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Investigation of Junctionless Multi-gate MOSFETs
From Process Variations, Curent Drive and

Scaling Considerations

Haijun Lou (Microelectronics and Solid State Electronics)

Directed by Prof. Jin He and Xinnan Lin

Abstract

Multi-gate MOSFETS replace the conventional bulk MOSFETSs to be dominant in
the continued device scaling. However, the electron delocalization of dopant atoms is
observed in a few nanometers scale and dopant number is required to be singly
controlled. It becomes a great challenge to form the abrupt junctions between the
source/drain region and channel as the device size shrunk to deep-nano level. The
Juncitonless Multi-gate MOSFET (J-MuGFET), with the same doping type and
concentration of the source/drain and channel, is proposed to overcome this limitation
and continue the device scaling. It has also been found that the junctionless device has
good subthreshold characteristics, superior ability to suppress short channel effects as
compared with the conventional inversion-mode transistor. Hence, it is recognized as
the promising candidates of the next generation element device in the integrated
circuits. While there are several problems needed efforts to solve before the
junctionless FInFET towards general utility. Owing to the inevitability of vertical
nonuniformity and line edge roughness in fabrication, it is necessary to investigate the
effects of these process variations. Simultaneously, the drive current of Junctionless
device needs to be improvcd.and it is further required to suppress the Band-to-Band
tunneling leakage current and investigate its scaling capability.

The characteristics of J-MuGFET with Fin vertical nonuniformity are

investigated based on three-dimensional simulation. As compared with the
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inversion-mode multigate MOSFETs (IM-MuGFETs), the variations in subthreshold
swing (SS) and drain-induced barrier lowering (DIBL) with sidewall angle are better
suppressed in J-MuGFETs. A design guideline is proposed to define the optimal
parameters of J-MuGFETs for a given technology. A current model of J-MuGFET
with sidewall angle is developed. Then high-k spacer is utilized to suppress the
subthreshold characteristics variation of J-MuGFETs with non-ideal sidewall angle. It
is demonstrated that the variations of subthreshold characteristics induced by the
changing sidewall angle are efficiently suppressed and the electrostatic integrity of
J-MuGFETs is also improved at sub-22 nm gate lengths.

The influence of line edge roughness (LER) on J-MuGFETs is carried out by
three-dimensional numerical simulation. The LER sequence is statistically generated
based on the Gaussian autocorrelation function. The shift and fluctuation ratio are
utilized to evaluate the impact of the LER on statistical distribution. The fluctuation
ratios of on-state current and SS due to the influence of LER are 21.6% and 3.84%,
respectively, which are similar with IM-MuGFETs. The fluctuation ratios of threshold
voltage and DIBL are 2.6 and 1.7 times as much as those of IM-MuGFETs. While the
leakage current variation ratio is up to 12600%, which needs to be further improved.
Two aspects of the LER impact, including channel thickness and width position, are
also compared and discussed.

The dual-material gate structure is incorporated into junctionless nanowire
transistor (JNT) to improve the current drive and suppress the tunneling leakage
current. A potential step is formed around the interface of two different work function
gates, which induces additional electric field peak to accelerate carriers near the
source region. An energy band step is also introduced in off-state by the dual-material
gate structure to extend the distance from the valence band to the conduction band. By
optimizing the work function difference and control gate ratio, the desirable
characteristics with 19.6% higher on-state current, 9.6% improved transconductance,
26% reduced drain-induced barrier lowering and superior high frequency performance
are achieved as compared with single-material gate JNT. Its tunneling leakage current
is two orders of magnitude smaller than that of the INT, and further, the dual-material
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gate JNT exhibits superior scaling capability.

A quantum and ballistic transport simulator is designed for studying the JNT
beyond 10nm technology node. The bandstructure of silicon nanowire supercell is
calculated using stSdSs* tight binding method and the device simulator is developed
on non-equilibrium Green's function transport theory. Uniaxial strain effects and
nanowire thickness impacts of bandstructures in [100] and [110] nanowires are
dicussed. The different role of the tensile and compressive stress is verified. The
energy band parameters like effective mass are extracted using non-parabolic
approximation and applied in ballistic simulation of JNTs. The JNT with 3nm gate
length and 1.5nm thickness is proved to work well and keep good subthreshold
characteristic. It is found that drain current enhancement of JNT caused by uniaxial
strain is disappeared at this scale. Otherwise, [110] nanowires is still benefit to

achieve 60% higher on-state current than [100] nanowires.

Keywords: Junctionless multi-gate MOSFETs, Process fluctuations, Dual-material

gate, Non-equilibrium Green's function, Numerical simulator.
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Model). [HMZs FAFkR, TEAASHRESRIZYIHIEEREL TCAD 1, "Ll
B E R B R R A R TR AT R R A S AT R IR, TSR SR
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1.4 ZXEEMRAE

AT R R T SR T A I K LA SRR B, T RS R iR
F. TZEFEWDLFRRHFENHR, BAFANELRHNT:

#oEFRREEYOWELESMB NP ETEEHERDE,
Mg B EVE T E A S S S M, BRI A AR AR R 5
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RIS A Fin TR — ST BRI 95 08, FETC 45 % M 38 fF i & TR A REE &
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R AEE T ALY EEETEEEE S HEM

B 2-1 EEIEWERLTER, R HIENIRIR, b)ﬁEﬂEi’J’U"’}

2.2 MEEEFH AN T S MR AR

BEE S RCT RN, TEMAANWE N, BAEERR K. R
FHLBE BT 5EW R SR TR EE AN e AT 50 v 2 T S ran) 58
Sentaurus TCADP?, My T B B RIS B IO T4 2 MR, BELH=45R
SEME 22, H LO9lIHG, WEH 20 g8k, W, 9 Fin kLSO, H,

N Fin W&,

B 22 EEEHSMIEN TS S M trEE
2 3(a)9id z TR B, SFIRIE KRV X TR R T8 518 2%,
BIRRER 1X10%m™, MEENG kAR, SREE EOT K 1.6 4K, iR
ITRS X3 2 Mt 22 (4 AE (R B A ThFE 7 T LA A0 Z R 1Y, R 8 K (Supply Voltage)i% &
79081V, EIT AR RMERW,, =100, H, =10nm B 224 EMR BTN 1

X10"AL RIS, A EAE G5 R B 2 MR8 08 VAT BT IS 2% R BE R 2X 10V em™
BIRDOARES 2%, WREEA 2X10%em™, W 2-3(b), HALEMSHE T
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FEREAFE LB R AEF AL FEHIHOVETE SR

