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The high demand for space missions and low-earth orbit satellite
applications has driven many countries to actively invest in the field of space
technology. The space applications are expected to pave the way for a new wave
of industry. However, current space technology faces numerous technical
challenges. Among them, the radiation effects of electronic devices induced by
high-energy radiation in space environments may cause the system operational
performance to deteriorate or temporarily fail, which has become one of the
pressing issues that need to be solved in the future. To realize innovative concepts
and crucial applications in space technology, a comprehensive understanding of
the impact and mechanisms of radiation effects on electronic devices and
materials is pivotal in establishing the technological basis in the field of space
electronics. Concurrently, the advanced radiation-hardened electronic devices
developed to withstand extreme space radiation environments are also crucial for
the success of space exploration missions. With this in mind, this project will be
dedicated to exploring new device structures, materials, and process technologies,
so as to verify the radiation resistance of new materials and devices in radiation
environments and to clarify the degradation mechanisms of different radiation
effects and their verification tests method. The research topics of this year's
project include: (1) Development of novel radiation-hardened memory devices:
establishment of test technology of total ionizing dose effects using proton beam
irradiation; (2) Study of radiation-hardened IC manufacturing technology and
advanced transistors: fabrication, characterization, and radiation test evaluation
of FInFET transistors applied to satellite orbit; (3) Evaluation of radiation effects

in wide bandgap semiconductor materials and devices: assessment and analysis

IX



of radiation damage characteristics in SiC or GaN wide bandgap materials. In this
end-of-term report, we present the objectives, research methods and processes, as

well as the main achievements and findings of the aforementioned research topics.
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ions/cm? fv 2.5X 10" jons/cm® o B b5 & 2 {5 0 L & A X T Rbfina i
{71t S 1 4t en TID 2 ¥t FeFET 48 T se fall & (4 35 1 ol

oo
L

Proton
Radiation

@ HfZrO, with Zr of
40 %, 50 % and 67 %

SiO, Interfacial Layer
= Y ® n* source/drain

@f for p-FeFET

® Semiconductor PAEEEEEEEE o) Sj substrate
_

Bl 1.6 T+ kA RotT o7 n Al 3f FeFET 45 % iRt ~ 2 2 SR

A BFR
» 1A FeFET R ioRM ST+ gl o » H 2308 s R4
MAFLFRE B LT A7 53 Zr vt 52 FeFET 487 ety > & *
w %R RES VS us)~ 2 F Rk imE ~ > H R T & (threshold voltage,
Vrn)SE 3 (F=c ez 1t o F Zr vt b5 40 %2 50 %pF o it S E T+ iR R
5N FeFET 48 T el ¢ it AF R b TR 107 » B9 > Zr v 5
® 50 %R wF BTG R ARsRALT AR o WEF Zr vt B2 T 67
% > FeFET 46 % e R M A 7 & - Bk i3 10°=x @ 2 ¢ breakdown > #X
B F S REREE P 2510 jons/em® {8 0 B 100K WX B A R R

20



B ERSBALT NI FT o AP Zr v b 5 67 % FeFET 48 7 2o a8 &
EEBAETFEHBRELE BTENRRTI PN TEET-HER
BRI R4S T 7 R T KRR

W 1.8 227 Zr +* ] 67 %1 FeFET 4 T o 184 » Rk ~ A iR 3 ik
PGS [18] > 7 B+ FEERHT » BiER n-% R (Ig-Vas) ¥ STHE
Tor Ao 2 g1 o F B R E & 5x10° ions/em® > &+3 V R TR
i3 W e NIME - T IE S AR Rk IT2 (%A 7 R (coercive
voltage) ™ & P! BE S it o R > § FF R E 2 1 2.5%10"ions/cm?® v 4~
heotk B (100 )2 [6-Vos o AR et MR E B IS BT iig > ¥ 4+4V
MiT RS LG (R T mERR  EREFTTRI 4> UL
TinATRE PR LAFAT T HEHRBHE T h g AL 74T
T 8% 4 pinning [19] - 56 101 =tk B (715 » =044V F1ET
BT g A > PR A3V e )%.Eéiz;:ﬁg%c o b F BT 5 I
AR R E AT A & RS S ATH 4o % 7 44 27 de-pinning 3 OBE[19] ¢ B R
oAl REBETRETERIPF 9 de-pinning % 0 F F Rk Tk
A 1003 102 % > SEFF+ RS E 2 3 2.5%10™ jons/em? > 7 3%
T A 55 B 100 pA T E SO pA » A5 S hE - TN g L
A RENTRA SRAFPET BB e FE TR L A DTR
FRARZ 278 AL RBET R Ly g, v
% f29RW) 1.7 2 ¢ Zr vt ] 5 67 %1 FeFET 47 o afl » AR itig s &
2.5%10" jons/cm? 15 B 52t TR A 4 F19 o

