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Abstract

Abstract

Monolithic integration of AlGaN/GaN high electron mobility transistor (HEMT) into
silicon (Si) platform is very attractive as this is a cost-effective solution to extend the
capabilities of silicon technology especially for high power and high frequency
applications. It is not only that Si substrate is cheaper than other commonly used substrates
for GaN epitaxy such as Sapphire and SiC but growing on Si substrate also allows
integration with current Si technology in the industry. Unfortunately, this technology is
still very limited by its associated reliability issues. This study focused on depletion-mode
(D-mode) AlGaN/GaN HEMT devices on Si with negative threshold voltage (V+) of about
-3 V.

AlGaN/GaN HEMT reliability can be divided into OFF-state and ON-state reliabilities.
AlGaN/GaN HEMT ON-state reliability is not as well reported as OFF-state reliability.
Therefore, this thesis aims to fill up the knowledge gap in AlGaN/GaN HEMT ON-state
reliability. This study has three main objectives. The first objective is to comprehend the
electrical and physical degradation mechanism in AlGaN/GaN HEMT devices stressed
under ON-state condition. The second objective is to understand the effects of stressing
and process parameters on AlGaN/GaN HEMT ON-state degradation. Finally, this study
aims to develop a reliability model based on the degradation mechanism in AlGaN/GaN
HEMT stressed under ON-state condition.

OFF-state and ON-state degradations were compared in Chapter 4. It was observed that
devices stressed under ON-state condition degraded faster than similar devices stressed
under OFF-state condition with higher stressing temperature. This is because of the
occurrence of electro-chemical oxidation of AlGaN away from the gate edge during ON-
state stressing. Dark features containing gallium, aluminum and oxygen were found at the
AlGaN/SixN1.x interface away from the gate edge on the drain side of the ON-state-stressed
devices. These oxidized portions of AlGaN were etched away during metallization and

passivation layer etching leaving behind pits at the drain-gate access region. The total area
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of pits in the drain-gate access region correlated well with lp.max degradation. It was
concluded that 2DEG electrons contributed to the AlGaN oxidation away from the gate
edge during ON-state stressing. A qualitative model for ON-state degradation was
proposed based on the electro-chemical oxidation mechanism.

In Chapter 5, fast and slow degradation modes were observed for devices stressed under
ON-state condition. These two degradation modes were characterized by the dominant
source of oxygen. In fast degradation mode, the dominant source of oxygen was the pre-
existing oxygen at the AlGaN/SixN1.x interface whereas the dominant source of oxygen in
slow degradation mode was oxygen from the ambient which diffused through the SixN1.x
passivation. In addition, it was established that the maximum distance for pit formation
from the gate edge correlated with the stressing current density.

In Chapter 6, effect of passivation density on AlIGaN/GaN HEMT ON-state degradation
was investigated. High passivation density will mitigate the passivation layer degradation
and hinder oxygen diffusion from ambient to the AlGaN/SixNix interface. Once the
passivation degrades, oxygen from the ambient will diffuse through and oxidize AlGaN
layer. Mathematical relationship between stressing temperature and Ip-max in slow mode

degradation was derived based on oxygen diffusion through the SixN1.x passivation.

In the final chapter, the thesis was summarized and its implications and limitations were
discussed. Finally, possible future works were proposed to further advance the knowledge
of AlGaN/GaN HEMT ON-state reliability.



Acknowledgements

Acknowledgements

First of all, I would like to thank God for His providence and blessings throughout my PhD
journey. | would like to express my sincere gratitude to my two supervisors, Professor Gan
Chee Lip and Professor Carl V. Thompson for their invaluable guidance and advice
throughout the project. 1 also want to thank SMART-LEES sub-group members, Dr.
Wardhana Aji Sasangka, Dr. | Made Riko, and Gao Yu, for the support and invaluable

discussion about the project.

| would like to thank the people in Professor Gan Chee Lip’s group: Dr. Khoo Chee Ying,
Dr. Eric Phua, Dr. Liu Qing, Eric Tan, Chung Tah and Wahyuaji who have contributed
throughout the project in one way or another. |1 would like to acknowledge Professor Ng
Geok Ing, Dr S. Arulkumaran and Foo Siew Chuen for providing samples used in this
project. | also want to thank Mr Choo Kok Fah and Dr. Joyce Ling Huey Lin for their help
with thermo-reflectance experiment and thermal simulation. 1 would like to thank Vinod

Kumar Murugan who always reminds me to have fun in between lab sessions.

Special thanks to Christiyani Kabul, Pdt Budianto Lim, Lydia Siah and my other friends in
Bukit Batok Presbyterian Church (BBPC) Singapore for their prayer and support
throughout my PhD journey.

| owe my deepest gratitude to my family for their support. Finally, I would like to dedicate

this work to my mom, Andini Emmiati and my dad, Frederik Jones Syaranamual who

always believe in me and pray for me from Indonesia.



Acknowledgements




Table of Contents

Table of Contents
ADSEFACT ...ttt [
ACKNOWIBAGEMENTS ... bbbt ii
TabIe OF CONTENTS ..o bbbttt %
TabIEe CAPTIONS ...t Xi
0O =T O T o] £ o] o SRS xiii
F N o] o] oY F= LA (0] OSSR XXV
Chapter 1 INtrodUCTION.........oiiiecc et 1
IO R = 7 Yo 1 |01V SRS S 2
1.1.1 AIGaN/GaN HEMT Working Principle.........cccooiviiiiiiiiniiiiiiiicicic 3
1.1.2 AIGaN/GaN HEMT on Various SUDSIates..........ccovvrieierenene e 5
1.2 Hypothesis/Problem Statement ............ccccceviiiiiiiiiiiiiiic s 6
1.3 ODbjectivVes and SCOPE .......ccviriiiiiiiiiiiiie i 7
1.4 DiSSertation OVEIVIEW .....ccuuvieeiiiiiieeeiiitreeeeeiieeeeessteeeeeasitreeeesssteeeessssareeesasteseessnsreeeeans 8
1.5 Findings and Outcomes/Originality ..........cccouieieiiiiiiiisieeee e 9
Chapter 2 LIterature REVIEW ........ccoooiiiiiiiiieieiee e 11
220 A 111 £ [Nt £ o o SR 12
2.2 OFF-State Reliability ........ccccoiiiiiiiie s 12
2.2.1 INVErse PIeZOCIECIIIC SIIESS.....vciueeieieeie e st esie e nnees 12
2.2.2 Electro-Chemical OXidation ...........cccoiiiiiiiiiiiiiiiee e 15



Table of Contents

2.2.3 Percolation Path MeChaniSm............ccceoviiiiiiiiiieice e, 18

2.3 ON-State ReHaDIlItY .....cccoviiieie e 21
2.3.1 Hot Electron Degradation ...........cccccveiueiiiiieeiiecie e 22

2.3.2 Electro-Chemical OXIidation ...........cccceovririiiiiinineisiseecse e 24

2.3.2  Ohmic Contact Degradation .............ccoovrieiierieniee e 27

2.4 Thesis in Context to KNOWIEAGE GapS........coeieriiriiririiiieieienese s 30
Chapter 3 Experimental Methodology ..........ccceiiiiiiiiniiinicce e 31
3.1 DEVICE DESCIIPIION ..ttt bbbt 32
3.2 Electrical Characterization and StreSSIiNg.........cccovvreriririeiieiesese e 33
3.2.1 Electrical CharaCterization............coeoveirierieiniseneeisie e 35

3.2.2  Electrical StreSSING.......ecvviiieiiieiie et 37

3.3 Junction Temperature MeasUremMEeNt ...........cccvevueeiieieeieeiie e e 38
3.3.1 Thermo-RefleCtanCe...........cooeiiiiiieieesee e 38

3.3.2 Finite Element SIMUIAtION ........ccociiiiiiiieeee e 40

3.4 Electric Field Finite Element SImulation ..o 42
3.5 ELCNING oot 44
3.5.1 Metal Contacts and Passivation Layer EtChINg ........cccccoceiiiininiiienicenn, 45

3.5.2 Dislocation ECHING.........cociiiiiiiiiiieese e 46

3.6 Microstructure CharaCterization............cccooerererereniseseiee e 47
3.6.1 Scanning EICtron MICIOSCOPY .....eeveeirieriiniiiiniesiieeeee e 47

3.6.2 FOCUSEd 10N BEAM.....c.oiiiiiiiitiieeee s 49

3.6.3 Transmission EIeCtron MICrOSCOPY ......oovevverieriiriiiinieieniese e 51
3.6.3.1 Scanning Transmission Electron MiCrOSCOPY .........ccocevvrviriverennnn. 52

3.6.3.2 Energy Dispersive X-ray SPeCtroSCOPY......cceevvrervriiveeseesiveesenannns 52

Vi



Table of Contents

3.6.3.3 Weak Beam Dark Field Technique for Threading Dislocation
ANGIYSIS ..o s 53

3.6.3.4 Electron Energy LOSS SPECIIOSCOPY .....vvvvviveeuveverierienieniesiisieeeeeens 55

3.6.3.5 Relative Density Measurement of SixNix Passivation Layer using

EE LS e S7

3.6.3.6 Absolute Composition of SixN1.x Passivation Layer ...................... 58

3.6.4 X-Ray RefleCtOMetry .........cceiieiiie e 59
3.6.4.1 Film Density MeasuremMent .........cccccvevueerveiieerrerieseese e seesraeee s 61
3.6.4.2 Film Thickness Measurement...........cccoereirerennieneneieseseseeenes 62
3.6.4.3 Surface Roughness Measurement.............cccevveveieeieereseeseernennns 63
3.6.4.4 X-ray Reflectivity Measurement of SixN1.x Passivation Layer ......63

3.6.5 Pit Counting Method..........ccoeiieiiiiieiece e 64

Chapter 4 Comparative Study of AlGaN/GaN High Electron Mobility Transistor

Degradation Mechanism under OFF-state and ON-state Stressing.........c.ccccceeveevenne. 67
g 1011 0o [ od 1 o] PR 68
4.2 Experimental DetailS ... 68
4.2.1 Junction Temperature MeasuremMeNnt..........ccccveveeveeieeieeneeiie e, 68
4.2.2 EIECHIICAl STrESSING......iivieiteeieiiecie ettt re e 72
4.2.3 Microstructure CharaCterization ...........cocooerirenieieieiese e 73
4.3 ReSUILS aNd DISCUSSIONS .....eeuveiiiiiieitieiiaieeieie ettt st see bbb ne e enens 73
4.3.1 Electrical Stressing RESUILS.........ccceiiiiiiiiiicee e 73
4.3.2 Microstructure Characterization ReSUILS...........ccovviiiiiiiiiiice e, 76
4.3.3 Electrical Stressing with Substrate Bias ReSUItS..........c.cccoevvviiiiiieiiiciinen, 82
4.3.4 Proposed Model for ON-state Degradation ............cccccevereieneneninnieeeennenns 84
A4 SUMIMANY ..oviiiiiiieiteete ettt b bbbttt s st bt e et s b e b e e e e b e e e nnes 87

vii



Table of Contents

Chapter 5 Effect of Current Density on AlGaN/GaN High Electron Mobility

Transistor Degradation under ON-State Stressing..............cccccccvvviiiiiin i, 89
T8 A 11 £ [N ot A o] o OSSPSR 90
5.2  Experimental DetailS ... 90
5.2.1 Thermo-reflectance MeasUremMeNt ..........ccoveeeereeneniiesieeseeree e 91
5.2.2 Thermal Finite Element SImulation...........ccccooeiiniiie i 92
5.2.3 Electric Field Finite Element Simulation............cccccovvviiiinieneneenccie s 93
5.2.4 EIECHICAl SIrESSING.. .. ivieiitiriisiesiieiieie e 94
5.2.5 Microstructural Characterization ...........ccocoeceiieiiiniiniieierene e, 96
5.3 ReSUILS aNd DISCUSSIONS .....ccueiviiieiiierieiieieiesie ettt see et sbe et nes 96
5.3.1 Stressing Condition Determination...........cccocevieieiiieieece e 96
5.3.2 CUurrent DEeNSItY StrESSING ......ccvevveiieieeieiierie e e e eee e sre e sre e sneas 102
5.3.3 Two ON-State Degradation MOUES ...........cccvvverieieeiieeie e 105
5.3.4 Role of Current Density in ON-state Degradation.............ccccccceevvevvinennn, 109
5.3.5 Fast Degradation Mode ANalYSIS.........ccceiieiieiieiieieee e 115
5.3.6 Proposed Degradation Mechanism Based on Current Density.................. 118
5.4 SUMMAIY ..ottt ettt e bbb neenne e 120

Chapter 6 Effect of Passivation Density on AIGaN/GaN High Electron Mobility

Transistor Degradation under ON-State Stressing...............cccocovviiiiiiinn, 123
6.1 INEFOTUCTION ...t 124
6.2  Experimental DetailS.........cccooiieiiiiiiiie e 124
6.2.1 Material Properties of Low and High Density Passivation Layers............ 125
6.2.2 EIeCtrical SIrESSING.....ccvviiiieiieiie ettt 126
6.3 ReSUILS AN DISCUSSIONS ........ccviiiiiiiiiieiieiiei ettt 128
6.3.1 SixN1x DeGradation..........cccocieiiiiiiiiiiiie it 128



Table of Contents

6.3.2 Electrical Stressing RESUILS.........c.ccviieiieiieie e 131
6.3.2.1 CONVErSION TIME ...oviiiiiiiiieieiesieeeese e 132

6.3.2.2 SIOW MO SIOPE.....cc.ecieiieicece e 134

6.4  ON-State Degradation MOGEL...........ccceiieiieiiiicseee e 135
6.4.1 Ip-max Degradation and Pit Volume Correlation...........cccocevvveiieieniennn, 136

6.4.2 Electro-chemical Oxidation ReaCtion ...........ccccevveiveieniiininineseceee, 138

6.4.3 Oxygen Diffusion through SixNi-x Passivation.............ccccccoevveivniiinnnnnn, 141

6.4.4 Temperature Dependence of Ip-max Degradation ............c.ccooveevvniicriennnn, 146

6.5 SUMMAEIY ..ot b e b e ane e ne e 148
Chapter 7 Summary and FUtUre WOFKS...........ccceii e 151
7.1 SUMIMAIY ciiiiiiiie ettt sttt ettt e st e e s bt e e sab e e e sbb e e e bb e e e bb e e anbbeesnbeeeanbnaeas 152
7.2 Implications and LimitatioNnS..........ccceeiiiieiieii i 155
7.3 FULUIE WOTKS ... 156
7.4 LISt OF PUDIICALION ... 158
RETEIENCES ...t 159
AAPPENAIX ettt bbbt bbbt 177



Table of Contents




Table Captions

Table Captions

Table 1.1  Properties of different substrates with the respect to GaN epitaxy [1-7]

Table 3.1  Material parameters used in the thermal finite simulation

Table 3.2  WBDF tilting conditions for threading dislocation (TD) characterization

Table 3.3  EELS ionization edges of the elements used in AlGaN/GaN HEMT
reliability study [8]

Table4.1  Junction temperature measurement parameters by thermo-reflectance
method

Table 4.2  ON-state and OFF-state electrical stressing parameters

Table 4.3  ON-state and OFF-state electrical stressing results and parameters

Table5.1  Device dimensions and parameters used in thermo-reflectance
measurements

Table 5.2  Power density calculation for thermal finite element simulation

Table 5.3  Device dimensions and parameters used in ON-state stressing

Table 5.4  Device dimensions and parameters for electric field finite element simulation

Table 5.5  Stressing parameters for different current density

Table 5.6  Stressing parameters for additional experiment under ON-state condition

Xi



Table Captions

Table 5.7

Table 5.8

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Stressing parameters and results for devices stressed under ON-state

condition with different current densities

Avrami exponent for devices stressed under high and low current densities

Parameters extracted from XRR measurements for low and high density

SixN1-x passivation

Device dimensions used in the experiment and the simulated maximum
electric field under ON-state condition Vps =20 V and Vgs =0V

Stressing parameters for different temperatures and passivation densities

Degradation pit radius/height (r/h) ratio from cross-sectional TEM images

Concentration gradients for all three stressing batches under ON-state
condition Vps = 20 V, Ves = 0 V with 2 different SixN1x densities

Activation energy Qq and pre-exponent factor Do for O diffusivity through

SixN1x passivation layer

xii



Figure Captions

Figure Captions

Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Performance comparison between GaN-, GaAs- and Si-based transistors

assuming all transistors have the same packaging [9]

Schematics of (a) Ga-polar GaN crystal structure, (b) spontaneous and
piezoelectric polarization in Ga-polar system with the 2DEG located at the
lower AlGaN/GaN interface [10]

Energy band diagram and charge distribution of Ga-polar AlGaN/GaN
HEMT without any bias applied [11]

Change in device characteristics when the device undergoes step-voltage
stress at Vps = 0 V and Vgs was swept from -10 to -40 V with 1-V step at T
=150°C [12]

Degradation pit at the gate-edge on the drain side for devices stressed at Vps
=0V and Vpg sweep from Vps =-10Vto Vpoc = (a) 37V, (b) 25V, (c) 17
V, (d) 16 V, (e) 15V and (e) 0 V at 150°C [12]

(@) Vertical electric field distribution and (b) elastic energy density for a
device operating under OFF-state condition Vgs = -5V and Vps =33 V [13]

Pit/groove evolutions at (a) unstressed, Voastress = (b) 15 V (below critical
voltage), (¢) 20 V, (d) 42 V, (e) 57 V and (f) average AFM depth profile over
a gate width of 2 um for Vpgstress = 57 V at Tgase = 150°C [14]

Top-view SEM images of the devices stressed under OFF-state condition
Vbs =0V and Vgs =-40 V for 100 minutes in (a) ambient air and (b) vacuum

of 3 x 10 Torr after metallization layer removal [15]

Xiii



Figure Captions

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Degradation pit formation at the gate edge of the drain side by electro-

chemical oxidation mechanism under OFF-state condition [16]

I evolution over time for the device stressed under OFF-state condition Vp
=Vs=0V and Vgs =-30 V (below critical voltage = -35 V) [17]

Electroluminescence (EL) measurements at different stressing time for the
device stressed under OFF-state condition Vp = Vs =0V and Vgs =-30 V
(below critical voltage = -35 V) [17]

(@) Electroluminescence image of OFF-state stressed device Vgs = -15 V,
Vps = 40 V for 4 mins, (b) and (c) AFM images for the areas inside the
squares after metallization and passivation layer removal; (d) zoomed in
version of one of the pit at (b) and (e) the depth profile of the pit along the 3
lines in (d) [18]

Percolation path degradation mechanism at (a) t < tep and (b) t > tsp [19]

(a) EL vs gate voltage plots at different stressing time for a device stressed
at Vps = 30 V and Vs = -1 V. (b) Drain current and (c) EL/drain current

ratio measured on the same device over time [20]

Hot electron trapping mechanism in AIGaN/GaN HEMT surface under ON-
state condition [21]

Cross-sectional TEM images for devices with (a) 19% and (b) 58% Ip-max
degradation at the gate edge on the drain side (c) Change in drain current
(Ibg) during stressing and Ip-max recorded every hour for the device stressed
under ON-state condition Vps = 40 V and Ip-initiar = 250 mA/mm over time
[22]

Xiv



Figure Captions

Figure 2.14

Figure 2.15

Figure 2.16

Figure 2.17

Figure 2.18

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Top-view SEM images for the devices stressed under Vps = 40 or 50 V and
Ipg =100 mA/mm with different Ip.max degradation levels after metallization

and passivation layer removal [23]
Distribution of pit/trench depth at the gate edge on the drain side and erosion
depth under the gate along half of the gate width for device with 21.6% Ip.

max degradation [23]

Cross-sectional TEM image of the device stressed under ON-state and EDX
results at point A and B [22]

(a) Cross-sectional TEM image of the degraded Ohmic contact showing a
void with Al-Ga-Au allow surrounding it and layer of Al-Au penetrating
AlGaN layer; (b) EDX line scan from blue arrow in (a) [24]

Cross-sectional SEM image shows extrusion of Au-Al IMC (red circle) in
degraded Ohmic contact for a device stressed under DC condition Vps = 50
V, Ips 50 mA/mm and Tjunction = 275° C for 2000 hours [25]

Cross-sectional schematics of AIGaN/GaN HEMT on Si device

Top-view SEM image of the AIGaN/GaN HEMT

Probe station used to test and stress the device at wafer level

(@) In-house-built system to test and stress device under high vacuum or high
humidity. (b) Wire-bonded chip to dual in-line package (DIP) used in this

system

32-SMU National Instrument modified EM system

XV



Figure Captions

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Ip-Vps plot of AIGaN/GaN HEMT on Si substrate

Ip-Ves and ls-Ves plot of AIGaN/GaN HEMT on Si substrate

One characterization and stressing cycle during electrical stressing of
AlGaN/GaN HEMT

Thermo-reflectance (a) measurement setup and (b) calibration setup [26]
Schematics of AlGaN/GaN HEMT used for thermal finite element
simulation (a) cross-sectional view at the left gate finger and (b) top-view of
the whole device

Input and output system of Silvaco Atlas device simulator [27]

Typical contour map obtained from TonyPlot

SEM image of AlGaN/GaN HEMT device (a) before and (b) after

passivation/metallization layer removal

SEM image of GaN film after dislocation etching using 85% H3PO4 for 100

minutes at 80°C

FEI Nova 600 NanoLab DualBeam™ SEM/FIB system used for

microstructure characterization and cross-sectional TEM sample preparation

Electron-sample interaction volume within the sample [28]

Schematic diagram of SEM/FIB dual beam system [29]

XVi



Figure Captions

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 3.26

Figure 3.27

Cross-sectional TEM sample preparation using FIB system: (a) trenches are
made to expose the lamellar, (b) the lamellar is picked using a nanoprobe, (c)
the lamellar is transferred and attached to TEM copper grid and (d) the
lamellar is thinned down to about 100 nm thick

(@) JEOL 2100F TEM with (b) double-tilt sample holder located in FACTS
lab [30]

X-ray generation in EDX under STEM mode: (a) Incident electron hit the
sample atom and knock some electrons from the inner shell to the outer shell,
(b) X-rays are generated with these excited electrons return to the inner shell
[31]

WBDF images of the same sample at (a) g = [1120] to show pure edge TD
labelled as E, (b) g = [0002] to show pure screw TD labelled as S. Mixed

TDs are visible in both conditions and labelled as M

Electron energy-loss spectrum of YBa,CuzO7 showing zero-loss peak and

ionization edges from each element [32]

EELS spectrum needed to determine specimen thickness using log-ratio
method [33]

(@) Schematics of EELS line-scan to determine relative density of SixNi-x

passivation layer (b) side-view of the TEM lamellar

Experimental setup for X-ray reflectivity (XRR) measurement [34]

A typical XRR measurement plot

Bruker D8 Discover HR-XRD system used for XRR measurement [35]

XVii



Figure Captions

Figure 3.28

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

One of top-view SEM images of an AlGaN/GaN HEMT device stressed
under ON-state condition after passivation and metallization layer removal

(@) Top-view image of the AlGaN/GaN HEMT taken by light microscope,
AT distribution of the device under (b) ON-state condition Vps = 20 V, Ves
= 0 V and (c) OFF-state condition Vps = 10 V, Vgs = -10 V at base

temperature 25°C

Maximum junction temperatures at the drain-gate access region for device
1-3 under ON-state condition Vps = 20 V, Ves = 0 V at four different base

temperatures

Normalized Ip-max evolution of AlGaN/GaN HEMTs under OFF-state (Vps
=10V, Ves = -10 V, Thase = 250°C) and ON-state (Vps =20V, Ves =0 V,
Max Tjunction = 2170C)

Simulated (a) vertical and (b) horizontal electric field for AlGaN/GaN
HEMTSs under OFF-state (Vbs = 10 V, Vgs = -10 V, Thase = 250°C) and ON-
state (Vps =20 V, Vgs =0 V, Max Tjunction = 217°C) condition

Top-view SEM image of the stressed device under (a) OFF-state (Vps = 10
V, Vas = -10 V, Thase = 250°C) and (b) ON-state (Vbs =20 V, Ves =0 V,
maxX Tjunction = 216.6°C) conditions after SixN1.x passivation and metallization

layers removal

Pit distribution for the OFF-state (Vps = 10 V, Vgs = -10 V, Thase = 250°C)
and ON-state (Vps =20 V, Vs =0 V, Max Tjunction = 217°C) stressed devices

Correlation between Ip-max degradation and total pit area at drain-gate access

region for devices stressed under ON-state condition

xviii



Figure Captions

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Cross-sectional TEM images of device stressed under ON-state condition
before SixN1.x passivation and metallization removal. Images taken at (a) the
drain side gate edge, (b) 260 nm and (c) 1000 nm from gate edge in the drain-
gate access region; (d) at the source side gate edge, () 300 nm and (f) 12000
nm from the gate edge in the gate-source access region Dark features were
observed at the AIGaN/SixN1.x interface at the drain side. These dark features
will be removed together with a portion of oxidized AlGaN layer during

passivation and metallization removal to form degradation pits.

Elemental characterization by EELS and EDX line-scans along (a) A-A’
(Figure 4.8b) and (b) B-B’ (Figure 4.8e) for aluminum, gallium and oxygen.

Zero distance is taken at the initial AIGaN/SixN1.x interface

Ip-max degradation vs. stressing time under UV (254 nm) exposure with and
without substrate bias (Vps = 10 V, Ves = floating, Tgase = 200°C)

Pit distribution of the unstressed device and stressed devices under UV (254
nm) exposure and ON-state bias Vps = 10 V, Vs = floating with/without
substrate bias = -20 V

Proposed model for ON-state degradation based on electro-chemical

oxidation mechanism

Device schematics used in Silvaco 2D finite element simulation for (a) N-
polar and (b) Ga-polar AlGaN/GaN HEMT

Electron concentration and energy band diagram for (a) N-polar and (b) Ga-
polar Alo30Gao.7oN/GaN HEMT under ON-state condition Vps = 20 V, Vgs
=0V obtained from 2D finite element simulation taken at 50 nm away from
the gate edge in the gate-drain access region

XiX



Figure Captions

Figure 4.15

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Maximum electric field distribution in (a) vertical direction and (b) lateral
direction across the Ga-polar and N-polar AIGaN/GaN HEMT device under
ON-state bias Vps =20 V and Vs =0 V

Temperature increase distribution under Vps =20 V, Ves =0V, Ips = 21.3

mMA and Tgase = 25°C measured by thermo-reflectance method

Comparison between maximum junction temperatures obtained by thermo-
reflectance (TR) measurement and thermal simulation at different current

densities and base temperatures

Calculated maximum temperature for different current densities at base
temperature 200°C and 175°C

Vertical electric field distribution for Vps = 20 V and different Vgs at the top
AlGaN layer

Horizontal electric field distribution for Vps = 20 V and different Vgs at the
top AlGaN layer

Maximum (a) vertical and (b) horizontal electric field for Vps = 20 V and

different Vgs at various locations

Ip-max Versus time for the devices stressed under ON-state condition Vps =
20 V high (Jps-initial = 0.168 A/mm, Tpase = 175° C), low current densities
(Jos-initial = 0.089 A/mm, Thase = 200° C) and temperature only (Tpase =
260° C) stressing.

(a) Typical Ip-max vs. time graph and (b) second derivative graph with the two

degradation modes

XX



Figure Captions

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

(a) schematics of AlGaN/GaN HEMT device at the drain side and STEM-
EELS line-scans at location (b) 1, (c) 2, (d) 3 and (e) 4 to characterize
nitrogen, oxygen and carbon.

