WO 2013/147710 , PCT/SG2013/000125

Rén mQ cm?)

10°
BV (V)

PRIOR ART
FIG. 14

110
Current
- Polarization
AlGaN Charges
GaN 2DEG
Substrate
ON 112
(Ves > Vi)

Normally-on (Depletion-mode): V<0

PRIOR ART
FIG. 1B



WO 2013/147710 » ' PCT/SG2013/000125

2/44

P-Substrata

PRIOR ART
FIG. I1C



WO 2013/147710 . _ PCT/SG2013/000125

3/44

n14

202
Drain - 2'®



WO 2013/147710 PCT/SG2013/000125

4/44

PARTIALLY
OPEN

"™ FIG. 3B




WO 2013/147710 : . PCT/SG2013/000125

5/44

.

e .

"FIG.44  FIG. 4B

418 o o418

FIG. 4E FIG. 4F



WO 2013/147710 PCT/SG2013/000125

504

10° T T

10" |

g 0t K !
2 "Sjw
= a | ‘ B
= 500
< SS =70 mV/Dec : ,
s 10* : p 7
&
£ . ¢
E -5 . -
s °r : :
10° | : j) ' -
10-7‘ ) 1 1 ] L
-2 -1 0 1 2 K 3
| Gate Source Voltage, V., [V] 502
FIG. 54
524\1 =1 T ~T T T
41 7
0.8 | ' ' 4
B | o 526
. g .| T~ PpGaN doping: 5E17, V, = 0.98 v/528 y
~ 06 Lo ’ 4
K ——— pGaN doping: 1E18, V = 1.25 3
:o P ping m 530 | 520
B ——pGaN doping: 518,V =1.75 /
.3 o04f ‘ .
£
g
o
02 -
0 deos & L d 3 o .
1. 0.5 0 05 1 1.5 k
' Gate Source Voltage, V_, [V] 522

FIG. 5B



WO 2013/147710 ~ PCT/SG2013/000125

7/44
604 1 oz . r .
\ - 606
0.8 —e— nGaN doping: 1e15— 608
T —e— nGaN doping: 5615
E ' . 610 4
3 ——nGaN doping: 116 — Y 4
= 06} / i _
Tg‘, J 606 600
g ’ :
Q o4l -
g
e}
0.2 | e
0 g ; oo i
0 0.5 1 1.5 2 25
Gate Source Voltage, Ves’ \Y| 602
FIG. 64
624 .1 T —T T T
' 626
—— pGaN thickness: 0.1 u
08 | P 628 -
=3 —e— pGaN thickness: 0.2 um———6/3 0
g
3 —— pGaN thickness: 0.3 um—"
_o 06 f -
‘5 ' V=10V 620
(_5) »
e 04 | e
i
a
02 | -
0 1 ) Lococe®® d 1 1
0 0.5 1 15 2 \2.5
C Gate Source Voltage, VGS, Y% 622

FIG. 6B



WO 2013/147710 _ - PCT/SG2013/000125

* Drain Current, | ,(A/mm)

8/44
650
654 | |
10° — , . - -
- —=— Regrown GaN thickness : 50 nm
10" - —— Regrown GaN thickness : 10 nm
| I o a 658 656 )
10% | -
° 100 | il
10 |- i
10° |- i
10° | i
107 L 7 ] 1 I I E i | ]

15 1 05 0 05 1 15 2 {5
' 652
Gate Source Voltage, VG o’ V]

