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Abstract: Various process modifications have been used to minimize SiOz gate oxide aging in metal-oxide-semiconductor field-

effect transistors (MOSFETs). In particular, post-metallization annealing (PMA) with a deuterium ambient can effectively elim-

inate both bulk traps and interface traps in the gate oxide. However, even with the use of PMA, it remains difficult to prevent

high levels of radiation-induced gate oxide damage such as total ionizing dose (TID) during long-term missions. In this context,

additional low-temperature heat treatment (LTHT) is proposed to recover from radiation-induced damage. Positive traps in the

damaged gate oxide can be neutralized using LTHT, thereby prolonging device reliability in harsh radioactive environments.
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Metal-oxide-semiconductor field-effect transis-
tors (MOSFETSs) BFeA] 2AF 229 Zol=, =2 AA
=9] 8ot 58 S0 S Ystol, 24 AT A%e
Elof @ v It} [1]. 53], o]et &2 Agshd vheA] A4}
oA 43t Aol E FA|2(gate controllability)& <&
sl7] 9lsliAl e, gFe S7o] Ao Helare Aot
7o) antajolc}. s}x|gt Qr Ao]E HeANL bias-
temperature instability (BTI) @ hot-carrier injection
(HCD) 59 A718 AEHARLL ofy2}, y-ray, heavy
ion, 12|11 proton & G A Q1 AE A0 U] F oFst

B Jun-Young Park; junyoung@cbnu.ac.kr
Copyright ©2024 KIEEME. All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

o}, of2{gt AN /A AEHA R0A, AT A
W U Ak o A= 49 interface traps & bulk
trapso] AJAdE]o], AAO] oK aging)’t FlYE Tt
[2-4]. o]} T2 Alo]E AU 1 535t= threshold
voltage ( V14)2] mismatch ¥ subthreshold swing (S5)
o] Z7put ofuz}, off-state current (orr) ¥ gate
leakage (5)9] 718 Zefiohs 5 YH=A] AX] /d 51t
Al=]7d Asto] x| A o]t [3,5].

oj2{gt Mo A, A& /EA AEH A0 97t A
o|E Aol Lw93ots F|4slsty] $J5tof, post-
metallization annealing (PMA), electro-thermal
annealing (ETA) 59] ttefst 7|0l AQte it} [6,7].
53] PMA=, A4 2 3JMH 4 (hydrogen, Hy) ®= 54
Z(deuterium, D) S0l A} AAHS EA|2] Z18t o 24,
AA AW L A oA TASH= trapse] &4 5
7He AAE 4 A [8,9]. SHATE o]2]gk PMAS] Al-&-0f



= 215}, total ionizing dose (TID) &1te} o] @
71t B RAEE axte] 244 ouslal £ejrt
olq
T}

wfebd 2 A PolA L, @3 717E AR o] ojsh 24
2 MOSFETs WreA] 2419 3714 S48 98 =35

=]
7] Hlet & EA 3HS AU fA, H2E |
At

|°]
] Ao Al enclosed-layout MOSFETs &A= A Arstot,
o] WAoo = Aeiate] st 5 4sks}r] 95t
o], deuterium annealingS PMAZ X A &3ttt T2] 1

chef 634 Sote] B ol Shst, WEY y-rayol &
S =EAIA, 2R 245 FFA o= sttt [10].
o]5, A|Qret= low-temperature heat treatment
(LTHT)Z ©AIZ Al stol, ante] 5718 54 %78 3t
QlotiL, gapa 0.2 B Je) 1 chkst AolE 2ol
(gate length, Lg) ¥ A'29] Z(channel width, Wey)S
AUe 2212 Aaksto], Agkeh LTHTO] 9&4-2 )
ghelstet. o] st A=, 7FE5t R 7A /g A g ol A

FESHE WEA Ante) F71R MR U 29 AP

il

Sstel, updoz xed 4 9t
2. AIE ury

LTHTE &3 2419] 5745 &RI5t7] 0] 9hAl, enclosed-
layout transistor (ELT) & 7]8t9] NMOS AAHS 12
1(a)et o] A2]& 7| Aol A AArstITt [11]. o] &
L AX} LA = shallow trench isolation (STI)at 242,
£ Si0; isolationgZ& AY L QU A| 42 Zlo] E40]
c}. otebA TIDO gt W whARA(radiation tolerance)
AR xR A dHA T [12]. B9 ofy 2}, ELT AA}
+ A& ag o] s, AW 349 A5 st test
vehicles (TVs)2 &-&&| 7|0 sttt [13]. & ALof|A]
+ 13 1(b)et Zo] 491X] p-type A2 o] AFolA
ELT #:29] TVs AALZ AAFsHI Tt glol Z2]d o] %,
dry oxidation2 &3} 10 nm £749] SiO, gate oxideS
A5ttt 1 S, low-pressure chemical vapor
deposition (LPCVD) 34 ¥ & F4-S XIsistod 100
nm F7°] n" poly-Si gate A=3& FAdstct. 121
ion implantation 2&< £3} Arsenic (5xX10" c¢m™?,
40 keV)2 self-align© 2 Z9l5}3, rapid thermal
annealing (RTA) 3482 1,000°CoflA] 10x7F XI885t0o],
source®} drain F -5 st AAE 24| Yt
30|74 AFRI3} transmission-electron microscopy
(TEM) Azl - 1(c) % (d)2F 2}, AIATE AXt= Lo
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2 7]1&02 20~30 ym WY, 121 W 71ECR
190~280 ym HWHE AlYL 9ot A& el AAE
A2 (N2)oF F544(Dy)7F £ 7IAE Ad|of] 25},
300°Coll Al 60=7F PMAE o85tQiTt [14]. 0] &, &A=
®Co7} W&o, MeF 185 rad/s9] y-rayol] =& O
W, & A& M 2 Mrade] TID AE A0 =&E5| Q)
ojrf, 249} R&= A= L& AF2 floating FEIE &
AlotAct. y-rayo] AAF =& A /%, Keithley 4200A
parameter analyzers &-83s}t0], & 427] AXtQ] -V,
£4e 545k, Vm 2 SSg FE5HAH. 0|9, hot-
plateZ #8519 200°CollA 6087+ LTHTS 4-345}% ©