Ib-max evolutions of AlGaN/GaN HEMT devices stressed under ON-state
condition Vps = 30 V, Vs = 0 V with high vacuum (1 x 10 Torr) and
ambient at Thase = 150° C for 500 hours

Average slow mode slopes of AlGaN/GaN HEMT devices stressed under

ON-state condition with different current densities.

Average (a) conversion point degradation and (b) conversion point time of
AlGaN/GaN HEMT devices stressed under ON-state condition with
different current densities.

(a) Total pit area per unit device width as a function of distance from the gate
edge and (b) top-view SEM image of the device stressed under Vps =20 V,
Ves = 0V, Tease = 150° C with average Jos = 0.194 A/mm for 20 h after

metallization/passivation removal

Maximum pit distance vs. average current density plot for devices stressed
under ON-state condition for 20 h with different current densities at various
base temperatures

Total pit areas at the drain-gate access region plotted against Ip-max
degradation of the devices stressed under different current densities. Ip-max
degradation is normalized to individual device regardless of the stressing

current density

XXi



Figure Captions

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

(a) Top view of the drain-gate access region and oxygen diffuses towards the

activated region. (b) Each pit is assumed to have conical shape

(@) Io-max Vs time plot for one of the devices stressed under different current

Ip—max degradation (%)
100

density and (b) Ln (Ln (1 )) vs Ln t plot to extract

Avrami exponent

Electroluminescence (EL) intensity distributions in AlGaN/GaN HEMT
before and after electrical stressing which represent drain current
degradation [36]

Proposed degradation model to illustrate the effect of (a) high current density
and (b) low current density in AlGaN/GaN HEMT ON-state degradation

XRR measurement plots for low and high density SixN1.x passivation layers

Top-view schematics of AIGaN/GaN HEMT device to show cross-sectional

TEM sample cut directions

(@) Cross-sectional TEM image along the gate width from the OFF-state
stressed device Vps = 0 V, Ves = —50 V at 200° C with 24% Ip-max
degradation; (b) relative density, oxygen line-scan and nitrogen line-scan
obtained by EELS analysis from line C-C’; oxygen and nitrogen line-scan
obtained by EELS analysis from line (c) E-E’ and (d) D-D’

Typical Ip-max Vs time plot for device stressed under ON-state condition Vps
=20V, Vs =0V for 200 hours in this experiment

Second derivative plot from Ip-sress VS time plot of the device stressed under
ON-state condition Vps =20 V, Ves =0V

XXii



Figure Captions

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Average conversion time vs surrounding temperature for devices with high
and low density passivation stressed under ON-state condition Vps = 20 V,
Ves =0V

Average slow mode slope vs surrounding temperature for devices with high
and low density passivation stressed under ON-state condition Vps = 20 V,
Ves =0V

Modeling map for AlGaN/GaN HEMT slow degradation mode under ON-

state stressing condition

(@) Top-view SEM image and (b) cross-sectional TEM image of the

degradation pits at the drain-gate access region

Ip-max degradation plotted against normalized total pit volume calculated
from the stressed devices

Total numbers of moles Oz used in electro-chemical oxidation plotted as a

function of Ip-max degradation for all the stressed devices

O, concentration profile in the steady-state diffusion through SixNix

passivation

Number of moles O distribution plot for AlGaN/GaN HEMT device

stressed under ON-state condition

Top-view schematic of AlGaN/GaN HEMT device to show the distance L
where the SixN1-x passivation is likely to degrade due to high electric field

Arrhenius plot of the O diffusivity through degraded SixNi-x passivation

layer

xxiii



Figure Captions

Figure 7.1  (a) Unit cell of GaN hexagonal-wurzite structure [37], (b) top view of the
unit cell, and AlGaN/GaN HEMT devices grown in the same chip in (c)
[1100], (d) [1120] orientations

XXV



Abbreviations

Abbreviations

2DEG Two-Dimensional Electron Gas

ADF Annular Dark Field

AFM Atomic Force Microscopy

BF Bright Field

CCD Charge Coupled Device

DIP Dual In-line Package

EDX Energy Dispersive X-ray Spectroscopy
EELS Electron Energy Loss Spectroscopy

EL Electroluminescence

FET Field Effect Transistor

FIB Focused Ion Beam

HEMT High Electron Mobility Transistor

IR Infra-Red

IC Integrated Circuit

JMAK Johnson-Mehl-Avrami-Kolmogorov

LED Light Emitting Diode

MBE Molecular Beam Epitaxy

MOCVD  Metal-Organic Chemical Vapor Deposition
MOSFET  Metal-Oxide-Semiconductor Field Effect Transistor
PECVD Plasma-Enhanced Chemical Vapor Deposition
RIE Reactive Ion Etching

SEM Scanning Electron Microscopy

TR Thermo-Reflectance

TEM Transmission Electron Microscopy

WBDF Weak Beam Dark Field

XRR X-ray Reflectometry

XXV



Abbreviations

XXVi



Introduction Chapter 1

Chapter 1

Introduction

AlGaN/GaN high electron mobility transistor (HEMT) on Si substrate has the
potential to extend the capabilities of Si-based devices for high power and
high frequency applications. However, market adaptation of this technology
is still limited by its reliability issues. Thus, it is important to study the
reliability of AlGaN/GaN HEMT on Si substrate. This chapter covers the
rationale, objectives and the scope of the reliability study. This chapter also

contains the overview of each chapter in this thesis.
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1.1  Background

Semiconductor technology has improved dramatically in the past decades in terms of
device performance and function. This is mainly due to miniaturization of the field effect
transistor (FET) based on silicon semiconductor technology. As predicted by Moore’s law,
an advanced integrated circuit (IC) doubles in the number of transistors and gives better
performance for each technology node. Unfortunately, silicon technology cannot cater to
the high power and high frequency applications such as radar, power amplifier, and
microwave communications due to its small band-gap [38, 39]. Thus, other materials and
transistor structures are needed in order to complement the silicon-based semiconductor in

this area.

The device that is used in electronics for these applications today is the high electron
mobility transistor (HEMT). Figure 1.1 shows five key characteristics that make HEMT
more suitable for high power and high frequency applications compared to silicon metal-
oxide-semiconductor field effect transistor (Si-MOSFET). HEMT has higher operating
temperature and higher breakdown voltage than Si-MOSFET due to its higher energy band-
gap i.e. 1.43 eV for GaAs, 3.42 eV for GaN and 1.12 eV for Si [40]. This makes HEMT
apt for high power application especially AlGaN/GaN HEMT [41]. Si-MOSFET operates
based on inversion-channel from doped semiconductor whereas HEMT operates based on
two-dimensional electron gas (2DEG). The charge carriers in the inversion-channel of Si-
MOSFET have lower mobility than the 2DEG of HEMT [42]. Therefore, HEMT is much
faster than Si-MOSFET, making it appropriate as a switching device with high cut-off
frequency [43, 44].

The first HEMT was invented by T. Mimura from Fujitsu in the late 1970s and it was made
of AlGaAs/GaAs [45]. The latest HEMT technology is fabricated using AlGaN/GaN, with
the first AlGaN/GaN HEMT demonstrated by Khan et al. [46]. AlGaN/GaN HEMT has
drawn a lot of interest as it gives better performance than AlGaAs/GaAs HEMT especially
for high power applications due to its higher energy band-gap and larger spontaneous
polarization [10, 47]. AlGaN/GaN HEMT can operate up to 400°C [9] and have 5-12



Introduction Chapter 1

W/mm [48] power density while AlGaAs/GaAs HEMT can only operate up to 200°C and
1.5 W/mm.
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POWER-SUPPLY CIRCUITS
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Figure 1.1  Performance comparison between GaN-, GaAs- and Si-based transistors assuming
all transistors have the same packaging [9]

1.1.1 AlGaN/GaN HEMT Working Principle

AlGaN/GaN HEMT epitaxy can be grown by both molecular beam epitaxy (MBE) [49-53]
and metal-organic chemical vapor deposition (MOCVD) [54-58]. The performance of the
MBE-grown device is comparable to the MOCVD-grown device [59]. However, in the
long run, MBE is more costly than MOCVD. Therefore, MOCVD is preferred over MBE
to grow AlGaN/GaN HEMT commercially.

AIN and GaN have a wurtzite-type hexagonal crystal structure [60]. Two types of GaN
epitaxy can be grown depending on the cut-face of the GaN i.e. Ga-polar and N-polar. Ga-
polar film is usually grown by MOCVD whereas N-polar film is usually grown by MBE
under certain conditions [61]. The devices used in this study are Ga-polar AlGaN/GaN
HEMTSs.



Introduction Chapter 1

Strong spontaneous polarization occurs in GaN and AIN since nitrogen has higher
electronegativity than gallium and aluminum. The spontaneous polarization for GaN and
AIN are 0.029 and 0.081 C/m?, respectively [62]. On top of spontaneous polarization, GaN
and AIN have piezoelectric polarization as they are piezoelectric material. When a thin
layer of AlxGaixN is grown on top of Ga-polar GaN, it will experience tensile strain. This
tensile strain will generate piezoelectric polarization in the same direction with the
spontaneous polarization (Figure 1.2b). This strong polarization generates electric field
within the AlGaN layer. In the case of unintentionally-doped AlGaN, it is assumed that
there are surface donor states at the top of AlGaN layer. When the AlGaN layer is thick
enough such that the Fermi level will reach these states, electrons will be stimulated to
jump into conduction band. These electrons are then swept towards AlGaN/GaN interface
by the electric field. Upon contact with GaN layer, these electrons will flow into GaN side
because GaN has a lower Fermi level. Electrons will continue to flow until the Fermi level
is equalized and 2-dimensional electron gas (2DEG) is formed at the AIGaN/GaN interface
[63-68]. These electrons are energetically confined at the AIGaN/GaN interface (Figure
1.3) but they are highly mobile along the AlIGaN/GaN interface.

a b
( ) Ga(Al)-face ( ) -C
g I I Al * Pse -G
3 N ' tensile
strain + Psp +Ppe AlGaN
<4 +0 |
—————— 2DEG
T ¥ Psp GaN
Cc =0
l AIN or AlGaN
+C
AL0,
substrate

Figure 1.2 Schematics of (a) Ga-polar GaN crystal structure, (b) spontaneous and piezoelectric

polarization in Ga-polar system with the 2DEG located at the lower AlIGaN/GaN interface [10]
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The carrier sheet density and carrier mobility in the 2DEG can be further enhanced by fine-
tuning Al molar fraction x and the AlxGaixN thickness. Increasing Al molar fraction and
AlxGaixN thickness will increase the carrier sheet density since the piezoelectric
polarization will increase. However, the carrier mobility will decrease due to increasing

scattering when carrier density increases [69].
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Figure 1.3  Energy band diagram and charge distribution of Ga-polar AlGaN/GaN HEMT
without any bias applied [11]

1.1.2 AlGaN/GaN HEMT on Various Substrates

Since GaN substrate is very expensive, AlGaN/GaN HEMT is usually grown on foreign
substrates. The common foreign substrates are sapphire, SiC and Si. The properties of each
substrate with respect of GaN epitaxy are shown in Table 1.1. Out of these three foreign
substrates, SiC shows the best compatibility with AlIGaN/GaN epitaxy. However, it is the
most expensive among the foreign substrates. The cheaper alternatives will be sapphire or
Si. Among these two substrates, Si substrate has a better prospect than sapphire. Si

substrate is available up to 12” and it has less wafer-bow management problem than

5
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sapphire [70]. AlIGaN/GaN epitaxy is typically grown on (111) Si due to its trigonal
symmetry that supports the epitaxial growth of (0001) GaN [3].

Table 1.1 Properties of different substrates with the respect to GaN epitaxy [1-7]

Sapphire SiC Si GaN
Lattice mismatch (%) 16 3.1 -17 0
Linear thermal expansion coefficient
7.5 4.4 2.6 5.6
(x10° K1)
Thermal conductivity (W cm™ K1) 0.25 4.9 1.6 2.3
] Very
Cost Cheap  Expensive Cheap )
expensive
Dislocation density of GaN film (cm) 108 108 10° 10%-10°

Furthermore, growing AlGaN/GaN on Si allows monolithic integration between
AlGaN/GaN HEMT and Si-based semiconductors [71-73]. This allows cost-efficient large
scale production and opens up new applications. Despite this promising potential, there are
still many reliability issues to be addressed [74]. Therefore, this project aims to improve
the knowledge on AlGaN/GaN HEMT-on-Si reliability.

1.2 Hypothesis/Problem Statement

Normally-ON AlGaN/GaN HEMT operates both in OFF- and ON-state conditions. Under
OFF-state condition, large negative voltage is applied to prevent current from flowing in
2DEG channel. Maximum drain current (Ip-max) Of the device decreases over time upon
stressing under OFF-state condition. This phenomenon correlates well with the formation
of physical defects such as pits [75], cracks [13] and grooves [14] via electro-chemical
oxidation process [16]. The formation of these defects is dependent on various factors such
as threading dislocation [75, 76], applied bias [14], temperature [77] and stressing duration
[78].

Despite the extensive studies that have been done for AlGaN/GaN HEMT OFF-state

reliability, there are very limited studies done on ON-state reliability even for the

6
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AlGaN/GaN HEMT on other substrates such as SiC and sapphire. Therefore, this study
addresses the knowledge gap on AlGaN/GaN HEMT-on-Si degradation under ON-state
condition. The study aims at understanding the degradation mechanisms and developing
the reliability model which will ultimately allow us to predict the life-time of AlGaN/GaN
HEMT-on-Si devices.

1.3 Objectives and Scope

There are three main objectives for this reliability study. They are as follows:

a) Understand the electrical and physical degradation mechanism in AlGaN/GaN HEMT-

on-Si devices stressed under ON-state condition.

b) Understand the effects of various stressing and process parameters on AlGaN/GaN

HEMT ON-state degradation

c) Develop a reliability model for the degradation mechanism in Al1GaN/GaN HEMT-on-

Si devices stressed under ON-state condition.

This study covers ON-state degradation due to decreasing /p-max over time. This is because
Ip-max 1s the most common parameter used to evaluate the performance of a transistor. The
Ip-max degradation is then correlated with the pit formation at the drain-gate access region

because the pits are readily observed and reproduced.

There are other electrical parameters that can be used to analyze the degradation such as
IG.tear [17], VTt [79] and transconductance (gn) [80]. However, these parameters do not
show a consistent correlation with pit formation across the devices used in this study. These
parameters might be related to other physical degradations that are not readily observable.

Therefore, these parameters are not included in this thesis.

The devices that are used in this experiment have a long gate (around 2 um) as only these
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samples are available from our collaborators. Therefore, the analysis here may not be
applicable to devices with sub-micron gate length. Furthermore, statistical analysis is out

of the scope of this thesis because of the limited number of samples available.

1.4 Dissertation Overview

The thesis addresses ON-state reliability problem of AlGaN/GaN HEMT-on-Si devices.

This thesis consists of seven chapters. These seven chapters can be summarized as follow:

Chapter 1 provides the rationale for the research and outlines the goals and scope.

Chapter 2 reviews the literature concerning AIGaN/GaN HEMT reliability. This chapter
reviews the previous studies done on AlGaN/GaN HEMT reliability. It starts with the
review on the OFF-state degradation mechanisms and proposed degradation models. Then
it continues with the review on AIGaN/GaN HEMT degradation under ON-state condition.

This chapter concludes with thesis relevance on the knowledge gap.

Chapter 3 discusses tools and techniques used to investigate the ON-state reliability
problem of AlGaN/GaN HEMT-on-Si devices. This chapter consists of three parts. The
first part discusses about the tools and methods used to test and to stress the devices
electrically. The next part talks about simulation tools used to determine the junction
temperature and electric-field distribution in the device. Lastly, tools and techniques used
to characterize device microstructure are explained. The working principle and rationale of

each method or tool is thoroughly explained.

Chapter 4 covers the results and discussions on the comparative studies between OFF-state
and ON-state degradations. At the end of this chapter, a qualitative ON-state degradation

model based on electro-chemical oxidation mechanism is proposed.

Chapter 5 elaborates on the effects of current density on AlIGaN/GaN HEMT-on-Si ON-

state degradation. Thermal simulation is used to determine the appropriate stressing
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conditions. The effect of current density on AlIGaN/GaN HEMT devices stressed under
ON-state condition is analyzed and discussed. ON-state degradation mechanism is

proposed based on current density difference.

Chapter 6 explains about the effect of SixN1.x passivation density on AlIGaN/GaN HEMT-
on-Si degradation under ON-state stressing. Devices with two different SixN1-x passivation
densities were stressed under ON-state condition and the results are compared. After that,
a quantitative degradation model is proposed based on oxygen diffusion through SixNi.x

passivation layer for slow mode degradation.

Chapter 7 covers the summary, implications and limitations of the thesis. The key findings
of the study are summarized. The implications and limitations of the research are discussed.

Finally, the opportunities and strategies for future work are discussed.

1.5 Findings and OQutcomes/Originality

This research has led to several novel outcomes by:
1. Explaining the differences between OFF-state and ON-state degradations of
AlGaN/GaN HEMT-on-S1 devices.

2. Understanding the effects of current density, passivation density and temperature

on AlGaN/GaN HEMT-on-Si ON-state degradation.

3. Developing qualitative and quantitative degradation model based on electro-

chemical oxidation mechanism.
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Chapter 2

Literature Review

This chapter reviews the previous work on AlGaN/GaN HEMT reliability. The

first part focuses on OFF-state reliability, which covers electrical and
microstructure characterization of OFF-state degradation using various
techniques and parameters. Then three reported OFF-state degradation
mechanisms are discussed in detail. They are the inverse-piezoelectric
mechanism, electro-chemical oxidation and percolation path mechanism. The
second part of this chapter covers available literature for AIGaN/GaN HEMT
ON-state reliability. ON-state reliability is not as well reported as OFF-state
reliability. The current understanding of ON-state degradation mechanism is
discussed. There are two mechanisms, i.e. hot electrons degradation and
electro-chemical oxidation mechanism. However, the correlation between
current and physical degradation under ON-state condition is still unclear
especially for AlGaN/GaN HEMT on Si. The last part of this chapter discusses
about how this thesis fills the knowledge gaps in AIGaN/GaN HEMT-on-Si
ON-state reliability.

11
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2.1 Introduction

AlGaN/GaN HEMT has a lot of potential to complement Si-based semiconductor
especially for high power and high frequency applications. However, this technology is
still limited by reliability issues [74]. Typical AlGaN/GaN HEMT is a normally-ON device
with negative threshold voltage. It operates in both ON- and OFF-state conditions. In this
chapter, previous reliability studies on AlGaN/GaN HEMT are reviewed in order to
understand the current gaps in the knowledge of reliability issues in AlIGaN/GaN HEMT.

2.2 OFF-State Reliability

OFF-state stressing is usually done by applying large negative Vgs. Upon electrical
stressing, the device will degrade that is characterized by a decrease in maximum drain

current (Io-max) and/or increase in gate leakage current (Ig-eak) [19, 81].

Three major mechanisms have been proposed to explain the OFF-state device degradation.
They are:

1) Inverse piezoelectric stress

2) Electro-chemical oxidation

3) Percolation path mechanism

Previous studies about these mechanisms will be reviewed in the following subsections.

2.2.1 Inverse Piezoelectric Stress

Piezoelectric effect is the phenomenon which certain materials generate electric charge
when subjected to mechanical stress. The amount of electric charge generated is
proportional to the mechanical stress applied. Inverse piezoelectric effect is that the same
materials experience mechanical strain when an electric field is applied to the materials.

Both AlGaN and GaN are piezoelectric materials.

12
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Figure2.1  Change in device characteristics when the device undergoes step-voltage stress at

Vs =0V and Vgs was swept from -10 to -40 V with 1-V step at T = 150°C [12]

Inverse piezoelectric mechanism was first proposed by Joh et al. [82]. Figure 2.1 shows
the evolution of Ipmax, le-off and source/drain resistance (Rs/Rp) for the device stressed
under OFF-state condition Vps =0 V, Vgs was swept from -10 to -40 V (1-V step) at 150°C.
The Ip-max, le-off and Rs/Rp were constant up to about Vpg = 17 V. At Vpg = 17 V, Ip-max
started to decrease while Rs/Rp started to increase steadily. lc-offr, On the other hand, showed
an abrupt increase at Vpc = 17 V. This voltage is the critical voltage at which the device
starts to degrade [12, 13, 81].

The experiment was repeated for a few times using identical devices. Each device was
stressed with Vps = 0 V and Vpg sweep from Vpg =-10 V to a certain Vpg as numbered in
Figure 2.1 in order to investigate the different stages of degradation. Figure 2.2 shows pit
formed at gate edge on the drain side for six different stages of degradation:

(@) Device #1: Highest degradation (Vpg = 37 V)

(b) Device #2: Medium degradation (Vpc = 25 V)

(c) Device #3: Onset of Ip.max and Rs/Rp degradation with large le-off (Vb = 17 V)

(d) Device #4: Mild .ot degradation (Vpe = 16 V)

(e) Device #5: Onset of lg.off degradation

(f) Device #6: Unstressed device as reference

13
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Pit was formed at the gate edge on the drain side for device #1 to #5. There is no pit formed
for device #6 which showed that pit was formed because of the electrical stressing. The

degradation at the gate edge on the drain side got more severe as Vpg increases.

VDGstress:37 \V o

Figure 2.2  Degradation pit at the gate-edge on the drain side for devices stressed at Vps =0 V
and Vpe sweep from Vpe =-10Vto Vpe = () 37V, (b) 25V, (c) 17V, (d) 16 V, (e) 15V and (e)
0 V at 150°C [12]

Figure 2.3 shows the electric field and elastic energy density for the device operating under
Ves =-5 V and Vps = 33 V. It shows that the highest vertical electric field is at gate edge
on the drain side of the device. This corresponds to the location where pits were found
(Figure 2.2a-e). Joh et al. proposed that the vertical electric field increases as the Vpe
increases [13]. The vertical electric field generates inverse piezoelectric stress which will
increase the elastic energy of the material. At the critical voltage, the elastic energy density
reaches its critical value at gate edge on the drain side. This leads to pit formation at the

same location.

14



Literature Review Chapter 2

i <source drain»
0,04 L¥source drain» 05
= Gate Metal
E £
S 2> o045f
= 2
= g
— w =
€ 2 B g4l Ves=5V
= =5 2 5 | Vos=33V
N T ‘6
o oe
© ()
£ © 035;
S 3
o m} VGS=VDS=O
-0.06 - 0.3 f ' ’ ; : L
2 2.25 195 2 205 21 215 22 225 23
x (um) X (um)
(a) (b)

Figure 2.3 (@) Vertical electric field distribution and (b) elastic energy density for a device
operating under OFF-state condition Vgs = -5 V and Vps = 33 V [13]

2.2.2 Electro-Chemical Oxidation

Makaram et al. observed physical degradation for the device stressed below the critical
voltage [14]. They stressed the device under OFF-state condition Vgs=-7 V and Vps sweep
from 8 to 50 V at 150°C. It was found that the critical voltage of the device was around 20
V. After electrical stressing, the metallization layer and SiN passivation were removed
using chemical etching method. SiN passivation layer was removed using HF etch (1: 10
HF: H20O) and metallization layer was removed using aqua regia (3:1 HCl: HNO3) at 80°C
for 20 minutes. After that, the device surface was cleaned with piranha solution
(H2S04:H20,) for 5 minutes at 115°C. The physical degradation was analyzed using atomic

force microscope (AFM).

Figure 2.4 shows the physical degradation evolution for devices stressed at different Vpg,
Vs =-7 V at 150°C. V-shaped groove at the gate edge extending the entire length device
starting from Vpg = 15 V and the groove got wider and deeper as Vpg increases (Figure
2.4b-e). No groove was observed in the unstressed device (Figure 2.4a) which suggests that
the groove was caused by electrical stressing. The groove was observed at Vpg = 15V

(Figure 2.4b) which was lower than the critical voltage (Vpe = 20 V). This suggests that
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there is another mechanism that causes the degradation and it is not inverse-piezoelectric
mechanism. They suggested electro-chemical oxidation as an alternative degradation

mechanism [14].
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Figure 2.4  Pit/groove evolutions at (a) unstressed, Voastress = (b) 15 V (below critical voltage),
(c)20V, (d) 42V, (e) 57 V and (f) average AFM depth profile over a gate width of 2 um for Vpastress
=57V at TBase = 1500C [14]

Figure2.5  Top-view SEM images of the devices stressed under OFF-state condition Vps = 0
V and Vgs = -40 V for 100 minutes in (a) ambient air and (b) vacuum of 3 x 10 Torr after

metallization layer removal [15]

Feng et al. followed up to investigate the electro-chemical oxidation mechanism [15, 16].

Figure 2.5 shows the top-view SEM images of the devices stressed under OFF-state
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condition ¥ps=0V and Vgs=-40 V for 100 minutes in ambient and vacuum (3x 10 Torr)
after metallization layer removal. It was observed that the device stressed in ambient air
showed larger pits at the gate edges as compared to the device stressed under vacuum. They
suggested that oxygen in the ambient air led to larger degradation pit [15]. The smaller pits
formed for the device stressed in vacuum might be due to native oxygen on GaN cap

surface [83-87].

Feng et al. proposed an OFF-state degradation model based on electro-chemical oxidation
mechanism [16], as illustrated in Figure 2.6. Oxygen, in the form of water vapor, penetrates
through the silicon nitride passivation layer. Upon reaching the AlGaN surface at the gate
edge, the oxygen reacts with electrons from the gate to form oxygen ions. These ions
oxidize AlGaN in the presence of holes generated from inter-band tunneling in AlGaN/GaN
HEMT to form pits. The pits are formed preferably at threading dislocations as the energy
required for the pit formation is reduced at dislocations [36, 75, 88]. They also pointed out
that the pits formed by electro-chemical oxidation correlated well with Ip..qx degradation
but not with Ig [16]. This might be because /; degradation has a different mechanism as Ip.

max degradation [87, 89-91].

Figure 2.6  Degradation pit formation at the gate edge of the drain side by electro-chemical
oxidation mechanism under OFF-state condition [16]
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2.2.3 Percolation Path Mechanism

Marcon et al. and Meneghini et al. also found that AlIGaN/GaN HEMT degradation
occurred below critical voltage when the device is stressed for a long time under OFF-state
condition [17, 92]. This OFF-state degradation is characterized by an increase in /. Figure
2.7 shows I over time for the device stressed at Vps =0V and Vs = -30 V. The critical
voltage for this particular device is Vs = -35 V. This result suggests that a device stressed
below critical voltage will degrade if it is stressed for a long time. Therefore, inverse

piezoelectric mechanism cannot explain the degradation.
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Figure 2.7 I evolution over time for the device stressed under OFF-state condition Vp = Vs =
0V and Ves = -30 V (below critical voltage = -35 V) [17]

Figure 2.8 shows electroluminescence (EL) measurements for the same device shown in
Figure 2.7. It was observed that hot spots appeared after the stressing and the number of
hot spot increased over time. The number of hot spot correlates well with the /g increase

[17, 19, 89,92, 93].
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Figure 2.8 Electroluminescence (EL) measurements at different stressing time for the device
stressed under OFF-state condition Vp = Vs =0V and Vgs = -30 V (below critical voltage = -35
V) [17]

Figure 2.8 shows electroluminescence (EL) measurements for the same device shown in
Figure 2.7. It was observed that hot spots appeared after the stressing and the number of
hot spot increased over time. The number of hot spot correlates well with the /¢ increase

[17, 19, 89, 92, 93].