W19 BT M+ Hsii T HBTEF Y R F OB 4eRY R ¢ &

3ﬁ%ﬁ%%’ﬂ*@?@ﬁ&ﬁ{ﬁﬁ@?m%ﬁ@ﬁayga@,g
AETH RFRGFETRAG B R (R )P F L5732
A J#%%ﬂwﬁﬁﬂﬁ“puﬁﬁww:ﬂm%ﬁw L %
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K5 o Zr vt 6] 5 67 %FeFET 45 T et te xRk (7 10° = 16 > Moo 5fin
BARFAAR AL TR 2 AFRAR] > RAF A TRFFT X IHFH
PRETITA 2 PR RV ARPE DT B o Vo s B0 7y

Bl % 50 %% 67 % FeFET 487 oot > & F BiF (FlEfAY chpl gL o
RmE BRI G| 8 F 5 RS E > BB F RIRTEHATF S AH 4
P IR % Kk p %t wake-up effect § U 4 fE T B AR2Z 2TF o @ Zr vt 5] 50 %
267 % FeFET R iz iR d mEF I HRISE FARF e F 34 df
%‘w%;;ﬁ“%*m{%_iym fo| el F S F 0 RvAE 67 %:n FeFET 45 7

=

__ 3.0 Zr: 40 % |(b) Zr: 50 % }(c) Zr: 67 %
225
0 SO0V
E? 2.0 A
O 1.5} «O=0ions.cm? «O= 0 ions-cm™? «@= 0 ions.cm?
i 1.0 X 5x10'% ions-cm? X 5x10"3 ions-cm? = 5x10" ions-cm?
5 [ 2.5x10" ions-cm : 2.5x10" ions.cm™ e 2.5x10" jons.cm™
S 0.5}
[
£ 00 M
0.5 bttt et ettt ] e ettt ettt e e

10° 102 10* 10 10% 10° 102 10* 105 10°
Number of Cycles (#)

Bl 1.7 # b 53 8 % Zr v 6] 5 () 40 % ~ (b) 50 %22 (c) 67 % FeFET 46 %
Rtz ek TR A R
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100 (a) = 10° Cycles (b) = 10° Cycles _ (C) = 10° Cycles
= 10" Cycles \ === 10" Cycles == 10" Cycles
= 102 Cycles 10? Cycles 10? Cycles

50} 10% Cycles 10° Cycles 10° Cycles
10* Cycles 10* Cycles 10* Cycles

Current (pA)
o

Zr: 67%- Zr: 67%- Zr: 67%

-100f 0 ions- cm i 5x1 013 ions- cm i 2.5x1 014 ions- cm
-4-3-2-101234 -4-3-2-101234 -4-3-2-101234
Voltage (V) Voltage (V) Voltage (V)
Bl 1.8 % I & B3k (=0 B &4 H 3 £ (a) 0 ions/cm?(b) 5x10" ions/cm? (c)
2.5x10" jons/cm? {5 ¥ FeFET 45 7 e A (Zr : 67 %) M 17 3% T in B2 58
. o L <O~ 0 ions-cm™
& 20 (a) Zr: 67 % 25 <= gx1013 ions-cm™ (b)
£ — 20} 2 2.5x10" ions-cm?
S ol > Zr: 50 %
2 £ 151
: 0 Slope Extraction 8 10t ) . Increafed rate of_wake-up
o 10 = 25} -@ 0ions.cm?
w 10 =#- 5x10" jons-cm™? 167 %
g a 20} = 2.5x10" ions.cm? Zr: 67 %
s 20} o
‘_g 20 10% Cycles — i;)(r)\gcm'z R »n 15}
o 30} : gxg-,x1o1l‘?,r:,sn:r2m il 10} ) ~ Decreased rate of wake-up
4 3210123 4 10° 10" 102 10°
Voltage (V) Number of Cycles (#)

