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Research on Novel Ultra Low Power
Tunneling Field-Effect Transistor

Zhan Zhan (Microelectronics and Solid-State Electronics)

Directed by Prof. Yangyuan Wang

Abstract

Over the past 40 years, the increase of integration density and the decrease of
cost per function have promoted the semiconductor market for the feature size of
transistor further scaling down. However, when the device dimension develops into
nano-scaled regime, dynamic and static power consumption becomes the major
obstacle for device scaling. The supply voltage (Vpp) reduction is the one of the most
effective and direct way to decrease the power consumption of integrated circuit. In
order to further reduce Vpp without increasing the leakage current while maintaining
high Ion/Iorr radio, novel low power consumption devices with switching mechanism
other than drift and diffusion have been proposed and investigated recently, including
IMOS, Feedback FET, Suspended gate FET and Tunneling FET. Among these devices,
Tunneling FET with its merits of low operating voltage and CMOS compatible
fabrication process has attracted much attention. However, Tunneling FET still needs
further investigation and optimization for its limited tunneling efficiency which
results in low on-state current and degraded SS.

This thesis is focused on the novel structure optimizations of TFET with CMOS
compatible process and structures with novel switching mechanism based on the
traditional TFET to further increase the on-state current and reduce the SS.

From novel structure optimizations’ perspective, a comb-shaped gate for
Tunneling FET, called CG-TFET, is proposed and investigated to improve the on-state
current. With this comb-shaped gate configuration, tunneling area can be effectively

increased without area penalty. In addition, a silicide source is further introduced into
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CG-TFET to improve the on-state currenf by introduciﬁg Schottky barrier tunneling
current which has much more tunneling efficiency. Moreover, the effective electron
barrier in the comb-shaped channel region is also increased benefited from the
self-depletion effect, which can effectively suppress the leakage current induced by
the Schottky junction in the off-state at the same time. Compared with conventional
TFET of the same footprint, the fabricated optimized CG-TFET shows almost 3
decades higher on-state current and high on-off current ratio of more than 10,

In order to decrease the SS, a novel strip-shaped gate TFET (SG-TFET) is also
proposed and investigated. With this strip-shaped gate design, smaller tunneling width
at the onset of the band-to-band tunneling can be achieved by using of the
self-depletion effect which is introduced in the strip-shaped channel region, resulting
in smaller SS. Besides, SS degradation induced by the parasitic tunneling at the corner
of the tunneling junction in the nano-scaled SG-TFET is also investigated. In order to
suppress this parasitic tunneling, four optimized gate structures of SG-TFET,
including short gate, T-shaped gate, stair-dielectric gate and hetero-dielectric gate, are
further proposed and discussed.

In addition, by inserting a pocket in the strip-shaped channel region of SG-TFET,
SS can be further decreased due to the enhance electric field in the tunneling junction.
Simulation results show that the depth and width of the pocket layer can have the
bigger design margin in the strip-shaped gate TFET, and the pocket layer with higher
doping concentration can be fully depleted than in the conventional pocket TFET due
to the enhanced depletion effect in the self-depleted region, thus the leakage current
can be suppressed and steeper SS can be achieved. On the other hand, the parasitic
tunneling effect in nano-scaled strip-shaped gate TFET can be also effectively
suppressed.

SG-TFET and Pocket SG-TFET are both fabricated by the standard CMOS
process. Compared to conventional TFET, the fabricated SG-TFET shows smaller SS,
which agrees well with simulation results, and the Pocket SG-TFET shows a record
minimum SS of 36mV/dec in silicon based planar TFETs.

From the perspective of structure with novel swithcing mechanism, a novel

v
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tunneling induced injection field-effect transistor (TI-FET) is proposed to increase the
on-state current of TFET and decrease the SS at the same time. in order to
demonstrate its tunneling current amplified effect, a tunneling current amplified
transistor is first proposed and investigated. Simulation result shows that the on-state
'cufrent can be improved by the tunneling current amplified effect but with SS
degradation due to the tloating potential of the tunneling base. In order to both
increase the on-state current as well as decrease the SS, TI-FET is proposed. By
inserting a N pocket layer between the gate and drain, a hole barrier and a electron
well are introduced simultaneously into the channel. The hole barrier will prevent the
drain leakage injection in the off-state, which results in low off-current. On the
subthreshold state, some tunneling electron will be trapped in the electron well and
the well depth will be accordingly decreased, which will decreases the hole barrier
and the injection current from drain will be increased, resulting in higher current
density. When electron well is full, hole barrier cannot be decreased, TI-FET is
working in the on-state. Simulation shows that by using of this tunneling current
amplified effect, on-state current of TI-FET can be increased by almost 1.5
magnitudes and the SS can be reduced by 27% compared with the conventional

TFET.

Keywords: Tunneling FET, transistor, comb-shaped gate, strip-shaped gate,

pocket layer






R AREE LA

L1 SRR TR oo 1
12 RARINFERE F UL R O TR oo 4
1.3 BESFIH RS A E B IR RATIE O oo S 6
L4 AR E B TSGR B oo 9
REE PSR S SR R AR HITFIT oo 12
21 BT ottt e 12
2:2 BB B O EAT GOTEST oo 12
221 GARAMSA RS R AE IR oo 12
222 VBB SRR B B BV oo 13
228 FEIRRIL .ot e s e 18
2.3 VRAAH 0T AR B G FATE e 20
2.4 HAERIRBISII AR oo 23
241 NAFHUTH CG-TFET (gt 5% sy 23
242 Oy X} KT BRI CO-TFET BB oo 24
243 W M HRFZIR CG-TFET (B oo 28
244 RRFHSH CG-TFET W& SWR e 29
B BTN im0 S e 32
REH ETE TG B EITI oo 34
3 sttt e 34
3.2 A TCHH I A O GA S TR o 34
321 FTEMARB B E WM oo 34
322 TR S EGRALEED oo 35
3.3 A TOMBE S B BT ORI oo 38



330 FR AR BT I B B SEBAFIE s 33
3.3.2 /T A TUMRE 5 37 WON G A T AR B LR BRI s 40
3.4 PNRSTFEEMBE TSNS EE R 43
3.4.1 REEMET S FEMBE T RAAE oo 43
342 FHE T EMEREHNEBMBF AR EAE s 48
343 MR R ETEM L RTEE oo sesessissnsessse st ssnssssoos 53
3.5 Pocket - TE MRS B IR B ERAE R oottt 60
351 Bl Pocket BB PR s s st 51 60
3.5.2 Pocket 2 FEAMRE B30 BN AR ..o s 66
56 BTBRIIEEIEIEL . ......coosisesi i sses s S SRS RS SRRSOV EAY 70
ol <) N D 73
BIE FARREHBIBE T R cceececrrrerrssesssesssnsismssssssssisssssssnsssssssssmsssssosses 74
4.1 BEZ L FEIITCIEIE ...o..oooeeeeee e vsss s ssssens s s bbb 74
4 BB TR B R oottt s s ek R 75
42,1 BEF RO B RIBIFE M oo 75
323, SR BRI cussnuninscmummmmmanassmasaisssmm s 77
4973 BB R AR B TETERIEIEL ..o oneseessssssssssissions shssisipssssssuscssise sssessentonssnsanssvasn s 79
43 BEE Al R E NGB AR TI-FET oo R T s 80
431 TIFET BIZEAEZE M. .o cocossscecssomsssmanscossasmsssmsasesrossssstmsssss s ssssssss 5468585505 81
4,30 TEFET BT BT oo sscsmmisimmsvssvsasssvvussasmssrasass sasnomsmensasisss sessmmmas asssssss st i 545555 81
4,33 TI-FET BRI ITIE coooooeeeee ettt 83
i w R 94
i A L SIS — 95

FRIEARE: o cocsoumsreas exsemn AR R85 R SRR DS TR A sy v 97

VIII



e KR 2247 it

]
i
Ju
i}

B—EE

L1 FRURHER B 5

TERLEN 40 E 8, G0kl pff ol B 1 R ~F 5 R “REIRERR” M)t
@$,EH@%%%%%%,%%ﬁ$$%ﬁ?%,ﬁﬁﬂT¥$%F%$%ﬁ
%&oﬁ%#k%ﬁ%éﬁﬁ¥%%ﬁﬂﬁﬁﬁﬁ,ﬁﬁﬁﬁﬁ?ﬁﬁ%ﬁﬁ,

ﬁE%@%ﬁﬁSﬁ%ﬁEﬁﬂ%ﬁﬁ¢,%&%%%%ﬁﬁ*ﬁ&i%,m@
1.1 iR, '

Semiconductor revenue

BillionUSD

R @ QO N OB S50 1V
QO 07 Q% N N RPN 3
TP P R O S

B L1 SEEAR ARG, AEER 170

ﬁ%naw%mmﬁmmoﬁ,%%wﬁﬁmﬁﬁﬁﬁﬁﬁmﬂlmm,m
@12%%0ﬁm%%%%%%#ﬁ#%$ﬁﬁxﬁﬁ,EH%%%@&%@%
¥%¢H*Hﬂiﬁ@%%ﬁuwﬁ%ﬁ%%%%ﬁﬁﬁ%ﬁ%*4$ﬁﬁgﬁ
TR,



R ARFER AR ; $—% 5187

W00 e s
~|®m2011 ITRS Flash % Pitch {nm) (un-contacted Poly} - Rash
o e Ld [2-yr cycle to 2009; then 8-yr cycleto 2020; then 3- |- Logser Poly.
Y| yrcycleto2022/8nm; then flal] Bl hatoich
By ' 2016181325
R : S - z Then
2018-21728;
22011 ITRS DRAM ! Pitch (nm) (Contacted M1) - en

[2.5-yr cycle 10 2008; 45mm pullin to 2009; then 3-yr_| (liPaREe S

100 lﬁ ~——T—-——"| cyclelo2026] 1 ;‘ggng i
— l | E—— 2025 26:18nm
‘2 S gl 55y
= o Gl ?
a
a
£
Q
£
]
=

1595 2000 2005 2010 2015 1202 w25 203

Year of Production ¢ 2011 [TRS: 2011-2026 J—
I

LangTerm  18:26

Bl 1.2 ITRS Xt half-pitch AT

RRA 2 45 T RE 1 — N R R R PR L, AR TP 2 AR B A
KRB, HE— b B IR R4 B B4R % R WA . X 2R Y558 MOSFET
() 0 A A R 2 SR B R R, FL IR AR RIS 60mV/dec. XEWRE 3
AT LR IR B R /D 180mY IR R, F—J5, AT fRIE
RS RRIRE A Sy, 70 B L e S 1 R B A AR R I KB I, DRI
{4 o, 5 R P VB o PR R PR, X B RER R i A T, R EERAS Tk
wn, WE 13 Fim. B THBREATE, FEF— B REE L BER R
FUREINEEL SR8 . IXSEH RS8P — A3 T 1645 MOSFET Fhra 7 #ifji35
LR AL, Bie E AT LUSEBLER N E T 60mV/dec IR BEEL Y B {H A
2, AT LAZE B/ e R 90 P A5 TR K (i R T b, RS AR i AR T
PA K BhAS IO FE, uiﬁ%ﬂiﬂ%ﬁﬁmﬁ@ﬁﬁmmﬂ%mo



ERREFELZE F—w 3=

=)
- £ Y
o A at oc (VDD p.?‘H)
R
= 15 sy € €XP(-=7—)
- CX
S D _sub AT/q
@)
- SS=60mV/dac
‘o MOSFET Limitation
| -
(]
~o— -

0 l Viy Vop
Gate Voltage, Vg
Al 1.3 MOSFET UL BB IR DL S8 (I B R4 R 22 1R

HATX L3 BB L AL 280 (37 BRI MM B A8 (IMOS) B2, g
AR A (Feedback FET) ), BHA0N &A% (SG-MOS) ]
BE ZF RN AR (TFET) P, IMOS A A7 FH o e 3 X o A e s i e
MU T 27O B R B RA T, AEEERE N RGN =, — RN T
10mV/dec. {E%m?éﬁ%ﬁﬂi%ﬁf}l%ﬁ%%ﬁ%%ﬁ%%E@%%ﬁﬁﬂﬁ%ﬂﬁ%%ﬁ
HEAA—wEE, Hik IMOS BRI B Z RGNS 5V LT, X—
TEARA L IRIT IMOS sy FRif— 5[4, Feedback FET MAT g R
BT Z RIS 72, ZEM R B R, i 18 B 2 BN R A 4
PR RICRE, WHREMNZREE, FFAdiii, (B2 T 2L B R AR ML 3
ZSEMIAAAD, Bk Feedback FET B4 e 2 17 M 42 M HE Y R L e
PRo TELEB TR PR RN, A S e iy 42 S 0 3 32 1 IXLEHL R
T Feedback FET #Ei8#HIBS AR . SG-MOS F/F H A AL A F A 5
wF ERHA DB E S, HRRET, BIETREMNE. SG-MOS A& Y
P9 S 1801 26 LA s A L 37 (B 28 PR IT S B S U A2 Sk B AT R . R
DR, 1T 75 2 ST MRATURM I bk 7, 3% 53 A0 P L il TFET &

3



hilf3

bR FE AR H—E gl

BB S B B T S A S R S (B B T AR, TN T
EEEERE, TEHESL5 CMOS ETERE, BRGNS NNEIE
L SRR

1.2 BRI TSN RAE R TIERE

TFET #058 FHE5 00— A i3 PIN —H0%, f0fE 1.4 Fim. EHHERERE
BT, IR 15 PR, VR 7R VA T A e
TS B TR E RS E SR TART, FILB LT XA,
A TFET BRI E B2 R ME PIN Z R ERMHR R R f£RE2E TFET T3
T A ] X 07 BT, — BRI T MOSFET IR R =S 28

B 1.4 TFET Mt rnEE

ey

Source
Channel

X

Drain

B 1.5 37 TFET Y18 gets -



hull3

IERARFELEMBT w—w g

S RBEIN TE R B, Y038 o i B B Y i P 45 B T T R E b
EFE V‘Eﬁfﬁiﬁi‘i‘%ﬁﬁﬁﬂﬂk HTBTrHL2C2EwE, FERma s
TGMESH T EAHRARRNS B TERS, WE 1.6 Fr, PE 2 L& H
TEN . BNEXEF AT, s eE T, FJ#J%?F&JT%}W}ZE?&
BRI —MRYE, RS LB RS BN T I siE 68 7, B 27 2 N\ v
MBI T & LB B 1 B L, e TR . (R TFET Jmik
MEA FETHBF &R T .

Source Band-to-Band Tunneling
5 ® Channel
¥
Drain
S

Bl 1.6 Wi bE 5 & A I TRET i s

TR LRI, — s s G FR 2T — AN = AL
WOl nl& 1.7 . FIF WKB USRS 5 LM, ksl (— B0 ).
422m \/P
3gh(E, +AD)
Hef m WEURE, By AZEWTEIE, AD N TieE B 5 ERWERERE
WZEM, AhHRWKE, BHEER 5% 1 [X 27 [B]7E V4 18 R T AL (3R 5
11 i 2 ERL I S M3 i J=nqy 42, B n Al LR ABE HRE TRE, ok
BETF JLEE, B4 AR LR Bk Hr 7 4) ?ﬁ HHEX. v IBERA L
PR . B 28 B S P B — Mg ik =t

_N2m' g'v? 4AN2m" E 2"
2 1/2 eXp(~ ) (2)
827K E A 3gVi.h

T = exp(— (D)



Ea{,
>t
4l
Tk
H-
ik
E?
>
wt
i
1
o
il

Hh Ve A HERIT RS

' 2
AR Y, SS=im0e S e = Yo
SinJ 2V, +BEAp

(3)

C. a2m'
Hf g=(1+—%) B=
p=( Cox) 3gh

2 (3) 88T TFET M MEA R AL 22 H A KT/q R, HEig ERTE
SRR BEE T B A R . X (3) RN T TFET WERER R LM
FR R B8 An T b0 .

Source | \ | Band-to-Band Tunneling

----- . Channel

AD O ®

B 1.7 BFLm=friz

1.3 BRSBTS IR R AL

TFET (LA B 262 T2 2Pl 8. 5 MOSFET #a b, H A LR A X
AFEWHERSBS, &I E%45 CMOS #FA. Hik, XFIEXTRSB R
AT LI 4 MOSFET Y8R 2 % E, ATLURAENESA:, B8R T EEiEo
TS 2L BN AT S R . BAL, TR F IR SR ALK
BRI, TSV RIEEE MM, Hik TFET BA B i R4/ e
H-B] w T T A R F LR, TFET MFTA BRI EEE
A AT e RS T FE SR AR A o A SR 5 S s 5 L2 T LB

6

T AT



A S8 27 i ey Bl=

%&#éfﬁuﬁrﬁﬁ%%ﬁﬁ— MR R B R . B EI’JBJ@‘%EILK
MRIEA (1D, AT LLPRMRBE 5 4 MR 30, [ T DL SR RS

TFET, BETE TFET JRIX RIS 24520 B kb ok 42 2 by B ERFILER, RE
A (D, EATLUBIT R A K32 B 5 2 2 L2 A JR BB R AT i 3 4
TIREST, BG4 I HAT RO RS F . I AR FREVENER, RS
IR BICE ERHI A K £ 5 M 4T LA B A REEFPEF LR T LB S, 3 ohim e
5 2 HIBE 2R FE L RN 0 B th T LR B 2 Lo

K THEEEE TFET MIBFFE, 2007 28 Woo Young Choi % A 7E 70nm 7 SOI & |
il TR TFETYY, MEULEER % 2nm, WKy 70nm, JF#l%&# TFET
EFRETHERENEY 52.8mV/dec, HEBFHA 12.1pA/mm, FZFER Y
SAnA/um. JXRE R TRESE TFET W {412 T 60mV/dec [MIRIE . it
Tt BRI, HRFLLER.

K.E.Moselund & A XS R A 5] A R (O REFE 40 K 48 TFET AT TR 3
FRYLR Snm £ HIO, 8 K /A FAHES 200m i) Si0x A, FFAs sy AT LA
H 0.024pA/um 325 0.102pA/um, IR ELRAE 107-107pA/um 22 18] 910 190 5 )
#H 200mV/dec FEEH] 120mVidec. BRZE TR ELERRNRE, TR =
ViR L& & . Z.X.Chen FNEE T REGMEEYIRS TRFET™, mi ke
200nm, EA% 70nm, HHEAKJZERE 4.50m (944K 4 TFET ESEHLT 70mVidec (1
WEMERM LR S3pA/um B FFAMR, LA 107, 714, Z.X.Chen if4
BT T B 2F 45 (M e A P2 FE S TRET FeRBRFIE R 20 o B I B2 47, B 2 4 B e AR,
B ERZER S, TR, 895, SEABFFE /N NG A 1 UL B S 45
ABEE B IK L TFET JHs 22 7, T HAT 2 BEAR Bk 27 4510, B & 1 TFET
TUTE =M BB R B TS B R S T S0mV/dec HIWZ BEALR, B
TR L E] 10,

Kanghoon Jeon = AP i % I 43kt R4 b 2 4 1 A T [ s 1
BB iR B S 45 M s 7R, 7 SOT ESETL 47mV/dec 1T H{E 4 22 L)
R L2pA/um BIFFS B, FFEHIAE) 107,

EFAME T, FMayer 2 AX HiHiE T SOLL Si1xGexOl LL K GeOl 3 TFET
B ERY, 1% L 25% 5 cMos T £3%. H AR 3nm 1) HEO, SR 5



pafls

EEAFEELEMRT : B—E 5|

BA&iN—E 10nm # TiN. SOl &5 SiGe JEMIEEEIY 200m, 71 GOI # Ge ]
JEBLH 60nm. BRFULRKE SO TFET (P ) M EEMZERN 42mV/dec, FT
AREFLH 0.08pA/um. FIEMEF Ge FEMIRA, TFET MITAHEMEER
oAk, BT B EH 7R . £ GOITFET 9, JF & Bt Fl LLER] 216pA/pm,
FHLL SOI TFET JTAS AR & 7 2700 12, [HA i F iR B imbEH Ge & EMERE
T, TFET W EEMELBRL.

T Sung Hwan Kim 25 A4 T 48R % 45 SOI TFET™?. 7E SOI 4Kk, &l
& MFEMZIIER, SREFHE LPCVD 8 P BB L & Ge EHET 4. WA
% SiO, B 3nm, HHE 5000nm, BEREEREN 70nm. IR TREE - FHM
B mR T LE, RETTSH, ﬁﬂﬁ&%%‘%*&%frﬁﬂthﬁ%ﬁﬁ%ﬁ%ﬁ&ﬂ%ﬂ
MR 7. 25 B B T & B bR 7 45 SOL TFET JFAS IR 0.42uA/um, KA
A 0.12pA/um.

S FHE R a g bR TFETE Y, HMBE T T ERBRR, FFERRIKER
K. {EEARRERE TFET e, 4R aE A TRET MR it tham . FPoclt
AR, |

5T -V A &40 546 TRET SR, B T3 0LV R &L S hag
seak A or P L R BUR BN SRS, ER AR TRERTILE, AUk, FLE
M-V R R G ip 3 (LB N RS 40 2 B8R, HE B0k TFET fotERe ™.
§ Mookerjea 2 A 71514 T ¥4 100nm 2T Ing53GagarAs 1901 TFET, S5
(R BN 4.50m. FTEI4 0 TEET FFA MR 20pA/um, BIFFFE AT 10%
(B R AR 21 250mV/dec. H.Zhao 25 N Ing;GagaAs #4EH TFET £
85| T 86mV/dec MW BEEFIER, S0pA/um FFFEHRF (EOT=1.2nm). GDewey
% \UISFHRRF T IngssGaoarAs AR 45 TFET 5 RK IngsGagsAs Pocket J= 157
R4 TFET. Heh[F % TFET SMEEERE 1454, MRS TFET %
WEMLEERER 11 A, 452K, B4 TFET B A ERENTBIEMNE (4
58mV/dec) DL E BRI ER (4 2uA/um, {RE Ve-Vr=0.5V, XHEN V1
H Ip 2T 300pA/um i Bl B D

HT -V FEEY ¥ Sas 8 TFET, HMERAETmAERR. HEHh
TR R R, — MR LSEELE TR L . S AN EBHR BB I B th & 1B K



i3

EHERRFE L2 LE B—% 3

Tﬂﬁﬂ@@ﬂﬁﬁk,ﬁﬂiﬁﬁ%ﬂ$@% K.