Bajo et al. did microstructure characterization on the stressed devices. Figure 2.9 shows
the microstructure characterization of the device stressed under OFF-state condition Vgs =
-15 V, Vps = 40 V for 4 minutes. Figure 2.9a shows the EL measurement before
metallization and passivation layer removal. Figure 2.9b-d shows the top-view AFM
images of the stressed device after metallization and passivation layer removal and Figure
2.9¢ shows the depth profile of the pit shown in Figure 2.9d. The result showed that there
is a correlation between hot spot and big degradation pit. Conductive AFM measurement

showed that these pits were current leakage path [18].
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Figure 2.9 (@) Electroluminescence image of OFF-state stressed device Vgs =-15 V, Vps = 40
V for 4 mins, (b) and (c) AFM images for the areas inside the squares after metallization and
passivation layer removal; (d) zoomed in version of one of the pit at (b) and (e) the depth profile of
the pit along the 3 lines in (d) [18]

Meneghini ef al. proposed a degradation model based on percolation path mechanism [17].
Figure 2.10 illustrates the percolation path model. Defects with activation energy of 0.5 eV
were generated within AlGaN layer when the device was stressed under OFF-state
condition [94]. Defects start to form at the gate side of AlGaN (Figure 2.10a) and extend
across AlGaN layer as stressing time increases. When the defects reach AlGaN/GaN
interface, a percolation path is formed (Figure 2.10b). This string of defects across AlGaN
layer provides a conductive path which leads to sudden increase in /¢ (Figure 2.7). This
location will then appear as a hot spot in EL measurement and correlate with a large pit.

The time at which /g suddenly increases is called breakdown time (#sp). It is worth noting
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that the pits at hot spots are scarcer but bigger size compared to the pits for Ip-max
degradation under similar bias condition. This suggests there are two different mechanisms

for the pit formation.

EC-AIGaN EC-I\IGaN

V= -60V V= -5V

EC-AIGaN ﬁGaN
r ‘ ‘\ i

V= -60V Vg=-5V
(b)
Figure 2.10  Percolation path degradation mechanism at (a) t < tgp and (b) t > tgp [19]

2.3  ON-State Reliability

During ON-state operation, drain current (/p) at 2DEG channel flows from drain to source
terminal and the energetic electrons will flow in the opposite direction. These energetic
electrons in 2DEG may cause degradation during ON-state operation. Unfortunately, ON-
state reliability is not as well reported as OFF-state reliability. In this section, previous

studies on ON-state reliability will be reviewed.
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2.3.1 Hot Electron Degradation

Sozza et al. stressed AlGaN/GaN HEMT on SiC substrate under constant power dissipation
at 6 W/mm (Vps = 25 V) at ambient temperature of 100°C, 120°C and 140°C for 3000
hours [95]. They observed that /p... decreased over time. This phenomenon was also
observed in AlGaN/GaN HEMT grown on Si substrate [21, 96]. They attributed this
degradation to hot electrons degradation [95, 97]. Meneghini et al. used
electroluminescence (EL) to characterize the hot electron degradation [20]. Figure 2.11a
shows the EL vs. gate voltage curves at different time for the device stressed under ON-

state condition Vps=30Vand Vgs=-1 V.
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Figure 2.11 (a) EL vs gate voltage plots at different stressing time for a device stressed at Vps =
30V and Vgs =-1V. (b) Drain current and (c) EL/drain current ratio measured on the same device

over time [20]

The amplitude of EL signal is dependent on the magnitude of electric field and the
concentration of electrons in 2DEG channel. The EL signal increased beyond threshold

voltage because of increasing number of hot electrons in the 2DEG channel. However, at
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higher gate voltages, EL signal decreased because of decreasing electric field [20]. Figure
2.11c¢ shows the EL/Ip ratio over time. This ratio gives a qualitative measure of electric
field in the channel [98]. EL/Ip ratio decreased over time and this correlated well with Ip
degradation (Figure 2.11b). This suggests that ON-state stressing leads to decrease in

electric field.
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ﬂ Region II Region III

AlGaN Barrier

i

Region I :
0EG | T (e~~~ 7
GaN Hot Electrons

Velocity Saturation
Region

Figure 2.12  Hot electron trapping mechanism in AlGaN/GaN HEMT surface under ON-state
condition [21]

Figure 2.12 illustrates the hot electron trapping in AIGaN/GaN HEMT surface during ON-
state operation. Meneghini et al. and Pavlidis et al. proposed an ON-state degradation
mechanism based on hot electron trapping [20, 21]. During ON-state stressing, electrons
in 2DEG channel are accelerated at the drain-gate access region due to the high electric
field at this region. These hot electrons can be injected into AlGaN layer, AIGaN/SiN
interface or SiN layers and trapped there. As a result, less electrons are available in the
2DEG channel. These trapped electrons also act as virtual gate at the drain-gate access
region which repels electrons away from 2DEG channel. Therefore, Ip will decrease.
Anand et al. reported six different trap activation energies for AlGaN/GaN HEMT on Si
stressed under ON-state condition i.e. 0.44 eV, 0.51 eV, 0.54 eV, 0.58 eV, 0.65 ¢V and 0.73
eV [99]. However, there is no microstructure evidence which can be related to this

degradation mechanism.
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2.3.2 Electro-Chemical Oxidation

Park et al. also did ON-state reliability study for AlGaN/GaN HEMT grown on SiC
substrate [22]. They stressed the device under ON-state condition Vps =40 V and Ip-initiai =
250 mA/mm at base temperature of 82°C, 112°C and 142°C for 250 hours. Ip-max Was

measured every hour at Vps =5 V and Vgs = 1 V.
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Figure 2.13  Cross-sectional TEM images for devices with (a) 19% and (b) 58% Ip-max
degradation at the gate edge on the drain side (c) Change in drain current (Iog) during stressing and
Io-max recorded every hour for the device stressed under ON-state condition Vps =40 V and Ip.initial
= 250 mA/mm over time [22]

Figure 2.13a and 2.13b show the cross-sectional TEM images for the devices with 19%

and 58% Ip-max degradation, respectively. Figure 2.13¢ shows the evolution in drain current
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(Ipo) and Ip.max over time for the ON-state stressed device. Pit was found at the gate edge
on the drain side and the size of the pit correlated with /p.max degradation. However, this
may not represent the whole width of the device because the cross-sectional TEM images

are too localized.
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Figure 2.14 Top-view SEM images for the devices stressed under Vps = 40 or 50 V and Ipg =
100 mA/mm with different Io.max degradation levels after metallization and passivation layer

removal [23]

Figure 2.14 shows the top-view SEM images for devices stressed under ON-state condition
Vps = 40 or 50 V and Ipp = 100 mA/mm with different /p.m.x degradation levels after
metallization and passivation layer removal by Wu et al. [23]. Pits/grooves were observed

at the gate edge on the drain side of the device and their size correlated with Ip.pmax
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degradation. The physical degradation was found across the gate width. This supports the
study by Park et al. [22]. In addition, Wu et al. also observed eroded portion of AIGaN
under the gate, which originated from the fabrication process and enhanced during

electrical stressing [23].
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Figure 2.15 Distribution of pit/trench depth at the gate edge on the drain side and erosion depth
under the gate along half of the gate width for device with 21.6% lp-max degradation [23]

Figure 2.15 shows the distribution of pit/trench depth and erosion depth along half of the
gate width for a device stressed under ON-state condition with 21.6% Ip.ma degradation.
The pit size became smaller for location further from the center of gate finger because of
better heat dissipation at this location. On the other hand, erosion under the gate showed
no correlation with distance from center of gate finger. This suggests that pit formation is

a thermally activated process [22, 77, 100].

Figure 2.16 shows the cross-sectional TEM image for a degraded device and EDX results
at point A (inside the pit) and point B (in the normal AlGaN surface). Oxygen, silicon and
carbon were found in the pit. This suggests that oxidation could have occurred during the
ON-state degradation and the pit was filled with SiN passivation material. Wu et al.

proposed that ON-state degradation mechanism is similar to electro-chemical oxidation in
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OFF-state degradation with activation energy ranging between 0.83 eV and 1.04 eV [101].
It is worth noting that the /p-n«x degradation does not correlate with /6.ieax degradation in

this ON-state study.
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Figure 2.16  Cross-sectional TEM image of the device stressed under ON-state and EDX results
at point A and B [22]

2.3.3 Ohmic Contact Degradation

A typical Ohmic contact in AIGaN/GaN HEMT is formed by rapid thermal annealing (RTA)
of Ti/Al/Ni/Au metal stacks because of its low Ohmic resistance [102-105]. This is
important for device with low sheet resistance (R) like AlGaN/GaN HEMT because high
contact resistance will limit its extrinsic gain and current density. Also, the Ohmic contact
has to be stable as AlGaN/GaN HEMT is commonly used in high temperature applications
because of its wide energy band-gap. Therefore, it is important to understand the Ohmic

contact degradation under high temperature which will be discussed in this sub-section.

Dong et al. investigated the Ohmic contact degradation using circular transmission line

model (CTLM). The CTLM structures were stressed under 400, 500 and 600°C in pure N>
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atmosphere for 120 h without any bias [24]. I-V characteristics of the Ohmic contacts were
measured periodically during the thermal stressing. Total resistance of the Ohmic contacts
were relatively stable after 120-h stressing under 400 and 500°C which shows that there is
no Ohmic contact degradation. However, for contacts stressed under 600°C, the total

resistance increased from 15 Q to 80 Q after the first 24 hours.
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Figure 2.17 (a) Cross-sectional TEM image of the degraded Ohmic contact showing a void with
Al-Ga-Au allow surrounding it and layer of Al-Au penetrating AlGaN layer; (b) EDX line scan
from blue arrow in (a) [24]

Figure 2.17a and b shows cross-sectional TEM and the EDX line scan of the blue arrow in
Figure 2.17a, respectively for the degraded Ohmic contact after being stressed under 600°C
for 24 hours. A void surrounded by Al-Ga-Au was found at the contact area and Al-Au was
observed at the AlGaN layer on top of the TiN area. The author proposed that the Al-Au
melts when the device is thermally stressed at 600°C because 525°C is the lowest eutectic
temperature in Al-Au phase diagram. After the Al-Au alloy melts, it penetrated the AlGaN
layer which leads to decreasing 2DEG density and increasing contact resistance. As Al-Au
penetrates the AlGaN layer, void is formed at the contact area and Ga out diffuses into the
Ohmic contact area. This explains the presence of Ga surrounding the void in the Ohmic

contact area in Figure 2.17a.
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Figure 2.18 Cross-sectional SEM image shows extrusion of Au-Al IMC (red circle) in degraded
Ohmic contact for a device stressed under DC condition Vps = 50 V, Ips 50 mA/mm and Tjunction =
275°C for 2000 hours [25]

Piazza et al. reported Ohmic contact degradation occurred even for devices thermally
stressed at 340°C for 2000 hours. They also proposed Ga out-diffusion and Au inter-
diffusion as the degradation mechanism [25]. The same author observed Ohmic contact
degradation in the actual device stressed under DC condition Vps =50V, Ips = 50 mA/mm
and estimated Tjunciion = 275°C for 2000 hours. There was local extrusion of Au-Al inter-
metallic compound (IMC) observed in cross-sectional SEM picture (Figure 2.18) [25]. Wu
et al. who did DC stressing on Au-free Ohmic contact, proposed that there is nitrogen out-
diffusion from TiN or SisN4 passivation into the Ohmic metal which causes increase in

contact resistance [106].
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2.4  Thesis in Context to Knowledge Gaps

The literature review shows that extensive study has been done for OFF-state reliability.
For OFF-state reliability, it was found that the physical defect formation depends on
various factors such as applied voltage [81], threading dislocation [75, 76], environment
[15], and stressing duration [78]. Several mechanisms have been proposed to explain the
OFF-state degradation such as inverse piezoelectric [13], electro-chemical oxidation [16]
and percolation path-induced degradation [17].

Unlike OFF-state reliability study, ON-state reliability study is not readily available. Sozza
et al. and Meneghini et al. correlated Ip-max degradation with hot electron trapping on the
surface at the drain-gate access region [20, 97]. EL was used to characterize ON-state
degradation and Anand et al. proposed six different trap activation energies [99]. However,
there is no clear connection between the hot electrons and 2DEG electrons. This thesis will
discuss the role of current flow in 2DEG channel and provide physical evidence of ON-
state degradation.

Wu et al. found that ON-state stressing led to pit formation at the gate edge on drain side
of the device. The pit formation is a thermally activated process with activation energy
ranging between 0.83 eV and 1.04 eV [100, 101]. They proposed that the ON-state
degradation mechanism is the same as that of OFF-state degradation mechanism proposed
by Feng et al. i.e. electro-chemical oxidation. However, this study did not show a direct
comparison between ON-state and OFF-state degradations. Also, this study was done using
AlGaN/GaN HEMT on SiC devices [22, 23, 77]. Sasangka et al. reported the correlation
between threading dislocation and pit formation for OFF-state degradation in AlGaN/GaN
HEMT on Si [75]. This correlation may not be readily observed in SiC substrate as
AlGaN/GaN HEMT on SiC has 1 to 2 order lower threading dislocation density than
AlGaN/GaN HEMT on Si [1, 7]. This correlation might lead to different results for ON-
state degradation in AlGaN/GaN HEMT on Si devices. This thesis will compare OFF-state

and ON-state directly and all the devices used in this thesis are grown on (111) Si substrate.
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Chapter 3

Experimental Methodology

Reliability study of AIGaN/GaN high electron mobility transistor (HEMT) on
Si requires two stages of experiments. The first part is stressing the device
under various accelerated conditions and the second part is the failure
analysis. AlGaN/GaN HEMT device is electrically stressed and its
characteristics such as maximum drain current (Ip.n.y), gate leakage current
(16-1ear) and threshold voltage (V) are monitored. After electrical stressing,
the device is then analyzed using various failure analysis techniques in order
to understand the degradation mechanism and develop a reliability model to
estimate the lifetime of the device. This chapter starts with description of the
devices used in this study. Then, the working principle and theory behind all
the tools and techniques used for electrical stressing and failure analysis are

describe and discussed.
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3.1 Device Description

AlGaN/GaN HEMT devices used in the study are grown on Si (111) substrate by metal-
organic chemical vapor deposition (MOCVD) [107]. The GaN used in this study is Ga-
polar film. Figure 3.1 shows the cross-section schematics of the AlGaN/GaN HEMT on Si
device. First AIN/GaN superlattice is grown on Si (111) substrate to reduce the stress due
to the large lattice mismatch between AlGaN/GaN and Si [108]. (111) Si is commonly used
for GaN epitaxy because it has trigonal symmetry which supports the epitaxial growth of
(0001) GaN [3]. This superlattice consists of alternating AIN (7 nm) and GaN (18 nm) with
total thickness of 1.54 um. The next layers are the GaN buffer, AIGaN barrier and GaN
capping layer with thickness of 840 nm, 18 nm and 2 nm, respectively. GaN capping layer
is used to improve the device performance [109, 110]. This capping layer has to be kept

thin because thick capping layer can decrease the 2DEG density [111].
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Figure 3.1  Cross-sectional schematics of AIGaN/GaN HEMT on Si device

After the epitaxy growth, the device goes through fabrication process. The Schottky gate
length of device is 2-um and it consists of 0.15 pm-thick Ni and 0.36 um-thick Au. The
ohmic contacts at drain and source side are made of Ti/Al/Ni/Au (20/120/40/50 nm) which
was annealed at 825°C for 30 s with a contact resistance of Rc = 0.12 Q mm [107]. All of
these devices are double-gate devices with Lep =2 pm, Lsg = 1 um and Wg = 25 - 150 um
with no field plate as shown in Figure 3.2. Then 120-nm-thick SiN layer was deposited

using plasma-enhanced chemical vapor deposition (PECVD) to passivate the devices. XRR
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measurement showed that the Si:N = 43: 57 with density of 2.26 g/cm®. These AlGaN/GaN
HEMTSs are Ga-polar and normally-ON devices. Only one gate is turned on during the
electrical stressing. Once a gate is stressed, the other gate will not be used as it might have

also degraded during the stressing.

Figure 3.2  Top-view SEM image of the AlIGaN/GaN HEMT

3.2 Electrical Characterization and Stressing

Electrical characterization and stressing are done using various systems in the lab. Figure
3.3 shows the probe station used to characterize and stress devices at wafer level. This
probe station is connected to Keithley 4200 parameter analyzer. The stage of this probe

station can be heated up to 300°C.

Secondly, an in-house built system shown in Figure 3.4a is also used to stress and
characterize the devices. In this system, the tested device has to be wire-bonded to a dual
in-line package (DIP) as shown in Figure 3.4b. This system is connected to Keithley 2612
source meter and the package can be heated up to 300°C. Furthermore, this system allows
us to stress the device in high vacuum or high humidity conditions. The vacuum level can

reach about 1 x 10™ Torr.
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Figure 3.3  Probe station used to test and stress the device at wafer level

Figure 3.4 (@) In-house-built system to test and stress device under high vacuum or high
humidity. (b) Wire-bonded chip to dual in-line package (DIP) used in this system

Lastly, Figure 3.5 shows the modified electromigration (EM) system that can be used to
stress multiple devices at once at a maximum temperature of 300°C. This system is
connected to 32-SMU National Instrument (NI). So, 16 devices can be stressed or tested
simultaneously at the same base temperature with different bias conditions. The devices
have to be wire-bonded to the DIPs as well in this system.
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Figure 3.5  32-SMU National Instrument modified EM system

3.2.1 Electrical Characterization

The electrical characteristics of the AlIGaN/GaN HEMT can be monitored by the 1-V curve.
In this experiment, Ip-Vps characteristic is obtained by sweeping Vps from 0 V to 21 V for
different Vgs from -4 VV to 1 V at 1 V/step rate. A typical Ip-Vps graph can be seen in Figure
3.6. Secondly, Ip-Ves characteristic is obtained by biasing the Vps at 10 V and sweeping
Vgs from-10 V to 2 V. The drain current (Ip) and gate current (Ig) are monitored. A typical
Ib-Ves and ls-Ves graphs are shown in Figure 3.7. From Ip-Vgs graph, drain current
saturation (Ip-max) Which is a commonly used parameter to monitor the device degradation
can be obtained [14, 75, 76, 81, 112, 113]. Also, drain leakage current and gate leakage
current can be obtained from Figure 3.7. Some literature show that the leakage currents
increase as the device degrades [17, 114, 115]. In addition, threshold voltage (VtH) can be
obtained by taking a linear fit of the slope portion of Ip-Ves graph. These electrical
characteristics are important for AlGaN/GaN HEMT reliability analysis. This transistor
works in 2 different regimes, i.e. OFF- and ON-state. ON-state is the regime where there
is current flowing in the 2DEG channel and when the Vgs is higher than Vt1 whereas OFF-
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state is the regime where no current is flowing in 2DEG channel and when the Vs is lower
than Vw (Figure 3.7).
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Figure 3.6  Ip-Vps plot of AIGaN/GaN HEMT on Si substrate
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Figure 3.7  Ip-Ves and ls-Ves plot of AlGaN/GaN HEMT on Si substrate
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3.2.2 Electrical Stressing

AlGaN/GaN HEMT is commonly used as a switching device. It operates in both ON-state
and OFF-state conditions. Since the AIGaN/GaN HEMT devices used are normally ON
devices, bias needs to be applied to turn off the device, i.e. OFF-state condition. During
OFF-state condition, a large negative bias is applied at the gate to repel all electrons away
from the channel. Thus, there is no current flowing during OFF-state. On the other hand,
during ON-state condition, the gate is biased above the threshold voltage and the current is

flowing from the source to drain.

Characterization Stressing Characterization
Ip — Vs Constant I —V
D™ VaGs
In—V q VDS and VGS #
D DS . ID - VDS
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Figure 3.8 One characterization and stressing cycle during electrical stressing of
AlGaN/GaN HEMT

In this experiment, devices are stressed at constant voltage condition. The stressing
configuration consists of many of stressing cycles. One stressing cycle starts with a
characterization step followed by stressing step and another characterization step (Figure
3.8). For example, to stress a device for 20 hours, it is split into 20 stressing cycles with 1
hour stressing time for each cycle. The device characteristics will be extracted during the
characterization steps in each cycle and the device degradation will be monitored
throughout the total stressing time. The characterization step used is the same step
explained in section 3.2.1. The characterization and stressing steps are done at the same

temperature as the stressing temperature.

The devices are stressed under various conditions depending on the requirement of the

experiment. The test system used also depends on the experiment requirement as each
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electrical stressing system mentioned above has unique capabilities. The details of the

stressing condition will be mentioned in each chapter.

3.3 Junction Temperature Measurement

Temperature is a crucial factor in determining microelectronics reliability. Temperature
causes lattice vibration and charge carrier scattering which may accelerate degradation.
Under ON-state condition, the energetic electrons in 2DEG channel flow from source to
drain generating drain current. The electrons will interact with the lattice atoms and
generate joule heating. This joule heating will accelerate degradation. Therefore, it is
important to obtain the junction temperature and the thermal distribution of the device. The
thermal distribution is used to locate the hot spots on the device due to joule heating and
then can be correlated to the physical degradation. In this study, the junction temperature
is computed using thermal finite element simulation. This thermal model is verified by

thermo-reflectance measurement.

3.3.1 Thermo-Reflectance

In this thesis, the junction temperature was obtained using thermo-reflectance method.
Thermo-reflectance is a non-contact experimental technique for thermal profiling of
semiconductor device surface. Thermo-reflectance offers a better spatial resolution than
infrared (IR) measurement [116]. This technique is based on the change in sample’s relative
reflectivity as a function of temperature change of the sample surface [117]. The change in
reflectivity is directly proportional to the change in temperature of the sample [117, 118].
In this experiment, thermo-reflectance measurement was done using Microsanj NT200

thermal imaging system [119].

Figure 3.9a shows the experimental setup for thermo-reflectance. The surface of the tested
device is illuminated using a light-emitting diode (LED). The reflected light is then
collected through the light microscope connected to a CCD camera. The system uses blue

(470 nm) LED and a 100x, NA = 0.8 microscope objective to get an optical spatial
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resolution of 150 nm. A pulsing voltage is applied to generate the current which then
induces joule heating. The CCD camera will capture the different reflectivity during the
pulsing and translate this difference into a thermal image. The thermal image will show the
distribution of change in temperature (AT) due to current flow, i.e. joule heating.

(a) (b)

CCD Camera CCD Camem'

N\
Light \ Light Sourcemmmp |

Source w— |
Thermal-couple Wid Mlggjesczpe
Microscope
~ Object
s - -—l = Sam le Bias Thermal-couple Bias
.

Figure 3.9  Thermo-reflectance (a) measurement setup and (b) calibration setup [26]

Thermo-reflectance coefficient is required in order to obtain an accurate thermal
measurement of the device. The calibration setup is shown in Figure 3.9b. A flat GaN film
is placed on the stage and connected to the small thermocouple. The stage is heated up to
a certain temperature and is recorded by the thermocouple. The CCD camera obtains the
thermo-reflectance amplitude on the material of interest. Then, the thermo-reflectance
coefficient is obtained by dividing the thermo-reflectance amplitude by the amplitude of
the temperature oscillation recorded by the thermocouple [118]. The thermo-reflectance

coefficient obtained from this experiment for GaN is 1.95 x 10 /°C.

AlGaN/GaN HEMT on Si devices with different dimension were measured at different
base temperature from 25°C to 100°C. The tested device was biased at Vps = 20 V and Vs
was used to control the drain current. The measured temperature was obtained from the
thermal image. Power density is required for the input in the finite element simulation, and

can be obtained by the formula below.
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Vps X Ip

— >0 3.1
L, X W x Hg 31

Power density =

where Vps, Ip, Le, We and Hg are drain voltage, drain current, gate length, gate width and

gate height respectively.
3.3.2 Finite Element Simulation

Finite element analysis (FEA) based thermal simulation was used to compute the junction
temperature of the AlGaN/GaN HEMT during ON-state operating condition. In this
experiment, the finite element simulation was done using Thermal Analysis System (TAS)
by ANSY'S [120].

Source Drain
5um| Metal 2 (0.51 pm) Metal 2

1.2 um /
0.23 um % Gate || %
(0.51 pum)
23 um GaN i\
Heat Source

4
y
(a) Si Substrate (650 um) ‘ :
X

Figure 3.10  Schematics of AlGaN/GaN HEMT used for thermal finite element simulation (a)

Substrate

cross-sectional view at the left gate finger and (b) top-view of the whole device

Figure 3.10a shows the cross-section device geometry at the left gate finger area used in
the TAS. Figure 3.10b shows the top-view of the whole device that is drawn according to
the real device dimensions. Heat source is defined as a volumetric heat source which has
the same dimension as the gate and located 0.51 um under the gate edge of the drain side
(Figure 3.10a) where 0.51 um is the gate height. This location was determined during the
model calibration using thermoreflectance measurement. This location has the highest

electron scattering due to maximum electric field which leads to highest heat generation.
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The material properties, thickness and slice count for each feature are shown in Table 3.1.
Slice count is defined as the number of division through the thickness for a particular

feature. This parameter is important to obtain a good mesh.

Secondly, mesh refinement was done to ensure that the mesh is sufficiently fine to get an
accurate simulation reading especially around the region of interest. The auto-region option
was used to ensure that there is no missing node or discontinuous feature, and then followed
by polygon extrusion to make the 3D model. The extrusion was done in the negative z-
direction (Figure 3.10b).

Table 3.1 Material parameters used in the thermal finite simulation

Features Material Thermal Conductivity Thickness  Slice
(WImK) (um) count
In-plane Through
thickness
Gate Au 315.0 0.51 3
Metal 1 Ti/Ni/Au 259.8 110.2 1.20 7
Metal 2 Au 315.0 5.00 7
Ohmic metal ~ Ti/Al/Ni/Au 279.5 192.9 0.23 6
Isolation GaN 141.39 (298/T)*2112 0.15 5
GaN layer GaN 141.39 (298/T)*2112 2.30 13
Heat source GaN 141.39 (298/T)-2112 0.51 3
Si substrate Si 152.59 (298/T):334 650.00 24

The next step is to define the thermal interface resistance between GaN layer and Si
substrate. This thermal interface resistance is defined as a 0.25 pm layer with heat transfer
coefficient of 3.03 x 10° W/°C.um?, while the base temperature is set at the bottom of Si
substrate. Lastly, the equivalence and model check steps were done to ensure that there is
no missing part on the model. For each simulation, base temperature and power density for
the volumetric heat source were varied. Power density was obtained from equation (3.1).
In this simulation, only left side of the gate was used so that it is consistent with the

electrical stressing condition.
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The assumptions used in this simulation are:

« The AlGaN layers are assumed to have the same thermal properties as GaN. The Al%
in AlGaN is below 30% and the AlGaN layers are relatively thinner than the other
layers. Thus, this will not affect the junction temperature much. Moreover, this will
reduce the simulation time as the meshing complexity will be reduced.

. The gate metal is assumed to be gold instead of gold with a thin nickel layer at the
bottom. The junction temperature difference is negligible.

. The SiN passivation layer is not included in the model as the effect of this layer on
the junction temperature is negligible.

. The relationship between measured and simulated junction temperatures remains the

same for higher temperatures.

3.4 Electric Field Finite Element Simulation

Electric field is one of the factors that affects the AIGaN/GaN HEMT reliability [79, 115,
121, 122]. Thus, it is very important to analyze the electric field distribution on the
AlGaN/GaN HEMT device during OFF- or ON-state operations. In this study, the electric
field is simulated by using Silvaco Atlas device simulator [27]. Silvaco Atlas is a two- or
three-dimensional device simulator which predicts the electrical behavior of semiconductor

devices.

(Structure and
Mesh Editor) Runtime Output

ATLAS Log Files
Device Simulator 9 \

Solution Files

Structure Files

0

(Process Simulator)

(Visualization
Tool)

Command File

DeckBuild

(.

