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ABSTRACT

Wide bandgap semiconductors are of much current interest due to their superior
electrical properties. This dissertation describes electron microscopy characterization of
GaN-on-GaN structures for high-power vertical device applications.

Unintentionally-doped (UID) GaN layers grown homoepitaxially via metal-
organic chemical vapor deposition on freestanding GaN substrates, were subjected to dry
etching, and layers of UID-GaN/p-GaN were over-grown. The as-grown and regrown
heterostructures were examined in cross-section using transmission electron microscopy
(TEM). Two different etching treatments, fast-etch-only and multiple etches with
decreasing power, were employed. The fast-etch-only devices showed GaN-on-GaN
interface at etched location, and low device breakdown voltages were measured (~ 45-
95V). In comparison, no interfaces were visible after multiple etching steps, and the
corresponding breakdown voltages were much higher (~1200-1270V). These results
emphasized importance of optimizing surface etching techniques for avoiding degraded
device performance.

The morphology of GaN-on-GaN devices after reverse-bias electrical stressing to
breakdown was investigated. All failed devices had irreversible structural damage,
showing large surface craters (~15-35 microns deep) with lengthy surface cracks. Cross-
sectional TEM of failed devices showed high densities of threading dislocations (TDs)
around the cracks and near crater surfaces. Progressive ion-milling across damaged
devices revealed high densities of TDs and the presence of voids beneath cracks: these
features were not observed in unstressed devices. The morphology of GaN substrates
grown by hydride vapor-phase epitaxy (HVPE) and by ammonothermal methods were



correlated with reverse-bias results. HVPE substrates showed arrays of surface features
when observed by X-ray topography (XRT). All fabricated devices that overlapped with
these features had typical reverse-bias voltages less than 100V at a leakage current limit
of 10 A. In contrast, devices not overlapping with such features reached voltages greater
than 300V. After etching, HVPE substrate surfaces showed defect clusters and macro-
pits, whereas XRT images of ammonothermal substrate revealed no visible features.
However, some devices fabricated on ammonothermal substrate failed at low voltages.
Devices on HVPE and ammonothermal substrates with low breakdown voltages showed
crater-like surface damage and revealed TDs (~25um deep) and voids; such features were
not observed in devices reaching higher voltages. These results should assist in

developing protocols to fabricate reliable high-voltage devices.



ACKNOWLEDGEMENTS

My deepest gratitude goes to my advisor Professor David J. Smith for his
guidance, advise and mentorship throughout my PhD journey. His patience, work ethics
and teachings taught me what it takes to be a good scientist. I will carry his lessons with
me in my future endeavors and strive to be a good materials scientist and a good person.

| thank Professor Alford Terry, Professor Martha R. McCartney, Professor
Robert Nemanich and Professor Yuji Zhao for being members of my supervisory
committee and for their support. | am thankful to Professor Fernando Ponce, Professor
Stephen Goodnick, Professor Robert Nemanich and Professor Yuji Zhao for their
valuable inputs and teachings during our ARPA-E research group meetings. |
acknowledge the support by ARPA-E award DE-AR0000868 for the research.

My thanks to Karl Weiss, Kenneth Mossman, and Emmanuel Soignard for their
training and technical assistance, and | appreciate the use of facilities in the John M.
Cowley Center for High Resolution Electron Microscopy at Arizona State University.

| am grateful for the support and friendship of my fellow researchers Dr.
Abhinandan Gangopadhyay, Dr. Brandon Mckeon, Dr. HsinWei Wu, Dr. Brian Tracy,
Dr. Sirong Lu, Dr. Allison Boley, Scott Sherman, Dr. Kai Fu, Dr. Hougiang Fu, Dr.
Rajeev Reddy, Dr. Shanthan Reddy, Dr. Po-Yi Su, Kevin Hatch, Daniel Messina, Chen
Yang.

My deepest gratitude to my parents and brother for their unconditional support

and encouragement throughout my life.



TABLE OF CONTENTS

Page

LIST OF TABLES ... Vi

LIST OF FIGURES ... .o vii
CHAPTER

1. INTRODUCTION ...t 1

1.1 POWET EIECIONICS ...t 1

1.2 Power Devices Based 0N GaN ..........cccceiiniinnieieecinesssise e 2

1.3 Properties of Gallium NItride.........ccccovveviciiciceccs e 6

1.3.1 Crystal SEUCIUIE........ocvctiiececee e 6

1.3.2 Structural CharaCterization..............oeeeeirinririsieieeeeesesss s 9

1.3.3 SErUCTUFAl DEFECES ... 10

1.3.3.1 POINE DEFECES ... 10

1.3.3.2 LiNe DEFECES. ....ocueueiieiiisisictecceee et 11

1.3.3.3 Planar DEfeCtS........ccooioirirririeieicceriess s 12

1.3.3.4 VOIUME DEFECES........ciiiiriieieieietss s 13

1.4 Lateral Devices VS VertiCal DEVICES .........ccorrreeeiiininirisieieieeees s 13

1.5 Outling Of DISSEITAtION .......c.cviiiiriiiieieiciceier e 15

RETEIBNCES ... 17

2. EXPERIMENTAL METHODS .......oooiiiiiee e 21

2.1 GrOWEN IMEENOGS .........coiiiiiiic e 21

2.1.1 Metal Organic Chemical Vapor Phase Deposition (MOCVD) ................ 21

2.1.2 Molecular Beam Epitaxy (MBE) ........ccccoiiiiiiiiicicecececee e 22

iv



CHAPTER Page

2.1.3 Hydride Vapor Phase Epitaxy (HVPE) ......ccccoeiieiieiceeeeceeseees 24
2.2 Characterization TECANIQUES...........covierieirieeseriee e 25
2.2.1 Scanning Electron Microscopy (SEM) ......cccoevveieieveieserse e 25
2.2.2 Focused 10N Bam (FIB) .....ccccvvveiiiicesce e 26
2.2.3 FIB Specimen Preparation Using in situ Lift-Out.............cccccceveivreiennnnn, 29
2.2.4 Transmission Electron Microscopy (TEM) ......cccccoevveivveveiesccececeee, 30
2.2.5 X-ray Topography (XRT) ..o 31

RETEIENCES. ...t 32

..................................................................................................................................... 33
3.1 INETOTUCTION. ...ttt 33
3.2 Materials and MEthodsS .........c.ciiiiriecce s 35
3.3 RESUILS AN DISCUSSION .......ecviiiniiiriresieieieete et 37
3.4 CONCIUSIONS ...ttt 45
RETEIBNCES ... 46

4. STRUCTURAL BREAKDOWN IN GaN-ON-GaN VERTICAL P-N POWER

DEVICES ..o 48
4.1 INEFOTUCTION ...ttt 48
4.2 Experimental DetailS ..o 50
B3 RESUILS.......ceeiecii e 51
A, SUMMANY ...ttt steeie et eete e sbesse e se s e sseeseesseessesseestesseesesseenseeseesseensessannsans 59
RETEIBNCES. ...ttt 61



CHAPTER Page

5. EFFECT OF SUBSTRATE MORPHOLOGY ON REVERSE-BIAS STRESS-

TESTING OF GaN-ON-GaN VERTICAL P-N DEVICES..........c.ccooiiiiinie 63
5.1 INETOTUCTION. ...ttt 63
5.2 Experimental DetailS ...........ccooveiieiiiiec e 66
5.3 RESUILS....eieie s 67
5.4 SUMIMAIY .eiitiiieeieie ettt bbbt e b et e s seenbenneesbeereesbe et s 77
RETEIENCES......eeeeee bbbt 78

..................................................................................................................................... 80

8.1 INEFOTUCTION. ...ttt 80

6.2 Experimental DetailS ..........ccccvveiiiieicceesee e 80

8.3 RESUILS ...ttt 81

6.4 DiSCusSION and SUMIMANY .........c.coviirreeiierieesiereete e s et e e re s e sesnens 90
RETEIENCES ... 91

7. FUTURE WORK ...t 92
7.1 Factors Causing GaN-on-GaN Device Breakdown: Preliminary Results.......... 92

7.2 OULIOOK ...ttt 98
REFERENGCES ... o 100

Vi



Table

LIST OF TABLES

1.1. Comparison of Electrical Properties..........cccccovveieeieieneseie s 3
1.2. Comparison of Physical Properties Between GaN, AIN and Si ..........ccccceeveneneee 7
3.1. ICP Etching Treatment for Fast-Etch-Only DeViCes .........cccccevvverevrereseseennene 35
3.2. ICP Treatment with Four-Step Etching Process. Etching Started with High RF-
Power, Which was Then Progressively Decreased ............cocvvverveeieiescsnennenen, 36
5.1. Summary of 1-V measurements for Wafer S-1 .........ccccovvvieiienciescceseceeen 68
5.2. Summary of 1-V Measurements for Wafer S-2.........cccccoevvveivieicevcvseceeen 70
5.3. Summary of I-V Measurements for Wafer S-3.........c.ccoovviiiiiiiieiicses 71

vii



LIST OF FIGURES

Figure Page

1.1 Schematic Illustrating Power Electronics Interface Between Source and Load......... 2

1.2 Comparison of Electronic Properties of Wide Bandgap Materials (GaN and SiC)

REIALIVE 10 THOSE OF Sl ..ottt e e e et e e e e e e e neeeeneneeans 5

1.3. Specific On-resistance (Rsp,ON) vs. Breakdown Voltage (V) for Different Devices

AN MATETTAL LEMITS «.eeeeeeeee ettt e et e e e e e et e s e e e e e eaneeeeeaeneneneeenane 5

1.4. (a) Representation of Wurtzite GaN Unit cell with Important Crystal Surface
Planes. Polar c-plane and Non-polar m- and a-planes Marked in Green, Red, and
Blue, Respectively; (b) m-plane GaN Atomic Arrangement, Definition of Unit Cell
Marked in Red and Atoms Below Top Atomic Double Layers are Shown in

Translucent; and (c) Atomic Arrangement Viewed with Slightly Tilted m-plane.....8

1.5. Schematic of Atomic Arrangement in Ga- and N-polar GaN. Direction of

Spontaneous Polarization Dipole (P) Indicated by ArrOWS ........cccovvevveeiceieivernnen, 9
1.6. Schematic of Possible Point Defects in a Crystal Lattice.............cccccevevvvevieiennnnen. 11
1.7. Schematic of: (a) Edge Dislocation, (b) Screw Dislocation.............ccccccevevvivvrrnnnnne. 13

1.8. Comparison Between Lateral (GaN/Si or SiC) and Vertical (GaN/GaN) Devices in

Terms Of POWEN CapaCity ......ccocviiiiiieie e 14

viii



Figure Page

2.1. Schematic of Metal Organic Chemical Vapor Deposition System............cccccevvueneee 22
2.2. Schematic of Molecular Beam Epitaxy SYStem ........ccccvveieeiereienciesereeeseeseas 24
2.3. Horizontal Hydride Vapor Phase Epitaxy Reactor...........ccccccvvvevvvevciesiercieseiesens 25

2.4 Schematic Showing the Generation of Many Different Signals When the Incident

Electron Beam of an SEM Interacts with a Sample Surface...........c.ccoceoeveviciernnnnne 26

2.5 Schematic of DUAI-Deam FIB-SEM ...t 28

3.1. Schematics: (a) Device Structure, with Red Line Indicating Location of Etching

Done Before Regrowth; and (b) ICP Etching and p-GaN Regrowth Process.......... 37

3.2. (a) Reverse |-V Characteristics Showing Typical Breakdown Voltages for Fast-
Etch-Only and Multiply-etched Devices; (b) Forward I-V curves for Fast-Etch-

Only, Multiply-Etched and Non-Etched DeViCes..........cccoeevevierieiceieiesieeceeeee, 38

3.3. Cross-section TEM Micrograph Showing Upper Region of Non-Etched p-
GaN/UID-GaN Control Structure with No Visible Interface (Pt and Carbon are

Deposited for Surface Protection During FIB Milling)..........ccccovevvveiviieiceicieene 40

3.4 Cross-Section TEM Micrograph of Fast-Etch-Only Device. Arrow Indicates

Location of p-GaN/UID-GaN Interface..........cccovvviviiieiinieiecece e 41



Figure Page

3.5 (a) Schematic of Device Structure. Cross-sectional TEM Micrographs of Fast-
Etched Device: (b) Medium-Magnification; (c) High-Magnification Image of Area
Marked as ‘C’ in (a); (d) High-Magnification Image of Area Marked as ‘D’ in (a);
(e) Dark-Field (0002) Image Shows Clear Interface Between p-GaN and UID-GaN

Interface; (f) Bright-Field Image Clearly Shows Regrowth Interface and Defects..42

3.6. (@) Cross-Section TEM micrograph of p-GaN/UID-GaN Interface (Arrowed) of
Multiply-Etched Device After Being Stressed to Reverse Bias of 1kV; (b) Higher-
Magnification Micrograph of p-GaN/UID-GaN Interface (arrowed) for Same
Device. Small Precipitates Visible in p-GaN Layer are Tentatively Identified as Mg

Precipitates Caused by Device ANNEAlING .........ccooevvevieiieiseseesee e 43

3.7. () Cross-Section TEM Micrograph of Multiply-Etched Device After Stress-
Testing to Reverse Bias of 1kV for 10 Biasing Cycles; (b) Micrograph Showing p-
GaN/UID-GaN Interface; (c) Higher-mMagnification Electron Micrograph

Showing Region of p-GaN/UID-GaN Interface (arrowed) for Same Device........... 44

4.1 SEM Images Showing Examples of Devices that had been Reverse-Bias-Stressed to
Electrical Breakdown, Revealing Extensive Surface Damage, Including Deep
Craters and Wide Cracks: (a) Device L5, (b) Device L6, (c) Device L7, (d) Device

L12, (e) Device L14, and () DeVICe L16 ........cccccevvviiiiieiiiececece e 52

4.2. Schematic Illustrating Maximum Crater Depths in Series L Devices After They

had DEen SErESSEA 1O FAIIUIE.......oei e e e et e e e et e e e eeneeens 54



Figure Page

4.3. TEM Cross-section Images of Device L14 from Lift-Out Location Marked in
Figure 4.1(e), Showing Left Side (a), and Right Side (b), of Crack with Dislocations

More Concentrated Towards Crater Surface and Near Crack Region...................... 54

4.4 (a) TEM Cross-Section Image of Unstressed Device Showing Absence of
Dislocations Across the Sample; and (b) Enlargement of p-GaN/Insertion
Layer/UID-GaN Region Showing No Surface-treatment Damage or Structural

Defects, Although Some Precipitates are Visible in p-GaN Layer.............ccccceveueneee 55

4.5. Series of SEM Images of Device L16, Showing Progressive Cross-Sectional
Milling Across Area of 30um (Length) x 25um (Depth): (a) Plan-View Image
Showing Location Where Milling Started (Black Double-Arrowed Line); (b) Cross-
Section Image After 5 Microns of Milling, Showing Presence of VVoids Right
Below Surface Crack; (c) Cluster of Voids; (d) Voids Extending from Surface Just
Below Crack to ~16 Microns Deep; (e) Voids and TDs; (f) Presence of TD Cluster
all Over Area; (g-h) TDs Extending from Substrate; (i) Milled Almost to Edge of

VIR ..ttt et e e et e e e e e e et e e e e aneas 56

4.6. Plan-view SEM Image of Device Al After Reverse-Bias Breakdown at ~1.27 kV,
Showing Surface Pits and Crack. White Arrowed Lines Indicate Location of Cross-

Sectional Milling and Double-Arrowed Line Indicates Position of TEM L.ift-out..57

