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GaN HEMT KNANC

| GaN HEMT

- Wide-bandgap semiconductor — High Voltage and High Temperature
 Polarization-induced 2DEG channel — High Current and High Frequency

Band Gap Energy

(eV)
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pplica |onl A Application Electronics GaN / GaN opportumtre.s over unprecedented range
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GaN HEMT KNANC

| GaN HEMT

- Wide-bandgap semiconductor — Deep Trap
- Polarization-induced 2DEG channel — Trap sensitive / Normally on
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GaN HEMT KNANC

! GaN HEMT on different substrates

Sapphire Si(111) 4H-SiC
Lattice mismatch GaN/substrate -16 16.9 3.5
Thermal mismatch -34 54 25
GaN/substrate
Thermal conductivity (Wem-'K-1] 0.5 1.49 4.5
Wafer size 4~6" 6~8” 4~6"
Cost low (4” ] low high
AlGaN/GaN HEMT channel growth
‘ Highly compressive
[Tensile] Compressive /_\
N g - — (HT GaN)
HT GaN HT GaN Strain (l:)(:lrpfg?nsated

LT GaN(AIN]

Sapphire

Si 111




GaN HEMT KNANC

I Major applications (RF vs Power)

RF applications Power applications
pGaN ~100 nm 1 E-mode
AlGaN barrier AlGaN barrier D-mode AlGaN barrier .
Channel ~200nm Channel ~200nm } HEMT channel Channel ~200nm ) HEMT channel
oeans [ [— High Voltage
~1.6 um . - _ . - Buffer
- Strain control 15 2 Il m Strain control _ 5 ﬂ m
AIN nucleation Initial AIN J Initial AIN /
Semi-insulating HR Si (111) LR Si (111)
4H-SiC 150mm 0.675t 150mm 1t
100/150 mm 0.5t /200 mm /200mm
Lateral BV > 150 V for S-band Vertical BV > 650 V
A|0_25Gag_75N barrier ~20 nm Alg_zﬁag_gN barrier ~15 nm
Rch ~350 /L] Vit > 1V



GaN HEMT RF applications KNANC

I RF applications : Power Amplifier
ns ¥ A

- RF applications for Power amplifier
- High output power and PAE
— Reduced trap and Increased Breakdown voltage

- GaN HEMT on SiC substrates

- Reduced TEC and lattice mismatch
- Good thermal conductivity i . <
- Semi-insulating substrates

Bias point—»

Undoped AlGaN, 22%
AIN Barrier
 Fe-doped GaN Buffer
AIN Nucleation Layer
HEMT ep.|aye;s 100-mm Semi-insulating 4H-SiC

100-mm High-purity Semi-insulating 4H- SIC source : Wolfspeed

Gate + FP,




GaN HEMT RF applications KNANC

! RF applications : Device Market
2020-2030 GaN RF device market evolution

(Source: GaN RF Market: Applications, Players, Technology, and Substrates 2021 report, Yole Développement, 2021)

- Defense market
- bG / mmWave applications

2020-2026 packaged GaN RF device market
forecast ($M) - Split by technology platform

(Source: GaN RF Market: Applications, Players, Technology, and Substrates 2021 report, Yole Développement, 2021)

$173M
GaN-on-SiC device market
@® GaN-on-Si device market |\ CAGR2020-2026=
<1% <$5M +86%
2020
$891IM

2026
N $2.4B

CAGR +18%

- GaNonSiC:4” — 6" (8 )
- GaNonSi:6” — 8 (127 ]



GaN HEMT RF applications KNANC

! RF applications : Substrate market

Si for
RF CaN

$16M
CACR: 64.2%

Si for RF GaN
$0.8M

, S.I. SiC
/ LJAVAY
[ CAGR:102%
| S.I. SiC
\ for RF GaN

$231M

“"“"--.._,________..--"/ CAG Rzom_zoz-? Y -
2021 81%  £V4/ T
$354M $567M source : Yole 2022