L4 R EE TS5 5

MM&ﬁTTmem% R () TAF %2 8 h 700N S e B R H

%@%HW%*&,WWMW}éﬁ;r%%#vwﬁﬂ%m%*fé TR

Hh Ml e ﬁ‘T%iﬁwﬁﬁﬂm%ﬁ%ﬁuﬁﬁﬁzﬁﬁ“%%
R T E B, HgE %ﬂﬁ@umm%%#vwﬁﬂxﬂ%h%%mﬁm‘%m
TEHE, TﬁﬁﬁAw@%ﬁ%ﬁmﬁm,mﬁﬁﬁwﬁmiﬂo

ﬁmzrﬁﬁﬁAlaﬁﬁ&m%MLmAWMﬁﬁﬁ 545 3 RN
ﬁAﬁﬁﬁw@%,u%meTmﬁﬁﬁmuﬁﬁﬁTmT%ﬂ@ﬁﬁﬁ %
KHIRFT TFET 44315 4640 WIAHI S P Sy WIS %, &5 s 2
TEET BOTFASHIE, $H—F 8874540 TFET. RIFFH BRER RN 44 1
R G5 18 I D% 5 AR I g i — %%ﬁ%m%%%ﬁmMMWTmT:ﬁ
ﬁmTHHﬂi@m EEXT ey 33— AR TFET S0 BB 41300 IR, 42— Fb
L EM TFET. & %ﬁmﬁﬂm&w FIFH HFERMRY, MARRE GRS o
&?ﬁﬁ%gsiﬂﬁ%ﬁ%%%ﬂﬁ,ﬁﬁﬂ%ﬁT%Tﬂ@ﬁﬁ$aLL~
%%ﬁ?%%ﬁ%ﬁ%%%%ﬁoi%%uﬁ%THT%%,@%ﬁ#@%?%
m&%%#%Mﬂrmeﬁﬁ,#ﬂ%ﬁmm%%ﬁ#ﬁ%o

M TAERLH %, %ﬁmﬁﬁﬁhﬁﬁx%b%%ﬁﬂﬁﬁﬂﬁ et —
Wﬁf%ﬁﬁkﬁAMﬁM%%&ﬁm%gIiﬁﬂkﬁkjﬂfmﬁ A 2%
#Wﬁ%ﬁﬁﬂ%,mk%%%m,h%%%%m%ﬁﬁ%ﬁﬂ@@ﬂﬁc

AR LB THE 5015 S a4

o BT —FHERAE TFET, 1058 TR E BT, W0 T ks Em,
HAHMARE T TFET B9TF A4 i, HITZH & 5% cMOs T4
%ﬁoﬁﬂﬁﬁTMEmL$%aﬁRum,%%Eﬁ@ﬁmﬁ?A
%%%%%%%%%M%%%ﬁ,%&%m—W%%%%MMbW
TFET Uit — 4R m T A5 i

:,&%ﬁk%ﬁ%@%MI&ﬁ@%Eﬁ%ﬁ%&m%%ﬁﬁ%TMT



s REEEFAIEX ' g—= 5|

=z

(3

1]

s
VAR

DL ¥ 4 BB VA TFET, 5K 4 B B R A TFET 5 M4 EE
M TFET 3975 M3 % TRET BT A s, Horh f A5 SRR
HF TEET I TTA IR 5.4pA/um, FFXREIAE] 107, 5%# TEET AHLEL,
FAHRRARIE 3 MERETT. |
BRI —Fh 4 TR TFET, FIFWiE b AR, MR RE
TR %A, AR TFET MTEERE, TEHES
CMOS AFHE T 252 232 . BIRIIT ST T /MR ~H TG M TRET B3 £ B 5
LERE S L R EC AT B AR M RO B, S FLIRIH Short gate. T BIAHL
W BB AT R LA K R A SRS B T S, AR R .
321 Pocket 26T TFET 4644, #—F M€ TFET T MI{EREIH HiRE
FEA . B EREMBISL T Pocket FIZHN BAFRAEIR M, JF
H.5% 41 Pocket TFET i 7 X ELBTFT, 453 BoR7E 4 UMl TFET H5IA
Pocket JE X T LAINGI 2 B 5 A5 B8 5, T LAV LA 2% AH 4R X
Pocket JZ B B LA 58 BE ORISR 3R o
fEAb B ek A KN TR AR B R E AL E & & e TFET
L& Pocket % /Ml TFET. Fi#l# M4 /Mt TFET W RI{EA N
50mV/dec, Pocket ZJEHE TFET I BU{t41 % N 36mV/dec, HIKLERE
H TFET 95230 TART 40mV/dec 148 BE I BI{E R .
R — PR ZE A R AN RON SR (TLFET), GRS A
B LTRSS IR, BME TFET T B A2 00 7 B 42 i 2R T A e
. KERIASHTEBAEEL % # TFET, TI-FET BIJFARIRIEAE T 1.5 A4
B2 [F B T E S R AR 27%. B AT MR IS8 T Pocket =
s7e. B, LB LB IR 3 K A B AR T e, L
1t TI-FET 24 7 EIE HcdE .

10



ﬁjﬁ
1
@
ik

JEHKRFEE 248

St

SEiE-Y
BiGLTFE

: i
r‘%ﬁ'
r{xﬁﬁﬁﬁ
A e 3 e ——————
B fE{gss ¢ ]
o 2 i | e
TFET HTEH SRASH | wEgrE 5
™ o -
{h R [wrun B %
[ EAFET

&l 1.16 AT sk M iELe

ARG HELEINE 1.16 Fior, HEAERGZHNT.

R GRERIEREN SRS E Y, I 21 B 2 S 2 N A T
SR, BUN ARG 5T 2.

BE PPRHM TFET BB, IURIEICE . Wite % st TFET
HIASPER R0, 5 S TR P V38 X b 1y BFERN . WF 9T 1 4 S s
TFET B) R4 . THES . TR RIEN] ). B S T R TFET
LA 5 L AU M TRET.

F=F BERHVLIGAR TFET T 4eEs, ST G R R H4 A TRET L)
BN 4064 TFET fy4E # ¢ AN RS T4 VAR TFET Brede i) 28 4 5%
SFHTIIRR, 32 DUAD O (ki v Ty 22, ST Pocket SHME TFET fI4 5731 H 55 2%
B Pocket TFET 1A%t HEAT 0 HL 4047, B SEI I T 4TEM TFET LLR
Pocket £ JEHF TFET, 3¢ S 4 BLUE4T 404

HyE ﬁ%%?%ﬁﬁﬁﬁﬁ,ﬁﬁ?%?ﬂk%%%%m%%ﬂ%,%
JE XY BE ZF TR A AT it PR B S M R NS B, e T A
ﬁﬁﬁﬁ%ﬁﬁ,#ﬂWE%%&ﬁﬁﬁﬁﬁﬁ%u

BLE AR TERATRL,



JeRAFE L F R ‘ $ 0 AR T AN R E R

2 — 2 AR TN S A B IR ST

21 B|E

HT S5 TREEa RS JLE, TFET FARRLE /. &% TFET 7
i — SR LA TR Ab R 2. 7RSSR b, MR AR B R E R TR K
v BH S s 5 Sk ik R TR, SRF Pocket 45HY, JR/NREE g ST LI
R 80 5 B 5 T RS2 801, o 35— P BOAR AT LAZEAE T TFET &R I BLfe
HIRIHBIE N TFET FFA M, MRAENAEAN Pocket Bt #) TFET, 2 HRIE
pocket [ AR, TN AT AJE R AL, BB Pocket 4540
i) TFET 7Eveit P e WA . B— IR A B2 M kL il # TFET.
TN AEINR i, — % FU7E TFET BOVRAR SR A bR SRR
SkKEL TFET, FFAHRFIRTILRME, FARHEERE, BFALRE
S/, BT RARRESMAEMT TEMRE, FABEmT 47
WA . A NIRE TFET OFFABR, 24— FEfii&it g TFET, B
SRR FRRR, EARREEX R T RS R TFET BF MM, by i
Fi. h T EE— IR FFARR, AWRIOH TR A FRT TFET (CG-TFET)
HEAT T E— A, ¥4 CG-TFET JEHRI PB4 & BREL N, FIAH
L2 B RS 5 R AR CG-TFET MIFFA R RNFAMKREEX FHEFER
W, BRI T T AR B, TSRS AR AR s, AT ST
HF TR

2.2 RSN S Sl S E ST
2.2.1 VAR R i A B 45 1

CG-TFET 47 & B WA 2.1()F1 7R, k4 g st s AR, i 2.1(b)
B, M R R R A IR R, BRI e — A AR . U
U B A ST T R S B B XA, TRt RELHRAR, Sk
VB RIRE X DL R R, WE 2.1()FT . CG-TFET T2 5% # TFET 58
SAEE, AR T ARSI .

0



Bl e A7 FETE BTSN S e e

Sourve

Channel

Channel

33eD 3jpyey quioy

’ 2.1 ()CG-TFET #8454 (b) CG-TFET M4 457 & (c) CG-TFET Vi R H i1 &

2.2.2 GBS R0 e A RIS A

ECGWE@%ﬁﬁ%ﬁﬁ%ﬁ@%%ﬂ%ﬁﬁ%&%ﬁ%%ﬁﬁm@%
ﬁﬁ%&ﬁ&@,E%%@f%ﬁudmm%E%WLE*%%%%Rﬁ%ﬁ
%LmEW%oEﬁﬁﬁﬁ¢%§ﬁﬁﬁﬁmﬁCGﬂET%#%ﬁ%%%o

ﬁ@ﬁ%ﬁSmmmﬂMMmbﬁﬁﬁ%TmTﬁﬁﬁwﬁﬁoﬁm%ﬁ¢
%ﬁT%%ﬁEHﬁﬁ?ﬁ%%%%ﬁ%ﬁ%%ﬁﬁﬁ?ﬁ@%%%%u&%
%ﬁﬁ?ﬁ@%%@%aﬁﬁ%ﬁSMIﬁﬁﬁéﬁéﬁﬂ,ﬁ%%%%%%%
FE% R T Nonlocalpathl 4%, B T T RN BIELME. BT
%?ﬁﬁ-%ﬁ&ﬁﬁﬁﬁﬁ,ﬁﬁﬁ%%,%%5%?%?%%@@%%&%
%Eﬁcﬁ¢ﬁﬂ%ﬁéﬁ%ﬁﬁﬁﬁ%Tmﬁ,%%%W%Eﬁﬁ@*%%%
%%%ﬁ,ﬁﬁﬂ%%@%ﬂﬁﬁCGﬂmTﬂ@E%ﬁﬁﬁu

ﬁﬂﬁﬁiﬁ}ﬁﬁiﬁ%%ﬁ%%%ﬂTﬁT%%ﬁﬁ%%ﬁﬁT%?ﬁ
ﬂ%ﬁ@,W%22%%0E¢§%ﬂ%%THH,Wﬁkﬁﬁﬁﬁm,%ﬁﬁ
Eﬁm,%ﬁﬁﬁwmbﬁﬁ%ﬁﬁﬁiﬁ%,ﬁW%E&W}ﬁW%ﬁﬂ



e REFHLFAEX ' Ho% HRBEERNY SRR

10—7:_ —0— Exp.
| —— Simulation
— 10°]
E i
:L g
b S
< 1011 &
‘:; 5 T, =5nm
- 10'13 LG- — 4Mm
V, =0.6V
-15

04 02 0.0 02 04 06 08 1.0
Vg (V)

Bl 2.2 H# TFET Hapdett ek (R EHED

AW H A — AR IESE Tox H 2nm, JEIRBA Nowin 5 Nouree)
#0% 102%m>, Lg N 200 nm, Leg 4 150 nm, Wre 4 30 nm, Wg 4 100 nm XL
e CG-TFET SHTHAM T, B mE 2.3 Pir. SHRAEXRTH
24 TFET AL, HIFSERIEE T 6 4. XA RARRMME BT, E40
BlyEe R~ F, CG-TFET Fes7/-FIA T HRRMEZENR, HRETHEFEN
M. E 2.4 FORKISAE CG-TFET 5% #L TFET £ S4RImAHLE. X
FH R T CG-TFET BB 5 45 5 B (LU LEATIR) Wiow=700nm, T #
TFET b5 45 1 75 4 Wiow=1000m, 3i¢_EXURIHE CG-TFET I 2 HUFUZAHIF
A EK R~F T8 TFET (7 6%, R SEREAHYS.



ERREELFAe BTE R E NN & RS

l

8.0x107F

~{ }= TFET
—&— CG-TFET

WFG=4 Onm

4.0x107F  Lre=150nm 1

I (A/um)

1.0 | 1.5
Vg (V)

K1 2.3 CG-TFET 5% #l TFET (st 45p ( ERD

Channel

Channel

Channel

—

K 2.4 CG-TFET 5%4#i TFET A F AR R B

AAHG R A5 CG-TFET 344 Lyo LUK Wre X 2R FREHE R 0. 2847
f& CG-TFET W 2.5 Bz, 4047 2H WIBEZHN: Toe 2 20m, RSB 2
10%em™, L 24 120nm. [& 2.6 %R Lec THULF, H4i CG-TFET M Ay,
EREZY, B Lic M1, anfPHIFFAS T & AN . 3 2 B B o 2 1
EARFE A HININ . (EREEE Weg b, ERBETERRE L, FEEH
ATHVFREIR, 24 Weg 2 20nm fi {2, HEHRETHE R, WK 2.7 g,



bR AR ' BE RERTHRNSHENTIR

B 2.5 BHkitE CG-TFET 244 HE

0.30 1 P70 ##i$5CG-TFET

=
)
o

Weg=60nm

=
=%
(8}

0.10 ¢ /

0.05 LKz Vizizzd
20 40 60
Leg (nm)

2.6 Lgg X CG-TFET FF7s B i 2

NN
8\\\.\\\\“

X F BB AERIE T RET T, o = H 4 AR I A BE R AT
%, ¥R Wow B/D, Ek CG-TFET RIFFARMES TR RIEARFITE R

, AT RAEMESAE, nE 2.8 frs. KL éﬂ’]Eﬂ%%#ﬁ?ﬂ%
BE . MEITRTFTLUE . 24 Wee 78 20nm LI R IEHE, AT GEAL
AT LR E R T, I Wi A FR—AEH. T2 Wrg 4 20nm HIR R,
Y IE R AT f AL BOBE 7F AL TS RE AR TR RS R Wiow 228 — B 4R, &



bEAEEE SR BoF GRS M B R

FUT BEEF PR ROID « 3 X B 1) L B R R R R K b e 7 ERSARE
N, BFERBN MRS PV K M A R4 . 6T R R R 7
I |

* HAiFECG-TFET

0.10

Slni_msngan

BT R R AR,

2.8 AE We #88 F . CG-TFET i 5 i 8 4B 5 JL R 40 B
(BB CEN R4, B RMm—)



JER K F R AIE I ' BB FRMEFR RN REE A

2.2.3 BRERMN

DL PH 475 | K LRI R K RS, HRRRARR i KT
2R 2 )2 B T 5 AR A DS H 3 R 2B o RGP B3R 33 IE L T
REASMEE. §TWBRRRAR, BrEmmRRERES/NTHA, H
WK 0 B RN A K TR . 8RR G RN S M E LR
R BT 38 . B B A I 3 A X SR T R A RS . R
RiZE CG-TFET B ARG RHE v s U3 P+ 45 P 2307 = A BIFE R R ZE VI B o
%, WE 2.9 FroR M ERTE CG-TFET SR HMALE . 2 Wee LETKATH
%, W 2.9 F R, P P+ LHEERIE Y5 (depleted region boundary)JF
A, Tk PH G&MFERR 5L PH EMERXKALERLE. Z Wie
B NG I 2.9, B P AMEREMEAE, KIHERER
FoVRIE X R —A B R K (self depleted region), F EXAKEN N “A”
5 «B JAEA, TAIABMNSA PH SHERERIXSHRE “A” LK
FIAMNA P+ SRR BB S X “B”.

- = = = Depleted region boundary

Self depleted region

2.9 (a) 3% Weg CG-TFET i & E LA (b)% Wic CG-TFET {3 FK I il
(2) EH, FAMAK PH ERRBERALE, Tib)
i PH A HRRELYRS, BRI EERKE.

18

ey



R XFF M BT AT MR S A BT

EARRKT, BT PHGERRINELE, 4895 Kb hBhE, o
#EF W 210 BRSBTS, BT BRROMM, K A 5 g
PEBEIET ARRRBLSMOEE. Boh, GRE “A” t, BTG =4 pai
HHFERKHEAEN, BRRMNLEMBEL, EHAHFXE B” dom
1.

SERPRTIE, BRIRE Wee M FRE “A” 1085, 0 211
P SRR, WA Wec b, 815 BFRMBTIMIE, K6 “A” iy
CHRBIAIE, LSRRI EF . % W BNE 20nm HIBHE, i
TRREHETRENET, FU R TETSERR “A” Fl SR
LRE, W 2,900 EK LR, B Weo 45753 20nm, CG-TFET #1148
K—IHBEFER, FABRLET .

1.0}
Ec ° ¢
) 7
_ ‘\-: - WFGZZOHIH
> "'-..____ ___________
@ 05| -
g —ee = ERERIK LIS
c, Eiﬂja“A” .
a:,_ - . 'Z‘:b—;E“B”
0.0
LLl
Ev
»— Offstate
\\- ==
-0.5] el
0 20 40

X (nm)

1210 %A F CG-TEET VR TE 2R T AN [R) [ 458, 1 R 8 4 A4



bR AFEE LA ‘ BoE REMRT AN REE NI

1.0

Energy (eV)

—_— IZiEjzccAu
On state

1 A 1 i 1

0 20 40 60
X (nm)

Bl 2.11 FAT Weett AFERRE “A” H REH NI

2.3 VARG B A 6 5 4 T

CG-TFET 5 TFET (9T £#1% F BRI T EmmdE bR ER,
BREHEAT LOCOS Eltk. %I X BUE #ATHHE AL, #8)8 LPCVD % dafE
Ve, SEHTEREBREANE 21287, ZEHEANZE,
ST 2 SRS R, RERZI IR O, ZJR ORI R 2 d
FEH L B TR R As TEA, TE 2.1200)F0F. JeZIEREAT 1, LA
W B 2 (3 bl A HE R AT YRR BE, YN, 1R 2.12() TR « AR AR BVE N 2
STV AR RIS, 301 2.12(d) TR . LPCVD S$i0s, 2R B e ZI AL, W 2.12(e)
Fir. B5, BAT4BZILERRR, WE 212057



FE VAT 5 MR B S T

PalvSilicon

Gas oride

o : ._Siib:sﬁ‘actj

(c) (d)

G

PolySiticon
Gafe pride d

PolySilicon
_ (Gal= oxids

Substract ' ' 'Sﬁbsitacf:- _'

(e) ()

/1 2.12 CG-TFET 5 TFET #I4%& /2 E

Il 2.13(a)(b)(c) 43431 24 B #6113 3 TFET, H.1& CG-TFET, =#i#§ CG-TFET

1 SEM . ## TFET i Wo 10um, Pt Wi 24 10pm. #45 CG-TFET

Lrc 9 Sum, We b 3um, Wg W 10pm, At Wigw 24 20pm, MAHR R~ F =45

CG-TFET ) Lec A Sum, Wee 247 2um, We 10um, A Wiw 4 40pm. =#

{6 CG-TFET [k% % #2341 TFET [ 4 f&, HIE CG-TFET HIb% 28 A 2

M TFET {7 2 5. W& 2 214 Pi7R, =Fitk CG-TFET fIFF& iy

0.03pA/um CHFFFCEZT 10%), #4% CG-TFET FEEHIA 0.015pA/um, i
ﬂTMTﬁ%%ﬁ%mmymuWﬁ%%%ﬁ%ﬁ%%ﬁﬁo

21



Jbs RS L F AR ' BB AR T RN S AE R

B 2.13 ()3 5% TFET SEM [, (b)#.3& CG-TFET SEM B, (c)=#if7 CG-TFET SEM E

5.0x10°
B 3 TFET
10° | O #ieCG-TFET
L — = ie
@ = #i35CG-TFE 4.0x10°®

3.0x10°

2.0x10°

1.0x10°

0.0

B 2.14 %4 TFET, 3% CG-TFET, =it CG-TFET Rtk sk (LI

2
2



bR R EEFE R FE AR F I S R

2.4 FHEEEEARIAAG 2 5 e

AT HE— 5% TFET MIFA B, A3 CG-TFET BT HE—B Ak,
AIERRIRE T R E R MR 5 SO 8 — 2 RS 0 54
FIACEIGRE S FRANE TFET M4 485 5 it IR R Med v oh 3 B
MNERIGETOTHHL, WHSRER T 4R TR, o
CG-TFET %riti B B FF % 1

241%%§ﬁﬁCGHme%%5%$E@

98 BRI CG-TFET £ #m Bl 2.15 Bion, % CG-TFET 2[4y P+iE
AN & B TR B Y FrEEM, MeRRAYS P+ X da 3 i 1
H7 B B0 FBR i PR32 M E A7 5[ H

Drain

Gate

Bl 2.15 B3e 43R CG-TFET S raEE

12,16 2 B FFELIE CG-TFET i 4 2L 0% 20y A I B L R b
TTRIRERSAE NS, AT T EHE, B SBMOS Gl M Fr e, IRIR
HteSB2%1 SBMOS) MBI B RANERRA Y, SRk, Lbj
SBMOS [ FF 25 37 18 &5, {52 70 e 00 W 9t o AT, 7 4 e 2
CG-TFET ', AJLLIE T B 1R W, VLRV BRI, A e AR
AR R 5 R U T . SRRk AE RS R H P ELUE % CG-TFET R H



bR A L F AR ‘ B R F N R ETT

TR . TIZETFAS, MR RRERETEEERN SRR, EAH
A S R T E A AR . HREER CG-TFET B EEMAT
BHE YA LEE O, URMIERE We. B4 0 WAE I T Wre
S0 B R R N HIFRRE, BTN IR FE U 4 ] e

10°F : ' 1 -

HiHISBMOS

YR CG-TFET
MR AR E

0.0 | 0.4 | 0.8

& 2.16 ﬁﬁ%ﬁfrﬁ CG-TFET, s P ph U b Y e N\ R RO RS R I 2R
2.4.2 @, X I EER CG-TFET &0

230 SBMOS (MR g, 7T LRI $2 5 4 AR R IR A5 1 s LT
S Op R, JEEHRETRARS MIE RS, HE, & Op SW/NIRIREEEF
L, ERFFASEAT R, TS CG-TFET A FfEEE S 8BRS
20 Y T B L T, A B R R AR R N R HL AL XA LR A
1 O W 1 4 EEVE R CG-TFET, i bG8 s 0 TR 2% s it 1R B SO 488 ot s ¥
i

5T FEA0E B XA 3, A SCFIF Sentaurus Tead Tools #5481 T H B IR 1)
CG-TFET LA i1 SBMOS ¥R WiE )7 b S (AN R SR
25nm Ab S A AT . EN: HHERIE OV, JRABE 0.6V), T 2.17. ZBTLY

24



IERARFEE L EEArig T RS TR R BB

PP A2 R 800 o R AR P B MR AR
HIEARES I, SBMOS BIm TR TR R 2 ey Op, AT RE(E
BRMFERM, —BEF o RTRAN. BREMY 0 BSEG T 2100
TR RS PN, TSI RA SR . 7
c@wm:@%aﬁﬁﬁm,m%mﬁg¢%@%ﬁﬁﬁwﬁ%%@oa%w
FIRATHRY, BETHLEEN Outas, H#HADG £ZAT 0y FHA
DURTH /NG o FRFIELS LIS I 38 1 TEA5 1008, NI 2 A S

W

Source ->'- Lig -l W 30 iy
FG—oUnm

0.9 - MR EWEARCG-TFET

o
»
T

Energy (eV)
o
w

0.0 L e i SBMOS N

1 2 | L [ L 1 L |

| L L
-20 0 20 40 60 80 100
Distance along channel (nm)

B 217 H4EEIEH CG-TFET WARATE T 7 L G4 a4 A4 (FEES IR 25nm &)

BT BRERIIER, it T ase s Qs KK R BT, H
LEEESE Dg B 0.65eV T3] 0.256V, HAF 3R CG-TFET #hR it 1 o 31—
THELIE 2.18 For. HEMF SBMOS KB, FIE Op H1 0.65¢V F ez
0.25¢V, MRARMHEMT 3.2 M %, 7% Dp 4 0.25¢V KRR, R
UFSES CG-TFET # 5 M8, B % HAFEIR CG-TFET MR B 5 dy X2
PEBESS, (ERITAS B £ 4k 2 Op RS, AT HLE S B e i
W], T2 TH 545 BE-48 ey T2 04 e AR HMRZIE, HRERATAE, W
Bl 2.19 FioR. BB 432 phabF T, FfF 58 CG-TFET R FELF 3 1 o

25



Jbm R AR ' HE R T ERN R EEPTR

B o CRESCER, ©p TR R L (Op i 0656V FHE 025V,
FEA BRI T 2 MRS, W& 2.20. 55 FAT 0, /) p B AFEIR CG-TFET
R R AT B, HIA KK A, MR A/MG Op FTLAE
E kB, T SBMOS MEMFHIR, BRM @ M43 NEREHHR S
i, BRI AR, W 221 FiR.