FIG. 6C



WO 2013/147710 ' PCT/SG2013/000125

9/44

|

. Fieldplate Ef
Passivation - 724 1 0
716 V-

>
\ 714 |

ccovvsncenasnenlecadecccns

T ). - ¥
703 SSDF Native-off HEMT

FIG. 7



WO 2013/147710 , PCT/SG2013/000125

10/44

18|
14} o 806

12] __ )/' |
L] S — 800

" 2DEG density (x10"* cm™)

oON h O ®
| ]

a

0 5 10 15 20 25\ 30
» Alo_szao_75N barrier thickness (nm) 802

FIG. 84

2.0 -
’ (]
[ Al _Ga _N ; GaN
— 0.25 0.75 .
> 1.5¢ ' 88222'\-——AIGaN 25 nm
— 876 AIGaN 20 nm
N | S AlGaN 15 nm .
g 101 828 e AIGaN 101
= 8307w AIGaN 5 nm
S 05 820
"6 .
-
2 0.0
o
¥)
_.544.-.n.a.44|.n.n*44
0 5 10 15 20 25 30 35 40 45 50
Y (nm)

FIG. 8B



WO 2013/147710 PCT/SG2013/000125

11/44

718 716 722 .

=
S
<

FIG.

o
(=
g

9 PRIOR ART
- FIG. 9B

204

FIG. 9C



WO 2013/147710 . PCT/SG2013/000125

12/44

1004

20 | o
|~ SSDF AlGaN 5 nm_-1006
=== Conv. AlGaN 5 nm—~q0s .
1.5¢ Conv. AlGaN 25 nm\wlo
|V, =20V
E 10l 1000
<
3
- 0.5¢
V, =-35V
0.0 S R N
6 -5 -4
Ves (V)
1104 ‘
1.2
-} —— SSDF AlGaN 5 nm7 10
1.0 Conv. AiGaN 5 nm’ 930 mS/mm
{ Conv. AlGaN 25 nm— 1100
08k v =20v 1110
_ DS
£ r
S.n’ : f:'/ R . .
T it O 290 mS/mm |
! 1110 '
- 0.2
T ?/ jSOmS%;”Og
0.0 = .
6 -5 4 3 -2 -1 1 3
| Vi (V) 1102 |

FIG. 11



WO 2013/147710 ~ . : PCT/SG2013/000125

- 13/44 .
1204 » _‘ L - 1206
10" p— L
5 —— SSDF AIGaN 5 nm—/12()g
10 —Conv AlGaN 25 n
10"
10”
- 10°
g v 1200
= 10-4 1206
2 a0 1208 -
S 10 v (
PP SS =93 mV/Dec SS =69 mV/Dec
=10
107
10-8 .
’ 50 % lower leakage
10'9 P DU B B o 8 . 98

6 5 4 3 2 4 0 1 203
| Vos V) ~11202‘

FIG. 12



WO 2013/147710 - : PCT/SG2013/000125

14/44
1304 -
~tv =oviesy |
»1.5-v 1310 s L
A N 1300
£1.0
s | |
~05 N
0.0 e - A s . ' _
- 0 5 10 15 20
Ve (V) | 1302
1404
2.0 ,
Drain field plate 100%—1406 1400
| Drain field plate 96%—1/‘1;‘88 1406/q
1.5} —— Drain field plate 90%— A it
E I S Drain field plate 80%/412 1410
E 10}
<
a
- 0.5}
0.0

6 5 4 3 2 4. 0 1 283
v VGS(V)‘ ' \\1402

FIG. 14



WO 2013/147710 : PCT/SG2013/000125

15/44

1504

——ALO, 40 nm—1506 :
[ =——ALO, 20 nm~—1508 1512
1.5} =—A,0, 10 nm—1510 |

s ALO, 5 NM——-1512 -
e ALO,L 0 nM—1514

1500

1508

I, (AJ/mm)