GaN HEMT RF applications KNANC

! Supply Chain (GaN on SiC)
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GaN HEMT RF applications KNANC

! Supply Chain [GaN on Si)

S.l. silicon GaN-on-Si HEMT/MMIC Chip Device Module
substrate epitaxy des processing pac integration
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source : Yole 2023
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RF GaN HEMT OjiI D= KNANC

om = (&8

cap © laer Tl option

AlGaN barrier cap GaN 1~3 nm (In-situ SiN)
AIN interlayer AlGaN barrler Al 25% 20nm Al =&/ Control ¥«
GaN channel
AIN RS, Vth
1 nm
interlauer
Buff GaN channel 200 ~300 nm
o - 18 Buffer leakage
Buffer ' Trapping
Nucleation [Fe dODed)
- Nucleation AIN
Iy 100 mm 0.5t High purity
B AH-SIC Vanadium doping

12



RF GaN HEMT OjiI D= KNANC

! O spec (&2 0il)

Wafer bow/warp
GaN XRD FWHM

AlGaN XA
AlGaN SHi

S

Rs 2T
ns
mobility

Buffer breakdown

< =50 um

002 < 250 arcsec
102 < 300 arcsec

<1%
<10%

<10 %

< 3%

<10 %

> 1800 cm2/Vs

> 200V @1uA/mm

< +30 um

25 %
20 nm

330 2/
1.5%

0.9x 1013 cm2
2000 cm?/Vs

Curvature measurement
XRD
XRD / PL

XRR
Eddy current

Non-contact mobility measurement
[microwave reflectance)

Test structure
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RF GaN HEMT OfiI] J|= KNANC

! Polarization induced 2DEG

'0'02 T v L v T T v T v
= | iy InN -
NE 003L B eveiiiae e -
E U R [
g R J 5 . - -
= -0.04 d -
2 ; . ™ '
g "0'05; ‘.\ A|0_3Gao.7N/GaN "
= ; 3 ;
2 006} , P -
§ - R -
g 0.07 b b . -
‘g j 4 3 .\ Alg g3lng 17N/GaN -
g o.m - . -
s - AlN <
B T R I S T S S T ST
Lattice constant ot (A)

International Journal of Microwave and
Wireless Technologies, 2011, 3(3),301 - 309

2DEG density (x10"/cm’)

3-0 1 1 Il |
. N .
2.5 s . |
: > = AIN barrier -
2.0 4 ¢ LM InAIN barrier -
[ 3 4+ 30% AlGaN barrier
1.5- |
1.0 Al |
B = - A~
0.5- = |
0.0 e
0 10 15 20 25

Barrier thickness (nm)
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RF GalN HEMT OjlI J|= KNANC

Y Barrier
mm—
Thickness [nm] 20
Rs [2/C7] < 400 < 350 < 250
Ns [10'3 cm] ~0.9 >15 >1.5
Mobility [cm2/Vs] > 1800 > 1000 > 1800

source : EpiGaN
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RF GalN HEMT OjlI J|= KNANC

! AlGaN/AIN/GaN HEMT channel

280

\ ' %320 ohmi/sqr. ™.
\\\ \ ‘\\\ ‘\\\ \‘\\\
3 g 2400 |- \ \300 ohm/sqr.
. \ ~ B S
o 8 350 ohmisqr. )
= y -8
5; 3 . \\
g T g 2 2200 | .
< | e N \
L, ©, \ \
N \
X 340 | § = 400 ohm/sqr. N e
N
| o \
AN
360 | 2000 \
N\
O \
\\\ \ \\\
380 ] A ] A ] A ] A ] A ] A ] A [ A ] N [
22 23 24 25 26 27 0.6 0.7 0.8 0.9 1.0
Al % n_[10" cm™]
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RF GalN HEMT OjlI J|= KNANC