10-8: ! 1 T G
10°L —0— HFFEJRRCG-TFET

a e —@— SBMOS :

10-10;_ \ ;

E 0 ® E

= 10k -

S« - W =30nm ;

3L ]

Ew 3 L;c=20nm @ 3

44T _ ]
10 3 LG—S()nm E

10™°E -

10-16 ;- D D \ —:

17— - I;I i
0.25 0.45 0.65

Schottky Barrier Height, ©g (eV)

& 2.18 H45EIEHR CG-TFET bl & SBMOS R T 5 s HIKH

Conduction Band Diagram

BandEnemy

© gand By

B 2.19 (a) 4AFIEUEHE CG-TFET fh P S84 (FiBHAE R 25nm) (b) HFrREN
CG-TFET F i S 4770 (BEEIGERME lom)



.\

107%F @ 5
T o BT MEEENCG-TFET @
3 10 @ gpnvos
< 0O "

S 10°L \ -
= " W, mm 0O :

107 _ LFG=20HH1 \ ‘ —-

© L=80nm O ;

107553 0.45 0.65

Schottky Barrier Height, g (eV)
B 2.20 BRI CG-TFET LUK SBMOS FF&HIFE by %R

10™ | | |
—O— YR CG-TFET

107 —@— SBMOS :

1010 F D b

- W__=30nm
109E e T O

L;c=20nm .

10°F
e —9
[i . |

]

—
(=]
[=]
T

0.2|5 0.4|15 0.65
Schottky Barrier Height, Qg (eV)

Bl1221 B4 +H CG-TFET uzz. SBMOS Hit FFoEth 5 oy H1% &

27



R AFELFEMRX ' EE AT BN B E IR

Mswmﬁﬁﬁﬁﬁcaﬂme%m

Weo FIHER 455508 CG-TFET (LS, B Wee HEEZWE SRR
RIHIEES . 75223 WEBAMFT Wee MAIEIERE AW BT, THiiEH
EEE AL R S B E R CG-TFET MITAH. B 2.22 H HRFERE
CG-TFET FFA B 5 Wee 2% R . BEH Wee HIRD, B FER BN HSHIE,
VI T AR A MR, TR U N U M RS . RV R T A
SRR S, BRI A AT AR, Fik AR5 RNRE
ST RATAE D, TSR T A IR, {82 145 2508 CG-TFET it
RS Weo 2 AIHI2E 5 LB, 0 223 Fim. Bi% Wio B 50nm /N5
30nm, 4% HEVE CG-TFET RO MG/ T HHE A SRS . 8K Wee, B
SR A MR, TR S, BTRREK, [ LAY E A IR 2
T RITEA, W B4 EEE CG-TFET BRI B Wie BRARSIRETT
S, (2R R A A A R R A, UL IT S b .
B HTAT A, 24 Wi 0 30nm HORSE, PS4890 CG-TRET HH Ji T3¢ Hik 5
{5,

i o > 7%
A

222 M4EEEM CG-TFET FEHME WrelIRA



EHEAFE 2R T Y AR Y I

T T I

= 9 |
L;=80nm IonTopp=3-5x10

10 |- LFG=20nm ' ¥

®B=O.25eV o
IonTopp=9-5x10

/

30 40 50
Weg(nm)

10-15 |
N 10
F Ion/Topp=1.9x10

lorg (Alum)

-

K 2.23 BRI CG-TFET MR F X 5 Weg HI K FR
244 HFFEIER CG-TFET %% 535

H A% CG-TFET BN TZHEREBESEM T EH%. 5 CG-TFET 4
HEEENMEANTESR, H— Rk, D535 By 1 A2 B L9 e A Tk A
Sl BRI, SR S Y e HEZREREMMNEE. &
W LZBWIRAE CG-TFET IR 44 R NS5 2 5, LPCVD Si0, 28 J& FI FH 48 9%
AT RIE SRV & 1, T RAS . Aty & O LUS %S Ni/PUNi
T 150 A /15 A 150 A, RIGTERSHET 600 I 60s oIl & B IEAL Y.
P& B 305 CG-TFET 9 SEM EH0E 2.24 g, HehErn & o5
BPHEAGLES, 11T 8B 30 ) TE 07 BE P B R O 2, S Py X 4t BAZFIH,
& ) MR CG-TFET,  Tox 24 Som, Wrg 3 3um , Lpg 24 Spm, W
10um. H4F3EPEIR CG-TFET LA KA R~} F %% 1 TFET R R a0 & 2.25
Pime BT BHEERTENmBEENE, YI5EEH CG-TEET FIFFA T K
0.21pA/um, FEARIE RUF %40 TFET B 1.5 43052, IMAH . 15 SBMOS,
WA 226 FioR. BT HARAARLE, BT & L b I, (H 4
ZEUF CG-TFET MOt H% /N T 85 SBMOS 4 3 MRS R YRR
CG-TFET RedRHmik 10° prezi T 26 1



bR RFE LR - $TE G AN R TR

0611611 |

10°[ Exp. -
[ —— 45 EVEAL CG-TFET
L - #HTFET

I (nA_{pm) |

- lonlorr=10 I
W_ =3um -

05 00 _ 05 1.0

B 225 SeHe7R I & HEVE R CG-TFET, ##% TFET B4 bk 2k

30

T




bR KREH LA RTE BB T R N R T AT

103;Exp. ‘
102' A H R 5 CG-TFET
F O SBMOS
10’
"E" 10°
P :
< 10 £
= - 107} ]
= 10° AION/IOFF>IO6 ]
10"‘& A |
A —3pm E
-0.5 05 1.0

VG (V)
Kl 2.26 530753 4 45 508, CG-TFET, SBMOS #3451 ph &

Wre XF B RF BB CG-TFET #3548 MR SR S N K] 2,07 B, WS
Wm%ﬁ$,%%EEWCGH%TmMﬁ%ﬁgﬁﬁ%ﬁﬁﬁiﬁﬂ%ﬁa@
%%ﬁ%ﬁ%ﬁ%%ﬁx?%wﬁm%ﬁﬁmﬁ,ﬁ%ﬁmﬁﬁﬁﬁmo

o Exp.%%%ﬁgG-TFET ib Vp=0.4V ézui VD:Io.zv'

T * T ¥ T

WFG=3;J,ITI
107 » e 0.30
-8 = |
10 J 0.25
-9 ¢
sy, 2 0.20 5~
EL . ] 0.15 T_f:
< =
o 2

0.00

-14 A - -. 1 L : ' 1 1 ‘ : 1 L 1 1 !
P T X ofo 04 0.8 04 000408
Vs (V) Vs(V) Vs(V)

Bl 227 Weo ¥ B4 CG-TFET %Mﬂmm 2

31



R KFELFEAIRX EE GRS RNREE N

A SOR A R A SRR B M AT IR O, 5 17 1S VAR
CG-TFET [IFF &, FR A dhekinE 2.28 Fiom . ZEURIRZL L BRECR LS,
2V CG-TFET FASIL AT BLAE) SAuA/jum, EUIFKHE] 107, HL
FTH M TFET, FERAERIE 3 MEELR. |

1 0-4 T T T L — T

II'II—I IIII

et
e
[=]
I

III' T llll L] llll T

HHITFET

IIII 1 .llll L llll L ||l| L I!I' L flll L Ill[J lIII 1 IIII L IIII

10™ W 4 L CG-TFET
2k 7 43 5ECG-TFET
L ! | 1 1
-0.5 0.0 0.5 1.0
Vi (V)

B 208 B 2O BEOR IR 1 R 22 LU 5 3608 A CG-TRET SRS 51 i 4

2.5 FENG

AT TR TFET B G 4E 00 27 SR IR FRAS BB/, 32 T —Ff
B TFET. b TH—BREITA R, R TFET #7004k, 3R HE
EE AR TFET, B3 LRI S E M L EFRE.

WY TFET AVAGHE T EH R E, KA 5% M TFET EafA T2
T2k AT LR R R R ~F 780 JERE 28 45 AR i TFET JRasii. 4 T
Fide K S A%3E B BN FRA FR U A s, 4 SRR W I Fe B Pl LR T AR
¥, MIo/NRE 3R ZE 20nm HIINE, T BRERULN, 1R TIVRIER IS,
RN EEAR S R A R .



R KFEELEALE B_F SR TR SR R

BB TN B R E W 3 R J 8 A B I T 40 7 TFET
TN RE SRR ERE, (LRAE QR AL N
AT LR —F MRS ER e oM TPET 4 — 4R TF A . 4 g
JUBEHE TEET FUR B 50\ i S 8 b 5 R M TR TP A 7, I A
T ERR MRSV TS5 2 BIFE, B MR B . 0 HT98 H e
P2 8 LRI T AT LU A B4 4 SR A TFET B FhLgms 72 H

BERRFEMTERAMER: E51%6 T Fbhl TFET LUR &4 5me vk
W} TFET, SEIG4ESR3RY], kil TFET mTLlg ROMIR S TSR, T Y s
WERARHR TRET A7 I3 — R i % 1 FFA5 0 0 T 06 00 14 AR T 0 0 T
AR S ApApm, BIFFRILEF] 107, AREHH TFET, FA b G 3
BRI

33



ih?ﬁ i A ' HoE ATEMEE TN R EE A

=2 TR R BT

3.1 5|8

5T TFET U, BRI BERIRERRE, HAeE THRRBES R ERx
HIRE 2R, HIRETRIGHINRER. BREBTFHL2EFERBRIEERET
A, T BRI R, REE IR IE T R BE A A IR R . B
SRAEAERIA T h TFET Ze P00 364 BEE A0 B (5451 . (B 2R B ik AR F
T A RIZRL T 60mV/dec FISERARE. HIE, fxﬁ&ﬁ%%%ﬁ: AN UUE AR
W BEAR IR oF 4 . B 2F 4 1 BEAR AT H R ,nLE’J%iZJBEfE, 7 e A P Pt 2
WA R T ERGNIER, FESHTRFNRE, WEFRTIERER R
(00 82 851 ok, FESTII R BEE AT BEALER, EEMRE EERIEF N
Mg . —RBEIRBEEE T R{ERIRN TFET #KHmE K M s 2kl
ek 486981 AR it — R4 TE M TFET (SG-TFET). X {SE i S50 4t 7%
it A&, & Jﬁﬂm R RN, /B AR IR SRR T A
B, iR SR R RIR R RN B (AL . X TS TEME TFET 4544 faj 5.,
T i35 CMOS #rfE L2 e 34 .

32%%%%%WW¢MM%W%I¢EE
321%%%%%?m%%%%ﬁ

SG-TFET &5 & 3.1 Fizs. M it oA m 4 5. M —sm s IR
K22 NG Do T IRREA S 2 SR o R R, Pl &R AR S
FE M TFET 2846l.  SG-TFET “FHIH LK Wk 3.2()F7 7, MALEIE 3.2(b)
Fim, HXBEHSHE: MEE Wie BHHE Lo, HPiHCEFEERKOE
(I 4y L £ 408 4> Lo & 3.2(c)24 SG-TFET WiER ALK . 77 LLA A
BRFHREAOOEERE, 5 CG-TFET #tk, SG-TFET &% 45 X SN &
STERAEEIE LN . BA T HELEMTHE, PHESHMARMEA “L &m” &
~, MAERMEAE “Hil” %R :

|



e BEE SRS S 5

Kl3.1 SG-TFET 4 E

(5 £ R 2T LY |
RAEWHBFEE |

il e
(c) SG-TFET #4312 £ 7 fis ¥ 1

3.2 (a) SG-TFET {i{¥i & (b) SG-TFET 4} &

3.2.2 STOAMGIRNL RS AR AL, JE 2

B 3.3(a)-(d) A AR HHRE F TRET 5 SG-TFET M 5 & fhm fe i B & B
AT 3 A I 4% 1 F % 1 TFET 5 SG-TFET B 27 S B Y e
it B LI ECT I 46 1R T (R4 v 37 VEA 938 SG-TFET FEAC I Bt A R 1 R

—



B o L S VA9 : BT IR RN & IEE TR

VoY TrET SRR BN TFETRAT, VAR

\ | — TapanEne

Ve

3.3(a) Vg=0V If, ## TFET &5 SG-TFET &% 45 4L REHT

Ve=Vi  TFET SG-TFET
I
Ec —— )
\ \\
W - "", - -
E, - | ! TFET# %R
\ P =3 i) %
\ 0 v, Vs
33(b) Vg=V, i, %3 TFET &5 SG-TFET B % & AL RETH
Vo¥z  TEETD RGAERE |y TEETHBEF iR
D
Ec __\ 4
A \
Ey SG-TFET 7 %
\\ (FBUHERE
i
Vv
S—— v, .
B 3.3(c) Vg=Va If, %3 TFET 55 SG-TFET B F 45 AL RET
e S6-THEE , TEETH#HE b
"
Ec i \
\ |
\
\a
Ev i, SG-TFET# %l
\ 3 N— FH
\
\ \ 0 Ve

B 3.3(d) Vg=Vs B, ## TFET 5 SG-TFET R4 % 4 dbhig

LI
Q

— 1,.,..,.......,?,‘—,..,_,—,,-‘_..,‘



- JEERER L ) BoF RTUMBE SN R S G

LM EZERERNE, WE 3.3@PR . # 8 TFET 5 SG-TFET &84 kb T
Kt BRI 0 SRR AR TRE NN, 3 7008 S48 2t
REWIIREIEF 7, EUL# % TFET 5 SG-TFET HIRREF SN R e
BE%. 5i5b, BT ERRMMN, SG-TFET VIET S ER T8 TFET thifig
HIFH . M LA 51X 2 (B g gt K P2 RE T A0 A AR R By
HIRBIRIGEB IR B, 35017 240 R R RORE TR R T, B
R S R AR (FE RN 36 2 B 5 A1 S ),

SIS, % TFET 5 SG-TFET BT RE IR TR, 240 e s ho
IZE ViR, 0B 33(b)FTR, %4 TFET TR AR B S B FF AR U8 ) 2 T,
RSN ER A TRET B L 2k, M MBS 32 W, o, ]
A&, XF SG-TFET i, T4 B 0 S AR SR 7 TR A 25T, B 27 5 91 A
SREWWHEST, SG-TFET {4k ab F %4

ML Sk S8, %40 TFET T B 2 G5 A2 5 P R U M 3 BEEF i 4>
BTSN, 0B 330 R, S ik Vo MRH%, SG-TFET y4igich gy &
WRIFR IR FIRE M4 TR/, SG-TFET HOBR 27 45 B H o5 A i b o, MY S B o 2
SIS TR AR AN 52 b R Woo BITFMEE Vo>V, BIEREZ RS 2
WosWie XBUEIEE, M3 %4 TFET, SG-TFET W 2 45 B A B o g e L
HEDNBEFR L. FIER S R+ MR, SG-TFET B 77 382245 (I i £ 5 K
N 3.4 FoRs), ML mmkEy, H BN E # A TFET 200955 %
VLR RS, BEA A Ak, #M TFET 5 SG-TFET k%% th 75 452
PAII, W 3.3(d)FR. Fib SG-TFET FILET- % 8 TFET, (UM |
1?3(7ﬂ'if:bf%ﬂzfjtﬁfB@z%?ﬁl&%ﬁﬁﬁm‘ﬂ@ﬂ%.j

BB 44, SG-TFET #|A E%%E’»?&D I o (R 2 A I B B 2 6
MBI, FARIIRERE . BILE E Wl iR BN, F R i s,
SG-TFET Hy W Bl EAF MR . TSRS AR F 5 MRS SG-TFET 1y
TR, ' '

37



S TEHHE A R E A

‘_&

ERRFEE L F AR ' B=E

N NN W
o A 0 N

T ]
R |

=
(o] N
1

B
—
1

Tunneling Barrier Width, A (nm)
o >

00 05 10 15

onset (V)

3.4 BB 2 T S HIRE 2 R R
3.3 & TUMIRE 23 UM A A BB IBL AT
33.1 KRN SAARSHEREFHR N R G ERBIF T

%5 5% F Sentaurus Tead Tools X1 SG-TFET BEATHRITEC. {7 FUAR RS AL H%
218 T B IR A BRI R W, YR B B I RN, LR
1 F A TR RN, FFHMAT SRH FAEEAHAL, Wik iR
Fil 7 Nonlocalpathl B! . F PR AR ] BL R/ RS SG-TFET I F RS 1 14 i £

THHT. REERST IR ZHINER 3.1 s,
% 3.1 KRT5/MRF SG-TFET H&HZH

Y MRSY KR
Tox 2nm 4nm
Leg 40nm lum
Lg 120nm - 2um
Weg 40nm 0.2pm

\\}

JEIRIS LR P, ek 1X10%m™; B A N &, SaRik



JER A2 i T T T T ——

BEOT 1X10%%em™. 234F40R A At KRF SG-TFET Wy 8450 it i
3.5 fim, TR F SG-TFET [ostisss ML 3.6 FiR, FEHH5ER
TFET #AT T Ak, g2 %E0m, KRS RB &ML TFET, W o8] {8t 22
CIEFER R/ ME) 7734 30mVidec, P BERZEN 50mVidec (A Y
TR ERE: EEBEEES -, gy FRCIA R USRI EE I 5 M B
PSR Sl ), AR IR RS F % 40 TFET MO0 B4 40 2= % 35mV/dec, F
B BERE R S4mVidec. FHIAR 8 8 SG-TEET HA BB H M T i {a
e, BRHT R Tk, HFER ANV HLRLHS, BRI T b (e P 7 PR
R, SG-TFET f9W BB 47mV/dec, TR ERE N S6mVidec. HilH]
JT FHEBLTFET 80T BEALE S 25mVidee, FHITE MIEAI% 3 43mV/dec. 4k
RRBIRA /DR 8319 SG-TFET KT SIER T R L. TR
/MRt SG-TFET & W BRFAEIR I R K9 Htt— 684k R <F SG-TFET.

; -7|: Les =1pm
O°F w —05um
- Ty =4nm

10° | SSmin=35mV/dec ",
- SSavcragc=54mV/dec

SG-TFET

—

E 10-11 | 1FET SS.in=30mV/dec E

E SSaverage=50mV/dec
0 10"k ~ .