Xi



Figure Page

4.7. Cross-Section TEM Images After Lift-out of Device Al Across Surface Crack,
from Location, Marked with Double-Arrowed Line in Figure 7: (a) Low-
Magnification Image Showing Large Crack about 4 Microns Deep, as well as
Smaller Cracks and Presence of Dislocations Concentrated Near Cracks and
Surface. Locations Marked as ‘A’, ‘B’, ‘C’ & ‘D’ Shown in Following Series of
Images; (b) High-Magnification Image of Location ‘A’ Showing Precipitates within
p-GaN; (c) High-Magnification Image of Location ‘B’ Showing Precipitates and
Left-Side of Large Crack; (d) High-Magnification Image of Location ‘C* Showing
Right-Side of Large Crack and Surrounding Dislocations; and (e) High-
Magnification Image of Location ‘D’ Showing 2-Micron Deep Smaller Crack and

SUrrounding DiISIOCALIONS.........cc.cviieiiiiee et 57

4.8. Series of SEM Images of Device Al After Progressive Cross-sectional Milling
Across Area of 40um (Length) x 25um (Depth), from Location Marked with
Arrowed White Lines in Fig. 6: (a) TDs all Over Milled Area; (b) High-
Magnification Image Focused on TD that Extended ~49 um Down from Crater
Surface; (c) Voids Concentrated Nearer to Crack; (d) Surface Crack that Appears to
be ~10 um Deep Extending into Device; (¢) TDs Near and Well Away from Crack
and Extending Deep into Substrate; and (f) Milling Stopped at Edge of Device and

Surface Crack Extending Beyond the Device is ObServed..........ccooevvvvvieieneinenns 58

xii



Figure Page

4.9. Cross-Section TEM Images of Device A2 Which was not Subjected to any
Electrical Tests: (a) Low-Magnification Image Shows No Cracks or Dislocations;
(b) High-Magnification Image of p-GaN/Insertion-layer/UID-GaN Area Shows No

Visible Etch Damage OF DEfECtS.........covvvciieieicsce e 59

5.1. (a) Reverse-Bias I-V Curves for Devices on Wafer S-1 that Showed Large
Reverse-Bias Voltages Before Reaching Cut-Off Limit of 10° A; (b)
Corresponding Curves for Devices on Wafer S-1 with Lower Reverse-bias Voltage

L IS ettt et e e et et e e e e e eeeeteeeaaeeeaaeeaaneeaaeeeanes 69

5.2. (@) XRT Image of HVPE-grown Wafer S-1 Showing Two-Dimensional Array of
Dark Spots with ~1mm Separation. Circles Indicate Locations Where Devices were
Later Fabricated. (b) Low-Magnification SEM Image Showing Devices Fabricated

at Locations INdicated iN (8) ......cccevvereeeireeieieesees e 70

5.3. (@) XRT Image of HVPE-Grown Wafer S-2 Showing Discontinuous and Vertical
Features with Lateral Separation of Roughly ~1mm Spacing. Circles Indicate
Locations Where Devices were Later Fabricated. (b) Low-Magnification SEM
Image Showing Devices Fabricated at Locations Indicated in (a), the Device within

the Box was Stress-Tested to Breakdown: see Fig. 5.10 ........cccccvvvvviiiiciiiiicncnee, 71

Xiii



Figure Page

5.4. (a) XRT Image of Wafer S-3 as Grown by Ammonothermal Method. No
Macroscopic-Sized Features are Visible. Circles Indicate Locations Where Devices
were Later Fabricated. (b) Low-Magnification SEM Image Showing Devices

Fabricated at Locations Indicated iN (2) .......ccccevvvereeieieiesesiee e 72

5.5. XRT Images: (a) Wafer S-A; and (b) Wafer S-B. Enlargements of the Circled

Regions are Shown in Later FIQUIES.........covceieiieice e 73

5.6. (a) Plan-View SEM Image of Wafer S-A Showing the Location Marked by Circle
in Fig. 5.5 (a): (b) Medium-Magnification Image Showing Cluster of Defects from

Location Marked iN (2) ....ccceveieiiieiseiee e 73

5.7. Enlarged Images of Wafer S-A Showing the Locations Marked in Fig. 5.6 (b): (a)
Series of Inverted-Hexagonal Pyramidal Pits at Location L1; (b) Large Pit With
Width ~5.5 Microns at Location L2; (c) Closely-Packed Hexagonal Pits ~5-6
Number; (d) Large, Irregular Pit Likely Formed by Amalgamation of Several

NI BT PIES ..ottt et et e e et e e et e e et e et e e e e e e e e e eeteeeeeneaann 74

5.8. Plan-View SEM Images of Wafer S-B from Location Circled in Fig. 5.5(b): (a)
Low-Magnification Image Showing No Substantial Surface Features; (b) Higher-

Magnification Image Showing Irregular Surface Pit at Location Circled in (a) .....75

Xiv



Figure Page

5.9. Series of SEM Images of Device 60-2 on Wafer S-3, Showing Progressive Cross-
Sectional Milling Across Surface Area of 25um (Length) x 25um (Depth): (a) Plan-
View Image, also Showing Location Where Milling Started (Double-Arrowed
Line); (b-g) Cross-Section Images Each Taken After 5 Microns of Milling,
Showing Presence of Dislocations; (h) Plan-View Image Taken After Completion

OF IMIIING ottt e e b e e nesnens 75

5.10. Series of SEM Images of Device 300-1 on Wafer S-2, Showing Progressive
Cross-Sectional Milling Across Surface Area of 40um (Length) x 30um (Depth):
(@) Plan-View Image Showing Location Where Milling Started (Double-Arrowed
Line) and Crater-Like Surface Pit (Arrowed); (b-g) Cross-Section Images Each
Taken After 5 Microns of Milling, Showing Presence of Cluster of Voids and

Dislocations; (h) Plan-View Image Taken After Completion of Milling................. 76

6.1. Schematic of Device Structure, Also Indicating Location of Etching and

PaSSIVALION TTEALMENT ...ttt e e e e e e e e et e e e e e eeeeeeeneeeaens 82

6.2. (a) In situ XPS Plot Showing Elemental Compositions After ALE Etching
(Courtesy of K. Hatch); (b) Low-Magnification SEM Image Showing Regrowth
Surface; (¢) High-Magnification SEM Image Showing Growth Interruptions at
Location Marked in (b); and (d) High-Magnification SEM Image from Location

Marked IN (D) ..o ————— 82

XV



Figure Page

6.3. (@) Low-Magnification TEM Image Showing p-GaN/UID-GaN Interface (White
Arrow); Higher-Magnification Images Showing Defects within p-GaN and Visible
p-GaN/UID-GaN Interface: (b) Location ‘A’, (¢) Location ‘B’, (d) Location ‘C’, (e)
Location ‘D’, (f) Location ‘E’; and (g) High Resolution TEM Image Showing p-

GaN/UID-GaN Interface REQION .........ccceiierieisciesie et 84

6.4. (a) In situ XPS Plot (Courtesy of K. Hatch) After ALE (Left) and After Passivation
Treatment (Right); (b) Low-Magnification SEM Image Showing Mostly Uniform
Area but With Dark Circles; (c) Medium-Magnification SEM Image from Location
‘A’; (d) High-Magnification SEM Image from Location ‘B’; (e) High-
Magnification SEM Image from Location ‘C’; and (f) High-Magnification SEM

Image Showing the Location (Arrowed) of TEM Lift-Out ..........ccccovevvcvieriennnnen, 85

6.5. (@) Low-Magnification TEM Image Showing p-GaN/UID-GaN Interface (White
Arrow). High-Magnification TEM Images Showing Defects within p-GaN and
UID-GaN Taken: (b) Location ‘A’; (c) Location ‘B’; (d) High-Resolution TEM
Image Showing Defects within p-GaN; (e) High-Resolution TEM Image Showing
“V’-Shaped Defect within UID-GaN; and (f) High-Resolution TEM Image

Showing Dislocation Loop Near Top of UID-GaN Layer.........ccccccovevvivieieieceenns 87

6.6. (a) Location ‘B’ in Fig. 6.5(a) Under Two-Beam Conditions; (b) Location ‘C’ in
Fig. 6.5(a) Under Two-Beam Conditions; (¢) WBDF Image from Location ‘B’; and

(d) WBDF Image from Location ‘C .........ccocririnininininenenenesesese e 88

XVi



Figure Page

6.7. (a) In situ XPS Plot for GaN Surface after ALE and Passivation; (b) SEM Image
Showing Hexagonal-Shaped GaN Islands; (c) SEM Image Showing Small and

Large GaN Islands; (d) Cross-Sectional TEM Image, Taken at Location Circled in

(c), Showing Defects Deep Inside the UID-GaN ...........cccccevvvieveiivenciesciesesieecne 89
7.1. llustration (Not to Scale) of Devices: (a) B1, and (0) B2.........ccccoeveevvevevicicinns 93
7.2. Plan-View SEM Images 0f BL DEVICES........ccccovieivrerieiieieeeseesesiee e sneesne e 94

7.3. Series of SEM Images of Device B1, Showing Progressive Cross-Sectional Milling
Across Part of the Failed Device: (a) SEM Image Showing a Large Crack Across
the Device and the Location Where Milling Started (Arrowed Line); (b-h) Cross-
Section Images Each Taken after 5 Microns of Milling, Showing High Density of

TDs; (h) SEM Image Taken After Completion of Milling ..........ccccoovevieviiiennne, 95

7.4. Low-Magnification SEM Image Showing Two Types of Breakdown When the B2
Devices were Reverse-Bias Stressed to Failure: Black Circles Indicate Type |
Breakdown and Red Circles Indicate Type Il Breakdown. Insert Shows XRT Image

with Roughly Equally Spaced (~1mm) Array of Surface Features............c..cccueuunee. 96

7.5. SEM Images Showing the Type Il Breakdown Mode with Cracks Branching

Outwards Rather Than Deep Cracks and Surface Crater...........ccoovevvveiieiieiesiieennns 97

7.6. Series of SEM Images of Type-Il Breakdown in Device B2, Showing Progressive

Cross-Sectional Milling Across Surface Area: (a) SEM Image, Showing Outwards

Xvii



Branching Cracks and Location of Milling Marked by Arrowed Lines; (b-d) Cross-
section Images Each Taken after 5 Microns of Milling, Showing Presence of TDs

and Crack; (e-f) SEM Images Taken after Milling of Smaller Crack Circled in (b)

Xviii



CHAPTER 1

INTRODUCTION

1.1 Power Electronics

The advancement of power electronics is critical for efficient production and future
sustainable supply of electrical energy. The Department of Energy (DoE) has reported
that approximately 40% of all energy consumed in United States is first converted into
electricity [1]. This amount increases to approximately 60% when considering electric
vehicles and electricity-based public transportation [2]. Electricity as the primary
consumption of energy will continue to expand as the fastest growing form of end-use
energy. Power electronics is currently handling almost 40% of all electricity being

consumed in this country and this amount is expected to increase to 80% by 2030 [3].

Power electronics can be considered as the technology that interfaces between
electrical sources and electrical load. It also provides a mechanism that transfers power
from the source to the load by controlling the respective currents and voltages [4], as
depicted in Figure 1. The electrical source and the electrical load often differ in
frequency, voltage amplitude, and the number of phases [5]. Thus, power electronics
must provide utilities with the ability to deliver power more effectively to their customers

while providing increased reliability for bulk power generation and distribution systems.
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Figure 1.1. Schematic illustrating power electronics interface between source and load

[4].

1.2 Power Devices Based on Gallium Nitride

The performance of commercial silicon-based power electronic devices, such as
thyristors, metal-oxide semiconductor field-effect transistors (MOSFETS), and insulated-
gate bipolar transistors (IGBTS), is rapidly nearing material property limits [6]. Wide-
bandgap semiconductors are of much current interest due to the many advantages offered
by devices made of these materials compared to Si-based devices. Table 1.1 compares the
electronic properties of several wide-bandgap materials with those of Si. Figure 1.2 is a
schematic comparison between Si, silicon carbide (SiC), and gallium nitride (GaN) for
important device characteristics. The wide-bandgap materials have clear advantages over

silicon for power device applications.



Band Electric Elect_r(_)n Electro_n Thermal
_ Gap B'reakdown Mobility Satura_tlon Conductivity
Material Field Velocity
(Eeg\/) (EI\C/IV/cm) tlc?mz’lv.s) 2107 cm/s) A (Wem. K)
Si 112 |03 1500 1 1.5
GaAs 143 |04 8500 2 0.46
GaN 344 |39 1250 2.2 2.3
4H-SiC 3.26 |2 1000 2 4.9
6H-SiC 286 |24 400 2 4.9
Diamond | 545 |10 3800 2.7 22

Table 1.1. Comparison of electrical properties [9-17].

The combination of wide bandgap and chemical stability at elevated temperatures
makes GaN-based devices suitable for applications in high temperature and harsh
environments. Moreover, GaN has large electron mobility and saturation velocity
compared to Si, which allows high frequency operations [7]. The breakdown electric field
of GaN is much higher compared with Si, allowing for the design of power devices with
higher operating voltages and reduced leakage currents [8]. Furthermore, GaN power
devices have larger bandgap and low intrinsic carrier concentration. The relatively low
bandgap of Si (1.12 eV) means that Si-based devices (MOSFETSs, thyristors, etc.) require
large critical thickness for high voltage applications, which leads to high resistance and
conduction losses in devices [19]. Moreover, the low Si bandgap means large intrinsic
carrier concentrations which will increase leakage currents as the temperature increases

[20]. Lower electrical breakdown field as well as bandgap mean thicker drift regions with



low doping levels in order to achieve high blocking voltages, which in turn translate to
high conduction losses. GaN has a higher critical electrical field than Si which leads to
thinner voltage-blocking layers and reduced on-resistance in devices such as MOSFETs
relative to Si [21]. GaN also has higher electron mobility, high saturation velocity and
high thermal conductivity. These advantages allow for the design of power devices for
high voltage and high temperature operations [22]. Fast switching GaN power devices
greatly increase efficiency and provide smaller device systems [23].

Although silicon carbide (SiC) diodes are commercially available with rapidly
incremental market share for high efficiency devices, GaN-based power devices are of
increased interest because their material-based figure of merit (FOM) parameters are
considerably higher than those of SiC [2, 23-24]. The power figure of merit (PFOM) is
directly influenced by the cubed electric breakdown field (E.), and is a parameter used to
compare wide bandgap materials most suitable for vertical power device applications.
Figure 1.3 shows the specific on-resistance (Rsp,on) versus device breakdown for GaN,
SiC, and Si. GaN has a clear advantage over Si or SiC given that the electric breakdown
field for GaN is roughly 1.6 times greater than that of SiC, and 10 times more than that of

Si [25].
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Figure 1.2. Comparison of electronic properties of wide bandgap materials (GaN and
SiC) relative to those of Si [18].

1000
O GaN vertical Diodes
® GaN vertical FET
100 ® HEMT-1
a ® SIiC-MOS
& HEMT-2
‘-.’ SIC-VJFET
C 10
E
-
on
% 1
(n'd
0.1 P
100 1000 10000

Breakdown Voltage (V)
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1.3 Properties of Gallium Nitride

1.3.1 Crystal Structure

The group IlI-nitrides are direct band-gap semiconductors with band-gap energies
ranging from 0.7eV (InN), to 3.4eV (GaN) and 6.2eV (AIN). By forming ternary group
I11-nitride alloys such as indium gallium nitride (InxGaixN) and aluminum gallium
nitride (AlGaN), as well as quaternary alloys, band-gap energies can be engineered to

cover the entire wavelength range from deep-ultraviolet (UV) to near-infrared (IR) [26].