1 Cap
Thickness [nm] 1~3 2~20 nm
20EG ! 1
Barrier protection O O
AIN barrier
High temperature X O
protection

Passivation X Process depend

17



RF GalN HEMT OjlI J|= KNANC

230425Topography079 copy

nm ~
AT 255, 1E13
. —m— Al GaN 15 nm
@ 912 |- —e— Al ,.GaN 20 nm
1 [ = —a—Al__GaN 25nm
0 — S8EL2} \. 0.20
e \I
o <, o T
- >, TE12 | o~ —~—
= [ J
5 g | \.\.\.
<  6El2F T e T,
-1
3 O i A e
LéJ A\A\A ]
Q sE12f —_
- \A\
s 4E12 - i i
1D simulation
5 -
3E12 ' | ' | ' | ' | ' | ' | ' | ' | ' | '
i & #7 0 1 2 3 4 5 6 7 8 9 10
0 0.4 08 1.2 16 2 .
um GaN cap thickness [nm]

Rg 0.225 nm Rg 0.153 nm
Rs 305 2/ Rs 320 2/
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RF GalN HEMT OjlI J|= KNANC

! SiN Cap

1.5x10" 2000
1.4x10" |
| O 4 1900
— [
‘\-'E 1.3x10% | u
In-situ SiN S, : g
>  1.2x10% 71800 &=
P — IS
2 [ o 1 S,
13 [
R e \o {1700 2
O] | ey
I-éJ 1.0x10" §
et o N I 4 1600
- . ; o AT . R A A T o 8.0)(1012 | X | X | X | X | ) | 1500
onm 0 10 20 30 40 50

SiN cap thickness [nm]

High Temperature processing
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RF GaN HEMT OjiI D= KNANC

| Buffer
High resistive and Reduced Buffer trapping

Fe doping Fe memory effect Commercial
Carbon doping Process control GaN on Si
AlGaN Increase Band-gap Thermal conductivity DHEMT structure
AIN AIN buffer AIN strain control
Buffer free High quality AIN SWEGAN

AlGaN barrier .
~ AlGaN barrier

GaN - 1.5~2 4m AlGaN Channe!
e - 0.8~1.3 £m AIN ~0.3 £m

Buffer

Buffer

AIN nucleation

AIN nucleation

AIN nucleation

Semi-insulatin Semi-insulating Semi-insulating
e 4H-SiC 4H-SiC
100/150 mm 0.5t 100/150 mm 0.5t

100/150 mm 0.5t

20



RF GaN HEMT OfiI] J|= KNANC

! GaN channel / Buffer

1E19 ¢ 1E19 ¢

mg . GaN Buffer mg

S 1E18F * T S 1E18

= = AlGaN Buffer

=) =)

b= = e T e e e S
S 17l S 1k17 Nl b i
c E c

[} ()

o o .

c c = .

8 .« ». GaNchannel S [ ™em.~".  GaNchannel

< 1E16 | :  1E16 | Toom

o F o F

y= =

S| IS

O i o I

1E15 ; ! ; 1E15 ; ! ;
0 500 1000 1500 2000 2500 0 500 1000 0 500 1000
Depth (nm) Depth [nm] Depth [nm]

Materials Science in Semiconductor
Processing,
Volume 119,2020,105228,
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IKNANC