Bl 1.9 % F+ 2 ¥ FeFET 4 R ;s R (@) & Zr 5 67 %2 & R 2
(b) = Zr 5 50 %27 67 %> 7 o F i (T Hez AL F g1

W 1.10 ~ 47 7 Zr vt 5] 50%% 67 % FeFET 48 T ;e R o F+ g e &
FRFFT2F3Z2HFE2R EFALLNE BT R BLE
#s 4 * ¢ 35 tetragonal £2 monoclinic ¢s 4p °Zr 7 T B BT A L 3 Ry =
/& e tetragonal s AP ¥ fi 14 =0 & s monoclinic $ AP o i ¥ * F Bk B TR
I FeFET 4% ce it > d W h @2 o 1§ 745 ¢ B # & HZO 4
TR SIAFN G @ ?tHZOﬁX«?{:/%ii A48 (bulk) > Flt AT B¢ AR
Fom WETR T T BER S NE 74 RE O EFEIREIREGCT
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)0 § 2 BALERTA F o $° Zr v 6 50%:9 FeFET 4 T okl > o]
1.10a > B 1.10c {- &) 1.10e #7r7 » § B+ W iF~ EpFF > JF 2 g £ 3% 430§

74 T B X174 i (re-distribution) f£A &7 7 4% T EEEET R Ao 0t ¢k

ATENE FAA /TR A5 o HiEF RIFIEL 0 BRI L P BB T RS

Frivoilly o 3 RILA A d RGBT EE SO B RS M
FeFETs 48 7 ot 4p +* o 4§ 5 P8 5436 o Zr +* 6] 50%2. FeFET 48 7 i d i
AR 19b P RN L < PV AT o 3 Zr v 5] 67 %2 FeFET 48 7 e i
8 = > 4§ 1.10b §] 1.10d {- & 1.10f #777 > d ** A F F = 4 (intrinsic Vo)
ZELR AP Zr vt 5] 50 %2 FeFET 48T el > § FH g~ 2 pF
WA B¢ A2 (L 50 345 GF 0F RAFIFT 0§ ML AT

gﬁ,@g$%a¢§g%mﬁgQJMO@ﬁﬁiﬁﬁ%aw&%%@%
Grfeood W F ZHA NP EEASGRBL FHEF O FILEFT SN
T 4o 0 Zr v 5] 67 %2 FeFET 48T e RM L i £ ch P-V A F e £

e FeFETs £t » &f2 8 7 B 1.9b 7 #17 chal T 484 o

e

:iﬁL’?gkpﬁ*WﬂaHmzbrﬁﬁwrmgx’t1%%%ﬂ‘ >

—l \
oy

ey

2
7
2

X

1

# 1T+ i JE (electron trapping) »x B ¥+ 18 F §F 4 il & 7 L2
E“ﬁiﬂ%ﬁﬁ*ﬁééﬂ)ii%ﬂﬁéiﬁﬁv&ﬁwﬁéi%mg
40 (2) F 247 DT FHFEIADR F R R A (distortion) ¥ 1 1

Wi AE Y - BT S 3 hd SR 2E(precursor site) 0 @ iEUE T SREEE - A D

4

R E RRATHF 2472 o FoER > - LRIRMG D 284

B RET A ARG hF FAHITA I 4 o) N AEHTY A

4RI FPIEH AT ISR - R AThE T4k o d 3 Zr b ) 67
,:F,

%2 FeFET 4w 3

FeFET 47 2o Rt:3 3 » R B HBHPT AL LTI { 5 hd 3 B4t
g AR Pl AT A AL P F 2R DT RBLE o ik
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F]o L #F§ FeFETs 22 A {13 Z 4 BB 3 pro 2 & 5 45 50 iR st i) 7 3§
XL BRE AR -

(a) (c) V2 moves
o/ \ % B |, | | tonon-FE
0 /L | 0
M O|(M O ™ M 0 | M- Monoclinic
00O \5,. “ . ‘ | | 0 - Orthorhombic

et [ et |

T - Tetragonal

V2 still pins
L A/ FE domain
5 O Intrinsic V2

° Radiation
induced V2

"I Domain pinning

B LLIOFeFET 48 T 3e oM@ § 2 8B o F R - (a) > (b) A PREIE

B2 R 0 (0) ~ (d) PR STEG B2 IR 0 () ~ () PREFTER SIS & F Rk T

2 e B9 (@)~ (0) ~ (¥ Zr vt B 50 %2 FeFET 48 7 212t > (b) ~
(d) ~ (D Zr v &) 67 %2 FeFET 4 7 7o i td