(Run Time Environment)

Figure 3.11 Input and output system of Silvaco Atlas device simulator [27]
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Figure 3.11 shows the general simulation steps in Silvaco Atlas. There are two input files
i.e. structure files and command file. Structure file contains the device structure that is
going to be simulated while command file contains commands for the software to execute.
The output files are run-time output, log file and solution file. Run-time output shows the
simulation progress and error messages during the execution. Log file contains all terminal
voltages and currents from device analysis. Lastly, solution file contains the solution values
within the device structure for a given bias condition. The solution can be extracted and
plotted from solution and log files using TonyPlot.

An extension of Silvaco Atlas called Blaze is needed to simulate compound
semiconductors. Blaze takes into account the band structure of heterojunction which is
dependent on the material composition and position of the compound semiconductors. In
this study, the electric simulation of AIGaN/GaN HEMT uses one of the examples from
Silvaco website. The example used is “AlGaN/GaN HEMT Id-Vgs and Id-Vds
Characterization” under GANFET Application Examples section [123]. A small
modification was done to extract the electric-field distribution. The following lines were

added in the command file line 85,

solve previous

solve vgate=1

solve vsource=0

solver vdrain=20

save outf=GaN_EField.str

The Al composition used in the actual AlxGaixN layer is 0.30 with thickness of 18 nm. The
AIN/GaN superlattice is regarded as GaN layer in this simulation. The GaN buffer and the
AIN/GaN superlattice have a total thickness of 2.2 um. The other device dimensions (Lg,
Lep and Lsg) and bias condition are keyed according to the device used in each chapter.
After all the parameters are have been entered, the script in DeckBuild is run. After it
finishes, the GaN_EField.str file is opened in TonyPlot where the electric field values and

distribution can be obtained.
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Figure 3.12 shows a typical contour map obtained from TonyPlot. The cut-lines are then
drawn at the region of interest. For example, cutline A-A’ was drawn in Figure 3.12 to
extract the electron concentration at 2DEG across the device. In this thesis, the region of

interest is at the device surface.

ATLAS

Data from Ga_Polar_€_teld s

« 8 Source
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Figure 3.12  Typical contour map obtained from TonyPlot

3.5 Etching

In this thesis, most of the physical degradation observed was pit at AlGaN layer. One way
to characterize this pit is using cross-sectional TEM. The drawback of using TEM is that
the result is highly localized, only about 100 nm of the gate width. Therefore, another
method was adopted to get a larger view, which is to use top-view analysis in SEM.
However, the metallization and passivation layers have to be removed first by etching
method before the pits can be seen in SEM. Furthermore, dislocation etching can also be

done to calculate the threading dislocation density in the GaN layer.
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3.5.1 Metal Contacts and Passivation Layer Etching

This etching technique is used to remove the metal contacts and passivation layers [14].
The SixN1x passivation and oxide layers were removed using isotropic reactive ion etching
(RIE). The metal contacts were then removed using aqua regia (3:1 HCI : HNO3). Finally,
the surface was cleaned using isopropyl alcohol (IPA) and acetone mixture. The detailed
steps are as follow:

1) Soak in IPA for 5 minutes

2) Isotropic RIE for 4 minutes

3) Soak in IPA for 5 minutes

4) Soak in aqua regia solution at 80°C for 60 minutes

5) Soak in IPA and acetone mixture at 80°C for 10 minutes

6) Dry the chip

All the steps except RIE were done in ultrasonic bath. After these layers were removed, the
physical degradation of AlGaN/GaN HEMT device can be observed under SEM. Figure
3.13 shows the top-view SEM image of a AlGaN/GaN HEMT device before and after
etching.

Figure 3.13 SEM image of AlGaN/GaN HEMT device (a) before and (b) after

passivation/metallization layer removal
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3.5.2 Dislocation Etching

This etching method is used to characterize threading dislocations on the AlGaN/GaN
device. 85% phosphoric acid (HsPO4) was used to selectively etch dislocation in GaN film
[124-126]. The crystal containing dislocation will be etched faster due to the lattice
distortion and strain field of the dislocation [127]. The device was immersed in the 85%
H3PO4 at 80°C for 100 minutes followed by cleaning using IPA. 100 minutes was found to
be the optimum condition because beyond 100 minutes the pits would merge with the
neighboring pits. As the result, the etch pit density calculation will not be accurate. The
etching was done inside ultrasonic bath.

Figure 3.14 shows the result of the dislocation etching under SEM. Different types of
dislocations can be differentiated by the size of the etch pits. The large and the small etch
pits are associated with screw/mixed and edge threading dislocations, respectively [124].
This is a simple method to obtain the threading dislocation density and the distribution of

different types of dislocations in GaN film.

~——— Large Pits

LS

i

Groups of
small pits

Figure 3.14 SEM image of GaN film after dislocation etching using 85% HsPO, for 100 minutes
at 80°C
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3.6  Microstructure Characterization

Microstructure characterization is critical in this study to observe the physical defects
caused by the electrical stressing. Scanning electron microscope (SEM) is mainly used for
top-view device analysis especially before and after wet etching. Focused ion beam (FIB)
is used for cross-sectional transmission electron microscope (TEM) sample preparation.
Lastly, TEM and its various techniques are used to analyze the cross-section of the device.
The techniques used are scanning-transmission electron microscopy (STEM), energy
dispersive X-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS) and weak
beam dark field (WBDF).

3.6.1 Scanning Electron Microscopy

Scanning electron microscope (SEM) is one of the common characterization tools. It is
used to characterize the topography and texture of the sample with a magnification up to
500,000X. FEI Nova 600 NanoLab DualBeam™ SEM/FIB system was used in this study
(Figure 3.15).

SEM image is generated by sweeping a focused electron beam across the specimen surface.
The signals from the electron-sample interactions will generate important information of
the specimen. Electron-sample interaction can be schematically represented by Figure 3.16.
Different signals are used for different purposes. Secondary electrons are useful to obtain
the topography and morphology of the sample whereas back-scattered electrons are useful
to display contrast in composition in a multiphase sample. The characteristic X-rays are
important for the elemental analysis, while the diffracted back-scattered electrons are
important to determine the crystalline structure and material orientation in the sample [128].
The device is analyzed under SEM before and after the electrical stressing to observe for

microstructural changes on the device.
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[ A
Figure 3.15 FEI Nova 600 NanoLab DualBeam™ SEM/FIB system used for microstructure
characterization and cross-sectional TEM sample preparation
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Figure 3.16  Electron-sample interaction volume within the sample [28]
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3.6.2 Focused lon Beam

Focused ion beam (FIB) is another powerful characterization tool. It has similar imaging
principle as SEM but instead of using an electron beam, FIB uses a focused beam of gallium
ions for imaging. In addition to imaging, the focused beam can be used for sputtering or
milling at a specific spot depending on the current used. When the gallium (Ga*) ions hit
the sample surface, secondary and sputtered ions are produced. These ions are collected to
form an image. When a large current is used, the Ga* ions can be used to etch away material

from the sample’s surface.

Observation

Carbon
surface

coating

Target volume

Figure 3.17 Schematic diagram of SEM/FIB dual beam system [29]

FEI Nova 600 NanoLab DualBeam™ SEM/FIB system (Figure 3.15) was used in this to
prepare the cross sectional TEM sample [129, 130]. Figure 3.17 shows the diagram inside
the SEM/FIB dual beam system. The ion beam source is perpendicular to the sample
surface while the electron source is at 36° from the sample surface. This setup allows
direct monitoring of the milling process from the SEM mode. This is very crucial

especially during the thinning down step of the TEM sample.

Figure 3.18 shows the necessary steps to prepare a TEM lamellar.
(@  Trenches are created by ion milling to expose the lamellar.
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(b)  The lamellar is then cut and picked using a nanoprobe and transferred onto a copper
grid.

(c)  The lamellar is attached to the copper grid by Pt deposition.

(d)  Finally, the lamellar is thinned down and cleaned using ion beam to about 100 nm
thin so that it can be examined under TEM. When the lamellar thickness is getting
closer to 100 nm, low kV milling at about 1-2 kV should be used to prevent FIB-
induced damage [131]. During the thinning down step, SEM mode is used to monitor

the lamellar thickness.

Nanoprobe

TEM lamellar

Copper grid

Figure 3.18  Cross-sectional TEM sample preparation using FIB system: (a) trenches are made
to expose the lamellar, (b) the lamellar is picked using a nanoprobe, (c) the lamellar is transferred
and attached to TEM copper grid and (d) the lamellar is thinned down to about 100 nm thick
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3.6.3 Transmission Electron Microscopy

Transmission Electron Microscope (TEM) is a tool that can characterize a material down
to atomic level. TEM is able to give a very high resolution, i.e. atomic level resolution (<
2 A). TEM is able to give information about the morphology, crystal structure, defects,
crystal composition, and magnetic microstructure [132]. In this study, TEM is used to
characterize the microstructure of the AIGaN/GaN HEMT cross-section. Various
techniques are used to characterize the device cross-section such as scanning transmission
electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDX) and electron
energy loss spectroscopy (EELS). In addition, weak beam dark field (WBDF) technique is
used to characterize the threading dislocations.

Figure 3.19 (a) JEOL 2100F TEM with (b) double-tilt sample holder located in FACTS lab [30]

Figure 3.19a shows the TEM that was used for the analysis in this study i.e. JEOL 2100F.
Double-tilt sample holder (Figure 3.19b) was used which allows the samples to be tilted in

both x- and y-axis. One main drawback of TEM characterization is that it is highly localized.

51



Experimental Methodology Chapter 3

Thus, the results may not represent the bulk material. After the device is electrically
stressed, cross-sectional TEM sample is prepared using FIB to observe any microstructural

defect on the device before and after the passivation and metallization layers removal.

3.6.3.1 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) is one mode in TEM that scans the
sample lamellar using focused electron beam. When the electrons pass through atoms they
will be scattered. On the other hand, when they pass through an empty space, they will be
transmitted. The heavier the atoms, the larger electron scattering angle will be. These
scattered and transmitted electrons can be used for imaging and elemental analysis. There
are two imaging modes and two elemental analysis techniques that are commonly used in
STEM. The two imaging modes are bright field (BF) and annular dark field (ADF), while
the two elemental analysis techniques are energy-dispersive X-ray spectroscopy (EDX)
and electron energy loss spectroscopy (EELS) [133]. In addition, as this STEM mode is
done in TEM with 200 kV accelerating voltage, this will increase the sample penetration.
This means that not only thicker samples can be used, but more importantly higher spatial

resolution can be achieved compared to normal SEM [134].

3.6.3.2 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is one of the most commonly used chemical
analysis tools in failure analysis. EDX is usually attached to SEM or TEM. In TEM, EDX
is usually done in STEM mode. As discussed in section 3.6.1, the electron-sample
interaction gives out various signals such as secondary electrons, backscattered electrons
and characteristic X-rays. EDX analysis uses the characteristic X-rays. When energetic
electrons hit the sample atom, some electrons are knocked out from the inner shell and get
excited to the outer shell (Figure 3.20a). When the excited electrons from the outer shell
come back to the inner shell, X-ray will be generated [31] (Figure 3.20b). The X-ray energy

corresponds to the energy difference between the outer and inner shell. This energy is
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unique for each element and thus, it can be used to characterize different elements in the

sample.

X-ray o Kp *Lu
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Figure 3.20 X-ray generation in EDX under STEM mode: (a) Incident electron hit the sample

atom and knock some electrons from the inner shell to the outer shell, (b) X-rays are generated
with these excited electrons return to the inner shell [31]

STEM-EDX in TEM gives a better spatial resolution as compared to EDX in SEM because
of the high accelerating voltage used (200 kV) [135]. The X-ray signals are collected using
EDAX EDX detector. Various scan modes are used in this experiment such as point scan,
line scan and elemental mapping. During the EDX signal collection, the sample has to be
tilted 15° in the positive x-direction in order to ensure no signal blockage by the copper
grid. The spot size and camera length used are 1 nm and 20 cm respectively. STEM-EDX
will be used for analyzing heavy elements such as aluminum, gallium, titanium, gold and

nickel.

3.6.3.3 Weak Beam Dark Field Technique for Threading Dislocation Analysis

Weak beam dark field (WBDF) technique is commonly used to characterize different types
of dislocation [136]. In WBDF image, dislocations will appear bright whereas other areas
will appear dark. Correct tilting has to be fulfilled in order to obtain this contrast. The
condition is g - b =0, where g is the reciprocal lattice vector and b is the burger vector of
the dislocation. If this condition is fulfilled, it will give a weak/zero contrast, i.e. the

dislocation which has burger vector b will not be visible in the image.
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In this project, the AlGaN/GaN epitaxy is grown in [0001] direction on (111) Si substrate.
Therefore, the threading dislocations are in [0001] direction as well. The burger vectors of
pure screw and pure edge threading dislocation are [0001] and [1120], respectively [137].
Table 3.2 summarizes the WBDF conditions to characterize different types of threading

dislocation in AlGaN/GaN epitaxy.

Table 3.2 WBDF tilting conditions for threading dislocation (TD) characterization

g b Pure Screw TD Pure Edge TD Mixed TD
[0002] [1120] Visible Invisible Visible
[1120] [0002] Invisible Visible Visible

Figure 3.21 WBDF images of the same sample at (a) g = [1120] to show pure edge TD labelled
as E, (b) g =[0002] to show pure screw TD labelled as S. Mixed TDs are visible in both conditions

and labelled as M
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Figure 3.21a shows the WBDF image at g = [1120]. Under this condition, edge dislocations
will appear as bright lines whereas screw dislocations will be invisible. On the other hand,
when g = [0002] as shown in Figure 3.21b, screw dislocations will be visible and edge
dislocations will be invisible. Some of the dislocations are visible in both conditions. These

dislocations are mixed dislocations.

3.6.3.4 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) is another analytical technique used in STEM
mode. EELS measures the electrons’ energy loss after they interact with the sample.
STEM-EELS has a spatial resolution down to atomic level and energy resolution down to

0.1-1 eV [138]. This makes STEM-EELS a precise characterization technigue.

In the STEM mode, electrons are bombarded to the sample with 200 kV accelerating
voltage. The electrons interact with core electrons in the sample atoms and lose some of
their energy due to inelastic scattering. These transmitted electrons are then collected by
the EELS detector. The energy loss during the inelastic scattering corresponds to binding
energy of the core electrons. Since the binding energy is unique for every element, the

energy loss can be used to characterize the chemical composition of the sample.

Counts (kHz)

0 200 400 600 800 1000
Energy Loss (eV)

Figure 3.22  Electron energy-loss spectrum of YBa,CuzO7 showing  zero-loss peak and

ionization edges from each element [32]
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When the transmitted electrons are collected by the EELS detector, the spectrometer will
separate the electrons according to the energy loss and an electron energy-loss spectrum is
produced. An electron energy-loss spectrum shows the number of electrons as a function
of decrease in their kinetic energy. One example is the electron energy-loss spectrum of
YBa>CusO7 by Shin et al. [32] shown in Figure 3.22. This plot shows the zero-loss peak
which represents the intensity of electrons that go through elastic scattering or no energy
loss. lonization edges shown as sharp peaks at higher energy loss represent the binding
energy of core electrons from specific elements. In this particular example, the elements
are Ba, O, Y and Cu.

In this study, EELS is used to characterize the elements in AIGaN/GaN HEMT device
especially the light elements. This is because EELS detection efficiency is much higher
than EDX and peak-to-background ratio for EELS is much lower than EDX [139]. For
heavier elements, EDX will be used as it requires shorter collection time than EELS. This
IS important because the longer the collection time, it will be more prone to sample drifting
which may compromise the data accuracy. The elements of interest and their ionization

edges used in this study are summarized in Table 3.3.

Table 3.3 EELS ionization edges of the elements used in AlIGaN/GaN HEMT reliability study
[8]

Element lonization Edge
(eV)
Si 99
C 284
N 401
O 532
Ni 855
Ga 1115
Al 1560
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3.6.3.5 Relative Density Measurement of SixN1x Passivation Layer using EELS

First and foremost, the thickness of a specific region in the sample can be estimated using
log-ratio method [33]. The incident beam is shone on the region of interest and low-loss
spectrum from this region is collected. The area under the zero-loss peak (lo) is then
compared with the total area under the curve for the whole spectrum (I;) as shown in Figure
3.23.

€ 0 9 A E

Figure 3.23 EELS spectrum needed to determine specimen thickness using log-ratio method [33]

The thickness (t) of the specimen then can be calculated using the formula below:

I
t=2Aln-= (3.2)
Iy
1
0
I
tp%3 o In—= (3.4)
Iy

where A and p are the total mean free path for all inelastic scattering and density of the
specimen, respectively. This total mean free path is inversely proportional to p%3. Thus, the

In(I/10) is proportional to p°2 and thickness of the film.

57



Experimental Methodology Chapter 3

SlxN 1-x
Gate . Drain
>
s / > GaN | "\.ﬁ‘
AlGaN / 2 capf GaN buffer "’-.,\
GaN cap GaN buffer (a) ;"J (b) ‘

‘II

"'{ \

Figure 3.24  (a) Schematics of EELS line-scan to determine relative density of SixN1.x passivation
layer (b) side-view of the TEM lamellar

In this experiment, EELS line-scan is used to determine the relative local density of the
SixN1x passivation layer along the line by using the log-ratio method. One problem with
this approach is to separate between the effect of thickness difference and density
difference. In order to solve this issue, the EELS signal from line 1 and 2 are collected and
the I¢/lo ratio is extracted. Although the thickness of GaN buffer layer is not the same as the
SixN1x passivation layer (Figure 3.24b), it is expected that the thickness variation along
line 1 and 2 is the same. This is a fair assumption as the SixN1.x and GaN buffer layers are
thinned down simultaneously during the sample preparation in FIB. Secondly, it is assumed
that the density of GaN buffer layer along line 2 is constant. Therefore, any fluctuation in
In(l/10) along line 2 is due to the thickness difference and not density difference. This is
then compared with the In(l¢/lo) along line 1. Any fluctuation observed in line 1 but not in

line 2 will be the result of density difference.

3.6.3.6 Absolute Composition of SixN1-x Passivation Layer

In this experiment, it is important to get the absolute composition of SixN1x passivation
layer. This information can also be obtained using EELS. When another element is added
to a host material, the lattice parameter and valency may change. This leads to a change in
valence electron density and plasmon energy. This plasmon energy can be used to obtain
the absolute composition of SixNix. Firstly, SixN1x sample with known composition is
scanned using EELS. EELS spectra are from 0 eV (zero-loss) to 401 eV (nitrogen peak).

58



Experimental Methodology Chapter 3

This range contains silicon peak at 99 eV. In practice, the range has to be split into 4 smaller
ranges due to detector limitation. The ranges are 0 — 100 eV, 101 — 200 eV, 201 — 300 eV
and 301- 401 eV. All the measurement parameters are kept constant for the 4 ranges. These
measurements are then combined to get the whole range from 0 eV to 401 eV. This is done
by using splice function in Gatan DigitalMicrograph software [140]. Then, the plasmon
energy for SixNix sample with known composition can be extracted from the low-loss
energy peaks. These steps are repeated for the two different SixN1x passivation layers. The
relative composition of the two samples is then normalized against the SixN1.x sample with
a known chemical composition in order to get the absolute composition. The EELS settings

and collection time are kept the same for all measurements to ensure consistency.
3.6.4 X-Ray Reflectometry
X-ray reflectometry (XRR) is a non-destructive and non-contact method to measure

thickness, density and surface roughness [141-144] of thin film with a precision of about
1-3 A [145].

Gobel
mirror /
-/ Rotary absorber Detector

Slit
X-ray source

Figure 3.25 Experimental setup for X-ray reflectivity (XRR) measurement [34]

The XRR setup is shown in Figure 3.25. A monochromatic X-ray beam with a wavelength
/. is shone on the thin film surface at an incident angle 6. Upon contact with the sample
surface, X-rays will be reflected. This reflection corresponds to the electron density in the
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sample. This information can be translated into refractive index in the classical optics. The
reflected intensity at angle a = 26 is recorded by the detector. This setup demonstrates
specular reflection where grazing angle (@) = 26/2 condition is satisfied. Reflected intensity
will be recorded for incident angle & from 0 to 4 degree. During all the measurements, the

incident angle is always half of the angle of reflection (0 = 0.5q).
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Figure 3.26 A typical XRR measurement plot

Figure 3.26 shows a typical XRR measurement plot. The density of the thin film can be
determined from the critical angle éc. Critical angle is the maximum angle where total
internal reflection occurs. When the incident angle 8 increases above the critical angle &,
interference fringes will be produced as reflection from different interfaces start to interfere.
Thickness of the thin film will be determined from the period of the interference fringes

(oscillating signal) and the layer roughness will be determined from the fall in the intensity.
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3.6.4.1 Film Density Measurement

Film density is related to the refractive index of the thin film. The complex refractive index

(n) is given by
n=1-6+ip (3.5)

where ¢ and S represent the dispersion and absorption, respectively. When the frequencies

are much larger than the atomic resonance frequencies, ¢ can be expressed by

roA?
§=——N,
2T

(3.6)

Where rq is the Bohr’s radius, 4 is the wavelength of the monochromatic X-ray source and

Ne is the electron density. Ne is given by

Ne = Z X Natom 3.7)
Ny
Natom = Ip (3.8)

Where Z is the number of electrons per atom, Na is Avogadro’s number, A is the atomic
weight and p is film density. In order to express the dispersion, absorption and X-ray
absorption edge more accurately, Z is often replaced by complex atom form factor. ¢ and

[ can be expressed as

ToA? ,
6= o (Z + f')Natom (3.9)
Y
B = o f"Natom (3.10)

where f”and f”’ are complex atom form factors that describe X-ray absorption edge.
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Substituting equation (3.7) and (3.8) into (3.9) and (3.10), ¢ and £ can be obtained as a
function of film density. For a reflection at an interface between air (nair = 1) and another
material, the refractive index is n = 1 — . The critical angle is usually very small about 0.3°
and when the incident angle is lower than the critical angle, total reflection occurs. By

applying Snell’s law and small angle approximations, the critical angle 6 can be expressed
as

1—36 =cosf,

A2 (Z A+ )
_\/ Ny 3.11)

0. is determined by the sudden fall in the reflected intensity in the XRR measurement curve
(Figure 3.26) and the thin film density can be calculated using equation (3.11).

3.6.4.2 Film Thickness Measurement

The X-ray will penetrate into the film when the incident angle is greater than the critical
angle &c. For this condition, the reflection occurs at both top and bottom surfaces of the
film. This leads to formation of interference fringes. These fringes are angle dependent and
not frequency dependent like in the case of optical spectroscopy. The p-th interference

maximum for a path difference A = pA is located at

pA=A=2dNy,(6,) (3.12)
~ 2d./05 — 20 pEN

02 ~ p? A 28 3.13

p Pt (3.13)

_ 2t 02 3.14

=pigEtoc (3.14)
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In this case, the contributions of multiply reflected beams can be neglected because of low
amplitude reflection coefficient. If the substrate is optically denser than the film, a phase
difference of z occurs at the reflection film/substrate interface and p is substituted with p +
0.5. Using the difference between two neighboring maxima and minima and equation
(3.13), the film thickness can be calculated by

A 1
d~= (3.15)
2\/92 _92_\/92_92
p+1 Cc p C
d~t 1 for 6, > 6 (3.16)
X or .
20,41 — 0, pe

3.6.4.3 Surface Roughness Measurement

XRR measurements also give information on the surface roughness of the thin film. The
incident X-ray will be scattered when it hits a rough surface. This leads to lower intensity
in the reflected beam signal collected by the detector. From Figure 6.2, the sudden drop in
the intensity will provide information on the surface roughness. Nevot and Croce assumed
roughness as non-homogenous thickness with a Gaussian distribution with a mean d and a

standard deviation o. With this assumption, the Frensel coefficients of reflection becomes

d

pun-exp (- 5) (3.17)

3.6.4.4 X-ray Reflectivity Measurement of SixN1-x Passivation Layer

The equipment used for XRR measurement is Bruker D8 Discover HR-XRD [146] shown
in Figure 6.3 below. This equipment uses Cu-Ka radiation operated at 40 kV and 40 mA
with a stage that can accommodate up to 4-inch wafer and scintillation counter as the

detector.
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Figure 3.27 Bruker D8 Discover HR-XRD system used for XRR measurement [35]

The reflected ray intensity was collected for incident angle from 0° to 4.5° for two different
SixN1x passivation samples. The measurement results were then evaluated using Leptos
software [147]. Once the simulation curve fits the XRR measurement results, the film

thickness, density and surface roughness of the samples can be extracted.

3.6.5 Pit Counting Method

In this project, ImageJ software [148] was used to count the pits from top-view SEM image,
in order to obtain the number of pits and pit area on AlGaN/GaN HEMT devices after
passivation and metallization layer removal. Multiple SEM images of the device were
taken at 15,000x magnification so that the pits could be clearly seen. This step was repeated

for the whole device width and the images were stitched together.
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HV 'mag tit WD | det

Figure 3.28  One of top-view SEM images of an AIGaN/GaN HEMT device stressed under ON-

state condition after passivation and metallization layer removal

Figure 3.28 shows one of the SEM images taken from a device stressed under ON-state
condition after passivation and metallization layer removal. Pits were circled one by one
using ImageJ for the entire device width. Individual pit area was recorded by the software.
After all the pits were circled, total number of pits and total pit area were calculated for this

particular device.
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Chapter 4%

Comparative Study of AlGaN/GaN High Electron Mobility
Transistor Degradation Mechanism under OFF-state and ON-

state Stressing

Extensive study has been done for OFF-reliability but not for ON-state
reliability. In this chapter, OFF-state degradation was compared with ON-
state degradation to investigate the role of current flow in 2DEG channel. It
was found that devices stressed under ON-state condition degraded faster
than under OFF-state condition. Microstructural analysis showed dark
features containing aluminum, gallium and oxygen at AIGaN/Si,N . interface
away from the gate edge. These dark features turned into pits in drain-gate
access region after Si.N|.. passivation and metallization layers removal. These
pits away from the gate edge are likely to be the reason for higher degradation
under ON-state condition. Finally, it was proposed that hot electrons in 2DEG
channel contribute to ON-state degradation by promoting electro-chemical

oxidation of AlGaN away from the gate edge.

*This section has been published substantially as G. Syaranamual, W. Sasangka, R. Made, S. Arulkumaran,
G. Ng, S. Foo, et al., "Role of two-dimensional electron gas (2DEG) in AIGaN/GaN high electron mobility
transistor (HEMT) ON-state degradation," Microelectronics Reliability, vol. 64, pp. 589-593, 2016.
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4.1 Introduction

Under ON-state condition, drain current flows from the drain to the source. In AlGaN/GaN
HEMT, the current is generated from the movement of mobile electrons at 2DEG channel.
Wu et al. proposed that ON-state degradation has the same mechanism as OFF-state
degradation, i.e. electro-chemical oxidation [23]. However, there is no direct comparison
between devices stressed under ON- and OFF-state conditions. They also found that ON-
state degradation is thermally-activated process [77, 100, 101]. The current flow generates

joule heating that causes higher degradation.

In this chapter, devices stressed under ON- and OFF-state conditions will be compared.
The difference between ON- and OFF-state degradations will be discussed. This chapter
focuses on the effect of drain current during ON-state operation. The starting hypothesis is
that the role of 2DEG in ON-state degradation is only to elevate the device temperature via

joule heating which accelerates the degradation.

4.2  Experimental Details

In order to prove this hypothesis, devices stressed under ON-state condition were compared
to devices stressed under OFF-state condition with higher base temperature. The purpose
of the higher temperature was to compensate the temperature increase from joule heating
during ON-state stressing. ON-state junction temperature was measured using thermo-
reflectance method. The devices were electrically stressed and followed by microstructure

characterization.