—3. AT 5HEEREBERTATHE, ABASREFFOEEMINREE
EEIE RS TSR FR T LEZ MM RS ESHNE 2-1.
B 2-3(c) AR BARERER, RPHMAoRETHEREFHOER, 5§
LS HRRWT:

AW, =W, —W 25, (2-1)
fin = "V bot fin T tan &
Gate 5 Gate

B 2-3 a) B S MR 2 FRMEEE, bfEgRIU=MIB[IHN 2 FNETEHE, <
Toas A VA TE#LTE

% 2-1 REZMBHNERR IS

JIMT IM-MuGFET

Channel doping {cm™) 1x10°(NY) 2x10”(}3)
Source/Drain doping (cm”)  1x10"(N") 2 10°(N')
Channel length,L(rnm) 20 20
Top Fin width,Wifin(z1m) 10 10
Fin Height,Hfin(rtm) 5-20 5-20
EOT(nm) 1.6 1.6
Supply voltage,Vdd(}) 0.81 0.81
Sidewall angle, 0(") 70-90 70-90

T TR, EARAER T IR, N AR T 5
0T S8 AR 5 A TR R 8 L R R A R R
. P EETRITRQ), RAN T SRR F.

V-s99=—g(p=n+Ny=N,)~ @-2)
St o M BB, ¢ BRI, 1B p HARNETHREREL, N,
FIN, S BAABEENEEWGRE, o, MEUHEESHEEAR . BT
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LR KE BT REZ M ZHIEHOWELE S WMEH

FIZE 7 AT SR T TR 40 BRI F

V-J,=qR  + q Ca (2-3)

net

HP R JERFERESRETHMTHEMEFETZ 2, J, BT E S
BE, J BT HIRER. Kb M ARE T R

5p
~V.J =gR_+g-= 2-4
p g 97, (2-4)

Jp==nqpu VO, (2-5)

J,=-pqu N0, (2-6)
K N TFIEBE, u AZNEBE, MO, O, FFARFE. 2MEHX
%, REERFIRENXRET LTS

n=N.exp (1”—1@_} (2-7)

o, EXp[ J -

ﬁ¢,Mﬁmgﬁ%ﬁ%%ﬁm*%ﬂ&gg,mm¢ﬁ@ﬂﬁg%ﬁ%m?%
&

E.=-z-q(¢-4.) (2-9)

E,=—x-E,.—q(¢-9.) (2-10)

Wb g R THERS, £, HAEWEE, 4, SHRESRESE. HILRE
MRS ATRIAA Y, BUAT 3l ts, IRIEE LM AR ISR TR, AN
FARABEH RS, XTI MIEAT IR L, BT, BT RS0
FIHL A AT B TR R g S

ERTL S MBMBAKES, Fin hE 10 90kES, BELERLERE.
BT USRITHE ., Hri st 9 B o R L 2R oY,

P
[ A’ (N B +0.5 (2-11)
‘Nref

HE N, BERRE, E FN, ANHSY. BFRSREZEBEEE, 50

E-%
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IEFEAFE T REZMIL : & H I AIVIE A B A1

STFRHEEA A FUEE B TR

S R e (2:12)
n= B e -
ct 12 kT |

n

EE THERE, fTUREETFRBIEGRE:

2 2
A”m-gz V\/‘_[’; (2-13)
4 H

Hihy HETRY, m ABRTFEXRE. HITBREREEHATRE. B
Bl T A T Eu i, HRiE T

P:' Heonst ~ Hin p] 7
op = Horin EXP| — e (2-14)
= e ( N ) 1+(N, /C, )" 1+(C/N,.Y

tot

(a+1)fur’ow - (2_15)

PRI
a+{l+((a+1)#loxlrEsar] ]
Vsar

flp __‘E_*_(:'(‘l.’\rtcur/Jth(J)’a
honon scattering F_L F:LI'B (T/3 Oo)k
K P, C.C.a. f. BRCHRHNEEH, F. E, N Mo Hon

Hpiora =

(2-16)

ﬁ%ﬂﬁﬁﬂﬁgﬁo%ﬁMNanﬂN.ﬁﬁ%ﬂ%ﬁ%%%ﬂﬁﬁe
# 22 B HIER TR EMN R REBEE R S TR

Vas=1(V)| experimental | simulated

Threshold voltage, Vin(V) -0.6 -0.58
Subthreshold swing, SS(mV/dec) 79 80.4

EHRATESARE Y 8, HRBBEENSES C. Pak THREAF—EL
RerH i g B S S 4 00, T MR RS R P L i 244 TR, PEVRIR R
FE (Vo)A B9 1V #1005V #EATRTHL, FIEETRER. &EXMEMXHRERNR
—g, FINX T ESM I E S, WE 2-5, 2B Ve=1V 1 0.05V FJHE S
Bttt RIAH S .

IR LLEER B BB R, 3 2-2 4 BILA T AR5 IR 18 BIAY B (B FL IR A
A R, M (A R-0.58V, ST IR J-0.6V, TRIEA
SR AE R T 80.4mV/dee, SBGLESNy 79mVidec, HUEHMIE.
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1E4 |
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1E-6
1E-7
1E-8
1E-9

Drain current, I (A)

1E-10

1E-11

-1.

6.0x10°

2.0x10°

Gm(Ald/AVg, A/V)

0.0

T Bk T,

V4s=0.05 V
|
1
Symbol: experimental 1
Line: simulated _!
1
1 A 1 1
0 -0.5 0.0 0.5 1.0
Gate voltage, Vgs (V)

2-4 FUA RS LI B R IR 3

4.0x10°F

T " ¥ L

Symbol: experimental
Line: simulated

b1
W

o

V=1V

T % T

- o
~Zn N
i Vis=0.05V O OO D_
0 05 o0 05 10
Gate voltage, Vgs (V)
P 2-5 B {E RS St Bs B M g R
Rk LI M & ML S MERETY, BIRALEN, i

iR 6978.69°, SHEBEMO=90"Xtb R, RAEHMMEAETE, FFAER.
TWHEMNEHRETHRNEL, W 2-6 Fir. EFREAGEEEEIEYS
THTE X TE 45 2 M8 4 2 T RE B S
PSR O RN T8I 85.4°F100° BT L B4, RIFEE OB/,
RESRERET W, TREMZEGSS)M 7ImVidec BHE]T 76mVidec, WE
2-7. RN SEEBRMESREBERLL, HESUSEREMRA, IRk
BN e BRI REUBER 10 pa/pm , T5B4TRENREER Y RASAT