W 11la %81 7 272 B FFE T > Zr vt 5] 50%% 67 %2 FeFET 48 T
eRMATHRE DX ML T F 5 F#HXPS)2 O 1s i # - B 1.11b &7 7 7
P B+ g T HZO 4T & 2 & # 3 (Lattice Oxygen, LO, 531.4eV)fr2t 8
% (Non-Lattice Oxygen, NLO, 532.3 eV)2_ & *# 37 f%(deconvolution).& % » H
PR RE B E TR B RN BEALDE S L0 A1 XPS BB
FREADTR ABBEARS T LR DI L K LT LO e
NLO 5 i % » #X {6 2 XPSPEAK41 #itf¥iE (7 4 4 47 fF o £ 18 » NLO +* 5
8 NLO 3L 556 ## 27 LO 4r NLO 3UELE 6 2 1° 6] & %% o 430 Zr v 6
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50%2. FeFET 4% 7 s B %8 > 2 &8 iF 2.5x10"ions/cm? in & PF > 5 7 4 ¥k
EAT 2 o Rm o JHA Zr vt 5] 67 %2 FeFET 487 et > 3 7 # # &
BB 7 4.5% o A RETIG SN/ ™ o Zr v 5] 67 %2 FeFET 45T 2 1R
f8d > tetragonal AP P = L F L B OAFTF 2HBE 0 7 er B A
vk R WER o AR % A tetragonal H AR Y FRE ZAEER
B R Fl 3t E 347 14 tetragonal § 4P 2 ¥ 4% ¢ (bulk energy) { X > 3
F %% tetragonal fu AR P ¥ AT A F T A BERE DB T H
B AipSRET AL { F oy 34 0
(a) 01s > Measured| oql(b) Zr:50%| Zr:67 %
Zr: 50 % Zr: 67 % L0 | 4
;: 0 ions.cm® 0 ions-cm™ —NLO ;\?16'
s |
2[ ' 13"
» |Zr: 50 % K Zr: 67 % } ®
g 2,5x10" ions.cm? /%, 2,5x10" jons-cm™J} w 8
- o |
z 4

536 534 532 530 528 536 534 532 530 528
Binding Energy (eV)

Bl 1.11(a) 5 5 45 5450 £ 4 Zr v 6] 50 %2 67 %2 FeFET 4

0 25x10™ 0 2.5x10™
Proton Fluence (ions-cm?)

TR

XPSO Is i 2 A 45132 355 (b) FF iR im £ 43 I FeFET 45T

X
b it ens 477 48 Zr v 5] 50 %2 FeFET 4%
SN EE

By AEF L b2

BH 28§ (NLOY 68

.
F

i

h 0 LR bl b 4
FeFET 48 7 e %8 5 ¥ % >

fo 4 2 BB > H K AoR] 112 25T o

RS

o H iz
FHF+m R TR ES

Bl > d T E Rk
BRI A

BBz Ao BT £ FEA S 0 @ n§ i 2.5%10" jons/cm? BF > TR i
G R AR WG B o At B 1000 W
Mechd s W L2 R 3 10 R0 22V ae Ry Y LT
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vl 50 %2 FeFET 48T e R L 7 &g £ 0 F + 4§ 5+ & |4 (radiation

resilience) °

E 2.5¢ %zx'.'.'.'.'.'.'.'.'.'.'.:'.'.-.-.-.-.-.;-_-_:-_-.-.-.-.-.-.-.-.-.-.-_‘-..
o 2.0} ’
8 15 == 0 ions.cm™
2 - [ —<>~5x10" ions.cm™ 24V
k) 1.0¢ —/\~2.5x10" ions.cm™ 22V
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N B L, ——— I\
igon-@mgﬁgﬁgiymm ......... A
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o5k oI
10° 10" 102 10° 10* 10° 10° 107 10®
Time (s)

Bl 112 5+ 45 5in & 47 Zr v ] 50 %2 FeFET 46 % st 2 T4 5

“s g

Y 7 2‘
At ‘?’—,‘E—K

7
~

¢ A HZO 2 FeFET R e RUMTH I F 18R ML > < rs
PR F 3y BG5S FeFET 48 T ol (T e v 4 & o &8
R Mo g irG 2 Fie e AP F AT RFAT I EREH
3 FeFET 4T e a2 PP > 29 HZOMT K2 Zr 7 8 R

