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Abstract

High breakdown voltage, high power, and current density are all achievable with
high electron mobility transistors based on GaN (GaN HEMTs). GaN HEMTs also
provide enhanced interference protection and significant promise in RF microwave and
power electronics applications. However, there are still a lot of performance and
reliability challenges that need to be resolved, particularly those involving flaws in
semiconductor materials. In this research, the operational performance and the
dependability of Schottky and metal-insulator-semiconductor high electron mobility
transistors (Schottky - & MIS-HEMTSs) are explored, and the relevant physical processes
are proposed. Additionally, a low-temperature supercritical fluids (SCF) post-processing
technique has been created to enhance component performance and reliability, passivate
GaN HEMT flaws and efficiently boost the on-current (Ton) of GaN HEMT.

In the research, the mechanism of the kink effect during the drain current-drain
voltage (In-Vp) of Schottky HEMTs on SiC is carefully analyzed. When the kink effect
occurs, the drain current-gate voltage (Ip-Vg) curve shows that the drop in current is
linked to an increase in the threshold voltage (V7). Through Silvaco's simulated defect
localization and lighting studies, it is discovered that Ip-Vg reacts to UV light but not to
blue, green, or red light following the kink effect. As a result, the Vr shift-induced kink

effect is eliminated since electrons cannot be released from the defect. The reliance of the
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kink effect mechanism's reliance on the recombination of electrons and holes in the buffer
layer has been demonstrated. The major mechanism allegedly responsible for the kink
effect is caused by impact jonization (L.1) and trapped electrons in the buffer layer and
the hole recombination.

Continues to study the special current arc nodes in the kink effect of GaN HEMTs.
The forward and reverse output curves of Ip-Vp show that the node tends to arc as the Vg
increases. Using With long-term voltage stress and the recovery measurement technology
at the arc node, it is confirmed that the position of the arc node is related to the degree of
1.1. and also represents the number of holes generated. In addition, the C-V measurement
confirms that the hole is generated by the L1 at the gate edge, which will also be verified
by the temperature change exﬁeriment, and the physical model and the degradation
behavior of the kink effect node will be completely proposed.

Lattice mismatch is a common occurrence in the GaN HEMT process, which causes
nitrogen vacancy or dislocation defects to emerge during the epitaxial process, lowering
the performance and the reliability of the device. In the first two chapters, the issues
regarding dependability are also clarified; the defect passivation is critical for GaN
HEMTSs. Furthermore, will take advantage of the physical and chemical qualities of SCF

and the traits of solid, liquid, and gas phases to develop low-temperature SCF post-
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processing technology, so as to deal with passivation GaN HEMT defects, effectively
improve GaN HEMT Ion, reduce Rs, and improve component performance and reliability.

Finally, the atypical two-stage degradation of VT under MIS GaN-HEMT off-state
operation is thoroughly covered. The Vr shifts briefly positively and then negatively
during the off-state operation. In contrast, the gate leakage (Ig) keeps getting smaller as
in the off- state stress process. The experiment outcomes show that electron-hole pairs
are created when a transverse electric field is strong enough. The created electrons and
holes are then trapped on the SisN4 gate insulator (GI), where they work to offset the Vt
tendency to shift in one direction. Additionally, it has been established through the
telnperamre change experiment that the LL is a dangerous condition that is brought on by
carriers from the gate during the off-state. Finally, a model is verified and suggested with

various GI thicknesses.

Keywords: HEMT, GaN, Kink effect, off state stress, supercritical fluids (SCF), Defect

passivation

viii



Contents

B ST B T v vrervrerririrenrrrasessnsserssass s s e e s e eSS RSO RSRR RS RS e SRR SRR SRR R RO RRS i
B ovevreeererirnressesnsearessnssesssanasrannanssssata s s s bSO s SRS SR b S e SR e SR SRS S SRR RRTS SR RSNSOI RE S4B e RS SNBSS e if
T2 iv
N T 1 T vi
COMLEINES cuevveiirerserrensiirrsnssessunserse st s essr e st ne s s h s sesasarerassa s s s s e s s E e n R be s bt baessuasbbbnsbbate ix
Figure Captions.. i iesesesesiissesssssssssnssessansssssssssssnennnss Xi
TADIE CAPLIONS cieiicntirninreeireierenirsraeesrrrscaceesrtssssssnnesesnssrantestossnresssrtesans sesunsobbossbossssesssres Xy
Chapter 1 INTrOQUCLION wiiiiisimiiniiisesiissimeiiniiiesiessiessssesssssiorssssssss s asssasssssssassssssssssss 1
1.1 Overview of GaN meterial ......coccoiiiieereeeeerrrce e s l