Uik, {EIT25 st T

RERZ BRI, 5
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2.5x10° g

1E-7
2.0x10°
1E-9

1.5x10°

1E-11
Junctionless Transistor

LOXIO®F v, =50mV 1E-13

Drain current, Jas(A)
Drain current, Ius(A)

1E-15

5.0x107
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—e— tand =5 1E-17

asad il s sl s aol ol » soill sl o asnel ssemed saseed s ool s send 4
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-1.0 -0.8 -0.6 -0.4 0.2 0.0 0.2 04 0.6 08 1.0 1.2
Gate voltage, Ves(V)

B 2-6 EE AN AMET LB SRENERBRHIELE

Threshold voltage

F 1
1E-5§ 1
: * 0=78.7 ]
2 1E-7¢ 3
- 1 3
— 1E-9} 1
5 1B Ve0.81V 1
- 3 3

= —4—0=78.7" for IMT
& 1E-13} g ) p
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r 555 3

1E_17 i 1 1 a 1 i Il b 1 . 1

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
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2-7 KRR F 6 T4 S A B (F A R A S B AR S G R B SR PR RO LR
2-8 i — B R T RS S E AR Fin W ( H ,, ) T 1A%/ o X A K 952

. BB H, BRI, VO RK R, SRR TROEE TR, B
S EIEABTE. SR EEDEAEN N MRS S, REREENOHE
EHEATHER, DI B FERWAE D BB A 6 B/, Fin AL, ) 2K,
A, (AT E M R R A, R E Bz, B
W H L, BORH, B0, MTTTRM AR SE RAK, LASR AU 0 354k
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T T T ¥ T T T Y T
b4
b4
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) M -
5 4 -
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| [ 2-9 LB IF 45 s 5 1A A 0 IR L35 52

AL S M2 AR H T B S, B 2-10 BR T R W RMA S R iR f 0 %5
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Nz, WRERFEN: WEARR Fin B H, T, BEW, B0, FEE RN
M-S 0 2 (AR A W 5 T 15 0 MR R SR A M AR 22 . FEMR A O /NI R R,
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REZ 4255, (R{ESMTRMERRES M. Fr, SARERML LM, HEss
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=l 4 si e
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BRTHEMFER. Bk, 12850 NG/ FE B A MIE (Spacer) B 1 T B (& 45
PRz, [FR R I R (AR .

221 (LS MBHENSSTER, KPMUHETHIN SOoNL, =39).
HfO, (&, = 21 ) HEMEER IS, =1)

#£T Sentaurus TCAD 72 Spacer EHILLE Z M2, mE 2-21. Hf
THERFE E D9 5.0eV, JEIRIX VH BB AR —FUAN L, B2 E 9 1 X10%em™,
FHAMEFEE 1.6 90K, Spacer EEENT,, . KA L, . EFELRTEKMES
&, WIRR 0778 ~ 90° Z Al AT RIS RAERY, EREHE b ZEERy

EEMUT, BRREMBENTERMERISY | H5E 4.
Shockley-Read-Hall f£%4 ,



EERERTHALEFMIET EHFHIRERESMEF

12 2 T T ¥ ¥ T i L L T L L

—
=) =
. v :
=
1
=
/
=N
J
L
=
3

ESS
T

SS Difference (mV/dec)
(=)

o) | JZ =21
S |

ol Le=n LT 8850 Bl

78 ‘ 80 . 82 - 84 . 86 . 88 ’ 90

Sidewall angle, 8(°)

& 2-22 75 [R) 41 B S0 e T B3 L 8 S8 M 3 (L TR A AL AR R L B R P TR 7
ko RS T AR S S I R E R R E R )

60
—I--§SP=1
50¢ —e—Lsp=3.9
\ —x=Eg5p=21
| K=4.38, L=10nm
Wﬁn=10nm
ml |

K=——

DIBL Difference (mV)
W &
(=1 (=]
./ ‘
/75
: |

o K=3.39 \*:

0} Do & =15,=39

o DIBL| 145 | 115

s R0 82 84 86 8 90

Sidewall angle, ®(°)

F 2-23 AT @ 4 E5 05 TR B 4 PR AR A X B TR A 2R A R Rtk T B iRz 2 P [
T K, AR NEENER T AR A 8 SRS R R B £ B R E (R )

HEFHRE S 10 KRS a4, TR Spacer £E#HEKN 1.6
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A Ak /0N, 7E T, 335 00 30 5 4 4202 JEE B AL R O I SR AR, DIBL A1 K H 3R T BEE:
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Channel doping (cm™) 2x10°(NY) 1x10*(P)
Channel length,L(nm) 20 20
Fin width,Wfin(z#1) 6 6

Fin height,Hfin(s1m) 40 40
EOT(nm) 1 1
Work function, Wi(eV) 5.1 4.62
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R

d:do\/[2(1+gi)2+(l+q!)2J/3 (5-21)

Hpd, AR AR K., EEMN LRSS, R g Mg FARBEM

AR TR, R E 5] A 6*6R 45 FE LA R ke Et.(Poisson’s ratio) D ik
RS ARI A L e M A 2 [A] 2
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FERREBEFRES R | PR R REER 85

a1 Cll G Ga _ &l
022 C12 Cn CJ?_ &2
033 Ci Cn £33 (5 2,‘)
s -22
o12 Cis 28
013 Cay 283
(o] | Cis || 26 | |
D:i’ ;E\:IZFIC”, sz C447’J_4/\§EE E
&
SF0[110] & FAFA L 53515 :
&£l 4C12Cus ‘
Dy = = e
£11 C}l[cn"*rCu +2C44]-—2C}2
D £13 Ci [C'U +Ci —2Cu ] = 2C122 (5-23)
W3 = = —
&1 Cu[C11+C12+2C'44]—2C122
[100] & A VEFAEL
g G
Dy=—=——— (5-24)
&n Ci+Co

BALE ZHTEL SRR AR, AR RER RS
HAESTIR, RRIARADR ORI AR5 8 — R R AR S R, B
M, TERETSERICT, RAMREARERIERY, 7.

Ciy =1.6,Ci2 =0.61,Cs = 0.8 (100GPa).