40 %3] 67 % > @ H+ n 8 5§ iF 2.5x10" ions/cm? o B & BT 0 Zr v ] 67

%2 FeFET 48 % ;s R F + {5 5P 6415 & P | e B & ~ R E L i
FTREBERLOP-VALF G Hwehip IR e d d A
FRBERS  SERHBIHEAL L Fhy 24 FR AR DTS
BT 0 Zr 5] 50 %2 FeFET 45T M3 g RAm D { 3 v |t
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(resilience) » * W R I F £ 24 V eie ikl § > T 5B 107 s ek Rk iF
Hiofpil® W5 Licg ot B AR E g s BT i & 10 #8
FEFBREOBRAAT > AT ERBYRE] L VR ORT B o A

F a7 5 % BT 5 2024 £ Applied Surface Science (i ik e & o 2 ) 5 2%

7] 2022 # R FF 5 6.7 5 MATERIALS SCIENCE, COATINGS &

FILMS 47 3¢ 70 5%2_ T8 2 Hp 7] o 43 J5 Hp T e +b 50 p 5 25 P T X F % 18 %0
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Hao-Kai Peng, Sheng-Yen Zheng, Wei-Ning Kao, Ting-Chieh Lai, Kai-Sheun
Lee, Yung-Hsien Wu*, “Impacts of Zr content of HfZrO-Based FeFET memory

on resilience towards proton radiation,” Applied Surface Science, vol. 645, p.
158788, 2024.
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RN & 3
Bt 2R R ARG SR AT R
S AR o BT ATA MRS B L~ 2 e g
B - B3N Y ARG o R @ ¥ RE [k o AP A
CMOS BB~ i &2 8 & S fg st TR 07 B BIRTS » THT B ARR L 1R
## (Commercial Off-The-Shelf » COTS) » &+ firk T+ K 5%[1] » 5 7 # L
TEMAL A I RHER T A A FA R o mT AR ARG T T
By CARR R P sta 4 A2 £ B eha (T o T s ATy ehE B
B E Bk F L3oed & 4 (MOSFET)frit % 35 3 & 4 (FInFET) % 3| #5 5
FHisan~ v LR -
ARFANTFRENEHEREAILIZLNET R FL T
AR e SR E T 4 B (% 10kRad/year) » )t L HE 8 L i g 8k

\c-

R m{ﬁilz@@mﬂéiﬁ%ﬁﬁﬁoaiﬁﬂﬁéigﬁﬁ
ﬁ/‘]'/?'];f:"‘f FTEAEFE AN 4 TRERL RN TEERKRG S

wEE o ¥y h 28 SEU hiip S #ic 5 4% 3% 5 (Failure rate) 2 4f 22 o
(Capture cross section) > F & P-if %3+ + € ~ 2 2 plREIp it 247 o £
—'ﬁ v AT £ AR £ & 4% (Linear energy transfer, LET) & % i*
Sl CRAAREFFAMHILERAE L a PR EELE 0 RS

A2

HAEAEF ERES DR IR o FULRRERE R EVE AR
B~ d# 2R AL ¥ RIEZEFR SEUE - ¥ - 2 6 » 11 Co-60 {5
AR E (TID) PR L ERA BB R > 7R~ E R szl e o &
RIFE % 5 P L (repeatibility) ~ 32 3 f2(device-to-device uniformity)» 5% %
- R TP A EhE T B8 kil SRR 3§ 2 Co-60 TID &
?4iéiSmjiﬁﬁﬁiﬁﬁaEDjﬂ’uﬁ%?iﬁﬁﬂﬁ@ﬁo
d 312 Co-60 TID jpl:¢ L 4 ~ F5OREL . X A Pulp BRI R



_x\

SEU »z i et SLAS 41 - A7 3 BgR 34 12 Co-60 i 7 TID Rl# % 15 4%

EFoL o T AL BT Co-60 B HHEFTH T £ > 12
B d fi 7 SEURIGA 2 e LET » 355 A 475 - Fudf 24 c0Bg 535
BIFnL LWER AR AT

CMOS# 88 T Be W AR H 7 Srie > dads T 5 B8 e i © 1 (feature size)