- { — 5 HMTFET

—a— SG-TFET

-15
10 Vp=0.6V ;
0.5 1.0 15 20
VA (V
G

&l 3.5 KR~} SG-TFET 5% TFET FERBYG T th 2

39



Jb R A L E R ‘ E=E AR HENSEE A

10° F
[ SS,=25mV/dec
LS Saverage:43mV/ dec
oL TFET
' SG-TFET
— = I:ID
£ L 5. S8, =47mV/dec
= 12 Og SSaverge—56mV/dec
3 10"F of i
~ i P: - k
=) [ O —0— WATFET :
- - g —=—SG-TFET 7
-15
107 F m/l ot
- Weg=40n B
ﬁ. Vp=0.6V T0x=2nmm ]
/ b
- - 1 . : ]
0.0 0.5 1.0
Vg (V)

E 3.6 /NR~F SG-TFET 5% #1 TFET #H it dhi 4%

3.3.2 /N RT 4 TR 5 3 0. & A U BB R SR AL SR O
o |

JNRSF SG-TFET W BIEA R AGE LR f THF 4N “L” 5 “H” [
M AR E S AR E S, SAEMT ST &/ T SG-TEET MR R
1y BEEMBEE RN, SG-TFET KX “L” M5 “H” MAREREALSET
“H” TRET L AR S, ATOSIAN T H A X R . B 3.7 A
WL FE S 0.25V HIRHE, /NR~F SG-TFET #ba s LEA B (ALERBAW
HRE LELBANRED. SRR, RNHHRT AR EALHEE
23 MR K NG R . TS0 E SRR, iR T A SR “H”
MBS Gk . 4 LFTA, BEEM RN, EREALNEEBTARE
T “H” TRFLEEAST, SRG AR RGN, REXEaey BEE
PR 4 lﬁ&t%’-iiﬂiﬁﬁfB&‘?ﬂi%ﬁ?iﬂ%%'f?ﬁk%‘[)i—/:\%@%, T DR

40



| N e A AR KT T B R A BT

SG-TFET W BMER EHIBIL. TixtF AR~ SG-TFET, FTREHH TR 7 4 45 M 4
MRS /B 55 S O TASAC B 30 00/, B35 2 B LA B 2o s
WRKRIEEREM. BRET Wee Bk, HRERMNEARE, FkkR|
SG-TFET )W B 42 F- 5 R,

K137 (ZED SG-TFET B24E, (HE) % Vb 025V it ¢,
NS SG-TFET #4528 )L 3= 40 i [

EIIHTANTF S5 B 4 RS B R ZEVi o, M T L4
%“A“@”ﬁ¢gmuE*E@“A”ﬁﬁaﬁaﬂ@,ﬁaﬁ“s”mﬁ@
HFBRAN, W 3.8 BiR. BT HHRME, MIEL— S5k, KB “A”
$W$%£%$BEWB”¢%%%,WE39%%MSGHWT%§W¢%%L
A r Ao o TN PHIEEX MIREW R e sk b, DR e o o g
%%W@E%%m,zﬁ“A”ggﬁ“B”¢m%%WWFw,@%m%gﬁ
BT ISR, FURS B i SR TR “A” LT A
T, 0 3.10 R bt FIRIR A 3R R TR 4lt, B A
WE%F . MERACIRDCHE At (AP 3.8 T MR FARVERL B ) 4 i F B2 AT LS
THRES W “B” PN, MRA BT R, &R 2R

41



Je Rk AR 3 : HoE SBHRER NG EE T

Bl S X

O mumiriEns

D sk

E38 SG-TFET MBRERER, K “A” HERRRE, K “B” A¥AFRRKE

@AM . 8 “n . |
E(;__- A > B ]

1.2 o
. \ mﬂ;‘zzmﬁa%
0.6
—
>
— 0.0 -————
. \ \
m -
W
o 06
c
L

gl e S R e

! | ' 1 L | t 1 1 | L 1 ! 1
0 20 40 60 80 100 120 140
X (nm)

% 3.9 SG-TFET &4k LREwH A

S wmmk.ﬂ,,,,..,...m_-mmﬂ-w—m‘

S e S —




TR F B2t 3 BT RTEMEE T IR & S iR 5T

1 2 “B” mmm&é- j

=
o

o
o .

Energy (ev)

-1.2
= EEX Tk ey

L | L 1 L | L 1 L 1 L 1 L 1 s
0 20 40 60 80 100 120 140
X (nm)

B 3.10 SG-TFET NI Nl e e

ZR LBk, SG-TFET #I/H I FE LA MR B 7 S5 70 1 5 2 e e g 3 2 7% i
FENS TFET MITEBMERI R . (RN R T, RS A F 23 B SG-TFET
DAL S E I IR JEE 5 B4R Y — 7 28 5 M 040 2 2 B 2 A e T H#
TAR AR A4 AR B A A S LA S S5 M A R AR A,
SG-TFET, ‘@i\iir%ﬂm%Hﬁ%}?%Hﬁﬁ%?‘%éﬁ?ﬂl%ﬂ%iﬁé?%ﬂ@%?, PEAR N R <+
SG-TFET ¥ j {1 43 22 .

3.4 AR TR TEMBE S35 30 R B AR AL M
3.4.1 KA MBI 4 TAMI RS 5 35 300 2

HM SG-TFET(Short gate SG-TFET), #RPHMALEILNE 3.11 BTac. 4l et 2
AR Short gate £ HITEH A TFET B 7 LR e SRS 0 1 199,
fE Short gate SG-TFET 1, SR O LU R S AR, T B Aty 3
H R AR XIS “B” R, I AT LUl 25 ARk o (b 5, R
SG-TFET W {5} % ,

43



s AR ' BT AR FEHANREENPR

/EIFW?E R VA TE X

Drain |

K1 3.11 Short gate SG-TFET &5 14 {if 1 &

47 L Leg 9 40nm, Weg 4 40nm, Lge 4 Onm, Tox A 2nme Laa
Onm EWREHE AR AU ) B RER K4, TR S X BB F SR TR 2 s
g, WLEY LHFERFEARASRERS . SG-TFET SRR TH# TFET
O RERS A PE DR 3.12 7R . S5 T {EEELE:, 4% Short gate SG-TFET ZIEREL, &
T AT R L B B E ARG MR TR . THRERKY, Short gate
SG-TFET W (At de b E. I BMER N ImVidec, FHWBIEREA
30mV/dec. i '& $1 TFET YE B{E 12 A 25mV/dec, SF3EBI{E R 3 Jy 43mV/dec.

X GES AT — R R TWIE T 0 BRRMN, 12T T W IEF R AT
BAAR T RS i A R RO RS 530 &2, REAR L% § TFET, SG-TFET AA EReEHY
T FEER .

44



A REB L2 BEF FTUARGE 500 5 ke ot

108 —®— Short gate SG-TFET
b —O— %HITFET

107 I 320,260V
N &
SSLin=25mV/dec

Iy (A/um)

SS,,;,=9mV/dec

00 02 04 06 08
Vg (V)

1 3.12  Short gate SG-TFET R tha

ﬁ%%%ﬁmﬁﬁ%SGﬂ@rﬁﬁEﬁmﬂ@ﬁﬂﬁ,@%ﬁ%ﬁﬂ
'Hmu%%%ﬁ%ﬁ%ﬁﬁi%%ﬁozﬁﬁﬂﬁ%ﬁ%%%%%EﬁEW%
%Eﬁﬁﬁﬁﬁ@—%%%%ﬁ,Q&%%%@%%@$%%?ﬁﬁm@@,m
@1B%%%%W@£mvw,Wﬁ%@¢%%iw%ﬁﬁﬁo

%%ﬁ@“H”ﬁﬁ#ﬁmEﬁ#ﬁﬁﬁE%%,ﬁﬁgﬁmgamw¢m
%%%ﬁ%(m?wm%ﬁw,ﬁ?%XEﬁ,Wﬁﬁ@ﬁﬁ@ﬁ%w%ﬁﬁ,
ﬂ%ﬁﬁ@ﬁﬂuﬁﬁﬁﬁ,%&~4ﬂ%%ﬂ%ni§¢ﬁﬁ@ﬁ%%%%%
Eﬁaﬁﬁ$$ﬁ45ﬁ%ﬁmﬁﬁﬁﬁ,E%Eﬁ$%%§%?%ﬁﬁaﬁ,
BETURT BT HA, 0K 3.130).

45



bRAFEE L EANE

W' AR FENEEBERVIA

Source

Drain

| R

Se— R N
Source 1 L da Onm
3
i 7 3£
1 HETE2
i \
LY . Fmm—,
% Va oy,
e S S Ry
i "
#
§ \
L 1 TNy
| N
' Drain
%
i Sy,
L %‘ 4 "m_z:
ﬁ"q.rc S— . ::’:‘" h :\"‘:‘4}
.
\'%\\
= ™
e,
. Y
s S
RO IR DSl SN S S DR SRR (T I

20 40 60 80 100 120 140
X (nm)

0

B 3.13 (UER “H” MHERRXEREE (b) Short gate SG-TFET Y1 "l & 77 [f] e

3 T #£5 Short gate SG-TFET JR#l HLIL, 7
SN Lo (AR A 2 “H” EARERXEL, BT RR
R ], R E R TR IR . Lo, X T AR E 3.14 B,

g, M R A A AT DR RO AR T T A

T2, [KikiaiE

B A LT LGRS B,

B/ NE TR TSR

mE, LR TR
AGERMEE LR BT, &7

R, WA 315 FIRREBENTS LXK,

1B R 1 Jju Lda%%f‘% Short gate SG-TFET FF 2 HL LI [R] B
SRR . B 3.15 ] Ly, B9 Onm 350 2] 20nm 1) K
SEALZE 39mV/dec. ML, EH{EAZEBLMBERTIRRFERTHIET.

PEh R R R X S i, S EE T A A B A 4 R

£t Y
, W BI{E 2 B 9mV/dec

Lats AH:

BEHY . M ER EA ek

ANy e A A2 IR, R R R X A AR o B T 2 S B

JF 25 B R,

T B{E AR IR E .



RAREE L2ty BEE FEME TN 8w i

o 1 | ' I L 1 L | 1 1 L 1
0 20 40 60 80 100 120 140
X (nm)

B 3.14 &fE Ly, F Short gate SG-TFET ¥i& () g

L 0= WHITFET
10°[
1 0-10 :
E .F
3 10™L O
3 - I:!/D SS.1in=39mV/dec
o 10" / SShin=9mV/dec
—O— L4=10nm
10_16 —adh— Lda:OIlm
1 ' 1 ' |

00 02 0z 06 08
Vg (V)

Bl 3.15 Lg, %) Short gate SG-TFET HBR N

734k, Short gate SG-TFET [RI#ET] LS XA SR, tnPE 3.16 fiam. 1
# TFET 75 %Emfﬁﬁgﬁﬁ%Eﬁaﬁ'iﬁ;ﬁﬁj\%m‘wjz PH SR N+ 45K At

47



bR A ELEMRT ' EEE AR F NN S EE TR

K¢%F, BRIAEAE R SR RN . T JL?J‘ﬂﬂ,n x’]ﬁﬁmﬂ' TR 5 MR 2 ) B s )
DI SIR SRR R 2 TR, TR bR e A X1 I T DA R b4
UK S R

10°F
[ —5 WINTFET .
10 —© Lg=10nm 8
[ —4&—1;,=0nm ,
— 10™° 5
& il ]
"-?.' 12 ] :
< 10 3
I T
— 1014 ? ]
10-'"“- 'I

] 1 L : ; 1

40 05 00 05 10
Vg (V)

/€3.16 Short gate SG-TFET #5451k ik, JEHIH B ot T LA B TR S8 R

v FERiR, SEREMRE VR SG-TFET, i idymi M rdk 25 A b o 4 5 35
LTS, EIE RN, R R ER K. BRI STERET A LT HE,
T TFAET. h TIREITTARR, WLLCRA T AR R4 B TFET
BEARVA B T 2.

3.4.2 R T BRI 4 TEM PR 27 % B L A 4

T A AR H 0 SG-TFET W&l 3.17 iR, SElnimtl gl et sl Wy 22
AN TSRV A AR B EE W T FE A Ml EEL AR 5 2 A B o 2 [ 2 A
IR G b S AR TR, R BB B AR . RN AR A AR R DA R
o PEAR I3 P g T 3522, R IR AR BT

43

Wi syt



EHRKRFHLFEAE | BT KM T M A 5

Drain

ks

K317 T #E4 SG-TFET R 45 1 [

K 3.18 AVERTE PIL F s R, T ZUH} SG-TFET 5 Short gate
SG-TFET W f5.J5 Rl R B 7E 0.8V, Wy 2% 2nm, Laa 7 Onm, Lpg 7 40nm, Wig
A 40nm, Tox 5 2nm. 4580, A T FEMR M1 SG-TFET #H. Short gate
SG-TFET RE TR baTHL S, P RE B R, RiEit
FFIEMZE (N 3.19), MHHEH TFET, T ZUH R SG-TFET A H R 1 (1
BHERIE . M4 Short gate SG-TFET, T HAM A% SG-TFET ()T {4 4 2245 />
SR CEBIE R % d1 9mV/dec 1855 HmV/idec)o F= 5252 A 4 %2 il el 4 {7 ok 2
RIS 27 2 B 5 4 g |

49



JEBAE R : et AT e e

1.0 -”0“”"% —=— T R
i Y —0o— Short gate SG-TFET
Q\ Lda:UIlIn
05} *é

=
o

Energy (ev)

-1.0
¥, L | 'O,
e .-\'('%ﬁm
1 I | | = . |
0 20 40 60 80 100 120 140
X (nm)

[N
=
(<21

| S

—— TiEM
- A TR

-
o
&
T

L7 A |

SS,.i:=11mV/dec

HHLTFET

SS,i,=25mV/dec

1 | 1 I

00 02 04 06 08 10
Vg (V)

) 3.19 T R4tk SG-TFET &5 % # TFET #8845 15 #h £k

8] 3.20 44T Wi 0 B ARREVE 20 o B0 I W 9 N AR 5 B AR A
iy EMOREE, SRR TR LM, T ART SRR AT .

50

| T



- EEREEEE F=F KRBT 550 & 15T 55

I Wy ok, B ER RS, 7 Wi 4 10nm BI0HE (Wrg=40nm), T
BIHEREH 11mV/dec B4 % 18mV/dec. FIMFFABELHE Wy BRI,
1Z 2 IR h i e AR ff&%ﬁ*ﬁxﬁmiﬁqﬂEﬁ?%ﬁéﬂ@%ﬂﬁ%jﬁﬁ@?ﬁo

EO

£ of

A —
SSLi=18mV/dec

] T
SSLin=11mV/dec
: I ) s

2

0.0 0. 0.I4 0.6
Ve (V)

—
o

B 320 WyXt T BH 4% SG-TFET BRI R

Wro XSS IR 00 3.21 B, RIS I, W M, it
BRI SR, Wi S e ot FEZF R 4 I B 2F 9022 50 P i ok
RIULT PR RS . T4 T B e 4% SG-TFET HIDHTEE B, BEE Wig
/N BB A3 3 T B T R, SRMFHL A SE 105 F s, X 2 m Yy
B WeG 536/, ﬁ@%ﬁ%{#*ﬁﬁ%%ﬂﬂ]&l‘éﬁﬁﬁﬂrﬁﬁf{iﬁé%o —THEEE W
HI B FER R WA B—AJ7T, Wz Wra HI98/,
R 4 S A M A 18] 0 B S b ERS TR 5 Rk, &3 T
ERRAGEIL. SALLRMES, px Wee BIE/DN, B AL B 4 22 2 iy
BLSC B S9N B g

51



bR AEFEEAIR ' B TR T RN R R

F [0 Wie=401m

VG (V)

K321 Wy Xt T MR SG-TFET #4H5 ME R 520

g, 58 S0 5 e 10 S 0 [ 3.22 T o 24 Lo E SRELHEINEY 10nm IR
%, WAL SAN LT, HRY L KT 100m, I ERZRAR. X
K Laa 00 #9401, ﬁﬁﬂ%*&%K%ﬁi@ﬁ%fﬁE%?%?E"JIZiﬁJZ, VB
T4t da AR UTHBIRAN  TRLE I HL R A R T R o T 24 B A PR A S A A
Toh R KR, BT %2 ORI RIEHE, BILRHREASRE L, 1221
MiAE AL, TO9— 7T, BE Lo BOION, SOMeRAR NG 25 A BE A 45 O F il & B,
FEibaE A RS, RREMNEEE.

g



ERAFELEMR T

B 3.22 Lg% T ME4% SG-TFET R R

%L%ﬁ,%ﬁT%%%mﬁﬁ%sewmnﬁﬁﬁ¢%ﬁ%$%ﬁ%ﬁ
%W%&ﬁﬁ,%mm%m%%&%ﬁﬁME%,m%%&&%&m%ﬁ,%ﬁ
%#ﬂ@ﬁﬂ$°ﬁw,T%W%WSGH@T%%%W%W&%%@E%%@
%, REITFFHER, {B;%EB—T-?Effﬂﬂﬁi*ﬁ%ﬁ%iﬁﬁ?éﬂtﬂﬁ%ﬂ]ﬁﬂﬁﬁﬁﬁﬂ Weg HIFR
il DRI T LASR R B M4 )5 SG-TFET Kik— Ak /Rt SG-TFET 3t H iy L
TRV Wra T IRI R 47 88 Rl S0 58 o B 1 0 B (o) 2%

3.4.3 WML R TR 30 5 fhc

Mﬁ%ﬁﬁs&n&rﬁ#%@%@&n@%%,Mﬁ@%@aw@wﬁi
E@W%%%%%ﬁﬁ@ﬁ,%ﬁ%%%mﬁwﬁ%ﬁﬁmﬁ,u%ﬁ%ﬁ%%
?%%E,EEE%RW%%,ﬁﬁ%hm%%;%ﬁﬁ%%wﬁﬁﬁ%%ﬁ
MR DR AR AR 2 A B 5 2 fry o s HEEM Toxs 75, ¥EA Lox

e

53



bR RFEH L EARX ) HZE ARBBEFHRNAEERTIR

B 323 (Bl R SG-TFET 22fF 458 (o)t i SG-TFET E Gl Ve

BriE A SG-TFET (Wrg i1 40nm, Lrg A 40nm., Loxi 9 40nm, Loxz 55
80nm, Toxi 4 2nm, Toxzjj Snm) FEBAE ML INE 3.24 FiR GHRILIERIIH
#, 1&”5)3?5)%%5’]%&%;&% F R (0 2 e aa il B IR ) o BRI R SG-TFET HIJFAS
(7 58 4 TRET BASE, ok 78 3 B M AR et AU PR E i
Fng, F—F7E, WrERHIY R SG-TFET (Y0 B {E A} 20 B 8 /b F % 3 TFET,
HEESE R 1ImV/dee, T PHITH{ER %N 24mV/idec. REREFEFAMESR
T FERFLEMBTAL, WMH T HERT A

B R R SG-TFET

SSaverage=24mV/dec
SS,i=11mV/dec

—3— EMTFET
—— rERA

TOX2= 8nm

] 1 | L { L !

00 02 04 06 08 10
Vg (V)

& 3.24 BrEafl 45 SG-TFET aﬁfr%% e £

54

ey




TR i i #E":ﬁW%%%ﬁﬁmwfﬁmm

%m%%ﬁﬁﬁ%%%%@@&ﬁ%#%ﬁmwmwg&5%@3%Eﬁw
B/ Tox, MR EPEE%%@B’J UUREEA R, BRIHI0IE o B b T4 22 2 W
e 3.25 BT . (B TR B Y A RUHAHE X FERFER, 3T Tox, 2 4nm
i%‘ﬁ:: 10nm [ #6445t SG-TFET, S FLIAL A FR A6 R AN RV (R A ey
Wi, TRIR IR S R IR T BT A . BILEEE Tox, FIMEIN, B
WEFNETRLE LB LT, Eikes AT B RS, B s
WA E . (HEEEE Tox, MK, Brbi A i SG-TFET FF) 7.8 A3 SR 4 R Bt
Wode BTN Toxa, SBITBHMIRT S 4 B8 28 45 s s I LAY [0 {8 4 2R 4 B
BEE, WA 3.26 fiR.

1-0 — TOX2:4I’IID
- Toxz:6nm
—* Tox,=8nm

Energy (ev)

Bl 325 Tox MM EHIA iR SG- -TFET 7418 32 17 R 1 B2 i

55



bR RS AR : moE AR T RN GEE N
107 F o Toem10
L ox2= lUnm  §S_. =8mV/dec
= —0— Tox_’:.: Sﬂm SSminzl ImV/dec
10 9 :-4-&— TOX.?.z 6Il[n
F — Tow(q“ 4dnm
— o
=3 10-11
E : I
_D 10.13 o /!
3 /
107 b
10“17 1 1 !