1.2 Overview of GaN HEMT Reliability .....cccivevvivrvrireericreeresceesseessnese e veneenne 7

1.3 Introduction of Supercritical Fluid ... 9

1.4 REFEIENCE .ottt et et e e 10
CRAPLEr 2 Literature REVIEW .ummm e rveesmmmmmsssessssssssssnessesssssssssssssssssssssssssssssssasmasessseess 12
2.1 GalN HEMT Lottt s sm bbbt bbb 12
2.1.1 Group III-V Polarization Effect.......ccccvicmviiicrieiecrereece s sieeaenns 12

2.1.2 AlGaN/GaN Heterojunction Materials' 2DEG Electron Gas Formation16

2-2 Basic Structure of GalN HEMT ......cooiiiiciccrereccre e 19
2.3 RELEIENCE ...t e b d b 21
Chapter 3 The Mechanism of Kink effect in GaN Schottky HEMT......ccoevervnereernns 23
3.1 MOLIVALIOTE ceeeiiiiriiiiiiiren ettt s cemectesae s e saesan b sbena s 23
3.2 Experimental architeCture ...t 24

3.3 Investigating Kink effects induced by Buffer Traps with [llumination Analysis

OF GAN HEMTS. . eccirernrrreeeeeeerrrreeeeete s e aes s e s s ressssannssssanassnssansssesssaesssssstessnanssans 25



3.4 Investigating the Arc-Node of Drain Current with Hot Electron Degradation in

GaN HEMTS ...ttt bbb b s r s sa b s 36

3.5 Performance-optimized supercritical nitridation-processed GaN HEMTs on SiC

SUDSITALES .vviveaeeiereriieeissieire st rtsesstt sttt seeeeerrtesreeessneeessessaneessnsesssnesssssessseeessseassersses 50

Chapter 4 Threshold voltage analysis of two-stage degradation under off-state

stress in GaN MIS-HEMTS cuuiiimimiinimiiiicmmmerscssemssissssessassassnsersssssssesses 63
4.1 MOIVELION L..oiviiinrreerrieeeeiseesteesae et eentsres s a e s s besaebe st ebe s s b b s st b eneneens 64
4.2 Experimental archileCture......ccceovirrrrrereniirs st iesseesseseseesese s rere s e sesns 65
4.3 Results and DISCUSSION .c.c..viieirieiririerreeeie et eae s s v e 66
A4 SUIMINATY ... et eee e sst et st s s rata b s sba st sasebaesebenrnerarsessseseessssennens 70
4.5 RELEIENCE .....ovrnreirte ittt st b e bbb 80
Chapter 5 Conclusion ....cuiiiiieeimmeneiimiiissssssesessmsese s seessessessens 84



Figure Captions

Chapter 1

Figure 1- 1 Si, GaN and SiC material properties.......ococcveveirreececiererveveeeenennne 4

Figure 1- 2 The third-generation semiconductors (SiC, GaN} can break
through the limitations of Si materials and be applied in high-frequency
and high-voltage OPEIations. .....c..cceccvivesvreiesiseeesr et e eseeseanes 5

Figure 1- 3 Compared with Si, third-generation semiconductors (SiC, GaN)
have the advantages of high frequency extremely high output power
APPLICALIONS [T]. wiviviiricereririirieeer e sree e ss e b ettt b rsnenereas 6

Figure 1- 4 Common failure mechanisms on GalN HEMTS [9]. .......covveveeeen. 8

Chapter 2

Figure 2- 1 Crystal structure of GaN waurtzite is depicted in a schematic
diagram with polarities in both the a- and N-planes. [1]. cccocovvevvvviinene. 13
Figure 2- 2 GaN spontaneous polarization [5-6] .....ccccovvveevvrrvrerrereresisens 14
Figure 2- 3 Ga-face AlGaN/GaN heterojunction formation and polarization
direction schematic diagram [6]. ...ccooveieveeeeeieecnrereee e 15
Figure 2- 4 The AIGaN/GaN charge distribution and energy band {8]. ......... 17
Figure 2- 5 For the formation of a 2DEG, the schematic band diagram of the

surface donor model with an AlGaN barrier thickness is displayed. [10].

Figure 2- 6 The relationship between the 2DEG density and the AlGaN barrier

thickness. [10]. i ettt 18

Xi



Figure 2- 7 Schematic representation of the structure of the Schottky HEMT.