0.5}

| 1506

o 1 ] DS S T Ss A i _
6 -5 4 3 2 1 0 1 2 Q
. Ve 1502

 FIG. 154

1?26

——Al,0, 40 nm]j28 e

———AL,O,20n m/lsso = |

——=ALO_ 10 n -

=== ALO, 5N
azm Y AI203 0 n

| 1534

1532

6 5 4 3 2 4.0 1 2.3
V@

FIG. 15B



WO 2013/147710 L . : ' PCT/SG2013/000125

16/44
' lonized donor-
1606 Poole-Frenkel hopping fike traps

005 4 Gate/ e tunneling X/ /"N O+¢O%4j04

0 © OO 9
0.05 ‘
3
£ o 1600
>0.15
02 1602
0.25 .
0.3 "
48 - 5 52 . 54
X [um]
1622
2 0.6 __
o 0.- Vss ' =
2 2f —I . 04 S e
()] - DS .
© -4 - y ~ . 0-2 S~
> rv, =10V 8
-6 " - - ) . . 10.0
0.00 0.05 .0.1 0 .0.15 0.20
Time (s) o 1624
FIG. 16B
-1646 ; - .
1640 : 1642
0.8

10° y — 1, measured L= 10';;1m
E 10-4 ----- I, measured ——L =8 um
E 10° = | simulated Ly =6 um
< O iy simulated —L_ =4 um
- Ly =2 pm

- FIG. 16C



WO 2013/147710 . PCT/SG2013/000125

17/44

6 -5 4 -3 -2 e OL 5 -3’-1' 00

1662 V 1662

. 10-11 P .

FIG. 1 qp

1684 0.8 ' e
L ——E,_=295eV—1686
—E,, =3.05eV 1688 | | T
mm«»E.a-315ev—jw“?

10° . 100 100 10° 107 | 10
Time (s) 1682

FIG. 16E



WO 2013/147710 ' PCT/SG2013/000125

18/44

;l

1708

1704—"

FIG. 17



WO 2013/147710 PCT/SG2013/000125

19/44
1800
- 1722
172 . . Lo
o 1714 Passivation .
1712 :
LSSEM layer o
/AlGaN barrier—,
1706
GaN buffer £
' A 1702
AlGaN transition ~
/AIN Nucleation .
Si substrate =~ e
1704 ° 7 Xuml 8
FIG. 184
1722
1712
1720 e SSEM layer o
_. o 1s
ate 7, AlGaN barrier—

1713 dielectric

1702

2.95 3 3.05 3.1

FIG. 18B



WO 2013/147710

PCT/SG2013/000125

20/44
1900
1904 :
10’
10°F e
10" 7 -
10 1906 .'\
€ 10* R P10
g 10° '.1908\, !
\Jw 10'6 ': VDS=8V
107 * «= «=SSEM_AIGaNCap | -
10-9 e st 4 .. - SSEM_SurDoping |
-10 b. 1 R 2 « g A 2 N 2 " 2 . .
0 4 =2 "0 2z 4 6. s
v Vi (V) | ~1902

FIG. 19



WO 2013/147710 PCT/SG2013/000125 -
21/44
5002 | 2000
2.5 - — -

s ' : ' ' -
20} SSEM: Al ,Ga N ' GaN
I L | | 2004

. _g 1.5¢ .k- . /2008 | —HEMT—’/ 2006
£ | I — —=SSEM_AIGaNCap—1 5008
0 1.0¢ | : - = «SSEM_SurDoping——
S | i . i 2004

B 0.5} : -

g 0.0 b----L---:-Zocoéo-- ------

: 0 5 N . Fermi

s _0. 2 ) P [ 9.
10 20 30 40
- Y (nm)
FIG. 20
} 10
5 - .
2102 ' . L0 ' :
~ [Metab Dielectricy Al __.Ga N v GaN
AN e ' 027708 : 2104
> D114~ ey J— N Dop'ed--')
3 —2112 . 13 2 906
5 3L : e 0.1x10 cm— 2108
s & 0.2x10" cm >
m. 21 — 0.5x10" cmi%lg
g r . 2104 e cm'—ZJJ'1
_‘3: ; g 210" Cm-_g___VZ_ll_4
3
.?: |
s 0
&)
_1 2 -2 " 3 . ,
-0 10 20 30 40
| Y (nm)




WO 2013/147710 PCT/SG2013/000125

22/44
2200

2202

NE

B | 2210

o L e

_8 0.8: o Eo}zzos

T} ——HEMT ”

) 2208

w 0.6 — — SSEM AIGaNCap

N b - - - SSEM_ SurDoplng/

g 04}
- E YT

o

Z 0.2}

0.0
10°10* 107 10°10°10*10° 102 10" 10 10" \10°
Times (s) ' , 2204
2300
300 | |
&2_. —— HEMT.2306 2308 2308

| = ~SSEM_AIGENCED = = = of = = — 4
1.0k - - <SSEM_SurDoping !

