like to thank Dr. Galloway, Dr. Massengill, Dr. Bhuva for their guidance in my 

coursework and research projects. I thank Mike McCurdy for the experimental support. I appreciate the 



iii 

 

collaboration with Stefano Bonaldo and Andrew O’Hara. We worked together on the InGaAs FinFETs, but 

on different aspects. Stefano finished the temperature dependent noise measurement, and Andrew carried 

out the DFT calculations. Thanks to their great work, we can have the detailed results shown in Chapter 3.2. 

I would like to thank Rong Jiang, Pan Wang, Huiqi Gong, Kai Ni, Chundong Liang, Yanran (Paula) Chen, 

Wenjun Liao, Hangfang Zhang, Hui Jiang, Xue Fan, Yanrong Cao, Pengfei Wang, Mariia Gorchichko, Kan 

Li, Andrew Tonigan, Kaitlyn Ryder, Landen Ryder and Rebekah Austin for all the indispensable guidance 

and discussion on my research and in life.  

I want to thank AFRL, AFOSR for the support they provide through the Hi-REV program and the 

Defense Threat Reduction Agency. Thanks to their support, I’m able to finish my PhD projects evaluated 

in this dissertation. A special thanks goes to Dr. Maithilee Kunda, who offered me the research assistant 

position at Vanderbilt during the last eight months of my PhD. I’m able to have the chance to improve the 

life for the kids with autism spectrum disorder, and finish my PhD dissertation in the meanwhile.   

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

express my deepest appreciation to my parents. When I was a little girl, they inspired me to make 

contribution to the science and engineering field. They encourage me to pursue the PhD degree in the United 

States, a place where far away from them. They have faith in me and they delighted me in their own way. 

They are the best parents in the world and I hope they can enjoy every moment in their life. Thanks for all 

my friends who give me joy and love. Finally, I would like to express my deepest gratitude to my boyfriend, 

my best friend and my soul mate, Zhaobo K. Zheng, for accompanying me through the journey. Our story 

begins in Nashville five years ago, and we will use a lifetime to write it together! 

  



iv 

 

CONTENTS 

ACKNOWLEDGEMENT ............................................................................................................... i 

LIST OF FIGURES ...................................................................................................................... vii 

LIST OF TABLES ....................................................................................................................... xvi 

LIST OF ABBREVIATIONS .................................................................................................... xviii 

LIST OF SYMBOLS .................................................................................................................... xx 

CHAPTER ...................................................................................................................................... 1 

1 Introduction and background ................................................................................................... 1 

1.1 III-V materials .............................................................................................................. 1 

1.2 GaN devices .................................................................................................................. 4 

1.3 Radiation effects overview ........................................................................................... 6 

1.4 Low-frequency noise theory ......................................................................................... 9 

1.5 Overview of dissertation ............................................................................................. 12 

2 Radiation Effects and 1/f noise of first-generation InGaAs FinFET ..................................... 15 

2.1 Device structure and experimental setup .................................................................... 16 

2.1.1 Device fabrication and structure ...................................................................... 16 

2.1.2 Device layout and DUT ................................................................................... 18 

2.1.3 Radiation experimental setup .......................................................................... 20 

2.1.4 1/f noise setup .................................................................................................. 22 

2.2 Results and discussion ................................................................................................ 24 

2.2.1 I-V characteristics ............................................................................................ 24 

2.2.2 Gate bias and length dependence..................................................................... 27 

2.2.3 Room-temperature 1/f noise results ................................................................. 37 

2.3 Summary ..................................................................................................................... 42 

3 Temperature dependence on the 1/f noise of first-generation InGaAs FinFET ..................... 43 

3.1 DC characteristics from 85K to 400K ........................................................................ 44 



v 

 

3.2 Temperature dependence 1/f noise.............................................................................. 47 

4 Radiation responses of InGaAs FinFET with modified gate stack ........................................ 53 

4.1 Device structure and experimental setup .................................................................... 54 

4.1.1 Device structure and layout ............................................................................. 54 

4.1.2 Experimental setup .......................................................................................... 57 

4.2 Results and discussion ................................................................................................ 58 

4.2.1 I-V characteristics ............................................................................................ 58 

4.2.2 Pure-TID separation ........................................................................................ 60 

4.2.3 Hysteresis results ............................................................................................. 64 

4.2.4 Gate bias and length dependence..................................................................... 67 

4.2.5 Comparison of gate stack responses ................................................................ 69 

4.3 Summary ..................................................................................................................... 74 

5 Gate stack and treatment compasion of GaN MOSCAP devices .......................................... 75 

5.1 device structure and experimental details ................................................................... 76 

5.2 Multi-frequency C-V results ....................................................................................... 77 

5.3 Hysteresis results ........................................................................................................ 82 

5.4 Summary ..................................................................................................................... 89 

6 Low-frequency noise in GaN-based devices on 200mm-Si for RF applications ................... 90 

6.1 Device structure and layout ........................................................................................ 91 

6.2 Experimental setup ..................................................................................................... 94 

6.3 DC characteristics ....................................................................................................... 95 

6.4 1/f noise at room temperature ................................................................................... 100 

6.4.1 Power spectral density overview ................................................................... 100 

6.4.2 Drain current power spectral density (Sid) ..................................................... 101 

6.4.3 Gate voltage power spectral density (Svg) ..................................................... 103 

6.4.4 Drain voltage power spectral density (Svd) .................................................... 107 

6.5 Temperature dependent 1/f noise .............................................................................. 109 



vi 

 

7 Conclusion ............................................................................................................................112 

7.1 Summary of III-V devices .........................................................................................113 

7.2 Summary of III-N devices .........................................................................................115 

References ....................................................................................................................................117 

 

  



vii 

 

LIST OF FIGURES 

Figure                    Page 

Fig. 1.1. Trends in state-of-the-art high performance (HP) CMOS transistor innovation. 

Transformative changes in materials (high-k dielectric, Ge, III-V channel) and the transistor 

architecture (3D, Tunnel FET) are implemented and explored to maintain historical rate of 

performance, density and power scaling (after [1]). ....................................................................... 1 

Fig. 1.2. (a) Electron mobility of group III-V compound semiconductors. The arrow indicates the 

increase of biaxial compressive strain. (b) Electron injection velocity in III-V compound 

semiconductors (after [2]). .............................................................................................................. 3 

Fig. 1.3 Schematic cross section of an AlGaN/GaN HEMT, identifying critical areas which can be 

subjected to degradation (after [22]). .............................................................................................. 5 

Fig. 1.4. Schematic diagram illustrating physical processes for radiation-induced charge generation 

in MOS capacitor (after [31]). ........................................................................................................ 6 

Fig. 1.5. Schematic diagram of oxide, interface, and border traps (states) in MOS devices. Border 

traps are near-interfacial oxide traps that exchange charge with the semiconductor channel. See 

ref[49] for more details about the nomenclature (After [49]). ........................................................ 7 

Fig. 1.6. Sid vs. frequency for all types of noise: white noise, 1/f noise, generation and 

recombination noise, and the total results of all types of noise. ................................................... 10 

Fig. 2.1. (a) STEM image of the InGaAs nMOS FinFETs evaluated in this work, and (b) schematic 

illustration in three dimensions. The n-InGaAs layer is unintentionally during epitaxial growth; 

devices are junctionless and effectively operate in accumulation mode. (After [55], [84], [85].) 16 

Fig. 2.2. Zoomed-in perspective highlighting the gate stack and spacer oxides in the (a) external 

view, and (b) cross section view. The n-InGaAs layer is unintentionally during epitaxial growth; 

devices are junctionless and effectively operate in accumulation mode (after [86]). ................... 17 

Fig. 2.3. Layout of InGaAs FinFET wafer in this work. The transistors have the fin length varies 



viii 

 

from 0.5 m to 12.5 m and fin width from 16 nm to 100 nm. The green shadowed areas: DUT.

....................................................................................................................................................... 18 

Fig. 2.4. Part of the yield map of the first-generation InGaAs FinFET transistors. The green box 

represents the good devices on one die after the initial IV test. .................................................... 19 

Fig. 2.5. ARACOR X-ray source at Vanderbilt University. .......................................................... 21 

Fig. 2.6. Low frequency 1/f noise measurement system. (After [87].) ......................................... 22 

Fig. 2.7. The experimental setup for the 1/f noise measurement. The equipment from the top to the 

bottom are: SR760 FFT Spectrum Analyzer, HP4140B DC Voltage Source, ESD-protected resistor 

box (on the left), Keysight 34461A Digital Multimeter (on the right), HP3476A Multimeter (on 

the left), and SR560 Low Noise Pre-Amplifier (on the right). ..................................................... 23 

Fig. 2.8. I-V curves as functions of dose to 500 krad(SiO2) and room temperature annealing of 1 h 

for a device with fin length of 5 m, fin width of 16 nm, and gate length of 0.23 m at (a) +1 V 

gate bias, and (b) -1 V gate bias. (c) Transconductance for the devices of (b) irradiated with -1 V 

gate bias (after [86]). ..................................................................................................................... 25 

Fig. 2.9. Vth shifts as a function of irradiation dose and annealing time for irradiation, bias only, 

and bias-stress-adjusted irradiation conditions for (a) VG = +1 V and (b) VG = -1 V during 

irradiation for the devices shown in Figs. 2.8(a) and (b) respectively (after [86]). ...................... 26 

Fig. 2.10. (a) Vth, (b) normalized Gm, (c) ON/OFF ratios, and (d) subthreshold swing (SS) for 

devices with gate length of 0.23 m as functions of dose and room temperature annealing up to 

1 hour for devices irradiated with VG = +1 V, VG = −1 V and VG = 0 V (after [86]). ................... 29 

Fig. 2.11. Threshold voltage (Vth) for devices with gate length of (a) 1.03 m , (b) 0.53 m and (c) 

0.23 m as functions of dose and room temperature annealing up to 1 hour for devices irradiated 

with VG = +1 V, VG = −1 V and VG = 0 V. ..................................................................................... 30 

Fig. 2.12. (a) Vth, (b) normalized Gm, (c) ON/OFF ratios, and (d) subthreshold swing (SS) for 

devices with gate lengths varying from 0.23 m to 1.03 m as functions of dose and room 



ix 

 

temperature annealing up to 1 hour for devices irradiated with VG = −1 V (after [86]). .............. 33 

Fig. 2.13. Threshold voltage (Vth) for devices irradiated with (a) VG = +1V , (b) VG = 0V and (c) 

VG = −1V as functions of dose and room temperature annealing up to 1 hour for devices with gate 

lengths varying from 0.23 m to 1.03 m. ................................................................................... 34 

Fig. 2.14. On/off ratio for devices irradiated with (a) VG = +1V , (b) VG = 0V and (c) VG = −1V  

as functions of dose and room temperature annealing up to 1 hour for devices with gate lengths 

varying from 0.23 m to 1.03 m. ................................................................................................ 35 

Fig. 2.15. Subthreshold Swing (SS) for devices irradiated with (a) VG = +1V , (b) VG = 0V and (c) 

VG = −1V  as functions of dose and room temperature annealing up to 1 hour for devices with 

gate lengths varying from 0.23 m to 1.03 m. ........................................................................... 36 

Fig. 2.16. Svd as a function of frequency for different values of Vd for a device with gate length of 

1.03 m (a) before irradiation and (b) after irradiation. Noise measurements were performed at 

room temperature at Vg - Vth=0.7V. ............................................................................................... 38 

Fig. 2.17. Svd as a function of frequency for different values of Vg - Vth for a device with gate length 

of 1.03 m (a) before irradiation and (b) after irradiation. Noise measurements were performed at 

room temperature at Vd = 50 mV (after [86]). .............................................................................. 39 

Fig. 2.18. Svd at 10 Hz as a function of Vg–Vth before and after irradiation for the device of Fig. 

2.17. The inset schematically shows trends in the effective border-trap distribution as a function of 

Vg–Vth before and after irradiation. Increasing values of Vg–Vth correspond to energies that are 

closer to the conduction band, and decreasing values are closer to midgap (after [86]). ............. 41 

Fig. 3.1. Id − Vg curves vs. temperature in the linear region of operation (Vd = 50 mV) for InGaAs 

FinFETs transistor with gate length of 1.03 m in the “+1V” bias condition: (a) before irradiation, 

(b) after irradiation to 500 krad(SiO2). ......................................................................................... 45 

Fig. 3.2. (a) Vth shift, (b) ON/OFF ratio, and (c) hysteresis shift as functions of temperature from 

85K to 400K before and after irradiation for devices with gate length of 0.53 m and 0.16 m. 47 



x 

 

Fig. 3.3 Low-frequency noise at several temperatures for InGaAs FinFETs with L = 50 nm at Vd 

= 50 mV and Vg = 0.5 V. The bias condition during the exposure and annealing is “+1 V.” Insets: 

experimental values of α compared with the values derived from the temperature dependence of 

the noise magnitude via (4) of the text. The noise was measured (a) before irradiation, (b) after 

exposure, and (c) after 6-h annealing at 400 K (after [112]). ....................................................... 49 

Fig. 3.4. Normalized 1/f noise magnitude as a function of temperature for InGaAs FinFETs biased 

at Vd= 0.1 V and Vg = 0.5 V. The noise was measured at f = 10 Hz before irradiation, after exposure, 

and after 6 h annealing at 400 K. The bias condition during exposure and annealing was (a) “−1 

V” and (b) “+1 V.” The energy scale on the upper x-axis is derived from the Dutta-Horn model of 

1/f noise with τo = 1.8×10−15 s (after [112]). ................................................................................ 51 

Fig. 3.5. Calculated band alignment between HfO2, Al2O3, InGaAs, and GaAs. The dashed red line 

shows the equilibrium Fermi energy approximated as the InGaAs conduction band. Equilibrium 

defect levels are shown for two oxygen vacancy microstructures in HfO2 (V3−O and V4−O), three 

oxygen vacancy microstructures in Al2O3 (V3−O，1, V3−O，2, and V4−O), and the primary vacancies 

and antisites defects in GaAs. For calculation of the defect energies, we utilized supercells of the 

primitive cells with respective sizes of 2×2×2 for HfO2, 1×4×2 for Al2O3, and 2×2×2 for GaAs 

with converged k-point grids (after [112]). ................................................................................... 52 

Fig. 4.1. (a) Schematic illustration of InGaAs FinFET structures evaluated in this work, and 

comparison of material layers comprising the FinFETs for (b) the wafer of this work, (c) the wafer 

in [86], and (d) a “reference” wafer processed similarly to (b) but including a W overlayer (after 

[124])............................................................................................................................................. 55 

Fig. 4.2. Part of the yield map of the modified InGaAs FinFETs (Wafer 2) transistors. The green 

box represents the good devices on one die after the initial IV test. ............................................. 56 

Fig. 4.3. Custom high-speed package with separate gate, drain and source contacts using in the 

InGaAs FinFETs irradiation and 1/f noise measurements. ........................................................... 57 

Fig. 4.4. I-V curves as functions of dose and room temperature annealing up to 1 hour for the 



xi 

 

InGaAs FinFET device (Wafer 2) with fin length of 5 m, fin width of 16 nm, and gate length of 

50 nm at (a) +1V gate bias, and (b) -1V gate bias (after [124]). ................................................... 58 

Fig. 4.5. Vth shifts as a function of irradiation dose (lower x-axes) and annealing time for biased 

irradiation (black squares), bias-stress only (red dots), and bias-stress adjusted irradiation-induced 

shifts (blue triangles) for (a) VG = +1 V and (b) VG = -1 V for the devices of Figs. 4.3 (a) and (b), 

respectively. The upper x-axes show the corresponding times for bias stress, which are matched in 

duration to the irradiation and annealing times shown in the lower x-axes (after [124]). ............ 61 

Fig. 4.6. The directions of Vth shift at (i) biased TID irradiation (black arrow), (ii) bias only (red 

arrow), and (iii) pure TID response (blue arrow) at VG = +1 V and VG = −1 V bias conditions for 

(a) Wafer 1, and (b) Wafer 2. ........................................................................................................ 63 

Fig. 4.7. Double-sweep I-V curves that show hysteresis for the devices of Fig. 4.4 before and after 

irradiation at gate biases of (a) +1V and (b) −1V up to 1 Mrad(SiO2), followed by room 

temperature annealing up to 1 h. Hysteresis voltages of the devices in (a) and (b) are measured at 

Vth and summarized in (c) (after [124]). ....................................................................................... 65 

Fig. 4.8. Hysteresis as functions of dose and room temperature annealing up to 1 h for devices with 

the same geometries from Wafers 1−3, irradiated at −1 V gate bias. Devices from Wafer 1 were 

irradiated to 500 krad(SiO2); devices from Wafers 2 and 3 were irradiated to 1 Mrad(SiO2) (after 

[124])............................................................................................................................................. 66 

Fig. 4.9. Vth shifts for devices with gate lengths varying from 50 nm to 500 nm as functions of dose 

and room temperature annealing up to 1 hour for devices irradiated with (a) VG = +1 V and (b) VG 

= −1 V (after [124]). ...................................................................................................................... 67 