................................................................................................................ 19
Figure 2- 8 Schematic representation of the MIS HEMT's structure. ........... 20

Chapter 3
Figure 3-2- 1 The HEMT structure's cross Section. .........oevvveevereieeinnneeannnenes 24

Figure 3-3- 1 GaN Schottky HEMT Ip-Vp properties measured at (a) various
Vg and (b) fixed at VG =2V, ..ottt 30
Figure 3-3- 2 The Log Ip-Ve was calculated at (a) Vo= 5V and (b} after Vr
had been normalized. ...t 31
Figure 3-3- 3 Different trap depths have an impact on the Ip-Vg characteristic
and the simulated buffer defects. ....coovevieriicccninr e, 32
Figure 3-3- 4 (a) the measurement set-up experiments with illumination. {b)

The log Ip - Vg measurement at Vp = 5V with various lighting conditions

Figure 3-3- 5 The GaN HEMT energy band diagram under UV light
irradiation and (a) red, green, and blue illumination. .............ooccvvvicvenenn. 34
Figure 3-3- 6 GaN HEMT energy band and structure by (a) low Vp, (b) high

Vp, and (¢} LL in channel. ..o 35

Figure 3-4- 1 (a) Ip-Vp electrical characteristics and (b) the data of 10
different points mapping box. (¢)(d) Different pulse width measurement

O T Dm Y D ittt e e ettt e e e eseesseesa e s ettt et aeanaset st entteneerann 42

Xii



Figure 3-4- 2 Hot carrier stress and recovery under kink node Vg=-1, Vine=10
Vet et st s bbb reenneeeane 43

Figure 3-4- 3Extracting seven sets of Arc-node stress and recovery for (a) V.

shift ,(b) Ion  and (c) g degradation. .........cccocovvvoevereeeeeeeesr e 43
Figure 3-4- 4 The impact generation rate simulated under HCS.................... 44
Figure 3-4- 5 Ip-Vp at different temperatures. .........ooeeveeeeciicicinnineeseens 44

Figure 3-4- 6 The CV measurement method is to increase in two stages, firstly
the capacitance of the extension part of the T-gate, and then the
capacitance of the entire gate channel. ............coocovvvvevevveerereeeene, 45

Figure 3-4- 7 CV and floating measurement method are used to measure CGD
and CGS capacitances reSpectively. .u.coevvererereecierciiire s enene 46

Figure 3-4- 8 CV measurement method combined with 375 nm UV light to
generate holes and composite trap electrons ..............coocvivveivenniirennnn.. 47

Figure 3-4- 9 The 375 nm UV light generates holes to recombine trap
electrons, causing CV to shift to the negative direction...........cccveeevennas 47

Figure 3-4- 10 The structure and energy band diagrams show that 375 nm UV
light generates holes and recombines trap electrons under the gate....... 48

Figure 3-4- 11 Introduce Ip-Vp forward and reverse scan to observe the
difference in CV of trap state and hole compensation............ccccuvivnnn.. 48

Figure 3-4- 12 The structure and energy band show that when the Ip-Vpr
scans, only the hole recombination is generated under the gate and near
the Arain. c.o.cce e 49

Figure 3-4- 13 The degradation physical mechanism model. ...............c........ 49

xiii



Figure 3-5- 1 Basic electrical properties of GaN HEMT Ip-V¢ before and after
supercritical RItrIdAtION. .....oeeceicereee s 54
Figure 3-5- 2 Basic electrical properties of GaN HEMT Ip-Vp before and after
supercritical ATIdation.........ccvveiveieerererr e 55
Figure 3-5- 3 Schematic diagram of the electrical influence caused by the
CAITIET trapPING POSTTION. ...cviitreerti ettt bbb 56
Figure 3-5- 4Measurement of kink effect electrical properties in Ip-Vp before

and after supercritical nitridation...........ccocecvviveeveniencnene e 56

Chapter 4

Figure 4- | MIS-HEMT schematic diagram.......ccccooveveerenmrreccrimieeeneeeeninns 72
Figure 4- 2 The Ip-Vg for the 10nm and 30nm GI devices were measured in
L0 SCALL. ..t e 72

Figure 4- 3 Under off-state stress, the 10 nm GI vertical band diagrams

Figure 4- 4 Comparing current under off-state stress and 1000-s stress. ....... 73
Figure 4- 5 For Va=V-5 V and Vp=100 V at 30°C, AV is the stress time. .. 74
Figure 4- 6 The different temperaturesAVth with stress time. .......ccccevvevvenees 74
Figure 4- 7 The IG at various temperatures. .........coceevvivevermiiceeercecnmrncacrarenens 75
Figure 4- 8 (a) Ip-V¢ curves measured in linear and (d) AV during 1000s
Under NBS. ..ottt eas 76
Figure 4~ 9 The lateral band diagrams of device under off-state stress with a
high drain VOItage. ... e 77

Figure 4- 10 The device during off-state stress of vertical band diagrams. ... 78

xiv



Figure 4- 11 Devices with different GI thicknesses when the stress of different

VD e et eeeee 79
Figure 4- 12 The same off state stress condition at different temperatures, the

AVi measured after 1000s of stress is used as the stress time. .............. 79

Table Captions

Table 1. Material characteristics of the first, second and third generation

SEIMICONAUCTOTS. ..ottt neseee s e 3

Table 2. Lattice constant and ambient temperature spontaneous polarization

of a typical group III nitride wurtzite StUCLULE. .........voeveesveoeeeo 14

XY