B T AR MR A Ve, Y1 4 B RS 4 (8 5 F R AR A e s>, BA110]
Jfol, PIEIR AR LR TEER LS. mEEa UL T

Ar:fgflmzagq; (5-25)

Heh S8 80.53. BEERAMPSIA, BRmEETEMITETRT PN:iEEES

BESH, mHXLEE %éﬁﬁ%ﬁ?ﬁ%*ﬁ%o 3% Boykind H HIER M), two

center integral energy parameters?s 4 (d, /d)’, On site energy 32

R ) ~ (Vi)

—E° 4 C ia,jf ia,jf

“ Z E)+E,

Hepn, EL. C v ‘iLf"iiI/kEiBoykmfrﬁi‘%E/JIWmJ

ia. jg 'a Jﬁ ia,jif
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JERKS LR LAY HUIRLR < LA R A 28
2 . T T p T AV
od Lz 1 2&
FeladleV 1.35eV 137V
ey
% It [ Valley Splittind [ i
E ~0.6meV
@ T
é 0 Tensile~1% No Strain Compressive~1%
__-0.254eV | -0.271eV o ~0.227eV
(a) (b) ()
. A 1 " 1 . " 1
]0.0 0.5 1.00.0 0.5 1.00.0 0.5 1.0
k(n/a) k(n/a) k(n/a)
B 5-10 B3R D XT[100]d8 MGUKEREN AISAM, )% 3R, b)LREE, o)1%E4%
2.5 :
2.0 :
1.5
1.248¢V -1.318eV
% 1.0 - Valley Splitting Valley Splitﬁng _-Valley Splitting-
: 05k ~5meV ~4.TmeV | ~3meV
2 = [110] [110] [110]
g 0.0k Tensile~1% No Strain _ %)“mpressive~1'%l
= e -0.151eV B 0.097¢V
0.5 S
1.0
-1.5
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
k(n/a) k(rn/a) k(n/a)
511 P3N RS [110] 88 I AR L REH BORAME, a)1 %R BEE, b)ERDE, ¢)1%E45
i LR 3K BASEm, R LLIS AN BE S A i S

AT, —BERMAR SRR ERMIR, EBS-10t 8 H T SR 2%
EUR T 42,6845 K*2.8740K [ 100] S [ AA K LR BE 5 MO BE A . 1% B o fil B 25
RIWREA, ERMETHHEEEZ BIR, T Moff-I BEAMAER MR, 1%
) = 4 R 2 feF JEM TR HI1.35eVIE N EI1.37eV, NHTRMO0.271e ViR
#0.227eV, T Moff-T REARIRELRIMEER DN . BIATH95]I AT BELR 43 227 A /N

28 B e
~F T T
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EFEREELHREZIRK PR R Xféﬂi%?% i3

20, TIFEE/ MR T RS RGBT E, FEEs-114H T 2R NAEX[110]
BRI B, CEEUERTE /NS (10014, 92.5849K2.6940K .

19 B iy f6 5 A5 {3 545 6 M 1.284e VIR /N 1) 1.248eV, 5 TH A -0.125e VI /N E]

-0.151eV, Fft R 74 f 45 REGR IR BERS I, TR LR 408 7 ) (A 3 5 R 7 TS0 7
AT BB AR RO IAEE . N iR R EWERIM AR SIS RERT E
B, BHMREFHERERML.

0.30 — . . . . . T oo
B28T O = | o]
0.26 F H=2.68nm, W=2.87nm o —

= I ]

E 024} 4

2 I —~fe—[110] 1

g 0.22 - . ~-[100 ]

B | ]

Z 020} g

S - )

= 0.18F .

s H=2.58nm, W=2.69nm
-__—_-_'—'5-\&"‘-—-_.______ -
0.16 ': <+ ‘:} f? ]
0.14 1 A L i 1 A L A 1
1.0 0.5 0.0 0.5 1.0

Unianial Strain(%)

B 5-12 Fi {0 FE 45 B2 A3 [T00N[ 110148 24 i 2 1 71

0.19F -
i —¢2+— Tensile 1% MMO/J 1
-~ No Strain

0.18

LEffective mass(m0)
=
>
1

1 i 1 A ] A 1

1 2 3 4 5

Effective width(nm)
B 5-13 ST [LL0)4 KA XUR BRI R
ETEREE A, WTRELT XRBEY, HEFARINEIRE. b
AT TR A, S- 126 T T SRS T R B
RN A . T SR 40 034K B[ 100) B [k, T BUR IS
Eﬁﬂﬁﬁﬁﬂﬁ%ﬁ@$%%moJ%L“HRN&mﬂﬁt ), (H1E
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TR A I S A 2 i C RRREARR

[L10]dR I ANKEE T, BER SR EREH AR ETRE, HMEER s EEN,
AR THANAE, MR AEERRERD, TELR R R BN
AN R, FNBEENRREENEL, BETARRERENRE, WHS-13
ﬁ%cﬁ§%¥@ﬂﬁﬁﬁwm B R, TR RO R B (R
ARRE. SXES-12BTIR R R (1109 K & P S BRI B R, gk
ZRITEE R/, R BYPPRE 5 B IR BS390KAT, BHREIEIL0.19my, 1%
FEME 2 RS, 1%AIR 8 R A 2R 2 PR F0.18my, B4R /)
AT LME R A SR T IR =, ERMERERTEA, NASENENRES
WEHR ), AREARELSPRLE, BN HETFERRENERERT 4
(G

1.56 T T T T T T T i T
L= [100] with H=2.68nm, W=2.87nm A
1.52 f~e— [110] with H=2.58nm, W=2.69nm -~ 4
I LT 1
148k Off -T" valley ground statcf ’ j
2144} ]
e
&
S 140} .
=
1.36 |
132 -
1.28 | L " 1 . 1 . L A .