Fig. 4.10. (a) Vth shift, and (b) subthreshold swing (SS) shift for devices with gate length of 90 nm 

as functions of dose and room temperature annealing up to 1 hour for devices irradiated with VG = 

+1 V, VG = 0 V and VG = −1 V (after [124]).................................................................................. 69 

Fig. 4.11. Vth shift for devices in this and previous work [86] with the same geometry (gate 

length=500 nm, fin width=16 nm, and fin length=5 m). Vth shifts are shown as functions of dose 



xii 

 

and room temperature annealing up to 1 hour for devices irradiated with VG = +1 V and VG = −1 

V. The device in [86] has only been irradiated to 500 krad(SiO2), so a dashed line is used to indicate 

the annealing results (after [124]). ................................................................................................ 70 

Fig. 4.12. Schematic diagrams of the transport of radiation-induced trapped charges in HfO2 and 

Al2O3 gate dielectrics in Wafers 1 and 2 when irradiated with (a) VG = +1 V and (b) VG = −1 V. In 

Wafer 1, the gate dielectric is 2 nm HfO2/2nm Al2O3, and in Wafer 2, the gate dielectric is 3 nm 

HfO2/1 nm Al2O3 (after [124]). ..................................................................................................... 71 

Fig. 4.13. Vth shifts of devices with the same geometry (gate length = 500 nm, fin width = 16 nm, 

and fin height = 15 nm) for Wafers 1−3 of Fig. 1. Vth shifts are shown as functions of dose and 

room temperature annealing up to 1 h for devices irradiated at worst-case bias (VG = −1 V). The 

device in Wafer 1 has only been irradiated to 500 krad(SiO2), so a dashed line is used to bridge the 

irradiation and annealing results (after [124]). ............................................................................. 73 

Fig. 5.1. Schematic illustration of the GaN MOSCAP devices evaluated in this work. ............... 76 

Fig. 5.2. The three measurement conditions for the GaN MOSCAP devices. .............................. 77 

Fig. 5.3. Capacitance as functions of gate voltage for GaN MOSCAP sample 6 measured from 

frequency varies from 500Hz to 580kHz. ..................................................................................... 78 

Fig. 5.4. Dit at (a) fresh condition, and (b) after ohmic anneal for all the GaN MOSCAP samples 

at temperature of 25˚C and 200 ˚C. The value in the figure is the median of six devices. ........... 79 

Fig. 5.5. Accumulation dispersion D% at temperature equal to (a) 25˚C, and (b) 200 ˚C after fresh, 

anneal and Ohmic anneal conditions for all the samples. The value in the figure is the median of 

six devices. .................................................................................................................................... 80 

Fig. 5.6. Flatband voltage Vfb at temperature equal to (a) 25˚C, and (b) 200 ˚C after fresh, Anneal 

and Ohmic Anneal conditions for all the samples. The value in the figure is the median of six 

devices........................................................................................................................................... 81 

Fig. 5.7. A band-diagram representation of the impact of a widely distributed defect band on the 



xiii 

 

hysteresis measured with different Vstart in the case of (a) Si MOS device and (b) InGaAs/Al2O3 

MOS device (after [139]). ............................................................................................................. 83 

Fig. 5.8. (a) A band-diagram representation of the impact of a widely distributed defect band on 

the hysteresis measured with different Vstart for GaN capacitor evaluated in this work, and (b) a 

schematic diagram of how the hysteresis differs with different Vstart. .......................................... 84 

Fig. 5.9 Hysteresis results for all the GaN MOSCAP samples as a function of underdrive voltage 

Vunderdrive (a) at fresh condition, (b) after anneal, and (c) after ohmic anneal at room temperature 

25˚C............................................................................................................................................... 86 

Fig. 5.10 Hysteresis results for all the GaN MOSCAP samples as a function of underdrive voltage 

Vunderdrive (a) at fresh condition, (b) after anneal, and (c) after ohmic anneal at high temperature 

200˚C............................................................................................................................................. 88 

Fig. 6.1. Schematic illustration of the GaN-based (a) HEMT, (b) MOSHEMT, and (c) MOSFET 

wafers evaluated in this work (after [26]). .................................................................................... 92 

Fig. 6.2. Die map for the GaN RF devices. We chose 12 dies (marked in blue) for the IV and 1/f 

noise measurement. More than 1440 devices were measured for each wafer. The yield rate is only 

about 50%. .................................................................................................................................... 93 

Fig. 6.3. 1/f noise measurement setup using Keysight E4727A Advanced Low Frequency Noise 

Analyzer. The device under test (DUT) is connected in the red circled area. During experiment, a 

constant current has been applied to SMU Force (after[145]). ..................................................... 94 

Fig. 6.4. Gate length dependent Vth for (a) MOSHEMT, and (b) MOSFET devices at Vd from 0.5V 

to 2V. ............................................................................................................................................. 96 

Fig. 6.5. ΔVth as function of overdrive voltage for (a) MOSHEMT, and (b) MOSFET devices for 

devices with gate length varies from 0.2m to 10m. The overdrive voltage Vov=Vg-Vth. .......... 97 

Fig. 6.6. (a) Vth, and (b) SS as function of gate length and width for the MOSHEMT devices at Vd 

from 0.5V to 2V. ........................................................................................................................... 98 



xiv 

 

Fig. 6.7. Measurement scheme for the bias temperature instability (BTI) (after [27]). ................ 98 

Fig. 6.8. ΔVth (tstress=1s) for the MOS devices plotted against (a) overdrive stress bias (Vov,stress), 

and (b) potential drop (Vox) at tox/2. It is evident that the degradation in both MOS devices is similar 

for the same Vox (i.e., different Vov,stress), Insets: illustration of potential drops across the device gate 

stack (after [27]). ........................................................................................................................... 99 

Fig. 6.9. The original power spectral density data vs. frequency for GaN MOSFET at Vd = 0.05 V 

(a) drain voltage spectral density Svd, (b) drain current spectral density Sid, and (c) gate voltage 

spectral density Svg.. The green line is the reference for 1/f noise............................................... 100 

Fig. 6.10. Noise power spectral density of the drain current (SId) for (a) HEMT, (b)MOSHEMT, 

and (c) MOSFET at Vd=0.05V. The device has a gate length of 0.2m and width of 100m. The 

noise results are obtained at 10Hz. ............................................................................................. 102 

Fig. 6.11. The gate-voltage noise power spectral density at 10Hz as a function of Vg-Vt at Vd = 0.05 

V for MOSHEMT devices with gate length varying from 0.2m to 1m. The curve shows the 

average value for all 8 samples we measured. ............................................................................ 103 

Fig. 6.12. (a) Normalized gate voltage spectral density (Svg), and (b) W · Lg · SVg at 10Hz vs. area 

at Vd = 0.05 V for MOSHEMT devices with gate length varying from 0.2m to 10m. Larger noise 

level for shorter devices indicates that the noise is from the gate stack. .................................... 105 

Fig. 6.13. Gate length dependence for all three GaN structures at Gm peak at 10Hz at Vd = 0.05 V. 

Overall, HEMT and MOSHEMT have lower PSD compared with MOSFET, while shorter device 

shows larger trap charge density (after [27]). ............................................................................. 105 

Fig. 6.14. A benchmark of 1/f noise Svg vs. EOT at Vd = 0.05 V and Vg-Vth=1V, noise performance 

of this work in line with recently reported GaN devices in literature [98], [100], [148], [149]. The 

EOT for MOSHEMT is calculated by adding EOT of AlGaN and the gate stack, the EOT for 

HEMT is equal to the EOT of AlGaN itself. ............................................................................... 106 

Fig. 6.15. The drain voltage spectral density Svd at 10Hz at Vd = 0.05 V for GaN HEMT, 



xv 

 

MOSHEMT, and MOSFET devices with gate length=0.2m. More than 8 samples have been 

measured, so we include the error bar of β in here. .................................................................... 107 

Fig. 6.16. (a) Svd as a function of frequency for different values of Vg-Vt for a GaN MOSHEMT 

device with gate length of 0.2 μm. Noise measurements were performed at room temperature at Vd 

= 0.05V, (b) Svd at 10 Hz as a function of Vg-Vt for the device of (a) at room temperature, the value 

of  indicates a non-uniform defect-energy distribution. ........................................................... 109 

Fig, 6.17. (a) Linear and (b) log scale Id − Vg curves vs. temperature in the linear region of operation 

(Vd = 50 mV) for GaN MOSHETMs with gate length of 0.3 m................................................110 

Fig. 6.18. Svd as a function of temperature for the device in Fig. 6.16 biased at Vd = 0.05V and Vg 

- Vt = 0.6 at 10 Hz, the temperature varying from 25C to 47C................................................. 111 

Fig. 7.1. Schematic of III-V and III-N devices evaluated in this dissertation. The device 

information and relationships between all the wafers evaluated in this work are summarized. ..112 

Fig. 7.2. Schematic of the III-V devices information and significant results evaluated in this 

dissertation. The different measurements and analyses for each wafer is presented in this figure.

......................................................................................................................................................113 

Fig. 7.3. Schematic of the III-N devices information and significant results evaluated in this 

dissertation. The different measurements and analyses for each wafer is presented in this figure.

......................................................................................................................................................115 

 

  



xvi 

 

LIST OF TABLES 

Table                    Page 

Table 1.1. Lists of electron and hole mobilities, electron and hole effective mass, bandgap, and 

permittivity for Si, Ge, and typical III-V compound semiconductors ............................................ 2 

Table 1.2. The material properties of GaN compared to Si, GaAs and 4H-SiC (after [14]–[20]) .. 4 

Table 2.1. The geometries of the DUT in the InGaAs FinFETs. The effective channel width and 

gate area are also included in this table ........................................................................................ 20 

Table 2.2. Irradiation time and measurement time at each corresponding radiation dose during the 

TID test. ........................................................................................................................................ 21 

Table 4.1 The geometries of the DUT in the modified InGaAs FinFETs (Wafter 2). The effective 

channel width and gate area are also included in this table .......................................................... 56 

Table 4.2 Comparison of IV characteristics for the three InGaAs FinFET wafter slots evaluated in 

this work, including Vth, Ioff, ON/OFF ratio and yield .................................................................. 59 

Table 5.1 The treatments and gate oxide layers of the GaN MOSCAP samples studied in this work. 

There are 7 samples evaluated with 5 different treatments and 4 different gate stacks. ............... 76 

Table 5.2 The Vfb value in Fig. 5.9 for all samples at all anneal conditions at room temperature 

and Vunderdrive = 3V. The value in the table is median of 18 device. The grey cell means the initial 

status. The red cell represents an increase of hysteresis, and yellow cell means a slight decrease of 

hysteresis. The cell in green means a significant decrease of hysteresis. ..................................... 86 

Table 5.3 The cross testing among Sample 1, Sample 2, Sample 3 and Sample 7. These samples 

have same gate stack, and the treatments are varying as shown below ........................................ 87 

Table 5.4 The cross testing among Sample 2, Sample 4, Sample 5 and Sample 7. These samples 

have same treatment, and the gate stacks are varying as shown below ........................................ 87 

Table 5.5 The Vfb value in Fig. 5.10 for all samples at all anneal conditions at high temperature 

and Vunderdrive = 3V. The value in the table is median of 18 device. .............................................. 88 



xvii 

 

Table 5.6 A summary of device performance under different treatments and gate oxide layers in 

seven GaN samples. Green cells represent a good performance, and cells in red mean a bad quality, 

the yellow cells mean an average level of the performance. ........................................................ 89 

Table 6.1 The geometries of the DUT. Tested devices ranges in gate length from 0.2m to 10m, 

and width varies from 1m to 100m. The grey area: bad devices due to leakage...................... 92 

 

  



xviii 

 

LIST OF ABBREVIATIONS 

BTI    Bias Temperature Instability 

CET   Capacitance Equivalent Oxide Thickness 

CMOS   Complementary Metal Oxide Semiconductor 

DD    Displacement Damage 

DFT   Density Functional Theory 

DUT   Device Under Test 

EOT   Effective Oxide Thickness 

FinFET   Fin Field Effects Transistors 

GR    Generation-Recombination 

HCD   Hot-Carrier Degradation 

HCI    Hot-Carrier Injection 

HEMT   High Electron Mobility Transistor 

LFN   Low Frequency Noise 

MOSHEMT  Metal Oxide Semiconductor High Electron Mobility Transistor  

MOSFET   Metal Oxide Semiconductor Field Effect Transistor  

MSM   (extended) Measure-Stress-Measure (or, eMSM) 

NBTI   Negative Bias Temperature Instability 

PBTI   Positive Bias Temperature Instability 

PSD   Power Spectral Density 

RT    Room Temperature 



xix 

 

RTN   Random Telegraph Noise 

SEE   Single Events Effects 

STEM   Scanning Transmission Electron Microscopy 

STI    Shallow Trench Isolation 

SS    Subthreshold Swing 

TID    Total Ionization Dose 

  



xx 

 

LIST OF SYMBOLS  

 Frequency dependence in 1/f noise - 

 Gate voltage dependence in 1/f noise - 

𝜇 Mobility cm-2 /V.s 

𝜀 Dielectric constant - 

Vfb Flatband voltage shift in capacitors V 

Vit  Voltage shift results from interface-trap charge V 

Vot Voltage shift results from oxide-trap charge V 

Vth Threshold voltage shift V 

SS  Subthreshold swing V/dec 

Dit Interface trap density cm-2 eV-1 

Eb Breakdown field 106V/cm 

Eg Bandgap eV 

f Frequency Hz 

Gm Transconductance A/V 

Id  Drain current A 

Ioff  Off current A 

Ion On current A 

 Normalized noise magnitude in 1/f noise - 

Lg Gate length nm 

Neff Effective defect density cm-2 



xxi 

 

Nit Interface trap charge density cm-2 

Not Oxide trap charge density cm-2 

rds Drain-to-source resistance Ω 

RLOAD Load resistance Ω 

Sid Drain-current power spectral density A2/Hz 

Svd Drain-voltage power spectral density V2/Hz 

Svg Gate-voltage power spectral density V2/Hz 

T Temperature K 

Vd  Drain voltage  V 

Vfb  Flatband voltage  V 

Vg Gate voltage V 

Vov Overdrive voltage in transistors V 

Vox Potential drop V 

vsat Saturation electron velocity cm/s 

Vth  Threshold voltage  V 

Vunderdrive  Underdrive voltage in capacitors V 

W Width in the gate area 𝜇m 



1 

 

 

CHAPTER 

1 INTRODUCTION AND BACKGROUND 

1.1 III-V MATERIALS 

To extend Moore’s law, transformative changes have been explored and implemented to 

maintain the scaling as shown in Fig. 1.1 [1]. Alternative semiconductor channel devices are of 

great interest to potentially succeed Si planar devices and FinFETs [2]–[7].  

 

Fig. 1.1. Trends in state-of-the-art high performance (HP) CMOS transistor innovation. 

Transformative changes in materials (high-k dielectric, Ge, III-V channel) and the transistor 

architecture (3D, Tunnel FET) are implemented and explored to maintain historical rate of 

performance, density and power scaling (after [1]). 

Table 1.1 lists the bulk electron and hole mobility, the electron and hole effective mass, and 

the bandgap and the permittivity of Si, Ge, as well as main III–V semiconductors [8]. According 

to the table, we can find that electron mobility of III-V materials is much higher than Si. Ge has 
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the largest hole mobility. Therefore, III-V and Ge have great potential to be good channel materials 

for nMOS and pMOS devices, respectively. Ideally, the ultimate CMOS technology should 

combine III-V nMOS with (strained) Ge pMOS on Si substrate [8]. 

Table 1.1. Lists of electron and hole mobilities, electron and hole effective mass, bandgap, and 

permittivity for Si, Ge, and typical III-V compound semiconductors 

 

Fig. 1.2 shows (a) electron mobility and (b) electron injection velocity of Si, Ge and III-V 

compound semiconductors. InGaAs has a high electron mobility as it is 10 times higher than Si, 

and it also has high injection velocity. Benefits of InGaAs over Si FinFETs include higher electron 

mobility, reduced short-channel effects, and reduced bias-temperature instabilities, while 

maintaining compatibility with conventional Si integration processes [9].  

Moreover, InGaAs is especially of interest for future nFET applications due to its 

compatibility with conventional Si processing [10], [11]. 
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Fig. 1.2. (a) Electron mobility of group III-V compound semiconductors. The arrow indicates the 

increase of biaxial compressive strain. (b) Electron injection velocity in III-V compound 

semiconductors (after [2]). 

 

 

 

 



4 

 

1.2 GAN DEVICES  

 As conventional Si-based CMOS devices require technology advancement for 5G/RF 

applications, GaN-based devices tend to be a great substitute due to its high electron sheet density 

(NS), high electron mobility (𝜇𝐸 ) and velocity, and a large band gap [12]–[14]. The material 

properties of GaN compared to competing materials are presented in Table 1.2. 