02 00 o0z 04 06
Vg (V)

B 326 Tox: XBIEEMEABT SG-TFET I B{EYF PRI

Wro XSS H M B AN R 327 Biom. ARIBERIEAAT, WA Wre SR H
AR TR AR, Aot BFERMMEGE, MEMBET BRS
Kb S o, BERmam/, FAARE G ET SRR o
PG

i 4l_ WFG=50nm
F ~O~ Wyg=40nm
10° F & w,=30nm
i Wi=20nm

"E"" 1 0-10 (
= \
<L o™ ‘y
o |

10™ ’

B327  Weo SHHMEHIAN R SG-TPET BSR4 4k MO 1

w
[




i

FEFERKEEL R BET FOMBET %N RS

Mﬁ%ﬁﬁ%@ﬂuﬁﬁﬁﬂﬁTHT%H&@ﬁ%ﬁ,W@&%Eﬁi
E%ﬁ%?%%gﬂ%ﬁﬁﬁﬁ,%ﬁﬁﬁ%%ﬁ,%ﬁ%%%%ﬁ,%%%m
%E%E@@ﬂ%u&%ﬁﬁﬁﬁoﬁ&%ﬁﬁ&%%@%ﬁ,M%ﬁ%%%%
EE,W%ﬁ%@ﬁi@ﬁé%%%?nﬁfrmm@k,ﬁ&%?%@ﬁﬁ&
LTS, DAL BE B 20 SUAR S A

10°
10_7 i — Toxz: 81’1111
10°L —© Tox= 6nm

B 3.28 Fi#E AR SG-TFET FRRF 2R (T, 8, R TG VE AR 2 5 3 3308

MMM%mmﬂawﬁﬁi%Lmdﬁ&m@m%4wmwwﬁ,%wﬂ&
E%mﬁwﬁﬁﬁgﬁ,@ME@@%&%%%EOﬁMLm,%%&E%ﬁ
ﬁT@ﬁEEﬁ%KE(u@,%WWﬁi%?%%§%ﬁ%%ﬁ,Hkﬂ@%
ﬁ%%@kc%um%2Mmmwﬁ,ﬂmﬁﬂ$EkimmW@m

57



bR RFEEEAR ' =B £HMBE NN REENTR

SS,i,=21mV/dec
1 ' 1 L

02 00 02 04 06
Vg (V)

B 329 Loy XA SG-TFET B #4551 1

546, FF S FEM/ R SG-TFET W& 3.30 Fix, FFEAT AR
SG-TFET (I BI{E A = FIHE R A il R FMM Bt SG-TFET, FElibEer 4
TR K WA TR, LLRSa s AR B gkl . SRR RCR A KA
SRRl LI A R A UL R IR IR B T A A 2 SRR, BRLSR A  BR
SG-TFET I LA BEA 10 1 (B 3 2 7] e 3 G XA @ s

e m_,-.m—_mq

B PSS ——




R REELEMEY FEF R 555 S S Tt

KK RS HL B B R M S i 331 PT7Rs (Wrg 2 40nm, Leg
5 40mm, Tox % 20m). 3 K (A2 3 MTHE, Jriisks SiO, A, IRt
%ﬁ%ﬁﬁs&n@?@%?~%%ﬁ#&¥wm;%i%%%%%?%ﬁ,ﬁ
RV BERENDE . 2 K B 2, Ve R BB B (EOT) N 3nm, &
RS L E L, AR T T 62 B — s i3, V[ {8 #H 2 TF
SRRk T2 KRR 1 B84, e EOT #j 6nm, THI{ERE L5 5)R A
tm&hm%%ﬁ%ﬁﬁ%%ﬁ%%&amwnﬁ%%ﬁﬂ%%ﬁﬁﬂn%ﬁ
&Mﬂ%é%?%%?,ﬁ%%MﬁWﬁﬁKMHﬂw@mwme%ﬁ&ﬁ
DA PN R E S

-0.2 0.0 ' 0.2 ’ 0.4 0.6
Vg (V)
Bl 331 SRR B SG-TFET, M RO R R A g

G ERTA, X B A BBt Bl S R BR i SG-TFET HH EOT H;
ﬁ$%%ﬁﬁ%ﬂ%#%ﬁ%%%,ﬁﬂ%EOT%ﬁﬁ%%ﬁﬁ%ﬁ%%%ﬁ
ﬁw%ﬁ@ﬁ$%%%§%§,%%ﬂ%%ﬁo%%MﬁWﬁﬁi%EEWﬁﬁ
&#%SGH@TK&ﬂumﬂﬂw%ﬁ%ﬁ,ﬁﬁﬁ%%%?%%ﬁ%ﬁﬁ%
%ﬂwm%@%,@%ﬂ&ﬁﬁﬁ&Wmﬂ~$%ﬁﬂ@@ﬂ$o

ATELLEN T %A TFET LLRE T fejsgm, IR T D RS T L&A
TFET M B 45 5 10180, 3 B4R T short gate tll . T BV AR, B BEA
ﬁﬁu&%ﬁ%ﬁﬁS&ﬂ@T%W%%%%?%%ﬁ#%ﬁoFﬁﬁ%%ﬁ%

59



Bl o e S VA : FES W o2 s S D

Pocket ZTEH TFET, #id7e BRERXETIA Pocket Bae, AAT LLFNH4 A
TFET SAER T 2B R 8, T BLE ) DO — 35 IR as W R, R

AR
3.5 Pocket &TEMIRR TN R E
3.5.1 B Pocket BRF BN A E

18 TFET B2 4 MR i LIRS S At s, FULEA TREFNR
ML o TIESRE IR, U N B TFET H#), TTUEBFELHA—T N
) 35 22 2 (Pocket [2)E M —MRBRBF 4. $7 A\ Pocket J2 AT LUK 4525 ]
MR, W, WIS H2%E. KA Pocket WItHH
#il TFET(Pocket TFET)&H@ 3.32 fiR, LpF Pocket K, TRM Np &K
Pocket 135243 5, Pocket [JEER] Tr &K

3.33 HAERUE Pocket TFET S R85tk th4:, HhBF 4 4R 50nm,
Tox 4 2nm, Lp 7 10nm, Np 3 7% 10"cm™, Tp b 20nm. #HELH R TFET, Pocket
TFET B 276 F /MO E TR L, T HITMERREMER (B EREA
8mV/dec, I H{EALZE S 9mV/dec, 1 M TFET ML B{EFR Jy 25mV/dec,
ST B A2 43mV/dec). X ANIG, Pocket TFET th B A 5 & T & Bt

Gate )
Source Drain

Pocket

i
!
i
H
B A e ek

i 332 Pocket TFET ,;ﬁ’]jt%’i‘-

60




ERREME L EAB X FET RIBMBE N & o

02 04 06 08 10 12 14
Vg (V)

#1333  Pocket TFET B4k i 2

Pocket TFET VA IEZR M AEH [ (/& 3.34) =B, N & Pocket JZ il /|NFik 57 45
FERR BERE IR BRI T B 5 v i — M et . b 2 VAT — M RE T B AR A T
FE IR R I A, T4 NER 2 5 5 DL RS ARIA T8 RE T R 2 S B 27 45 b il
ShIRIEIR, W0l 3.35 Biow. L Pocket TFET FJ LA BRI S ) 40 2 [R) et 4 s

pARRIE I

61



B R EE AR ; BT 4TS IR AN S AR TR
1.2+ . L,=20nm

T,=20nm
Np=7x10"cm”
0.6

0.0

Energy (ev)

1.2 Pocket TFET

1 L ] L i " 1 I

. PO (R M
0 20 40 60 80 100 120 140
X (nm)

[ 3.34 Pocket TFET 5441 TFET ¥4 i & M ge 7 &

! I 1

i
o
T
]

= Pocket TFET
= * HITFET

Lp:20nm
Tp=20nm
A Np=7%10"%cm™

Electric Field (10°V/cm)
(4]

(=
1

20 a0 &0
X (nm)

K 3.35 Pocket TFET 5% TFET & & b dim A (Ve=0)

Pocket (54 ik FE i, BEZE &5 A0 B BB S ok, AR TR F &Mk
75 (BRI BEER S Pocket f45 25 i 2535 il Pocket EE’J%%%%%EO N4 Pocket
B AR, ST S kRS, SINE W ERIR BT, W




e S T T Trem—

1 1 |

—— N,=3x10"cm™

~L— Np=5><10180m'3
N=7x10 Bem?
N,=9x10"cm?| -

0.2 0.4

0.8 1.0

Vg (V)

K13.36  Pocket (#5743 FERE TFET %5545 4 (4 A

W& S Lp AEGS MM T 0 (40 2%, (HR YN Ly FFES SR b
SLHIEI, N 3.37 B, EBER Le 93800, Pocket JE S BB 2 5 R 1 o
TERI SRR, Wil oh SRS 3.38), NIV 1 5 4%} 22 A 7 e
I BRE S R e IR A . 7724 Lp % 30nm HIRT1%, Pocket FERFeis s
FERFER . EHAMINHE, Wi S C2METURmHTH, JB44 b T T 1
AN 25 U B B P v A o 1 S B 2 T2 R EE 32 g TS v 37



bR KFE L EARI - HoE ATMEF RN REENTIT

=
o
L
L=
L |

—._ LP:?)OUm
—0— L;=20nm
—— 1.,=10nm

04 06 08 10
Vg (V)

B 337 Pocket 2N EEXT TFET #8545 VE K5

1.2 Lp=10nm Ty=20nm

| Source N=5x1 0'"%cm™
L;=20nm

Energy (ev)

i 1 L L L | L 1 L 1 L ] L 1
0 20 40 60 80 100 120 140
X (nm)

1338 Pocket BRI ST TFET M AL IEMW (R

S Te HORR SR Lp 3600, E RSN To B TIHETRERN XS5
2 7 2 R TR , 8 3o P S T (R 42 5N BRI s 3, 1B 3.39 FTaas o Pocket
EARMEE P ARER OFER, T1EEZ M EAROFER, (2% TpJy S0nm #)

64




BSR4 i 5 | BEE RTHME TSN &S 1R

A, P AURIR S B4 Tk 5 4482 Pocket 12, YRR X 85 o T ) 52
HRAEN, TERAR IR, A0 3.40 .

10°
10°
—
€ 10"
= Ly=20nm
i 107 N,=7x10"%cm
o
BT —&— T,~500m
—l— T,=35nm
107 —@— T,=20nm
L | 1 | X I !

0.6 0.8 1.0
Ve (V)

K13.39  Pocket 21 /E f 3t TFET #4545 b PR 5% i

a.02

0.04

0.1

X & L]
0 0.05 0.1 S5
X [Um] 2.0E-14
#1340 2XZ&F Pocket TFET R T B 5 B 4 A
L JEH Pocket J24 572 B R Bt



Bl N o e VA * B8 4TARBFRRNREERTR

s Lk, Wit Pocket TFET XHERIEHE FHBA LESRAN
Pocket 2+ {EH54611 Pocket BT B G E IR B TS Pocket /2, 4
535 Pocket EHRSAER, 3INMNRME, B4k Tr, Ly ERHEWER S
MR Pocket ERUEERAE D, WRBHRLH ST AR NMR ST, X
F SG-TFET, BT Wie BEERITHHER 2R ARZIENL, BUATRES
& Pocket TFET # Ly AL AHESPFRHERI B0 . T3 L SG-TFET 7 i RN
RIATLUGAR Pocket [EHIEFERMEH, BXMIRAER MR 0L AT LI Pocket
SG-TFET [itiR e, 1M AR AT LUARas R YERT Tp MIBUREL. 535h, Pocket
A da T HRRE IR, [ BRRE NS B ET RS T ERRK LMY
S LT U e A B T S R T B

3.5.2 Pocket & TEHBE F 3B N iR E

Pocket SG-TFET 1174 18 22 [ i AL 4 P 3.41(a)Fi7Rn . 7€ SG-TFET #] A#ER
K 2| A—4 N B4 Pocket B, HAB LN Npo Pocket BIRE R Tp &R,
A 3.41(0) bk TR, mEKBESHE SG-TFET MHlH.

Source %

Drain

by e AL |

] 3.41 (a) Pocket SG-TFET Vi8R E ALK (b) Pocket SG-TFET Pl f UL &

8 3.42 & Pocket SG-TFET (#4542 HAH Leg 29 40nm, Ts 3 50nm,
Tp 3 20nm, W 29 30nm, Tox 39 20m, Np 4 8X 10" %em” . 45 5R3Z B, SR A N Pocket
7% SG-TFET AN SR BRI MS v 35 T LSS IR AR BERLIO T B (AR . RO
FE/RHI N Pocket 5 T LUK BFRERK h g 4. Wk 3.43 PIoRiia T Pocket
SG-TFET YT, N Pocket J2HZE Wl LLK AFERX 1 PR EIRH

66




- AEEAEE A L S A

FEREEEHUT, ﬁt%iﬁ%?%ﬁﬁﬁ%%"%&%ﬁﬁ@ﬁﬁ%%"%%%z}%?ﬁ
E, BT FERFIRM, SN T e,

AN TR BFERIEM, nig T e p B 385 N Pocket B HYEER
fER . Bl Wee 2 30nm, Np % 8X 10%em i) N Pocket FERR T a 8 R,
IME TR AR . AR — Rk, HT BRI, N Pocket /21 IR H &
FHIBA, BULTEFEARSRMTE %M Pocket TFET SEMBEE, HVEgasy
SmVidec, “FEIWEERKSY 8mV/idec (FFELE M Pocket TFET ¥ F{EA =%
TmV/dec, I EER %S 9mV/dec).

107L —O— #MTFET

| —#&— Pocket SG-TFET
10°F
' SS,verage=7mV/dec
| SS,i=5mV/dec

Lr=40nm
T,=20nm
Wrs=30nm
N,=8x10"*cm

0.2 0.4 0.6 0.8 1.0

%13.42  Pocket SG-TFET RIS R i 2t

67



AR e 3 ' B AU T RN REE NP

>
=
P
(o2}
=
(¢}
c
el 1
Vp=0.6V T,=20nm
Vg=0V We=30nm
1.8}
L 1 L 1 L i | ) | L | L 1 i |
0 20 40 60 80 100 120 140
X (nm)

[ 3.43 Pocket SG-TFET &)1t K [ §E77 ¥l

N Pocket BB 2L Np X SRR U B 3.44 B, S5 Pocket
TFET 345, B&Z Np [OREMN, DS I BN . (LR THiE+ A
RN, BINT UEX X Pocket EHIFE/RAE S, itk Pocket SG-TFET ZEGR UL
AN RTIR T, LR E B Pocket $B2RIKIE, WILASTHLE N BEE
7 AR AR

Tp Soh B LA (R BTN P 3.45 7o 24 Tp £ 20nm 402 50nm, BEZF T
H FRAT AR/ T 0.1V, T % B Pocket TFET (f1F 3.39), 24 Te 4y 50nm HI {5,

B E | AT Bl B R Pocket SG-TFET MRS S Tr MBUSH OE&H
BARIIPEL. XApR AR THARET.

68




EFEKFEE L2 frie BT R T RN SIS

-6
107 ¢ —LHN,=9x10"%m™

F N,=8x10"%cm

3
3

LFG:40nm
T,=20nm
Weg=30nm

n i | " 1 L
0.2 0.4 0.6 0.8 1.0
Vg (V)
K 3.44 Np ¥} Pocket SG-TFET BN, % Ny % 9x 108 B %, Pocket

SG-TFET AT LACREF A5 (R HMHR L. Np 2 9X 10" em™ ik, RitEEE5T MRy
EE RS

snnnasnnnnanandINIE

= I . 1 L

0.2 0.4 | 0.'6 | 0.8 | 1.0
Vg (V)

Kl3.45 Np 3t Pocket SG-TFET R i B

4L, Pocket TRET FI BB AHY Pocket [2UK A1 5 4 25 1] 1 1% 55 7, 16

69



eRKEE L FMR : m=E AT RN ST TR

(ERE 5 L — S, TSR T S5 4 A1 i 57 . R SR Pocket J21HY TEET
AT AR, FARISS S, 7% Pocket TFET %), Pocket
Bk, W mmik, BRBESEN Pocket ERIRTLFER,
B G KBRS AR M 15 Pocket HIKEE DU RERE MBI R T #
Sk 754 TS TFET F3I\ Pocket, AT BARIFR VI o ) EFERZLN, HINVAK
3 Pocket 2 HIEER A H, 4 Pocket 2752 40HE R TR 00 1 IR UL 1A
5 B F AR E BN Pocket BAVKE, WHEMNELTMBE. XA
HI TEET, Pocket /2K R T LAFI FIMH 58 Wee 7250, AN, T BFRRHN,
S T TRET {0 #3545 VT Pocket J5FE Y BUSHE 149 B 110 F . (R Pocket
G A7 4B HIE TRET i . )

3.6 TEHESEERUE

i 4 ) SG-TFET SEM B 3.46 7, s inE fRKECy PHEA
0, TR EEFARE RS NHEAT O . HHE&RES WM TFET ML
FikiM TEET 554407 . SG-TFET RYSE MG AR thek i 3.47 Fior.

—————————————

L T e

|” 6//2011 | WD | det| mag |Landing E|spot HEW [ Fdoym=uEE
10:15:17.AM | 4.9 mm | ETD|3 534 x| 5.00 keV. | 3.0 |84.4 ym|

/4 3.46 4 /Al TFET SEM

70

R




- dERCREM LA %E% MBS S R R R

%) SG-TFET, Tox % Snm. Leg 3 Sum. Wee B3R lum, f7seis
R K% 0.8um. SRR SG-TFET T MEREY S0mV/dec, T
TFET WA 2y 55mV/dec. SG-TFET L BIE A E BT, (02 i T Wrg
HEBR, WIE 0 SRR TR TS, BRLE A A B AU AR T SmVidec.
P MARRAER R Wro, AT LASCHLSE BE R 19T AL 2.

107 : . . :
" EXP.

10°L O HEHMTFET
. ®  SG-TFET

10°F

[ SS,,,=55mV/dec

10-—10 L

lp (A/um)

10""L

10-12

O :/ SS.4in=50mV/dec e

107 %d:%' y

5 Vp=0.05V 3
0.5 0.0 0.5 1.0
V; (V)

B 3.47  (SEEY) 40BM TFET BeRi v fst

J T 325 4K SG-TFET T AR, A7 A —FE S L Ih 15 T Pocket
SG-TFET. S48 LA @R M b B8 FE AT B A A TR Pocket 2. T H 4
W LZRMYS SG-TFET 4[d. iR E#T SEM Bl 3.48 . K H%E
BAFPE I I P 3.49 FT7R . R H Pocket fEAL /S 9 SG-TFET RAHEEMI G
FE, (H 36mVidec. FFEMEHH TFET % 5/ (B2 7 2 4 F 514
HTAR—3. 3 3.2 X EL T S298 %14 HORESE TFET T BRI, 45 B% 8 Pocket
SG-TFET 5 —IRZEfEH TFET "R T ET 40mVidec (T M (40 2.



Bl A == S e AL W= A AN SR E MTTR
- T T T T T T ]
7
10"t Exp. -
| —@— Pocket SG-TFET .
108 —O— SG-TFET .
-9 ]
10 ¢

Iy (A/um)

10"k

SS,in=36mV/dec

WFG=1 pm .
VOBV

—0O0— HMTFET

0.5

Vo (V)

1.0

3.49 Pocket SG-TFET #5451 dh 2k

%30 KEE TFET LB 45 Bttth

W.Y. Choi® | Z.X.Chen® | R. Gandhi®” | K. Jeon™" b
¥k SOI YKL P N SOl Rk
S8 52.8mV/dec 70mV/dec 50mV/dec | 47mV/dec 36mV/dec
72




EFEARFB 240 BT ATOMEE SN R R R ST

3.7 KBNGS

AT TR TEM TFET, FIRBM st &R0, PR/ NE o R 0R A B
MEEF R BEEE, PR TFET (00 M (E 41,
. ERBETESARITE T AR~ &AM TFET LLES RSP 4 A TFET
HIEBIRFE, 45 R BRHIE AR F & %4 TEET AR R W M 228, T
WARSTT, %A TFET T6 BE 5 238 40 WIS A BLAG R T B P SB A
VR R YR X £ b 27 A B 2 S B 2 1 B G . RS FEBERAM 54, 25 515 H Short
gate it T BUAIARAR . BMBEHIA IR L 5 5 T A S 2t N A AR RS S ., 45
REY, IZPUFMEAL i SRR SN A b o b » FRIRZSTEME TFET 1
WBERR . TR A SR ol B R IR 19 4 A4 TFET AT LR
B R RIE R T, 1 LT T D AR W, S DB B {E A

BELTEHHT Pocket 4/EM TFET. ZREBYWEBRRE 3 Pocket
J20, ANOURT LARE S 35 A2k o 9 5 5 R 1) W0 MM R4 BREAE,, T LIS SR BLHE— b
R BE A R I BRI i Fs i HHELHH Pocket, Pocket £ 44 TFET A<
X% T Pocket JEATE SRR BTG HL g, 117 HL B AR T 28 14 1 5
Pocket ] FBUREHE

w B SRR 4% T 4 %M TFET UL Pocket 4 M TFET, TZu R4
5 CMOS TZHA. 498%£Y, LU TFET | WEIHAERD S0mV/dee, %
M TFET WEMEAM 2 T4 T SmV/dec. MK Pocket BRI TEM TFET, W
{ERHER DU — P B 0E, H T BESEY 36mV/dec, XA TFET W B {44
EHIET 40mV/dec 1sziiR 1%,

73



b o = £ e i L 1TA 0 ‘ HE P4 SENMBTREE

B 52 BB Rk

AR — SRR TFET MIFTA R, RE—FhJifiM TFET,
T nkE T H R F R IR R IT S A5, BRSNS B, A
P WA AR A AN R R T T — PR TFET FFA M. 5=
4w AT FE AR TFET RO BIEAL R, 3R —F4TEM TFET, Eid R ERF A
I B 42 5 IR TFET BOTF BME AR . AR — AP H T S AL &
W, Ba SIS S . TR R SR E I BOR SR R JORH T R 2 LA
AT BAZEIR T TEET HAS i FIR F#E T TFET MEEERER.