-1.0 -0.5 0.0 0.5 1.0
Unianial Strain(%)

P 5-14 B F73F[100\[110]97 K28 BE 25 1 84

T Lt L] . ¥ L 1} L3 ¥
1.62 , .
160 o \ ]
_ L58F -
- i -
% 1.56 |- a
= 1.54 i =2.69nm 1
s L ~—[100] with H=2.68nm, W=2.87nm 1

=Y

<= 152F -
= L 4
2150 F g 4
sl NN -
1I46 i ). a L " 1 . ] i 1 ]

-1.0 -0.5 0.0 0.5 1.0

Unianial Strain(%)

B 5-15 SR AR [100\[110]) 4% K £ 287 58 B 11 820
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EEAEE LR AEEMRT R PR R A M 284

B5-14 277 T hoff B AR AE[100]FI[110] f MK L SR (U fe B R4 BE
{5, XEBETR NI TYRERFREREFRONS. BEMS, (100144
K28 M0.5% R B 111.34e VIR/D B 1% PR f1.33eV, [110]442K 28 ML 0.5% R 3L Y
1.3e VN B 1 %RIAE K 1.28eV, BEAL A T [100] 8% AN KL . Moff- T et
ZBERIH R ARG INTIIA T, [1001892K 28 M0.5%R2 A8 (191.51e VIS I 21 1% 57 2 Y

SERE IR T eSS off-T e BB S FR MM H—E. IREAESE
: BRGHET G, SUESAEARR . RIT SRS
EENSE: SHEE, TALENZMXRE, WES-15. 7E[100]5% MK
i, BEE BN ARSI, RSN RN A0k F, BFAT fEads
LA ERLR PR BN LK, BRI AT AR S, FE[-1%, 1 %] MR

3=

=

anp
Gr

4.

1:
=
il
—_
=

l

SEER, BRI R R, BB S SajjadB g R,

ERPES-SERES-15EE TRAVKA R SRR . RODRT AT S AR e
BEEIR, Ab A RSO R I R, A A AN B R ST
SRS o TRE %4 45 44 X B o4 I B0 T My o T X 28 O v
b, R ET I R R T U0 K 2 B 75 SR P S B0 7 (R D ol S84 A 12 R o 75
EE— S H I TR E

5.2 BETFAEIRHILRIL (oA
bR AR AR TN, B E R R SRR L], S
MRS REIMATR. BT, SIATSH kR eI R

e

Ek(1+/1Ek):Lk2_:r] (5-27)
2m*

Edh=h2r, kAER, m*?’ﬂﬁ?&fﬁﬁo Bl i 2 e e -

E, = [T+ aun 1] (5-28)
24
RFF13E:
1 &(12 . : -

Efaﬁg(nﬁwm] (5-29)



IR AW RS e - WRRST LSS

F=iv & 0k, SERE ST RFHSIERIHTER, SRTBNERWT:

1 1/2) 2T N
2#;3:1 n #2 n-i‘* l/(x,y,ﬁ)+V(J;_,,z){y(x,y,z)—Ey/(x,y:_] (5-30)

UG S R AR A
] 1/2 T Iee |
o] 5] e
2/” n=1 2 m (5__31)
N TERER A ENEL [T, ERBHIA=ZRA, WF:
E,=n—an’+pn’ (5-32)

Ko f p A EREHIFMMEE NS EH. BEETERLA:

{‘ B —a(ﬁ'vf]-ﬂﬁ[h VJ }w(w,z)w(x,y,z)w(x,y,_,):Ew(x,y,z) -

2 2m 2m
HEERETIEMME RN EE S A EMMNETUEEENEHa . BFEAT

BEET SRR LS BRI T, 7T LS B M S 8R4
EiuEAR

Dash dot line: Finite difference fitting
Solid line:Parabolic fitting
L Dash line:Non-Parabolic fitting

Energy(eV)

i r o Thickness~1.5nm 1
1'6 1 il 1 i 1 P L e 2
-1.0 -0.5 0.0 0.5 1.0
k(n/a)

P 5-16 [100] & M 43K ELRET RYAF I RS &
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LR KREFLFALEF R IR R R M

Solid line:Parabolic fitting

3.4 1 Dash line:Non-Parabolic fitting R T H T

) ) : Th*ickne,ss~1.5'nm 1
-1.0 -0.5 0.0 0.5 1.0
k(n/a)

B 5-17 [110]f Mgk & Rem o dE el &

RIS 1.5 GURAI[100)F0] 110]5 IMREGNAK £ A8 &5 Mt T SR M £k
&, B 5-16 B 5-17. EMMRSTTF, EHEARNIERYEEE, XAME
AT RN 2 A T T MU B sl MR E, I BRI AR Al LT
&E$@Mﬁﬁ%%%%?ﬁﬂ$%%%ﬁﬁm%@ﬁﬁ;ﬂuﬁﬁwﬁ*ﬁﬁ
R . [100)FI[110] 5 MK BEBH of - T e AEH B AU A RIS EIL
% 5.5, AWTLFEZHTETHFRNANREMGEESHEI TR Bl

Y B A L AN R S M R R TR B 3%,

* 5-5 BEWAEM MBI L& S5

Y Subbands Fitting parameters
JR~fF~1.5nm a B
[100] r 3.1691 1.5440
A 0.1014 0.0086
[110] r 92.7271 186.8375
A 1.1616 1.1994
5.3 S HSHRRR BRI
5.3.1 BRHRIAIHESR

39T SEERARBR R ~T To4h 25 H S e OB 9T, TR E TP il o iz 2
SRS, HAEZRE 5-18. LET sp3dSs* EREHE T HAEARI
PRI RO GR AR RE T 46, N SRR R 8 U BRI AR R AL« T FE AL
R E T, SREWERS, LXFﬁﬁwﬁhﬁﬂmiﬁﬁﬁ,ﬁﬁ¢
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FEEAS LTS ey |  BEREATFE

TR EARHBIERFIRE, EBRNRR TIRESENEWM T, B4
A ERENERFLE, LB AR ARANERETHERTIREESR,
$ﬁ£%%§%ﬁ%%ﬁ%?%%ﬁ&%%Aﬁ EATAME(E TS, ERIETIH B3
CRE BRI B A R T A R R S VAR AR, S
ﬁ%&?&%ﬁﬁﬁ%ﬁ Gk, BNATFR2IEMF I LB RR I, BlInsRiR 7ok

B URIRHI. R MM, F e L R R AR, Bink
TMDERRIR . R AR R &5, Eﬁﬁhiiﬁfﬂiﬁmﬁ? e saed:ul A

(1)subband minimum
(2)longitudinal effective mass
(3)eigenfunctions

arameters
P Initial potential

Initial size scts

| Done |

A 5-18 Bl as AR pE )

5-19 VKL B EEMTREE, I REBRFEERER
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JbERFEHEFAREZLIL L R R e
ST RN A EEE S, B NG REN B4R A RIS
M EREGIE FIALEE,

5.3.2 Z#ANGERM
TRV (8V9)=—q(N, - N, ~n+p) » AREIA M= (F 4

WE 5-19()FE, HHE x. y. z BHITNBRSE, WHE 5-190b). T M,
FERE IR TR AT B B B . 5 P R P, RAIRERESRITT
%o LA SR, #HTESEE:

4 @i 2 | -
aqul.j Za(q}f,j +';Di,_,r (le,} “xrj) —L (xi'+ij i}) +]
, (5-34)

ﬁ‘?’i,; :ﬁ[@m +(0,'_1’j(x{.,j i 1;)"‘@2 (x — U) +}
[ EEEIR
a(%u,;‘ _qf’f,j)ﬂg(@,-_u _Qyj):@;’j(ah ﬁh41j)+ (ah2 +ﬁh~l;)+“. (5_35)

ah +ph., =0

/\—‘\f‘a:_ﬁh,j_l’j » 33
hi,_;‘
d hri]j(gowlj__ ij)_hfzj(goi—lj_goij)
@ = : ’ (5-36)
! :_r :lj(h rl,j)
KARATTRSEEMFE: A G =h
Bh

EREN g, = DI BB, & ah,—Ph,, =0, a=
Z 1:',)‘

- . ‘++:—'_2i' \ 2oy =] : /.
WTTBEI=S: ¢, =L P, plirik, @167 MY

aqu _ q‘g{iﬂ,j,k) g5 @(agl_j,k) —2(0(;;;;1') (5_37)
ox° Ax?
g _Pimn T Pumn 2P0 (5-38)
oy Ay’ |
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JERKF mi%ﬁﬁﬁt A BRI R IR 3%

a (p @(r J k+1) & qD(r Jk=1) 2{0(1 Juk) (5-39)
oz Az’
ﬁﬁ,E%#WW%EﬁHMTEﬂHEQ:
o @ 6247 & @ Q(ND ~-N, _”'i'p)i, k
A= U
PN BT LA

Ay
E (QO{ i+, j,k) 3 @(r—u,k) - 2(#9(,-,;,;() )

Ax
+Z;(§0(f,j+1,k) + gD(i,j—l,k) - 2@(:,;,&) + (p(z,j,kﬂj + ¢(f,j,k—l) - 2@(;‘,;‘,&))

Ax Ax Ay Ay . Ax
= zy_ga(f,j,k—l) + Z;@(i,jml,k) + E ¢'(:-1,j,k) -2 (E +2 _A;) @(z,j,k) (>-4 l)
Ay Ax Ax
+Zx_¢(r+1,j,k) Gl A_y @iy T A_yqo(i,j,h-l) = f(r,j,k)
e BEREFRECRER
% (F),,+499, -
= NSy —] (5-42)

kol
gr LR (S-4) B AL AT TR A AR S RS A TR R Bk, 153

o Ax Ax Ay Ay . Ax
FU, ) =—@, ety ¥ — @ sy F—— @i 1y — 2| == +2— | @, .
() Ay Pli, k-1 Ay Py T Pt [Ax A}J(p( 34 (5-43)
+£}:§D . +éx_¢ +'—A—‘x-'$ ‘ ) q(ND_NA)r,j,k_qNCS’ (Fn)i,j,k+q@(i,j..i‘)
Ax (i+1,7.k) Ay (7, J+1L,k) Ay (i, J,k+1) &'m 501 172 kBT

S (5),, =00u0),, +hT-ShCL) o ST B SRR A R

C

FRE. FULE BT RS O

Ay
Eox E(%u,},k} T Py — ?'QWJ‘})
g, |, A
si +Z; (@4 0y + Py = 2010 ojrny F Pai jiy = 200 -'“)
) Ay Ay | B b 5-44
B e A ek S0 -2 M it ,..,('- )
c, /_\_y g)(;,J,i—l) £, Ay @(i,j—],i) g Ax gﬁ(i—l k) (‘5‘ Ax & Ay @( LK)
-f M@ —— M@ # 22 =/
MMMSAWWH%M%M‘W)

%’%@fﬂzq:ffﬂlfﬁjétﬁji{tﬁfﬂ
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R REEEHAEF LT ; HEBR R LA ER A 25 1
& I Ay szy £,A¢
F(U)” @}% e T g Ay%’,ﬂ,k) ; g, At(’%mb,k} "2( g, Z;r Z?ﬁgj}%m 545,
S@} S f,' qND N) QNC.. (Jf)rk %»’c
HE=Q ¢?;@h q%JMﬂ I

ﬁT% %F_&ﬁﬁrﬂM%% BB HEE N TR S A V5,
H o #g ForEnk 5-20:

2
S SRRl
I
hi M
777 ATV AT [ 1
L_h
i, /

yd

14

/]

520 “ 40 M A BN B A
B ZAFNEMIAT, a MEIABESE S, b MERNBEE e, Ra
MR RECN £, b R RO £, RIESTTEE, o ApEEE

HEF -
£ ¢1_¢0;1+gb€91"(90 h+e, Ps — @ h+£ﬂ ¢3_¢0£+5a¢4_¢0ﬁ+83 (p‘—gpuﬁ
h h 2 o2 h 2 h 2 (5-46)
B* 3k
= — A ——
Tt
eSERIEEES P
2
EATED o G4

,)
2

M 521 Z4h ARt EREE
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ERKFE I AERMR T | _ BRRRSTEEFHER

Hiﬁﬁ&%ﬁﬁ_%fﬂ¢ MM R BT R, S E A A
FFREMEANER. WE— box, #HAFRI R4 R, HIHHANAY,

AERES21. HEEHEE, SRHAEEIEMR:

gm@ qp“AxAv-z—e Far "AxAy+£
M Ay

(94 D9 =@, 1
+& AyAy+ e, AvA
W Tk A

ox Ax
+g, MEMA}:+$ P50, 2 —AxAy
Ay 4 Ay 4
+g, ——t $129. 2 —AxAy+ég,, S —2-AxAy
Ay 4 Ay 4
AxAyAy
ey

o, —@, 3 =y 1
——AyAy+¢g, AyA
Ay g o m e

(5-48)

GikeAs
4i9f(q 48”"240,—&4{ 3% 41 @+ Ay 3% 4 405+2g La gy 4%""25 Sm @,
£, N g,y Axl g, Ax\ g, A\ g, M g

{35 o 2AW[“KQ+4J+4—-[5—+{H¢ (i)
Ay A\ g, M g

i

&

SRR EHRIEREA:

c o & g, & N, g N LE Ml g M g
L= —p+42—n+=| 3241 | +—=| 3% +] |a +2—| =+ [ +2—| 2= 4]
.F( 4 & @V{q & @’@ AY(J% ]% &();; }% Ay(%‘ }% Ay[% JQQ’ 5_50)

{%__42@(¢g1]4_ﬁi H@+&@{ﬁw mAT ¢%%{(lﬂﬂmﬂﬂ
Claly A g Mg, & & kT
350 3 SRS 1 FAREET LI EES .