Table 1.2. The material properties of GaN compared to Si, GaAs and 4H-SiC (after [15]–[21]) 

Material Mobility, 

𝜇, 𝑐𝑚2/V.s 

Dielectric 

Constant, 

𝜀 

Bandgap,  

Eg, eV 

Breakdown 

field, Eb 

106V/cm 

Tmax, 

℃ 

Saturation 

electron velocity  

vsat, 106cm/s 

Si 1300 11.9 1.12 0.3 300 107 

GaAs 5000 12.5 1.42 0.4 300 107 

4H-SiC 260 10 3.2 3.5 600 2 × 107 

GaN 1500 9.5 3.4 2 700 2.5 × 107 

Due to the wide band gap and high electron mobility, GaN high electron mobility transistors 

(HEMTs) are promising for high-power and high-frequency applications [22]–[24]. However, 

current GaN technology needs further improvements for RF and mm-wave applications due to (1) 

integration concern with Si-CMOS technology platform [12] for highly-scaled GaN-channel based 

RF circuit blocks, (2) high gate leakage [25], [26] for the current HEMT structure.  

To overcome these difficulties, critical steps need to be applied as (1) migrating to the 

advanced 200 mm Si platform and using standardized CMOS fab tools, (2) using Metal-Oxide-

Semiconductor (MOS)-HEMTs and MOSFETs to facilitate low power and high power density RF 

technologies [27]–[29].[30][30][30][29] 
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Fig. 1.3 shows the main failure mechanism in GaN-based HEMTs, which has been previously 

reported in [23]. At high temperature, “gate sinking” is the main concern [31], where the deep trap 

forms due to the diffusion from gate metal to the semiconductor. But at lower temperature (below 

room temperature 300℃), no obvious degradation has been observed in either Schottky contact or 

Ohmic contact.  

Charge trapping is generated during the fabrication and induced by the pre-existing defects on 

the AlGaN surface. The trapping and de-trapping processes are usually very fast, which makes 

charge trapping the most significant issue in device short term reliability [32]. 

 

Fig. 1.3 Schematic cross section of an AlGaN/GaN HEMT, identifying critical areas which can be 

subjected to degradation (after [23]). 
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1.3 RADIATION EFFECTS OVERVIEW 

Various types of radiation in space, such as electrons and protons, result in total ionizing dose 

(TID) [6], [33]–[39], displacement damage (DD) [40]–[44] and single event effects (SEE) [45]–

[49] to microelectronic components. Among these three different radiation effects, total ionizing 

dose induces significant charge buildup in oxides and insulators, which determines the long-term 

reliability of MOS devices in space [34].   

The mechanism of total ionizing dose is shown in Fig. 1.4. 

 

Fig. 1.4. Schematic diagram illustrating physical processes for radiation-induced charge generation 

in MOS capacitor (after [34]). 

The main processes for radiation-induced charge generation can be explained based on the 

band diagram above. Under the influence of ionizing radiation, electron-hole pairs are first 

generated in the oxide. Then immediately, most of electrons will rapidly drift to the gate due to 

high mobility. Holes, on the other hand, move slower than electrons, so they are trapped in micro-
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structural defects and pre-existing traps. Before electrons leave the oxide, some of them will 

recombine with holes [34]. 

For those electron-hole pairs who escape initial recombination, holes will further transport 

toward the Si/SiO2 interface by hopping through localized states in the oxide [50]. This process 

typically takes less than a second, but may also take place over many decades of time [51]. As they 

approach the Si/SiO2 interface, some of the holes are trapped, forming a positive oxide-trap charge. 

Meanwhile, hydrogen ions (protons) are released and drift to the interface, forming an interface-

trap charge. Between oxide- and interface-traps, the near-interfacial oxide traps that communicate 

with the Si are called “border traps”.  

       

Fig. 1.5. Schematic diagram of oxide, interface, and border traps (states) in MOS devices. Border 

traps are near-interfacial oxide traps that exchange charge with the semiconductor channel. See 

ref[52] for more details about the nomenclature (After [52]). 

Fig. 1.5 shows the schematic diagram of oxide, interface and border traps [52]. It was 

introduced to precisely describe the reliability, performance and radiation response of near-
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interfacial oxide traps [53], [54]. Border traps are near-interfacial oxide traps that exchange charge 

with the semiconductor channel [52], [54]. Normally, it is difficult to draw a clear distinction 

between border traps and oxide traps. One useful rule is that for defect sites within about 3 nm of 

the Si/SiO2, or the gate/SiO2, interface can be considered as border traps [54]. Switching times 

between ~ 10-6 s and ~ 10-3 s are defined as fast traps and switching times greater than ~ 10-3 s  

are slow traps [55].  

For total ionizing dose effects on MOS devices, the threshold-voltage shift Vth caused by 

radiation is mainly investigated. The voltage shift results from both oxide-trap charge Vot and 

interface-trap charge Vit. As introduced above, oxide-trap charge is a positive charge, which 

causes negative threshold-voltage shift in both n- and p-channel MOS transistors. Interface traps 

are positive in p-channel MOSFETs causing negative threshold-voltage shift, and negative in n-

channel MOSFETs causing positive threshold-voltage shift. Therefore, oxide-trap charge and 

interface-trap charge compensate with each other for n-channel MOSFETs and add together for p-

channel MOSFETs. 

The desire to use advanced technologies in space environments makes total ionizing dose (TID) 

responses [6], [34], [35] of developing technologies of high interest. Previous work has shown that 

degradation due to TID is relatively small for Ge pMOS devices [56], [57], but III-V channel planar 

devices and FinFETs require further optimization to improve interfacial properties [58]–[60], 

dielectric quality [60]–[63], and radiation response [57], [64], [65]. Therefore, this dissertation 

focuses on the TID effects in the start-of-art III-V/III-N devices. 
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1.4 LOW-FREQUENCY NOISE THEORY 

Noise exists in all resistive systems. All the noise power spectral density (PSD) can be 

modeled using a combination of three types of noise: white noise, 1/f noise and generation-

recombination (GR) noise [66].  

Low-frequency (1/f) noise is very useful in characterizing reliability-limiting defects and 

impurities in microelectronic materials and devices. White noise is independent of frequency, 

which includes two types of well-known noise: thermal noise and shot noise. Thermal noise is 

caused by electron thermal motion of resistors, and often related to device self-heating [67], [68]. 

Shot noise is associated with current flow that is present when charge carriers are emitted from a 

cathode or cross a potential barrier [69], [70].  

Low-frequency noise, also called 1/f noise, flicker noise or pink noise, the noise magnitude 

typically is found to be proportional to 1/f α (with α in the range 0.8~1.4). Generation-

recombination (GR) noise is due to fluctuations in the number of free carriers inside of a two 

terminal sample associated with random transitions of charge carriers between states in different 

energy bands, which is related to trapping and de-trapping [71]. The noise magnitude for GR noise 

is normally proportional to 1/f 2. 

Figure 1.6 shows power spectral density curves change with frequency for all types of noise. 

At low frequency range, we can find white noise, 1/f noise and GR noise in a system. It is clear 

that the white noise is independent with frequency. The slope of the 1/f noise curve is about -1, 

and GR noise has a slope of -2, which makes the total noise looks like the red curve shown in 

Figure 1.6.  
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Fig. 1.6. Sid vs. frequency for all types of noise: white noise, 1/f noise, generation and 

recombination noise, and the total results of all types of noise. 

The noise power spectral density in a system can be described in the following equation 1.1. 

Bw is the white noise, and it is normally negligible compared with 1/f noise because the power 

spectral is independent with frequency. 
𝐾𝑓

𝑓𝛾 represents 1/f noise, as it is proportional to 1/𝑓𝛾. The 

last part of the equation shows the expression of GR noise.  

        (1.1) 

Three types of PSD are commonly used to evaluate the 1/ f performance, namely, drain-voltage 

power spectral density Svd, drain-current power spectral density Sid, and gate-voltage power 

spectral density Svg. The drain-voltage PSD data is obtained from the noise measurement directly, 

whereas the other two PSDs can be calculated by the following equations. The load resistance 

RLOAD and drain-to-source resistance rds can be obtained from the measurement setup.  
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The built-in resistor has a value of 1M. Gm is the transconductance and can be computed 

from the Id-Vg curve. 

        (1.2) 

In the past forty years, lots of work has been done to understand the links between low-

frequency noise and defects in microelectronic materials and devices [66], [53], [72]–[80]. The 

level of 1/f noise is a very informative parameter to evaluate the quality and reliability of devices. 

There are two modules used to explain the low-frequency noise: carrier number fluctuations n 

[81] and Hooge mobility fluctuations  [82].  

It is generally accepted that the low-frequency noise in microelectronic material is caused by 

the fluctuation of carrier numbers resulted from the charge exchange between channel and defects, 

usually at or near semiconductor/insulator interface instead of mobility fluctuation [66], [80], [83]. 
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1.5 OVERVIEW OF DISSERTATION 

To extend Moore’s law, transformative changes has been implemented to maintain the device 

scaling. In this dissertation, I focus on the state-of-the-art technologies for future logic and RF 

applications. All the semiconductor devices evaluated in this work including an alternative 

semiconductor channel (InGaAs or GaN), high-k dielectrics, and a special device structure, i.e., 

FinFETs structure, MOSHEMT structure.  

Due to the desire to use advanced technologies in space environments, most of the work are 

focused on the TID radiation response and low-frequency noise performance. In the meanwhile, 

the DC characteristics and front-end-of-line reliability has also been investigated in these state-of-

the-art devices. The dissertation is organized as follows:  

Chapter I describes the background and motivation of this work. The development of III-V 

materials and GaN devices are discussed. Then, the mechanism of radiation effects has been 

explained and the background of low-frequency noise is provided.  

Chapter II shows total ionizing dose and low-frequency noise in the first generation InGaAs 

FinFET transistors with different gate lengths under varies applied gate biases. Room temperature 

low-frequency noise characterizations are conducted before and after X-ray irradiation. 1/f noise 

measurements indicate a high trap density and a non-uniform defect-energy distribution, consistent 

with a strong variation of effective border-trap density with surface potential. 

Chapter III evaluates the temperature dependent DC characteristics and 1/f noise performance 

on the same InGaAs FinFET wafers as in Chapter II. The transistors are irradiated up to 500 

krad(SiO2) and annealed at high temperatures. The device structure and experimental setup have 
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been discussed in the previous chapter. In this chapter, I focus on the temperature-dependent IV 

and 1/f noise. Temperature-dependent 1/f noise measurements before and after irradiation indicate 

a significant increase of noise magnitude in irradiated devices at an activation energy of ~0.4 eV. 

Additional contributions to the noise from defects in the GaAs buffer layer are also likely, 

primarily at low temperatures. 

Chapter IV covers the total-ionizing-dose (TID) responses of InGaAs nMOS FinFETs with a 

modified gate stack irradiated with 10-keV X-rays under different gate biases. This modified 

InGaAs nMOS FinFET process shows decreased subthreshold leakage current and increased 

hysteresis in as-processed devices, and reduced hole trapping in irradiated devices, than first-

generation development-stage devices. The reduction in subthreshold leakage current is attributed 

to changing the buffer layer from GaAs to In0.3Ga0.7As, thereby enhancing the material quality. 

Both the increased hysteresis in as-processed devices and reduced hole trapping in irradiated 

devices are attributed primarily to thinning the Al2O3 layer that separates the HfO2 from the 

InGaAs layers. This facilitates charge exchange with defects at the HfO2/Al2O3 interface, and 

reduces the percentage of radiation-induced holes that are generated in Al2O3 and trapped in HfO2. 

Removal of a tungsten layer above the TiN gate reduces interface dose enhancement. 

In Chapter V, the DC characteristics are evaluated in the GaN MOS capacitors (MOSCAP). 

To migrate the advanced 200 mm Si platform, we start with evaluating the gate stack structure and 

treatment in the simple capacitor structure. C-V and hysteresis measurements has been conducted 

on seven GaN samples with different gate stacks and treatments. To investigate the gate stack 

performance, devices were measured after three conditions: Fresh, Anneal (FGA at 400C for 20 
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minutes), and Ohmic Anneal (N2 at 565C for 90 seconds) at both room temperature and high 

temperature (200C). 

In Chapter VI, we evaluate the DC characteristics, reliability and 1/f noise performance for 

scaled GaN-on-Si devices on 200mm Si wafers for RF applications. The performance among 

different device types (MOSFET, MOSHEMT and HEMT) had been compared. The PSDs of three 

device types were evaluated at room temperature, and the drain bias dependence and gate length 

dependence results are shown. Predominantly 1/f noise is observed, and the results indicate the 

low-frequency noise in GaN RF devices is caused by the fluctuation of carrier numbers resulted 

from the charge exchange between channel and defects, at or near semiconductor/insulator 

interface instead of mobility fluctuation, which is consist with previous study on GaN devices. 

The last Chapter summarizes the theorical contribution and main results in this dissertation.  
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2 RADIATION EFFECTS AND 1/F NOISE OF FIRST-GENERATION INGAAS 

FINFET 

In this chapter, the total ionizing dose (TID) response of the first-generation 16nm InGaAs 

nMOS FinFETs [58] with different gate lengths has been evaluated under different bias conditions.  

The TID responses of planar InGaAs MOSFETs [9], [84] and Ge FinFETs [56] have 

previously been evaluated. For InGaAs MOSFETs, a combination of bias-stress and radiation-

induced charge trapping effects was observed [9], [84]. For Ge pMOS FinFETs, relatively small 

threshold voltage shifts and low ON/OFF ratios were observed [56]. 

Radiation-induced trapped positive charge dominates the TID response of InGaAs FinFET 

transistors, consistent with previous results in InGaAs multi-fin capacitors [57]. The largest Vth 

shifts occur for an applied bias of VG = -1 V during irradiation. The degradation induced by TID 

in InGaAs FinFETs is strongly gate-length dependent. Shorter gate-length devices show larger 

radiation-induced charge trapping than longer gate-length devices, most likely due to the 

electrostatic effects of trapped charge in the surrounding SiO2 isolation and SiO2/Si3N4 spacer 

oxides [85], [86]. Voltage-dependent 1/f noise measurements before and after irradiation at room 

temperature indicate a high trap density, and number fluctuation noise with a non-uniform defect-

energy distribution. The shape of the defect energy distribution changes with irradiation, consistent 

with a strong variation of effective border-trap density with applied gate voltage.  
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2.1 DEVICE STRUCTURE AND EXPERIMENTAL SETUP 

2.1.1 Device fabrication and structure 

InGaAs nMOS FinFETs were fabricated by imec on 300 mm bulk Si (100) wafers in an early 

development stage technology [58]. The InGaAs channel is unintentionally n-type background 

doped during epitaxial growth [63], [87], [88]; devices operate in accumulation mode [58], [88].  

  

 

Fig. 2.1. (a) STEM image of the InGaAs nMOS FinFETs evaluated in this work, and (b) schematic 

illustration in three dimensions. The n-InGaAs layer is unintentionally during epitaxial growth; 

devices are junctionless and effectively operate in accumulation mode. (After [58], [87], [88].) 
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A scanning transmission electron microscopy (STEM) image and schematic diagrams of this 

device are shown in Fig. 2.1 [58], [87]. A 2 nm Al2O3 layer, 2 nm HfO2 layer, and TiN form the 

gate stack, as shown in Fig. 2.1(a) and 1(b). The equivalent oxide thickness (EOT) for this 

dielectric stack is ~1.5 nm, as measured from planar structures.  

 

 

 

Fig. 2.2. Zoomed-in perspective highlighting the gate stack and spacer oxides in the (a) external 

view, and (b) cross section view. The n-InGaAs layer is unintentionally during epitaxial growth; 

devices are junctionless and effectively operate in accumulation mode (after [89]). 
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Figs. 2.2 (a) and (b) provides a zoomed-in perspective highlighting the gate stack and spacer 

oxides in different views. The Si3N4 spacer prevents InAs growth on the gate during source/drain 

re-growth, and pulls back the highly-doped InAs from the channel edge [88]. A thin SiO2 layer 

separates the Si3N4 and gate stack. 

 

2.1.2 Device layout and DUT 

Fig. 2.3 shows the layout of the InGaAs FinFET wafer evaluated in this work. This wafer 

contains both capacitor and transistor structures. The previous results on capacitors has been 

reported in [57]. In this dissertation, we focus on the transistor results. This 16 nm technology 

InGaAs FinFET wafer has the devices with fin length varies from 0.5 m to 12.5 m, fin width 

varies from 16 nm to 100 nm, and two different fin numbers (1 or 4). The green shadowed area in 

Fig. 2.3 represented the device under test (DUT) for the irradiation experiment.  

 

Fig. 2.3. Layout of InGaAs FinFET wafer in this work. The transistors have the fin length varies 

from 0.5 m to 12.5 m and fin width from 16 nm to 100 nm. The green shadowed areas: DUT. 
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Before irradiation experiments of devices with specific geometries, a whole wafer yield test 

has been done manually using the probe station. The yield of this InGaAs wafer is very low. Only 

the devices in the green shadowed area in Fig. 2.3 have high turn-outs to be good devices. The 

definition of a good device: 1) a reasonable Id-Vg curve as a transistor; 2) the ON/OFF ratio is great 

than 104; and 3) the leakage current is lower than 10-10 A.  