¥ %‘ﬁ’ﬁ] o ¥ & MR 1 "% 245nm? T pF > Bulk CMOS 7 & %8 #-m
= & P D (1)ix t&(Drain)fr ik #&(Source) 2. fF 9=k &=/ T /it (subthreshold
current)4% 3 4r 5 Q) #&(gate) i T & ik 7 ik B4yl 5 (3) Bulk CMOS

AR T RE S X D W% B (process variation) @ (7 & * ¢ & BT
Rk B s X B > T 5 43324 5 (doping fluctuations) ° & 3t F 5 48
iR TREBRERLLAPM > REFT LW S Ml gL
BT ERE i TRE I 4pt 2 T FInFETT 7 ¢ % |Bulk CMOS

b

oo %

T TRef AR o AdF ATt <1 KAN20nmen @ 27 o FInFET 2 § 3L 2

=3
o

FHT RO EER]2D F 5 v 3 5§24 5 Bulk CMOS R 5 8 cofd 6 1Y 4L
ﬁfﬂﬁiﬁiﬂ#z%oﬁﬂm%@ﬁ%{,;éﬁ@m’@kAﬁﬁ
Fip2 Bl o i B SRS 2 - il m kiR B
Wi PR AP R RS A “T"gt%]sv*ﬁ%?silgmg B @ o F] > FinFET
IR T R E L f adpdltt ¥ L g ook A B fr e BB o
T 5 A Bulk CMOS T & %&ﬁmﬁﬁﬁﬁﬁhﬁﬁﬁii€w>’iﬁ%ﬁi
#1348 3% 5] 2L 47 (substrate) & £ F (well)z_ i i eh T L 304 > #k Bulk CMOS
WSt g o 4 235 > a @ ¥ Af - LRICPIET N BEREHER
%%woarﬁﬁﬁ,d-&FmFETmHH@hﬂm+ﬁ-hﬁ$: 7O dedpdlad o> F
3 Bl o o B A tefeihik B g B o o gt e o d
*FInFETZ. M &3l ap 411 i3 - » 7 3 4c B 108 55 & (gate oxide) & A& >
P enG SR T o2 tE M HRSE T U o i ¥ 0 FInFET 3§ 7 i (7 &% 1%
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7 0 £E  FinFETE H#~ Fla 2 5 1B mi\ <+ 1B # ¥ (carrier
mobility) > @ 4% fet § #TE R Gh L 2 65 (device variation)» & o

# ¥ % B (Ultra Large Scale Integration, ULSI)#jiserig & »

MOST 3 ~iteng P EERE REFFRE-Z T KA H 2B PEv L
ME KRS FAAMALEY 7§ F K (oxynitride)» T F W3k L4 P

Fralipt s S AR S R AL i Aot 0 $0E A 0.1 umi T A
2o e A5 R R MY Snme RiEROFIRT o B R A 4E
mﬁﬁé;ﬁ*%“°ﬂ‘Wﬁﬁ?%ﬁﬁ Wit TR T e H 4 0 T
AFIHFMTEAIM DN 4ot F R P o RATE o FI o B T T

ERAGZCEDER PRI RAECG BT REPE <) THRT F
RABATREDAITHA S Z B 248378 K> §F 1 # (SN @ AR~
F% 7 m?'& i * JVD-RTCVD % vl = £ 5 L4l 2 &
B s 5P (SIONA T GlcL R 0 T SRR >
SiOu4p i1 0 BB A 1.5nmIt ™ 5 A B F AT iR LT R RMIEA
TR ehE2xs K 5 & (Equivalent Oxide Thickness, EOT)-] **1nm > 3% % &
—'ﬁ T AaERER T 3 47T R¥k(high-k)e1 4L > 40 @ HFO, ~ ALO; ~ ZrO; ~ Ta,0s
F[3] o BTk Ak d B HREY T3 F A G2 HECERESL 5
d & B4R g 5 Tk (thermal cycle) » # % 2) = éMOSFET T 241 7 £ &
FHF AR F > AT T HE* R+ K TH (Atomic Layer Deposition,
ALD) ek i > ;ggi #4¢ ch ¥ H-(in-situ) 7 § ;7? WA a2 £ 78 £ m g
PO BRFLESEBATREY L REE %y CEEARAEI ] nm T o