2310
2310 dee- T

g

0.8}

ah s e kb g 8 . & o & . 8 . 8 .

10 -8 6 -4 -2 0 2 4 6 SQ
Time (s) 2304

FIG. 23




WO 2013/147710 PCT/SG2013/000125

23/44

o 2400
2404 ,
. 1-4

+$ —Non Doped-’zz406
1.2} ———¢ 0.25x10" cm22408
P — 0.5x10" cmizjlo

2412
1.0F — ¢ 0.75:10° em2—>

| Y SMagis
S =g 1x10 cm_——zg16
E [ e 1.25x10" cmZ”’
< 0.6} SSEM AiGaNCap
o

=0

. .4VDs=8V
04t

0.2y . )
| e increase

6 -4

0.0 b—rx
-10 -8

2504 o 2500

\_ 1.0 —o
\_ ~—— Non Doped2206 , 08

— 0.25x10™ cm? 2510
0.8 e 0.5x10" cm? '

b g 0.75x10" cm2 2512
~ 0.6f e 1x10" cm?_~-2514
g | e——e 1.25¢10" cm? 2516 4
2 04 me'15x1013c -2‘. .
o i SSEM_SurDoping 2518
9 V=8V

- DS

0.2}

0 8 6 4 2 0 2 4 GQ v
| Vos (V) | -2502

FIG. 25




WO 2013/147710 . PCT/SG2013/000125

24/44
2604 o - 2600
1.4, '
—SSEM _ AlGaNCap : .
1.2}~ — SSEM_SurDoping | Ve
1 _VGIS=Ot05V | L 644
2652
2642
2634
43632
2624
L2622
——2614
| S . 2012
Vs (V) 2602
2700
2704 S
10"
10'fF  SSEM_SurDoping —
102f L =5pm BV =369V
10°F: V=0V
E10* * o N\
E 5 : : .
<10°} N
“40° : |
107 A
10°F 7
10'9 Y o 'Y N _ 8 " 2 o 3 o 2 o
0 100 200 300 400 500\ 600
Vos (V) | 2702

FIG. 27



- WO 2013/147710 PCT/SG2013/000125
25/44
2822
- 2808 Negative charges Surface
2818 passivation
A ,
2820 ' z
R X
4 2800
2802 i DN > v
\ A : .
. Ga : - 2DEG )
v 2815
2804 / 7lnbstrate\
2814 7 T g 2812
2816 2806
280 2822
Negative charges ,
Negative charges . for super junction Surche ) B
for normally-off passivation
- 2820
v,.i:'. V
. f&z% o
i % e —— .,\
GaN 2DEG 2814
Substrate

K2812

FIG. 28B



WO 2013/147710 ) PCT/SG2013/000125

26/44

. Negative Surface
Field Plate charges passivation

G

‘Substrate - |

2812

" FIG. 28C

Negative grface

Field Plate charges passivation

2808

|- Substrate 2870

2812

FIG. 28D FIG. 28E ?