Fig. 2.4 shows the yield of the devices evaluated in this work. There are more good devices in 

FE41~FE44. Thus, in this work, we focus on devices with a 16 nm fin width, so that we have 

adequate devices for the irradiation tests under different conditions. 

 

Fig. 2.4. Part of the yield map of the first-generation InGaAs FinFET transistors. The green box 

represents the good devices on one die after the initial IV test.  
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The geometries of the DUT are shown in Table 2.1. The transistors vary in gate length from 

0.23 𝜇m to 1.03 𝜇m, and have a fin length of 5 𝜇m and fin width of 16 nm. The effective channel 

width is calculated by 2 times of the fin height plus the fin width. Hence, the gate area can be 

calculated by the effective channel width multiplying the gate length. 

Table 2.1. The geometries of the DUT in the InGaAs FinFETs. The effective channel width and 

gate area are also included in this table 

Device 

number 
Fin 

Width 

(FW) 

Fin 

Length 

(FL) 

Fin 

Height 

(FH) 

Fin 

Number 

(FN) 

Gate 

Length 

(GL) 

Effective 

channel 

width Wg 

Gate 

area 

FE42T3 16nm 5μm 15nm 1 1.03μm 46nm 0.047 μm2 

FE42T6 16nm 5μm 15nm 1 0.53μm 46nm 0.025 μm2 

FE42T7 16nm 5μm 15nm 1 0.23μm 46nm 0.01 μm2 

 

 

2.1.3 Radiation experimental setup 

TID experiments were performed at room temperature using a 10-keV X-ray source at a dose 

rate of 30.3 krad(SiO2)/min. Fig. 2.5 shows the ARACOR X-ray source located at Vanderbilt 

University. The irradiation and annealing time at each radiation dose is shown in Table. 2.2. 

Gate biases of ± 1 V or 0 V were applied during irradiation, bias stress, and/or room 

temperature annealing. Current-voltage (I-V) characterization was performed with Vd = 0.5 V 

before and after each exposure using a HP 4156A semiconductor parameter analyzer with medium 

integration time.  
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Fig. 2.5. ARACOR X-ray source at Vanderbilt University.  

More than 50 devices were characterized for the irradiation experiment in this work. At least 

three devices of each type were evaluated for all experimental conditions. When more than two 

different devices were tested in the same condition, results are reported as the average and standard 

deviation. 

 

Table 2.2. Irradiation time and measurement time at each corresponding radiation dose during the 

TID test. 

Total dose/ 

Annealing 
Total  

irradiation time 
Total 

measurement time 
Measurement time 

after the previous step  

100krad 3.3 min 3.3 min 3.3 min 

200krad 6.6 min 6.6 min 3.3 min 

500krad 16.5 min 16.5 min 9.9 min 

1Mrad 33 min 33 min 16.5 min 

Annealing  33 min 93 min 60 min 
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2.1.4 1/f noise setup 

Low-frequency 1/f noise measurements were performed over a frequency span of 1 Hz to 390 

Hz with the apparatus shown in Fig. 2.6 [90]. Noise measurements were performed at room 

temperature before and after irradiation in the linear mode of device operation with Vd = 0.05 V. 

 

Fig. 2.6. Low-frequency 1/f noise measurement system. (After [90].) 

 

Fig. 2.7 shows the equipment used in the 1/f noise measurement setup. The equipment from 

the top to the bottom are: SR760 FFT Spectrum Analyzer, HP4140B DC Voltage Source, ESD-

protected resistor box (on the left), Keysight 34461A Digital Multimeter (on the right), HP3476A 

Multimeter (on the left), and SR560 Low Noise Pre-Amplifier (on the right). All the equipment is 

connected using the GPIB cable. During experiment, a Python script is used for equipment control, 

device measurement, and linear calculation of 1/f noise. 
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Fig. 2.7. The experimental setup for the 1/f noise measurement. The equipment from the top to the 

bottom are: SR760 FFT Spectrum Analyzer, HP4140B DC Voltage Source, ESD-protected resistor 

box (on the left), Keysight 34461A Digital Multimeter (on the right), HP3476A Multimeter (on 

the left), and SR560 Low Noise Pre-Amplifier (on the right). 
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2.2 RESULTS AND DISCUSSION 

2.2.1 I-V characteristics 

Fig. 2.8 shows I-V curves for a device with gate length of 0.23 m, irradiated with (a) +1 V 

and (b) -1 V gate bias. Fig. 2.8(c) shows transconductance (Gm) for the device irradiated with VG 

= −1 V, which is found to be worst-case for these devices and irradiation conditions.  
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Fig. 2.8. I-V curves as functions of dose to 500 krad(SiO2) and room temperature annealing of 1 h 

for a device with fin length of 5 m, fin width of 16 nm, and gate length of 0.23 m at (a) +1 V 

gate bias, and (b) -1 V gate bias. (c) Transconductance for the devices of (b) irradiated with -1 V 

gate bias (after [89]). 

I-V curves shift to the left and stretch out during irradiation, consistent with the trapping of 

radiation-induced positive charge [34], [85], [91], as well as the buildup of interface and/or border 

traps [10],[36],[38],[45]. Gm decreases with irradiation, and recovers slightly after room 

temperature annealing. The recovery in Gm is most likely due to a reduction in border-trap density 

[37]. The results of Figs. 2.9(a) and (b) are qualitatively consistent with the responses of multi-fin 

capacitors in [57]. However, more charge trapping is observed in the transistors of Fig. 2.8 than 

the capacitors of [57] as a result of the influence of trapped charges in the shallow trench isolation 

(STI) and SiO2/Si3N4 spacers that surround the transistor structure (see Fig. 2.1(b)) [57], [85], [86].  

The electrostatic effects of the trapped charges in the nearby STI and SiO2/Si3N4 spacers 

increase the I-V shifts and stretchout over what would otherwise be observed if the radiation 

response were determined solely by the gate dielectric [85], [91]–[93]. 
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Fig. 2.9. Vth shifts as a function of irradiation dose and annealing time for irradiation, bias only, 

and bias-stress-adjusted irradiation conditions for (a) VG = +1 V and (b) VG = -1 V during 

irradiation for the devices shown in Figs. 2.8(a) and (b) respectively (after [89]). 
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We separate the TID response from bias-induced charging, by measuring the bias-induced 

degradation at biases and times comparable to those used during irradiation [9], [93]. Figs. 2.9(a) 

and (b) show the threshold voltage Vth shifts as a function of dose and/or equivalent biasing times 

for (1) biased TID irradiation, (2) biasing only, and (3) the pure TID response, adjusted for bias-

induced charge trapping at (a) VG = +1 V and (b) VG = −1 V.  

For the bias-only condition at VG = +1 V, there is a positive Vth shift of about 15 mV. For VG = 

−1 V, there is a negative Vth shift of ~ -30 mV due to biasing only. After subtracting the bias-alone 

induced Vth shifts from the biased-irradiation induced Vth shifts in Fig. 2.8(a), there is a Vth shift of 

about -170 mV at 500 krad(SiO2) for the device irradiated with VG = +1 V. Similar analysis shows 

that the Vth shift is approximately -320 mV at 500 krad(SiO2) for the VG = −1 V gate-bias irradiation 

in Fig. 2.9(b). The results that follow are corrected similarly for the small bias-induced shifts that 

occur on time scales similar to those of the irradiations [9], [93]. 

 

2.2.2 Gate bias and length dependence 

2.2.2.1 Gate bias dependence 

Fig. 2.10 shows (a) Vth shifts, (b) changes in normalized peak transconductance (Gm), (c) 

ON/OFF ratios, and (d) subthreshold swing (SS) as functions of TID for devices with gate length 

of 0.23 m, for gate biases ranging from +1 V to -1 V.  

Vth increases with dose and decreases with annealing for all gate biases as shown in Fig, 2.11. 

The largest Vth shifts occur for negative gate bias (VG = −1 V) during irradiation, and correspond 
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to net positive charge trapping in the gate dielectric layers. These results are qualitatively consistent, 

but larger in magnitude than previous results on Ge FinFET transistors built in a similar technology 

[56]. ON/OFF ratios in Fig. 2.10(c) decrease with irradiation and increase after annealing for all 

gate bias conditions. 
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Fig. 2.10. (a) Vth, (b) normalized Gm, (c) ON/OFF ratios, and (d) subthreshold swing (SS) for 

devices with gate length of 0.23 m as functions of dose and room temperature annealing up to 

1 hour for devices irradiated with VG = +1 V, VG = −1 V and VG = 0 V (after [89]). 
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The largest changes in Vth and Gm are found for irradiation with VG = -1 V [56], [57], [93]. The 

normalized Gm, ON/OFF ratios and SS indicate larger radiation-induced degradation at VG = −1 V, 

compared with +1 V and grounded bias conditions. The larger Gm reduction in Fig. 2.10(b) 

indicates there are larger interface and/or border trap densities, and/or enhanced charge lateral 

charge uniformities, generated for devices irradiated with VG = -1 V than at +1 V or at 0 V [37], 

[57], [85], [91], [93].  

 

Fig. 2.11. Threshold voltage (Vth) for devices with gate length of (a) 1.03 m , (b) 0.53 m and (c) 

0.23 m as functions of dose and room temperature annealing up to 1 hour for devices irradiated 

with VG = +1 V, VG = −1 V and VG = 0 V. 
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A significant fraction of the excess net positive-charge trapping for devices irradiated with 

−1 V bias, compared with +1 V bias, originates within the gate dielectric stack. Excess positive 

charge trapping occurs during negative-bias irradiation because radiation-induced holes generated 

in the Al2O3 layer of the dielectric stack (Figs. 2.1(a) and (b)) can transport into and become 

trapped in the HfO2, which efficiently traps both electrons and holes [93]–[95] . During positive 

bias irradiation, radiation-induced electrons generated in the Al2O3 can transport into the HfO2 and 

become trapped, leading to a less negative Vth shift than for devices irradiated with −1 V bias. 

A similar mechanism most likely leads to enhanced charge trapping in the SiO2/Si3N4 spacers 

(Fig. 2.2) under negative bias. During negative-bias irradiation, holes generated in the SiO2 layer 

transport into and become trapped in the Si3N4 layer, which also efficiently traps both electrons 

and holes [96]–[98]. During positive bias irradiation, radiation-induced electrons generated in the 

SiO2 transport into the Si3N4 and become trapped [93], [97]. The enhanced positive charge trapping 

in the spacers during negative-bias irradiation causes additional stretchout in the curves than 

observed under positive-bias irradiation [85], [92], [93]. Charge in the HfO2 bulk is mostly 

insensitive to the applied gate voltage during I-V sweeps, while traps in the Al2O3 or at the 

Al2O3/HfO2 interface can change charge states, and thus function as border traps [53]. 

As a result of these factors, higher trapped positive charge, border-trap densities, and charge 

lateral non-uniformities are observed under negative-bias irradiation than under positive-bias 

irradiation for these devices and irradiation conditions. In addition, the SiO2/Si3N4 spacers serve 

as sources of hydrogen, enhancing interface-trap formation under both positive and negative gate 

bias conditions [86]. 
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2.2.2.2 Gate length dependence 

Fig. 2.12 shows (a) Vth shifts, (b) normalized Gm, and (c) ON/OFF ratios as a function of TID 

for devices with gate lengths of 0.23 m, 0.53 m, and 1.03 m under worst-case is conditions 

(VG = −1 V).  
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Fig. 2.12. (a) Vth, (b) normalized Gm, (c) ON/OFF ratios, and (d) subthreshold swing (SS) for 

devices with gate lengths varying from 0.23 m to 1.03 m as functions of dose and room 

temperature annealing up to 1 hour for devices irradiated with VG = −1 V (after [89]). 

The threshold voltage decreases by ~ −0.25 V for a device with gate length of 1.03 m 

irradiated to 500 krad(SiO2), ~ −0.3V for a device with gate length of 0.53 m and ~ −0.32V for a 
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device with gate length of 0.23 m. After annealing, the threshold voltage increases by ~0.03 V 

for all gate lengths. Shorter gate-length devices show larger radiation-induced Vth shifts than longer 

gate-length devices. Not only at the worst case, Fig, 2.13 indicates larger radiation-induced 

degradation for short channel devices for all applied gate biases. 

 
  

Fig. 2.13. Threshold voltage (Vth) for devices irradiated with (a) VG = +1V , (b) VG = 0V and (c) 

VG = −1V as functions of dose and room temperature annealing up to 1 hour for devices with gate 

lengths varying from 0.23 m to 1.03 m. 
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As shown in Figs. 2.12 (b)-(d), Fig 2.13 and Fig. 2.14, normalized Gm, ON/OFF ratios and 

subthreshold voltage indicate larger radiation-induced degradation for short channel devices at all 

applied gate biases. The increased Gm reduction indicates there are larger interface or border trap 

densities generated for short channel devices than longer-channel devices. 

 

Fig. 2.14. On/off ratio for devices irradiated with (a) VG = +1V , (b) VG = 0V and (c) VG = −1V  

as functions of dose and room temperature annealing up to 1 hour for devices with gate lengths 

varying from 0.23 m to 1.03 m. 
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The larger interface or border trap densities generated for shorter channel devices is occurs 

because of the enhanced effects of radiation-induced charge trapping in the STI and/or SiO2/Si3N4 

spacers for short channel devices, relative to effects in longer channel devices, i.e., radiation-

induced short-channel effects [85].  

 

Fig. 2.15. Subthreshold Swing (SS) for devices irradiated with (a) VG = +1V , (b) VG = 0V and (c) 

VG = −1V  as functions of dose and room temperature annealing up to 1 hour for devices with 

gate lengths varying from 0.23 m to 1.03 m. 
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2.2.3 Room-temperature 1/f noise results 

Additional insights into charge trapping before and after irradiation can be obtained from low-

frequency noise measurements [66], [77], [80], [90]. The noise measurements were performed at 

room temperature 300K.  

Fig. 2.16 and Fig. 2.17 show drain-voltage noise-power spectral density Svd for InGaAs 

FinFET devices with a gate length of 1.03 m as a function of frequency at room temperature 

before and after irradiation. The noise magnitude increases with irradiation, indicating a significant 

increase in border trap density that contribute to the low-frequency noise [53], [66], [77], [80], 

[99], [100]. 

Fig 2.16 (a) and (b) show the drain voltage dependence at Vg - Vth=0.7V (a) before and (b) 

after irradiation. The noise level increases at higher drain voltage Vd. In the following work, we 

focus on the Vd =50mV to keep the noise results at the linear region. 
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Fig. 2.16. Svd as a function of frequency for different values of Vd for a device with gate length of 

1.03 m (a) before irradiation and (b) after irradiation. Noise measurements were performed at 

room temperature at Vg - Vth=0.7V. 

Fig. 2.17(a) and (b) show Svd for different values of Vg - Vth for InGaAs FinFET devices with 

a gate length of 1.03 m as a function of frequency at room temperature (a) before and (b) after 

irradiation at Vd = 50 mV. 
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Fig. 2.17. Svd as a function of frequency for different values of Vg - Vth for a device with gate length 

of 1.03 m (a) before irradiation and (b) after irradiation. Noise measurements were performed at 

room temperature at Vd = 50 mV (after [89]). 

The noise magnitude increases with irradiation, indicating a significant increase in density of 

the border traps that contribute to the low-frequency noise [53], [66], [77], [80], [99], [100]. The 

frequency and voltage dependences of the noise provide further insight into the nature and defect-

energy dependence of the noise [66], [80], [83], [101], [102]. The frequency and voltage 

dependences of number fluctuation noise can be parameterized by [83], [102], [103]: 

            (2.1) 

Here SVd is the excess drain-voltage noise power spectral density; f is the frequency; Vd, Vg, 

and Vth are the drain, gate, and threshold voltages, K is the normalized noise magnitude, α 

represents the frequency dependence, and β is a measure of the gate-voltage dependence, where 

SVd ∝(Vg−Vt)-β [83]. 
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The low-frequency noise of MOS devices has been shown to be due primarily to carrier 

number fluctuations [66], [83]. For noise due to number fluctuations and traps that are distributed 

approximately uniformly in space throughout the oxide and in energy in the silicon band gap, the 

changes in trap occupancy with time lead to low-frequency noise characterized by α ≈ 1 and β ≈ 2 

[66], [83], [101], [102]. Significant deviations from α ≈ 1 and β ≈ 2 are evidence that the defect-

energy distribution is not uniform in space and/or energy [66], [83], [102], [103] which is a typical 

result for a wide range of MOS and GaN-based technologies built in a wide variety of processes 

[66], [83], [90], [65], [102]–[110]. When β < 2, the effective density of border traps is increasing 

toward the semiconductor conduction band (for electron conduction) or the valence band (for hole 

conduction) [83], [102]. When β > 2, the effective density of border traps is increasing toward 

midgap. Significant deviations from a simple 1/f power law dependence are observed in Fig. 2.17(a) 

and (b), before and after irradiation [102], [103].  