4.2.1 Junction Temperature Measurement

During OFF-state stressing, there is no drain current flow across the device. Therefore, the
stressing temperature is taken as the applied base temperature. On the other hand, for ON-
state stressing, the drain current flows from drain to source. This current induced joule

heating. Therefore, increase in temperature due to joule heating has to be calculated in
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order to obtain a more accurate stressing temperature. The junction temperature
measurement is obtained using thermo-reflectance method. The experimental setup and

working principle of thermo-reflectance are explained in section 3.3.

Table 4.1 Junction temperature measurement parameters by thermo-reflectance method

Device Mode Vbs Ves Base Temperature
Number V) V) (°C)
1 ON-state 20 0 25, 50, 60, 80, 100
2 ON-state 20 0 50, 60, 80, 100
3 ON-state 20 0 50, 60, 80, 100
1 OFF-state 10 -10 25

Table 4.1 shows different parameters used in the junction temperature measurements using
thermo-reflectance method. The collection time for each measurement was 5 minutes.
During collection time, the devices did not show degradation. The first set of measurements
was done on device 1 to compare the temperature distribution between ON-state and OFF-
state operations. This was to ensure that there was no current flow and joule heating during
OFF-state operation. The voltage between drain and gate (Vbc = 20 V) was kept constant
to ensure that the electric field between drain and gate was constant for both OFF-state and
ON-state conditions. The second set of measurements was to measure the junction
temperature of the device under ON-state condition. The ON-state stressing was done with
bias Vps = 20 V and Vgs = 0 V at 150°C base temperature. Unfortunately, the maximum
base temperature that could be applied in the thermo-reflectance system was 100°C.
Therefore, measurements were taken at four different temperatures i.e. 50, 60, 80 and
100°C and then the measurements were extrapolated to 150°C in order to obtain the
junction temperature during ON-state stressing. This linear extrapolation is reasonable
because Martin-Horcajo et al. had reported that junction temperature increases linearly
when ambient temperature varies from 25°C to 225°C [149]. The measurements were

repeated for 3 devices with similar dimensions.
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Figure4.1  (a) Top-view image of the AlGaN/GaN HEMT taken by light microscope, AT
distribution of the device under (b) ON-state condition Vps = 20 V, Ves = 0 V and (c) OFF-state
condition Vps = 10 V, Vs = -10 V at base temperature 25°C

Figure 4.1a shows the top-view image of device 1 under optical microscope. Figure 4.1b
and c show the distribution of temperature change (AT) for device under ON-state (Vps =
20 V, Vgs = 0 V) and OFF-state (Vps = 10 V, Ves = -10 V) conditions, respectively. The
measurements were done at base temperature 25°C. There was significant difference
between ON-state and OFF-state due to the current flow under ON-state condition. The
device temperature increased up to 50°C under ON-state condition whereas there was
negligible increase in temperature under OFF-state condition. Therefore, the maximum
junction temperature was 75°C under ON-state. On the other hand, the device temperature
under OFF-state condition was 25°C, which was the base temperature. In this study, the

region of interest is the drain-gate access region shown by the arrow in Figure 4.1(b).
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Figure 4.2  Maximum junction temperatures at the drain-gate access region for device 1-3 under

ON-state condition Vps = 20 V, Vgs =0 V at four different base temperatures

Max Junction Temperature = M X Base Temperature + C (4.1)

Figure 4.2 shows the result for the second set of measurements. The maximum temperature
at the region of interest was taken to estimate the junction temperature of the device under
ON-state condition Vps = 20 V, Ves = 0 V. The measurements were taken from 3 different
devices with similar dimensions at 4 different base temperatures. The result was linearly
fitted into equation 4.1 with M = 1.05 and C =59 °C.

The junction temperature for the device under the same bias condition at 150°C was
obtained by extrapolating the result in Figure 4.2. Maximum junction temperature of 217°C
was obtained for a base temperature of 150°C. This result will be used for the electrical

stressing in the next section.
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4.2.2 Electrical Stressing

This experiment was done in probe station using Keithley 4200 parameter analyzer. Each
device underwent ten Ip-Vgs sweep cycles at room temperature before the stressing to
ensure that the device was stable and had no early degradation. Ip-Ves and Ip-Vps sweeps

were done every 1 hour during the electrical stressing at the stressing temperatures.

Table 4.2 ON-state and OFF-state electrical stressing parameters

Stressing code 1 2 3 4
Mode OFF-state ON-state ON-state ON-state
Vs (V) 10 20 10 10
Vs (V) -10 0 Floating Floating
Ve (V) 20 20 - -
Vsubstrate (V) - - - -20
Stressing duration (hr) 20 20 20 20
Base temperature (°C) 250 150 200 200
Max junction temperature (°C) 250 217* 269* 269*
UV-light - - Yes Yes
Number of samples 3 3 3 3

*max junction temperatures calculated using equation (4.1)

Table 4.2 shows the electrical stressing parameters for the experiments in this chapter. The
first experiment was comparing between ON-state and OFF-state stressing. The OFF- and
ON-state stressing parameters are shown in Table 4.2 stressing code 1 and 2, respectively.
The Vpe was kept constant to ensure that the electric field at the drain-gate access region
was constant. The OFF-state base temperature was 100°C higher than ON-state base
temperature. This was to compensate the joule heating during ON-state stressing. The
maximum junction temperature was 217°C for the ON-state stressing. The device
characteristics such as Ip-max, lc-leak and VrH were monitored every hour during the 20 hour-

stressing.
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Another set of experiment was done to identify the role of 2DEG electrons in ON-state
degradation. The stressing parameters are listed in Table 4.2 stressing code 3 and 4. UV
light (254 nm) was shone on the device during the stressing to ensure abundant holes were
available. This particular wavelength was used to ensure that UV light had enough energy
(4.88 eV) to produce photo-generated holes in AlGaN layer (band-gap about 4.09 eV). The
holes are needed in electro-chemical oxidation of AlGaN [16]. The negative substrate bias
was applied to force the 2DEG electrons to move towards the AlGaN surface where
physical degradation have been reported after ON-state stressing [22, 23, 77].

4.2.3 Microstructure Characterization

Microstructural characterization was done for all the stressed devices after the electrical
stressing. Cross-sectional TEM analysis was done to analyze the physical degradation.
EDX and EELS analysis were used for elemental analysis on the physical degradation.
Some of the stressed devices were de-processed by etching method. The metallization and
passivation layers were removed in order to observe the physical degradation from top-
view in the SEM.

4.3 Results and Discussion

4.3.1 Electrical Stressing Results

The starting hypothesis was the role of 2DEG in ON-state degradation is to elevate the
device temperature via joule heating. Devices stressed under ON-state condition were
compared to devices stressed under OFF-state condition with 100°C higher base
temperature. The purpose of the higher temperature was to compensate the temperature
increase from joule heating during ON-state stressing. The increase in temperature was
found to be 67°C by thermo-reflectance measurement. If the hypothesis is true, the devices
stressed under OFF-state should degrade more than the devices stressed under ON-state
condition. This is because the OFF-state stressing temperature is higher than the maximum
junction temperature of the devices under ON-state condition.
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Figure 4.3  Normalized Ip-max evolution of AIGaN/GaN HEMTSs under OFF-state (Vps = 10 V,
Ves = -10 V, Thase = 250°C) and ON-state (Vs =20 V, Ves =0 V, Max Tjunction = 217°C) conditions

Table 4.3 ON-state and OFF-state electrical stressing results and parameters

Stressing Parameters OFF-state ON-state
Vs (V) 10 20
Vas (V) -10 0
Ve (V) 20 20
Stressing duration (hr) 20 20
Base temperature (°C) 250 150
Actual temperature (°C) 250 217
Average Ip-max degradation (%) 6.8+4.0 36.2+11.2

Figure 4.3 shows the normalized Ip-max €volution over stressing time and Table 4.3 shows
the stressing parameters and results for devices stressed under ON-state and OFF-state
condition. It was observed that ON-state stressed devices on average degraded 30% more

as compared to OFF-state stressed devices despite the fact that the OFF-state stressing base
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temperature was 33°C higher than maximum stressing junction temperature in the ON-
state. This suggests that the effect of drain current is more than just increasing device
temperature via joule heating during ON-state stressing. The difference between ON-state
and OFF-state degradation is not induced by electric field since Vpc was kept constant
during the stressing. Figure 4.4 shows the vertical and horizontal electric field obtained by
Silvaco simulation. It shows that there is almost no difference in the electric field between
ON- and OFF-state stressing condition at the region between gate and drain. In the next
section, microstructural characterization is discussed in order to understand more about the
role of 2DEG in ON-state degradation.
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Figure4.4  Simulated (a) vertical and (b) horizontal electric field for AlGaN/GaN HEMTs
under OFF-state (Vps = 10 V, Vgs = -10 V, Tpase = 250°C) and ON-state (Vps = 20 V, Vgs =0 V,
MaX Tjunction = 2170C) COﬂdItion
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4.3.2 Microstructure Characterization Results

After 20 hours electrical stressing, ON-state stressed devices showed higher Ip-max
degradation than OFF-state stressed devices. Microstructural characterization was done to
analyze the physical degradation caused by electrical stressing. SixNix passivation and
metallization layer of the stressed devices were removed by etching method and analyzed
under SEM.

Figure 4.5 shows the top-view SEM image of the devices stressed under OFF-state
condition Vps = 10 V, Vgs = -10 V at base temperature of 250°C and under ON-state
condition Vps = 20 V, Ves =0 V at maximum junction temperature of 217°C. Degradation
pits were observed at the gate edge on the drain side for the device stressed under OFF-
state condition (Figure 4.5a). This result is consistent with the previous studies on OFF-
state degradation [14-16, 75, 78]. On the other hand, for ON-state stressed devices,
degradation pits extended from the gate edge region into large portion of the drain-gate
access region (Figure 4.5b). This is likely to be the reason for 30% higher Ip-max degradation
of the ON-state devices than OFF-state devices on average. Figure 4.6 shows the pit
distribution for the OFF- and ON-state-stressed devices. The pits were counted using
ImagelJ software [148]. The counting method has been explained in section 3.6.5. The total

pit area was obtained by summing all the individual pit area in the drain-gate access region.
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Figure 4.6  Pit distribution for the OFF-state (Vps = 10 V, Vgs = -10 V, Thase = 250°C) and ON-

state (Vps = 20 V, Vgs =0 V, Max Tjunction = 217°C) stressed devices

Figure 4.7 shows the correlation between Ip.max degradation and total pit area at the drain-
gate access region for the devices stressed under ON-state condition. It was observed that
Io-max degradation increases as the total pit area at drain-gate access region increases. This
supports the electrical stressing results that ON-state stressed devices show higher Ip-max
degradation than OFF-state stressed devices due to more pits at drain-gate access region.
This is because pitting makes AlGaN layer thinner and thinner AlGaN barrier layer will
decrease the 2DEG density [68]. Therefore, the Ip-max decreases as more pits formed at the
drain-gate access region. Moreover, the pit density calculated from Figure 4.5b is 8.18 x
10° cm2. This pit density is comparable with the threading dislocation density of the chip
(8.52 x 10° cm™?) calculated from cross-sectional TEM. This suggests that pit formation is
correlated with threading dislocation which is consistent with report on OFF-state
degradation [75].
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Figure 4.7  Correlation between Ip.max degradation and total pit area at drain-gate access region

for devices stressed under ON-state condition

Further analysis was done in order to understand the origin of the degradation pits located
away from the gate-edge during ON-state stressing. Cross-sectional TEM was done on the
ON-state stressed device without SixNix passivation and metallization layer removal.
Figure 4.8 shows the cross-sectional TEM images from both source and drain side of the
ON-state-stressed device. Dark features were observed at the AIGaN/SixN1.x interface at
the drain side (Figure 4.8b and c). These features got smaller in size as the distance from
the gate edge increases. The features decreases in size from 4.5 nm in height for location
260 nm away from gate edge (Figure 4.8b) to 2.2 nm in height for location 1000 nm (Figure
4.8c) from the gate edge. On the other hand, the dark feature was not observable at the
source side (Figure 4.8d-f). This is consistent with Figure 4.5b that degradation pits were
only observable at the drain side and fewer pits were found at locations further away from

the gate edge.
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Figure 4.8  Cross-sectional TEM images of device stressed under ON-state condition before
SixN1.x passivation and metallization removal. Images taken at (a) the drain side gate edge, (b) 260
nm and (c) 1000 nm from gate edge in the drain-gate access region; (d) at the source side gate edge,
(e) 300 nmand (f) 1000 nm from the gate edge in the gate-source access region. Dark features were
observed at the AlGaN/SixNi interface at the drain side. These dark features will be removed
together with a portion of oxidized AlGaN layer during passivation and metallization removal to
form degradation pits.

Elemental analysis was done on the dark features to characterize the elements present.
EELS was used to characterize oxygen whereas EDX was used to characterize gallium and
aluminum as EELS is more sensitive for light elements while EDX is more sensitive for
heavy elements [138, 139]. Figure 4.9a and b shows the EELS/EDX line-scan for line A-
A’ in Figure 4.8b and line B-B’ in Figure 4.8e, respectively. The dark feature contained
gallium, aluminum and oxygen as shown in Figure 4.9a. Oxygen was also found in the
AlGaN layer below the dark features (Figure 4.9a). This suggests that AlGaN layer has
been partially oxidized and the oxidized AlGaN was removed together with SixNix
passivation layer during the passivation layer removal step, leaving behind degradation pits
away from the gate edge. Figure 4.9b shows a sharp increase of aluminum and gallium and

a sharp decrease of oxygen in the AIGaN layer. This suggests that no AlGaN was oxidized.
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Figure 4.9  Elemental characterization by EELS and EDX line-scans along (a) A-A’ (Figure
4.8b) and (b) B-B’ (Figure 4.8e) for aluminum, gallium and oxygen. Zero distance is taken at the
initial AIGaN/SixN1.x interface
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4.3.4 Electrical Stressing with Substrate Bias Results

Up to this point, it has been shown that the role of ON-state current is more than just
increasing the device temperature via joule heating. Microstructural analysis shows the
evidence of AlGaN oxidation at the region away from the gate edge on the drain side of
the device. In the OFF-state degradation model proposed by Feng et al., the electrons
needed to reduce the water molecules come from the gate metal [16]. This leads to pit
formation at the gate edge. In the ON-state, however, pits were observed away from the
gate edge. This suggests that there might be another source of electrons that causes electro-
chemical oxidation of AlGaN away from the gate edge. The hypothesis is that the electrons
come from 2DEG in the AlGaN/GaN interface. This experiment was designed to prove this
hypothesis. Devices were stressed under ON-state condition with negative substrate bias
and UV exposure. Negative bias was applied to drive more electrons from 2DEG channel
toward the AlGaN layer. The UV (254 nm) exposure was to ensure abundant holes being
generated in the AlGaN layer for electro-chemical oxidation. Devices used for substrate
bias experiment had comparable current density with the devices stressed without substrate

bias.

Figure 4.10 shows the Ip-max degradation of ON-state-stressed devices with and without
substrate bias. The Ip-max evolution for fresh device is also shown for comparison. It was
observed that the device stressed with -20 V substrate bias degraded 14% more compared
to device stressed without substrate bias. This means that the device stressed with substrate

bias has larger total pit area at the drain-gate access region.

Figure 4.11 shows the pit distribution of the stressed and fresh devices after SixNix
passivation and metallization layers were removed. The pit density for device stressed with
-20 V substrate bias (2.90 x 107 cm™2) was three times higher than device stressed without
substrate bias (1.03 x 107 cm™). It was also found that more pits were formed further from
the gate edge for the device stressed with substrate bias. These results further support the
correlation between hot electrons and pit formation. The negative bias forces more

electrons from 2DEG channel to move up toward the AlGaN layer. This leads to more
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AlGaN being oxidized which translates into more degradation pits and higher Ip-max

degradation.
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Figure 4.10  lp-max degradation vs. stressing time under UV (254 nm) exposure with and without
substrate bias (Vs = 10 V, Vs = floating, Tgase = 200°C)
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Figure 4.11  Pit distribution of the unstressed device and stressed devices under UV (254 nm)

exposure and ON-state bias Vps = 10 V, Vgs = floating with/without substrate bias = -20 V
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4.3.5 Proposed Model for ON-State Degradation

In the previous section, it has been shown that hot electrons from 2DEG channel can move
up to the AlGaN layer and contribute to electro-chemical oxidation of AlGaN. In this
section, a model for ON-state degradation based on electro-chemical oxidation mechanism

is proposed.

Figure 4.12  Proposed model for ON-state degradation based on electro-chemical oxidation

mechanism

Figure 4.12 shows the proposed model for ON-state degradation. The hot electrons from
2DEG channel scatter toward AlGaN/SixN1.x interface to reduce oxygen molecules to 0%
ions. The oxygen molecules penetrate through the SixNix passivation to reach
AlGaN/SixN1x interface. These electrons also might have enough energy to generate holes
via impact ionization as holes are needed for the electro-chemical process [16]. The holes
move toward AlGaN/SixN1 interface and react with AlGaN to form AI** and Ga®" ions.
Finally, AI** and Ga®* ions react with O% ions to form aluminum and gallium oxides at the

AlGaN/SixN1x interface, which was observed as dark features under TEM.
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Killat et al. reported that impact ionization is possible on N-polar AlGaN/GaN HEMT
under ON-state condition (Ves =-0.5 V, Vps = 10 V to 40 V) [150]. However, the devices
used in this study are Ga-polar AlGaN/GaN HEMT. 2D finite element simulation was done
to compare between Ga-polar and N-polar devices using Silvaco TCAD.

Sile-x Sile-x

Source

Drain Source

GaN

AlGaN

(a)

Figure 4.13  Device schematics used in Silvaco 2D finite element simulation for (a) N-polar and
(b) Ga-polar AlGaN/GaN HEMT

Figure 4.13 shows the device schematics for Ga-polar and N-polar AIGaN/GaN HEMT
devices. The same dimensions were used in this simulation for both N-polar and Ga-polar
simulation i.e. Lg =2 um, Lep =2 um and Lsgc = 1 pm. In N-polar device, the GaN layer
was 25 nm below the gate followed by 1.5 um Alo.3Gao.7N whereas in Ga-polar device, the
25 nm and 1.5 pm layers were Alo3Gao.7N and GaN, respectively. The bias condition was
Vps =20 Vand Vgs =0 V.

Figure 4.14 shows the electron concentration and energy band diagram for both devices
with ON-state bias condition Vps = 20 V, Ves = 0 V located 50 nm from the gate edge in
the drain-gate access region. It is worth noting that the electron concentration and energy
band diagram trends are for all locations along the drain-gate access region. The electron
concentration is the highest at 2DEG. The highest electron concentration was located at the
left and right side of the AlGaN/GaN interface for N-polar and Ga-polar devices,
respectively. This is because the direction of spontaneous and piezoelectric polarizations
of N-polar AIGaN/GaN HEMT is in opposite direction of that of Ga-polar AIGaN/GaN
HEMT. This is consistent with the literature by Ambacher et al. [47].
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Figure 4.14  Electron concentration and energy band diagram for (a) N-polar and (b) Ga-polar
Alg.30Gao70N/GaN HEMT under ON-state condition Vps = 20 V, Vgs = 0 V obtained from 2D finite
element simulation taken at 50 nm away from the gate edge in the gate-drain access region
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Figure 4.15 Maximum electric field distribution in (a) vertical direction and (b) lateral direction
across the Ga-polar and N-polar AlIGaN/GaN HEMT device under ON-state bias Vps = 20 V and
Ves=0V

Figure 4.15 shows the maximum electric field distribution of both devices in vertical and
lateral directions for Ga- and N-polar AlGaN/GaN HEMT devices under ON-state bias Vps
=20V, Vgs = 0 V. In vertical direction, Ga-polar device has a higher maximum electric
field than N-polar. In lateral direction, the maximum electric field of Ga-polar device was
comparable with that of N-polar device. The magnitude of electric field for N-polar device
is comparable with Killat et al. (inset of Figure 4 in [150]). This suggests that the hot
electrons in the 2DEG channel have a comparable energy for both types of AlGaN/GaN

HEMT. Therefore, the impact ionization is also possible in Ga-polar devices used in this
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study. Another study by Killat et al. reported impact ionization in Ga-polar HEMTs with
InGaN back-barrier operating under ON-state condition Vps = 20 V, Vgs =0 V and current
density = 0.9 mA/mm [151]. They reported that the impact ionization in InGaN layer is
more significant than in AlGaN/GaN interface. Although, the devices used in this study
have no InGaN back-barrier layer, they were stressed at 3 order higher current density
(about 250 mA/mm) than Killat et al. for the same bias condition. Therefore, the impact

ionization in AlIGaN/GaN interface becomes more significant for devices used in this study.

In addition, Figure 4.14 shows that it is energetically favorable for the impact-ionization-
generated holes to move towards the surface for both Ga-polar and N-polar devices. Similar
trend was reported by Park et al. [152]. This means that the holes generated by impact
ionization in Ga-polar AIGaN/GaN HEMT are able to reach the surface and contribute to

the electro-chemical oxidation of AlGaN.

44  Summary

In this chapter, ON-state and OFF-state degradations were compared with a starting
hypothesis that the role of 2DEG current in ON-state degradation is only to increase the
junction temperature via joule heating that accelerates the degradation. OFF-state devices
were stressed at 100°C higher to compensate the joule heating in ON-state stressing. ON-
state-stressed devices showed 30% higher degradation despite being at 33°C lower
stressing temperature measured by thermo-reflectance method. This result suggests that the
role of 2DEG in ON-state degradation is more than increasing the junction temperature via

joule heating.

Passivation layer and metallization layers of the stressed devices were removed using
etching method and studied under SEM. Pits were found at the drain-gate access region in
the device stressed under ON-state condition. On the other hand, pits were only found at
the gate edge on the drain side of the OFF-state-stressed device. Cross-sectional TEM was
done for device stressed under ON-state condition. EELS and EDX analysis in TEM

showed dark features containing aluminum, gallium and oxygen at the AlGaN/SixN1-x
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interface only at the drain-gate access region of the ON-state-stressed devices. This
suggests that AlGaN has been partially oxidized and it was removed during SixNi-x
passivation and metallization etching, and leaving behind degradation pits at the drain-gate
access region. These degradation pits in the drain-gate access region are likely to be the
reason of higher Ip-max degradation as compared to OFF-state-stressed devices. Also, the
pit density was comparable with the threading dislocation of the chip. This further
emphasizes the importance of threading dislocation density in AlGaN/GaN HEMT
reliability.

ON-state stressing with negative substrate bias was done to investigate further the role of
2DEG electrons in ON-state degradation. Negative substrate bias was used to push
electrons from 2DEG channel to AlGaN/SixN1x interface. The device stressed with
negative substrate bias showed larger Ip-max degradation and more pits at the drain-gate
access region compared to the device stressed without substrate bias. This result also
further supports the correlation between hot electrons and pit formation which translates
into higher Ip-max degradation. This result confirms that 2DEG electrons play a role in the
electro-chemical oxidation of AlGaN under ON-state condition beyond joule heating.
Finally, ON-state degradation model was proposed based on electro-chemical oxidation.
Hot electrons are being injected from 2DEG channel to at AIGaN/SixN1.x interface and
reduce the oxygen molecules to O%". Then O% ions oxidize the AlGaN in the presence of

impact-ionization-generated holes.
In reliability, the most damaging factor has to be solved first. The findings in this chapter

highlight the importance of understanding ON-state reliability for AlGaN/GaN HEMT

devices as ON-state degradation is more severe than OFF-state degradation.
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Chapter 5

Effect of Current Density on AlGaN/GaN High Electron
Mobility Transistor Degradation under ON-State Stressing

2DEG electrons play a significant role in AlGaN/GaN HEMT degradation
under ON-state condition. The amount of electrons in the 2DEG channel
increases proportionally with current density. In this chapter, the effect of
current density on AIGaN/GaN HEMT degradation under ON-state condition
is studied. The first part of the chapter discusses about the determination of
stressing condition with the help of thermal and electric field simulations to
eliminate the effect of joule heating from higher current density. The second
part of the chapter discusses about the effect of current density on the device
degradation. It is shown that Ip.m.x degradation consists of two parts i.e. fast
and slow degradation modes. These two modes are differentiated by the
source of oxygen that contributes to the electro-chemical oxidation of AlGaN
at the AlGaN/SiN|., interface. It was also found that higher current density
stressing results in higher Ip.,.c degradation and it has a strong correlation
with the maximum distance for pit formation at drain-gate access region.
Finally, the ON-state degradation mechanism is proposed based on the

different current densities.
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5.1 Introduction

In the previous chapter, it has been shown that hot electrons in 2DEG channel contribute
to the AIGaN/GaN HEMT degradation under ON-state condition which leads to higher Ip-
max degradation as compared to OFF-state condition. Ip-max degradation correlates well with
the total pit area at the drain-gate access region for devices stressed under ON-state
condition. However, the effect of different current density on Ip.max degradation and pit

formation at the drain-gate access region is still unclear.

In this chapter, the effect of different current density on AlGaN/GaN HEMT degradation
under ON-state condition was investigated. In order to do this, the effect of other factors
that may cause device degradation i.e. temperature [77], threading dislocation [75, 76] and
applied bias [81, 114, 153] have to be minimized. The first part of the chapter discusses
about how to decouple the effect of current density from temperature and electric field
during ON-state degradation. The second part of the chapter discusses about the results of
ON-state stressing with different current density where the two different degradation
modes were observed. Thus, the third part of this chapter discusses about the two different
degradation modes due to different source of oxygen. Some experiments were done to
prove this hypothesis. This is important because these two degradation modes will be
further discussed in the subsequent sections and also chapter 6. In the last part, the

correlation between current density and pit formation is discussed.

5.2  Experimental Details

In order to study the effect of current density, the effects of other factors that can accelerate
degradation have to be minimized. The AlIGaN/GaN HEMT devices used in this study have
the same dimensions and come from the same wafer. Therefore, they have the same electric
field when same bias is applied and the same threading dislocation density. Thermo-
reflectance and thermal simulation were used to calculate the junction temperature of the
device during ON-state stressing. Thus, different current density stressing conditions with

the same junction temperature can be obtained by adjusting the base temperature
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correspondingly. The drain bias was kept constant and gate bias was fine-tuned until the
desired current densities were obtained. After the stressing conditions were determined, the
devices were electrically stressed under ON-state condition followed by microstructure

characterization.

5.2.1 Thermo-reflectance Measurement

The junction temperature during the ON-state stressing was calculated using the thermal
model. This model has to be calibrated first in order to obtain accurate junction temperature.
Thermo-reflectance measurement was used to calibrate the model. The measurements were

done on an unstressed device at various ON-state biasing conditions.

Table 5.1 Device dimensions and parameters used in thermo-reflectance measurements

Device Dimensions/Parameters Calibration
Vs (V) 20

Ves (V) -2,-1.5,-1,-05,0
Los (um) 1.5

L (um) 35

Lep (um) 2.5

He (um) 0.51

Wo (um) 100

Base temperature (°C) 25, 40, 60

Table 5.1 shows the device dimension and parameters used in the thermo-reflectance
measurements. The base temperatures used were 25, 40 and 60°C. There were 5 different
bias conditions for each base temperature. Thus, there were total of 15 junction temperature
measurements obtained in this experiment. The collection time for each measurement was
5 minutes. Device characteristics were checked before and after the measurements to
ensure there was no degradation caused by the measurements. These measurements were
then compared to the junction temperature calculation from the thermal finite element

simulation.
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5.2.2 Thermal Finite Element Simulation

The thermal finite element simulation is used to calculate the junction temperature of the
device during ON-state stressing. This simulation has to be calibrated against junction
temperature measurements by thermo-reflectance. The device dimensions used for the
simulation can be found in the Table 5.1 and the simulation details can be found in section
3.3.2. For this thermal simulation, power density was calculated using equation 3.1 and
keyed into the heat source.