FI* BREEE? SFEE HEF F SN0 FEEF hE 4T hlck

v & (4o @ HFO, ~ ZrOy ~ ALOs %) > 1 2 (8§ 7 RS A TRA SR F i L R
AR LRSI BE N LA O RE R
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~ J& * 4p B chddg 84~ 2 (radiation-hardened devices)[6]° ¥ — & @ * & * SiC
2 GaN #Tflivchat F L 2 R § KL 3 TRE B NG Tt &%
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PF T FEPFTEY 22085 4 €A 4 2AEPFRITF g Eicf o T L2
23

/4

3t sc £ 4F % (Non Ionizing Energy Loss » NIEL) » (5 d NIEL # 4] #7ig =
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£ »c i (Displacement Damage Dose » DDD)[7-10] - LET £ NIEL st % 4]

TR RIS i B % B 34 %77 5 91% SRIM £t &
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vacancies)¥? [F [4. Jn + (interstitials) 77 Frenkel pairs 2% 4p b c148 & 4% 150 4o @)
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B B%EF ¢ enff S0A7 3t § (4 NSREC 2 RADECS %)+ #8544 TNID &
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Stopping Power (MeV/mg/cm?)

B .
F Hellium ions into Silicon
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Energy (eV)
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7 &b %8 = i (High Electron Mobility Transistor, HEMT) 5 i - 4 {5 R F % = o
WE TR FRBAL NS HY S ReEY SR T -
FOREH B BAL DT DI AR B AAT TS ERER -

oo R AT e B B ] 0 X 304 A AT G i SRR R B
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2. GaN =~ i¢
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thickness: ~4.5 um 1 n-type GaN Epitaxial Layer
carrier concentration: ~5E17 cm-

N
GaN buffer

3" n-type 4H-SiC 4" Sapphire (50 nm)

orientation: (0001) thickness: 650 pym
thickness: 350 pm

resistivity: 0.01-0.1 Q-cm

®] 3.8 SiC £ GaN A F B2 At 54
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# 3.1 GaN # ¥ v He 82 Ar'de+ PR &4i% 2 22 dpa & &

35 pA 12 min. 2.0x10" #/cm? 0.09
He 150 keV 65 pA 30 min. 1.0x1076 #/cm? 0.44
65 pA 150 min. 5.0x106 #/cm? 2.20
7 pA 2 min. 4.8x10"3 #/cm? 0.09
35 pA 2 min. 2.4x10" #/cm? 0.44
Ar 180 keV 65 pA 5 min. 1.2x10" #/cm?2 2:20)
65 pA 14 min. 3.6x1075 #/cm? 6.60
65 pA 25 min. 6.0x10" #/cm? 11.01
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SRIM Calculation SRIM Calculation
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- 150 keV, 5x10™ cm™ He" into GaN 3.0 180 keV, 1.2x10 "cm™ Ar into GaN 1.5E+20
— dpa {2.5E+21 i':_f' o
28] He' g 25 {1.2E420 8
42.0E421 O [e)
e 2.0 -
= 3
2 . - {9.0E+19 @
1156+21 53 § 3
5 o 1.5+ §
= 46.0E+19 =
11-0E+21 8 1.0 ]
#® ES
15.0E420 S ant 4 3.0E+19 g

! - . - 0.0E+00 ) — .0E+00

0 150 300 450 600 750 900 000 50 100 150 200 258 B
Depth(nm) Depth(nm)

B 3.11 4/* SRIM 3+ & #7182 He'&? Ar'fRé+4r S 2 )k & & dpa » # 7

2. GaN 33+ {5 B a4 47
(1) §*+ @ H i

W312% 7 B f a7 RBIE 0GaN F & B ? T F k& (no)4E Ar'
2 He'fg il £ 0% 1t o P BEM » WEF Ars? Ho'lg i B3 %0 > § %9

4y

ifé)ig“iii“ifﬁ’i'f B A F dpa fgRRIEET o H AR P
SR o W 313 BIA T S B 15 R T S T S R T K i Rl
B A0 LA S B0 F i BT 6x10° cm? B R RART R g R A

\wkm =i

5

T i 32.5% ¢ GaN ¢ 3 4 A R R IV G FI I B A 2 ek i el A
R T A e E[29] A A2 H R CacAsH T HEZ R4S
15 B GaN e F7 ¥ = F 3 JAE 02 I % [30-32] - ¥ — = 6 > W] 3.14 B 7 0
Bfocm itk 80 K @A TRIE 3 GaN H# ¢ hd + 88 5 (0L