o, LTHT 32 o, 593 242 $L5 £710]A4 A
s4stoct BE 54 429 f7] FolA ol 2ozt

W, = 190 ~ 280 ym

Fabrication Process
P-type (100) silicon wafer
10 nm of SiO, for gate dislectric by dry oxidation
n* poly-silicon deposition for gate formation
Photolithography and gate patterning
lon implantation (As) for source/drain formation
Rapid thermal annealing {RTA) for dopant activation
Post-metallization annealing (PMA ,D, 4% ref. [14])
lonizing radiation using °Co (185 rad/s, 2 Mrad)

@® Low-temperature heat treatment (LTHT)

(c)
Gate
Source
— ¥
| Si-Substrate
L; Drain
100_|.|m =5 20 nm

Fig. 1. (a) 3D schematics of an enclosed-layout transistor (ELT) for
test vehicles (TVs), (b) summary of the fabrication process flow of
the TVs, (c) an optical microscope image, and (d) a TEM image of a
device.
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EFL & } A= Al 2 (fresh), PMA A2
(after PMA), y-ray =& Al S (after y-ray irradiation),
2] LTHT A% (after LTHT), Y3t AXS tjAto 2
S 48] o] o]}, Fresh &9} &40, PMA A& 0]
T, 2RO SS U bsa S730] &AS] ZHAdE 0] FRIE G
oH, o] U= deuterium-g £3t Si0, gate oxide@t
i A2 Ato]9] interface trapo] 83180 2 HAHE QS
2 Bo&E [4]. o]F, YRt AXE y-rayo] =EAIZ
2 O, 249 Ve 39 UFe g o]5sty, ol 19
2(b)et o] SiO; gate oxide WollA o] 2ete|o] HA %
positive traps©O.& QIst Zlo|t} [15,16]. 2] A|¢tst
+ LTHTZ y-rayoll oJsl &4¢ Axtof &85t 4%
AHe] VinZt ThAl Q] e 2 Fopte A2 &g
At o] F &oll. y-rayol] sl &4 AAFLTHTZ
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Fig. 2. (a) Measured Ip-VG characteristic at fresh, after PMA, after y-

ray irradiation, and after LTHT and (b) schematic of thermal recovery
using LTHT for damaged gate oxide.
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SiO; gate oxide Wof] A8d = positive traps+ 200°C A
39 exold, AT sl I HALY
direct tunneling E% thermal emissiono] 2]st
recombination ¥ £A43t2 A|A 71535t Zloz2 A4 A
olt} [16-18].

2 52 i el 71 5
5t7] st &4, Vet 5SSO B3t #
o4&t old, ’\KM Vine 974 27]e

H35to] £%5t= constant current (CC) method
7|9t 2 RESIIT} [19]. 12]1L SS= Vg 7182
2 1008} 2 AF #H9] 718715 &5t &5
y-rayoll =& o2, 24 ALY Uy Bt 42 -0.82
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Fig. 3. Extracted (a) V'tu and (b) SS characteristics of devices at fresh,
after PMA, after y-ray irradiation, and after LTHT.
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o] &AL, 42 WSHA| 7]+ positive traps?] Z7}7}, SS
2 ¥3}A]7] = interface traps®] 271 EC} o QA5 A O

2 AARI [20,21]. whebA] AApe] Bt EHOA &, Q.
AR} 24 AR1Q1 positive traps®] AlA =2 Q1stA, Vo]
E7F SO BtE o 4 F36 UEhg S e 4 Qi

4.4 E

of Ao, LEH y-rayol oJst] &4+€ NMOS
W] axte), 715 §4 298 71581 st low-
temperature heat treatment (LTHT) 7]&-& A|51%
o} WA, A2]& glo]H oA enclosed-layout transistor
(ELT) +& 7]81°] NMOS AAHS A& 0 1, deuterium

2 Fgstol PMAZ RA5tCh PMAZE A 86 2412 2
&9 y-rayo] =EAIZRS O, 2R ViR S48l 7t
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y-ray©l] oJet &A}9] SiO; gate oxide 42 73] =
7t ol &elef )lct. 78] 31 A|¢rsh= LTHTE &5te, &

o]

Alo] B EAS AMakxlo 2 o)kt LTHT As8
S, AR Ty B S5 ZF7F 19.5%, 3.8% BLE| 9o,
ol+= A7He €& 55l positive trapsZ}t Aleg]Z 7|50
N BgEe AA

direct tunneling T+ thermal
emission®] 9| F45t2 AA=Y] Golct. ZEA O
2, &AL A|AF o] & RIIA 0 7 REEE = X290 S4& FA|
2, 2Ate] M71H S G5t B ThsalA stol, 4]
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