Fig. 2.18 shows variation of Svd as a function of Vg - Vth for a transistor with channel length of 

1.03 μm irradiated in the +1 V bias condition. The inset plot shows the effective density of border-

traps vs. Vg - Vth, derived from the variation of β using the methods of Refs. [83], [102], [103]. 

Before irradiation, the value of β is ~ 2.1, indicating that the transistor has a nearly uniform 

energetic distribution of border traps [66], [83], [102], [103].  After irradiation, the noise 

magnitude Svd increases, and the dependence of Svd on Vg – Vth is characterized by three different 

β slopes: –1.2 at lower voltages, –2.9 at intermediate voltages, and -1.6 at the highest voltages. 

The increase of the noise after irradiation indicates the generation of additional radiation-

induced border traps, and the changes of β with changes in Vg - Vth demonstrates that the radiation-
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induced border traps are not uniform in energy (see inset of Fig. 2.18). In fact, the noise is so large 

after irradiation that “steps” can even be seen during I-V sweeps as border traps change charge 

states (e.g., Fig. 2.8(b)). For values of Vg - Vth < 0.4 V, the effective border-trap density increases 

as energies approach the conduction band (β < 2). The maximum density of border traps is found 

at Vg - Vth = 0.4 V. At Vg – Vth. > 0.4 V, the border-trap density decreases and, when the transistor 

is in strong inversion, for 0.7 V < Vg - Vth < 1.1 V, the energetic distribution of border-traps is 

almost constant with varying Vg – Vth. Hence, noise measurements demonstrate that large densities 

of border traps exist before irradiation, and that the effective energy distribution of radiation-

induced border traps changes significantly after irradiation. These results are consistent with both 

the large negative shifts of threshold voltage and increases in subthreshold stretchout observed in 

Figs. 2.8-2.10. 

 

Fig. 2.18. Svd at 10 Hz as a function of Vg–Vth before and after irradiation for the device of Fig. 

2.17. The inset schematically shows trends in the effective border-trap distribution as a function of 

Vg–Vth before and after irradiation. Increasing values of Vg–Vth correspond to energies that are 

closer to the conduction band, and decreasing values are closer to midgap (after [89]). 
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2.3 SUMMARY 

We have performed an extensive evaluation of the total-ionizing-dose response of InGaAs 

FinFETs varying in gate length and gate bias. Large threshold-voltage shifts, Gm reduction and 

ON/OFF ratio changes are observed, especially at –1 V gate bias, and especially for short channel 

devices. Both the increased charge trapping at negative bias and the enhanced radiation-induced 

charge trapping in the short channel devices most likely result from the electrostatic effects of 

trapped charge in the thick isolation oxides surrounding the transistor [57], [85].  

The resulting trapped charge is non-uniform, which enhances the subthreshold stretchout 

beyond levels that would otherwise be observed due to the interface and border traps in these 

devices. Low-frequency noise measurements strongly suggest that the effective border-trap defect-

energy distribution peaks strongly for surface potentials between midgap and the conduction band. 

Future work is required to optimize the InGaAs/dielectric and FinFET to surrounding insulator 

interfaces to enhance the performance, long-term reliability and radiation response of these devices.  
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3 TEMPERATURE DEPENDENCE ON THE 1/F NOISE OF FIRST-GENERATION 

INGAAS FINFET 

In the previous chapter, we evaluated the TID response and room-temperature low-frequency 

noise of the first-generation 16nm InGaAs nMOS FinFETs. To estimate the energy distributions 

of defects that are sources for 1/f noise, and to provide insight into the microstructures of the 

defects causing for the noise, temperature-dependent DC and 1/f noise in the first-generation 

InGaAs FinFETs is evaluated in this chapter. 

The transistors are irradiated up to 500 krad(SiO2) and annealed at high temperatures. The 

device structure and experimental setup have been discussed in the previous chapter. Irradiation 

results at room temperature have been analyzed in the previous chapter. In this chapter, we focus 

on the temperature dependent IV and 1/f noise. 

Temperature-dependent 1/f noise measurements before and after irradiation indicate 

significant increase of noise magnitude in irradiated devices at an activation energy of ~0.4 eV. 

Density functional theory (DFT) calculations strongly suggest that transistor Vth shifts are 

primarily related to hole trapping at oxygen vacancies in HfO2, and the increased noise is due 

primarily to O vacancies in Al2O3. Additional contributions to the noise from defects in the GaAs 

buffer layer are also likely, primarily at low temperatures. 
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3.1 DC CHARACTERISTICS FROM 85K TO 400K 

The DC characteristics of the InGaAs FinFET transistors have been shown in Fig. 3.1. It was 

measured at temperatures ranging from 85 to 400 K. Fig. 3.1(a) and (b) shows the Id−Vg curves for 

a device with gate length of 1.03 m in the “+1V” bias condition before and after 500 krad(SiO2) 

irradiation, respectively.  

A significant shift with temperature is detected in threshold voltage Vth, OFF-state current Ioff, 

hysteresis, and subthreshold swing SS. After 500 krad(SiO2) irradiation, the shift of threshold 

voltage Vth increases with temperature. The Vth depends on the temperature especially at T > 200 

K. The transconductance Gm decreases with temperature due to phonon scattering [111].  

After 500 krad(SiO2), transistors show increased subthreshold stretch-out at all temperatures 

due to increases in interface and border trap densities. Leakage current increases due to hole 

trapping in the STI oxides [85], [112], [113]. 
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Fig. 3.1. Id − Vg curves vs. temperature in the linear region of operation (Vd = 50 mV) for InGaAs 

FinFETs transistor with gate length of 1.03 m in the “+1V” bias condition: (a) before irradiation, 

(b) after irradiation to 500 krad(SiO2). 

Increased thermal generation of carriers in the depletion region is also seen as a result of 

increased radiation-induced defects, which can act as generation-recombination centers [34], [35], 

[37]. Deducted from the temperature-dependent Id−Vg curves, Fig. 3.2 show (a) Vth shift, (b) 

ON/OFF ratio, and (c) hysteresis shift as functions of temperature from 85K to 400K before and 

after irradiation for devices with gate length of 0.53m and 0.16 m.  

After irradiation, the shift of Vth increases at higher temperature. The degradation of Vth, 

ON/OFF ratio and hysteresis at higher temperature represents a larger interface and border trap 

defects. The hysteresis increases with dose, suggesting increasing densities of slow traps with 

increasing dose; and decreases with temperature due to the enhanced rates of charge exchange of 

interface and border traps at elevated temperatures [35], [114]. 
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Fig. 3.2. (a) Vth shift, (b) ON/OFF ratio, and (c) hysteresis shift as functions of temperature from 

85K to 400K before and after irradiation for devices with gate length of 0.53 m and 0.16 m.  

 

3.2 TEMPERATURE DEPENDENCE 1/F NOISE 

The temperature dependent noise results in this section are from my second-author paper 

published in [115].  

Fig. 3.3 shows the noise magnitude vs. frequency at several temperatures for an InGaAs 

FinFET irradiated to 500 krad(SiO2) and annealed for 6 h at 400 K in the “+1 V” bias condition.  

                     (3.1) 

The inset plots show the α parameter of experimental data with α values derived from the 

Dutta-Horn model via (3.1). The α values from the Dutta-Horn model are in reasonable qualitative 

agreement with the experimental values, justifying the use of Dutta-Horn analysis to provide 

insight into the kinetics and microstructures of the defects responsible for the observed noise [116]. 
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Fig. 3.3 Low-frequency noise at several temperatures for InGaAs FinFETs with L = 50 nm at Vd = 

50 mV and Vg = 0.5 V. The bias condition during the exposure and annealing is “+1 V.” Insets: 

experimental values of α compared with the values derived from the temperature dependence of 

the noise magnitude via (4) of the text. The noise was measured (a) before irradiation, (b) after 

exposure, and (c) after 6-h annealing at 400 K (after [115]). 

As shown in Fig. 3.3, before irradiation, the power spectra at 80, 180, and 240 K show the 

typical ~1/f frequency dependence. In contrast, the frequency dependencies at 120 and 300 K have 

a slope of ~1/f2 for f > 8 Hz and <~1/f1.0 for f < 8 Hz, i.e., a Lorentzian shape [66].  

This indicates a single, dominant defect switching charge state at a rate of ~8 Hz [66]. When 

the device is irradiated to 500 krad(SiO2), the power spectrum at 180 K increases abruptly, and the 

slope changes from 1/f to 1/f2, indicating the activation of a new dominant trap level. 

Fig. 3.4 shows the f /T -normalized low-frequency noise as a function of the temperature at f 

= 10 Hz for “+1 V” and “−1 V”-biased transistors. Pre-irradiation noise measurements show peaks 
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at ~130 and 300 K, corresponding to activation energies of ~0.25 and ~0.8 eV, respectively. As-

processed devices may show both, one, or neither peak, consistent with the part-to-part variation 

in Id − Vg curves discussed above. After irradiation, all tested devices for both “+1 V” and “−1 V” 

bias conditions exhibit a large increase of noise magnitude at T≈180 K (~0.4 eV), which is the 

dominant defect contributing to the low-frequency noise of these devices.  

An additional peak is generated at ~300 K (~0.8 eV) transistors irradiated in the “−1 V”-bias 

condition. This peak is consistent with the change in slope in the voltage dependence of the room 

temperature noise in Fig. 2.18, as each of these parameters, is affected by the changes in D(E0) that 

occur at ~300 K [66], [83], [102], [103]. After annealing, the peak at ~180 K decreases significantly, 

and the peaks at 130 and 300 K in the irradiated devices change in shape from pre-irradiation. 

These changes in peak size and/or shape are often characteristic of changes in defect density and 

microstructure (e.g., configuration of nearest-neighbor atoms) [66], [80]. 

Calculated band offsets are illustrated in Fig. 3.5. The band alignment is based on the εH(+/−) 

energy level crossing point for interstitial hydrogen [117]. This enables comparisons of defect 

levels in the gate-stack and strain-relaxed buffer (SRB) layer to the Fermi level set by the n-type 

InGaAs channel (approximated as the conduction band edge). For Al2O3/InGaAs, we obtain a 

valence band offset (VBO) of 3.71 eV, similar to experimental and theoretical values [30], [118]–

[120]. The HfO2/InGaAs VBO is 3.39 eV comparable to the upper range of experimentally 

determined values [30], [121], [122], which is sensitive to the relative interfacial oxygen content 

[123]. Our calculated GaAs/InGaAs VBO is 0.02 eV, slightly smaller than experimental values, 

due to neglecting strain effects [124], [125]. 
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Fig. 3.4. Normalized 1/f noise magnitude as a function of temperature for InGaAs FinFETs biased 

at Vd= 0.1 V and Vg = 0.5 V. The noise was measured at f = 10 Hz before irradiation, after exposure, 

and after 6 h annealing at 400 K. The bias condition during exposure and annealing was (a) “−1 

V” and (b) “+1 V.” The energy scale on the upper x-axis is derived from the Dutta-Horn model of 

1/f noise with τo = 1.8×10−15
 s (after [115]). 
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Fig. 3.5. Calculated band alignment between HfO2, Al2O3, InGaAs, and GaAs. The dashed red line 

shows the equilibrium Fermi energy approximated as the InGaAs conduction band. Equilibrium 

defect levels are shown for two oxygen vacancy microstructures in HfO2 (V3−O and V4−O), three 

oxygen vacancy microstructures in Al2O3 (V3−O，1, V3−O，2, and V4−O), and the primary vacancies 

and antisites defects in GaAs. For calculation of the defect energies, we utilized supercells of the 

primitive cells with respective sizes of 2×2×2 for HfO2, 1×4×2 for Al2O3, and 2×2×2 for GaAs 

with converged k-point grids (after [115]). 

We demonstrate that O vacancies in the HfO2 are primarily responsible for the radiation-

induced hole trapping in the gate dielectric layers through low-frequency noise measurements and 

DFT calculations. Oxygen vacancies located in the Al2O3 layer contribute significantly to 

increased noise and subthreshold stretch-out. Additional contributions to the low-frequency noise 

and hysteresis may occur from other O vacancy levels and other point defects in the Al2O3 layer, 

as well as from defects in the GaAs SRB layer. These results illustrate the continuing sensitivity 

of devices based on III–V materials and high-k dielectrics to ionizing radiation, and emphasize the 

continuing need for process improvements in this important, developing technology. 
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4 RADIATION RESPONSES OF INGAAS FINFET WITH MODIFIED GATE STACK 

In this chapter, we evaluate the TID responses of InGaAs nMOS FinFETs with a modified 

gate stack. Devices of different gate lengths have been irradiated with 10-keV X-rays under 

different gate biases. Total ionizing dose (TID) irradiation induces significant charge buildup in 

insulators [34], [35]. We compare their radiation responses with those of first-generation, 

development stage InGaAs wafers in Chapter 2 [58], [89]. The radiation response of the devices 

in this work shows qualitative and quantitative changes compared to the previous work. This 

modified InGaAs nMOS FinFET process shows decreased subthreshold leakage current and 

increased hysteresis in as-processed devices, and reduced hole trapping in irradiated devices, than 

first-generation development-stage devices.  

Radiation-induced-hole trapping is greatly reduced, and there is a larger ratio of electron 

trapping to hole trapping in this work than in [89]. The reduction in subthreshold leakage current 

is attributed to changing the buffer layer from GaAs to In0.3Ga0.7As, thereby enhancing the material 

quality. Both the increased hysteresis in as-processed devices and reduced hole trapping in 

irradiated devices are attributed primarily to thinning the Al2O3 layer that separates the HfO2 from 

the InGaAs layers. This facilitates charge exchange with defects at the HfO2/Al2O3 interface, and 

reduces the percentage of radiation-induced holes that are generated in Al2O3 and trapped in HfO2. 

Removal of a tungsten layer above the TiN gate reduces interface dose enhancement. 
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4.1 DEVICE STRUCTURE AND EXPERIMENTAL SETUP 

4.1.1 Device structure and layout 

The InGaAs nMOS FinFETs evaluated in this work are fabricated by imec on 300 mm bulk 

Si (100) wafers in a development stage technology, with current focus on enhancing yield and 

performance and reducing defect densities in key materials [58]. The InGaAs channel is 

unintentionally background-doped n-type during epitaxial growth [58], [63], [88], [89]. Devices 

operate in accumulation mode [58], [63].  

A schematic diagram of the device structure is shown in Fig. 4.1 (a). Fig 4.1 (b) and (d) show 

material layers for wafers in this work, and Fig. 4.1(c) shows the structure from [89]. Comparing 

wafers shown in Fig. 4.1(c) to those of Figs. 4.1(b) and (d), the epitaxial process has been improved, 

and the buffer layer below the active fin is changed from GaAs to In0.3Ga0.7As to reduce the 

mismatch between the buffer layer and channel. The gate dielectric stack has been changed from 

2 nm HfO2/2 nm Al2O3 to 3 nm HfO2/1 nm Al2O3. 
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Fig. 4.1. (a) Schematic illustration of InGaAs FinFET structures evaluated in this work, and 

comparison of material layers comprising the FinFETs for (b) the wafer of this work, (c) the wafer 

in [89], and (d) a “reference” wafer processed similarly to (b) but including a W overlayer (after 

[126]). 

A thin layer of Al2O3 is needed to obtain acceptable interfacial quality in the as-processed 

devices [34], [60]–[62]. The W layer that overlies the TiN for Wafer 1 in Fig. 4.1(c) is removed 

for Wafer 2 in Fig. 4.1(b). Fig. 4.1(d) is a “reference” wafer to evaluate effects of removing the W 

overlayer. In all cases, the TiN layer serves as the contact layer to the HfO2 and determines the 

work function of the gate stack. 

The layout of the InGaAs FinFET wafer evaluated in this work is the same as Chapter 2. Fig. 

4.2 shows the yield of the devices evaluated in this work. The Wafer 2 has a better yield than Wafer 

1 in Chapter 2. The geometries of the DUT are shown in Table 4.1. The transistors vary in gate 

length from 50 nm to 500 nm, and have a fin length of 5 𝜇m and fin width of 16 nm. The effective 

channel width is calculated by 2 times of the fin height plus the fin width. The effective channel 

width and gate area is computed, and the results are shown in Table 4.1. 
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Fig. 4.2. Part of the yield map of the modified InGaAs FinFETs (Wafer 2) transistors. The green 

box represents the good devices on one die after the initial IV test.  

 

Table 4.1 The geometries of the DUT in the modified InGaAs FinFETs (Wafter 2). The effective 

channel width and gate area are also included in this table 

Device 

number 
Fin 

Width 

(FW) 

Fin 

Length 

(FL) 

Fin 

Height 

(FH) 

Fin 

Number 

(FN) 

Gate 

Length 

(GL) 

Effective 

channel 

width Wg 

Gate 

area 

FE41T4 16 nm 5 μm 15 nm 1 50 nm 46 nm 2300 nm2 

FE42T1 16 nm 5 μm 15 nm 1 90 nm 46 nm 4140 nm2 

FE42T5 16 nm 5 μm 15 nm 1 500 nm 46 nm 23000 nm2 
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4.1.2 Experimental setup 

Devices were irradiated at ~ 295 K with 10-keV X-rays at a dose rate of 30.3 krad(SiO2)/min. 