4.1 BEFHBBRRE

B RO AR A A TR T RIS A SRR Z A R L R SR AR
L B N R e N TR NG LT 3 =k o 0 upu e S b
L T LAIEE {01 2 () A IR A3 A 075 2 B, T LA T LA RS % i R — i
TN R T AR . 4.1 FURBIR AR PN 45 B8 R AL AR
AR, RTINS N A SRR ) i T I P AL SR A
FCELI, T LR HRARSE, FRIEAY: To=Jp=Tumnelings

ﬂu-g
A

| P | N |+

.
-~
.

i)

cil

4.1 EBEm b g IT iR

EoFRETMET PN SG8ATHERY #. PN 4 EMETRESY B
TR B T RS S ACERA R, mE 42 FoR, 3FRRFEREERRNEK
NGRS RS IR AR AR, STCHRAIRER N =gl

R~

A\

1,

D z qV
£ exp(—) -1
N.L )i p(kT) J

4

74

s e -.m--..-—----_—wm-.q




LS L i HNE S TSI ks

T RRRNERER S J;=q(f,:’z:}[exp(%}—u
C@#m,mﬁ%%%?Eﬁﬂ%ﬁﬁ%ﬁ;m,%%%%%?Eﬁ%?ﬁﬁ
E&m%$ﬁﬁﬁ%W§:M,Mﬁ%%N@¥@%%%Wﬁ5Pﬂ¥$%%
%%:k%ﬁ%z%%ﬁ;Tﬁﬁﬁ;q%%?%ﬁﬁﬁ;V%%MﬁEJ
ﬁ%%ﬁPN%%%?%%E%W%%%%@%“%%ﬁ,ﬁﬂ%%ﬁ@%
RIREHHR: J,/jy <Ny /N, ok
ﬁ%ﬂuﬁﬂEﬁEWPN%uﬁéﬁﬁﬁ?%%ﬁmi%%uﬁﬁﬁ?%

R/

- 1IN [P +

——
-~
-
o .7

i
o T ————
- o]

Bl 4.2 PN i B m e &

%?ﬁﬁﬁ@ﬁ%ﬂ%%%%?%%?(%ﬁ)%ﬁ%%%%ﬁ(%?)%
ﬁ,%EE@H%-ﬁEﬁﬁ%PN%Mi%?%W(%?)%ﬁ%%ﬁ‘ﬁﬂ
k%ﬁ%%?(ﬁﬂ>%ﬁoﬂkﬁ%?(éﬁ)%ﬁg%%%%¥(§ﬁ>%
ﬁﬁ@ﬁ&%ﬁ%ﬁﬂﬁﬁ%ﬁqﬁﬁu—ﬁ%?ﬁi%%%%ﬂﬂwﬁﬁ%ﬁ
L ONLER

4.2 BFBOC R A
4.2.1 BT IR SR 1 28 5 1y

%?ﬁk%%%(uNﬂ%%LM@Mﬁﬁﬁoﬁﬁﬁﬁﬁw,%ﬁﬁﬁ,
W%WU&%%WQﬁ¢%?%B\W\ﬁ@%%@%&“%ﬁﬂTﬂT%ﬁ,
W%?EE\%E%ﬁ%ﬁl%&*ﬁﬁﬁﬁ%PN%oﬁi%ﬁﬁ@@43%
RS BR RE, BAk I gk

75



e REE L EAIRT ' EE SHSENGRET RIEE

HHE L

mopp Lo BN i

B M E N,

R AR
[ 43 BEEFBORAR A i

B0k 1 5 B A IR 4.4 BT . B EE SRR A R RV AE P R R T
HLREE A SR BESEASTCRA IEARE PN GO TER, S8 — K
FAEEH LT . (B KO, BB R s sRiRyaR. B
LI -

J:Jrunnciing(c)+K*Jmnne[ing(h}z(K+ 1 )Jtunneling

B 4.4 BEEFIBON S EE TAERE




ERKERL R FNE G5BT

422 BRSO A

X Sentaurus Tcad Tools Xﬁ%?ﬁﬁﬁa’%@%‘iﬁﬁTﬁjﬂﬁﬁ o RETAER
N HBF%, BIKE 1X10%m>, BEERERY P s WREH 1X10%%m?,
AT BRI BN, FiRRA 1X10%m™ i N s e, FERR R %9 200nm,
BN PEL, BIWKE N, B 4X10%em?, BRIRER Ts H 20nm, B % B AR Ay
Z5R To 7 40nm, KB Ly 2% 20nm. HHE Lo 3 100nm, WEEE Tox 4 2nm.
¥ 27 A1 R H] Band2band(E2)RE R,

BT B HAR B LU R AMER: 1, HlRR B, 2, 18
AREFW, 1R S AR A 7RI v i 4 T

IREHBETERMELE, BT RIRSRRAY N B LSk, IR R
SHRREEFER, AR BFIRRG 7@, Wk 4.5 fios. RS 5 2AR
M, —ERE LR TREN SR, FRAE TIRIRFER X X R, Bt

uﬁxﬁiﬂﬂlﬁjﬁﬁzﬂﬁﬁﬁ B, WE 4.6 FiR.

Y [um]

X [um]
Bl45 SRRBEFRAR, KORG8 528

77



FEH R 2 AR : BE Se AT &EE

face

0.05

Y [um]

Q.1

X [um]
B 46 BREHOKSEEHMTEER, ERFERUTHA L ENHHE .

B E O RIS R 47 FUR. BRI TTRABE N BRITR
WM. B TR N, 28 hn & st ioh T s Rxd BE 5 i A EOR R
2Ny 2 5% 10%em?, MILLHE B TFET, BEEHOKSEE HASRIEALE 2 1
BRI, EREMD Ny RRITIERFRIER SR, AR SRR
FARRE bR T AR S, (R T A R B R R R G AR SRR
HARIFEER AR, FUEAN Ny, FEIR R GR A HE 77 598 2 i Ut o 2 1 vt
BRI RTTAROASE R, RS EIRER. XRARHHRS
ol PN

78




LR AFE LA FNF T & FWLEI 5 & e

—O—®HITFET

L —O—N,=5x10""cm

[ A N,=5x10"%cm™
107 F —v—N,=5x10%cm> »

| O N=5%10 em o

= S :

g 10°
<
_D 10-11
10"
0.0 0.5 1.0
Vg (V)

B 4.7 BB 2 TR B e (e R

423 BEFBRKSESHEER S

PR RCR SRR S BAATT LUE RS TFET A M, (PRI e B PS Lo
T [T 2 % 2 AT B P i & B AT W E RO REITTR I, R 095 T % 4 1
SREERREL, lE 4.8 Frow.

i EAT
— g
\ ]
5
A"
\
Wy
L e
\
LY
A%
A
@4&@h@ﬁkmwa%ﬁf$ W EE (b)TFET FFia i Bt~ 2K

Fl 4.8(a), (b)53 5 W BE 5 UK 445 15 31 TFET H& (B2 H56& B
&) WERMAH RER (EH TFET OURERE 45 he 4 ED . IR Z ik
WENFNR, T T EARE— i, FEFEM R B 0, Va3 S S R

79



S| N e VA7 ENE LSBT &Y

A e A TR, SR TR, RF LRt B RN TH
TRET, 00 49 B, FrLl, BEE MRS A B B T R BN T R
TFET, & E{ERZIEN,

T

1.5x10°

M TFET

[ N RN

1.0x10°

V=03V

5.0x10°

Electric Field (V/cm)

0.0

|

o 50 100

X (nm)

B 49 TR EE 5H M TFET B & Ll im st

e LR, BESHOR S, FUR PN SRR BB SR B S . A
L TEET, TR HupiaT VB BIRTE, (RJ iy T35 5 2 A i o R £ BRI L R
W TR, B35 T VRS LI, i A AR A BRUEAS R — P
oAb IS I, BETF AR TE N3 MR A, BT ROK B4R TFET FF 5
B R B TRET #0712 B L.

4.3 BEMRIENGRN EEE TI-FET

% 28 fi & 1 N F 9 3 A% Y A 4K % (Tunnel-induced injection field-effect
transistor/T-FET)FI FAZEIE R X th 5 N N Pocket /2 FTTE i 25 708 22 PR
WS 7gEN, 304 TIFET MR Bit. [ TR S TR R AE B —
B AE, TSR ER T T . SRR T, BENAESRR, NN

HrssR s 24 B8, FILESIAKBIBREGEN, HRERNETEI.

80




IR KEFE L2 i - FNE BASBHHMRT ke

B IR R I, B 2E s sk A, ORI M TR THABHZR, b
THBE Ak, M kS 7 S R, PR AR 25 70 A B A St
BRI THMOLERROME, BRAEAME, TLFET T FERE. 48
KRR TFET, HAF s R BT LR N B B 0 T B A 2=,

4.3.1 TI-FET [R5 444

XM TI-FET B 880 4491 4.10 BiR. LI N BS54 6], TLFET A&
LiZRAUF — > Short gate TFET. AR[AH 2 TL.FET BRHAXAPHEB . #
PITE RGN 38 R (K FEF Lungentay ) H 7R 4 Lyocs B2BE A Npoo
HI N B R4 2 (Pocket ), Hp OB S 4 MBE B A Ly %7%. TL-FET (4
WA Lo 05, Ml R (Z840EE) R Tox £5. TLFET FEE AR 5 A A
Ty BTN

Pocket layer
Lpoc

G ¢+

Lunderlap

P 4.10 TI-FET 38 pk45 4y

432 TI-FET B T{e[ER

AR HEERIRE, TRESLEFAT HOVETE 3R T R 7 2 R 5 B

TI-FET B TAEJRH . K 4.11 KA TI-FET RERETRERE.

81



i

kRAFBELFEMRX ' ENE Z&FENGRET &EEE

pocket
source

—\ channel

drain

06300 I

High hole barrier

B 4.11 TLFET e TAA T RmEAEHF S EE

F

% TI-FET A F 3625, 3| AHI N & Pocket 2 8] LR — 2 70# 22, AL
BELRERS 2 rh i e 28 R e N, R AT AR B B84 R L. S oh,
Pocket BT SH LB — M B FHHE, A LMER 4 FHFMAT. FRET
fa, HTFRPHEESEAD.

Trap electrons
00 <, ®

N
BL

Lower hole barrier

K 4.12 TI-FET & T W EAARmEHREE

24 TI-FET &b T E B{E A, 1 4.12 o, Eﬁ%%ﬂira’]rﬂﬁhn, VATE T RETH
Frih 1 F sl . 2MVE1E EPE’JE*'“faﬁf&i%ﬁmm**ﬁﬁﬁﬁﬂx, AN R R T
PEBE T HE B R S, ARG MRS . R4 hE % B T4 Pocket JRBTIE




bR ARFEE ALY | ST GERHNGETREE

'_&%%?%%@%o@?%%Eﬁ%%?ﬁ,%ﬁﬁﬁﬁﬁ$,Mm%%%,%
T%%E@$,@%éﬁ%%%%ﬁ&ﬁ%&Ao%%W%E%ﬁ%m,%?%
ﬁ%$%ﬂﬁm,%ﬁ55%%?ﬁ%ﬁ@¥,%ﬁ%@%ﬁéﬁ‘ﬁ%ﬁ,%
ﬁ@%@%%ﬁﬁ&k%ﬁ,%?%ﬁK%%mcﬁ?Nﬂ¥%%%%%mﬁ
¢$%WP@¥@%%%%WE,H%%ﬁ&%%ﬁ%ﬂk?%?%?%ﬁw%
%,i%TH%T%E%%%&%%ﬁﬁ@@%ﬁ%%&%@k%ﬁ,@%E?
%ﬁ%ﬁ%K%ﬁ%%ﬁﬁﬁ%%@E%ﬁﬁ%ﬁ%hE%E@ﬁﬂ%ﬁ&ﬁ%
BIAIHIBRS], 7T A4 398 60mVidec PR,

&

\

O «— 05 o

K413 TLFET A FAEEHAtE e E

%@%%Wa%ﬁﬁ,m@4i3%ﬁ,%ﬁ%ﬁﬁ%%ﬁ“ﬁ%ﬁ,%w
’Hﬁﬁﬁ?%ﬁnHﬂﬂ%ﬁ%%ﬁ@ﬁ%%%?%%?%ﬁ%ﬂﬁﬁ%ﬁ&
A%ﬁ,%E%ﬁ%ﬁ%ﬁﬁk?%?%ﬁo@%Tuwrﬂu%ﬁmwﬁﬂ
TFET B XA HET,
4.3.3 TI-FET FI#El 5T

i&%T%%%%ﬁH%M@4M%%U%T@?%E,ﬁﬂTmT%%%
%ﬁ%%&ﬁ%@%hﬂm@TM%T%%@%%%%&@N%&OEﬁﬁ%ﬁ
*F TI-FET W& 5003 4.1 fior.

83



b RFEE AR ; #E & SANGRE&EE

5
10" TLFET w/o pocket layer
%‘*‘3% \ ——
10 ¢

TI-FET
N\

TFET~

TI-FET SS_ . =32mV/dec
TFET SS, ,=44mV/dec
VD=1.0V

] 1 | 1 | ] |

0.0 0.2 0.4 0.6 0.8 1.0
Vg (V)
[ 4.14 TI-FET ¥ 8550 i &

# 4.1 TI-FET 5%

ZH I ZH B
Lg 60nm Npoe 2% 10%cm™
| Snm Lw/Lunderlap 0.5
LLunderlap 140nm Tox 2nm

LR FE, N & Pocket 2 151 AR LI 2 (R TI-FET MR R 57
EAIE % B TFET, SOMTFA MRt T A% 1.5 A ER, AL 1071
M TFoE . X R IRAR AT PN 45T F 27 fL T B ISR A4 R

S4h, B4R TI-FET EZA Sl LR R RS B2 E N BT, 2
TI-FET 3F & 4 F AL AT LU = 8 60mV/dec FIBR I, T ELAH E % AR TFET iF
BB AR AR 4 27% . TI-FET H9IE {41 % 4 32mV/dec, 1M% #L TFET HYIEE
{412 % 44mV/dec. A{LNLL, X+ TI-FET i, EXRFHAUL 4.6 MHEEHR
F A 7 9 L AL 40 0 T ) (44 3/ T 60mV/dec TS T3 AL TFET Kt
P4 2.8 BRI P R BUE T BRI 60mV/dec. HEE
ENSPEY = EAE £2 75 T I 7S FL M e ST AT Pl 7% TR RR A SRR, T B AR
2 Eh 7 T 5 o 919 T R T FRL B (W) A B R T A8 2 (AW s/ d Vo) S B R 22

84




- AERKE g BT HEFENFE S GE

FHIRFIE 415 iR, ¥ 5 Vo WX FREXRRMEM LR, x— b
MOSFET 5e 2 . T 164 MOSFET, 70X Ws 15 Vo 1Ak | b phe =
HFH d¥s/dVe BB KER 1, 3 MR THT LA B8 A B /N T 45 M) el 3 188 i
%cwmwilrﬁﬁﬁ,%@%%%E%E@ﬁﬂﬁ,ﬁﬁﬁ@@w@%
60mV/dec. AMHE 4.15 W41, 7 Ve<0.2V R EYERE R, dYydVe>1. X
FAREEHIEE LK TSRS, W TIFET #1522 77 b s
60mV/idec. F35b, FHM TFET S, Mot M ERIMEAI M, X EES
KI5 200 540 W B RO R B M P R O SRR D . 34 TLFET e
Ve BT PN GBS AOMOCER, 55 TRET H He7e e iR A s i b,
o TEFET B BR MBS it Rl ZEAE FRAR e R T . TLFET
BAECMMMRE, BTol TI-FET BA 5t 210 T M i

07l 12,0
>
5 d\PS/dVG 1 -
R
~ 0.9 o O
S - 1.2 %
- S A . -
w
-~ 1.0 108 o
3
1.1 |
i - 0.4
1.2
!

1 ) 1 ' | 1 ] I | 1 |
00 01 02 03 04 05 06
V. (V)

Bl 415 VAR BRI B 3 L) R A 5 5 ) HEZ MK FR

TER TI-FET 4%, N # Pocket 2 L) Lunderiap W THHIRER, EAI&H
R RIS SIS, BT kA ks Npoer Lpocs Lundertaps Lw 25257

85



bR AREE I FMRY FNE 5eFRIHRE REE

ST, BUEASE TLFET SRS SERIHEATHISL, 3 LA AR
%,

—, 3 Npoe 5 Lundertep FI37 38

416 BT Nowe OISR TEAHT, SR Loy Som, I
H Pocket EHE TIHHEIMESKMESR (Lugerg=2Lw)e HREH, 8B
N F I W TI-FET (MR EL, BIHRI5 400 N 2 Pocket J2 FTLAB A2
R B, TRE B R R BN SN . B 416 3
R Nooo TEE— A IEFE Noy 1R Npoe /N T Neo TI-FET Ut L e B T
2, L N Pocket ELMEBIRIE B HRARR, WS R RHR,
0 417 FF R NTTBIE R B AR 2N, TR e 59 Lundecao
s, Ne2tih, BREABEE Lum (08I, 2 WBHXEREER, FHLN
11 Pocket T H. 30 2 SER%, S0 4.18 T B A0 S 3REER N 2 Pocket

EHIFCRAEFA BT, B Ne&#b.

107} =L =60nm
underlap
. &L . .. =100nm
= underlap
.&3_' 1()9 5 : Lunderlap=140nm
o
LL
210"|
10-15 R el TR RN T * el ‘* , ‘r
1 2 3 4 5 63 7 8

N (10%cm

4.16 FARIE Noo FEHIR T

86




4k
B
B

ARAEM S BN BEFMHHBER e

-0-0
_p-0-0
0

/

&
/

L =100nm
m] underlap

Barrier (eV)
= o
o oo

=
EL Y
|

0.2_1..|.r.;,.,,|,11|
01234567389
N _(10%cm™)

poc

B 417 ZERBLEES Nooo Z MK R

VG:O Vv

5
el Vo=1.0V

T

Pocket 27 & Lundeﬂap=60nm

P
=
>
—
o
(4]
|

Lsteste™ 100101

2.0x10°

Lunderlap: 140nm

L

0 50 100 150 200 250
X (nm)

Al 4.18 TI-FET M 4% 4> 47 [&]

Electric Field (V/cm)

T

87



5[ e A

FEE S&FENHRET ST

TLFET FFAMTS Nyoo 2 RS R U 4.10 FRe W Nyoor TTASHS
2 M [ B Nooo FOPEAE, N Pocket 27 0 S5 £ /Kb HL S 10
LR PN L7 o T R RO B A RN . FAh Lundenap X
TL-FET [T A& Bk FREE S MW . 1% Lunenspr TI-FET &SRS L. K
L Loy 1N, 94578 o T 35 O35 P 37598 P38, BELHERY N 2 Pockeet
SR RAE AL R, 257 AR (I 4.20 B, FRARMMARE.

L =5nm
poc

underlap

- L =60nm

underlap

=1 =100nm

underlap -

-8 L =140nm

underlap

=2L.,

| 1 | 2 | A | . |

o 3 4 5 6 7 8
N__ (10" cm")

419 FFABERY Ny FKIRR

88




RAEE LA FNE SETENHES S5

1.2

0.6 E

underlap

RN

60nm  100nm 140nm

Source

| 7

Pocket/=

Drain

1.2} ”
Nyoe=2x10"°cm-3
2 1 L 1 1 | L 1
0 50 100 150 200

X (nm)

& 4.20 TI-FET REBEH 5 Lungenap M1 R

= 5 Lpoe B8

CLESMMTAI 4, Pocket (45 243k i/, TLFET HITFAS i aties, HEL
Pocket /2 B2 EEAFHE— B AME No, BB 22 BEE T No T m R
FLIR . BRI 48 TI-FET 8 2505 Ne 2 il HI9C ZRE AT LA 423X 5 04t TI-FET
KT |

1 4.21 2 Ne 3t Lyoe BRI R, 45 k0, Lpoc BEA, Ne i/, 2 EH
72 N AL Pocket 258, L3 1 ) R i B 7 st i, PRI BT 75 22 15 22 0k B st
SR 53150, BN Lungensy 23970 Ne, {ERXF—MEEH Lunderspr Ne*Looe
CXESE X A S BN Dpoe) HIEA b {5485 5 — A 38, Wik 4.22 R,

89



=60nm
=100nm
=]140nm

- —&-L

underlap

underlap

H'

underlap

=2L

6

5 i

4 I
Ec 3 — \ uﬂderlap_ W
02
Z

1

0

7l

b i
} \\\\\.““-~_‘§‘;ﬂﬁ

5 10 15 20
oc(nm)

Bl 421 No 5 Lpoe ZIEIHIRER

W THBXAIE, AKX Do BEATIE RIS . I 4.23 PURBISMT
=8 4.23(a) LA VO iE JEME 35 X R TR 0 A B 4.23(b)-

Hoeftn T LA 1, JRIRERESR VoI, N & Pocket ZRINISEEFER
Bk N Pocket /2P i/ ME N, BN Pocket JE B AN Nee 2, HL
rEHE, RSB BAE.

T B AT Sk, fyaRa J7 R FT 407 IR ML 26 X i) OB EEAS LR S5

M3 . 76 N %! Pocket 2+, f1—4EHIATT 2, 377

A, LA SRR Vo IR, RS N B SR LA
o5 A R TR VR A, BILA BETETAR S Bt PN SR (Ver). TRIRFE
IE Vp 56476 7E N 1 Pocket 2 5H2 8], 7 S, VI N 7l Pocket /=574
A Sk AN RS BRI (Vet Vo).

90




AL R L2 iy

FNT S4SWNHBY She

Lunderlap=2 LW ——. |

3 B———

IE & underlap=60nm
cqo -{&“ImanMpzloonnl
FO i - Lunderlap=140nm

<2 —A

& H— ——
Q.

(]

'e——e
5 10 15 20
L (nm)

poc

422 WFBIENES L, 2 A% A

G

& Ix FoX
S, ! S, |

4.3 @H$M¢§@®)Wﬁ$%%ﬁﬁﬁﬁ%%%w
ARG S 5 S, MFER, W,

91



bR AF L EAIR X ' gNE S5FBIGETREE

S FER: E(Lyisey — X1~ X,) 2+ E 0 X, /12=5, =V, (1)
S MRIER: By (Lypgeriep — X1 = X) 12+ Ey 0 X, 12=8,=Vy+V5 (2

H X+ Xp=Lpoor Ey HIEIERIR—WBIZHIEEE, B Itk — a8
SRS

7E N B Pocket EHFIRMBMLITIES:
N

i - q poc (3)

XZ Esi

El quac

i R 4

R “)

Hr g, HEMNBEE, ¢ SRTHE.
Baz: (D3), (2)4)

gN e

XL

underlap -

Xz) =2V, ()

si

qN e

X,

underlap

—X) =200, +Vp)  (6)

si

ﬁﬂ% Lunder]ap ﬁj(:j: X1 y\& X23
o R AT LAREAR R -

N x
e gwl

underiap =

2V, (7
&

si

quoC
&

X,oL

underlap

=2V, +V)  ®

si

AR AT LS 2

b 28tV +Vp)

poc

©)

qulna'ert'ﬂp
RG22 & Dyoc By Lunderlap HxK, Looridestep o, Hilg5ide TR
Ko B EHERIRE

N2
8]




R REH 2R FNE BETEEBTREE

=, X Ly Hyitid

BRAFIAERIES Ly 2R R0 424 Fim. S8E%H N 2 Pocket |2
- BRARAH O B AR IR ], Pocket 2 SEIEIR AL E ST b, %1
'ém@mmﬂgﬁ@m%%@ﬁ,ﬁwmmaE%ﬁEMﬁﬁ,Mmﬁméﬁ
RERE SINERIR B (LR Lugersy LLE/NOFE, Pocket 2L
B AR ST TR L3I\ R MR . X TS i TN R T
AR I R B FE R M AR N, A eV IS T IS,
T3S T i3m0 A

1 0'9 i +Lunderlap=60nm
—ﬁ— Lunderlap=100nm

1 0-10 i
I & Lunderlap=140nm
11
10 " L Oc=5nm

p

02 04 06 08
LWlLunderiap

Kl 424 Ly 5l ja e =

93



i
il

i

10
fraug
mp

SFAHLHIEE

G

o

“H

m

EEARFEEHEEAIEX ' HIYE

4.4 KENG

KERN T —FE S SENORT BT, ARBT K RERRRT
i, TR TS L R A A A R . T — B O R R AN
BRI, A 44 B RO A R AR T DAAR P TR A H A
ER TSR A A, TR AR, FHR R E AR
A B B AEVIE P A — N B Pocket J2, 7EVIIEMHTIIA
AR ANTE SRR — A TR 286, L A LRI
REEEEA, BEMEET. TETF R, e i BT S GE s
BB AT, FLA R RS R IEE, SIRE RMATEN B
M7 P N PR FL T B B L UK

IR, HILLAHL TFET, BEF &V 50N & A I B Ok
L), TT LUK R R 1.5 MR, IR 0 A S A M4 27%.