Table 1.2 compares some important physical properties of GaN with those of AIN
and Si. The group IlI-nitrides have the thermodynamically-stable wurtzite structure as
well as two unstable structures (zincblende and rock-salt). Each atom is tetrahedrally
coordinated to four other atoms through sigma bonds originating from the sp® hybrid
atomic orbitals. The stacking sequence of wurtzite is ..AaBbAaBb.. along the <0001>
direction [27]. Figure 1.4 shows a schematic of the wurtzite GaN unit cell with two
interpenetrating hexagonal-close-packed (hcp) sublattices [28]. The polar c-plane is
marked in green whereas non-polar planes are marked in blue and red. Figure 1.4 (b)
shows the atomic arrangements for m-plane projection as well as the size of the unit cell

marked in red. The length and direction of lattice parameters a and c are also marked.

GaN-on-GaN heterostructure devices are most commonly grown on c-plane GaN
substrates, which is a high symmetry/low index orientation. The reasons for electronic
and optoelectronic industrial devices being grown with this orientation are the

commercial availability of cost-effective substrates, as well as surface stability and good



surface morphology under different growth conditions [29]. The planes of anions
alternate with planes of cations in the c direction for wurtzite GaN, which gives a non-
centrosymmetric structure with spontaneous polarization. Since the c-plane is polar, GaN
devices grown on this plane have electric fields that can affect device performance [30].
When devices without electrostatic fields are required, GaN can be grown on m-plane or
a-plane since these surfaces are non-polar. It has been reported that devices without

internal electrostatic fields can be grown epitaxially on non-polar planes [31].

Lattice Coefficient of Bond
Material Symmetry | Parameters thermal expansion | length
(nm) 10 (K1) (nm)
. a=0.319 5.59 (along a)
GaN (Wurtzite) Hexagonal c= 0519 3.17 (along c) 0.194
GaN (Zincblende) | Cubic a=0.452 - -
. a=0.311 4.2 (along a)
AIN (Wurtzite) Hexagonal o= 0.498 5.3 (along c) 0.189
AIN (Zincblende) | Cubic a=0.438 - -
Si Cubic a=0.543 3.59 -

Table 1.2. Comparison between physical properties of GaN, AIN and Si [27, 32].

The GaN crystal structure has spontaneous polarization along the c-axis due to the
large ionicity of the Ga-N bonds, which means that Ga-polar basal (0001) planes in the
wurtzite structure are not equivalent to N-polar (0001) planes [32]. Figure 1.5 illustrates
the atomic arrangements in Ga-polar and N-polar GaN. This difference can be critical in

some applications because of the dependence of many physical properties on crystal



polarity, including polarization, etching, and growth. Thus, while the c-direction is the

most stable for growth, most studies have been conducted on Ga-polar (0001) GaN rather

than N-polar (0001) GaN [33].

[1100]

@Ga ON

[1120]

Figure 1.4. (a) Representation of wurtzite GaN unit cell with important crystal surface
planes. Polar c-plane and non-polar m- and a-planes marked in green, red, and blue,
respectively; (b) m-plane GaN atomic arrangement, definition of unit cell marked in red
and atoms below top atomic double layers are shown in translucent; and (c) Atomic
arrangement viewed with slightly tilted m-plane. [28]
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Figure 1.5. Schematic of atomic arrangements in Ga- and N-polar GaN. Direction of
spontaneous polarization dipole (P) indicated by arrows [33].

1.3.2 Structural Characterization

The stacking of semiconductors devices with multiple layers, whether
homoepitaxial or heteroepitaxial, introduces more complexity to the overall device
structure. Since the rapid acceleration of "minimization of design" rule for semiconductor
devices, electron microscopy characterization has become a crucial technique that allows
investigation and control of device quality from the size/scale of an entire packaged
device down to the atomic level. Whether it be impurities from growth, oxidation/damage
during etching, diffusion from metal contacts during fabrication, or device failure during
operation; it becomes critical to investigate the causes that lead degraded performance
and device breakdown. Given the scale and size of semiconductor devices,
characterization techniques such as transmission electron microscopy (TEM), scanning

transmission electron microscopy (STEM), and focused ion beam (FIB) play critical roles

9



in identifying and resolving materials and fabrication issues, and thereby advancing

semiconductor device research.

1.3.3 Structural Defects

Defects in materials are important because they may negatively impact key
electrical properties. Given that material layers are mostly grown at finite temperatures

away from equilibrium, defects commonly appear in the grown layers [34].

Defects can be divided into four types [35]:

a. Zero-dimensional point defects, such as vacancies and atomic site substitution;

b. One-dimensional line defects, such as dislocations;

c. Two-dimensional planar defects, such as stacking faults and inversion domain
boundaries;

d. Three-dimensional volume defects, such as voids, cracks and nanopipes.

1.3.3.1 Point Defects

Figure 1.6 shows a schematic of point defects. Point defects can be classified as
vacancies, substitutional atoms, or interstitial atoms. Interstitial atoms are impurities that
occupy space between atoms arranged in a regular crystal lattice. Most commonly, the
interstitial site tends to have lower free energy than the neighboring sites. Interstitial
atoms can be foreign impurities or atoms from the same crystal. Similarly, substitutional
atoms can be considered as atoms that replace or substitute the original atoms of the

crystal lattice. Substitutional atoms occupy the lattice site of the crystal which is

10



chemically most suitable or similar to the crystal atoms. In semiconductors, this concept
is used to classify foreign atoms as impurities (unintentionally doped) or dopants
(intentionally introduced). For example, unintentionally doped atoms in GaN are most
often oxygen (O) and carbon (C). Oxygen occupies the chemically similar N site whereas
C is reported to be amphoteric in nature [36, 37]. If the substitutional atom originates
from the host crystal, for example if the first atom of a binary semiconductor occupies the
site of the second atom, then this is referred to as an anti-site defect. When a site in
crystal lattice is unoccupied, then it is referred to as a vacancy. In binary semiconductors

such as GaN, the vacancies can be either cation (Ga) or anion (N).

Vacancy

Substitutional
impurity

Figure 1.6. Schematic of possible point defects in a crystal lattice [34].

1.3.3.2 Line Defects
Any irregularity in the regular arrangement of atoms along a line in a crystal can
be referred to as a dislocation. This irregularity can occur due to misalignment of atoms

or vacancies. The presence of dislocations may cause large lattice distortions over very
11



short distances, often referred to as the dislocation core, and small distortions at large
distances, which are often referred to as lattice deformation. Dislocations can be
characterized by their Burgers vector (b) which defines the magnitude and direction of
lattice discontinuity due to the dislocation. Dislocations are defined as edge dislocations,

screw dislocations, and mixed dislocations [34].

Figure 1.7 shows schematics of edge and screw dislocations. A screw dislocation
occurs because of displacement of planes with respect to each other due to shear stress.
The Burgers vector of a screw dislocation is parallel to the dislocation line. An edge
dislocation can be described as the presence of an extra plane of atoms in a crystal, where
the Burgers vector of the dislocation is perpendicular to the dislocation line. The extra
plane of atoms would be under compressive stress while subjecting neighboring planes to
tensile stress. Dislocations which have both edge and screw dislocation components are
termed mixed dislocations. Edge, screw, and mixed dislocations are commonly observed

in GaN-based epitaxial layers, mostly depending on the specific growth method [39].

1.3.3.3 Planar Defects

Planar defects are two-dimensional crystallographic defects that are related to
lattice planes such as grain boundaries, twin boundaries and stacking faults. Stacking
faults are atomic displacements which interrupt the normal stacking of the crystal lattice
[39]. Stacking faults in GaN mostly occur on the (0001) basal-plane and are referred to as
basal-plane stacking faults. These can be considered as layers with local cubic stacking.
Stacking faults which lie in (1100) and (1120) prism planes are referred to as prismatic

faults [40].
12
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Figure 1.7. Schematic of: (a) Edge dislocation, (b) Screw dislocation [38].

1.3.3.4 Volume Defects

Volume defects, such as precipitates, voids and nanopipes are three-dimensional
defects. Nanopipes are hollow tunnel-like defects and have open-core screw dislocation
character [34]. These defects mostly occur along the growth direction [0001] and those
that terminate at the free surface are often referred to as pin-holes [40]. The openings in
the material can be few nanometers in width up to as large as few microns [41]. Some

studies report that oxygen impurities are linked with the formation of these defects [42].

1.4 Lateral Devices vs Vertical Devices

High-electron mobility transistors (HEMTSs) are comprised of AlGaN/GaN
heterostructures and usually have a lateral device geometry. A 2-dimensional electron gas
(2DEG) is often formed at AlIGaN/GaN interfaces in these power devices. Due to the

high-density 2DEG, which is a low-resistance drift region, HEMT devices have low on-

resistance with high breakdown voltage [45].
13



Vertical device structures have received much recent attention with the
development and commercial availability of free-standing GaN substrates. Vertical
structures have several advantages over lateral structures, such as improved current
density, smaller chip size and high breakdown voltage [44, 45]. Figure 1.8 compares the
power range for lateral and vertical devices [48]. A recent study reported breakdown
voltage of 3.7 kV with a vertical p-n diode device structure, which represents a
significant improvement over lateral devices [46]. This leads to significant reduction in
size of vertical devices for performance comparable with lateral devices. For example,
the size of a GaN-on-Si HEMT device with breakdown voltage of ~650V is
approximately 6 times larger than a vertical GaN device with breakdown voltage of

~1200V for similar current-carrying capability [47].
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Figure 1.8. Comparison between Lateral (GaN/Si or SiC) and Vertical (GaN/GaN)
devices in terms of power capacity [48].
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1.5 Outline of Dissertation

The research of this dissertation has involved the characterization of vertical GaN-
on-GaN power devices primarily using transmission electron microscopy (TEM).
Scanning electron microscopy (SEM) and focused ion beam (FIB) techniques have also
been heavily used.

A brief outline of this dissertation is as follows:
Chapter 1 has provided an introduction to the important physical and electrical properties
of GaN as well as motivation for this research.
Chapter 2 provides a brief description of growth and characterization techniques.
Chapter 3 describes an investigation of GaN layers that were etched using high radio
frequency (RF) power and multiple steps of decreasing RF power. Transmission electron
microscopy was used to characterize the etch damage at interfaces after p-GaN regrowth.
Chapter 4 describes the structural changes observed in GaN-on-GaN devices subjected to
reverse-bias stress testing. The device morphology after breakdown was investigated
using a combination of focused-ion-beam cross-sectional milling, scanning electron
microscopy and transmission electron microscopy.
Chapter 5 describes an investigation of the effect of substrate morphology on the reverse-
bias electrical response of GaN-on-GaN vertical p-n devices. The fabricated devices were
characterized by X-ray topography (XRT), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), and the results have been correlated with
electrical performance.
Chapter 6 describes an investigation of atomic-layer-etched (ALE) and regrown GaN-on-
GaN vertical devices.

15



Chapter 7 describes preliminary investigations and possible future work required to
understand the cause(s) of device breakdown behavior from a materials perspective and

ensure reliable performance in future generation of devices.

16



REFERENCES

1.

10.

11.

U.S. Energy Information Administration, Monthly Energy Review (Department of
Energy, Washington DC, 2018)

L.M. Tolbert, T. J. King, B. Ozpineci, J. B. Campbell, G. Muralidharan, D. T. Rizy,
A. S. Sabau, H. Zhang, W. Zhang, X. Yu, H. F. Hug, and H. Liu, Power Electronics
for Distributed Energy Systems and Transmission and Distribution Applications:
Assessing the Technical Needs for Utility Applications (Oak Ridge National
Laboratory, Oak Ridge, 2005)

U. S. Energy Information Administration, International Energy Outlook (Department
of Energy, Washington DC, 2017)

N. Mohan, Power Electronics: A First Course, (Wiley, New York, 2012), pp. 1-10.

I. C. Kizilyalli, A. P. Edwards, O. Aktas, T. Prunty, and D. Bour, IEEE Trans.
Electron Devices 62, 414 (2015)

I.C. Kizilyalli, E. P. Carlson, D.W. Cunningham, J. S. Manser, Y. A. Xu, and A. Y.
Liu, Wide Band-gap Semiconductor Based Power Electronics for Energy Efficiency
(Advaned Research Projects Agencey: Engery, Washington DC, 2018)

I. C. Kizilyalli, Y. A. Xu, E. Carlson, J. Manser and D. W. Cunningham, Current and
future directions in power electronic devices and circuits based on wide band-gap
semiconductors (IEEE 5th Workshop on Wide Bandgap Power Devices and
Applications, Albuquerque, 2017), pp. 417-417.

J. D. Albrecht, R. P. Wang, P. P. Ruden, M. Farahmand, and K. F. Brennan, J. Appl.
Phys. 83, 4777 (1998)

J.Y. Tsao, S. Chowdhury, M. A. Hollis, D. Jena, N. M. Johnson, K. A. Jones, R. J.
Kaplar, S. Rajan, C. G. Van de Walle, E. Bellotti, C. L. Chua, R. Collazo, M. E.
Coltrin, J. A. Cooper, K. R. Evans, S. Graham, T. A. Grotjohn, E. R. Heller, M.
Higashiwaki, M. S. Islam, P. W. Juodawlkis, M. A. Khan, A. D. Koehler, J. H. Leach,
U. K. Mishra, R. Nemanich, R.C.N. Pilawa-Podgurski, J. B. Shealy, Z. Sitar, M. J.
Tadjer, A. F. Witulski, M. Wraback, J. A. Simmons, Adv. Electron. Mater. 4,
1600501 (2018)

G.W. Pickrell, A.M. Armstrong, A.A. Allerman, M.H Crawford, K.C. Cross, C.E.
Glaser, V.M. Abate, J. Electron. Mater. 48, 3311 (2016)

C. Mion, J.F. Muth, Appl. Phys. Lett. 89, 092123 (2006).

17


https://asu.pure.elsevier.com/en/persons/robert-nemanich

12. B. Ozpineci, L.M. Tolbert, S. K. Islam, and M. Chinthavali, Comparison of Wide
Bandgap Semiconductors for Power Applications (Oak Ridge National Laboratory,
Oak Ridge, 2003)

13. M. Levinshtein, S. Rumyantsev, and M. Shur, editors, Semiconductor Parameters
(World Scientific, Singapore, 1996).

14. T. P. Chow and R. Tyagi, IEEE Trans. Electron Devices 41, 1481, (1994).
15. M. Bhatnagar and B. J. Baliga, IEEE Trans. Electron Devices 40, 645, (1993).

16. O. Aktas, Avalanche capability of vertical GaN p-n junctions on bulk GaN, 36, 890
(2015).

17. T. P. Chow, Wide bandgap semiconductor power devices for energy efficient
systems (IEEE 3rd Workshop on Wide Bandgap Power Devices and Applications,
Blacksburg, 2015), pp. 402-405.

18. E. A. Jones, F. F. Wang and D. Costinett, IEEE Journal of Emerging and Selected
Topics in Power Electronics 4, 707 (2016)

19. C. Koughia, Springer Handbook of Electronic and Photonic Materials, edited by S.
Kasap and P. Capper (Springer-Verlag, New York, 2006)

20. T. P. Chow, Proc. Int. Symp. Power Semicond. Devices ICs 10, 159 (2008)

21. R. Quay, Gallium Nitride Electronics (Springer-Verlag, New York, 2008)

22. A. Hefner, S. Ryu, B. Hull, D. Berning, C. Hood, J. M. Ortiz-Rodriguez, A. Rivera-
Lopez, T. Duong, A. Akuffo, and M. Hernandez-Mora, Recent Advances in High-
Voltage, High-Frequency Silicon-Carbide Power Devices (Conference Record of the
IEEE Industry Applications Conference Forty-First IAS Annual Meeting, Tampa,
2006), pp. 330-337

23. B.J. Baliga, IEEE Electron Device Lett. 10, 455 (1989)

24. E.P. Carlson, D.W. Cunningham, and I.C. Kizilyalliu, ECS Trans. 86, 3 (2018).

25. I.C. Kizilyalli, E. P. Carlson, D.W. Cunningham, and Y.Z. Xu, Materials Science
Forum, 924, 799-804 (2018)

26. B. Gil, Group Il nitride semiconductor compounds: physics and applications
(Clarendon Press, Oxford, 1998)

27. L. Zhou, Microstructure Characterization of Nitride Thin Films and Heterostructures,
18



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Doctoral dissertation, Arizona State University, Tempe, 2006.