Table 5.2 Power density calculation for thermal finite element simulation

Base Heat Source Power
Temperature Ves Vbs  Ips P Volume Density*
(°C) Vv Vv mA) (W) (um?) (W/um®)
25 0 20 213 0.425 178.5 0.00238
25 -05 20 183 0.366 178.5 0.00205
25 -1 20 152 0.304 178.5 0.00170
25 -15 20 118 0.236 178.5 0.00132
25 -2 20 8.6 0.172 178.5 0.00096
40 0 20 19.8 0.396 178.5 0.00222
40 -05 20 166 0.332 178.5 0.00186
40 -1 20 135 0.270 178.5 0.00151
40 -15 20 103 0.206 178.5 0.00115
40 -2 20 7.3 0.146 178.5 0.00082
60 0 20 157 0.314 178.5 0.00176
60 -05 20 130 0.260 178.5 0.00146
60 -1 20 103 0.206 178.5 0.00115
60 -15 20 7.7 0.154 178.5 0.00086
60 -2 20 5.3 0.106 178.5 0.00059

*calculated using equation 3.1

Table 5.2 shows the power densities for all the 15 bias conditions for the thermal simulation.

The drain current was measured during thermo-reflectance measurements. The maximum
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junction temperature was calculated and compared with the thermo-reflectance

measurements.

After the thermal model was calibrated, this model was used to calculate the junction
temperatures for the ON-state stressing conditions. Table 5.3 shows the device dimensions
and parameters used in the ON-state stressing. Junction temperatures were calculated for 5
different power densities for each base temperature. A total of 10 junction temperatures

were calculated using the model.

Table 5.3 Device dimensions and parameters used in ON-state stressing

Device Dimensions/Parameters ON-State Stressing
Les (um) 0.8

L (um) 2

Lep (um) 4

He (um) 0.51

W (um) 100

Heat source volume (um?) 102

Base temperature (°C) 175, 200

Power density (10 W/um?®) 0.98, 1.96, 2.94, 3.92, 4.90

5.2.3 Electric Field Finite Element Simulation

The devices used in this experiment are normally-ON devices with a threshold voltage of
approximately -3 V. In this experiment, different current densities were obtained by
applying different Vgs ranges from -3 V to 0 V at constant Vps. When Vpg varies, the
electric field at gate-drain access region will change. In the current density experiment, the
effect of electric field has to be minimized. Thus, it is important to know the change in
electric field within the range -3 < Vgs < 0. This 2D finite element simulation was used to
simulate the electric field distribution at different Vgs. Table 5.4 shows the device details
used in this electric field simulation. The AlGaN composition used in this simulation is

Alo3Gao 7N. The device dimensions were the same as the device used in the current density
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experiment. The electric field in both lateral and vertical directions were simulated from
Ves =-3 V to Ves = 0 V with an interval of 1 V.

Table 5.4 Device dimensions and parameters for electric field finite element simulation

Device Dimensions/Parameters Value
Vs (V) 20
Vs (V) -3t00
Les (um) 0.8
Lo (um) 2
Lop (um) 4
AlGaN thickeness (nm) 18
GaN thickness (nm) 2200

5.2.4 Electrical Stressing

After the junction temperature and electric field were calculated, the devices were stressed
under ON-state condition with different current densities. This experiment was done using
the in-house-built system shown in Figure 3.4. The purpose of this experiment is to
examine the effect of different current density, i.e. the amount of hot electrons in the
channel, on AlGaN/GaN HEMT degradation under ON-state condition.

Table 5.5 Stressing parameters for different current density

Device Code Vs Vs Jps* Base T Max Tjunc**

(V) V)  (A/mm) (°C) (°C)
HC1 -0.49 20 0.1688 175 230
HC2 -0.55 20 0.1698 175 230
HC3 -0.74 20 0.1686 175 230
LC1 -1.40 20 0.0885 200 230
LC2 -1.55 20 0.0892 200 230
LC3 -1.45 20 0.0891 200 230

*Measured current density att =0

**Max junction temperature is calculated using thermal simulation att =0
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Table 5.5 shows the stressing parameters used in the ON-state stressing. Identical devices
were stressed with constant Vps and Vgs for 120 hours. Due to limited number of samples,
only two different current densities were used and 3 samples were stressed for each current
density. The high current density (0.1686 — 0.1698 A/mm) was about twice of that of the
low current density (0.0885 —0.0892 A/mm). The Vs was fine-tuned in order to obtain the
desired current density at Vps = 20 V. The junction temperature and electric field were kept
approximately constant throughout the stressing. 230°C was chosen as maximum junction
temperature in this experiment as this temperature was high enough to accelerate the
degradation without the possibility of activating other degradation at higher temperature
such as in Ohmic contact degradation [25] or Schottky contact degradation [84].

In addition to the current density stressing, there were additional experiments done to
investigate other matters that were related to the ON-state degradation. Table 5.6 shows
the stressing parameters for the additional experiments under ON-state condition. Stressing
conditions 1 and 2 were used to investigate the role of oxygen from environment in
AlGaN/GaN HEMT degradation under ON-state condition. In this experiment, the device
stressed in high vacuum condition was compared to device stressed in ambient condition.
The stressing was done with constant ON-state bias condition Vps = 30 V, Ves =0 V at
base temperature of 150°C. The vacuum level used in this experiment was 1 x 10 Torr

and the stressing duration was 500 hours.

Table 5.6 Stressing parameters for additional experiment under ON-state condition

Stressing condition 1 2 3
Vbs (V) 30 30 0
Vas (V) 0 0 0
Stressing duration (hr) 500 500 120
Base temperature (°C) 150 150 260
Vacuum level (Torr) Ambient 1x10° Ambient

Stressing condition 3 was used to investigate the effect of thermal stressing without any
bias applied on AlGaN/GaN HEMT degradation. In this experiment, the device was
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stressed at 260°C without any bias applied for 120 hours and then the Ip-max €volution was
compared with the other 6 devices stressed with different current densities. The base
temperature for stressing condition 3 was 30°C higher than the maximum junction

temperature of the other 6 devices stressed under ON-state condition.

5.2.5 Microstructural Characterization

In this chapter, cross-sectional TEM was done to analyze the physical defects and
AlGaN/SixNyx interface of the stressed and fresh device, respectively. EDX and EELS
analysis were used for elemental analysis on AIGaN/SixN1x interface. Metallization and
passivation layers were removed for some of the stressed devices to analyze the pit

distribution at the drain-gate access region under SEM.

5.3 Results and Discussions

5.3.1 Stressing Condition Determination

Appropriate stressing condition has to be determined before starting the current density
stressing. This involved calculating the junction temperature and electric field using
simulation for ON-state condition. Thermal model calibration was done before using the
thermal model for junction temperature calculation. Then, electric field difference within
the range -3 < Vgs < 0 will be discussed. At the end of this sub-section, different current

densities used for the AlIGaN/GaN HEMT stressing under ON-state condition are discussed.
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Figure5.1  Temperature increase distribution under Vps = 20 V, Ves =0V, Ips = 21.3 mA and

Tease = 25°C measured by thermo-reflectance method

Figure 5.1 shows a typical thermal map from thermo-reflectance measurement. This
thermal map shows the temperature increase due to joule heating under ON-state condition
Vbs =20V, Ves =0V, Ips = 21.3 mA and Tgase = 25°C. In this measurement, only the right
gate was turned ON. It was observed that the hottest region between source and drain pad
is the gate edge of the drain side. This corresponds to the location where electric field and
power dissipation are the highest [154-156]. The temperature increase in this region was
about 50°C. The maximum junction temperature was the summation of maximum
temperature increase along the vertical line A-A’ and the applied base temperature. The
measured maximum junction temperature was then compared with the calculated

maximum temperature from the thermal simulation at the same location.
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Figure 5.2  Comparison between maximum junction temperatures obtained by thermo-
reflectance (TR) measurement and thermal simulation at different current densities and base

temperatures

Figure 5.2 shows the maximum junction temperature comparison between thermo-
reflectance measurement and thermal simulation at different current densities and base
temperatures. It was observed that maximum junction temperature increases linearly for
the same base temperature with a slope of 2.84°C mm/A. When the base temperature
increased, the points shifted upward but the slope remained constant. The maximum
junction temperatures calculated by thermal simulation correlated well with the thermo-
reflectance measurements. This result validated the thermal simulation done using TAS.
Therefore, the same model could be used to calculate the junction temperature for the
current density stressing experiments assuming that the relationship between current
density and maximum temperature is linear for all base temperatures. This assumption is
supported by Martin-Horcajo et al. who reported linear relationship up to ambient
temperature of 225°C [149].
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The next step is to determine the stressing conditions for the current density stressing. Table
5.3 shows the device dimensions used for this experiment. The base temperatures were
200°C and 175°C for low and high current densities, respectively. Five different power

densities were simulated for each base temperature. The five points were then linearly fitted.
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Figure 5.3  Calculated maximum junction temperature for different current densities at base
temperature 200°C and 175°C

Figure 5.3 shows the fitting lines of maximum temperature calculation from the thermal
simulation for different current densities at base temperature 200°C and 175°C. From this
plot, a horizontal line was drawn for the maximum temperature of 230°C. This temperature
would be the stressing junction temperature in the current density experiment. The
intercepts between the horizontal line and the two fitting lines were the stressing conditions
labeled as point A and B on Figure 5.3. Point A and B were the stressing conditions required
for low and high current densities, respectively. For point A, the current density is 0.090

A/mm and Tgase = 200°C whereas for point B, the current density is 0.169 A/mm and Tgase
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= 175°C. The higher joule heating caused by the higher current density was compensated

with a lower base temperature in order to get the same stressing temperature.

In order to obtain the desired current densities, Vs was fine-tuned at constant Vps = 20 V
for each condition. It is important to ensure that the electric field does not change
significantly when Vep changes because electric field is one of the factors that can affect
the AlGaN/GaN HEMT degradation [17, 81, 82, 114, 153]. Electric field simulation was

used to investigate this problem.
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Figure 5.4  Vertical electric field distribution for Vps = 20 V and different Vs at the top AlGaN
layer

Figure 5.4 and Figure 5.5 show the electric field distributions for vertical and horizontal
directions respectively under ON-state condition Vps = 20 V. In the vertical direction,
change in Vgs affected the electric field under the gate the most whereas in the horizontal
direction, change in Vgs affected the electric field at the gate edges. The maximum electric-
field in the top AlGaN layer was located at the gate edge on the drain side of the device for
both vertical and horizontal directions. This high electric field at the gate edge accelerates

the electrons in 2DEG channel that leads to pit formation at the drain-gate access region in
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ON-state degradation. Therefore, it is important to take note how much the electric field

changes with Vgs to minimize the effect of electric field during the current density stressing.
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Figure 5.5  Horizontal electric field distribution for Vps = 20 V and different Vs at the top

AlGaN layer

Figure 5.6 shows the maximum vertical and horizontal electric fields at different Vgs with

constant Vps = 20 V. The maximum electric field decreases with increasing Vgs from -3 V

to 0 V for both directions because the voltage difference between gate and drain decreases.

The same trend was observed for the maximum electric field at the SiN passivation layer,

top AlGaN layer and 2DEG.

Vs used in the current density stressing ranges from -1.55 V to -0.45 V (Table 5.5). Within

this range, the maximum electric field difference was up to 15% in both directions at all

layers. This electric field difference is small and this difference creates negligible

additional physical degradation [16]. Therefore, this justifies current density stressing

condition.

101



Effect of Current Density on AlIGaN/GaN HEMT ON-state Degradation

Chapter 5

3.0x10° - o 1.4x10°
- (a) (b)
—_ e —_
§ 26610 £ 1.2x10"
2’20 10° — = SiN L >
|
D & Ny Laver B 10x10°{ | —=*— SiN_Layer
E . —&— Top AlGaN Layer 2
1.5x10° o 2DEG TR —e— Top AlGaN Layer
= 2 —a— 2DEG
3 = 8.0x10°
151 6 o .
D 1.0x10° 1 8 .
L '\n\.\- w . e o
é 5.0x10° 1 é 6.0x10" ‘“’\——\,_\_7 T
= A . = A o
—A A —_—
0.0 T T T T T T T 4.0x10° T g T T T T T
3 2 -1 0 3 2 -1 0
Vgs (V) Vgs (V)
Figure5.6  Maximum (a) vertical and (b) horizontal electric field for Vps = 20 V and different

Vs at various locations

In this section, the thermal model used to calculate the junction temperature and the electric
field simulation to check the change in electric field with Vgs have been elaborated. The
results justified the current density stressing conditions where the maximum junction

temperature was 230°C and the electric field difference was capped at 15%.

5.3.2 Current Density Stressing

After the stressing parameters were carefully determined, the devices were stressed under
the ON-state with high and low current densities. In this section, the results of ON-state
stressing are discussed. Table 5.7 shows the stressing parameters and results for devices
stressed under ON-state condition with different current densities. Devices were stressed
under ON-state condition with constant Vps and Ves. When the devices degraded, Ip-max
and current density decreased over time. Average current density (Jos) was calculated by
averaging the current density throughout stressing duration. The average current density
for high current density devices was higher than that of low current density devices. This
confirmed that the current density for the high current density devices was always higher
than that of low current density devices throughout the stressing duration.
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Table 5.7 Stressing parameters and results for devices stressed under ON-state condition with

different current densities

Device Ves Vbs  Jps* Base Max Average Jps Max Final
Code N~ (V) (A/mm) T Tjunc™* (A/mm) E-field ID-max
(°C) (°C) (MV/cm) Deg (%)

LC1 -140 20 0.0885 200 230 0.0882 £+ 0.003 2.89 9.9
LC2 -155 20 0.0892 200 230 0.0772 + 0.003 291 12.2
LC3 -145 20 0.0891 200 230 0.0806 * 0.001 2.90 14.1
HC1 -049 20 0.1688 175 230 0.1551 + 0.004 2.77 32.2
HC2 -055 20 0.1698 175 230 0.1276 + 0.020 2.78 48.3
HC3 -074 20 0.1686 175 230 0.1352 + 0.008 2.81 19.4
T 0 0 0 260 260 0 0 -14

*Measured current density att =0

**Max junction temperature is calculated using thermal simulation att =0

The high current density devices showed 21.2% larger degradation on average as compared
to the low current density devices. This suggests that stressing current density correlates
well with Ip.max degradation. This further supports the ON-state degradation model
proposed in chapter 4. Higher current density means that there are more electrons flowing
at the 2DEG channel. Larger number of electrons at the 2DEG channel leads to more hot
electrons being injected to AIGaN/SixN1.x interface which leads to more AlGaN oxidation
and larger Ip-max degradation. This further emphasizes the importance of 2DEG electrons
in AlGaN/GaN HEMT ON-state degradation. Moreover, the maximum electric field
difference between high and low current densities devices was small (i.e. 0.14 MV/cm).

This is important because the effect of other factors has to be minimized.

Figure 5.7 shows the Ip.max Over time plot for devices stressed under temperature stressing
(Thase = 260°C) and ON-state condition with different current densities. It was observed
that most of the stressed devices underwent two degradation phases. The first phase is
defined as fast degradation mode which can be observed approximately the first 20 hours
of stressing for device HC2. The second phase is defined as slow degradation mode which

refers to the less steep portion of decreasing Ip-max. These two degradation modes will be
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discussed more in details the next section. Devices LC1 and HC3 showed flatter fast
degradation mode as compared to the other two devices stressed under the same condition.
This phenomenon might occur due to small amount of pre-existing oxygen at the
AlGaN/SixN1x interface. It is worth noting that there was no current spike for all the
samples during the stressing. Therefore, there was no sudden severe Ip-max degradation

observed.
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Figure 5.7  Ip-max Versus time for the devices stressed under ON-state condition Vps =20 V high
(Jos-initial = 0.168 A/mm, Twase = 175°C), low current densities (Jos-initial = 0.089 A/mm, Tpase =
200°C) and temperature only (Tsase = 260°C) stressing.

One device was stressed only with temperature at Thase = 260°C without any bias. The result
showed no Ip-max degradation for 120 hours despite 30°C higher temperature than the 6
other devices. In fact, the Ip.max increased about 1.4%. This suggests that electrical bias is
required to cause the degradation. Temperature can accelerate the degradation rate [77] but
temperature itself is not enough to cause the Ip.max degradation. This device showed 1.4%
Ip-max iImprovement after 120 hours temperature stressing. This might be due to the
improvement of ohmic contact. The ohmic contact in the AlGaN/GaN HEMT devices used

in this study was made of Ti/Al/Ni/Au. After the deposition of each metal, ohmic contact
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was formed by annealing at high temperature [107, 157-159]. During the annealing process,
the contact resistance decreases and the drain current increases. Similarly, the increase in
Ip-max for the device stressed at Tease = 260°C could be due to decreasing ohmic contact

resistance during the temperature stressing.

5.3.3 Two ON-State Degradation Modes

After the ON-state electrical stressing, two different degradation modes were observed in
Ip-max Vs stressing time plot for all devices. These two degradation modes were not observed
in chapter 4 might be because the stressing time was too short (i.e. 20 hrs). In this section,
the origin of the two degradation modes will be discussed.

Figure 5.8a shows the typical Ip-max evolution during ON-state stressing. It was observed
that the Ip-max degraded rapidly at the beginning, then it slowed down upon reaching
conversion point and continued to degrade at a constant rate. The first part of the
degradation curve from t = 0 h up to conversion point is defined as fast mode degradation.

The part beyond conversion point is defined as slow mode degradation.
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Figure 5.8  (a) Typical lp.max Vs. time graph and (b) second derivative graph with the two

degradation modes

Conversion point was defined by using the second derivative curve of the Ip.max VS time

graph (Figure 5.8b). In slow mode degradation, the Ip-max degraded linearly during the
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2
stressing. A linear portion of the graph will give % = 0 as it has a constant gradient.

In Figure 5.8b, it was observed that the second derivative reaches 0 at t = 33 h and it
fluctuates around 0 beyond this point. This point is defined as the conversion point. The
fluctuation in the second derivative curve is due to small noise in Ip.max VS time graph

beyond the conversion point as can be seen in Figure 5.8a.

The hypothesis is that the two degradation modes are due to the different source of oxygen
in the electro-chemical oxidation. It was proposed in Chapter 4 that oxygen comes from
the ambient and penetrates through the SixN1-x passivation layer. When the oxygen reaches
AlGaN/SixN1x interface, AlGaN will be oxidized and this leads to Ip-max degradation.
Higher oxygen concentration at the AIGaN/SixN1x interface will lead to faster oxidation
rate and thus larger Ip-max degradation rate. Therefore, there might be two different sources
of oxygen that lead to the two degradation modes.

In order to prove this hypothesis, cross-sectional TEM analysis was done on a fresh device.
STEM-EELS line-scans were done at various locations to characterize the chemical
elements present at the interfaces. Figure 5.9a shows the schematics of the AlGaN/GaN
HEMT. Four STEM-EELS line-scans were done at location 1, 2, 3 and 4 in Figure 5.9a to
characterize nitrogen, oxygen and carbon content. The STEM-EELS line-scans showed the
presence of oxygen and carbon at the AlIGaN/SixN1x interface both near the gate edge
(Figure 5.9c) and further away from the gate edge (Figure 5.9b). However, no oxygen and

carbon was detected at top (Figure 5.9d) and bottom (Figure 5.9¢) of the gate metal.

The oxygen and carbon contamination at the AlGaN/SixN1x interface might be due to the
imperfect lift-off process of organic photoresist before SixN1.x passivation deposition [160-
162]. This organic photoresist is hydrocarbon with OH™ ligand. Unfortunately, hydrogen is
not detectable under EELS. Oxygen and carbon were also detected at AlGaN/SixN1-x
interface on the source side. The oxygen at the AIGaN/SixN1.x interface could react directly
with AlGaN in the presence of electrons and holes during electrical stressing. This leads to

the fast Ip-max degradation i.e. the fast degradation mode.
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() schematics of AlIGaN/GaN HEMT device at the drain side and STEM-EELS

line-scans at location (b) 1, (c) 2, (d) 3 and (e) 4 to characterize nitrogen, oxygen and carbon.

Another experiment was done to investigate the role of the pre-existing oxygen in the ON-

state degradation. Two fresh devices were stressed under ON-state state in different

ambient conditions. The first device was stressed under vacuum condition at 1 x 10 Torr

and the second device was stressed under normal ambient condition. The applied bias was
the same for both devices Vps =30 V and Ves = 0 V at Thase = 150°C. Both devices were

stressed for 500 hours and Ip-max Was monitored.
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Figure 5.10  Ip-max evolutions of AlGaN/GaN HEMT devices stressed under ON-state condition
Vps =30V, Vgs = 0 V with high vacuum (1 x 10 Torr) and ambient at Tpase = 150°C for 500 hours

Figure 5.10 shows the result for ON-state stressing under vacuum and ambient conditions.
It was observed that the device stressed under ambient condition degraded 40% more than
the device stressed under vacuum condition. For the device stressed under vacuum
condition, Ip-max immediately dropped 10% in the first few hours. After that it continued to
degrade at a much slower rate and eventually stopped degrading at 70 hours (green dot).
On the other hand, the device stressed in ambient showed fast degradation up to 135 hours
(pink dot) and then it degraded linearly for the rest of the ON-state stressing. In this case,
green and pink dots are the conversion point for the device stressed under vacuum and

ambient, respectively.

Before the conversion point, the stressed devices underwent fast mode degradation due to
electro-chemical oxidation of AlGaN layer in the presence of pre-existing oxygen at the
AlGaN/SixN1x interface. The device stressed in ambient showed more severe fast mode
degradation might be because the device had higher pre-existing oxygen content at

AlGaN/SixN1x interface. Beyond the conversion point, both devices went into slow
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degradation mode after most of the pre-existing oxygen has reacted with AlGaN. After the
conversion point, the device stressed under vacuum stop degrading whereas the device
stressed under ambient continued to degrade. This implies that oxygen from the ambient is
the dominant source of oxygen in the slow mode degradation which causes the device
stressed in ambient to degrade further. On the other hand, the device stressed in vacuum
stopped degrading because there was no oxygen supply from the environment and most of

the pre-existing oxygen had been used.

In this section, the two degradation modes of AlGaN/GaN HEMT have been introduced.
The evidence of pre-existing oxygen and the importance of oxygen from the ambient have
been discussed. The pre-existing oxygen is the dominant source of oxidant in the fast
degradation mode whereas the oxygen from the ambient is the dominant source of oxidant
in the slow degradation mode. It is worth noting that these two degradation modes were
also observable in the AIGaN/GaN HEMT devices stressed under OFF-state condition.

5.3.4 Role of Current Density in ON-state Degradation

It has been shown that higher current density leads to higher ON-state degradation. Most
of the stressed devices showed both fast and slow degradation modes. The fast degradation
in the beginning was predominantly due to the pre-existing oxygen at AIGaN/SixN1x
interface. Upon reaching conversion point, the devices continued to degrade linearly in the
presence of oxygen penetrating through the SixN1x passivation from the ambient. In this
section, the role of current density in both fast and slow ON-state degradation modes will

be discussed.

Slow degradation mode is defined as Ip-max degradation beyond the conversion point in the
Ip-max VS time graph (Figure 5.8a). This degradation mode occurs when the oxygen from
the ambient becomes the dominant factor in AlGaN oxidation. This portion of the graph
was fitted linearly and the slope was compared. Figure 5.11 shows that the average slow
mode slope for devices stressed under high current density condition was about twice

steeper than the average slope for devices stressed under low current density condition. The
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slow mode slope increases proportionally with the increase in current density between the

two stressing conditions.
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Figure 5.11  Average slow mode slopes of AlGaN/GaN HEMT devices stressed under ON-state

condition with different current densities.

In slow degradation mode, there are two processes occurred. The first process is the oxygen
diffusion through degraded SixNix passivation from the ambient to the AIGaN/SixN1x
interface. SixN1x passivation degradation will be thoroughly discussed in chapter 6. Upon
reaching AlGaN/SixNyx interface, the oxygen will react with AlGaN in the presence of
electrons and holes. The slow mode degradation rate is either limited by oxygen diffusion
process or number of electrons and holes present. If the degradation rate is limited by
oxygen diffusion through SixN1.x passivation, the slow mode slope should be independent
of current density. However, Figure 5.12 showed that higher current density led to faster
slow mode degradation. This implies that slow degradation rate is limited by reaction
between oxygen, AlGaN, electrons and holes at AlGaN/SixNix interface rather than

oxygen diffusion. Devices stressed under high current density have more electrons and
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holes at the AlGaN/SixN1- interface which leads to faster Ip-max Slow mode degradation as

compared to devices stressed under low current density.
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Figure 5.12 Average (a) conversion point degradation and (b) conversion point time of
AlGaN/GaN HEMT devices stressed under ON-state condition with different current densities.

Figure 5.12a and b shows the average conversion point degradation and average conversion
point time of devices stressed under different current density conditions, respectively.
Conversion point is the point where the fast degradation mode transits to the slow
degradation mode. High current density devices showed higher average conversion point
degradation than low current density devices but the average conversion point times were
similar for both conditions. This means that there is more AlGaN oxidation for high current
density devices than low current density devices for the first 42 hours of the stressing. One
possible reason is in high current density devices, there is a larger pit formation area
compared to low current density devices. It was hypothesized that current density controls
the maximum distance for pit formation from the gate edge on the drain side as the number
of electrons that are injected into AlGaN/SixN1x interface increases proportionally with
current density. In order to prove this hypothesis, some devices from one chip were stressed
under ON-state condition with various current densities for 20 hours. After electrical

stressing, the metallization and passivation layers were removed by etching. These devices
were then analyzed under SEM.
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Figure 5.13 (a) Total pit area per unit device width as a function of distance from the gate edge
and (b) top-view SEM image of the device stressed under Vps = 20 V, Vgs = 0 V, Tgase = 150°C

with average Jpos = 0.194 A/mm for 20 h after metallization/passivation removal

Figure 5.13b shows the top-view SEM image of the device stressed under ON-state
condition Vps = 20 V, Vgs = 0 V, Tgase = 150°C, average Jos = 0.194 A/mm for 20 h. The
image was taken after metallization and passivation layers were removed. It was observed
that the pit formation stopped at a certain distance from the gate edge. In order to determine
the maximum pit distance, the drain-gate access region was divided into smaller areas of
100 nm x device width. Then, the total pit area of each area was calculated and normalized
against the device width. Figure 5.13a shows the normalized pit area distribution in the
drain-gate access region. The maximum pit distance was defined as the distance beyond
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which the normalized pit area fell below 0.001 pum. This value is obtained from the
normalized pit area in the drain-gate access region of device stressed under OFF-state
condition. For the device shown in Figure 5.13, the maximum pit distance was about 1.3

um.
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Figure 5.14 Maximum pit distance vs. average current density plot for devices stressed under

ON-state condition for 20 h with different current densities at various base temperatures

Figure 5.14 shows the maximum pit distance plotted against average current density for
devices stressed under different current densities. The maximum pit distance increases
linearly with the average current density. This result supports the hypothesis that current
density controls the maximum distance for pit formation. Higher current density translates
into larger number of electrons in 2DEG channel and thus larger number of hot electrons
that can be injected to AlGaN/SixN1.x interface. The fitting line has y-intercept at 0.3 pm.
This means that at zero current density, pits will be formed up to 0.3 um away from the
gate edge. Zero current density refers to OFF-state operation. Pits have been observed at
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small distance away from the gate edge for AlIGaN/GaN HEMT stressed under OFF-state

condition due to the presence of threading dislocations away from the gate edge [75].