TR Pocket IS EULE, underlap KB BEHAT T 16, AR
SR i T N AR G R R LR . BRSTR M, Pocket ERARALIIRTH L BAE
underlap B3R IF # ke, i 4400 Pocket J2 B LA K #6111 underlap B B o=
{i Pocket I FLi5 72K BE, B8N Pocket J= A BEVHE H .

54




Sl
£
ban

AR EE L2083 BRE

BHE R4

, FFUBARIIWE St B SR A F B THAE S R0, 2442 S (A B2 3 A
%*RE,A%%wﬁ%&%m%¥@%ﬁﬁ%ﬁﬁ$%%§o%Tﬁﬂﬁ%ﬁ
—%&@%%mﬁ,FETy%%ﬂﬁﬁ%ﬁ%#%ﬁ%%ﬁoﬁﬁwﬁ%#ﬂﬁ
'$ﬁ%ﬁ%ﬂ@@%$ﬂ%@&%ﬁ%ﬁ%ﬁ%ﬁw%%ﬁﬁﬁ%ﬁu&%%ﬁ
TR, BERKBIRTFESIRAILI . B B IE FE0 B T HAR (T hE S ek
PRSI RN IR E (TFET) AMUBABEE T M MAIZE, T H5 T4k f 5 2k
fX, TEERESE CMOS T ZHA, RRAH NN RIRENIELS
TRt RTTZH TREF LA MMBEF LI, TFET 19774 7 DL 17 b (4
T EHAT IR S B

AV SCH L M AATIRR TFET IIFFA BT, 20— Rm TFET, &%
MR TFET BIFFS . SR BRI B4 & M & B =
FERIRH — 0 MR SLURIR TFET, #—5487 TFET MIFA MR, SHu (s
TFET RN BIERIZE, AR —F &M TFET, FIFE EERMN, FEk
FRIGRBTALTE, SHEREMHRRTFE, FH%HEE TFET 1 JEs
o B Ja 0B A R R 55 125 L7 5 AT 0 0 42 52 —FPBE o fuk RN
SN G I BT S8 PO B BRSO B 5 LA, 75 3 7 25 o7 1 [T
FRAR I B AL . IXRRSTRT AT R T4k TFET i T35 5.

ARXMEBETESBIF SR F.

o BFRXS TFET JFASAMMIEIOEN, HIRH T —FRRH TFET.
WIS, ST B F ST ER, 25T TFET S . Bl—
o H R R TFET, ¥—5428 TFET MIFA ST, 3804 7k
TFET RGN SJRREALY, R B 255 A B3N 5V RTHE TEET B9 7T
ﬁ%ﬁoﬁﬁﬂ%ﬁ%%ﬁ*%ﬁﬁﬁﬁ@,%%%ﬁ%%%ﬁ%ﬁ,ﬁ$
KA R, R BT,

= AEAEEIREEROR/ AR I TH AR 2K 590 5 5 & M TEET L
R R RIEAHE TRET . SRA M 45 UMM - 1 TRET A TN

95



Bl = e o TR0 ' BhE B

1]

(1)

(2)

(3)
(4)
(5)
(6

S awa/um, FRHIAE] 107, %M TFET Ak, FARIARIE 3 MR
FERT |

B VR —F 4T TFET, BBME TFET MWEERIE. Frithifi%ge
#l TFET TE&1& 18545 CM0S TERA. 34 B TFET
o B LR ), 4F ISR T Short gate, T EUMEALAR, FAERHES R
u&%&%ﬁk%%m,ﬁﬁﬂﬁﬁﬁé%ﬁ,%ﬁﬂ%ﬁﬂﬁoﬁﬁ,%
H T —F Pocket ZJEMl TFET, (U — 5 B XA M TFET WRMEAH,
T B AT LA/ B2 i e Xt Pocket BT HIREIR R

BB A% T AU TFET. 42K, FrEl&iH M TFET §912H
(RN 55mV/dec, TiZ M TFET (L M{EAL % N S0mV/dec, Pocket %
A TFET MERERIER 36mV/dec, BIREREE TFET PEIMT
40mV/dec [ BERE.

BRI — R RN R, R ROCURE, R
TFET T BEMNRGRANEESAFSER. BlEssriraiie T
Pocket E¥57e. B, B LI RAMEEE 35 X B X 3R R R, $5 S
VT B B i R NI R AR AR

ST RS TR, 1FEEW:

SR TEET LA 4 FEME TFET HIACH tEHATHISE. 20 Al 5 4
A% TFET ROMIE R, MR AR 2

S A Ak ok B RV T4 UM TRET BOURK, Tty LI 4574l TFET
VB 25 A B 2 WO B P RO, P (AR . IR B TR T AR
e S bR, AL — S SIS

FFST S TFET LA B 4764l TFET #Y 7] SEdE .

R AR T MR M TFET bA R 4 TG Al TFET IRFHERAT SCI0 B0 UE
SRR EE it AN S A AT SRR

FF /% TFET 2340 BMBIRTS, LA T35S TRET 25 L5 HOAIAH oG AL it
iy ReA ATy




TR

R RFEE ;22 hr i3 SE K

27 3R

[1]  G. Moore, "Progress in digital integrated electronics," in JEDM Tech.Dig.,

1975, pp. 20-23. -

[2] W. Arden, M. Brillou E T, P. Cogez, M. Graef, B. Huizing, and R. Mahnkopf,

" “ More-than-Moore ”  White Paper," International Technical Roadmap  for

Semiconductors, 2010.

[3] iSuppli Corporation supplied rankings [Online].
Available:http://www.isuppli.com/Pages/Home.aspx

[4]1  International T. echnology Roadmap for Semiconductors (ITRS). [Online].
Available:http://public.itrs.net

[5] M. Ieong, B. Doris, J. Kedzierski, K. Rim, and M. Yang, "Silicon device
scaling to the sub-10-nm regime," Science, vol. 306, n0.5704, pp. 2057--2060, 2004.

[6] A. Tura and J. Woo, "Performance Comparison of Silicon Steep
Subthreshold FETs," Electron Devices, IEEE Transactions on, vol. 57, no.6, pp. 1362
- 1368, 2010.

[71 A.M. Ionescu, L. De Michielis, N. Dagtekin, G. Salvatore, J. Cao, A. Rusu,
and S. Bartsch, "Ultra low power: Emerging devices and their benefits for integrated
circuits," in JEDM Tech.Dig., 2011, pp. 378-381.

[8] K. Gopalakrishnan, P. B. Griffin and J. D. Plummer, "I-MOS: A novel
semiconductor device with a subthreshold slope lower than kT/q," in JEDM T ech.Dig.,
2002, pp. 289 - 292.

- [9] W.Y. Choi, J. Y. Song, B. Y. Choi, J. D. Lee, Y. J. Park, and B. G. Park,
"80nm self-aligned complementary I-MOS using double sidewall spacer and elevated
drain structure and its applicability to amplifiers with high linearity," in IEDM
Tech.Dig., 2004, pp. 203 - 206.

[10]  W.Y. Choi, B. Y. Choi, D. S. Woo, J. D. Lee, and B. G. Park, "A new
fabrication method for self-aligned nanoscale [-MOS (impact-ionization MOS)," in

DRC. Conference Digest, 2004, pp. 211 - 212.

97



3R

i

JERRFHLFEMRX

[11] W. Y. Choi, J. Y. Song, J. D. Lee, Y. J; Park, and B. Park, "100-nm
n-/p-channel I-MOS using a novel self-aligned structure," /EEE Electron Device
Letters, vol. 26, no.4, pp. 261 - 263, 2005.

[12] K. Gopalakrishnan, P. B. Griffin and J. D. Plummer, "Impact ionization
MOS (I-MOS)-Part I: device and circuit simulations," Electron Devices, IEEE
Transactions on, vol. 52, no.1, pp. 69 - 76, 2005.

[13]7 K. Gopalakrishnan, R. Woo, C. Jungemann, P. B. Griffin, and J. D. Plummer,
"Impact ionization MOS (I-MOS)-part II: experimental results," Eleciron Devices,
IEEE Transactions on, vol. 52, no.1, pp. 77 - 84, 2005. ) _

[14] E. H. Toh, G. H. Wang, L. Chan, G. Q. Lo, G. Samudra, and Y. C. Yeo,
"_MOS transistor with an elevated silicon -~ germanium impact-ionization region for
bandgap engineering," Electron Device Letters, IEEE, vol. 27, no.12, pp. 975-977,
2006.

[15] E. H. Toh, G. H. Wang, L. Chan, G. Q. Lo, D. Sylvester, C. H. Heng, G.
Samudra, and Y. C. Yeo, "A complementary-I-MOS technology featuring SiGe
channel and i-region for enhancement of impact-ionization, breakdown voltage, and
performance," in ESSDERC, 2007, pp. 295 - 298.

[16] F. Mayer, F. Mayer, C. Le Royer, C. Le Royer, G. Le Carval, G. Le Carval,
L. Clavelier, S. Deleonibus, and S. Deleonibus, "Experimental and TCAD
Investigation of the Two Components of the Impact lonization MOSFET (IMOS)
Switching," IEEE Electron Device Letters, vol. 28, no.7, pp. 619 - 621, 2007.

[17] E. Toh, G. H. Wang, G. Lo, L. Chan, G. Samudra, and Y. Yeo, "Performance
enhancement of n-channel impact-ionization metal-oxide-semiconductor transistor by
strain engineering," Applied Physics Letters, vol. 90, no.2, p. 23505, 2007.

[18] E. H. Toh, G. H. Wang, L. Chan, G. Samudra, and Y. C. Yeo, "A
double-spacer [-MOS transistor with shallow source junction and lightly doped drain
for reduced operating voltage and enhanced device performance,” Electron Device
Letters, IEEE, vol. 29, no.2, pp. 189 - 191, 2008. :

[19] F. Mayer, C. Le Royer, D. Blachier, L. Clavelier, and S. Deleonibus,

" Avalanche Breakdown Due to 3-D Effects in the Impact-Tonization MOS (1-MOS)

g
20




R KRFEE ZE VIR

on SOI: Reliability Issues," Electron Devices, IEEE T, ransactions on, vol. 55, no.6, pp.
1373 - 1378, 2008.

[20] E. H. Toh, G. H. Wang, L. Chan, G. S. Samudra, and Y. C. Yeo, "Device
Physics and - Performance Optimization of Impact-Ionization
Metal-Oxide-Semiconductor Transistors formed using a Double-Spacer Fabrication
‘Process," Japanese Journal of Applied Physics, vol. 47, no.4, p. 3077, 2008,

[21] E. H. Toh, G. H. Wang, L. Chan, G. Samudra, and Y. C. Yeo, "Simulation
and design of a germanium L-shaped impact-ionization MOS transistor,"
Semiconductor Science and Technology, vol. 23, no.1, p. 015012, 2008.

[22] A. Savio, S. Monfray, C. Charbuillet, and T. Skotnicki, "On the limitations of
silicon for I-MOS integration," Electron Devices, IEEE T, ransactions on, vol. 56, no.5,
pp. 1110 - 1117, 2009,

[23] A.Padilla, C. W. Yeung, C. Shin, C. Hu, and T. J. K. Liu, "Feedback FET: A
novel transistor exhibiting steep switching behavior at low bias voltages," in JEDM
Tech.Dig., 2008, pp. 1--4.

[24] H. C. Nathanson, W. E, Newell, R. A. Wickstrom, and J. R. Davis Jr, "The
resonant gate transistor," Electron Devices, IEEE Transactions on, vol. 14, no.3, pp.
117 -133, 1967.

[25] A. M. Ionescu, V. Pott, R. Fritschi, K. Banerjee, M. J. Declercq, P. Renaud,
C. Hibert, P. Fluckiger, and G. A. Racine, "Modeling and design of a low-voltage SOI
suspended-gate MOSFET (SG-MOSFET) with a metal-over-gate architecture,” in
Quality Electronic Design, 2002. Proceedings., 2002, pp. 496 - 501.

[26]' H. Kam, D. T. Lee, R. T. Howe, and T. J. King, "A new
nano-electro-mechanical field effect transistor (NEMFET) design for low-power
electronics," in JEDM Tech.Dig., 2005, pp. 463 - 466.

[27] N. Abele, R. Fritschi, K. Boucart, F, Casset, P. Ancey, and A. M. Ionescu,
"Suspended-gate MOSFET: bringing new MEMS functionality into solid-state MOS
transistor," in JEDM Tech.Dig., 2005, pp. 479 - 481.

[28] N. Abele, A. Villaret, A. Gangadharaiah, C. Gabioud, P. Ancey, and A. M.
Ionescu, "1T MEMS memory based on suspended gate MOSFET," in /EDM

99



bR AR ' %2530

Tech.Dig., 2006, pp. 1 - 4.

[29] K. Akarvardar, C. Eggimann, D. Tsamados, Y. Chauhan, G. C. Wan, A. M.
Tonescu, and H. S. P. Wong, "Analytical Modeling of the Suspended-Gate FET and
Design Insights for Digital Logic," in 65th Annual Device Research Conference, 2007,
pp. 103 - 104.

[30] D. Tsamados, Y. S. Chauhan, C. Eggimann, K. Akarvardar, H. S. P. Wong,
and A. M. Ionescu, "Numerical and analytical simulations of suspended gate-FET for
ultra-low power inverters," in ESSDERC, 2007, pp. 167 - 170.

[31] K. K. Bhuwalka, J. Schulze and I. Eisele, "A simulation _approach to optimize
the electrical parameters of a vertical tunnel FET," Electron Devices, IEEE
Transactions on, vol. 52, no.7, pp. 1541--1547, 2005.

[32] K. K. Bhuwalka, S. Sedlmaier, A. K. Ludsteck, C. Tolksdorf, J. Schulze, and
. Fisele, "Vertical tunnel field-effect transistor," Electron Devices, IEEE
Transactions on, vol. 51, no.2, pp. 279--282, 2004.

[33] T. Nirschl, P. F. Wang, C. Weber, J. Sedlmeir, R. Heinrich, R. Kakoschke, K.
Schrufer, J. Holz, C. Pacha, T. Schulz, and Others, "The tunneling field effect
transistor (TFET) as an add-on for ultra-low-voltage analog and digital processes," in
IEDM Tech.Dig., 2004, pp. 195--198.

[34] W. M. Reddick and G. A. J. Amaratunga, "Silicon surface tunnel transistor,”
Applied Physics Letters, vol. 67, no.4, p. 494, 1995.

[35] P.F. Wang, K. Hilsenbeck, T. Nirschl, M. Oswald, C. Stepper, M. Weis, D.
Schmitt-Landsiedel, and W. Hansch, "Complementary tunneling transistor for low
power application," Solid-State Electronics, vol. 48, no.12, pp. 2281 - 2286, 2004,

[36] Q. Zhang, W. Zhao and A. Seabaugh, " ow-subthreshold-swing tunnel
transistors," IEEE Electron Device Letters, vol. 27, no.4, pp. 297 - 300, 2006.

[37] C. Le Royer and F. Mayer, "Exhaustive experimental study of tunnel field
effect transistors (TFETs): From materials to architecture," in ULLS, 2009, pp. 53 - 56.

[38] J. Knoch, "Optimizing tunnel FET performance-Impact of device structure,
transistor dimensions and choice of material,” in VLSI-TSA, 2009, pp. 45 - 46.

[39] A.M. Ionescu and H. Riel, "Tunnel field-effect transistors as energy-efficient

100




L AERREE LA S AR

electronic switches," Nature, vol. 479, no.7373, pp. 329 - 337, 2011.
[40] A. & Seabaugh and Q. Zhang, "Low-voltage tunnel transistors for beyond
- CMOS logic," in Proceedings of the IEEE. vol. 98, 2010, pp. 2095 - 2110.
| [41]  T. Nirschl, S. Henzler, J. Fischer, M. Fulde, A. Bargagli-Stoffi, M. Sterkel, J.
Sedlmei:, C. Weber, R. Heinrich, U. Schaper, and Others, "Scaling properties of the
tunneling field effect transistor (TFET): Device and circuit," Solid-State Electronics,
vol. 50, no.1, pp. 44 - 51, 2006.
[42] K. Boucart and A. M. Ionescu, "Length scaling of the Double Gate Tunnel
FET with a high-K gate dielectric," Solid-State Electronics, vol. 51, no.l1, pp. 1500 -
1507, 2007. |

[43] L. Liu, D. Mohata and S. Datta, "Scaling Length Theory of Double-Gate

Interband Tunnel Field-Effect Transistors," Electron Devices, IEEE T} ransactions, vol.

59, no.4, pp. 902- 908, 2012.

[44] J. Knoch, S. Mantl and J. Appenzeller, "Impact of the dimensionality on the
performance of tunneling FETs: Bulk versus one-dimensional devices," Solid-State
Electronics, vol. 51, no.4, pp. 572 - 578, 2007.

[45] C. Sandow, J. Knoch, C. Urban, Q. T. Zhao, and S. Mantl, "Impact of
electrostatics and doping concentration on the performance of silicon tunnel
field-effect transistors," Solid-State Electronics, vol. 53,10.10, pp. 1126 - 1129, 2009.

[46] W.Y. Choi, B. G. Park, J. D. Lee, and T. J. K. Liu, "Tunneling field-effect
transistors (TFETs) with subthreshold swing (SS) less than 60 mV/dec," Electron
Device Letters, IEEE, vol. 28, no.8, pp. 743 - 745, 2007.

[47] K. E. Moselund, H. Ghoneim, M. T. Bjork, H. Schmid, S. Karg, E. Lortscher,
W. Riess, and H. Riel, "Comparison of VLS grown Si NW tunnel FETs with different
gate stacks," in ESSDERC, 2009, pp. 448 - 451.

[48] Z.X. Chen, H. Y. Yu, N. Singh, N. S. Shen, R. D. Sayanthan, G. Q. Lo, and
D. L. Kwong, "Demonstration of tunneling FETs based on highly scalable vertical
silicon nanowires," Electron Device Letters, IEEE, vol. 30, no.7, pp. 754 - 756, 2009.

[49]  R. Gandhi, Z. Chen, N. Singh, K. Banerjee, and S. Lee, "CMOS-Compatible
Vertical-Silicon-Nanowire ~ Gate-All-Around  p-Type Tunneling FETs With<

101




bR R AR ' 22 3R

50-mV/decade Subthreshold Swing," IEEE Electron bevice Letters, vol. 32, no.11, pp.
1504 - 1506, 2011.

[50] K. Jeon, W.Y. Loh, P. Patel, C. Y. Kang, J. Oh, A. Bowonder, C. Park, C. S.
Park, C. Smith, P. Majhi, and Others, "Si tunnel transistors with a novel silicided
source and 46mV/dec swing," in VLSI Technology, 2010, pp.' 121 - 122.

[51] F. Mayer, C. Le Royer, J. F. Damlencourt, K. Romanjek, F. Andrieu, C.
Tabone, B. Previtali, and S. Deleonibus, "Impact of SOI Si1-xGexOI and GeOl
substrates on CMOS compatible tunnel FET performance,” in JEDM T ech.Dig., 2008,
pp.1-5. - ,

[52] S.H.Kim, H. Kam, C. Hu, and T. J. K. Liu, "Germanium-source tunnel field
effect transistors with record high ION/IOFF," in VLSI Technology, 2009, pp. 178 -
179,

[53] G. Han, P. Guo, Y. Yang, C. Zhan, Q. Zhou, and Y. C. Yeo, "Silicon-based
tunneling field-effect transistor with elevated germanium source formed on (110)
silicon substrate," Applied Physics Letters, vol. 98, no.15, p. 153502, 2011.

[54] D. Kazazis, P. Jannaty, A. Zaslavsky, C. Le Royer, C. Tabone, L. Clavelier,
and S. Cristoloveanu, "Tunneling field-effect transistor with epitaxial junction in thin
germanium-on-insulator," Applied physics letters, vol. 94, n0.26, p. 263508, 2009.

[55] S. H. Kim, Z. A. Jacobson and T. J. K. Liu, "Impact of body doping and
thickness on the performance of Germanium-source TFETs," Electron Devices, IEEE
Transactions on, vol. 57, no.7, pp. 1710 - 1713, 2010.

[56] T. Krishnamohan, D. Kim, S. Raghunathan, and K. Saraswat, "Double-Gate
Strained-Ge Heterostructure Tunneling FET (TFET) With record high drive currents
and < 60mV/dec subthreshold slope," in IEDM Tech.Dig., 2008, pp. 1-3.

[57] N. B. Patel, A. Ramesha and S. Mahapatra, "Performance enhancement of
the tunnel field effect transistor using a SiGe source," in /JWPSD, 2007, pp. 111 - 114.

[58] C. H. Shih and N. D. Chien, "Sub-10-nm Tunnel Field-Effect Transistor
With Graded Si/Ge Heterojunction," Electron Device Letters, IEEE, vol. 32, no.11, pp.
1498 - 1500, 2011. '

[59] E. H. Toh, G. H. Wang, G. Samudra, and Y. C. Yeo, "Device physics and

102



ihﬁﬁ%’fﬁ:ﬁ:%"ﬁii’ﬁi‘ SR

design of germanium tunneling field-effect transistor with source and drain
engineering for low power and high performance applications," Journal of Applied
- Physics, vol. 103, no.10, p. 104504, 2008.

| [60] Q. Zhang, S. Sutar, T. Kosel, and A. Seabaugh, "Fully-depleted Ge interband
'tunnel_transistor: Modeling and junction formation," Solid-State Electronics, vol. 53,
nﬁ.l, pp. 30 - 35, 20009.

[61] Q. Zhang, S. Sutar, T. Kosel, and A, Seabaugh, "Rapid melt growth of Ge
tunnel junctions for interband tunnel transistors," in Semiconductor Device Research
Symposium, 2007, pp. 1 - 2.