WO 2013/147710 PCT/SG2013/000125

27/44 :

2900 2

Conv. HEMT

PRIOR ART
FIG. 294

292

SiN passivation

Alg ,5Gag 75N barrier
GaN buffer

AlGaN transition
AIN Nucleation ~

Si substrate

NSJ HEMT

FIG. 29B



WO 2013/147710 PCT/SG2013/000125

Jurce

3108 -
— NSJ HEMT

Conv. HEMT
VGS = -5 V, Lop =5 um

600 800 1000 1200

3102

FIG. 31



WO 2013/147710 ‘ ' ‘ PCT/SG2013/000125

29/44

3200

—— NSJ HEMT
Conv. HEMT

-3._2‘_14.0 1

Lot T,
FIG. 32

- 3304 A 3_3_(& ,
1.6
14l ——NSJ HEMT
42| — e doped HEMT
'} Conv. HEMT = 3306~/
~ 1.0} :
g 0.8:, B
= 0.6}
o OF
- 0.4}
0.2}
0'0 rw . 2 TP | PSP | A

VGS. V) 3302



WO 2013/147710 . . PCT/SG2013/000125

30/44

Source | Non-doped region
| @ Lateral pinch-off __-

~2808 ﬁ

3400

.C énductionBanHEnergy lev}

- Field plate
Ll p3-€ doped

-4.4E+00 ‘ B \

-8.6E+00

. @ -1.5E+01
-2.0E+01

VGS =-6 V, VDS= 20V

FIG. 34

3300

) =N

o @
-

©
T -

—

o
-
-]

R

Al \s
_ - A . 3504
Dose = 10 cm .\C

—=—Jon energy = 30 keV =

—o— lon energy = 20 keV

-—t

(=]

-
~ .
e e

-
¥
@

vrvveny

3506

Concentration (cm™)
—
o

3

AlGaN | GaN

1014 F] a g = 2 '] b. ('] a ' __a 4 Py
: 0 20 40 60 80 100 \120
Depth (nm) 3508

FIG. 35



WO 2013/147710 : - PCT/SG2013/000125

31/44
3600
- 3602
o i o o 3614 -
= Field plate ‘ . '
Passivation / }\‘ metal Er ;_9‘_3_,
360 : :
Gate, ' : '
B w - ;
68| | @an Thin AIGaN| 3612 |
N i
Substrate '
_ ' '  /
SSDFTHEMT | Lateral diode 3202
3606 | _“ | ! -

3604

FIG. 36



WO 2013/147710 - PCT/SG2013/000125

32/44 -
3700 | 3710
3706y « | 3706~
’ ?3618
. |
3704 3704

37120 | o 74

(=

3706
Y

3704

FIG.37C  FIG.37D

JO : e
" i P R A AEEE.‘"“ 4
o s NI oY

3704 . 704~

FIG.37E  FIG.37F



WO 2013/147710 o PCT/SG2013/000125

3800 ' 3802
Field plate

J 3706"

Passivation

‘Substrate ~ Substrate Substrate

Lateral diode 3604  SBD '\3822._ o p-i-n diode ™\

: ) 3842

 FIG. 384 FIG. 38B FIG. 38C

C Anode field plate Schottky A
AlGaN barrier’
GaN buffer
AlGaN transition 2

AIN Nucleation

Si substrate )



WO 2013/147710 PCT/SG2013/000125

3444
4000

I
(=
(=)
S

f’mé

Lateral dtodeﬁlo

e SR 2006

4008
mmmp -i-n dlode/O

D
)

- Current (kAIcm
'

400835,/
4010 |

| 7 4006 /
OI.I.I.I.G.I AP N

5 4 3 2 40 1 2 3 4%5

Forward voltage (V) 4002
4104 4100
30 4110
| Lateral diode—""
a0l e SBD) 4106 4108
| mmp i-n diode—"
g 30}
= 20t
e}
o 10}
b
0 Y P T s . o
20 -15 10 -5 0 5 10 15\ 20

Forward voltage (V) ~— 4102

FIG. 41



WO 2013/147710 PCT/SG2013/000125

35/44

4200
4204 -

N0y

10'F ——Lateral diode .
10° | | K
—10"F o

510“‘.’ '_
< 10° |
=10°f 4206
| g 107 |
éwy -
10‘7! | | *i

10'8 N g - 3 P | ° PR | P | L o :
-20 15 10 -5 0 5 10 15\ 20
| - Forward voltage (V) / 4202

FIG. 42



WO 2013/147710 PCT/SG2013/000125

36/44
4304 4300

! Field plate 100%————~
401 - Field plate 96%—— 4312
K e Field plate 90%—~, 4310
| —Field plate 80%~4308 43,

: 4306

w
o

N
o
v T

4310

Current (kAIc_mz)v

308

0 . 5 2 o
-10 5 0 5 10 .- 15 \ 20
- Forward voltage (V) 4302

-
o
' .