RF GalN HEMT Ofl I Jl=

! Buffer leakages / Trap

10° 10°
GaN Buffer AlGaN Buffer
107 _107F
‘ohmic | - ohmic. E E
Channel < 10° I 10°F
Isolation @ o
g10° g10°f
X
& &
ElO 10 E 10
° o
E 11 E
" = -11
10 10
10»12 1 1 N 1 N 1 L 10-12 N 1 N 1 N 1 N 1 L
0 20 40 60 80 100 0 20 40 60 80 100
Voltage [V] Voltage [V]
1500 1500
Pulse measurement (GaN Buffer ) Lg: 0.5um | Pulse measurement (AlGaN Buffer) Lg: 0.5um
—_— -_—
L E 1200 | VT 1V ‘S1200 - Vem LV
i 3 =
' € 900 < 00
Source 2 = E
R C )
9 VDS QT GCJ
= 600 «~ 600
-] —_ "
m Stati m Static
© " v:s:::ov, Vpsq=0V 8 ® Vesq=0V, Vpso=0V
£ 5 Vgso=-5V, Vpsg=0V c " Vgsq=-5.5V, Vpso=0V
o 300 | B Voeg=-5V, Vosg=10V .= 300 B Vgso=-5.5V, Vpso=10V
5 © Vea=5V, Vooqm20V © o Vosq=-5.5V, Vpsq=20V
B Viso=-5V, Vpsq=30V [a) = Viso=-5.5V, Vpsg=30V
0 | | | | | | | | | | 0 L 1 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Drain voltage (V) Drain voltage (V)
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RF GaN HEMT OfiI] J|= KNANC

! GaN HEMT on Si for RF

- High resistive Si [111) substrates

- Wafer scaling

- Si CMOS process / Integration

1a - in-situ passivation 1b = thin AIN barrier |ayer

I

GaN channel

AlGaN buffer

1c - AlGaN

back barrier

HR-Si(111) substrate

OMMIC 2018

Top contact metal (for interconnect)

Top gate metal (for interconnect) /

Top contact metal (landing on epi S/D)

Top Epi Raised
P+ Source/Drain N

Layer Transferred
Si channel

Bottom Epi Raised -
N-Source/Drain

Intel IEDM 2019

_ Top high-K metal gate
— Top Epi Raised
P+ Source/Drain

— Bottom contact metal
— Bottom high-K

metal T-gate

Polarization charge-
inducing layer
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RF GaN HEMT OjiI D= KNANC

! High resistive Si
- Plastic deformation — Growth thickness / strain control

=z

¥ z
AIN/AIGaN/GaN Buffer = GaN5 GaN 3 o
T Tplste ' ' 200§

-200 4 —— ¢ Silicon
) FZ Silicon

S LA
BEY f\:: g
i+ plastic ' H

Curvature (km")
.w 1]
3
1

-400 ; ' deformation \}‘ P
500 - | :
Journal of Crystal Growth 370, p278 Plastic deformation [Slip)
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RF GaN HEMT OfiI] J|= KNANC

! High resistive Si

- Parasitic channel formation @Si interface — Al/Ga diffusion control

020 10’
GaN/AIN/Si - Profiling from Si side _
! -\ mB 4]
1019 , . F g
- Si (raw ion counts)— ] .
p / 10 ¢
5 .nl8 | Ga 2
3 10 § 0
g 10" ©
S .17 5 2
- 3
:;E mm Al r104 =
g 3 6

§ .15 J‘ 10
o 10 o Fay
5 2 g
L 0" 2
0 o' 8
10 8
0]

10! 10’

backside 4 um 5 SVW
TH2020

Depth (um)

https://www.ead.com/app-note/sims-analysis-
of-al-and-ga-diffusion/

0.01 ¢

[EEN
I
w

Conductance [ S ]

1E-5

= AIN growth a (new susceptor)
* AIN growth b
» AIN growth b + AlGaN regrowth

1E-4 |

AAAAA
AAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAA

Al diffusion

On wafer measured point (55)

100

1000

100000
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KANC Jl= JHE S KANC
] St=2 L J|=¢ (KOREA Advanced NanoFab Center)

okl pretE U HIE0rC AR XX XIE 338 22

= LILEIE Y 28 = ool & EHSE s B O AEESEHEY
o - = HSEH| : E-beam » HREH| : MOCVD, MBE, » HRFEH|: TEM, FIB, SEM CL
'—R;':;H = lithography, KrF, stepper Evaporator, Wet-station S S AFM S
( ) Aligner, Nano-Imprinter S
R&D building
40,660m?
; Lic2| 20 SI&MEMS L}*-R&D Lt st 497t 33 )
Water  pptEIEes x| iajol x| iafel x| giatol x| giafol LTI Device
= 8 7|29 Si&MEMS =78 = MY X|HE fot EH A s aE Y dEE EE
= HREH|: |-line Stepper, H& 53 = ERZEH|] : Wire bonder,
thedst CD-SEM, Sputter, Wet- = HREH| : Implanter, Dicing machine, Prober,
station S Sputter, LPCVD, ICP Etcher HE|H SEHEH| S
=