M. Landmann, E. Rauls, W. G. Schmidt, M. D. Neumann, E. Speiser, and N. Esser,
Phys. Rev. B 91, 035302 (2015)

J. Zuniga-Perez, V. Consonni, L. Lymperakis, X. Kong, A. Trampert, S. Fernandez-
Garrido, O. Brandt, H. Renevier, S. Keller, K. Hestroffer, M.R. Wagner, J.S. Reparaz,
F. Akyol, S. Rajan, S. Rennesson, T. Palacios, G. Feuillet, Appl. Phys. Rev. 3,
041303 (2016)

F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev. B 56, R10024 (1997)

P. Waltereit, O. Brandt, A. Trampert, H. Grahn, J. Menniger, M. Ramsteiner, M.
Reiche, and K. Ploog, Nature 406, 865 (2000)

J.H. Edgar, Properties, Processing and Applications of Gallium Nitride and Related
Semiconductors (INSPEC, London, 1999)

S. Keller, H. Li, M. Laurent, Y. Hu, N. Pfaff, J. Lu, D. F. Brown, N. A.
Fichtenbaum, J. S. Speck, S.P. DenBaars and U.K. Mishra, Semicond. Sci. Technol.
29, 11 (2014)

F. K. Yam, L.L. Low, S. A. Oh, and Z. Hassan, Gallium Nitride: An Overview of
Structural Defects (IntechOpen, London, 2011)

M.A. Prelas, B.V. Spitsyn, G. Popovici, P. Gielisse, and T. Stacy, editors, Wide Band
Gap Electronic Materials (Springer, New York, 2002)

E. Richter, F.C. Beyer, F. Zimmermann, G. Gartner, K. Irmscher, I. Gamov, J.
Heitmann, M. Weyers, G. Tréankle, Cryst. Res. Technol. 55, 1900129 (2020)

M. Reshchikov and H. Morkog, J. Appl. Phys. 97, 061301 (2005)
https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=dislocation

S. Mahajan, K. S. SreeHarsha, Principles of Growth and Processing of
Semiconductors (WCB/McGraw-Hill, Boston, 1999)

O. Manasreh, I11-Nitride Semiconductors: Electrical, Structural and Defects
Properties, (Elsevier, Amsterdam, 2000)

P.D. Brown, J. Cryst. Growth 210, 143 (2000).

W. Qian, G. S. Rohrer, M. Skowronski, K. Doverspike, L. B. Rowland, and D. K.
Gaskill, Appl. Phys. Lett. 67, 2284 (1995).

19


https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=dislocation

43. W.F. Smith, Principles of Materials Science and Engineering, Third Edition
(McGraw-Hill, New York, 1996), pp. 141

44. U.K. Mishra, P. Parikh, and Y-F. Wu, Proc. IEEE 90, 1022 (2002).

45. T. Kachi, Proc. SPIE Gallium Nitride Materials and Devices XI1 1010416 (2017)

46. 1.C. Kizilyalli, A.P. Edwards, H. Nie, D. Bour, T. Prunty, and D. Disney, IEEE
Electron Device Lett. 35, 247 (2014).

47. M. D. P. Emilio, Vertical GaN Devices - the Next Generation of Power Electronics
(Aspencore Network EEtimes, 2020)

48. S. Chowdhury, U. K. Mishra, IEEE Trans. Electron Devices 60, 3060 (2013)

20



CHAPTER 2

EXPERIMENTAL METHODS

This chapter provides a brief description of the techniques commonly used to grow
epitaxial GaN films, and an overview of the experimental techniques that were used in

this research for characterization of defect morphology.

2.1 Growth Methods

2.1.1 Metal Organic Chemical Vapor Phase Deposition (MOCVD)

Figure 2.1 shows a schematic of an MOCVD system. MOCVD is a form of vapor
deposition in which chemical sources are transported to a substrate surface where they
react to produce by-products that are incorporated into the growing film. The technique is
commonly used to grow epilayers with thicknesses of tens of microns due to its high
growth rate (2-5 microns/hour), precise control on growth thickness, doping control and
instrument maintenence [1]. Since many materials of interest have low vapor pressure,
making it difficult to transport them in the gaseous state, metals are chemically attached
to an organic compound, which results in very high vapor pressure and assists with
transport within the MOCVD chamber. The substrate temperature plays an important role
in the growth process since it directly affects nucleation and diffusion on the wafer
surface. The weak organic-metal bonds are broken at the high temperature of the
substrate, resulting in metal deposition on the wafer surface [2]. The gaseous by-products

are transferred out of the chamber through carrier gas flow. MOCVD thus enables the
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growth of GaN layers on solid substrates/wafers using organo-metallic compounds as

represented by equation (1).

For GaN growth, the source gases are usually trimethylgallium (TMG) and
ammonia (NHz) and the carrier gas is H2 or N. Bis(cyclopentadienyl) Cp.Mg and silane
(SiHa) are used for doping. The growth temperatures are typically in the range ~1000-

1100°C.

(CH3)3Ga (g) + NHz (g)— GaN (s) + 3(CH3) H 1 (1)

RF Induction heater g,pstrate
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Figure 2.1. Schematic of metal organic chemical vapor deposition system [2].

2.1.2 Molecular Beam Epitaxy (MBE)

MBE is a high-precision and well-established deposition technique for the epitaxial
growth of semiconductor films [4]. Figure 2.2 shows a schematic of a typical MBE

system. A shortcoming of MBE is the relatively low growth rate (1-1.5 pm/hour)
22



compared to MOCVD or hydride vapor phase epitaxy (HVPE), but the technique allows
for highly controlled growth of ultra-thin layers. Growth in an MBE chamber is
conducted under ultra-high vacuum conditions, and the base pressure is typically <10
Torr when the system is not in use [4]. MBE growth is temperature-sensitive due to the
vapor pressure of 111-V elements which have high heats of vaporization. Most of the
source elements are held in effusion cells (pyrolytic crucibles) and heated with precise
temperature control [4]. The substrate is rotated throughout the growth process to ensure
uniform films over the entire surface area. The growth of semiconductors using MBE is a
result of interplay between impinging atoms or molecular form of elements onto the
substrate surface. The stoichiometry and substrate temperature influence the surface
geometry and surface reconstruction or atomic arrangements. Reflection-high-energy
electron diffraction (RHEED) in the chamber is used to monitor the quality of growth
during the MBE growth [5-6]. The impinging atoms diffuse across the surface to bond to
surface sites, and atomic rearrangements then occur, forming the growing crystal. These
surface processes are generally rapid compared to the impingement of new atoms, which
leads to well-ordered and uniform layers. Plasma-assisted MBE is the method widely
used for the growth of group IlI-nitrides, and the temperature range for GaN growth is

typically 700°C-800°C.
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Figure 2.2. Schematic of molecular beam epitaxy system [4].
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2.1.3 Hydride Vapor Phase Epitaxy (HVPE)

The technique of HVPE is generally employed to grow very thick GaN layers (>150
pm) and is widely used nowadays to fabricate freestanding GaN substrates. Figure 2.3
shows a schematic of an HVPE chamber. The growth rates can be as high as 100
pm/hour. The reaction chamber is kept at atmospheric pressure and the substrates are
placed on a rotating wafer holder [2, 6]. The reaction chamber contains two zones, a
source zone, and a growth zone. The source-zone temperature is kept at ~800-900°C and
HCl is passed through a Ga metallic crucible into the source zone [3]. The HCI reacts
with the metal and forms GaCl in the source zone. This by-product is injected into the
growth zone through a shower head, where it reacts with NHz at the substrate surface to

form GaN at ~1000-1100°C [3, 7-8].
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Figure 2.3. Horizontal hydride vapor phase epitaxy reactor [2].

2.2 Characterization Techniques

The characterization techniques used in this dissertation research are briefly described in

the following.

2.2.1 Scanning Electron Microscopy (SEM)

In SEM, a focused electron beam is scanned across the sample in a raster-like
pattern. Electrons scattered from the surface and near-surface regions are then used to
create an image of the scanned area. The energy of the electron beam in an SEM is much
less than in a transmission electron microscope, with typical energies ranging from 2keV
to 30keV. The electrons that scan across the sample surface produce signals that can be
used to create different types of images of the scanned area, for example, secondary

electron images and back-scattered electron images [9]. Figure 2.4 illustrates the signals
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that are generated when an energized electron beam hits the sample surface [10]. The

resolution that can be achieved with an SEM varies in the range from 0.5 to 5 nm [11].
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Elastically Inelastically
scattered Direct scattered
electrons Beam electrons

Figure 2.4 Schematic showing the generation of many different signals when the incident
electron beam of an SEM interacts with a sample surface [10].

2.2.2 Focused lon Beam (FIB)

The FIB is widely used for site-specific analysis, imaging, chemical analysis,
milling, deposition, micromachining, lithography, and TEM sample preparation [9]. The
increasing complexity of semiconductor device structures and complex materials systems
necessitate the use of FIB milling for preparing thin TEM samples that are often lifted-
out from deeply buried site-specific locations. lonized metal ions, typically Ga™* ions, are

produced by a liquid metal ion source in the FIB column and focused onto the sample
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surface for milling. A tungsten (W) needle tip is used to extract liquid Ga from a
reservoir into a cone (radius ~ 5-10 nm), and a high extraction field (0.108 V/cm) is used
for this purpose [12]. Emitted Ga* ions, due to field ionization and post-ionization, are
accelerated down the FIB column. The Ga ions are generally focused using electrostatic
lenses rather than magnetic lenses due to the much larger mass of ions compared to
electrons. By varying the strength of the electrostatic lens in combination with different
aperture sizes, probe current densities (pA to nA) and probe diameters (5nm to 0.5um)
can be systematically varied. When the accelerated metal ions hit the specimen surface,
surface atoms are removed and the sample is milled away due to sputtering [12, 13]. This
process also results in Ga* ion implantation and the depth of implantation depends on the
accelerating voltage: for example, the penetration depth is as much as ~20nm at 25keV
[12, 13]. This implantation of gallium ions is a serious problem during FIB specimen
preparation since it can impact the results obtained during localized chemical analysis.
Another common problem during FIB specimen preparation is amorphization due to ion
implantation. This problem can be reduced by milling the specimen using low energy
during the final stages of sample preparation. The ion-specimen interaction also produces

secondary electrons, which can allow surface imaging during the milling process.

Gallium ion sources are widely used for FIB milling for the following reasons [12]:
1. Gaexists in the liquid state at near room temperature due to its low melting
point (Tm=29.8 °C)
2. Gaions can be focused to small probe size (diameter < 10nm).

3. Long metal-ion source life because of low Ga volatility.
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4. Low Ga vapor pressure and viscous liquid behavior so Ga can be used in pure

form.

5. The Ga ion beam can also be used to image the sample surface.

In addition, organometallic vapors can be injected into the FIB chamber to deposit

materials on to the sample surface. For example, Pt can be deposited for surface

protection as well as for sample lift-out purposes.

In recent dual-beam instruments, the FIB and SEM function in tandem, as shown

schematically in figure 2.5. This arrangement allows very convenient operation for

semiconductor characterization since the SEM can be used simultaneously for imaging

while the FIB milling is taking place.
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Figure 2.5 Schematic of dual-beam FIB-SEM [9].
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2.2.3 FIB Specimen Preparation Using in situ Lift-Out

Lamellae that are of the desired thickness and size suitable for TEM observation
can be fully prepared within the dual-beam FIB-SEM chamber. The following steps
briefly summarize a general approach that can be used for reliable TEM lamella

preparation using the NOVA FIB-SEM.

The sample is attached to a mount using copper tape, and a small strip of carbon
tape is used to prevent charging. The mount is loaded into the system. A thin rectangular
strip, typical size of 15 um x 4 um x 500 nm, of carbon is deposited on the sample
surface using the carbon vapor system, followed by deposition of a thin platinum strip
(300nm) using the electron beam mode at 5keV (1.6nA beam current). This is followed
by deposition of a much thicker Pt strip (~2 microns) with the desired size, typically 12
UM X 2 pm x 2um, using the ion-beam mode (Ga* ions) at 30keV (0.1nA). The Pt-
deposited region is trenched out by ion-milling on both sides at 30keV (7nA) followed by
making undercuts. A micromanipulator is used to insert a tungsten needle, which is the
Omniprobe tool in the NOVA 200 FIB. The needle is placed immediately adjacent to the
sample and then Pt-welded to the sample. The sample is then cut-off using the Ga ion
beam and lifted clear of the bulk specimen. The lamella is mounted on a Cu-grid, and
then initially thinned at 30keV (0.3nA) and finally cleaned at 5keV (0.23nA). A similar
procedure can be used with the Helios G5 instrument, which has the added advantage of
allowing final milling to be done at beam energies as low as 500 eV when really thin

lamellae are required.
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2.2.4 Transmission Electron Microscopy (TEM)

The TEM is an indispensable instrument for semiconductor characterization due to
its capability to acquire structural and analytical information over scales ranging from
sub-Angstrom to microns. The electron gun, electron accelerator, and several condenser
lenses form the electron beam that is incident onto the sample. The objective lens and
several magnifying lenses then produce the final magnified image. The images produced
are affected by aberrations from the objective lenses, which blur out the sample

information and reduce the attainable resolution [14].

There are multiple modes of TEM operation for imaging and collecting further
useful information. Diffraction-contrast images are formed with small objective
apertures, using either the transmitted beam (bright field - BF) or one of the diffracted
beams (dark field - DF) to form the image. High-resolution images are formed by phase-
contrast imaging, where many scattered electron interfere to form an image, and involves
using either a large or no objective aperture. High-resolution TEM can provide images of

crystal structure at the atomic scale [15].

The latest generation of TEMs with aberration correction can easily achieve spatial
resolution on the sub-Angstrom scale, whereas TEMs without aberration correction can
only achieve resolutions in the range of 1.5 to 3 A [15]. The resolution of TEMs without
aberration correction is insufficient to identify individual atomic columns along higher-

index zone axes, and at many crystal defects or interfaces.
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2.2.5 X-ray Topography (XRT)

X-ray topography is a non-destructive technique that can be used to map growth
defects and non-uniformity within single crystals at depths of up to tens of microns. XRT
can be performed in transmission or reflection geometry and is capable of imaging wafers
that are up to 300 mm in diameter [16]. This method mostly utilizes Cu Ky as X-ray
source at operating voltage of 50 kV and 30 mA current. The XRT technique has been
used in this dissertation research to probe the underlying morphology of bulk GaN

substrates grown by HVPE and ammonothermal methods, as described in Chapter 5.
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CHAPTER 3

ETCHED AND REGROWN GAN-ON-GAN VERTICAL p-n POWER DEVICES

This chapter describes structural investigations of etched and regrown GaN-on-GaN
vertical p-n devices that were provided by the group of Professor Yuji Zhao. A
manuscript describing some of these results has been published in the Journal of
Electronic Materials.

3.1 Introduction

Previous generations of GaN devices have been grown on substrates such as SiC
and sapphire, resulting in high defect densities (108-10'° cm) because of the large lattice
mismatch between materials [1-6]. These defect densities then limit possible GaN
applications because of degraded device performance. Recent developments in growth
using high-vapor-pressure epitaxy (HVPE) have led to the commercial availability of
freestanding GaN substrates with defect densities of <10 cm™ [7]. These bulk GaN
substrates can then be used to grow epitaxial GaN-on-GaN composites with greatly
reduced defect density (<10* cm2), making it possible to fabricate high-power GaN-on-

GaN vertical devices [8].