Gate biases of ± 1 V or 0 V were applied, with all other terminals grounded, during irradiation, 

bias stress, and/or annealing at ~ 295 K. Current-voltage (I-V) characterization was performed in 

the linear region with Vd = 0.05 V using a HP 4156A semiconductor parameter analyzer and 

medium integration time. Tested devices range in channel (gate) length from 50 nm to 500 nm, 

and have a fin width of 16 nm and fin height of 15 nm.  

All devices measured in this work are bonded in custom high-speed packages (shown in Fig. 

4.3) with separate gate, drain, and source contacts [127]. At Vg = 1 V, the gate current in all devices 

is < 1 pA. More than 50 devices were characterized for bias stability and/or TID response. For 

results shown in this work, at least three devices of the same type were tested for each conditions, 

with responses typically varying less than ± 10%. Average values are reported for parametric shifts. 

 

Fig. 4.3. Custom high-speed package with separate gate, drain and source contacts using in the 

InGaAs FinFETs irradiation and 1/f noise measurements. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 I-V characteristics 

Figs. 4.4(a) and (b) show forward I-V curves (swept from -0.5 V to +1.2 V) for devices from 

Wafer 2 with gate length of 50 nm, irradiated at +1 V and -1 V gate bias, respectively.  

 

Fig. 4.4. I-V curves as functions of dose and room temperature annealing up to 1 hour for the 

InGaAs FinFET device (Wafer 2) with fin length of 5 m, fin width of 16 nm, and gate length of 

50 nm at (a) +1V gate bias, and (b) -1V gate bias (after [126]). 
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The I-V curves shift positively for irradiation at VG = +1 V, and negatively for irradiation at 

VG = -1 V. Shifts are much smaller than for previous InGaAs FinFETs [89], as discussed below in 

Chapter 2. The off-current leakage current Ioff in these devices is ~ 10-12 A to 10-11 A; it is ~ 10-9A 

in [89]. Thus, the ON/OFF ratio of these devices is ~ 100 times greater than in [89]. Changing the 

buffer layer from GaAs to In0.3Ga0.7As to reduce the mismatch between the channel and the sub-

fin region likely enables this reduction in leakage via improvement in material quality. 

Table 4.2 shows the comparison of DC characteristics for the three InGaAs FinFET wafers. 

The Vth, off current Ioff, ON/OFF ratio, yield rate, smoothness of the IV curve and radiation 

hardness were evaluated in the table. Both Wafer 2 and Wafer 3 show great DC characteristics and 

high yield. Especially, Wafer 2 has the best radiation performance.  

 

Table 4.2 Comparison of IV characteristics for the three InGaAs FinFET wafter slots evaluated in 

this work, including Vth, Ioff, ON/OFF ratio and yield 

 Wafer 1 Wafer 2 Wafer 3 

Threshold voltage 

Vth 
−0.1~0.1𝑉 0.4~0.8𝑉 0.3~0.7𝑉 

Off current Ioff 10−9 10−12 10−12 

ON/OFF ratio ~5 × 104 ~106 ~106 

Smoothness of IV 

curves 
Good Fair Bad 

Yield rate ~30% ~60% ~70% 

Radiation hardness Bad Good Fair 
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4.2.2 Pure-TID separation 

The Vth shifts in Figs. 4.4(a) and (b) are resulted from both bias and TID effects. To identify 

the pure radiation-induced Vth shifts, we measure fresh devices at bias only conditions at the same 

time interval with the TID experiment. For example, during +1V bias irradiation test, it takes 3.3 

minutes to reach 100krad X-ray dose (because the dose rate is 30.3krad(SiO2)/min). Therefore, the 

bias-only Vth can be obtained from IV curve on a fresh device after 3.3 minutes +1V bias. Similarly, 

we test IV curves after 3.3, 9.9, 16.5 minutes +1V bias on the same device, to get the bias-only 

results that is comparable to 200krad, 500krad, and 1Mrad total dose conditions. We repeat the 

similar measurement at all bias conditions for devices at all gate lengths to obtain bias-induced 

shifts that occur on time scales similar to the irradiations. 

We separate the TID response from bias-induced charging, by measuring the bias-induced 

degradation at biases and times comparable to those used during irradiation [9].  
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Fig. 4.5. Vth shifts as a function of irradiation dose (lower x-axes) and annealing time for biased 

irradiation (black squares), bias-stress only (red dots), and bias-stress adjusted irradiation-induced 

shifts (blue triangles) for (a) VG = +1 V and (b) VG = -1 V for the devices of Figs. 4.3 (a) and (b), 

respectively. The upper x-axes show the corresponding times for bias stress, which are matched in 

duration to the irradiation and annealing times shown in the lower x-axes (after [126]). 

Figs. 4.5(a) and (b) show threshold voltage Vth shifts as functions of dose and/or equivalent 

biasing times for (i) biased TID irradiation, (ii) bias only, and (iii) pure TID response, adjusted for 

bias-induced charge trapping [9], [85] at (a) VG = +1 V and (b) VG = −1 V. For bias-only stress at 

VG = +1 V, there is a positive Vth shift of ~ 35 mV, consistent with net electron trapping. After 

correction for the bias induced shift, the Vth shift is only 10 mV at 1 Mrad(SiO2).   

For VG = −1 V, there is negligible Vth shift due to biasing. The Vth shift is approximately 

−20 mV at 1 Mrad(SiO2) for the VG = −1 V gate-bias irradiation in Fig. 4.5(b). The results that 

follow are corrected similarly for the small bias-induced shifts that occur on time scales similar to 

the irradiations. 
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To emphasize the significance of bias-induced charging separation, we compare the Vth shifts 

at both VG = +1 V and VG = −1 V bias conditions from this work (Wafer 2; Fig. 4.1(b)) with 

previous InGaAs FinFETs (Wafer 1; Fig. 4.1(c)) [89].  

Figs. 4.6(a) and (b) show the directions of Vth shifts at (i) biased TID irradiation (black arrow), 

(ii) bias only (red arrow), and (iii) pure TID response (blue arrow) of Wafer 1 and Wafer 2, 

respectively. The Vth shift is positive when the IV curve shifts to the right, and negative Vth shift 

occurs when IV curve has a left shift, as indicated in the cartoon. In nMOS transistors, bias-induced 

Vth shifts always show positive shifts at VG = +1 V, due to net electron trapping; negative shifts at 

VG = −1 V, due to net hole trapping.  

In Wafer 1, large negative Vth shifts (blue arrow) are observed due to large radiation-induced 

hole trapping at both bias conditions. Because bias-induced Vth shifts (red arrow) have opposite 

directions, the bias-induced and radiation-induced charge trapping compensate with each other at 

VG = +1 V, and add together at VG = −1 V. Therefore, the IV curves from TID experiment (black 

arrow) show smaller negative shifts at VG = +1 V, and larger negative shifts at VG = −1 V when 

compared with pure radiation-induced shifts (blue arrow).  

In Wafer 2, at VG = +1 V, the Vth shift calculated by TID results (black arrow) all come from 

biased-induced charging (red arrow), results in a negligible radiation-induced shifts. At VG = −1 

V, the pure radiation-induced charging (blue arrow) has a smaller shift compared to observed IV 

curves (black arrow). The results in the following sections are the pure radiation-induced shifts 

after bias-induced charging separation.  
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Fig. 4.6. The directions of Vth shift at (i) biased TID irradiation (black arrow), (ii) bias only (red 

arrow), and (iii) pure TID response (blue arrow) at VG = +1 V and VG = −1 V bias conditions for 

(a) Wafer 1, and (b) Wafer 2. 
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4.2.3 Hysteresis results 

Hysteresis in I-V curves is often used to evaluate slow charge trapping/detrapping, usually 

from border traps, in III-V based MOS devices [53], [61], [114], [115], [128]. Figs. 4.7(a) and (b) 

show double-sweep I-V curves for the devices of Fig. 4.3 before and after irradiation up to 1 

Mrad(SiO2) at biases of VG = +1 V and VG = −1 V, respectively, followed by room temperature 

annealing.  

Fig. 4.7(c) summarizes hysteresis voltages for these devices, measured at Vth, as functions of 

dose and annealing time. Significant hysteresis is observed before and after irradiation. A slight 

increase is observed in hysteresis when devices are irradiated with −1 V on the gate; negligible 

changes in hysteresis are observed when devices are irradiated with +1 V on the gate, or subjected 

to bias-only stress (results not shown). 
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Fig. 4.7. Double-sweep I-V curves that show hysteresis for the devices of Fig. 4.4 before and after 

irradiation at gate biases of (a) +1V and (b) −1V up to 1 Mrad(SiO2), followed by room 

temperature annealing up to 1 h. Hysteresis voltages of the devices in (a) and (b) are measured at 

Vth and summarized in (c) (after [126]). 
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Fig. 4.8 shows hysteresis voltages as functions of dose and room-temperature annealing time 

for devices with similar geometries from Wafers 1−3, irradiated at VG = −1 V. Smaller hysteresis 

is observed before and after irradiation for Wafer 1 from [89] than for Wafers 2 and 3 of this work. 

The increased hysteresis in Wafers 2 and 3 is attributed primarily to thinning the Al2O3 layer that 

separates the HfO2 from the InGaAs from 2 nm to 1 nm. This facilitates charge exchange with 

defects at the Al2O3 interface, and charge exchange with defects at the Al2O3/HfO2 interface [55], 

[114], [115], [128], [129]. For the results that follow, because hysteresis does not change 

significantly with irradiation, we show only reverse I-V curves (swept from −0.5 V to +1.2 V). 

Radiation-induced changes in Vth and subthreshold swing are unaffected by this simplification. 

 

Fig. 4.8. Hysteresis as functions of dose and room temperature annealing up to 1 h for devices with 

the same geometries from Wafers 1−3, irradiated at −1 V gate bias. Devices from Wafer 1 were 

irradiated to 500 krad(SiO2); devices from Wafers 2 and 3 were irradiated to 1 Mrad(SiO2) (after 

[126]). 
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4.2.4 Gate bias and length dependence 

Fig. 4.9 shows Vth shifts as a function of TID (corrected for bias-induced shifts, where 

applicable) for devices with gate lengths of 50 nm, 90 nm, and 500 nm at biases of (a) VG = +1 V 

and (b) VG = −1 V.  

 

 

Fig. 4.9. Vth shifts for devices with gate lengths varying from 50 nm to 500 nm as functions of dose 

and room temperature annealing up to 1 hour for devices irradiated with (a) VG = +1 V and (b) VG 

= −1 V (after [126]). 



68 

 

For +1 V gate bias, radiation-induced Vth shifts are less than 10 mV for all gate lengths. For 

VG = −1 V, there are negative shifts due to irradiation, resulting from net positive charge trapping 

in the gate dielectric [34], [85]. Larger radiation-induced shifts are observed for shorter-channel 

devices than longer channel devices at all bias conditions, consistent with the enhanced effects of 

charge trapped in nearby shallow-trench isolation oxides on shorter-channel devices, as compared 

with longer-channel devices [37], [85], [89]. 

Fig. 4.10 shows (a) Vth shifts and (b) changes in subthreshold swing (∆SS) as functions of TID 

for devices with gate lengths of 90 nm. Vth increases with dose and remains approximately constant 

with annealing for all biases. The largest Vth shifts and values of ∆SS occur for devices irradiated 

at a gate bias of VG = −1 V. These changes result from net radiation-induced positive charge 

trapping in the gate dielectric layers, and increases in interface and/or border trap densities [35], 

[85], [115]. 
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Fig. 4.10. (a) Vth shift, and (b) subthreshold swing (SS) shift for devices with gate length of 90 nm 

as functions of dose and room temperature annealing up to 1 hour for devices irradiated with VG = 

+1 V, VG = 0 V and VG = −1 V (after [126]). 

 

 

4.2.5 Comparison of gate stack responses 

Fig. 4.11 compares radiation-induced Vth shifts as functions of TID and annealing for devices 

with otherwise similar geometries from this work (Wafer 2; Fig. 4.1(b)) and previous InGaAs 

FinFETs (Wafer 1; Fig. 4.1(c)) [89].  

Comparing devices irradiated with VG = +1 V to 500 krad(SiO2), Vth decreases by ~0.13 V for 

Wafer 1 in [89] and negligibly for Wafer 2 in this work. Vth shifts at −1 V are approximately 5-6 

times larger for Wafer 1 in [89] than for Wafer 2 in this work. 
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Fig. 4.11. Vth shift for devices in this and previous work [89] with the same geometry (gate 

length=500 nm, fin width=16 nm, and fin length=5 m). Vth shifts are shown as functions of dose 

and room temperature annealing up to 1 hour for devices irradiated with VG = +1 V and VG = −1 

V. The device in [89] has only been irradiated to 500 krad(SiO2), so a dashed line is used to indicate 

the annealing results (after [126]). 

Fig. 4.12 illustrates the transport of radiation-induced trapped charges in the devices of Figs. 

4.9−4.11 under (a) positive and (b) negative applied gate bias during irradiation. In Fig. 4.12(a), 

for positive-bias irradiation, radiation-induced electrons generated in the Al2O3 can transport into 

the HfO2 and neutralize holes trapped in the HfO2 layer. In Fig. 4.12(b), for negative-bias 

irradiation, radiation-induced holes generated in the Al2O3 can transport into the HfO2 and add to 

the effects of holes trapped in the HfO2 layer [94], [95], [127], [130], [131]. Thus, negative bias 

leads to worst-case radiation response in these structures, similar to trends observed in HfO2/SiO2 

dielectric stacks [93]. 
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Fig. 4.12. Schematic diagrams of the transport of radiation-induced trapped charges in HfO2 and 

Al2O3 gate dielectrics in Wafers 1 and 2 when irradiated with (a) VG = +1 V and (b) VG = −1 V. In 

Wafer 1, the gate dielectric is 2 nm HfO2/2nm Al2O3, and in Wafer 2, the gate dielectric is 3 nm 

HfO2/1 nm Al2O3 (after [126]). 
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Reducing the Al2O3 thickness in Wafer 2 facilitates electron tunneling from the semiconductor 

channel into the HfO2, as compared with Wafer 1, since tunneling probability depends 

exponentially on oxide thickness [35], [130]. This leads to the nearly complete neutralization of 

radiation-induced trapped holes in the HfO2 in Wafer 2 [37], [94], [131]. The thinner Al2O3 layer 

for Wafer 2 also leads to a reduction in densities of radiation-induced holes generated in the Al2O3 

that can transport to and become trapped in the HfO2. This leads to a less negative Vth shift for 

Wafer 2 than for Wafer 1.  

The subthreshold swing shift in Wafer 2 is also smaller than for Wafer 1 [89], indicating 

smaller radiation-induced interface-trap charge densities in Wafer 2. However, as noted above, the 

thinner Al2O3 layer also leads to enhanced hysteresis in these devices, owing to enhanced charge 

exchange between the channel and border traps at the Al2O3/HfO2 interface.     

Fig. 4.13 shows radiation-induced Vth shifts for devices with the same geometry (fin width 

=16 nm, gate length = 500 nm) from Wafers 1−3, irradiated under worst-case bias conditions (VG = 

−1 V). Recall that Wafer 3 incorporates the modified dielectric of Wafer 2, but retains the W layer 

of Wafer 1. Vth shifts of the devices of Wafer 3 show ~ 3-times larger degradation than devices of 

Wafer 2. This enhancement in radiation-induced charge trapping agrees well with experimental 

and computational studies that show ~3x dose enhancement for other devices with similar high-Z 

layers, irradiated with 10-keV X-rays [132]–[136].  

Removing the tungsten layer that overlies the TiN reduces the dose delivered to the gate 

dielectric by more than a factor of 3 in medium-energy X-ray radiation environments, based on 

previous experimental and computational studies [133], [134], [136]. Charge trapping should be 
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more similar for Wafers 2 and 3 in higher-energy photon environments, e.g., Co-60, and/or natural 

space environment, owing to a significant reduction in interface dose enhancement in these 

environments than in low or medium energy X-ray environments [137]–[139]. 

 

Fig. 4.13. Vth shifts of devices with the same geometry (gate length = 500 nm, fin width = 16 nm, 

and fin height = 15 nm) for Wafers 1−3 of Fig. 1. Vth shifts are shown as functions of dose and 

room temperature annealing up to 1 h for devices irradiated at worst-case bias (VG = −1 V). The 

device in Wafer 1 has only been irradiated to 500 krad(SiO2), so a dashed line is used to bridge the 

irradiation and annealing results (after [126]). 
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4.3 SUMMARY 

In summary, we have evaluated the total-ionizing-dose response of InGaAs FinFETs with a 

modified gate stack. Changes to the gate dielectric and sub-fin buffer layers significantly improve 

the subthreshold leakage and radiation tolerance of the InGaAs FinFETs considered here compared 

to those examined in previous work [89]. Removing tungsten from the gate stack reduces interface 

dose enhancement. Thinning the Al2O3 layer leads to enhanced hysteresis in these devices, as 

compared with [89], owing to enhanced charge exchange between the channel and border traps at 

the Al2O3/HfO2 interface. 