=]
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KANC J|= & =t KNANC

! MOCVD for GaN HEMT growth

mime e s

Aixtron/Crius 1x4” 2018 set-up
3X6” 2019~ 29 =
GaN HEMT i 3

Veeco/K465i 12x 4 2022 o8| =¢
High thru-put 5Xx6” 2023 GaN HEMT 0iIl] 38 = W=
Automatic 3Run 3x8” Pilot 2 & S Tl

27



KANC Jl= JHE S KANC
I GaN HEMT on SiC X

GaN cap ~1 nm e
AIGN barrier GoN channel . laver | standara | opton |

AIN interlayer

GaN channel ~ 250 nm GaN cap 1nm
Ao Buffer <1 U AlogGpa I e AlGaN barrier Al 27% 22 nm Al 22~30 % 10~25 nm
AIN insertion 1 nm
AIN ~50 nm AIN
GaN channel 250 nm 150 ~ 300 nm

100 mm semi-insulating SiC (0.5t)

GaN 1.3~ 1.6 £m

Buffer Alpa=G30asN ~1 M
oosidassll =1 B 1 on doping 9E17 ~ 8E18 cm?
AIN nucleation 50 nm
SiC 100 mm 0.5t 150 mm 0.5t

GaN channel

28
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! GaN HEMT on SiC spec

Wafer bow

GaN XRD FWHM

AlGaN =4
AlGaN S=H

S

Rs 2T
ns
mobility

< =50 um

(002) < 250 arcsec
(102) < 300 arcsec

<1%
<10%

<10 %

< 3%

<10 %

> 1800 cm?2/Vs

< =30 um

25 %
20 nm

330 2/0C

1.5 %

0.9x 103 cm™
2000 cm?/Vs

< +30 um

(002) < 250 arcsec
(102) < 350 arcsec [(GaN Buffer)
< 450 arcsec [AlGaN Buffer)

25~27 %
20~25 nm

290 ~330 2/01
< 3%

0.9x 108 cm2
2000 cm?/V's
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5 nm

Rs [ ohm/sqr.]

Rs [ ohm/sqr.]

260

280

300

320

340

360

260

280

300

320

340

360

Al,,,GaN, ./ AIN 25 nm

RtoR avg. 294.1 uniformity 1.6%

—a— ]st
—e— 2nd
—4— 3rd

pocket #

Al ,sGaN, ., /AIN 25 nm
RtoR avg. 306.5 uniformity 1.5%

—_— e

—0— 1st
—o—2nd
—4— 3rd

pocket #

Rs uniformity [%]

Rs uniformity [%0]

N

N

=

Al ,,GaN ./ AIN 25 nm

pocket #

Al,,sGaN, .. /AIN 25 nm

—0— 1st
—o—2nd
—4— 3rd

pocket #

IKNANC
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! AlGaN Buffer

500
Thickness |
N ————... i dof  AGaNBufler~ Lum s - | Acanbufe
1.370 —o—2nd 940 _10um
= —o— 3rd e 4
GaN Channel 1.362 £ ol 3, / \A/:
1354 = S 400 /
[} I
1.346 g’ E /l ]
1238 8 o} —. 350 A
Al g5Gag gsN Buffer 13 3 S — i S
=15 13223 3 Z ol —m—pkt 2
1 0 Il m 1e é 20k E 300 —A—pkt 6
Gvge 1,346 g @)
Median : 1.345 & 250
AIN Std Dew; 0806 % 40 k-
. [0.011]
1 L 1 L 1 L 1 L 1 L 1 200 1 1 1 1 1
In-Spec: 100.0 & Below: 00% Above: 00 % 1 2 3 4 5 6 1 2 3 4 5
pocket # Run