The etching of mesa structures is commonly used to terminate or isolate high-
voltage GaN devices, in particular to reduce low-voltage breakdown at junction edges
[1,9]. Mature semiconductor devices based on Si or SiC have well-established
termination techniques whereas suitable schemes for the development of GaN devices are
still under development. The mechanisms utilized for the former materials systems, such

as lateral doping profiles by ion implantation, are not suitable for GaN [18]. Chemical or
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plasma etching is essential for selective-area doping in order to create complicated device
structures and to fabricate integrated circuits [11]. Since doping is also done during
epitaxial growth, the development of an effective etching technique for GaN is required

in order to create vertical power devices with the desired stacking or edge termination

[9].

Control of etching effects is crucial for the fabrication of GaN-on-GaN
heterostructures. The quality of the etched surface can directly affect device performance
since etching may lead to a rough regrowth interface, as well as precipitation of dopants
and the continued growth of dislocations from existing defects. These factors can all
contribute to degraded device performance. For example, surface roughness and near-
surface damage during etching are likely to cause current leakage and lead to low
breakdown voltages. Even though the density of threading defects (TDs) is generally less
in epitaxial devices, the random presence of TDs is liable to increase the severity of
device breakdown and also reduce device reliability. TDs are known to act as trap states
in GaN films, and are considered to be responsible for locally high reverse-leakage
current due to the presence of metastable acceptor- and donor-like states in the vicinity of
defects [12-15]. The negative effects on leakage current caused by dislocations present in
GaN films grown heteroepitaxially on sapphire substrates is well-known [16-17]. This
current research has investigated the microstructure of GaN-on-GaN heterostructures
after the initial GaN surfaces had been etched in different ways, and additional GaN was
grown. This GaN etching and regrowth was intended to replicate the process required to

achieve selective-area doping when fabricating vertical devices.
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3.2 Materials and Methods

Devices for investigation were grown homoepitaxially by metal-organic chemical
vapor deposition (MOCVD) on 2-inch c-plane n™ GaN substrates with a carrier
concentration of ~10'® cm. The substrates were obtained from Sumitomo Electric
Industries Ltd. Hydrogen gas was used as the carrier gas and the growth temperature was
~1040°C. Ammonia, trimethylgallium, bis(cyclopentadienyl)magnesium, and silane were
used as precursors for N, Mg and Si dopants, respectively. The doping concentrations in
the p-GaN layers, as measured by secondary-ion mass spectroscopy (SIMS), were
~7x10%° cm™ of Mg, while the thick unintentionally-doped (UID) GaN layers had
1.0x10'® cm™ of Si [10]. Nine microns of UID-GaN was grown on the GaN substrates for
all devices before removal from the MOCVD chamber, except for one control sample,
and transfer to a separate chamber for etching, as described below. The surfaces of the
UID-GaN wafers were then treated using either a rapid dry-etch by inductively-coupled
plasma (ICP) or a process involving multiple ICP dry-etching treatments with
progressively decreasing power. These treatments are summarized in Tables 3.1 and 3.2,

respectively.

Table 3.1. ICP etching treatment for fast-etch-only devices.

ICP RF DC Etch
Step Power Power Cl, |BClz | Ar Bias time Etch rate
1 400 70 30 8 5 159 2 min | ~288nm/min

After completion of the etching treatments, wafers were transferred back into the
MOCVD chamber, followed by growth of thin UID-GaN insertion layers with
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thicknesses of ~25-60 nm. Finally, Mg-doped p-GaN layers with thicknesses in the range
of 300-500 nm were grown on all samples. The activation of the regrown p-GaN layers

was carried out by rapid thermal annealing at 700 °C for 20 min in a N2 environment.

Table 3.2. ICP treatment with four-step etching process. Etching started with high RF
power, which was then progressively decreased.

Steps L%Sver Ecl):wer Cl, |BCls | Ar gg s E:TC]Q Etch rate

1 400 70 30 |8 5 159 2min | ~288 nm/min
2 400 35 30 |8 0 95 1min | ~140 nm/min
3 400 5 30 |8 0 21 2min | ~20 nm/min

4 400 2 30 |8 0 15 3min | ~8 nm/min

All devices were cleaned in acetone/isopropyl alcohol and then hydrochloric acid to
remove native surface oxides before deposition of metal contacts. Electron-beam
evaporation was used to deposit metal stacks of Pd/Ni/Au (10 nm/20 nm/50 nm) for p-
GaN ohmic contacts. Mesa isolation, with mesa diameters ranging from 90 pum to 210
pm, was also achieved using ICP dry etching. Mesa isolation and hydrogen-plasma
passivation were used for the edge termination [18-20]. n-GaN ohmic contacts were
deposited by electron-beam evaporation of metal stacks of Ti/Al/Ni/Au (20 nm/130
nm/50 nm/150 nm), on the backsides of the GaN substrates. The PlasmaTherm Apex ICP
chlorine-based tool, which is a load-locked, inductively-coupled plasma etch system, was
used for etching, and the process gases were BCIsClz, Ar and N2. The samples for etching
were placed on a 4-inch Si carrier wafer. Current-voltage (I-V) measurements (which

were limited to 1000V) were made using a Keithley 2410 source-meter, and a Tektronix
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370A was used for higher breakdown voltage measurements. The ramp rate (bias step)

was 1V and the dwell time for each point was 100ms.

Samples suitable for cross-sectional observation by transmission electron
microscopy (TEM) were prepared by focused-ion-beam (FIB) milling with a FEI Nova
200 FIB-SEM dual-beam system, with initial thinning done at a Ga ion energy of 30 keV
and final thinning done at 5 keV. A FEI-Philips CM-200 FEG TEM operated at 200 kV

was used for imaging the device cross-sections.

3.3 Results and Discussion

The growth of UID-GaN, as well as etching and regrowth/over-growth with p-GaN,
are drawn schematically in Figure 3.1. The location of the etched area at the interface
between the original UID-GaN and the thin UID-GaN insertion layer is indicated by the
red line in Figure 3.1 (a). The effects of etching are obviously most likely to appear at
this interface, as well as possibly within the p-GaN, and hence these regions are of most

interest.

500 nm (b)

p-GaN . 500 nm p-GaN
250m UTD —) R B
GaN —)
9 um UID
GaN
o sub Growth of 9 microns of UID ICP Etching Growth of p-GaN
- GaN

Figure 3.1. Schematics: (a) Device structure, with red line indicating location of etching
done before regrowth; and (b) ICP etching and p-GaN regrowth process [21].
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Figure 3.2. (a) compares typical reverse-bias characteristics for the fast-etch-only
and multiply-etched devices, and figure 3.2 (b) compares the electrical performance of
the three types of devices under forward-bias conditions. There was a marked difference
in the typical breakdown voltages (BV), which ranged from 45-95V for the fast-etched
devices but ranged from 1200-1270V for the multiply-etched devices. In comparison, the
BV ranged from 600 to 700V for as-grown devices [22]. Moreover, the leakage current
for fast-etch-only devices was much higher in comparison with the multiply-etched
devices, and the as-grown devices had low leakage current compared to fast-etch-only

and multiply-etched devices [22].
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Figure 3.2. (a) Reverse I-V characteristics showing typical breakdown voltages for fast-
etch-only and multiply-etched devices; (b) Forward I-V curves for fast-etch-only,
multiply-etched and non-etched devices.
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Figure 3.3 shows a cross-section TEM micrograph of the non-etched/as-grown
control device. No visible interface can be observed in this heterostructure, and the
separate UID-GaN/p-GaN layers are indistinguishable. Figures 3.4 and 3.5 show TEM
micrographs of the fast-etch-only device structure taken at low and higher
magnifications. These images reveal a clearly visible interface between the p-GaN and
UID-GaN layers, as indicated by the arrows. The interface has a high concentration of
small precipitates, and further precipitates and growth defects are also visible within the
p-GaN layers (see enlargements in Figs. 3.5 (¢) and (d)). Figures 3.5 (c) is a higher-
magnification image of region ‘C’ from 3.5 (b), which shows a large “V’-shaped defect,
while figure 3.5 (d) shows a higher magnification image of region ‘D’ from 3.5 (b) which
shows a cluster of small defects. Figure 3.5 (e) is a dark-field TEM image which clearly
shows the regrowth interface. Small and large, some “V’-shaped, defects are spread all
over the area within the p-GaN layer. Figure 3.5 (f) is a bright-field image which shows
small “V’-shaped defects along the top surface of the p-GaN layer. These several images
also show indications of precipitation which is concentrated within and around the “*V’-

shaped defects.
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Figure 3.3. Cross-section TEM micrograph showing upper region of non-etched p-
GaN/UID-GaN control structure with no visible interface (Pt and carbon are deposited for
surface protection during FIB milling).

For comparison purposes, figures 3.6 (a) and (b) show TEM cross-section
micrographs of a multiply-etched and regrown device, at low and higher magnifications,
respectively. The location of the interface is apparent because of the presence of
precipitates, thought to be magnesium, in the p-GaN layer, so that the separate p-GaN
and UID-GaN layers can be distinguished. This particular device had been subjected to
an applied reverse bias of 1kV without exhibiting device breakdown, before the FIB
cross-sectioning was done.

From a closer comparison of figures 3.5 and 3.6, for example, it is clear that the
effects of etch damage are substantially reduced by modifying the etching procedure. The
fast-etch-only device showed a thick interface with a high density of precipitates
concentrated near the interface. The high leakage current of these devices and their

breakdown at low voltage (45-95V) can most likely be attributed to surface roughness
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induced by etching, which was revealed in a previous atomic-force microscopy study of

similar as-grown and etched devices [22].

Metal contact

p-GaN

Figure 3.4 Cross-section TEM micrograph of fast-etch-only device. Arrow indicates
location of p-GaN/UID-GaN interface.

The etched area had a significant segregation of precipitates near the interface, as
well as silicon, oxygen and magnesium which were detected from SIMS analysis [10].
The presence of Si could possibly be due to left-over residue in the MOCVD chamber,
which was deposited on the surfaces when the devices were re-introduced for p-GaN
regrowth after the etching treatments. As a donor dopant, Si would create a thin layer
with n-type behavior, and it would contribute to early device breakdown by acting as a
Zener tunnel diode. However, this early breakdown was avoided in later devices which

had been treated with multiple etch rates.
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3.5 (a) Schematic of device structure. Cross-sectional TEM micrographs of fast-etched
device: (b) Medium-magnification; (c) High-magnification image of area marked as ‘C’
in (2); (d) High-magnification image of area marked as ‘D’ in (a); (¢) Dark-field (0002)
image shows clear interface between p-GaN and UID-GaN interface; (f) Bright-field
image clearly shows regrowth interface and defects.
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The fast-etch-only device showed the presence of many small defects within the
p-GaN layer. These defects varied in size with the largest being near the surface and
smallest being close to the interface. Variations in Mg concentration throughout the p-
GaN growth could have influenced the size of these defects, as observed earlier by
Tomiya [23], who reported that higher Mg concentration tended to reduce the size of
defects while increasing their density. Moreover, these defects would act as sites for Mg
precipitation within p-GaN and contribute to decreased electrical conductivity and

increased on-resistance [24].

Metal Contact (a)

p-GaN

Figure 3.6. (a) Cross-section TEM micrograph of p-GaN/UID-GaN interface (arrowed)
of multiply-etched device after being stressed to reverse bias of 1kV; (b) Higher-
magnification micrograph of p-GaN/UID-GaN interface (arrowed) for same device.
Small precipitates visible in p-GaN layer are tentatively identified as Mg precipitates
caused by device annealing.

In comparison, the multiply-etched devices achieved reverse bias of 1kV without
breakdown. Thus, it was clear that the etching-induced damage, rather than Mg
precipitates in the p-GaN layer, had contributed to the lower breakdown voltage. The

reduced etch damage as a result of the multiple etching steps lessened the negative effects
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on device performance, in agreement with the TEM cross-sectional images, which

showed no indication of interface precipitates or other defects.

Finally, in order to develop a sense for repeatability of device behavior, in particular
for any leakage current/breakdown voltage hysteresis, one of the multiply-etched devices
was stressed to a reverse bias of 1kV for 10 biasing cycles. Significantly, the device
showed no sign of failure nor any change in performance. Figures 3.7 (a) and (b),
respectively, are lower and higher magnifications of TEM cross-section images showing
this particular device. Figure 3.7 (c) shows the region of p-GaN/UID-GaN interface at
higher magnification. The region of the interface is not populated by precipitates, as can

be seen in figure 3.7, although some are faintly visible in the p-GaN layer.

‘ "}%}etal coxllta:t (b)

p-GaN_

Metal contact

Figure 3.7. (a) Cross-section TEM micrograph of multiply-etched device after stress-
testing to reverse bias of 1kV for 10 biasing cycles; (b) Micrograph showing p-GaN/UID-
GaN interface; (c¢) Higher-magnification electron micrograph showing region of p-
GaN/UID-GaN interface (arrowed) for same device.
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3.4 Conclusions

Etching of UID-GaN layers with high RF power and high etch rate was found to
damage the regrowth interface and cause considerable degradation of device
performance. Fast-etch-only devices had typical BVs in the range of 45-95V compared to
BVs in the range of 600-700V for as-grown devices. The affects of etch damage was
clearly observable in TEM images. The interface between p-GaN and UID-GaN layers
was visible as well as large concentrations of precipitates along the interface. Many small
growth defects and precipitates were observed within the p-GaN layer. Smaller defects
were Vvisibly closer to the interface whereas larger defects were located closer to the
surface. These defects would deteriorate device performance. Multiple etching stages,
finishing with lower RF power and slow etch-rate, lead to improved device performance,
and no visible interfacial growth defects were observed. Multiply-etched devices had
BVs in the range of 1200-1270V, thus performing much better than fast-etch-only
devices. The fast etching had clearly contributed to early device breakdown, whereas an
improved etching process with progressively reducing RF power led to significantly
improved better device performance. Similar etching procedures should be used in the

future fabrication of high-power vertical p-n devices.
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CHAPTER 4
STRUCTURAL BREAKDOWN IN GaN-ON-GaN VERTICAL p-n POWER

DEVICES

This chapter describes an investigation of structural breakdown in GaN-on-GaN
vertical p-n devices that had been stressed to failure under reverse bias. The stressed
devices were provided by the group of Professor Yuji Zhao. The major results from these

studies have been published [1].

4.1. Introduction

High densities of threading dislocations (TDs) (108~10° cm) contribute to non-
radiative recombination and scattering centers, and limit the performance of electrical and
optical GaN-based devices [2]. Hence, minimizing the defect density is critical to
maximizing device performance [3]. Buffer layers, such as AIN, are commonly used to
alleviate lattice-mismatch and differences in thermal expansion between GaN and
common substrates, but fabrication of these layers adds to overall cost and complexity.
Recent developments in growth using hydride vapor pressure epitaxy (HVPE) have led to
the availability of freestanding GaN substrates with defect densities less than ~10° cm™
[4]. Epitaxial GaN-on-GaN layers can be grown with reduced defect density (<10* cm)
using these bulk substrates, making it feasible to fabricate vertical high-power GaN-on-

GaN devices with high breakdown voltages [5,6].

Despite the reduced dislocation density in homoepitaxially-grown GaN vertical

devices, it is still possible that the random presence of TDs could result in major reverse-
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bias current leakage and eventual device breakdown. For example, TDs were reported to
increase the current leakage path in GaN-based devices [7], and another study reported
that TDs were responsible for leakage current and breakdown [8]. A study of GaN-based
light-emitting diodes (LEDs) grown on sapphire by metalorganic chemical vapor
deposition (MOCVD) suggested that leakage current was related to dislocations [9], and
another study suggested that V-defects and associated TDs were responsible for high
leakage current [10]. It was also reported that GaN-based blue-light LEDs, grown on
freestanding GaN substrates by MOCVD, had suppressed leakage current due to low TD
density [11]. Studies of GaN-on-GaN templates grown by molecular beam epitaxy
(MBE) found that reverse-bias leakage occurred at dislocations with a screw component
[12]. It was also concluded that screw dislocations were more detrimental for gate
leakage than edge or mixed dislocations [13]. A study of AIGaN/GaN high electron
mobility transistors (HEMTSs) correlated increased gate leakage current with defects near
gate edges [14], and HVPE-grown GaN Schottky diodes with micro-pipe defects were

also reported to show increased leakage current [15].