[62] A.C. Ford, C. W. Yeung, S. Chuang, H. S. Kim, E. Plis, S. Krishna, C. Hu,
and A. Javey, "Ultrathin body InAs tunneling field-effect transistors on Si substrates,"
Applied physics letters, vol. 98, no.1 1, p. 113105, 2011.

[63] R.Iida, S. H. Kim, M. Yokoyama, N, Taoka, S. H. Lee, M. Takenaka, and S,
Takagi, "Planar-type Ing s3Gags7As channel band-to-band tunneling
metal-oxide-semiconductor field-effect transistors," Journal of Applied Physics, vol.
110, no.12, p. 124505, 2011.

[64] R.Li,Y.Lu, S.D. Chae, G. Zhou, Q. Liu, C. Chen, M. Shahriar Rahman, T.
Vasen, Q. Zhang, P. Fay, and Others, "InAs/AlGaSb heterojunction tunnel field-effect
transistor with tunnelling in-line with the gate field," physica status solidi (c), 2012.

[65] R.Li,Y.Lu,G. Zhou, Q. Liu, S. D. Chae, T. Vasen, W. S. Hwang, Q. Zhang,
P. Fay, T. Kosel, and Others, "AlGaSb/InAs Tunnel Field-Effect Transistor With
On-Current of 78 UA/um at 0.5 V," Electron Device Letters, IEEE, 99, pp. 1-3, 2012.
[66] D.K. Mohata, R. Bijesh, S. Mujumdar, C. Eaton, R. Engel-Herbert, T. Mayer,
V. Narayanan, J. M. Fastenau, D. Loubychev, A. K. Liu, and Others, "Demonstration
of MOSFET-like on-current performance in arsenide/antimonide tunnel FETs with
staggered hetero-junctions for 300mV logic applications," in JEDM Tech.Dig., 2011,
pp. 33 - 5.

[67] D. Mohata, S. Mookerjea, A. Agrawal, Y. Li, T. Mayer, V. Narayanan, A.

Liu, D. Loubychev, J. Fastenau, and S. Datta, "Experimental Staggered-Source and

103



JEmAFELFRRK - 2% L5

N+ Pocket-Doped Channel III - V Tunnel Field-Effect Transistors and Their
Scalabilities," Applied Physics Express, vol. 4,n0.2, p. 024105, 2011.

[68] S. Mookerjea, D. Mohata, T. Mayer, V. Narayanan, and S. Datta,
"Temperature-Dependent 1 -V Characteristics of a Vertical Ings3Gags7As Tunnel
FET," Electron Device Letters, IEEE, vol. 31, no.6, pp. 564-566, 2010.

[69] K. Takei, S. Chuang, H. Fang, R. Kapadia, C. H. Liu, J. Nah, H. S. Kim, E.
Plis, S. Krishna, Y. L. Chueh, and Others, "Benchmarking the performance of
ultrathin body InAs-on-insulator transistors as a function of body thickness," Applied
physics letters, vol. 99, no.10, p. 103507, 2011. 7

[70] H. Zhao, Y. T. Chen, Y. Wang, F. Zhou, F. Xue, and J. C. Lee, "Improving
the on-current of Ing,GaosAs tunneling field-effect-transistors by p++/n+ tunneling
junction," Applied physics letters, vol. 98, no.9, p. 093501 - 093501, 2011.

[71] H. Zhao, Y. Chen, Y. Wang, F. Zhou, F. Xue, and J. Lee, "InGaAs tunneling
field-effect-transistors with atomic-layer-deposited gate oxides," Eleciron Devices,
IEEE Transactions on, vol. 58, n0.9, pp. 2990 - 2995, 2011.

[72] H. Zhao, N. Goel, J. Huang, Y. Chen, J. Yum, Y. Wang, F. Zhou, F. Xue,
and J. Lee, "Factors enhancing Ing;Gag3As MOSFETs and tunneling FETs device
performance," in DRC, 2010, pp. 63 - 64.

[73] G.Zhou,Y.Lu, R.Li, Q. Zhang, W. S. Hwang, Q. Liu, T. Vasen, C. Chen, H.
Zhu, J. M. Kuo, and Others, "Vertical InGaAs/InP Tunnel FETs With Tunneling
Normal to the Gate," Electron Device Letters, IEEE, vol. 32,n0.11, pp. 1 - 3,201 L.

[74] G. Zhou, Y. Lu, R. Li, Q. Zhang, W. Hwang, Q. Liu, T. Vasen, H. Zhu, J.
Kuo, S. Koswatta, and Others, "Self-aligned InAs/Aly45GagssSb vertical tunnel
FETs," in DRC, 2011, pp. 205 - 206.

[75] S.Mookerjea, D. Mohata, R. Krishnan, J. Singh, A. Vallett, A. Ali, T. Mayer,
V. Narayanan, D. Schlom, A. Liu, and Others, "Experimental demonstration of
100nm channel length Ings3GagsrAs-based vertical inter-band tunnel field effect
transistors (TFETs) for ultra low-power logic and SRAM applications," in JEDM
Tech.Dig., 2009, pp. 1 - 3. ]

[76] H. Zhao, Y. Chen, Y. Wang, F. Zhou, F. Xue, and J. Lee, "Ing7Gag3As

104



AR L ERE

Tunneling Field-Effect Transistors With an Ion of 501 A/um and a Subthreshold
Swing of 86 mV/dec Using HfO2 Gate Oxide," Electron Device Letters, IEEE. vol,
31, n0.12, pp. 1392-1394, 2010.

[77] G. Dewey, B. Chu-Kung, J. Boardman, J. M. Fastenau, J. Kavalieros, R.
Kotlyar, W. K. Liu, D. Lubyshev, M. Metz, N. Mukherjee, and Others, "Fabrication,
characterization, and physics of II-V heterojunction tunneling Field Effect
Transistors (H-TFET) for steep sub-threshold swing," in JEDM Tech.Dig., 2011, pp.
33--6.

[78] K. Boucart and A. M. Ionescu, "Double gate tunnel FET with ultrathin
silicon body and high-k gate dielectric,” in ESSDERC, 2006, pp. 383 - 386. |

[79] K. Boucart and A. M. Ionescu, "Double-gate tunnel FET with high-k gate
dielectric," Electron Devices, IEEE Transactions on, vol. 54, no. 7, pp. 1725 - 1733,
2007.

[80] A. Mallik and A. Chattopadhyay, "The Impact of Fringing Field on the
Device Performance of a P-Channel Tunnel Field-Effect Transistor With a High-Gate
Dielectric," Electron Devices, IEEE Transactions on, vol. 59, no.2, pp. 277-282,
2012,

[81] M. Schlosser, K. K. Bhuwalka, M. Sauter, T. Zilbauer, T. Sulima, and L
Eisele, "Fringing-Induced Drain Current Improvement in the Tunnel Field-Effect
Transistor With High-k Gate Dielectrics," Electron Devices, IEEE T, ransactions on,
vol. 56, no.1, pp. 100-108, 2009,

[82]  R. Jhaveri, V. Nagavarapu and J. C. S. Woo, "Effect of Pocket Doping and
Annealing Schemes on the Source-Pocket Tunnel Field-Effect Transistor,” Electron
Devices, IEEE Transactions on, vol. 58, no.1,pp. 80 - 86, 2011.

[83] V. Nagavarapu, R. Jhaveri and J. C. S. Woo, "The tunnel source (PNPN)
n-MOSFET: A novel high performance transistor," Electron Devices, IEEE
Transactions on, vol. 55, no.4, pp. 1013 - 1019, 2008.

[84] R. Jhaveri, V. Nagavarapu and J. C. §. Woo, "Asymmetric Schottky
tunneling source SOI MOSFET design for mixed-mode applications," Electron
Devices, IEEE Transactions on, vol. 56, no.1, pp. 93 - 99, 2009.

105



bR AEE LRI ‘ 2% ik

[85] P. Wang, T. Nirschl, D. Schmitt-Landsiedel, and W. Hansch, "Simulation of
the Esaki-tunneling FET," Solid-State Electronics, vol. 47,n0.7, pp. 1187-1 192, 2003.

[86] J. Nah, E. S. Liu, K. M. Varahramyan, and E. Tutuc, "Ge-SixGe1x Core -
Shell Nanowire Tunneling Field-Effect Transistors," Electron Devices, IEEE
Transactions on, vol. 57, no.8, pp. 1883-1888, 2010.

[87] M. T.Bjo rk, K. E. Moselund, H. Schmid, H. Ghoneim, S. Karg, E. Lo
rtscher, J. Knoch, W. Riess, and H. Riel, "VLS-grown silicon nanowires—Dopant
deactivation and tunnel FETs," in SNW, 2010, pp. 1-2.

[88] M. A. Khayer and R. K. Lake, "Drive currents and leakage currents in InSb
and InAs nanowire and carbon nanotube band-to-band tunneling FETSs," Electron
Device Letters, IEEE, vol. 30, no.12, pp. 1257 - 1259, 2009.

[89] D. Basu, L. F. Register, M. J. Gilbert, and S. K. Banerjee, "Atomistic
simulation of band-to-band tunneling in III-V nanowire field-effect transistors," in
SISPAD, 2009, pp. 1-4.

[90] N.N. Mojumder and K. Roy, "Band-to-Band Tunneling Ballistic Nanowire
FET: Circuit-Compatible Device Modeling and Design of Ultra-Low-Power Digital
Circuits and Memories," Electron Devices, IEEE Transactions on, vol. 56, no.10, pp.
2193 - 2201, 2009.

[91] M. T. Bjork, J. Knoch, H. Schmid, H. Riel, and W. Riess, "Silicon nanowire
tunneling field-effect transistors," Applied Physics Letters, vol. 92, no.19, p. 193504,
2008.

[92] A. Heigl and G. Wachutka, "Quantum-Corrected ~ Simulation of
Complementary Nanowire Tunneling Transistors of 5 nm Gate-Length," in ASDAM,
2008, pp. 115 - 118.

[93] A. S. Verhuist, W. G. Vandenberghe, K. Maex, and G. Groeseneken,
"Boosting the on-current of a n-channel nanowire tunnel field-effect transistor by
source material optimization," Journal of Applied Physics, vol. 104, no.6, p. 064514,
2008. _

[94] A. Heigl and G. Wachutka, "Study on the optimized design of nanowire
tunneling transistors including quantum effects," in SISPAD, 2008, pp. 205 - 228.

106



Bl e s e

[95] ~A. Heigl and G. Wachutka, "Simulation of silicon nanowire tunneling
field-effect transistors including quantum effects," in Semiconductor Device Research
~ Symposium, 2007, pp. 1 - 2.

[96] K. E.Moselund, M. T. Bjork, H. Schmid, H. Ghoneim, S. Karg, E. Lortscher,
and R. W, "Silicon Nanowire Tunnel FETs: Low-Temperature Operation and
Influence of High- k Gate Dielectric," IEEE Transactions on Electron Devices, vol.
58,n0.9, pp. 2911 - 2916, 2011,

[971 A. L. Vallett, S. Minassian, S. Datta, J. M. Redwing, and T. S. Mayer,
"Fabrication of axially-doped silicon nanowire tunnel FETs and characterization of
tunneling current," in DRC, 2010, pp. 273 - 274, |

[98] J. Appenzeller, J. Appenzeller, J. Knoch, J. Knoch, M. T. Bjork, M. T. Bjork,
H. Riel, H. Schmid, H. Schmid, W. Riess, and W. Riess, "Toward Nanowire
Electronics,” IEEE Transactions on Electron Devices, vol. 55, no.11, 2008.

[99] A.S. Verhulst, W. G. Vandenberghe, K. Maex, and G. Groeseneken, "Tunnel
field-effect transistor without gate-drain overlap," Applied physics letters, vol. 91,
no.5, p. 053102, 2007.

[100] J. Zhuge, A. S. Verhulst, W. G. Vandenberghe, W. Dehaene, R. Huang, Y.
Wang, and G. Guido, "Digital-circuit analysis of short-gate tunnel FETs for
low-voltage applications," Semiconductor Science and T echnology, vol. 26, no.8, p.
085001, 2011.

[101]  S. M. Sze, Physics of semiconductor Devices: A WILEY-INTERSCIENCE
PUBLICATION, 1981.






ERKEE LA B R TSR iE SRR

o -39 1) e 40 SO B B R

LR R R AR B 3L

Zhan Zhan, Qiangian Huang, Ru Huang, Wenzhe Jiang and Yangyuan Wang, “A
tunnel-induced injection field-effect transistor with steep subthreshold slop and
high on-off current ratio”, Applied physics letters, Vol. 100, 1135 12,2012.(SCI)
Zhan Zhan, Qiangian Huang, Ru Huang, Wenzhe Jiang and Yangyuan Wang, “A
Comb-gate silicon tunneling Field Effect transistor with improved on-state
current”, SCIENCE CHINA Information Sciences. (Accepted) (SCI)

Qiangian Huang, Zhan Zhan, Ru Huang, Xiang Mao, Lijie Zhang, Yinxing Qiu
and Yangyuan Wang, “Self-Depleted T-gate Schottky Barrier Tunneling FET with
Low Average Subthreshold Slope and High Ion/Iogr by Gate Configuration and
Barrier Modulation,” in JEDM Tech. Dig., 2011, pp. 382. (EI)

Qiangian Huang, Ru Huang, Zhenhua Wang, Zhan Zhan and Yangyuan Wang,
“Schottky barrier impact-ionization metal-oxide-semiconductor device with
reduced operating voltage”, Applied physics letters, Vol. 99, 083507,2011.

Huiwei Wu, Shigiang Qin, Yimao Cai, Poren Tang, Zhan Zhan, Qiangian Huang,
Ru Huang, “A novel flash memory cell and design optimization for high density
and low power application”, in EDSSC, 2011.

Wenzhe Jiang, Qiangian Huang, Zhan Zhan, Yingxin Qiu and Ru Huang,
"Vertical Asymmetric Schottky barrier MOSFET with High On Current and

- Suppressed Ambipolar Conduction," in CSTIC, Shanghai, China(2012)

109



e RFE AR ‘ 1 WA 1] R 24 SO AN R T AT DL

T3 R IE R B A

1, s AR N, E T, “—Fh T BURGH HEThRERE T 2w KR,
LHS: 71201010530475.3 (BERBO

2. s EEE F, M, M XUREMS MR T SRS EE,
HiEE. 71201110048595.4 (BEHO

3. BB EYE AN EMAT, “FRAFXTHERBERAE", RIFS
201110024074.5

4. EHn A ETEE EMT, —MBESENSINRINAEE", FiIES:
201110105079.0 - |

5. 4 A EEE, E M, B A RRECK AE, BiES: 20111009873

110



EHERFE LR E0g

o

ﬁ%%ﬁcﬁﬁﬂﬁz,ﬁﬂﬁﬁ@ﬁﬁiﬂﬁéﬁﬁﬁTﬁﬂﬁéﬁ,ﬁ
.ﬁﬁﬁ%%%ﬁ4ﬁ%%%ﬁ%ﬁﬁﬂﬁﬂﬁxﬁ%ﬁ%ﬁ%?ﬁﬁ%%%ﬁ%
v, BEEZIN EBRMLBRES WA, BURAF A AN BEIRAT o B b fr b {2
iT—ﬁ,%#%ﬂiT*E,k%iﬂRiT_%,ﬂEﬁ%R%%@EEﬂ
T—EIT. HEXH -7 % T 25, B 2 R 248 7 b R s 3 Bt e 7 o
HI AR 4 13 HIE
ﬁﬁ%zw&%%%%iﬁfmﬁ%iﬁ&%ﬁﬁoE%EEEZW,E*
zm%%ﬁﬁﬁﬁ¢,&&¢ﬁ%ﬁ¢ﬁﬁ,ﬁ%i%ﬁ%_ﬁﬁ,ﬁﬁﬁﬂﬁ
ﬁ%iﬁ$%ﬁ%ﬁﬁ,ﬁ%ﬁEBWGEG%E%Wﬁ@Tﬁ,ﬁQ%kE%
%%T%,ﬁ%%ﬁ&ﬁ%%ﬁ%%%%ka@f%%iﬁﬁ%ﬂ@ﬁﬁ%o%
ﬁ,%ﬁ%kﬁﬂm%“%@,%%%?E%ﬂﬁﬁ%%ﬁ,@%ﬁ?%%ﬂﬁ
ﬁ%ﬂﬂi%ﬁ%TEﬁ%%ﬁ,ﬁ%ﬂﬁ&%%ﬁﬁﬁﬁi%ﬁﬂ%ﬂ?%
ﬁ,&mﬁ%@%@$mﬁaM%%%ﬂﬂ&ﬁﬁ%?%ﬁﬁ%@k?i%,@
%%@%ﬁﬁ@ﬁ,%%%\%%@%%$%%@;W@EEW\%%@%%$
%%ﬁ,ﬁﬁ%%%i%%ﬁ%%%,Eﬁiﬁ%ﬁﬁﬂ@%iﬁﬁn
ﬁﬁ%ﬁﬁ@ﬁ%@ﬁﬁ,ﬁﬁﬁ%ﬁﬁ%iﬁ&mﬁﬁ\%&\ﬂ%%%
&O%ﬁﬁﬁﬂﬁWWfﬂﬁ,?%ﬁ%*ﬁﬁ-%ﬁ%%%%,ﬁ@%ﬁ¢%
@%%m$ﬁ,E%A?%%%%%ﬁ@ﬁﬁﬁi%%%ﬁ@%u@%ﬁ%ﬁﬁ
%%%ﬁxmﬁ%,mﬁﬂﬁﬁﬁﬁ%@ﬁ,E%ﬁki%%ﬁuﬁﬁﬁﬁﬁﬁ
i:,%%ﬁi_t%$§§ﬂﬂ%?ﬂﬂéaﬁé§%eEﬁi%ﬂﬁé%é%bﬂfi**ﬁ\d\éﬁﬁﬁd\ﬁiﬁfﬁ%,Lkﬁéﬂijg\
T EX G- RZHITIES, WRNFBEE AR, TiH 2 —
ﬁlmﬁ}?%@%omtﬂﬁﬂﬂ$ﬁﬁﬁ7ﬁ%ﬁ,tkﬁ&%%%ﬁ%%
—%AeﬁﬁﬁW%ﬁﬂ,ﬁ%ﬁ%Wﬁﬁpﬁﬁ%,ﬁﬁﬁ%%%ﬁ,%ﬂ*
%%%%E%Eé%uﬁﬁ%ﬂ%%%%ﬁﬁ%ﬁﬁifﬁmgiﬁmo
J%ﬁﬁﬂﬁ%ﬁ%ﬁ%&ﬁﬁhmm%a%%%%%ﬁkﬁﬁﬁﬁmﬂﬁ%,
@%Wﬂiﬁ,%E%%%%H,ﬁﬁ%%%%%%,%%E@W%W%%ﬁﬁ
%%ME%%??@%OQ%Eﬁm%W@%,ﬁ%k&ﬁﬁﬂﬂﬁ%%ﬁé%

111



AERURFE AR ' 2ol

¥, e TFERISEEFFEE, MEHARL. BRI, BERERIRITE
RIEREN AT + T,

RS 7 WS4 S5 B SR L, ARATR IR0 B . I AR 40T L LA
Rl B R, B RITERET L TR, RS20 08 fER T LI
AR TEE. BEE. S5 KTA. BEE. ). &R i,
TAEf. S, DA, BE. BEH. TEL. CHARDERERE RS
AOTIRAE R B EVE R F T BOMTRNEIN, REEIW, H%EM, ¥
BERCEIE, MREIT, S E, BIRAKEIN, BRI, [REEN. XE
H ST BEATL TG, R R RIS T b AR RIS . a4 3 75 KU L,
e A A BT AR SR s, SN W RS AT S  FE B E
TRt — A& SR EE S EMEAA S, AR —ENWE R AR EF &
(B A . R B B PR AR, RIS, SEEKRSEE
DE— e R A RS, B, HEAREY. RERRAE. BTRRA
2 REERZ. BT, ZR|AS. WEERY. BEWRS. SEE
A2, BIEZ. BERFESE. ERERZ. KRS, KERS. XIKER
2e et SOT NP IR R AR LE TR B3 DU A W B B S 55 R

B, RERTHMBESRNEA, ®5. WS SENRILRE, 27
S, BRI TIRASE, MLESELRE—%T, AL, EiE
AR FRET AT T £. RIETLRENE M ERARI L, Bk
NIRRT SEE, 3 EXRAGE R . WS, AR
HOA A R N A B B e — ARV

R A A T BERT , “IREFERAIS ..., MERE
HLA7E& Ry Bt Ll BB, MARARNENSEE — . Bl
1877 fERBI T HANCRITRS B, HElEsitasicsRs A. BESIRI
R R, AL ERER LR E RHEN S R 50, BRESZGE
TR — RO TS . XS RIS ST R, D2 EEBE,
Ao mRE BB IHAR A £ H T, REWMILBEIERNH B, X
3 AR B K . BEE TSR, RAEIL T IXIEL AT E, SR
FLF AT, RETHR—ARMERNE <17,

112



Tk S T P R A FE A B
| R

ANREFRY: FESHHMRT, ERAANERNNIEET, M Fos
Iiﬁﬁﬂ%%ﬂ%o@1*8%&%%%%@@%,$%ﬁ%@&@ﬁﬁ¢kﬁ
RREARRRBELMIERERRE. XNAHOHFRMHEERIRE N AMEG
, BIEESCH AR RAR . R R iR AR,

wxteEss: Pyl Aam2eze 65 ) A

AR P RAL B

(Gt S ihde NS REHISIEN TR N

AAFTETRICARERTIRE. ReF. FRZEOECHNIE, B

o RIS B SRER A0 L0 Y BRI 2570 B FRRAR

o FRATURAFACOIESCHTENRIARFUETAR, FHELLH SR 55 b7
7, FEREM FHREEAR %

o FRULIRAEE. GHH. BFHsEeEHFRFFLYL;

o FRMRHRIENGEEIE LA E AW R T, R0 —8/0mE
/O=%FLg, fEREMN 23k,

(BRSO S S )

<

Lok
%X%%ﬁ%&f%@ﬁ% $m§g153§7Fﬁﬁ/>

Hi#l: 2. uF 6 F | H