- EH 2T < 2%
- YOIHE <+ 20 um
« GaN [102) FWHM < 450 arcsec
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KANC Jl= JHE S KANC
! GaN Buffer

20 500
e 1'555 I A —a— pkt 2
GaN channel 1,956 Carbon doped GaN buffer S 450 Carbon doped GaN buffer A pki6
87 = 10 ~1.6 wm A 8 ~1.6pum
103 3 A— T S, 400 |
1.829 “8’7 - " . =
1820 2 o E 350 | :/lii\-\.
181 2 o N
2 N —_
1802 8 —=—pkt2 2 200
[} —A—pkt 6 B
1.793 (4] p P4
‘S -10 8
Avge 1817 ;
Median: 1.813 E 250 |
Std Dev: 0884 2 >
[0.018)
_20 1 1 1 1 1 200 1 1 1 1 1
In-Spec: 1000 % Below:; 0.0% Abowe; 00% 1 2 3 4 5 1 2 3 4 5
Run Run

- T 2LE < 2%
- YOIHE <+ 20 um
« GaN [(102) FWHM < 350 arcsec
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KANC V= = &=

! AIN nucleation

AIN migration J§M

nm 210702 Topography(04 copy nm - 211101 Topography028 copy

pm
5

Ra =0.185 nm

-10

-20

Bow change [um]

-30

-40

IKNANC

m 100 mm SiC 0.5t
L n
n
n
n
n
n
50 100 150 200

AIN thickness [nm]
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KANC Jl= KNANC

| AXI EN

40
Cree KANC epl | o I
0.4 um @ wavice _ A bout 370608m {50
process 0.4 um process Byl eiwmm |
BV @1mA/mm [V] > 150 > 150 § * wgormmvdssovaseHz | o Cou ] 40 =
RF Power [W/mm] 10 9 £ - /\VIéEPAE 1y
S 20} WA 10
PAE [%] > 62 60.4 5 . Gain15.1dB | 20
Vds =50V @ 3.5GHz = W@\ 110
o— ... . g
14 16 18 20 22 24 26
Pin [dBm]

- = GaN RF 24 Fab I0IHIA 38 HE ATl £ &0
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KANC Jl= 2 &<t KNANC

¥ 150 mm wafer scaling

30
—=— 100 mm SiC 0.5t
20 L —u— 150 mm SiC 0.5t
E 10 -
=
(]
2 or
@©
3 L
(@]
= -10 /I
] [ ] ]
m
-20 | ./
-30

0.4 0.6 0.8 1.0 1.2 1.4
Buffer thickness [um]

Rs uniformity [%]

287 /07 & 291 /0 o e on semn 8

0.26% 0.5% 35



KANC Jl= JiE& 4= KNANC
¥ GaN HEMT on Si

@) Thickness Map - [409_2DHEMTtsm] [ = || = |[ 52 ]
2400 - -
40 N 320 ohm/sgr. 300 ohm/sar. 280 ohm/sqr.
2 um epi 6" HR Si 1t SR
20 350 dhm/sqr. l. e e
g q 2200 - N o X
N
(0] 8 Q o w * N
2 0 S N
© e N
g O ©, N S
g -20 2 2000 - 400\‘0\h‘m/sqr. N .
m ~ N
-40 N
1 1 1 1 1 1800 1 o 1 . hES 1
1 2 3 4 5 0.8 0.9 1.0
13
Run # n, [10” cm?]

- FH 2&E < 2%
- HIOIH & <= 20 um

36



U
-~
S

=22

=

210k
o' o

|

- =i GaN RF OliLl V= =2 X 0fi I

ol

GaN RF Oji I

sHS

b= L)

e O
| -

37



AUt

Acknowledgements :
Al0Id| A
SAN K2 =

38