A detailed investigation on the effect of dislocations on the performance of vertical
GaN p-n diodes/devices is lacking. Although it was suggested that TDs caused leakage in
vertical diodes grown by MOCVD [16], microscopy-based studies do not appear to have
been reported. Such studies seem crucial for further device development since the
structural and electrical properties of devices depend sensitively not only on the growth
method and the growth conditions, but also on the presence of dopants, impurities, and
the device structure [7]. This current study has investigated the morphology of GaN-on-

GaN vertical devices that had been electrically stressed to breakdown. A major objective
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of the study was to gain insight into the failure mechanism and to establish whether
surface treatment or surface etching methods during regrowth would have any impact on

the device failure.

4.2. Experimental Details

Growth of the investigated devices basically followed the same process described in
the previous chapter. Two sets of devices were investigated in this study, labelled here as
A-series and L-series. Both sets were surface-treated (UV-ozone 45 min. + HF 5 min. +
HCI 5 min.) before regrowth. The UV-ozone treatment oxidized the UID-GaN surface,
and the following treatments with HF and HCI were intended to remove surface
contaminants. In addition, the A-series devices were etched using inductively-coupled
plasma (ICP) dry-etching. The ICP dry-etching procedure was a sequence of etching
steps intended to remove the surface layer and minimize etch damage, which was
achieved by employing four consecutive etching steps with decreasing RF-power (70W,
35W, 5W and 2W) [17]. More details about the growth and treatment procedures can be
found elsewhere [18] and in the previous chapter. The L-series devices showed
breakdown voltages in the range of 200-750V with typical reverse-leakage current
densities of 10 A/cm? at breakdown, whereas the A-series devices exhibited substantially
higher breakdown voltages of 1070-1270 V with typical reverse-leakage current densities

of 4 A/lcm? at breakdown.

Samples suitable for cross-sectional observation by transmission electron
microscopy (TEM) were prepared by focused-ion-beam (FIB) milling using a FEI Nova

200 dual-beam system, with initial thinning done at 30 keV and final thinning done at 5
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keV. Scanning electron micrographs were also recorded with the Nova 200 during
progressive milling across the surface craters that were observed to be present in failed
devices. A Philips-FEI CM-200 FEG transmission electron microscope (TEM) operated
at 200 keV was used for structural imaging. All the TEM images were taken with
samples oriented at [1100] zone axis. High-resolution TEM images were taken by phase-
contrast imaging with no objective aperture. Low-magnification and medium-
magnification images were taken using a medium-sized objective aperture for improved

image contrast.

4.3. Results

Examples of plan-view SEM images of devices L5, L6, L7, L12, L14 and L16 after
they had been reverse-bias-stressed to breakdown, are shown in figure 4.1. This set of
devices had been regrown with an insertion layer of 250nm, followed by another 500nm
of p-GaN, after the surface layer of the original UID-GaN had been chemically treated.
All stressed devices showed extensive, crater-like surface pits, and most also showed
evidence for lengthy cracks extending across parts of the craters and even outside the
device region in some cases. Sixteen devices were stressed to breakdown and all 16
showed similar crater-like surface damage with varying crater depths. The measured
depths of these craters ranged from 13 to 38 microns, as illustrated schematically in

figure 4.2.

Lift-out with the FIB was performed across the crack on Device L14, as indicated
by the arrow in figure 4.1(e), and the corresponding TEM image is shown in figure 4.3.

This cross-sectional image reveals a high density of dislocations along the left side of the
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crack, which appear to be more concentrated immediately adjacent to the crack and
towards the GaN surface. For comparison, figure 4.4(a) shows a cross-sectional TEM
image of an unstressed device, where the white arrow indicates the position of the
interface between p-GaN and the insertion layer. No dislocations or cracks are visible and
no structural damage due to surface treatment can be observed between the insertion
layer and the UID-GaN layer. The enlargement in figure 4.4(b) shows the p-
GaN/insertion layer/UID-GaN region where there are no visible defects or surface
damage, although the top p-GaN layer shows evidence for Mg precipitates, as reported

previously in Chapter 3.

Figure 4.1 SEM images showing examples of devices that had been reverse-bias-stressed
to electrical breakdown, revealing extensive surface damage, including deep craters and
wide cracks: (a) Device L5, (b) Device L6, (c) Device L7, (d) Device L12, (e) Device
L14, and (f) Device L16.
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In order to appreciate the full extent of defect formation in the failed devices,
Device L16 was progressively milled in cross-section across the surface crater and then
repeatedly imaged in situ with the SEM after another roughly 5 microns had been milled
away. Figure 4.5(a) shows a plan-view SEM image of the original device after failure,
before commencement of trenching. Milling started at the top of the crater at the position
indicated by the arrow, and then proceeded progressively upwards. Figures 4.5(b)-5(h)
are a series of SEM images showing the progress of this milling over an area of roughly
30pum x 25um. Figure 4.5(b) reveals a collection/cluster of voids that are present in the
GaN substrate beneath the crack. Figures 4.5(c)-5(e) show parts of the same void cluster
after additional material, about five microns at a time, had been removed. Figures 4.5(c)-
5(f) show a cluster of threading dislocations at the center of the image, right below the
crack, and away from the surface crack. Figure 4.5(e) shows a threading dislocation
extending from the crater surface into deep within the substrate, over a vertical distance

of almost 80 microns.

In addition to the chemical etching used for processing of the L-series, devices Al
and A2 of the A-series were ICP-dry etched, followed by the growth of a 50-nm-thick
GaN insertion layer and overgrowth with 500 nm of p-GaN. Device A1 suffered
electrical breakdown at a reverse bias of ~1.27kV. It was then studied for surface
anomalies, as represented by the SEM image in figure 4.6. The surface shows pits near
the center of the circular contact, with a long crack that extends across part of the device
to outside the device region. The crater and the crack surface morphology appear similar
to that observed for the L-series devices despite the considerable difference in breakdown

voltages.
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Depth (um) | 20 13 22 38 35 25 28 35 20 (36 |30 37 34 16

Figure 4.2. Schematic illustrating maximum crater depths in Series L devices after they
had been stressed to failure.

Figure 4.3. TEM cross-section images of Device L14 from lift-out location marked in
figure 4.1(e), showing left side (a), and right side (b), of crack with dislocations more
concentrated towards crater surface and near crack region.
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=’ Metal contact

Figure 4.4 (a) TEM cross-section image of unstressed device showing absence of
dislocations across the sample; and (b) Enlargement of p-GaN/insertion layer/UID-GaN
region showing no surface-treatment damage or structural defects, although some
precipitates are visible in p-GaN layer.

A cross-section sample suitable for TEM observation was lifted-out across the
visible crack of Device Al, as marked on figure 4.6 by the double-headed arrow. Figure
4.7 shows corresponding TEM images. Figure 4.7(a) reveals that the entire top surface
region here is riddled with dislocations, not unlike the L-series devices, and a crack is
also visible that penetrates downward by more than 4 microns from the crater surface.
Locations marked from ‘A’ to ‘D’ on Fig. 4.7(a) are shown in the series of images from
Fig. 4.7(b) to Fig. 4.7(e). Left and right sides of the large crack are shown in Figures
4.7(c)-7(d), respectively. Figure 4.7(¢e) from location ‘D’ shows another crack that
extends almost 2 microns downwards from the crater surface. Dislocations here are
concentrated close to the crack and along the top surface, as clearly visible in Figs.
4.7(c)-7(e). The GaN top surface is not flat/even because of the irregular loss of surface

material that occurred during the device breakdown.
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Figure 4.5. Series of SEM images of Device L16, showing progressive cross-sectional
milling across area of 30um (length) x 25um (depth): (a) Plan-view image showing
location where milling started (black double-arrowed line); (b) Cross-section image after
5 microns of milling, showing presence of voids right below surface crack; (c) Cluster of
voids; (d) Voids extending from surface just below crack to ~16 microns deep; (e) Voids
and TDs; (f) Presence of TD cluster all over area; (g-h) TDs extending from substrate; (1)
Milled almost to edge of device.
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Figure 4.6. Plan-view SEM image of Device A1 after reverse-bias breakdown at ~1.27
kV, showing surface pits and crack. White arrowed lines indicate location of cross-
sectional milling and double-arrowed line indicates position of TEM lift-out.

Figure 4.7. Cross-section TEM images after lift-out of Device Al across surface crack,
from location marked with double-arrowed line in figure 7: (a) Low-magnification image
showing large crack about 4 microns deep, as well as smaller cracks and presence of
dislocations concentrated near cracks and surface. Locations marked as ‘A’, ‘B’, ‘C’ &
‘D’ shown in following series of images; (b) High-magnification image of location ‘A’
showing precipitates within p-GaN; (c¢) High-magnification image of location ‘B’
showing precipitates and left-side of large crack; (d) High-magnification image of
location ‘C’ showing right-side of large crack and surrounding dislocations; and (e)
High-magnification image of location ‘D’ showing 2-micron deep smaller crack and
surrounding dislocations.

57



Figure 4.8 shows a sequence of cross-sectional SEM images of Device Al after
progressive milling had been done, along the direction indicated by the arrowed lines on
figure 4.6. Figures 4.8(a) and 4.8(c) reveal the presence of TDs all across the milled
region, while figure 4.8(b) shows a TD that extends about 49 microns downwards from
the crater surface. Figures 4.8(d) and 8(e) show that the surface crack is almost 10

microns deep, and that TDs are present everywhere.

Figure 4.8. Series of SEM images of Device A1 after progressive cross-sectional milling
across area of 40um (length) x 25pum (depth), from location marked with arrowed white
lines in Fig. 6: (a) TDs all over milled area; (b) High-magnification image focused on TD
that extended ~49 pm down from crater surface; (c) Voids concentrated nearer to crack;
(d) Surface crack that appears to be ~10 um deep extending into device; (¢) TDs near and
well away from crack and extending deep into substrate; and (f) Milling stopped at edge
of device and surface crack extending beyond the device is observed.

Finally, for comparison purposes, Fig. 4.9 shows TEM images of the equivalent

Device A2, which was not subjected to any electrical tests. Fig. 4.9(a) shows that no
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dislocations or cracks are present in the lifted-out region. The enlargement in Fig. 4.9(b)
shows the p-GaN/insertion-layer/UID-GaN area, and no etching-based damage or

structural defects are visible.

Metal Contact

Metal Contact,
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Figure 4.9. Cross-section TEM images of Device A2 which was not subjected to any
electrical tests: (a) Low-magnification image shows no cracks or dislocations; (b) High-
magnification image of p-GaN/insertion-layer/UID-GaN area shows no visible etch
damage or defects.

4.4. Summary

This chapter has described the irreversible structural changes observed in two sets
of GaN-on-GaN high-power devices after they had been reverse-biased to the point of

electrical breakdown. Surface-treated devices (Series L) showed deep craters and lengthy
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cracks after failure had occurred. The craters extended across much of each failed device
and had depths of tens of microns. The failed devices also showed the presence of cracks,
clusters of voids and TDs under the craters. The cracks typically extended about 6-10
microns downwards. The voids were present in the substrate region while TDs were
present across entire devices extending deep into the substrate. Devices that had been
etched and then overgrown (Series A) showed similar morphology after failure although
their breakdown voltages were considerably higher. Cracks were again observed on the
cratered surfaces of the failed devices, while cross-section TEM images showed the
formation of threading dislocations that were concentrated close to the cracks and near
the crater surfaces. Similar dislocations were never observed in unstressed devices

subjected to identical etch-regrowth treatment.

The presence of pre-existing defects in devices before regrowth does not seem to be
an important factor in device failure since the Series-L and Series-A devices were grown
on similar substrates but they had significantly different breakdown voltages. The lower
breakdown voltages for the surface-treated devices can most likely be attributed to
surface oxidation during UV-ozone treatment similar to the devices studied in Chapter 3.
Overall, these results provide highly useful information about the reliability of vertical

power electronics and should contribute to the design of better future devices.
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CHAPTER 5
IMPACT OF SUBSTRATE MORPHOLOGY ON REVERSE-BIAS STRESS-

TESTING OF GaN-ON-GaN VERTICAL p-n DEVICES

This chapter describes an investigation of the impact of substrate morphology on
the reverse-bias electrical response of GaN-on-GaN vertical p-n devices. The stressed
devices were provided by the group of Professor Yuji Zhao. The principal results are in
the process of being prepared for publication.

5.1 Introduction

Wide-bandgap semiconductors are highly promising materials for power
applications. GaN-based devices are of particular interest because of their enhanced
electrical performance in comparison with traditional Si-based devices such as thyristors,
metal-oxide semiconductor field-effect transistors, and insulated-gate bipolar transistors.
GaN offers these advantages because of its intrinsic material properties, which include
wide bandgap (3.44 eV), high critical electric field (~10x Si), low intrinsic carrier
concentration, high thermal conductivity (~1.5x), and high saturation velocity (~3x) [1-
5]. Vertical GaN devices are preferred to lateral devices for better packaging, higher
efficiency, high-current and high-voltage applications [6-7].

Previous generations of GaN devices grown on common substrates, such as Si,
SiC and sapphire, had very high defect densities (108-10'° cm?), primarily due to the
large lattice mismatch between materials [8]. The high density of threading dislocations
(TDs) contributes to non-radiative recombination and scattering centers that eventually

limit device performance [9]. Since such defects can affect breakdown voltage, leakage
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current, device reliability, high-temperature reverse bias and operating lifetime, it is
critical to minimize defect densities [10]. Developments in growth techniques such as
hydride vapor pressure epitaxy (HVPE) and ammonothermal methods have led to the
availability of freestanding GaN substrates with defect densities of lower than ~108 cm™
[11]. Epitaxial GaN-on-GaN layers can be grown with even lower defect density (<10*
cm) using these bulk substrates, in turn making it feasible to fabricate vertical high-
power GaN-on-GaN devices with high breakdown voltages [12].

Although these developments in growth techniques have led to bulk GaN
substrates with substantially less defects, the random locations of these defects is still
liable to cause inferior device performance. For example, it is well known that TDs are
the most likely reason for leakage current in GaN-based devices [13-14]. These TDs
could act as trap centers due to the presence of metastable acceptor- and donor-like states
in the vicinity of the defects [15-16]. Increased leakage current has been reported in GaN-
based devices grown by various methods such as molecular beam epitaxy (MBE) [17-
18], metal-organic vapor phase epitaxy (MOCVD) [19,20], and HVPE [21]. Since defects
cannot be avoided altogether, device fabrication should be concentrated when possible in
areas with minimized defect densities, rather than areas with large defect concentrations,
in order to avoid defect-related current leakage and possible device breakdown. It has
been reported that HVPE-grown GaN substrates with extensive regions of low
dislocation density (~10° cm) could be obtained by deliberately concentrating the
dislocations around pits with predetermined locations [22]. Another report suggested that
the selective growth of GaN by HVPE, through openings in an SiO2 mask, likewise
reduced the dislocation density (TDs~10" cm) in overgrown layers [23]. One study
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reported that bulk GaN grown by HVPE achieved a low etch-pit density (EPD) of ~10°
cm by removal of the base Si substrate at high temperature [24].1t was also reported that
bulk GaN with “near-perfect” crystal quality (EPD of ~3x102 cm™2) could be obtained by
HVPE GaN regrowth after the intentional formation of an ordered array of etch pits in the
base GaN layer; it was stated that the etch pits transformed into voids after regrowth and
thus did not propagate dislocations into the overgrown layers [25]. Another study
reported bulk GaN grown by ammonothermal methods, again with low dislocation
density (<108 cm™) [26].