R, ATLARAHE R RS R 2 1M, W

" _— wip; 1
£ D pxtyre, L pxay e L0 acay +
Ay Ay 2 Ay 2

0 =@, 1 0 — @, 1
———=—AyAy+ g ————ApAy +
T Ax 2y'” g 37 F

(D‘—gﬂzt 1 @ ’;04 (5‘51)
= AJAY L £ —AyAy +
= AL 2 yay 5 VAY

" q)é_'@i! "l"AxAy-f-Sﬂ @6_¢41AxAy+g”¢7—go4 AxAy
Ax 2 Ax 2 Ay

_ AxAyAy
2

s
BHER:
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ERAFEEHMAEFAILL IR R A F A48
e A (g, |Ax e, A (&, )Ax Ax
2ZE _—g+ —=+1 H E4] g ] — g+ 2—
gw [ o [ }qua, (|| o[22
;‘f _+2 +1 _Al_;.zﬁ o, (5'52)
£ Ay g, £, Ax Ay
==

si

X B AR xy FE LR 2. 543 AFE LRGSR T AEES .
bl Bk, BT LA EBASRM FGY), SRR SR EHRIENATTE:

F, () s%f:l (5-53)
ﬁ?ﬂWﬁF@ﬁWﬂﬂ%ﬁ%%%ﬁ%MﬁMﬁ?iﬁ%%%%w

Ap=~F, s(@, )\ Fo (@) (5-54)

Prew = Pota + AP (5-55)

¥ o N\ NEGF DA HHT IR RIZE .

Wo ps g0 ps g0 g5 g0 s 1
i

[

- 1o

- : -

i - iy

4 i

s : 16

i g 15
P

a0 %v ]

1] : ]

|- 5

i B b

il - g

}; ) ;

(i -fo.1

S SN O T N T 01

B 5-22 = ey g T FE R LS4

e xt = b 5 R A HHT IR, i 5-22, Ry R R AT
WEES 0, Befhrh A& R SR 2ILXFR, FrA SRR, HAUREN

£ RAAFSE T XADIR

BT IREER TR A, SRR R 5 RS B SR I A T 2 RUAD
h{E, HEATIRIE. EUREERL b, SE TR ERIEABRIRES, LT aRS
TSR, TR, SRR . TSR R X A 2 5
A, [ 5-23 VR R SR I R A TS A, A S 45
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JERKZE LR EE e | RBRRST RS FEMS T

R A BB 45 A,

B 5-23 R LI g OV et 58 (V7308 P (0 L 38 20 A
[FIR AL FARE DA, T A 5-24(a), MSEAYEEFRE LR EES 0,
U 5-24(b), FBIFRIER T BRI Y, FEr#EE 5 Martinez 945

%ﬂ%ﬁ[lﬁ}o

i S R -
’ 7 7

/

N F
A
’

A 5-24 a)£IAF BRI EE AT, b)YEMI/AEFE AT RS

5.3.3 EFETSHRAE BiEER
E RGN FERBL S 050 FFESEARRREERIR L.
THSHRREREERETZ2HE T IRRRENR, ATHIETENEN,
i M= HER B E B TR
H,y(x,y,2)=Ey(x,p,2) (5-56)
o SRR BT S
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B N e e e o WRIR R T Rl 4

hl 82 hl 62 hﬂ 82
H,, =- — - —-+U(x y.2) {5-57)
2m, Ox" 2m, dy* 2m oz*

SHEE R EEE TR AR R A T R T, T LA E]
w(xy.2)= 2 0" (X" (3, 23%) | (5-58)

KRN ERG-57), WHE

2’; %[Zq)"(x)é"(vszx)} = @}[ch'( D, } L g—,[ﬁf{xf’@,mﬁ

(5-59)

*{Zﬁ’ (x)U(y,z,xo]}:EZ# E"0s59

2

aﬁ—\ im () EEE, TR, A

[Zd@f"@’ —A)}+2¢"(x){{—~§"(y H #f’(%zx)J{U(ys%)]} (5-60)

:EZW xE"(0n5%)
h?. 62 h2 82 ) : :
He [“g@)—g—ﬂg*{f@, Z;xo):|§ (0, 2;%,) = E, (6, )E" (3,23 %)

R A = Y 2 v R B EE AN

e
om, &

MIFIERZ R FR:

(Zqo X" zx>>+z¢ (R)EL, (DE" (v, z%) = EZqo x)E" (1, 5%) (5-61)

¢ &m0nzx)g" (z0)dydz =5, (5-62)
T RGBT E™ (1 z3x) . FEARSY, EFRE_LFR(S-61) % Tk 47 L2
EILE .
¢, ———(Zd(xf(y W (450 (5-63)

=$, i{z{{-q ﬁ(x)]-é”@,:,x) +z[? d(x)]~ Eé”bér,X) {%mm} a(x)}}mzxm
S 2 R, (5-63) A A KIES R — AT AL

>‘z‘*n
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IR ARFELHAES ST  RBRRST ST

'95%_‘“22?1 {Z{ ; 5 (x)} 5"(y,2;x)}§’"(y, z; x)dydz

- {[-f—qo (x)}cﬁ LT (yzx)dydz} (5-64)
= X

[FfE, KIESHE ] DI L
hﬁ 0 g a n 1 m 2 0 4
ﬁ}le—%{;{z[éw (x)Haf (,2:%) J}}f v,z x)dyde =" ;{I:ago (x)}bm} (5-65)
KHE S 5 =T0:
—E—{Z {[;x— &'z x)] co”(x)}}f (v, 2 X)dydz = —%Z{ ¢"(x)c,, | (5-66)

»o2m

SR (5-6 1)L 105 TR A LR kT Hik, B3
CP (ZQ’ (XE,,(x)E" (v, 2; x)]; (v, z;x)dydz
=2, {co"u)E:Lb (x)[qi; £z 0)E" (v, z;x)dydz}} B
= > 9" (DE;,(x)5,,
= E., ()" (x)
T (5- 61)75 D& — I,
‘]')N {EZW(X)?(J’,Z;X)}?*(}’, z; x)dydz
=EY ¢"(x)3,, = E¢"(x)

(5-68)

R = 4E ¥ 52 15 7 R A] LA R

e [[68 : 5 R
32 {[ﬂca(x)}a..m}—h}nj {[ qo(x)] } ERIRUACIS BN

+E0 (09" (x) = Eg” (%)
FANX, 73

0’ & gl s & B i
—g{g a,,,,,}{axzqo (x)} ny {[af" (x)}b,,,,,} - Z {o"(x)c,,} .