Worst-case radiation-induced charge trapping is observed for negative gate-bias during 

irradiation, as a result of compensation of trapped holes in the HfO2 by electrons generated in the 

Al2O3 and/or tunneling from the semiconductor channel under positive bias. Enhanced shifts are 

observed for shorter channel devices compared to longer channel devices, as a result of the 

electrostatic effects of nearby trapped charge in the STI oxides. These results should help guide 

the future optimization of InGaAs FinFETs for use in space applications. 
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5 GATE STACK AND TREATMENT COMPASION OF GAN MOSCAP DEVICES 

 Beginning from this chapter, the DC characteristics and 1/f noise performance are evaluated 

in the GaN-based Metal Oxide Semiconductor Capacitor (MOSCAP), Metal Oxide Semiconductor 

High Electron Mobility Transistor (MOSHEMT), Metal Oxide Semiconductor Field Effect 

Transistor (MOSFET) and High Electron Mobility Transistor (HEMT) devices.   

To migrate the advanced 200 mm Si platform, we start with evaluating the gate stack structure 

and treatment in the simple capacitor structure.  

In this chapter, C-V measurement on GaN MOSCAP has been conducted for seven samples 

with different gate stacks and treatments. To investigate the gate stack performance, C-V and 

hysteresis measurements has been conducted at three conditions: Fresh, Anneal (FGA at 400C for 

20 minutes), and Ohmic Anneal (N2 at 565C for 90 seconds) at both room temperature and high 

temperature (200C).  

The trap charge density (Dit), dispersion, flat band voltage (Vfb) shifts are extracted at different 

temperature and annealing conditions to characterize the gate stack quality and treatment during 

the processing.  

Results shown there are smaller Dit, larger dispersion and hysteresis at high temperature. After 

Ohmic anneal, all gate stacks show similar behavior with 8 nm Al2O3 sample showing the lowest 

hysteresis. At high T, all devices have a better performance after ohmic anneal, but at room T, only 

a few devices become better after anneal. 
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5.1 DEVICE STRUCTURE AND EXPERIMENTAL DETAILS 

The devices evaluated in this work are MOS capacitors with a GaN channel. The schematic 

illustration of device structure is shown in Fig. 5.1. There are only two terminals in the capacitor 

structure. The top terminal is the gate (G) and the bottom terminal is the substrate (S).  

Seven MOSCAP samples with different treatments and gate stacks were evaluated in this work. 

The treatment conditions and gate oxide materials of the seven samples are shown in Table 5.1. 

Samples with different gate stacks have same CET (4 nm) and EOT (2.4 nm). 

 

Fig. 5.1. Schematic illustration of the GaN MOSCAP devices evaluated in this work. 

Table 5.1 The treatments and gate oxide layers of the GaN MOSCAP samples studied in this work. 

There are 7 samples evaluated with 5 different treatments and 4 different gate stacks.  
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To evaluate the gate stack performance at different anneal conditions, all samples have been 

measurement at three different conditions: Fresh, Anneal (FGA at 400C for 20 minutes), and 

Ohmic Anneal (N2 at 565C for 90 seconds) as shown in Fig. 5.2. 

 

Fig. 5.2. The three measurement conditions for the GaN MOSCAP devices.  

All samples have been measured at both room temperature (25˚C) and high temperatures (200 

˚C). During the measurement, we always start from the room temperature. At each temperature, 

we measured both C-V and hysteresis for multiple devices. To make sure the results are consistent, 

at each condition for a sample, we measured 6 devices for multi-frequency C-V measurement, and 

18 devices for hysteresis measurement. The median number was applied for the C-V analysis.  

 

5.2 MULTI-FREQUENCY C-V RESULTS 

Fig. 5.3 shows the multi-frequency (500Hz to 580kHz) C-V curves, measured at room 

temperature. The Dit bump in the depletion region caused by the frequency dependent interface 

states. Dit causes stretch-out of C-V, resulting in a change in the C-V slope and spread in the 

frequency-dependent Vfb. The Dit dispersion of GaN device is smaller than the results in InGaAs 

MOSFET capacitors [140].  
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                             (5.1)  

Accumulation dispersion (of Cmax) is caused due to border traps close to the 

oxide/semiconductor interface. It is usually quantized as a relative percentage of Cmax with respect 

to frequency. The accumulation dispersion can be calculated by equation (5.1).  

 

Fig. 5.3. Capacitance as functions of gate voltage for GaN MOSCAP sample 6 measured from 

frequency varies from 500Hz to 580kHz. 

Fig. 5.4 shows the interface trap density at 25˚C and 200 ˚C for all the samples at (a) fresh 

condition, and (b) after Ohmic Anneal. It indicates that Dit decreases at high temperature, and 

increases after Ohmic Anneal. Sample 2 has the lowest interface trap density at fresh condition. 

After Ohmic Anneal, Sample 2, Sample 4, Sample 6 demonstrate good performance among all. 
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Fig. 5.4. Dit at (a) fresh condition, and (b) after ohmic anneal for all the GaN MOSCAP samples 

at temperature of 25˚C and 200 ˚C. The value in the figure is the median of six devices. 

The accumulation dispersion D% are shown in Fig. 5.5 at temperature equal to (a) 25˚C, and 

(b) 200 ˚C. The dispersion is small for all samples, indicates a small amount of oxide trap in the 

GaN MOSCAP devices. Larger dispersion at high temperature then room temperature due to more 

oxide traps at higher energy level.  



80 

 

 

 

Fig. 5.5. Accumulation dispersion D% at temperature equal to (a) 25˚C, and (b) 200 ˚C after fresh, 

anneal and Ohmic anneal conditions for all the samples. The value in the figure is the median of 

six devices. 

Fig. 5.6 shows the flatband voltages at f=100kHz for all samples with temperature equal to (a) 

25˚C, and (b) 200 ̊ C. At fresh condition, Vfb values vary with the sample due to different gate stack. 

After anneal, some oxide charges/defects are gone in Sample 5 and Sample 6. After ohmic anneal, 

all samples have similar Vfb. 
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Fig. 5.6. Flatband voltage Vfb at temperature equal to (a) 25˚C, and (b) 200 ˚C after fresh, Anneal 

and Ohmic Anneal conditions for all the samples. The value in the figure is the median of six 

devices. 
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5.3 HYSTERESIS RESULTS 

Si MOS devices typically comprise a narrow distribution of “shallow” defects, as shown in 

Fig. 5.7(a). When Vstart = Vfb is chosen to perform CV-hysteresis, the shallow defects are not ‘active’ 

as their energies are higher than Ef. Similarly, the defect states are also inactive when Vstart <<Vfb, 

as seen in the right panel of Fig. 5.7(a). Hence, the same part of the defect distribution is charged 

in both cases, when Vstress is applied (active/charged defect states are marked in gray).  

However, in case of InGaAs/Al2O3/GaN MOS device shown in Fig. 5.7(b), the gate-stack 

comprise a wide distribution of defect energy states. In addition to the ‘shallow’ defect energy 

distribution similar to Si MOS devices, an additional ‘deep’ defect energy distribution is present 

[141], [142]. The deep energy states with ET < Ef are pre-charged (marked in black, Fig. 5.7(b)). 

Hence, when Vstart = Vfb is used, the part of the defect distribution that actively contributes to the 

observed Vfb pertains to the defect states above Ef (marked in gray, Fig 5.7(b), left panel).  

In contrast, a part of the pre-charged deep defects that are above the Ef become discharged 

when Vstart << Vfb, and upon the application of Vstress, will get charged again, thus contributing to 

the observed larger Vfb (in addition to the contribution from shallow defect states as in the previous 

case). As a result, a higher amount of charge trapping, and hence, larger Neff is observed for the 

same Vstress (the gray portion is larger, Fig. 5.7(b) right panel). 
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Fig. 5.7. A band-diagram representation of the impact of a widely distributed defect band on the 

hysteresis measured with different Vstart in the case of (a) Si MOS device and (b) InGaAs/Al2O3 

MOS device (after [141]).  

In this work, we measure the hysteresis of the GaN capacitor with different Vstart, to analyze 

the hysteresis for the devices with different gate stacks under different temperatures and annealing 

conditions. Fig. 5.8 (a) shows a band-diagram with different Vstart for the GaN capacitor evaluated 

in this work. When the band at Vstop keeps consistent, a larger Vstart leads to less pre-filled trap 

(marked in green), thus causes more traps being measured (marked in purple). As a result, the 

hysteresis increases with a higher Vstart. A clearer diagram of how the hysteresis changes with Vstart 

is shown in Fig. 5.8(b).  
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Fig. 5.8. (a) A band-diagram representation of the impact of a widely distributed defect band on 

the hysteresis measured with different Vstart for GaN capacitor evaluated in this work, and (b) a 

schematic diagram of how the hysteresis differs with different Vstart. 

The flatband voltage shift has been used to demonstrate the hysteresis under different start 

voltage. The underdrive voltage defined in equation (5.2) is used for hysteresis analysis.  

𝑉𝑢𝑛𝑑𝑒𝑟𝑑𝑟𝑖𝑣𝑒 = 𝑉𝑠𝑡𝑎𝑟𝑡 − 𝑉𝑓𝑏                         (5.2) 
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Fig. 5.9 shows Vfb as function of Vunderdrive at (a) fresh, (b) anneal, and (c) ohmic anneal 

conditions at room temperature for all the seven samples. Several different Vstart values have been 

applied, and 18 devices has been measured for each sample under each condition.  
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Fig. 5.9 Hysteresis results for all the GaN MOSCAP samples as a function of underdrive voltage 

Vunderdrive (a) at fresh condition, (b) after anneal, and (c) after ohmic anneal at room temperature 

25˚C.  

Table 5.2 shows the median value of Vfb from Fig. 5.9. We split the results into two tables to 

see the treatment and gate stack comparisons separately. Table 5.3 lists four samples with same 

gate stacks, the good performance in Sample 1 and 2 indicate the ideal treatment for the GaN 

devices should include both HCI:H2O and TMAs 10s treatment. After ohmic anneal, when 

compare the results among samples showing in Table 5.4, Sample 6 turns out to show the lowest 

flatband voltage shift, which indicates that 8 nm Al2O3 is a great choice for the gate stack.  

Table 5.2 The Vfb value in Fig. 5.9 for all samples at all anneal conditions at room temperature 

and Vunderdrive = 3V. The value in the table is median of 18 device. The grey cell means the initial 

status. The red cell represents an increase of hysteresis, and yellow cell means a slight decrease of 

hysteresis. The cell in green means a significant decrease of hysteresis. 
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Table 5.3 The cross testing among Sample 1, Sample 2, Sample 3 and Sample 7. These samples 

have same gate stack, and the treatments are varying as shown below 

 

Table 5.4 The cross testing among Sample 2, Sample 4, Sample 5 and Sample 7. These samples 

have same treatment, and the gate stacks are varying as shown below 

 

Fig. 5.10 shows Vfb as function of Vunderdrive at (a) fresh, (b) anneal, and (c) ohmic anneal 

conditions at high temperature for all 7 samples. Larger degradation in high temperature is 

observed. Table 5.5. indicates similar results with room temperature in treatments and gate stacks. 

But at high temperature, all devices have a better performance after ohmic anneal. 
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Fig. 5.10 Hysteresis results for all the GaN MOSCAP samples as a function of underdrive voltage 

Vunderdrive (a) at fresh condition, (b) after anneal, and (c) after ohmic anneal at high temperature 

200˚C.  

Table 5.5 The Vfb value in Fig. 5.10 for all samples at all anneal conditions at high temperature 

and Vunderdrive = 3V. The value in the table is median of 18 device.  
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5.4 SUMMARY 

In conclusion, we evaluate the performance of different treatments and gate stacks in the GaN 

capacitors, and provide insights to improve the gate stack quality of GaN-based devices.   

For the treatments evaluated in this work, the combination of HCl:H2O and TMA 10s shows 

the best performance among all, but it still requires better interface in terms of Dit and hysteresis. 

(NH2)2S doesn’t influence hysteresis, but increases Dit.  

As for the gate oxide layers, 1nm Al2O3/14nm HfO2 is a decent gate stack for fresh condition; 

8nm Al2O3 gives a better performance after ohmic annealing at both room and high temperatures. 

More details about the treatment and gate stack performance are summarized in Table 5.6. 

The increase of temperature results in larger degradations in dispersion and hysteresis, but a 

smaller value of Dit. After ohmic anneal, all devices have a better performance, but at room 

temperature, only a few devices become better after annealing.  

 

Table 5.6 A summary of device performance under different treatments and gate oxide layers in 

seven GaN samples. Green cells represent a good performance, and cells in red mean a bad quality, 

the yellow cells mean an average level of the performance. 
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6 LOW-FREQUENCY NOISE IN GAN-BASED DEVICES ON 200MM-SI FOR RF 

APPLICATIONS 

With the previous work in Chapter 5, we are able to migrate the GaN devices to the advanced 

200 mm Si platform for RF applications. As shown in Chapter 5, the Al2O3 gate oxide has great 

gate performances. Therefore, in this work, we use Al2O3 as the gate stack and the corresponding 

treatments have been applied during the device fabrication.  

In this Chapter, a detailed DC and 1/f noise analysis for three device types, namely MOSFETs, 

MOSHEMTs and HEMTs is presented. The integration and optimization of Al(Ga,In)N devices 

on 200 mm Si substrates using CMOS-compatible processing has been previously published in 

[27], [29]. The critical DC reliability metrics has been identified in [28]. In this work, we focus on 

the 1/f noise performance on the same GaN RF devices.  

In this work, we show the detailed method for low-frequency noise measurement set-up in the 

state-of-art GaN RF devices. We compare the power spectrum density (PSD) of three device types 

(MOSFET, MOSHEMT and HEMT) at room temperature, and show the drain bias dependence 

and gate length dependence results. Predominantly 1/f noise is observed, and the results indicate 

the low-frequency noise in GaN RF devices is caused by the fluctuation of carrier numbers resulted 

from the charge exchange between channel and defects, at or near semiconductor/insulator 

interface instead of mobility fluctuation, which is consist with previous study on GaN devices 

[103], [143]–[145]. 
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6.1 DEVICE STRUCTURE AND LAYOUT 

The GaN devices evaluated in this work are fabricated at imec. A typical epitaxial structure 

comprising an optimized GaN/AlGaN buffer, C-doped GaN layer and GaN active layer was grown 

on a high resistivity, 200 mm Si (111) substrate. High-quality, uniform epilayers were obtained by 

optimizing growth conditions using MOCVD, to be complained with CMOS processing. 

Source/Drain ohmic contacts are defined by depositing Si/Ti/Al/Ti/TiN ohmic metal stack over a 

recessed barrier followed by alloying. Devices were fabricated using an Au-free, gate-first process. 

Further processing information are published in the previous paper [27].  
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Fig. 6.1. Schematic illustration of the GaN-based (a) HEMT, (b) MOSHEMT, and (c) MOSFET 

wafers evaluated in this work (after [27]).  

Three device types were realized based on differences in gate processing for HEMT, 

MOSHEMT and MOSFET fabrication. The device structures are shown in Fig. 6.1. For the 

MOSFET, the AlGaN barrier is completed etched using an atomic layer etch (ALE) process to 

form a direct interface between the Al2O3 layer and GaN channel. The AlGaN barrier thickness for 

HEMT and MOSHEMT structures is 15nm, and the high-k gate oxide (Al2O3) thickness is 10nm 

for MOSHEMT, and 25nm for MOSFET.  

Table 6.1 The geometries of the DUT. Tested devices ranges in gate length from 0.2m to 10m, 

and width varies from 1m to 100m. The grey area: bad devices due to leakage. 

 



93 

 

Tested devices range in gate length from 0.2m to 10m, and width varies from 1m to 100m, 

as indicated in Table 6.1. The shorter devices have a larger probability with high leakage. Most of 

the devices we measured in the grey area are bad due to either low ON/OFF ratio or high leakage. 

Fig 6.2 shows the die map.  

 

Fig. 6.2. Die map for the GaN RF devices. We chose 12 dies (marked in blue) for the IV and 1/f 

noise measurement. More than 1440 devices were measured for each wafer. The yield rate is only 

about 50%.  
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6.2 EXPERIMENTAL SETUP 

Low-frequency noise measurements were performed at room temperatures using the Keysight 

E4727A Advanced Low-Frequency Noise Analyzer, with the setup showing in Fig. 6.3. The 

devices were biased in the linear region (Vd = 0.05V). During experiment, the device under test 

(DUT) is connected in the system, and we run noise measurement at different drain current to 

obtain the gate voltage dependence noise results.  

For each noise measurement, a constant current was applied to the SMU Force, then the output 

current fluctuations i(t) were measured. Results were transformed from time domain to frequency 

domain by using Fourier transformation equation. The noise power spectral density (PSD) was 

calculated using Welch method [146]. At least eight samples were tested in this work for each 

device with same geometry, and the average value is used for the PSD calculation.  