Given these developments of bulk GaN substrates of high quality, there is much
interest in understanding how the morphology of these substrates might influence
subsequent device behavior. Devices may also be impacted by processing methods such
as plasma etching for selective-area doping that are used to create complicated device
structures, and edge-termination techniques such as hydrogen passivation [27-29]. The
complexity of possible causes for degraded devices can lead to confusion over the exact
reason(s) for device failure. The work described in this chapter has involved an
investigation of GaN-on-GaN vertical devices that were grown on HVPE substrates
originating from two different sources and one ammonothermal substrate. The fabricated
devices were characterized by X-ray topography (XRT), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), and the results have been correlated
with electrical performance, as measured in terms of leakage current under reverse-bias

conditions.

65



5.2 Experimental Details

Three GaN substrates from different sources were used for device fabrication.
Two were grown by the HVPE method and are labelled here as S-1 and S-2. The third
substrate was grown by ammonothermal methods and is labelled here as S-3. These
freestanding n*-GaN substrates were 2-inch c-plane with carrier concentrations of ~10*®
cm. Unintentionally-doped (UID) GaN drift layers with thicknesses in the range of 2.0-
2.4 microns were grown on all three GaN substrates by MOCVD, followed by
overgrowth with Mg-doped p-GaN layers with thicknesses of 300-500 nm. Activation of
the regrown p-GaN layers was carried out by rapid thermal annealing at 700 °C for 20
min in a N2 environment. Devices fabricated on each wafer had sizes ranging from 60-
300 um in diameter and are identified later according to their size.

Metal stacks of Pd/Ni/Au (10 nm/20 nm/50 nm) for p-GaN ohmic contacts were
deposited by electron-beam evaporation. Mesa isolation and hydrogen-plasma
passivation were used for edge termination. Metal stacks of Ti/Al/Ni/Au (20 nm/130
nm/50 nm/150 nm) for ohmic contact were deposited by electron-beam evaporation on
the backsides of the GaN substrates. Native surface oxides were removed before
deposition of the metal contacts by cleaning with acetone/isopropyl alcohol, followed by
hydrochloric acid. The PlasmaTherm Apex ICP chlorine-based tool, which is a load-
locked, inductively-coupled plasma (ICP) etch system, was used for etching, and the
process gases were BCI3Clz, Ar and N2. The samples were placed on a 4-inch silicon
carrier wafer for etching.

Current-voltage (1-V) measurements (limited to a maximum of 1000 V) were

made using a Keithley 2410 source-meter. The ramp rate (bias step) was 1 V and the
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dwell time for each point was 100 ms. All of the fabricated devices in this study had turn-
on voltages of ~3.4 V, as measured from forward I-V characteristics. The reverse |-V
characteristics of the devices were compared with respect to a specific leakage current
cut-off, which was set at 10° A in order to avoid irreversible device breakdown. Some of
the devices that were later used for cross-sectional observation were reverse-bias stressed
until breakdown had occurred.

XRT images of the various wafers were taken with a Rigaku XRT-100, operated
at 50 kV voltage and 30 mA current. All XRT measurements were taken under reflection
mode with Cu Kq; X-ray source. Samples suitable for cross-sectional TEM observation
were prepared by focused-ion-beam (FIB) milling using a FEI Nova 200 dual-beam
system, with initial thinning done at 30 keV and final thinning done at 5 keV. Scanning
electron micrographs were also recorded during FIB milling. A Philips-FEI CM-200 FEG

TEM operated at 200 keV was used for structural imaging.

5.3 Results

Figure 5.1 compares reverse-bias curves for the devices fabricated on Wafer S-1,
with Fig. 5.1 (a) showing results for devices that had high reverse-bias voltages before
the leakage current limit of 10 A was reached, and Fig. 5.1(b) showing those devices
with low reverse-bias voltages. Table 5.1 lists the maximum voltages applied to each of
these devices.

Figure 5.2 (a) is an XRT image of Wafer S-1 that shows a two-dimensional array
of dark spots, which are roughly equally spaced with separation distances of ~1 mm. The

red circles indicate locations of fabricated devices that had reverse-bias voltages of less
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than 100 V before the leakage current cutoff threshold, whereas the white circles indicate
the locations of devices with reverse-bias voltages of greater than 300 V. Figure 5.2 (b)
shows a low-magnification SEM image of the devices fabricated at the locations circled
in Fig. 5.2 (a). These have varying diameters, ranging from 60 um to 300 um, and are
identified according to their size. Correlation of these images with the corresponding
device measurements in Table 5.1, shows that fabricated devices that overlapped with the
dark spots had reverse-bias voltage limits of less than 100 V and are thus considered to
have performed poorly. In contrast, devices in locations away from such regions had
reverse-bias voltages of greater than 300V before reaching the pre-specified leakage

current threshold.

Table 5.1. Summary of 1-V measurements for Wafer S-1

60-1 Good | 100-1 Good (-300V) | 200-1 Good (-300V) | 300-1 Bad (<-50)
(-320V)

60-2 Bad 100-2 Good (-330V) | 200-2 Good (-320V) | 300-2 Bad (<-50)
(<-50)

60-3Bad | 100-3 Good (-330V) | 200-3 Bad (<-50) 300-3 Bad (<-50)
(-150V)

Figure 5.3 shows an XRT image of Wafer S-2, where the red and white circles
again indicate the locations of fabricated devices that showed low and high reverse-bias
thresholds, respectively. Discontinuous, mostly vertical, features are visible that are
roughly separated by ~ 1 mm. Table 5.2 shows corresponding I-V measurements of these
devices. Those fabricated in locations overlapping with the discontinuous, vertical

features had excessive leakage current under relatively low reverse-bias voltage, whereas
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devices located away from such features performed more robustly, reaching reverse-bias

voltage limits of greater than 300 V.
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Figure 5.1. (a) Reverse-bias I-V curves for devices on Wafer S-1 that showed large

reverse-bias voltages before reaching cut-off limit of 10 A; (b) Corresponding curves
for devices on Wafer S-1 with lower reverse-bias voltage limits.
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Figure 5.2. (a) XRT image of HVPE-grown Wafer S-1 showing two-dimensional array of

dark spots with ~1mm separation. Circles indicate locations where devices were later
fabricated. (b) Low-magnification SEM image showing devices fabricated at locations

indicated in (a).

Table 5.2. Summary of 1-V measurements for Wafer S-2
60-1 Good 100-1 Good (-290V) 200-1 Good (-330V) | 300-1 Bad (-250V)
(-310V)
60-2 Good 100-2 Good (-315V) NA NA
(-280V)
60-3 Bad 100-3 Good (-280V) 200-3 Bad (-250V) NA
(-185V)

Figure 5.4 is an XRT image of Wafer S-3, which is the GaN-on-ammonothermal

GaN substrate, with red and white circles again indicating the locations of fabricated

devices which showed low and high reverse-bias voltage limits, respectively. No

noticeable morphology features are visible. However, devices fabricated on this wafer did

not perform consistently, as shown by the electrical results summarized in Table 5.3.
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Some devices reached high reverse-bias voltages of greater than 320V without significant
leakage, whereas some devices only reached reverse-bias voltage limits in the range of

50-200V before substantial leakage current started to occur.
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Figure 5.3. (a) XRT image of HVPE-grown Wafer S-2 showing discontinuous and
vertical features with lateral separation of roughly ~1mm spacing. Circles indicate
locations where devices were later fabricated. (b) Low-magnification SEM image
showing devices fabricated at locations indicated in (a), the device within the box was
stress-tested to breakdown: see Fig. 5.10.

Table 5.3. Summary of 1-V measurements for Wafer S-3
NA 100-1 Good (-370V) 200-1 Bad (-115V) | 300-1 Bad (-50)

60-2 Bad | 100-2 Good (-380V) | 200-2 Bad (-240V) | NA
(-50)

60-3Bad | 100-3 Good (-380V) | 200-3 Good (-340) | 300-3 Good (-320)
(-185V)
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Figure 5.4. () XRT image of Wafer S-3 as grown b monotheral method. No
macroscopic-sized features are visible. Circles indicate locations where devices were later
fabricated. (b) Low-magnification SEM image showing devices fabricated at locations
indicated in (a).

In order to provide further insight into this dependence of device behavior on
surface and sub-surface features, two HVPE-grown wafers nominally similar to S-1 were
etched and then observed by SEM. These two wafers, labelled here as S-A and S-B, were
etched using ICP recipes with different RF power. Wafer S-A was etched with an RF
power of 70 W for 2 minutes, which removed ~500 nm of the top surface layer, while
Wafer S-B was etched with reduced RF power of 5 W for 2 minutes, which removed a
surface layer of ~40 nm. Figure 5.5 shows XRT images of these two wafers: The regions
observed by SEM after etching are circled.

Figure 5.6 shows plan-view SEM images of Wafer S-A after etching at the
location circled in Fig. 5.5(a). Some surface features are faintly visible in Fig. 5.6 (a) but

no large macroscopic-sized defect can be seen. Figure 5.6 (b) shows a medium-

magnification image of the area indicated by the box in Fig. 5.6 (a): A cluster of pits,
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labeled as L1, L2, L3 and L4, is visible. Figure 5.7 shows enlarged SEM images of these
four regions. Figures 5.7 (a) and 5.7 (b) show inverted, hexagonal-shaped pyramidal pits
of different sizes. Figure 5.7 (c) shows a region with 5-6 closely-packed hexagonal pits,
and Figure 5.7 (d) shows a continuous and large defect, possibly formed by the

amalgamation of several pits.

Figure 5.5. XRT images: (a) Wafer S-A; and (b) Wafer S-B. Enlargements of the circled
regions are shown in later figures.

Figure 5.6. (a) Plan-view SEM image of Wafer S-A showing the location marked by
circle in Fig. 5.5 (a): (b) Medium-magnification image showing cluster of defects from
location marked in (a).
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1.3 Tilted-view

Figure 5.7. Enlarged images of Wafer S-A showing the locations marked in Fig. 5.6 (b):
(a) Series of inverted-hexagonal pyramidal pits at location L1; (b) Large pit with width
~5.5 microns at location L2; (c) Closely-packed hexagonal pits ~5-6 number; (d) Large,
irregular pit likely formed by amalgamation of several smaller pits.

Figure 5.8 shows SEM images of Wafer S-B from the location circled in Fig.
5.5(b). No noticeable surface features such as those visible in Fig. 5.7, could be seen.
Clearly, the etching rates have played an important role in exposing the surface features
observed in wafers by XRT. Thus, the faster, (deeper) etching has helped in exposing
significant sub-surface features that are observed by XRT but are not revealed by the
reduced (shallower) etching.

In order to better appreciate the possible role played by substrate defect
morphology in device failure, the device 60-2 on Wafer S-3, which suffered premature
breakdown (<50 V), was progressively milled in cross-section across the visibly damaged

surface, and then imaged in situ with the SEM after completion of each milling cycle.
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Figure 5.9 (a) shows an SEM image of the device before commencement of trenching.
The series of SEM images in Figs. 5.9 (b)-5.9 (g), each taken after another roughly 5
microns had been progressively milled away, show the substantial presence of threading
dislocations extending deep (~ 26 microns) into the substrate. Finally, Fig. 5.9 (h) shows

a plan-view image taken after the milling had been completed.

Figure 5.8. Plan-view SEM images of Wafer S-B from location circled in Fig. 5.5(b): (a)
Low-magnification image showing no substantial surface features; (b) Higher-
magnification image showing irregular surface pit at location circled in (a).

Figure 5.9. Series of SEM images of Device 60-2 on Wafer S-3, showing progressive
cross-sectional milling across surface area of 25um (length) x 25um (depth): (a) Plan-
view image, also showing location where milling started (double-arrowed line); (b-g)
Cross-section images each taken after 5 microns of milling, showing presence of
dislocations; (h) Plan-view image taken after completion of milling.
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The device 300-1 on Wafer S-2, whose location was overlapping with the features
observed in XRT image (device marked by rectangular box in Fig. 5.3(b)), was similarly
progressively milled in cross-section across an area of 40 microns x 30 microns. This
particular device had suffered premature breakdown and showed crater-like surface
damage, as marked by an arrow in Fig. 5.10(a). This crater-like pit was 100 microns long,
almost 50 microns wide at its center, and almost 30 microns deep. The series of SEM
images shown in Fig. 5.10(b)-10(g), reveal the presence of threading dislocations
penetrating deep into the substrate as well as clusters of voids, similar to the results
reported in Chapter 4. Similar progressive milling that was undertaken on devices with
high reverse-bias voltages (>300 V) showed an absence of dislocations or voids. These
results agree with previous studies where devices that had been reverse-bias stressed to

failure showed the presence of dislocations, cracks and voids in SEM and TEM images.*

Figure 5.10. Series of SEM images of Device 300-1 on Wafer S-2, showing progressive
cross-sectional milling across surface area of 40um (length) x 30um (depth): (a) Plan-
view image showing location where milling started (double-arrowed line) and crater-like
surface pit (arrowed); (b-g) Cross-section images each taken after 5 microns of milling,
showing presence of cluster of voids and dislocations; (h) Plan-view image taken after
completion of milling.
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5.4 Summary

The morphology of GaN substrates grown by hydride vapor-phase epitaxy
(HVPE) and by ammonothermal methods has been correlated with reverse-bias stress
testing of GaN-on-GaN p-i-n devices. GaN substrates grown by HVPE showed ordered,
well-separated arrays of surface features when observed using X-ray topography (XRT).
All fabricated devices that overlapped with these features had typical reverse-bias
voltages of less than 100V before reaching a leakage current limit that was set at 10° A.
In contrast, devices not overlapping with such features had reverse-bias voltages of
greater than 300V for a similar leakage current limit. After surface etching, the surfaces
of the HVPE substrates showed evidence for defect clusters and macro-pits, whereas
XRT images of the ammonothermal GaN substrate revealed no visible features.
However, some devices fabricated on the ammonothermal substrate failed to reach
equivalent reverse-bias voltages. Devices on HVPE and ammonothermal substrates with
low breakdown voltages showed crater-like surface damage. Progressive ion-milling
across such devices revealed the presence of threading dislocations penetrating deep into
the substrate (~25 microns) and voids; these features were not observed in devices with
high reverse-bias voltages and low leakage current. The results from this study should be

of assistance in devising protocols to reliably fabricate high-power devices.
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CHAPTER 6

PLASMA-ENHANCED ATOMIC-LAYER-ETCHED GaN-ON-GaN DEVICES

This chapter describes an investigation of atomic-layer-etched (ALE) and regrown
GaN-on-GaN vertical devices. The devices were grown by the group of Professor Yuji
Zhao. The ALE processing and XPS measurements were performed by the group of

Professor Robert Nemanich.