Figure 5.15 shows the correlation between the total pit areas at the drain-gate access region
with Ip-max degradation of the stressed devices. It was found that the Ip-max degradation
correlates well with the total pit area at the drain-gate access region for these devices. This
result is consistent with the result in chapter 4 which shows that pit formation at the drain-

gate access region leads to Ip-max degradation after ON-state stressing.
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Figure 5.15 Total pit areas at the drain-gate access region plotted against Ip.max degradation of
the devices stressed under different current densities. Ip.max degradation is normalized to individual

device regardless of the stressing current density
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5.3.5 Fast Degradation Mode Analysis

Fast degradation mode refers to the early degradation of the AlGaN/GaN HEMT devices
up to the conversion point (Figure 5.8a). In the fast degradation mode, pre-existing oxygen
at the AIGaN/SixN1x interface plays a dominant role in AlGaN oxidation. In this section, a
kinetic model is proposed based on Johnson-Mehl-Avrami (JMA) analysis to explain the
pit growth at drain-gate access region during fast degradation mode. Johnson-Mehl-Avrami
(JMA) analysis combines both nucleation and growth effects [163].

Figure 5.16 shows the schematics of the proposed kinetic model. It is assumed that pits
nucleate only at the threading dislocations and thus, the nucleation sites are saturated at the
beginning of the pit formation and growth process. This is a reasonable assumption because,
in chapter 4, it was observed that threading dislocation density (8.52 x 10° cm™) was
comparable to the pit density (8.18 x 10° cm™) in the activated region of the stressed
devices. Activated region is defined as the region where hot electrons are injected to the
AlGaN/SixN1.x interface from 2DEG channel and where the degradation pits are found

\ Activated D -
‘ region Q r‘/?/
N R | /
— h s
— . A /
— | (b)
— N

Figure5.16 (a) Top view of the drain-gate access region and oxygen diffuses towards the

activated region. (b) Each pit is assumed to have conical shape

There are two possible cases that will be considered. The first case is that the pit growth

rate is limited by oxygen diffusion along the AlGaN/SixN1.x interface towards the activated
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region. The second case is that the pit growth rate is limited by the reaction at the perimeter
of the pit.

In this model, individual pit is assumed to have a conical shape (Figure 5.17b). In this
calculation, the height (h)/radius (r) and side (s)/radius (r) ratios are assumed to be constant
for all pits. The volume of a pit (V) is given by

V= %nrz()(lr) (5.1)

In chapter 4, it was found that pits were filled with oxide particles as a result of oxidation

of AlGaN layer. Thus, the total number of oxide particles (No) is
1 3
Ny =g 1a (52)
Differentiating both sides against time,

dN, 3 ,ar
TR LT

where y is the volume of an oxide particle.

(5.3)

For the diffusion limited case, the number of oxygen molecules per unit area (Mo) reaching
the activated region is constant over time. Therefore,

My _ - _dN, 3  ,dr
ST Ty Tyttt

(5.4)

dt
where Np is the number of pits per unit area of the activated region. Simplifying equation
5.4 gives,
Xadt = Nyrdr (5.5)
Integrating both sides,
t r
J Xadt = j N,r2dr (5.6)
0 0
it becomes
11
r = xsN, % t3 (5.7)

In order to model the ON-state degradation, JMA equation for two-dimensional growth
with nucleation site saturation is derived [163]. The area fraction of the activated region

covered by pits is given by,
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A =1—exp(— Npmr?) (5.8)
Substituting equation 5.7 into 5.8,
12
Ay =1—exp(—xeN; t%) (5.9)

where y1 to ye are constants. From equation 5.9, the Avrami exponent for case 1 is ny = 2/3.

For case 2, the pit growth rate is limited by the reaction at the perimeter of the pit. Thus,
the rate of oxide molecule formation is given by
dM?
dt
where k is the rate constant of the reaction between oxygen molecules and AlGaN.

= Np2mks = N,2nk(x,7) (5.10)

Following the derivation from equation 5.4 to 5.9, the area faction of activated region
covered by pits for case 2 is obtained as follow,

A =1—exp(—xgt) (5.11)
where y7 and yg are constants. From the equation 5.11 above, the Avrami exponent for case

2isny=1.
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Figure 5.17  (a) Ip-max Vs time plot for one of the devices stressed under different current density

and (b) Ln (Ln (1 — p-max degl :)?)datio" (%))> vs Ln t plot to extract Avrami exponent

Previously, it has been shown that Ip-max degradation is proportional to the total pit area at
the drain-gate access region (Figure 5.15). Figure 5.17a shows Ip-max VS time plot of one of
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the stressed devices. Avrami exponent can be extracted by calculating the linear slope of

Ip—max degradation (%)
100

Ln (Ln (1 )) vs Lnt graph for the fast degradation mode as

shown in Figure 5.17b. The result is shown in Table 5.8.

Table 5.8 Avrami exponent for devices stressed under high and low current densities

Stressing condition Avrami exponent (n)
High current density 0.53+0.23
Low current density 0.28 £0.10

Avrami exponent for both high and low current densities were closer to 2/3, which is the
first case. This means that the pit growth rate is limited by oxygen diffusion towards the

activated region for both high and low current density stressing conditions.

5.3.6 Proposed Degradation Mechanism Based on Current Density

In this last section of the discussion, an ON-state degradation model for AlGaN/GaN
HEMT devices based on current density is proposed. High current density means more
electrons flowing at the 2DEG channel which in turn increases the number of hot electrons
being injected to the AIGaN/SixN1x interface.

Hot electrons in AlGaN/GaN HEMT devices during ON-state operation can be
characterized using electroluminescence (EL) [20, 164, 165]. Under ON-state condition,
hot electrons are observed at the drain-gate access region and it correlates with the drain
current thus, the EL signal will decrease as drain current decreases [20]. Kuball et al.
studied the drain current degradation using EL [36]. EL measurements were done at Vps =
30V, Vgs = 0 V before and after the stressing. They found that EL signal decreases from
the black curve to the blue curve because of decreasing drain current after stressing (Figure
5.18). It was also observed that hot electrons were spread in a shorter distance from the
gate edge into the gate-drain access region as when the drain current decreased after the
stressing. This observation supports the correlation between current density and maximum

pit distance from the gate edge to the drain-gate access region.
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Figure 5.18 Electroluminescence (EL) intensity distributions in AlIGaN/GaN HEMT before and
after electrical stressing which represent drain current degradation [36]

Figure 5.19 schematically illustrates the degradation model based on current density
difference. The activated region is defined as the region where hot electrons are injected to
the AlGaN/SixN1x interface from 2DEG channel. Number of hot electrons injected into
AlGaN/SixN1x interface and their spread distance from the gate edge increases
proportionally with current density. These hot electrons can cause impact ionization which
makes electro-chemical oxidation of AlGaN possible at location further away from gate
edge. This leads to pit formation further away from the gate edge for high current density

devices.

In the fast mode degradation, the longer activated region for high current density (Figure
5.19a) allows more electro-chemical oxidation reaction between electrons, pre-existing
oxygen and AlGaN. As a result, high current density devices have higher conversion point
degradation than low current density devices (Figure 5.12a) for the first 40 hours of
stressing. This is supported by the physical evidence that showed pits formed further away
from the gate edge for the devices stressed under high current density.
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Figure 5.19 Proposed degradation model to illustrate the effect of (a) high current density and
(b) low current density in AlGaN/GaN HEMT ON-state degradation

As the pre-existing oxygen at the activated region deplete, there will be oxygen
concentration gradient between the activated region and the ambient. This will induce
oxygen diffusion from the ambient to the AlGaN/SixNix interface through the SixNix
passivation, i.e. slow degradation mode. Upon reaching AlGaN/SixNix interface, the
oxygen from the ambient will react with AlGaN in the presence of electrons and holes.
Devices stressed under high current density condition have larger number of electrons and
holes at AIGaN/SixN1x interface that results in higher slow mode slope than the devices

stressed under low current condition (Figure 5.11).

54  Summary

In this chapter, the effect of different current density on Ip.max degradation and pit formation
at the drain-gate access region was investigated. AlIGaN/GaN HEMT devices were stressed
under ON-state condition with different current densities but similar electric field and

temperature. This experiment was done by stressing the devices with constant Vps and Vgs.
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The desired current density was obtained by fine-tuning the Vgs. Electric field simulation
was used to ensure that the electric field difference is very small within the stressing Ves
range. Junction temperature was calculated using thermal simulation in order to ensure the

devices were stressed at the same junction temperature.

All stressed devices underwent two degradation modes, i.e. fast and slow degradation
modes. Pre-existing oxygen at AlGaN/SixN1x interface is the dominant oxygen source in
the fast degradation mode as it can oxidize the AlGaN layer instantly in the presence of
holes and electrons during ON-state operation. Once the pre-existing oxygen depletes, the
ambient oxygen will become the dominant source of oxygen i.e. slow degradation mode.
The rate of electro-chemical oxidation will slow down as the oxygen has to diffuse through
the SixN1x passivation layer to reach AlGaN/SixN1.x interface before they can oxidize

AlGaN layer during slow degradation mode.

It was also found that current density correlates with the maximum distance of pit formation
at the drain-gate access region. In the high current density devices, more hot electrons are
injected to AIGaN/SixN1x interface from 2DEG channel. Also, the hot electrons are spread
further away from the gate edge into the drain gate access region which leads to longer
activated region for high current density devices. Longer activation region means that pits
can be formed at location further away from the gate edge. In addition, JIMA analysis results
show that the pit growth rate is limited by the oxygen diffusion towards the activated region

during fast mode degradation for both high and low current densities.
In chapter 4, it was found that 2DEG electrons play an important role in ON-state

degradation. In this chapter, the knowledge is extended by showing the effect of different

amount of 2DEG electrons (current density) to the Ip.max degradation and pit formation.
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Chapter 6

Effect of Passivation Density on AlGaN/GaN High Electron
Mobility Transistor Degradation under ON-State Stressing

AlGaN/GaN HEMT ON-state degradation consists of two degradation modes.
The fast mode degradation is due to the pre-existing oxygen at AlGaN/Si:N|.,
interface whereas the slow mode degradation is due to oxygen from the
ambient. Two sets of AIGaN/GaN HEMTs with different passivation densities
were stressed under ON-state condition and the result is discussed in this
chapter. It was found that high density passivation showed longer conversion
time than low density passivation where conversion time is defined as the time
beyond which slow mode degradation dominates. This is because it takes a
longer time to degrade the high density passivation. Once it degrades, oxygen
from the ambient can diffuse through the degraded Si\N,.. and oxidize AIGaN
layer. The slow mode degradation rate of high and low passivation densities
were found to be comparable. This shows that once the passivation degrades,
the passivation density does not affect the oxygen diffusion rate in slow mode
degradation. Lastly, an ON-state slow mode degradation model is proposed
based on electro-chemical oxidation and oxygen diffusion through passivation

layer.
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6.1 Introduction

Up to this point, it is understood that hot electrons in 2DEG channel play a big role in
AlGaN/GaN HEMT ON-state degradation. This leads to larger degradation for ON-state
condition compared to OFF-state condition. Degradation pits were found away from the
gate edge into the access region on the drain side for ON-state degradation and the

maximum pit distance correlated well with the current density.

It was also found that the ON-state degradation can be divided into two stages, i.e. fast and
slow degradation modes. These two modes were characterized by different sources of
oxygen. The pre-existing oxygen at the AIGaN/SixN1x interface is the dominant source of
oxygen for the fast mode degradation as it can oxidize AlGaN instantly in the presence of
holes and electrons. Once most of the pre-existing oxygen is used up, the device will go
into slow degradation mode where ambient oxygen becomes the dominant source of

oxygen.

In this chapter, the effect of passivation layer density in AlGaN/GaN HEMT degradation
under ON-state condition is discussed. Two set of AIGaN/GaN HEMTs on Si with different
SixN1x passivation density were used in the experiment. These devices were stressed at
different temperatures. The effects of temperature and passivation density in device
degradation under ON-state condition were discussed. Finally, slow mode degradation

model is proposed based on oxygen diffusion through SixN1-x passivation layer.

6.2  Experimental Details

Two sets of AlGaN/GaN HEMTs with different passivation densities were stressed under
ON-state condition to investigate the effect of passivation layer density on device
degradation under ON-state condition. The two different SixN1x passivation layers were
characterized using X-ray reflectometry. The two sets of devices were then electrically

stressed and followed by microstructure characterization.
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6.2.1 Material Properties of Low and High Density Passivation Layers

X-ray Reflectivity (XRR) measurements were done on two different SixN1.x passivation
layers. Reflected ray intensity was collected for incident angle from 0 to 4.5°. The XRR
measurement results were then compared with the simulated curves in Leptos software.
The density, thickness and surface roughness of the two passivation layers were then
extracted from the software. The working principle of the technique can be found in section
3.6.4.

Table 6.1 Parameters extracted from XRR measurements for low and high density SixNix

passivation
Low Density High Density
SixN1x SixN1x
Density (g/cmq) 2.26 2.48
Thickness (nm) 122.6 119.5
Surface roughness (nm) 0.96 0.90
Composition Si43Ns7 SizsNeas
Breakdown field of capacitor (MV/cm)[166] 3.3 7.2
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Figure 6.1  XRR measurement plots for low and high density SixN1.x passivation layers
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Figure 6.1 shows the result of XRR measurements and Table 6.1 shows the extracted
parameters for two SixN1.x passivation layers. High density SixN1.x has about 10% higher
density than low density SixNi-x. This is because high density SixN1x (0.43°) has higher
critical angle 9 than low density SixNix (0.41°) as can be seen in Figure 6.1 inset. Both
passivation layers showed similar large drop at 0.5° which translated into similar surface
roughness. Lastly, the data showed that the high density SixNix is slightly thinner than the
low density SixNix. This result was consistent with the thickness measurement by cross-
sectional TEM. The breakdown field for high density passivation is about 2 times of that

of low density passivation.

The composition of the passivation layers was obtained by EELS. The EELS experimental
details can be found in section 3.6.3. The high density SixN1x has lower Si/N ratio than the
low density SixNi-x. Smaller atomic size of nitrogen allows more packed SxNi.x structure
which leads to higher density. The SxN1x passivation layers were deposited by plasma-
enhanced chemical vapor deposition (PECVD). Different Si/N ratio was obtained by
varying the gas flow ratio between SiH4 and NHz gases.

6.2.2 Electrical Stressing

In this experiment, the electrical stressing was done in batches using 32-SMU National
Instrument (NI) attached to the EM system (Figure 3.5). Table 6.2 shows the device
dimensions used in each batch. Each batch contained a few devices with the same

dimensions but different passivation.

2D electric field simulation was used to calculate the maximum electric field for devices
used in the batch stressing. The maximum electric field was similar for all the devices
despite the different dimensions of the device. The maximum electric field was located at
the gate edge on the drain side of the device. This result ensures that the electric field
difference between batches was not significant. It is worth noting that the maximum electric
field for all three batches is close to the breakdown field of low and high density passivation
(Table 6.1).
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Table 6.2 Device dimensions used in the experiment and the simulated maximum electric field
under ON-state condition Vps =20 V and Vgs =0V

Batch We L Lep Les Max E-field
Number (um) (um) (um) (um) (MV/cm)
Batch 1 100 2.30 2.40 1.70 2.79
Batch 2 100 3.60 2.40 1.50 2.86
Batch 3 100 1.70 2.40 1.25 2.75

Table 6.3 Stressing parameters for different temperatures and passivation densities

Batch Passivation Vbs Ves  Tsurrounding T unction Number of
Number  Density (g/cm3) (V) V) (°C) (°C) Devices
Batch 1 2.26 20 0 150 202 6
Batch 1 2.48 20 0 150 202 4
Batch 2 2.26 20 0 175 221 5
Batch 2 2.48 20 0 175 221 6
Batch 3 2.26 20 0 225 260 4
Batch 3 2.48 20 0 225 260 5

Table 6.3 shows the stressing parameters for different temperatures and different SixN1x
passivation densities. The junction temperatures were obtained by the same thermal model
used in chapter 5. The device characteristics were monitored every 5 hour throughout the
stressing duration. The number of stressed devices included in the analysis for batch 3 is
very small because there were a lot of bad devices in the batch. The detailed explanation
of the bad devices can be found in appendix. The effect of stressing temperature and
passivation density on AlGaN/GaN HEMT ON-state degradation will be analyzed and

discussed in this chapter.
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6.3 Results and Discussions

6.3.1 SixNix Degradation

AlGaN/GaN HEMT Ip.max degradation consists of two parts, i.e. fast and slow mode
degradation under both ON-state and OFF-state stressing conditions. In the previous
chapter, oxygen from the ambient has been shown to be the dominant source of oxygen in
the slow degradation mode. It was hypothesized that SixN1.x passivation degrades during
electrical stressing and oxygen from the ambient diffuses through the degraded part of the

SixN1x passivation to reach AlGaN/SixN1 interface.
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Figure 6.2  Top-view schematics of AlIGaN/GaN HEMT device to show cross-sectional TEM

sample cut directions

Cross-sectional TEM analysis was done on the stressed devices in order to prove this
hypothesis. Figure 6.2 shows the cut directions for cross-sectional TEM. No appealing
evidence of SixN1x degradation was found on devices stressed under ON-state and OFF-
state conditions along the line A-A’. Another TEM sample was done along the gate width
at the gate edge on the drain side (line B-B’) where maximum electric field is located.
Cross-sectional TEM samples were prepared for both ON- and OFF-state-stressed devices
using SEM/FIB. Unfortunately, the ON-state sample preparation failed so only the TEM
analysis for OFF-state sample is shown in Figure 6.3a.
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Figure 6.3a shows the cross-section TEM image along the gate width of the device stressed
under OFF-state condition. The OFF-state stressing condition was Vps =0 V, Vgs =-50 V
at Tease = 200°C and the device showed 24% Ip-max degradation. White circular features
named as nano-globes were observed at the SixN1.x passivation layer. Figure 6.3b shows
the relative density, oxygen line-scan and nitrogen line-scan obtained by EELS analysis
from line C-C’ in Figure 6.3a. It was found that nitrogen amount decreased while oxygen
amount increased at the vicinity of the nano-globes. This suggests that SixNi.x has been
oxidized. In addition, these nano-globes have lower density than the SixNi.x further away
from the degraded area. Figure 6.3c and 6.3d shows the oxygen/nitrogen EELS line-scans
for line E-E’ and D-D’ in Figure 6.3a, respectively. Oxygen was observed in SixN1x layer
along the line E-E’ which means that the SixN1.x passivation degrades throughout the whole
SixN1x film thickness. On the other hand, there is no oxygen observed along line D-D’
except for the small region near the surface which is the pre-existing oxygen due to
imperfect lift-off process. This supports the hypothesis that the SixN1x degrades during
electrical stressing to become silicon oxide with lower density. Oxygen from the ambient
can easily diffuse through the degraded SixNix to reach AlGaN/SixNix interface. A
degraded spot was found about every 6 um of the gate width. This is likely to be the reason
why no SixN1.x degradation was found in the TEM sample along line A-A’.

Previous studies reported that crystalline and amorphous SizNa film gets oxidized into SiO;
at high temperature above 1100°C [167-170]. Although the maximum stressing
temperature used in this study was only 260°C, SixN1-x oxidation is still possible in the
presence of high electric field [171]. The cross-section TEM sample was cut from the gate
edge on the drain side of the device. The electric field in this location is very high, about
1-3 MV/cm under both ON-state and OFF-state conditions. This electric field is close to
the breakdown field of both high and low density passivation. Therefore, the SixNix
oxidation is possible at the gate edge on the drain side of the device stressed under both
ON- and OFF-state conditions.
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Figure 6.3  (a) Cross-sectional TEM image along the gate width from the OFF-state stressed
device Vps =0V, Vgs =-50 V at 200°C with 24% Ip-max degradation; (b) relative density, oxygen
line-scan and nitrogen line-scan obtained by EELS analysis from line C-C’; oxygen and nitrogen
line-scan obtained by EELS analysis from line (c) E-E’ and (d) D-D’
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6.3.2 Electrical Stressing Results

Electrical stressing result of AIGaN/GaN HEMT devices under ON-state condition Vps =
20 V, Vgs = 0 V at different temperatures is discussed in this section. Figure 6.4a and b
show typical Ip-max Vs. time plot and Ipstess Vs. time plot for the stressed devices,
respectively. It was observed that both Ip-max and Ip-stress decreased over time and there were
two degradation modes as discussed in chapter 5. Fast and slow degradation modes were
observed for all the devices regardless of SixN1-x density. Fast and slow degradation modes
are separated by the conversion point. Conversion point is the point beyond which the
device degrades linearly, i.e. slow mode slope. In chapter 5, it was shown that in fast
degradation mode pre-existing oxygen was the dominant factor in AlGaN electro-chemical

oxidation whereas in slow degradation mode, oxygen from ambient was dominant factor.
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Figure 6.4  Typical (a) Ip-max VS time and (b) lostess VS time plot for device stressed under ON-
state condition Vps = 20 V, Vs = 0 V for 200 hours in this experiment

Conversion point is obtained by plotting the second derivative curve of Ip-stress VS time. Ip-
stress VS time plot instead of Ip-max VS time plot because the former has more points than the

latter and thus conversion time can be more accurately determined. Figure 6.5 shows the

2
% vs time plot. The conversion point is defined as the first point where

2
% = 0 because the device degrades linearly in slow degradation mode. Slow

mode slope is defined as linear gradient of slow mode portion of Ip-max vs time plot (red
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line in Figure 6.4a). The effect of temperature and SixNix passivation density will be

discussed based on slow mode slope and conversion time.
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Figure 6.5  Second derivative plot from Ip.swess VS time plot of the device stressed under ON-
state condition Vps =20V, Ves=0V

6.3.2.1 Conversion Time

In section 6.3.1, it has been shown that SixN1-x passivation oxidized to silicon oxide upon
ON-state stressing due to high electric field at the gate edge of the drain side. It is then
hypothesized that high density SixNix requires longer time to degrade compared to low
density SixN1x because the breakdown field of high density SixN1x is 2 times higher than
low density SixNix (Table 6.1). In order to prove this hypothesis, conversion time was

extracted for all the devices stressed under ON-state and then compared.

Figure 6.6 shows the average conversion time for all devices stressed under ON-state
condition at different surrounding temperatures. In general, it was observed that high
density passivation showed higher conversion time than low density passivation although
the difference became less apparent at high surrounding temperatures. It is worth noting

that the devices with high and low passivation densities were stressed at three different
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surrounding temperatures (150°C, 175°C and 225°C). High and low density passivation
data are plotted side by side in Figure 6.6 for clearer presentation. This result supports the
hypothesis that it takes longer time to degrade high density passivation compared to the
low density passivation as conversion time shows the time beyond which oxygen from the
ambient becomes the dominant source of oxygen for electro-chemical oxidation of AlGaN.

After the conversion time, the oxygen can diffuse through the degraded SixN1.x passivation.
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Figure 6.6  Average conversion time vs surrounding temperature for devices with high and low

density passivation stressed under ON-state condition Vps =20V, Ves =0V

At high surrounding temperatures, the difference in conversion time between two
passivation densities became less apparent. One possible reason is because at high
surrounding temperatures, in addition to high electric field, the energy required to degrade
the SixN1.x passivation is easily overcome even for the high density passivation. Therefore,
the difference in breakdown time between high and low density passivation is smaller at

high temperatures.
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6.3.2.2 Slow Mode Slope

In the previous section, it has been shown that high density passivation has a longer
conversion time than low density passivation which implies that high density passivation
is harder to degrade. The next question is whether the slow mode degradation rate depends
on passivation density. This question can be answered by analyzing the slow mode slope

from Ip-max VS time plot of the stressed devices.
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Figure 6.7  Average slow mode slope vs surrounding temperature for devices with high and low

Surrounding

density passivation stressed under ON-state condition Vps =20V, Ves =0V

Figure 6.7 above shows that there is no apparent difference in average slow mode slope
between high and low density passivation for all 3 different surrounding temperatures. This
result suggests that slow mode degradation rate is independent of passivation density. This
means that once the passivation degrades, the oxygen diffuses through the degraded
passivation at the same rate regardless the passivation density. Figure 6.7 also shows that
the slow mode slope increases with temperature. This is consistent as diffusion is
thermally-activated process. In the next section, the temperature dependence of slow mode

slope will be used to derive the ON-state degradation model.
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6.4  ON-State Degradation Model

Up to this point, it is understood that ambient oxygen is the dominant source of oxygen in
the slow degradation mode. Oxygen diffusion rate through the degraded SixN1.x passivation
is independent of passivation density but dependent on surrounding temperatures during
ON-state stressing. Since slow mode degradation rate is independent of passivation density,
the devices stressed at the same temperature will be grouped together in this model
regardless their passivation density. In this section, ON-state slow mode degradation is
modeled based on oxygen diffusion through passivation. It is more crucial to model the
slow mode degradation because the slow mode degradation will still exist even if the device
is fabricated perfectly with no pre-existing oxygen. On the other hand, fast mode
degradation will cease if there is no pre-existing oxygen at AlGaN/ SixN1-x interface from

imperfect lift-off process.
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Degradation Diffusion

Figure 6.8 Modeling map for AlGaN/GaN HEMT slow degradation mode under ON-state

stressing condition

Figure 6.8 shows the modeling map used in this section. The goal of this section is to obtain
mathematical relationship between electrical degradation and stressing parameter which

are Ip-max degradation and temperature, respectively. This section is divided into three sub-
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sections. Firstly, the electrical and physical degradation is correlated by empirical fitting.
The physical degradation here is the pits at the drain-gate access region. Secondly, physical
degradation is correlated to amount of diffusing oxygen based on electro-chemical
oxidation reaction. Lastly, oxygen diffusion is correlated to temperature based on Fick’s

law of diffusion which includes calculation of diffusion activation energy.

6.4.1 Ip-max Degradation and Pit VVolume Correlation

The total pit area and pit number were calculated from the top-view SEM images of stressed
devices after metallization and passivation layer removal. The pit counting method was
explained in section 3.6.5. In this model, it was assumed that the amount of AlGaN/GaN
oxidized is equivalent to the total volume of the degradation pits. Thus, it is important to

obtain the total pit volume.

m— > O
2 — > =>™ 0

Figure 6.9  (a) Top-view SEM image and (b) cross-sectional TEM image of the degradation pits
at the drain-gate access region

Figure 6.9a shows the top-view image of the pits at drain-gate access region. It was
observed that most of the pits have circular shape. Cross-sectional TEM images show that
most of the pits have a triangular shape (Figure 6.9b). Thus, it is assumed that all pits have
inverted cone shape. The pit radius (r) is calculated using equation 6.1 below where A is
the pit area obtained from the pit counting method.

r= |— (6.1)
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In order to obtain the pit volume, the height of the pit was obtained from radius/height (r/h)
ratio. This ratio was calculated from cross-sectional TEM images from both stressed
samples in this study and literature. Table 6.4 shows the calculation result from cross-
sectional TEM images with average r/h = 1.611. This average ratio is used to calculate the

pit volume assuming that the r/h ratio is constant for all the degradation pits.