FIG. 434

. _ . 4320 ,.
4324 == 4332 4330
10 - A4
10
10"
- 10'1 4332
- E 10 4330 < Field plate 100%
- g 10° 3\———— Field plate 96%
X a0t :
=10 - ——Field plate 90%
t 10° ~—==Field plate 80%
510 4326
o0 10 '
10‘“[ ,
10'9 . 2 " 9 .

10 5 0 5 10 15\ 20
Forward voltage (V) 4322

FIG. 43B



WO 2013/147710 PCT/SG2013/000125

| ) | 37/44
4404 | un
\S—
| ——AL,O, 10 nm—,
A | 4412
——Al,0, 5 nm~,
B I | Al O.2n 1o
< 0, 4412
g O Al203 1n 4408
:E,- J 4406 4410 /f
| /
Q V,tum-on =0to 05V 4
; 4408—— |
ol L 2 s
3 2 A 0 v 2 K y
Forward voltage (V) ~ 4402
FIG. 444
4424 -
S
40 —ALO,5n |
)
7 a0 2mao ’
§ 30f A0 1 28 |
e p
8 10}
4432 &

0 = D - A L
-10 -5 0 5 10 15 20
Forward voltage (V) \
4422

FIG. 44B



WO 2013/147710 PCT/SG2013/000125

38/44

™~

15 \_ 20
442

10
Forward voltage (V)

FIG. 44C



WO 2013/147710 » PCT/SG2013/000125

 PRIOR ART
- FIG. 454

FIG. 45B



WO 2013/147710 . PCT/SG2013/000125

40/44

4604




WO 2013/147710 : PCT/SG2013/000125

41/44

5 Y
~X
<
(=]

|

FIG. 474

4702

FIG. 47B






WO 2013/147710 o PCT/SG2013/000125

Barrier:

0 GaN/AIGaN/AIN.
Buffer: GaN

2
Nucleation:
AlGa)N

4

Substrate: SI'

Caﬁ: GaN (2 nm)

; Barrier: AIGaN (18 nm)
Spacer: AIN (1 nm)
Buffer: GaN (3 um)

O T Y- I 1 1
. X fumy

4900

FIG. 49

: e 5000

—— 5006
lc

comee 5008
el

' 10-3 VDS=1OV
€ 10" 006 G ol
< 10° | |
[V T 5008
10° ""-(.5:)_ S
10' P TP PO NP TP T R .8

9 8 7 6 5 4 3 2 4 01
Ves V) | —5002

FIG. 50



WO 2013/147710 PCT/SG2013/000125
44/44
5104 2100
2.0
—— Singl
e |
1.5} —Para»lev
: 'Vos =10V 5110
— VD
£ . .
g 1.0 -
i D¢ ¢
a
- G
ok
b ’ Vg
» 0_0 I W ) 2 S * *
9 8 7 6 5 -4 3 -2 -1& 1
' V 5102 Vs
FIG. 51
' 15200
5204 ===
w 5212
| — Series_uppe Vo
"0 8 L-—-—-Series_lowe 52 ,
Sf o Snole 5208 °
—~ 0.6} - 5206 ':
< 044 5208~ F )
_3 ! 5206 D
) 0.2¢ VD_series=20V 1 | | 8 ﬁ
3 VDS émgle = 10 V ,; “ A s
0.0 bl st |
-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12
VGS (V) 5202 Vs