6.1 Introduction

The etching of mesa structures is commonly used to terminate or isolate high-voltage
GaN devices to reduce low-voltage breakdown at junction edges. Etch termination
techniques are well established for Si semiconductors, but suitable schemes are still under
development for GaN devices [1-2]. Even though the density of threading defects (TDs) is
reduced in epitaxial devices grown on bulk GaN substrates, dislocations caused by etch
damage are liable to increase the severity of device breakdown effects and degrade device
reliability [3]. TDs are known to act as trap states in GaN films and are considered as being
responsible for locally high reverse leakage current due to the presence of metastable
acceptor- and donor-like states in the vicinity of the defects [4-6]. The development of an
improved in situ etching technique should help in the fabrication of complicated device
structures, allowing selective-area doping with minimal etch damage.
6.2 Experimental Details

In these initial exploratory studies, devices designated here as Al, A2 and A3, were
grown homo-epitaxially by metal-organic chemical vapor deposition (MOCVD) on 2-inch

c-plane n* GaN substrates with a carrier concentration of ~10*® cm™ and at a growth
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temperature of ~1040°C. Approximately 4-5 microns of UID-GaN was grown on the
device followed by plasma-enhanced atomic-layer-etching (PEALE) with a precise etch
rate of 5 A/cycle. This precise Angstrom-scale etching was achieved by application of
“super-cycles” that consisted of five alternating steps of hydrofluoric acid (HF) and
trimethylaluminum (TMG) cleaning after each oxidation (via O2 RF plasma) step. The
removal rate and thickness measurements were conducted with an in situ multi-wavelength
ellipsometer. The surface composition for all devices after etching was determined by in
situ X-ray photoelectron spectroscopy (XPS). Hydrogen passivation was performed on two
devices, A2 and A3, after PEALE to remove surface impurities and maintain Ga/N ratio.
Mg-doped p-GaN layers with thicknesses in the range of 400-500 nm were grown on all
samples. Details about device fabrication have been given in previous chapters. Samples
suitable for cross-sectional TEM observation were prepared using the FEI Nova 200 dual-
beam system, with initial thinning at 30 keV and final thinning at 5 keV. All scanning
electron microscopy (SEM) images were taken on the Nova. A Philips-FEI CM-200 FEG
TEM operated at 200 keV was used for imaging.
6.3 Results

The structure of all devices subjected to PEALE and regrown with p-GaN, is
illustrated in Fig. 6.1. Figure 6.2 is an XPS plot of Device A1, which indicates the presence
of oxygen. Plan-view SEM images were taken at different magnification to observe
features of the regrown surface. Figure 6.2(b) is the low-magnification SEM image of
Device Al and shows a mostly uniform surface but with some irregularities in the form of
dark spots. Figure 6.2(c) is a higher-magnification image of one of the dark spots shown
circled in Fig. 6.2(b), and reveals what appears to be growth interruptions, roughly 10-
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20um in size, in the p-GaN region. Figure 6.2(d) is a higher-magnification image showing
a more uniform area, as also circled in Fig. 6.2(b), revealing extensive patches of GaN

apparently without complete coalescence.

SOU I [FHEE Location of
Etching/Passivation

4.5 um UID GaN

500 nm n -GaN
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Figure 6.1. Schematic of device structure, also indicating location of etching and
passivation treatment.
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Figure 6.2. (a) In situ XPS plot showing elemental compositions after ALE etching
(Courtesy of K. Hatch); (b) Low-magnification SEM image showing regrowth surface;
(c) High-magnification SEM image showing growth interruptions at location marked in
(b); and (d) High-magnification SEM image from location marked in (b).
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Figure 6.3 shows a series of cross-sectional TEM images of the Device Al. The
interface between p-GaN and UID-GaN interface can be clearly observed in Fig. 6.3(a).
Figures 6.3(b)-6.3(f) are higher-magnification TEM images taken at the locations marked
in Fig. 6.3(a). Figure 6.3(g) is a higher-resolution image taken at the interface region.
Threading dislocations and dislocation loops are visible within the p-GaN. The presence
of these defects within the p-GaN layer was not due to the innate quality of the UID-GaN
or the substrate since no defects were observed in these regions. These results seem to show
that the presence of oxygen at the surface before the p-GaN regrowth, as evident in Fig.
6.2(a), has most likely affected the material quality.

The Device A2 was subjected to 10 nm of PEALE followed by hydrogen (H>)
plasma cleaning, before p-GaN regrowth. Plasma cleaning removed surface oxygen
contamination and provided the best Ga/N ratio possible for initiation of the regrowth. The
XPS plot in Fig. 6.4(a) clearly shows surface oxidation after ALE but negligible oxygen
after hydrogen passivation. Figure 6.4(b) is a plan-view SEM image taken at low
magnification showing light area with dark circles. Figure 6.4(c) shows medium-
magnification SEM image taken at location marked as ‘A’ in Fig. 6.4(b). The dark circle
is ~ 400 pum in diameter with light and dark regions. Figures 6.4(d)-6.4(e) show images
taken at dark and light regions in Fig. 6.4(c) (marked). The dark regions are interruptions
in p-GaN growth with GaN islands clustered together, whereas the light areas are p-GaN

with truncated hexagonal pits, Figure 6.4(f) shows the location of TEM lift-out.
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UID-GaN

Figure 6.3. (a) Low-magnification TEM image showing p-GaN/UID-GaN interface
(white arrow); Higher-magnification images showing defects within p-GaN and visible p-
GaN/UID-GaN interface: (b) Location ‘A’, (c) Location ‘B’, (d) Location ‘C’, (e)
Location ‘D’, (f) Location ‘E’; and (g) High resolution TEM image showing p-GaN/UID-
GaN interface region.

84



2

o
o

After ALE ALE + Plasma
0.568

o o < o
N} w IS 13

Atomic Concentration

O ¥ -

Figure 6.4. (a) In situ XPS plot (Courtesy of K. Hatch) after ALE (left) and after
passivation treatment (right); (b) Low-magnification SEM image showing mostly
uniform area but with dark circles; (c) Medium-magnification SEM image from location
‘A’; (d) High-magnification SEM image from location ‘B’; (€) High-magnification SEM
image from location ‘C’; and (f) High-magnification SEM image showing the location
(arrowed) of TEM lift-out.
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Figure 6.5 shows a series of cross-sectional TEM images of Device A2. Figure
6.5(a) shows a low-magnification TEM image, where the interface between p-GaN and
UID-GaN (white arrow) can be clearly observed. Figures 6.5(b) and 6.5(c), from locations
‘A’ and ‘B’, respectively, show threading defects and dislocation loops within the p-GaN.
Pits can be clearly observed along the p-GaN/UID-GaN interface indicating that the surface
before the regrowth was not flat and clean. Figure 6.5(d) shows defects within the p-GaN
layer. The high-resolution TEM image in Fig. 6.5(e) shows the presence of impurities and
defects inside the UID-GaN near the interface. Figure 6.5(f) is a high-resolution TEM
image indicating the presence of dislocation loops just below the interface. In comparison,
the TD density deep inside the UID-GaN is much reduced.

Figures 6.6(a) and 6.6(b) are TEM images taken under 2-beam diffraction
conditions at locations ‘B’ and ‘C’ in Fig. 6.5(a), respectively, showing dislocation loops
near the interface region. Figures 6.6(c) and 6.6(d) are weak-beam dark-field (WBDF)
images showing dislocation loops and defects near the interface region. Even though the
oxidation at the interface was negligible after plasma cleaning, as observed by XPS, the
image clearly shows presence of defects. These are attributed to hydrogen diffusion from
the surface into the device during plasma cleaning. After plasma treatment, the devices
were transferred to MOCVD chamber where the high growth temperature (=<1100°C) could
have caused the hydrogen to diffuse into the UID-GaN, leading to defects during the

regrowth.
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Figure 6.5. (a) Low-magnification TEM image showing p-GaN/UID-GaN interface
(white arrow). High-magnification TEM images showing defects within p-GaN and UID-
GaN taken: (b) Location ‘A’; (c) Location ‘B’; (d) High-resolution TEM image showing
defects within p-GaN; (e) High-resolution TEM image showing ‘V’-shaped defect within
UID-GaN; and (f) High-resolution TEM image showing dislocation loop near top of
UID-GaN layer.
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Figure 6.6. (a) Location ‘B’ in Fig. 6.5(a) under two-beam conditions; (b) Location ‘C’ in
Fig. 6.5(a) under two-beam conditions; (¢) WBDF image from location ‘B’; and (d)
WBDF image from location ‘C’.

Device A3 was subjected to 20 nm of PEALE treatment, followed by hydrogen
(H2) plasma cleaning, before p-GaN regrowth. Figure 6.7(a) shows the XPS plot after
passivation: the surface composition shows negligible oxygen. Figure 6.7(b) is a plan-view
SEM image clearly showing GaN island growth. Figure 6.7(c) clearly shows small and
large GaN islands without coalescence. Figure 6.7(d) is a TEM image taken from across
one of the GaN islands, shown in Fig. 6.7(c) (white circle). The TEM image shows that the
entire surface is riddled with defects as well as voids. Surface oxidation due to deep ALE
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and hydrogen diffusion due to passivation resulted in lack of coalescence during regrowth

and higher vertical growth than lateral growth, leading to tall p-GaN islands.
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Figure 6.7. (2) In situ XPS plot for GaN surface after ALE and passivation; (b) SEM
image showing hexagonal-shaped GaN islands; (c) SEM image showing small and large
GaN islands; (d) Cross-sectional TEM image, taken at location circled in (c), showing
defects deep inside the UID-GaN.
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6.4 Discussion and Summary

The initial trials of in situ PEALE technique using oxidation and hydrogen plasma
cleaning has resulted in unintended regrowth defects in GaN devices. The initial etching
process caused surface oxidation before regrowth, which lead to irregularities in the p-GaN
layer growth. The plan-view SEM images revealed incomplete GaN coalescence, and TEM
images revealed a visible regrowth interface and the presence of defects within the p-GaN
region. Hydrogen plasma passivation to remove oxidation post-etching was shown to be
successful in terms of oxygen removal but had the unintended consequence of hydrogen
diffusion into the base GaN layer, leading eventually to defects within p-GaN and UID-
GaN layers. These caused incomplete GaN coalescence and lead to the formation of
truncated hexagonal-shaped pits across the p-GaN. Some areas showed the presence of

individual GaN islands of varying size.
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CHAPTER 7

FUTURE WORK

The research of this dissertation has involved an investigation of several of the more
important materials issues and problems that are likely to impact the future reliability of
GaN-based vertical power devices. Further studies from the materials perspective are still
needed to understand the challenges of fabricating GaN-on-GaN devices and to establish
protocols that eliminate, or at least minimize, device breakdown. These issues and some

preliminary results are briefly presented and discussed in this chapter:

7.1 Factors Causing GaN-on-GaN Device Breakdown: Preliminary Results

In initial studies, two samples were grown homo-epitaxially by metal-organic
chemical vapor deposition (MOCVD) on 2-inch c-plane HVPE-grown n™ GaN substrates
with carrier concentration of ~10*® cm? and growth temperature of ~1040°C.
Approximately 20 microns of UID-GaN was grown on the two samples followed by growth
of Mg-doped p-GaN layers with thicknesses in the range of 400-500 nm. Details about
device fabrication have been given in previous chapters. Devices on one of the samples,
designated here as Set B1, were hydrogen plasma treated for device edge termination at an
ICP power of 300 W, an RF power of 10 W, and a pressure of 8 mTorr. The devices
designated as Set B2 were mesa devices. Figures 7.1(a) and 7.1(b) are illustrations of these
devices. The devices were thermally annealed at a temperature of 400°C to passivate the
p-GaN layer. Samples suitable for cross-sectional TEM observation were prepared using a

FEI Nova 200 dual-beam system, initial thinning at 30 keV and then final thinning at 5
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keV. All scanning electron microscopy (SEM) images were taken on the Nova. A Philips-

FEI CM-200 FEG TEM operated at 200 keV was used for imaging.

(a) Anode w=5um, 15:‘:::1, 25pm, 35um, 45um, 55pum, 65 um (b)
500 nm I p*-GaN - “1‘“ H plasma treatment region “"""'""[ +
o GaN Drift Layer, 515 cm o GaN Drift Layer, 5E15 cm*
n*-GaN, 1E18 cm™ n*-GaM, 1E18 cm™*
Cathode == Cathode "=

Figure 7.1. lllustration (not to scale) of devices: (a) B1, and (b) B2.

Figure 7.2 show plan-view SEM images of three different B1 devices, which had
been reverse-bias stressed to typical breakdown voltages ranging from 1300V to 1650V.
The device failures were marked by deep cracks, as observed previously, in some cases
extending across the entire device. In order to better understand the possible reasons behind
the device failure, the device shown in Fig. 7.2(b) was progressively milled in cross-section
across part of the crack, and then imaged in situ after completion of each milling cycle.
Figure 7.3(a) shows this device before commencement of trenching; the arrows indicate
the location of the milled area. The series of images in Figs. 7.3 (b-h), each taken after
roughly 5 microns had been progressively milled away, reveal a dense array of many
threading dislocations extending deep (~ 45 microns) into the substrate. The crack itself
was measured in this region to extend ~35 microns down from the surface which is well

below the thickness of the UID-GaN layer, and it may have been even deeper in the central
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region of the device. Finally, Fig. 7.3 (h) shows a plan-view image taken after completion

of milling.

Figure 7.2. Plan-view SEM images of B1 devices.

Figure 7.4 shows a low-magnification SEM image of the B2 devices. Two types of
irreversible failure, designated as Type | and Type |1, were observed in these devices when
reverse-bias stressed to breakdown at typical voltages ranging from 1800V to 2000V.
Failed Type | devices are indicated by black circles in Fig. 7.4.and are differentiated by a
large surface crack, sometimes extending across the entire failed device. The insert in Fig.
7.4 shows a representative XRT image of the wafer used for growth of these devices. This
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image shows a two-dimensional array of features roughly equally spaced (~1 mm). It was
already established, as shown in Chapter 5, that the substrate morphology played a critical
role in the device behavior; since devices fabricated above these features had premature
breakdown with visible surface damage such as “craters” and deep cracks. Thus, the Type

I breakdown mode is clearly closely correlated with the substrate morphology.

Figure 7.3. Series of SEM images of Device B1, showing progressive cross-sectional
milling across part of the failed device: (a) SEM image showing a large crack across the
device and the location where milling started (arrowed line); (b-h) Cross-section images
each taken after 5 microns of milling, showing high density of TDs; (h) SEM image taken
after completion of milling.
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Figure 7.4. Low-magnification SEM image showing two types of breakdown when the B2
devices were reverse-bias stressed to failure: black circles indicate Type | breakdown and
red circles indicate Type Il breakdown. Insert shows XRT image with roughly equally

spaced (~1mm) array of surface features.
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Figure 7.5. SEM images showing the Type Il breakdown mode with cracks branching
outwards rather than deep cracks and surface crater.

Failed Type Il devices are indicated by red circles in Fig. 7.4. Figure 7.5 is a set of
plan-view SEM images showing examples of Type Il breakdown. This breakdown mode
was differentiated by branching of surface cracks extending outwards from the device. In
order to better understand this breakdown mode and nature of cracks, one of the devices
was progressively milled in cross-section, and then imaged in situ with the SEM after each

milling cycle. Figure 7.6(a) shows the device before commencement of milling: the milling
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location is indicated by arrowed lines. Figures 7.6(b-d) are SEM images taken after another
roughly 5 microns had been progressively milled away. The branching surface crack
extends ~ 8 microns deep into the substrate and threading dislocations are again visible.
Figures 7.6(e-f) show progressive milling of another crack, indicated by the circle in Fig.

7.6(b), which also shows the presence of threading dislocations and another crack (~ 5

microns deep).

o 5
= - L% RS SR oy . o

Figure 7.6. Series of SEM images of Type-Il breakdown in Device B2, showing
progressive cross-sectional milling across surface area: (a) SEM image, showing outwards
branching cracks and location of milling marked by arrowed lines; (b-d) Cross-section
images each taken after 5 microns of milling, showing presence of TDs and crack; (e-f)
SEM images taken after milling of smaller crack circled in (b).

7.2 Outlook

Device breakdown under extreme reverse-bias conditions is clearly more
complicated than originally thought. In some cases, large cracks develop that are
correlated with underlying macroscopic defects in the HVPE-grown GaN substrate and

these cracks extend well beyond the thickness of the UID-GaN layer. In other cases,
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cracks extend radially outwards from the edges of the devices into the surrounding
material, leaving the device itself apparently undamaged. Further work is required to
understand the cause(s) of this Type Il breakdown behavior from a materials perspective.
Identifying the origins of these different types of breakdown should then assist in
developing fabrication protocols that will ensure reliable performance in future

generation of devices.
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