Ar'g He'fg B B P it AB% o 7 0 01 Ar'r He'lg R R 5 184 5
TR ey S VR T RROEHBIF G AL PR IEERE S
A HETets & ¥ e 0 A €7 M GaN f fe ¢ gt f@ﬁz;}]ji}i o

68



Change in n_ by Ar’ Irradiation
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Change in p at 80K by Ar” Irradiation Change in p at 80K by He" Irradiation

100+ | 400} 4
2’«4? % Z 300-% .
80 4 B
~ \ N\ \
3 B £ 2
~ \% < 200+ i
3 3
60 TR %
100} g
40t 4
0 1x10'" 2x10" 3x10™ 4x10'® 5x10'"° 6x10" 0 1x10" 2x10"™ 3x10" 4x10" 5x10'"
Ar* fluence (cm?) He' fluence (cm?)

A NN

B 3.14 GaN H#:L ¢ hg F B8 F%F Ar'e? He'ig BB il £ ch (v |2

@) dot 4
Bl 3.15 o1 7 XRD 20 45 $E5 Bl HSE Ar'2? He'fg R & % U
A5 o 4o@l AT 0 K5 A He R &2 18 0 GaN % 5-(0002) 85445 53 & P
T F P A A R A RN AERS B A KR
P GaN NG B R F 4 7 > A ¥t s ZBP 47 GaN L85 ¢ b v B
A0 KRR o 5B R GaN s RAUIRAPET Ar'e He'fg Rl 2 % 1
AR AFTE- I LE c DL REREIFRS ﬁfx‘_?h—f&fﬁ'bﬂﬁ”i@%“ ’
o] 3.16 T o c i R Arer Heff R & 0% it IR 2R HAR
Fozab P BEE YL GNP S[33,34] - & GaN ? > SaS i
e #7 & 2 ¢ Frenkel pairs » &% if T end» f5 13 VAR Y € & 745 514 ik
Fak #% (defect accumulation) g ¥ 3 € cndff 4vm NILJpIFan(T 5 o M £ 15
BT AAIEERIPHIN TEFRF LR TR Aed TREAFF o chh R
s ML A o "EFIF R BRI A 0 F
Wk BA S R Zladp I (T o ea B R GaN f B8 4 5% 4P Tl 2L 8
iR o AAPE R OE T oA aE B AL BRFG o BRI SEZES
4B ¥ 3k XRD 4v RBS/C B3 ¢ L% 7] fod%%4[33,35,36] - 4o §) 3.16 =1



|

7o L GaN e hdh RER'CTHERI L gt ¥ VERI =7 B A S D
PR BB PR A T AT AR AR o B Arti £ 8. 2.4x10M cm? ] 1.2x
10 em™ # FIp »cphds RRLE LI Ar'dg B GaN &4 § % B 4o 2
LR AR o MEES o c PO R R DG RIH R T A £ i - A ER
PR A et £ oo bR 0 He'fg BB it %4 2 Ar'd — RAHEE >

HAZ AT B B £ WV BRI - P F L B4 He'fg RRiL

=

=T e
\«:t

7‘7‘?—%;.]_; B o
B ELR HE oW 3.5 #7m 0 B Ar'e? He'tf PR < GST & 48 ¢ +(0002)
MEEPE hz Rl IR 0 gt PRV GET 2 A BT FF Rk
15 PRAE G % 2 S 5L[34,37] o S F {f PRI B 3 4o 0 R R 920 £1F
ik H(0002) L MEEHE T RAFR G BB NG BIE L Ao bkE o d NG
B @ 0§ Artid B8 4.8x107 em? 3 4o 3] 2.4x10M cm? pF > 3E i 4 eh3g
Bw AP RSN F ArE M Aok B AR I S 2R
B R P BT E[34] BB § Ardg R £ %3 3.6x10°° ecm? pF
F G A o FulahE > G ER R ST E IR A 1.2x10" om? i R
g ER316 7 e REROEIRERRE o £ F 0 ¥ BT 3.6x
10 ecm? P> % 2 20 4 > 20 PHEY c g RERSOT - KA
A T FF L A BT A ol £ oo 1245 SRIM RS I e
ST LR R RS Ac i dpa ot B A 04422 2 FF ¢ i (7 GST f 4
FEFHFBRINES NP4 0 8 A3 IER dpa B BB 6.6 R €7
ENEL

71



XRD 2-theta Analysis of Ar’ Irradiation XRD 2-theta Analysis of He' Irradiation
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Raman Spectra of Ar” Irradiation
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