Table 6.4 Degradation pit radius/height (r/h) ratio from cross-sectional TEM images

Source/ Pit Diameter Pit Radius Pit Height r/h ratio
Device Code (nm) (nm) (nm)
Device 1 12.37 6.19 4.65 1.330
Device 1 5.19 2.59 3.27 0.794
Device 2 16.60 8.30 2.34 3.547
Device 3 17.50 8.75 4.30 2.035
Device 3 7.49 3.75 1.79 2.092
Device 4 12.00 6.00 5.00 1.200
Device 5 13.00 6.50 4.00 1.625
Device 6 20.00 10.00 7.00 1.429
Device 7 28.00 14.00 8.00 1.750
Ref [75] 109.00 54.50 33.00 1.652
Ref [75] 61.00 30.50 39.78 0.767
Ref [75] 75.88 37.94 19.28 1.968
Ref [16] 3141 15.71 10.75 1.461
Ref [16] 11.12 5.56 3.00 1.853
Ref [16] 24.91 12.45 12.86 0.968
Ref [22] 11.00 5.50 3.00 1.833
Ref [22] 13.00 6.50 6.00 1.083

The pit volume (V) is then calculated using the equation below

h
V =mnr? 3 (6.2)

Figure 6.10 shows the Ip-max degradation vs. normalized pit volume from the stressed
devices. It can be observed that the total pit volume is linearly correlated to the Ip-max
degradation. This suggests that Ip-max degradation is caused by the pits which is consistent

with the results in previous chapters.
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Figure 6.10 Ip-max degradation plotted against normalized total pit volume calculated from the
stressed devices

6.4.2 Electro-chemical Oxidation Reaction

The correlation between Ip-max degradation and pit volume was shown in previous section.
The next step is to relate Ip.max degradation with the amount of oxygen diffusing through
the SixN1x passivation. It is assumed that the amount of AlGaN oxidized is equal to the
total pit volume in drain-gate access region and oxygen from the ambient is the only source
of oxygen for AlGaN electro-chemical oxidation. The Al and Ga composition in AlxGai-
xN are 0.26 and 0.74, respectively [107]. The diffusing oxygen species is assumed to be
oxygen molecules instead of water vapor because of the high stressing temperature about
150-225°C. At this range of temperature, the humidity in the device vicinity is only about

2%. The electro-chemical oxidation reaction of AIGaN can be seen in equation 6.3.

3
2 Al 26Gato7aN +5 05 = 0.26 AL, 05 + 0.74 Ga,03 + N (6.3)
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The molecular mass of Alo26Gao.74N is calculated using equation 6.4. The atomic mass of
Al, Gaand N are 27, 69.7 and 14, respectively. The molecular mass of Alg.26Gao. 72N is 72.6
g/mol.

MRy Ga, v = (ARa)(x) + (ARga)(1 — x) + (ARy)(1) (6.4)

The density of pure AIN and GaN are 3.26 g/cm?® [172, 173] and 6.15 g/cm?® [174]. The
density of AlxGaixN was assumed to be a fraction of AIN and GaN densities. Using

equation 6.5, the density of Alo26Gao.7aN is 5.40 glcm?,

Paicay_ N = Pan)(x) + (Pgan) (1 —x) (6.5)

Let V be the total pit volume (in pm?) in the drain-gate access region of the stressed devices.

The number of moles of Alo.26Gao.74N can be represented as

No of molesyy,,.cay,.N = ZAI;Z:j:GO;:I::; (6.6)
By stoichiometry in equation 6.3,
2Aly,6Gag 74N = %02 (6.7)
No of moles,, = (;) (%) No of molesy, , Gag,.N (6.8)
Substituting equation (6.6) into (6.8),
No of molesy, = (;) (%) ;Ig:jzj:;;:i/v (6.9)

The total number of moles of O> reacted in the electro-chemical oxidation is calculated by

substituting the total pit volume for each stressed device into equation 6.9.
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Figure 6.11 Total numbers of moles O, used in electro-chemical oxidation plotted as a function

of Ip.max degradation for all the stressed devices

Figure 6.11 shows the total number of moles of O, reacted as a function of Ip-max
degradation. The data is then linearly fitted to obtain the relationship between number of

moles of Oz used and Ip-max degradation. The linear relationship can be represented as

No of moles 0, (mol

W; ) = m[Ip_max deg(%)] (6.10)

um
where m is the slope of the fitting line and W is the device width.

Equation 6.10 connects the electrical degradation with the amount of oxygen used in
AlGaN electro-chemical oxidation during the slow degradation mode. In the next sub-

section, this equation is used to calculate the oxygen diffusion through SixNi-x passivation

layer.
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6.4.3 Oxygen Diffusion through SixN1-x Passivation

In slow degradation mode, the oxygen diffuses through the degraded SixN1x passivation
layer and reacts with AlGaN upon reaching AIGaN/SixN1.x interface. Oxygen from ambient
becomes the dominant source of oxygen once the pre-existing oxygen depletes. The lack
of oxygen at the AIGaN/SixN1.x interface generates the concentration gradient which leads
to oxygen diffusion from the ambient to the AlGaN/SixN1.x interface through the SixN1.x
passivation layer. For all the stressed devices, Ip-max decreases linearly in the slow

degradation mode. This suggests that oxygen diffusion is at steady-state.
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Figure 6.12 O concentration profile in the steady-state diffusion through SixN1-«x passivation

Figure 6.12 shows O concentration profile for steady-state diffusion through SixNix
passivation. Oxygen diffuses through SixNi-x passivation and it immediately reacts with
AlGaN upon reaching AlGaN/SixN1x interface, i.e. the oxygen concentration at
AlGaN/SixN1.x interface is always zero. Since, the oxygen concentration in the ambient is
constant, the concentration gradient between ambient and AlGaN surface is constant. The
steady-state diffusion can be represented by Fick’s first law equation as follow,

—DAC 6.11
J=- A (6.11)
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where J is the diffusion flux (mol/m2s), D is the diffusivity (m?/s) and i—i is the

concentration gradient (mol/m?). Fick’s first law states that diffusion flux is proportional
to the concentration gradient. The negative sign indicates that J is positive when the
movement is down the gradient. This negative sign will cancel the negative gradient along

the direction of the positive flux.

The next step is to calculate the oxygen concentration in ambient. Assuming that air is an
ideal gas and oxygen is 20% of the gases in the air, the oxygen concentration in the ambient

air can be represented as

n P
=—=B 12

where P is the ambient air pressure (1 atm), B is the oxygen concentration in air (%), Ts is
the surrounding temperature (K) during ON-state stressing and R is gas constant (8.206

m3.atm.K1.mol%).

The length of diffusion medium, AX, is the SixN1x passivation layer thickness. The SixN1x
passivation layer thickness is 120 nm measured by cross-sectional TEM. Therefore, the

concentration gradient can be expressed as

AC Camb - CAlGaN/Sile_x interface

— = (6.13)
Ax XSile—x
where Xg; y, . is SixNix passivation layer thickness (m).
Substituting equation 6.12 to 6.13,
AC B P
(6.14)

Ax Xy, RT,

Equation 6.14 shows that the concentration gradient is dependent on the ambient
temperature during stressing. This temperature is taken as the chamber temperature during
the stressing. The concentration gradients for all the stressing batches were calculated using
equation 6.14 and the result is summarized in Table 6.5.
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Table 6.5 Concentration gradients for all three stressing batches under ON-state condition Vps
=20V, Vgs = 0V with 2 different SixN1.x densities

Batch Number Stressing Temperature Concentration Gradient
(K) (mol/m%)
Batch 1 423 4.802 x 10’
Batch 2 448 4,534 x 10’
Batch 3 498 4,079 x 10’

Diffusion flux (J) is the rate at which amount of substance (mol) diffuses through an area
of the diffusion medium. In this case, diffusion flux is the number of moles of O> that
diffuses through SixN1x passivation layer per second. Figure 6.13 shows a typical no of
moles O over stressing time for stressed device. Equation 6.10 was used to convert Ip-max

degradation into number of moles Oa.
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Figure 6.13  Number of moles O; distribution plot for AIGaN/GaN HEMT device stressed under

ON-state condition
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The number of moles O increases linearly in the slow degradation mode. The slow mode
slope becomes the rate of ambient O reacted with AlGaN per unit device width. Slow

mode slope can be expressed as

No of moles 0,

Sl de sl = 6.15
ow mode slope Wt ( )

where W is the device width (um) and t is stressing time (s).

In order to convert this rate to flux, the slow mode slope is normalized against the distance
L from the gate edge where the SixN1i.x passivation layer is likely to degrade due to high
electric field (Figure 6.14). For this calculation, L was fixed at 300 nm as this is the distance
where the electric field is at least 1 MV/cm. Therefore, diffusion flux (J) can be represented
as

_ Noof moles 0,
B LWgt

(6.16)

L ES
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Figure 6.14 Top-view schematic of AIGaN/GaN HEMT device to show the distance L where

the SixN1x passivation is likely to degrade due to high electric field

After concentration gradient and diffusion flux of all the stressed devices were computed,
diffusivity can be calculated by equation 6.11. Diffusivity can be expressed as Arrhenius

equation,
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D = D, exp (— &> (6.17)

where D is the diffusivity, Do is the pre-exponent factor, T; is stressing/junction

temperature, R is gas constant and Qq is the activation energy.

Re-arranging equation 6.17 gives,

InD =InD, — &<l> (6.18)

R\T,

Activation energy (Qq) and pre-exponent factor (Do) can be estimated by linear plotting (D)
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Figure 6.15 Arrhenius plot of the O, diffusivity through degraded SixNi.x passivation layer

Figure 6.15 shows the Arrhenius plots for oxygen diffusion through the degraded
passivation layer. Activation energy Qg and pre-exponent factor Do were extracted and

summarized in Table 6.6.
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Table 6.6 Activation energy Qq and pre-exponent factor Do for O, diffusion through degraded

SixN1.x passivation layer

Activation Energy Pre-exponent Factor
(eV) (m?/s)
0.59+0.34 2.59 x 10712

There is no activation energy reported for oxygen diffusion through amorphous silicon
nitride. The closest case is nitrogen diffusion through silicon nitride as the size difference
between nitrogen and oxygen atoms is small. The activation energy for nitrogen diffusion
through crystalline silicon nitride varies from 1.46 eV to 6.85 eV [175] and for amorphous
silicon nitride is 3.6 eV [176]. However, these values are much higher than the energy
calculated in this study.

Perez-Bueno et al. reported activation energy of 0.73 eV for oxygen diffusion through
porous amorphous silicon dioxide [177]. This value is close to the result obtained in this
study. This suggests that the oxygen from the ambient penetrates through silicon dioxide
rather than silicon nitride. This is consistent with the silicon nitride degradation observation.
The silicon nitride at the gate edge degraded into silicon dioxide and oxygen from the
ambient can easily diffuse through this degraded portion of the passivation layer to reach
AlGaN/SixN1.x interface. For high density passivation, it takes longer to degrade the silicon
nitride due to higher breakdown field but once it degrades into silicon dioxide, the rate of

oxygen diffusing through is the same for both high and low density passivation.

6.4.4 Temperature Dependence of Ip-max Degradation

First of all, the relationship between Ip-max degradation and degradation pits was determined
empirically. The pit volume was then correlated with the amount of oxygen diffusion based
on electro-chemical oxidation reaction of AlGaN. After that, temperature dependence of
oxygen diffusion was explained based on Fick’s first law of diffusion. These results are
combined in this sub-section in order to obtain the temperature dependence of Ip-max

degradation. Starting from Fick’s first law equation,
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AC
J=D (6.19)

Substituting equations 6.10, 6.14, 6.16 and 6.17 into equation 6.19,

m|lp_ deg(% B P
[D max g( 0)] _ DOe (- & e (6.20)
Lt RT;) Xsin,_, RTs
Re-arranging equation (6.20),
I Deg (%) = |——ot kDo all, 6.21
D-maxl/eg ( 0) = R-TS-m-XSile_x €xp RT]- ( . )

where t is stressing time (S)
Ts is surrounding temperature (K)
Tj is stressing/junction temperature (K)
Qq is activation energy (eV)
R is gas constant
Do is the diffusion pre-exponent factor (m?/s)
P is atmospheric pressure (atm)
B is oxygen concentration in air (%)
L is length of degraded passivation layer (m)
m is the fitting line slope from Figure 6.11 (mol/um.%)

Xsi n,_, 1S passivation thickness (m)

The equation 6.21 shows the Ip-max degradation as a function of stressing temperature and
stressing time. This equation can be used to predict the Ip-max Slow mode degradation after
stressing the device for t seconds under ON-state condition, Vps =20 V and Ves =0 V, at
surrounding temperature Ts K. However, there are limitations to this model. Firstly, this
model is limited to one bias condition as the effect of stressing voltage is not included in
the equation. Secondly, this model is only based on the slow mode degradation as this

model did not take into account the pre-existing oxygen caused by imperfect lift-off process.
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6.5 Summary

The effect of passivation density on the AlGaN/GaN HEMT degradation under ON-state
stressing condition was discussed in this chapter. Two sets of AlGaN/GaN HEMT devices
with different SixN1x densities were stressed under ON-state condition Vps = 20 V, Ves =
0V at three different temperatures. XRR measurement showed that the high density SixN1-

x 1S 10% denser than the low density SixN1x.

Cross-sectional TEM image showed nano-globes in the SixN1.x layer on the gate edge of
the drain side after electrical stressing. EELS analysis showed that the nano-globes had a
lower density and the area around them had high oxygen concentration and low nitrogen
concentration. This suggests that silicon nitride is oxidized into silicon oxide during
electrical stressing. High electric field at the gate edge on the drain side is likely to be the
reason for this silicon nitride oxidation. Oxygen from the ambient can easily diffuse
through the degraded SixN1x to the AlGaN surface.

High density passivation had a longer conversion time than low density passivation for all
temperatures. The difference in conversion time became less apparent at high temperature
because the energy required to degrade the passivation was easily overcome by the
combination of high temperature and high electric field. This result suggests that high
density passivation is harder to degrade as it has higher breakdown field than low density
passivation. Once it degrades, the oxygen from ambient can diffuse through the degraded
passivation at a comparable rate between high and low density passivation. This was

supported by comparable slow mode slopes between the two passivation densities.

A slow mode degradation model is proposed based on the electro-chemical oxidation and
oxygen diffusion through degraded passivation layer. The activation energy obtained from
the calculation is 0.59 eV. This value are close to the reported value for oxygen diffusion
through porous silicon dioxide [177]. This is consistent with the cross-sectional TEM and
EELS analysis which showed that the degraded area had high oxygen content and low

nitrogen content. This suggests that silicon nitride degraded into silicon dioxide and this
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degraded region becomes preferable diffusion path for oxygen from ambient to
AlGaN/SixN1x interface. This model can be used to predict the Ip-max Slow mode
degradation for AlIGaN/GaN HEMT on Si stressed under ON-state bias Vps =20 V and Vgs

=0V.
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Chapter 7

Summary and Future Works

This chapter concludes the AlIGaN/GaN HEMT-on-Si ON-state degradation
study presented in the previous chapters. Key achievements of the thesis are
summarized and linked to the objectives of the reliability study. This study has
improved the understanding of AlGaN/GaN HEMT ON-state reliability which
complements the OFF-state reliability knowledge. However, there are some
issues such as small number of samples that limit the scope of this study. The
implications and limitations of the study are thoroughly discussed in this
chapter. Last but not least, some possibilities for future work are discussed
such as statistical analysis and studying the effect of growth orientation on

the device reliability.

151



Summary and Future Work Chapter 7

7.1 Summary

The main objective of this project is to understand ON-state degradation of AlGaN/GaN
HEMT devices grown on Si substrate in order to improve the reliability of AlGaN/GaN
HEMT-on-Si technology. In Chapter 4, OFF-state degradation was compared to ON-state
degradation with a starting hypothesis that the role of 2DEG current in ON-state
degradation is just to increase junction temperature via joule heating. This hypothesis was
proven wrong as Ip-max degradation under ON-state stressing was 30% higher than under
OFF-state stressing despite having 33°C lower stressing temperature during ON-state
stressing. Microstructure characterization on the de-processed devices after electrical
stressing revealed that pits had formed in the drain-gate access region for devices stressed
under ON-state condition whereas pits were confined at the gate edge for the devices
stressed under OFF-state condition. Cross-sectional TEM analysis on device stressed under
ON-state condition showed dark features at the AIGaN/SixN1x interface away from the
gate edge on the drain side of the device. These dark features contained oxygen, gallium

and aluminum, which indicated AlGaN oxidation during the electrical stressing.

More pits were found at the drain-gate access region of the devices stressed under ON-state
condition with negative substrate bias. This suggested that electrons from 2DEG were
involved in the AlGaN oxidation away from the gate edge as the negative substrate bias
forced electrons from 2DEG to move upward. Based on these findings, a qualitative ON-
state degradation model was proposed. The hot electrons from 2DEG were injected to
AlGaN/SixN1.x interface and, at the same time, produced holes via impact ionization. These
electrons reacted with oxygen at the AIGaN/SixN1x interface to form oxygen ions. These
oxygen ions then oxidized AlGaN layer away from the gate edge in the presence of holes
to produce aluminum and gallium oxides which were observed as dark features. The
oxidized AlGaN was removed during the metallization and passivation layer etching,

leaving behind pits at the drain-gate access region.

The effect of different current densities in AlGaN/GaN HEMT ON-state degradation was
thoroughly discussed in Chapter 5. The stressing parameters were chosen carefully to
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ensure that devices were stressed at different current densities and kept the other parameters
constant. Thermal and electrical simulations were used to ensure that the stressing
temperatures were the same and negligible electric field difference between the two current
density stressing conditions. The results showed that current density correlated well with
the maximum pit distance at the drain-gate access region. This was because the amount of
hot electrons being injected to the AIGaN/SixN1x interface increased proportionally with
increasing current density, i.e. amount of electrons at 2DEG channel. Hot electrons were
also spread further away from the gate edge for higher current density devices. This led to

pit formation further away from the gate edge in the drain-gate access region.

In Chapter 5, it also was discovered that AlGaN/GaN HEMT ON-state degradation
consisted of two degradation modes i.e. fast and slow degradation modes. These two
degradation modes were differentiated by the source of oxygen. In fast degradation mode,
the major source of oxygen was pre-existing oxygen at the AIGaN/SixN1-x interface due to
imperfect lift-off process. This was supported by EELS line-scans at the AIGaN/SixN1x
interface of fresh device which showed oxygen presence. In contrast, the predominant
source of oxygen in slow degradation mode was oxygen from the ambient. This was
supported by comparison between the ON-state stressing under high vacuum and under
normal ambient. The device stressed under vacuum stopped degrading after fast
degradation mode whereas the device stressed under normal ambient continued to degrade

linearly.

In Chapter 6, the effect of passivation density on AlGaN/GaN HEMT ON-state degradation
was investigated using two different SixN1x densities. The high density passivation has 2
times higher breakdown field compared to low density passivation. All the devices were
stressed under ON-state condition Vps = 20 V, Ves = 0 V at three different temperatures.
These devices were then analyzed and compared based on conversion time and slow mode
slope. Conversion time is the time beyond which the device degrades linearly over time
and slow mode slope is the gradient of the linear portion of Ip-max Vs time plot after
conversion point. It was observed that high density passivation had a longer conversion

time than low density passivation for all temperatures. This was expected as high density
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passivation required more time to degrade due to its higher breakdown field compared to
low density passivation. It was also found that the slow mode slope of high density
passivation was comparable to that of low density passivation and it increased with
temperature. This suggested that oxygen diffused through at the same rate for both
passivation densities after the passivation degraded and it was thermally-activated process.
Therefore, the slow mode degradation rate depends on temperature but not passivation

density.

Cross-sectional TEM showed that SixN1x at the gate edge on the drain side degraded into
silicon oxide upon electrical stressing. The degraded area contained high concentration of
oxygen and low concentration of nitrogen. Nano-globes were also found in the degraded
area and they had lower relative density than non-degraded location. The high electric field
at the gate edge on the drain side (1-3 MV/cm) made SixNi-x oxidation possible. The
oxygen from the ambient could easily diffuse through the degraded SixN1-x and contributed
to AlGaN oxidation at AIGaN/SixN1x interface.

Finally, a quantitative model for ON-state slow degradation mode was proposed based on
electro-chemical oxidation and oxygen diffusion through SixNi-x passivation. Activation
energy for oxygen diffusion obtained from the model is 0.59 eV. This value is close to the
activation energy for oxygen diffusion through porous silicon dioxide reported by Perez-
Bueno et al. [177]. This suggests that oxygen diffuses from the degraded portion of SixNj-
x passivation and this is consistent with the cross-sectional TEM which showed that

degraded SixN1-x had high oxygen content and low nitrogen content.

The new findings mentioned above have fulfilled the main objectives of the study. This
thesis improves the understanding on electrical and physical degradation mechanisms in
AlGaN/GaN HEMT-on-Si devices stressed under ON-state condition. The stressing
parameters such as current density, passivation density and temperature were varied and
the effect of each parameter was discussed. Last but not least, AlGaN/GaN HEMT ON-

state degradation model was developed based on electro-chemical oxidation of AlGaN.
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7.2  Implications and Limitations

This thesis presented several key achievements. The implications and limitations of these

key achievements will be discussed in this section.

First and foremost, this work presented a direct comparison between OFF-state and ON-
state degradation of AlGaN/GaN HEMT. The results showed that the degradation under
ON-state condition was more severe than OFF-state condition due to the presence of hot
electron flow in 2DEG channel. The implication of this finding is that it is crucial to tackle
the ON-state reliability problem first before the OFF-state reliability, especially so as
enhancement-mode (E-mode) AlGaN/GaN HEMT has drawn a lot of interest recently. E-
mode AlGaN/GaN HEMT allows circuit simplicity, low standby power dissipation and
better system safety [11, 178, 179]. In E-mode devices, a higher voltage has to be applied
during ON-state condition due to the positive threshold voltage. This may lead to higher
ON-state degradation in E-mode devices. Thus it is very important to solve ON-state

reliability problems.

The second key finding was the two Ip.max degradation modes. These two degradation
modes were observed in devices stressed under ON-state and OFF-state conditions. Pre-
existing oxygen caused the fast degradation mode whereas slow degradation mode was
caused by oxygen diffusion from the ambient through the SixN1x passivation layer. This
result showed the importance of good lift-off process to minimize amount of pre-existing
oxygen at AlGaN/SixN1.x interface. It is even more important to note that denser passivation
can mitigate SixN1.x degradation and thus, preventing oxygen from ambient to diffuse to

AlGaN/SixN1x interface to oxidize AlGaN layer and degrade the device performance.

Lastly, ON-state degradation model was presented in this thesis based on the electro-
chemical oxidation. This was the first reported model for AlGaN/GaN HEMT ON-state
degradation. This model complements the OFF-state model based on the same mechanism
proposed by Feng et al. [16]. In chapter 6, the relationship between temperature and Ip-max

degradation under ON-state condition was proposed. This relationship can be used to
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predict Ip-max ON-state slow degradation at different stressing temperatures with constant
bias. However, there are some limitations to this model. First, this relationship is limited to
slow degradation mode and it does not take into account the fast degradation mode.
Secondly, there are other stressing and process parameters that have to be included in this
mathematical equation such as electric field, current density and threading dislocation

density.

7.3  Future Work

Despite the key findings made in this thesis, there are still a lot of questions to be answered
about AlGaN/GaN HEMT ON-state reliability. Possibilities of future works are discussed

in this section.

The main limitation of this project is sample availability. Large device-to-device variations
were observed for the same stressing condition. Stressing more devices for each condition
can show a clearer effect of each stressing/process parameter in ON-state degradation. Also,
different stressing conditions can be explored with abundant samples. Firstly, the ON-state
degradation study can be done with different composition of SiN passivation. This will
complete the study of different passivation density and thus a clearer correlation between
Ip-max degradation and passivation density can be obtained. From this study, one can obtain

the best SiN composition to prevent device degradation.

Secondly, an ON-state stressing can be done at different environments such as high
humidity, high oxygen level and ozone environment. This study will give correlation
between different sources of oxygen (H20, Oz and Oz) and Ip-max degradation under ON-
state stressing. In addition, ON-state stressing under different environments can simulate
the harsh environment in which AlGaN/GaN HEMT will be used.

ON-state stressing with devices grown with different crystal orientation can be another
potential future work. Figure 7.1 shows the design of AlGaN/GaN HEMT grown in the
same chip with different orientations i.e. [1100] and [1120]. The rationale behind this is
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that ON-state bias stressing may induce mechanical stress because of the inverse-
piezoelectric phenomenon. This mechanical stress is anisotropic in lateral direction. These
structures can be used to investigate the effect of mechanical stress in AIGaN/GaN HEMT
ON-state degradation. The correlation between Ip.max degradation and these parameters can
be incorporated into the model proposed in Chapter 6 in order to obtain more complete

model for slow degradation mode.

(b)

Growth direction

Figure 7.1 (@) Unit cell of GaN hexagonal-wurzite structure [37], (b) top view of the unit cell,

and AlGaN/GaN HEMT devices grown in the same chip in (c) [1100], (d) [1120] orientations

Moreover, the ON-state electrical degradation discussed in this thesis was based on Ip-max
degradation. There are other electrical parameters that can be investigated such as lg.-ieax
and Vrn. These parameters were out of the thesis scope as they may induce different
degradation mechanism such as gate metal inter-diffusion driven by local strain [180]. This
study will advance the understanding of AlGaN/GaN HEMT ON-reliability even further.
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Last but not least, after understanding the effect of various parameters on AlGaN/GaN
HEMT ON-state degradation with a large number of samples, statistical model needs to be

develop in order to predict the life-time of AlGaN/GaN HEMT devices on silicon substrate.

7.4 List of Publication

1) “ON-State Reliability of AlGaN/GaN High Electron Mobility Transistor (HEMT) on
Silicon Substrate” presented in student presentation session in European Symposium
on Reliability of Electron Devices, Failure Physics and Analysis (ESREF) 2016.

2) “Role of two-dimensional electron gas (2DEG) in AlGaN/GaN high electron mobility

transistor (HEMT) ON-state degradation” presented as poster in ESREF 2016 and

published as a special journal issue in Microelectronics Reliability.
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Appendix

APPENDIX

This appendix is to complement chapter 6 which discuss about the effect of passivation

density on AlGaN/GaN HEMT-on-Si ON-state degradation.

A Bad Devices

In this chapter, batch stressing was done in 32-SMU NI system. During the analysis of the
electrical stressing results, there were some of bad devices that were excluded. These bad
devices will be discussed in this section.

A-1 Large Drain Leakage

Figure A.1a and b shows the Ip.max vs time and Ips-V s plots for the bad device, respectively.

This device had a large drain leakage current about 2 mA in OFF-state operation regime

where Vgs 1s below Vg =-3.8 V.
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Figure A1 (a) Ip-max Vs time and (b) Ips-Vs plots for bad device with large drain leakage current

indicated by the arrow
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A-2 Bad Gate Pad Connection

In this device, Ips did not change with increasing Vgs. The Ips stayed constant at 17 mA.

One possible reason is that this device has a bad gate pad connection.
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(@) lo-max Vs time and (b) lps-Ves plots for bad device that lost its transistor
characteristics because of bad gate pad connection

B Electrical Stressing Raw Data
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(@) Ip-max Vs time and (b) Ip-stress VS time plots for devices with low density passivation
stressed under ON-state condition Vps = 20 V, Vs = 0 V and Tsurounding = 150°C
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(@) Ib-max Vs time and (b) lpswess VS time plots for devices with high density
passivation stressed under ON-state condition Vps = 20 V, Vgs =0 V and Tsurrounding = 150°C

B'2 VDS = 20 \7, VGS = 0 V and Tsurrounding = 175°C
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Figure A.6

(@) Ip-max Vs time and (b) Ip-stress VS time plots for devices with low density passivation
stressed under ON-state condition Vs = 20 V, Ves =0 V and Tsurounding= 175°C
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Figure A7  (a) lp-max Vs time and (b) Ipsiess VS time plots for devices with high density

passivation stressed under ON-state condition Vps = 20 V, Ves = 0 V and Tsurounding= 175°C
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Figure A.10 (@) Ip-max VS time and (b) Ip-stress VS time plots for devices with low density passivation
stressed under ON-state condition Vps = 20 V, Vs = 0 V and Tsurounding = 225°C
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Figure A.11 (a) lpmax Vs time and (b) Ipswess VS time plots for devices with high density

passivation stressed under ON-state condition Vps = 20 V, Ves = 0 V and Tsurounding = 225°C
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