 

Fig. 6.3. 1/f noise measurement setup using Keysight E4727A Advanced Low-Frequency Noise 

Analyzer. The device under test (DUT) is connected in the red circled area. During experiment, a 

constant current has been applied to SMU Force (after[147]).                                                    
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6.3 DC CHARACTERISTICS 

The Id-Vg measurement was performed at Vd varies from 0.05V to 2V for the devices with gate 

length from 0.2m to 10m, and width from 1m to 10m. The DC characteristics including the 

analysis of Vth, SS, Ion, Ioff under different gate length or width.  

Fig. 6.4 (a) and (b) show the gate length dependent threshold voltage for MOSHEMT and 

MOSFET devices, respectively. The negative Vth occurs at MOSHEMT devices, and positive Vth 

shows for MOSFET structures. No obvious gate length dependence for both MOSHEMT and 

MOSFET devices, but large variability appears.  

Fig. 6.5 (a) and (b) show Vth shift as function of overdrive voltage at different gate lengths for 

MOSHEMT and MOSFET devices, respectively. The Vth shift in the MOSHEMT is lower than 

MOSFET, indicates less oxide trapping in the 10 nm Al2O3 when compared with 25 nm Al2O3. 

Therefore, the MOSHEMT wafer shows a better gate stack performance.  
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Fig. 6.4. Gate length dependent Vth for (a) MOSHEMT, and (b) MOSFET devices at Vd from 0.5V 

to 2V.  

Fig. 6.6 show (a) Vth and (b) SS for the MOSHEMT devices at different gate lengths and widths. 

An obvious gate length/width dependence is observed from both Vth and SS figures, indicates there 

are Lg and W dependence for Al2O3 MOSHEMT. 
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Fig. 6.5. ΔVth as function of overdrive voltage for (a) MOSHEMT, and (b) MOSFET devices for 

devices with gate length varies from 0.2m to 10m. The overdrive voltage Vov=Vg-Vth. 
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Fig. 6.6. (a) Vth, and (b) SS as function of gate length and width for the MOSHEMT devices at Vd 

from 0.5V to 2V.  

The reliability measurement has been conducted and the scheme is shown in Fig. 6.7. The 

results of Vth shift with stress are shown in Fig. 6.8 (a). For a given Vov, the MOSHEMTs undergo 

lower degradation as compared to MOSFETs. Fig. 6.8 (b) indicates the total degradation in both 

structures is similar [28]. 

 

Fig. 6.7. Measurement scheme for the bias temperature instability (BTI) (after [28]). 
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Fig. 6.8. ΔVth (tstress=1s) for the MOS devices plotted against (a) overdrive stress bias (Vov,stress), 

and (b) potential drop (Vox) at tox/2. It is evident that the degradation in both MOS devices is similar 

for the same Vox (i.e., different Vov,stress), Insets: illustration of potential drops across the device gate 

stack (after [28]). 

  



100 

 

6.4 1/F NOISE AT ROOM TEMPERATURE 

6.4.1 Power spectral density overview 

The definition and equation of power spectral densities has been discussed in Chapter 1. In 

this chapter, we focus on the analysis of drain voltage spectral density Svd, drain current spectral 

density Sid, and gate voltage spectral density Svg.. 

Fig. 6.9 shows an example of the raw data of the three PSDs versus frequency for the same 

device of GaN MOSFET. The green line is the reference line for slope equal to 1. The figure 

indicates that the results fit with 1/f noise.  

 

Fig. 6.9. The original power spectral density data vs. frequency for GaN MOSFET at Vd = 0.05 V 

(a) drain voltage spectral density Svd, (b) drain current spectral density Sid, and (c) gate voltage 

spectral density Svg.. The green line is the reference for 1/f noise.  
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6.4.2 Drain current power spectral density (Sid) 

The noise power spectral density of the drain current (Sid) for HEMT, MOSHEMT, and 

MOSFET is shown in Fig. 6.10 (a)-(c), respectively. The 1/f noise of all three types of devices is 

due to carrier number fluctuations [66], [81], [103]. The 1/f noise mainly comes from the charge 

trapping in oxide defects close to the oxide/semiconductor interface. Bulk-semiconductor defects 

may also contribute.  

The Sid is the lowest for the MOSHEMT. This is expected as the GaN channel is separated 

from the oxide by the AlGaN barrier. The effective tunneling distance increases for charge carriers 

in the channel into the oxide, results in a reduction in the oxide-trapping component of 1/f noise. 

MOSFETs have the highest Sid, as the GaN channel forms a direct interface with the gate oxide. 

Therefore, the oxide-trapping component is a dominant source of 1/f noise. 
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Fig. 6.10. Noise power spectral density of the drain current (SId) for (a) HEMT, (b)MOSHEMT, 

and (c) MOSFET at Vd=0.05V. The device has a gate length of 0.2m and width of 100m. The 

noise results are obtained at 10Hz. 
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6.4.3 Gate voltage power spectral density (Svg) 

The input-referred gate-voltage noise power spectral density is commonly used to identify the 

1/f noise between devices with different technology or geometry. Fig. 6.11 shows the Svg as a 

function of Vg-Vt at Vd = 0.05 V for the MOSHEMT structure devices with different gate length 

devices. For the shortest gate-length (Lg = 0.2m) devices, the Svg extracted at 10Hz is observed to 

be the highest for all the MOSHEMT devices, indicates there are more trap charge density in 

shorter channel devices.  

 

Fig. 6.11. The gate-voltage noise power spectral density at 10Hz as a function of Vg-Vt at Vd = 0.05 

V for MOSHEMT devices with gate length varying from 0.2m to 1m. The curve shows the 

average value for all 8 samples we measured. 
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To compare the noise level among different geometry devices, we choose the value of Svg at 

Vg-Vt = 0.5V. Fig. 6.12(a) indicates the Svg as a function of area (W·Lg). The PSD decreases with 

increasing area, which indicates that the noise is coming from the gate stack. Fig. 6.12(b) 

represents the W · Lg · SVg versus W· Lg and showing nearly constant behavior. As a result, the 1/f 

noise caused by trapping/detrapping in the 4-5nm AlGaN barrier layer, with a uniformly distributed 

density around the gate area [148], [149]. 

Fig. 6.13 shows the Svg at Gm peak for all three structure devices. The noise power spectral 

density is the lowest for the MOSHEMT. Because the AlGaN barrier separates the GaN channel 

from the oxide, which increases the effective tunneling distance for charge carriers between 

channel and the oxide. MOSFET has the highest PSD, which is because the GaN channel forms a 

direct interface with the gate oxide. Therefore, increasing oxide-trapping component of 1/f noise. 
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Fig. 6.12. (a) Normalized gate voltage spectral density (Svg), and (b) W · Lg · SVg at 10Hz vs. area 

at Vd = 0.05 V for MOSHEMT devices with gate length varying from 0.2m to 10m. Larger noise 

level for shorter devices indicates that the noise is from the gate stack. 

 

Fig. 6.13. Gate length dependence for all three GaN structures at Gm peak at 10Hz at Vd = 0.05 V. 

Overall, HEMT and MOSHEMT have lower PSD compared with MOSFET, while shorter device 

shows larger trap charge density (after [28]).  
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Fig. 6.14 shows the noise performance in line with recently reported GaN devices in literature 

[101], [103], [150], [151]. We normalized the PSD by multiplying gate length and width of the 

device. The EOT for MOSHEMT is calculated by adding EOT of AlGaN and the gate stack, the 

EOT for HEMT is equal to the EOT of AlGaN itself. The MOSHEMT results in this work have a 

much lower noise level compared with other devices. With the future device scaling, better noise 

performance can be expected especially for the MOSHEMT device.  

 

Fig. 6.14. A benchmark of 1/f noise Svg vs. EOT at Vd = 0.05 V and Vg-Vth=1V, noise performance 

of this work in line with recently reported GaN devices in literature [101], [103], [150], [151]. The 

EOT for MOSHEMT is calculated by adding EOT of AlGaN and the gate stack, the EOT for 

HEMT is equal to the EOT of AlGaN itself.  
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6.4.4 Drain voltage power spectral density (Svd) 

Fig. 6.15 shows Svd as a function of Vg-Vt at 10 Hz and room temperature for three GaN 

structure devices. The voltage dependence of the noise is characterized by the slopes of the curves 

β. For the HEMT devices in Fig. 6.15, values of β vary from 3.3 to 3.7. For the MOSHEMT devices, 

β vary from 3.2~3.6. These results fit with previous work on GaN HEMT device [103]. The voltage 

dependence of the low-frequency noise can be explained using number fluctuation model with 

non-constant Dt(E) due to changes in trapped charge densities.  

 

Fig. 6.15. The drain voltage spectral density Svd at 10Hz at Vd = 0.05 V for GaN HEMT, MOSHEMT, 

and MOSFET devices with gate length=0.2m. More than 8 samples have been measured, so we 

include the error bar of β in here.  

For the MOSFET devices, β vary from 1.5 to 1.9, fit with the traditional MOSFET results [66], 

[89], [101], [102], [115]. The noise is due to number fluctuations and traps are distributed 
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approximately uniformly in space throughout the oxide and in energy in the band gap, the changes 

in trap occupancy with time lead to low-frequency noise characterized by and β ≈ 2.  

Then we focus on the most reliable MOSHEMT device, to estimate the energy distributions 

of defects and to evaluate the sources for 1/f noise. Fig. 6.16 (a) shows drain-voltage noise-power 

spectral density Svd for the MOSHEMT devices with a gate length of 0.2m as a function of 

frequency at room temperature. Fig. 6.16 (b) shows variation of Svd as a function of Vg-Vt for the 

same device in Fig. 6.16 (a). For values of Vg-Vt < 0.4 V, the effective border-trap density increases 

as energies approach the conduction band (β < 4). At Vg-Vt > 0.4 V, the border-trap increase towards 

conduction band but with a slower speed. 
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Fig. 6.16. (a) Svd as a function of frequency for different values of Vg-Vt for a GaN MOSHEMT 

device with gate length of 0.2 μm. Noise measurements were performed at room temperature at Vd 

= 0.05V, (b) Svd at 10 Hz as a function of Vg-Vt for the device of (a) at room temperature, the value 

of  indicates a non-uniform defect-energy distribution. 

 

 

6.5 TEMPERATURE DEPENDENT 1/F NOISE  

Fig. 6.17 shows the Id − Vg curves vs. temperature in the linear region of operation (Vd = 50 

mV) for GaN MOSHEMTs with gate length of 0.2 m. The threshold voltage Vth, OFF-state 

current Ioff, and subthreshold swing SS show a degradation at high temperature.  
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Fig, 6.17. (a) Linear and (b) log scale Id − Vg curves vs. temperature in the linear region of operation 

(Vd = 50 mV) for GaN MOSHETMs with gate length of 0.3 m. 

 

Fig. 6.18 shows the excess drain-voltage noise power spectra density Svd at 10Hz as a function 

of temperature for the same device in Fig. 6.16. The temperature range (bottom x-axis) is related 
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to the activation energy scale (top x-axis) via Eq. (6.1). Where k is the Boltzmann constant, T is 

the temperature, 𝜔 = 2πf, and 𝜏0 is the characteristic time of the process leading to the noise 

(here taken to be ~ 3×10-14s) [66], [152]. 

                        𝐸0 ≈ −𝑘𝑇𝑙𝑛(𝜔𝜏0)                                           (6.1) 

A peak in noise magnitude is centered at ~ 325K. This latter peak is consistent with deviation 

from power-law response in Fig. 6.16 (a), since the frequency dependence, temperature 

dependence, and gate-voltage dependence of the noise are affected similarly by non-uniformities 

in the defect energy distribution [66], [83], [99], [152]–[154]. The peak at ∼ 0.75 eV may result 

primarily from a defect, the N antisite, NGa , which is a common defect occurring in as-grown GaN, 

and it is a acceptor-like defect [152], [154]–[156]. 

 

Fig. 6.18. Svd as a function of temperature for the device in Fig. 6.16 biased at Vd = 0.05V and Vg 

- Vt = 0.6 at 10 Hz, the temperature varying from 25C to 47C. 
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7 CONCLUSION 

This thesis explores the radiation effects and low-frequency noise of III-V and III-N 

semiconductor devices. The device information and relationships between all the wafers evaluated 

in this work are summarized in Fig. 7.1.  

The results in III-V devices are shown from Chapter 2 to Chapter 4. Three wafer slots with 

different gate metal materials and gate oxide layers were evaluated. For the III-N devices, Chapter 

5 and 6 demonstrate the DC characteristics and 1/f performances in GaN MOSCAP, MOSFETs, 

MOSHEMT, and HEMT.  

 

Fig. 7.1. Schematic of III-V and III-N devices evaluated in this dissertation. The device 

information and relationships between all the wafers evaluated in this work are summarized.  
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7.1 SUMMARY OF III-V DEVICES 

Fig. 7.2 shows the detailed information, measurements and analyses for all the III-V devices 

evaluated in this dissertation. The InGaAs FinFETs with three different wafer slots are explored. 

They differ from gate stack and buffer layer. After cross-comparison, the different TID response 

causes by the changes in gate stack and buffer layer. The modified InGaAs nMOS FinFET process 

shows decreased subthreshold leakage current and increased hysteresis in as-processed devices, 

and reduced hole trapping in irradiated devices, than first-generation development-stage devices. 

The reduction in subthreshold leakage current is attributed to changing the buffer layer from GaAs 

to In0.3Ga0.7As, thereby enhancing the material quality. 

 

 

Fig. 7.2. Schematic of the III-V devices information and significant results evaluated in this 

dissertation. The different measurements and analyses for each wafer is presented in this figure.  
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Both the increased hysteresis in as-processed devices and reduced hole trapping in irradiated 

devices are attributed primarily to thinning the Al2O3 layer that separates the HfO2 from the 

InGaAs layers. Removal of a tungsten layer above the TiN gate reduces interface dose 

enhancement. 

Besides, an extensive evaluation of the total-ionizing-dose response of InGaAs FinFETs 

varying in gate length and gate bias has been performed for both wafers. Large threshold-voltage 

shifts, Gm reduction and ON/OFF ratio changes are observed, especially at –1 V gate bias, and 

especially for short channel devices. Both the increased charge trapping at negative bias and the 

enhanced radiation-induced charge trapping in the short channel devices most likely result from 

the electrostatic effects of trapped charge in the thick isolation oxides surrounding the transistor 

[57], [85].  

Room temperature low-frequency noise results strongly suggest that the effective border-trap 

defect-energy distribution peaks strongly for surface potentials between midgap and the 

conduction band. The temperature dependent noise and the DFT calculation demonstrate that O 

vacancies in the HfO2 are primarily responsible for the radiation-induced hole trapping in the gate 

dielectric layers. Oxygen vacancies located in the Al2O3 layer contribute significantly to increased 

noise and subthreshold stretch-out. Additional contributions to the low-frequency noise and 

hysteresis may occur from other O vacancy levels and other point defects in the Al2O3 layer, as 

well as from defects in the GaAs SRB layer.  

These results illustrate the potential use of InGaAs FinFETs, and help guide the future 

optimization of InGaAs FinFETs for use in space applications. 
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7.2 SUMMARY OF III-N DEVICES 

Fig. 7.3 shows the detailed information, measurements and analyses for all the III-N devices 

evaluated in this dissertation. The GaN MOSCAP is first analyzed in this work. The performance 

of different treatments and gate stacks was evaluated. For the treatments evaluated in this work, 

the combination of HCl:H2O and TMA 10s shows the best performance among all, but it still 

requires better interface in terms of Dit and hysteresis. As for the gate oxide layers, 8nm Al2O3  

gives a better performance compared with the other gate stack. Therefore, the future GaN 

technology should consider using the Al2O3 as the gate oxide with a thickness close to 8 nm. 

 

Fig. 7.3. Schematic of the III-N devices information and significant results evaluated in this 

dissertation. The different measurements and analyses for each wafer is presented in this figure.  
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The GaN-based devices on 200mm-Si for RF applications using the gate stack and treatment 

suggested from the previous GaN MOSCAP results. The DC characteristics and 1/f noise have 

been compared of three device types (MOSFET, MOSHEMT and HEMT) at room temperature. 

Predominantly 1/f noise is observed; the results indicate the low-frequency noise in GaN RF 

devices is caused by the fluctuation of carrier numbers resulted from the charge exchange between 

channel and defects, at or near semiconductor/insulator interface instead of mobility fluctuation. 

The noise power spectral density is the lowest for the MOSHEMT because the AlGaN barrier 

separates the GaN channel from the oxide, which increases the effective tunneling distance for 

charge carriers between channel and the oxide. MOSFET has the highest PSD, which is because 

the GaN channel forms a direct interface with the gate oxide. This increases the oxide-trapping 

component of 1/f noise. Besides, the DC characteristics and BTI results indicate that MOSHEMT 

is the most robust device structure.  

In conclusion, III-V and III-N devices have a great potential in the future logic and RF 

applications. Some wafers already present a great DC, 1/f, and radiation performance, but further 

study is required to optimize the device structure and gate stack quality to enhance the performance, 

long-term reliability and radiation response.  
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