+ED ()" (x) = E@" (x)
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B E AR WER RT RS 254

EZEHENENERERZEZ AP FE, HAPRAERSETE
(uncoupled mode space) 77 7%, B BREL &£ (v, z; x) B x ZALIR/NER EL, (x) ANFED,

W22z =0, TTLESFH,

| 2
d..= —IE" (v, z; x)| dvdz
=, oy A )| v 7
bmn = 05 Cmn = O
B AR TR (MNx*MUNX):
(A, 0 e e 0 |
0 my 0 . ,
H=| i 0 " =~ (5-72)
. . . . 0
| 0 0 Ryl
Heph p9RERWT:
h’ & | m
hnm - 5)"52 [_Tamn (x)g 3 Esub (x):| (5_73)

mn=12,..M
RE LR B RIS AR B R, R SDatta (9iAE, HERE
[ (Self-Energies) X 1F F 46 i 25 (F IR RO /R AT, [(RLE B MR AU e B3R
X, W

G=[E-H-Y -3, T (5-74)
H AR B REFE R A9
ZS [Pa ‘]] ==—1,,€Xp (ikm,la) 5p](m~l)i\"x+lé‘q,(m—l)Nx-&l (5-75)
ZD [p3 q] = _lm.N.r exp (fkm\Nxa) 5p.)rL7\&5q~me

_hz

ml 2a2 amm

x=0
%2 1

g

t =—0a
m,Nx 2 mm
2a

x=(Nx—1)a

i

AT A TR LUR, a,, T8 x T2, B, =1, =1, SHAEH
017 (TS E38 b pgek R R, ]
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R AREE TR EZEE Y L BRRRTESTHEE

% +EL(0) 0
-+, x2+Ed -, 0
- 0 ﬂfm ?fm+€_5%(?ﬂ) ﬂ’m 0 (5-76)
4, 2, +E[(Me-2)d] ~,
0 ~, 2, +Ey[ (Me-1)a] |

[ g% e s 0 |
0 0 . :
Yo BYL =l b Ca T : (5-77)
i T w0 0 :
0 0 -t

(FEFE K/ Nx*Nx)
E=E;, (0)+21,(1-cosk,a)
E=E][(Nx-1)a]+21, (1-cosk, v.a)

suh

km,] km,]\".\' E‘l‘ﬁ%

132
E~EZ.(0
k,.a= arccos(l —$UJ

2f

n

i (5-78)
£ g arcoos[l B [(Nx— l)a]J
: o
E3Y:d H BEREFETE AT
;r,,; b@[}.m{]_ E—E;’Z;,(O)D 6 o 5 |
,, X o | (5-79)
Z +ZJ = ¥ e M G, %
: T, 0 0
B e Hw(m[lf“_%g%ﬂ
ET LARIEMEE G, 53] Spectral density functions:
Ag (E):G(E)FS (E)GT(E) (5-80)

4,(E)=G(E)T, ()G (£)

Ls(E)=1] X (B)-24(E) ]
To(E)=i| X (E)-Z1(E)]

K,
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L RFE LR AL SR PR T REE 2

R #E Spectral density functions 15 & E E R AL
1MD=$%M)
Dy (E)=—— 4y (E)
TR B — R (5 BB T IR E 20
mp = [ Ds(E) S (#ssE)+ Do (E) f (1. E) ]
SRR FIRE AN

map (%, 3,2) =1y [ (3, 5%)

2

BiEREREER, BRKRERWT:
Ips z%IjT(E)[f(#S:E)_f(ﬂD’E)JdE
Hoh 5 ZH T (E) SR EH G VR B REERHX, &idh:

T(E)= i T"(E) =i Trace[ Ty (E)G" (E)T; (E)G™ (E) ]

mi=

T ¥ T M L] ¥ L) ¥ ¥

/Eﬂ*'—l:#" o

1E-5 |
Intrinsic GAA MOSFET

Nsa=5e19em™

1E-6

4

S i L=10nm
v 1E-7f  Vee04V
£ 1ES|
i F
5 1E-9 r
= 3 -
E 1E-10 —D—From NanoTCAD ViDES
a E —e— Simulator

1E-11f

1E-12 A 1 i 1 i 6| i I A 1 N

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Gate Voltage, Ves(V)

B 5-25 MR B2 R R B 2B S NanoTCAD Vides 45 % tE

(5-81)

(5-82)

(5-83)

(5-84)

(5-85)

S _F R TR T RR Y B AR T A A R PR R S SRR S B, IR B SR
IRIH H 2 7E LG R TS BT, e IR OB SR AT TRIE . 4t
S ¢ S U ER AT MOSFET #EATHAERT AL, R S54RI T NanoTCAD ViDES
TR T X IS, SR B, NP 525, FRTEUR T FEE Ve=0.4V.

Vg=0.8V BRI FIRE 3 A, W 5-26.
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EHERFH L REFL L HPRR ST T

i f i
e 4625 14e26 17e26

= l- .‘ | ~i
R : 1.5¢23
HY 3R T 52 4 77 55 Nano TCAD Vides %5 B3¢ H(Va=0.4V, V,=0.8V)

[ 526 Ky 2248
MELREFFIE R 5-25 ISR TIREDAAE 5-26 FERHELEEY L, RE
TE 6% A, HE—BRAE 7 MR 38 45 R e AR 4T

5.4 R~ TEEF MR HHF R R

o

l.OXIO's T T T ¥ T T T T T v T ¥ T
9.0x10° | @ -
8.0x10° | ./ .
< 7.0x10° —k— Tight binding mass P % |
= 6.0x10% F —@— Bulk effective mass /‘ P ay
§ 5.0x10°f /" g .
E i / L
2 4.0x10° ® .
(=] N / / e
£ ol " & X .
= 3.0x10 Paris
[ - -
S 2.0x10°F . Ll Tsi=1.5nm 7
1.0x10° | & L=8nm
o Vas=0.4V 1
0.0 o——0-0— .
_LGXIO-G [ 1 " 1 i 1 2 1 N 1 " 1 4 1
00 01 02 03 04 05 06
Gate voltate, Ves(V)

B 5-07 BT BRI A MR B AVAEES JOR B T4 S B bt

IR RE A T A S T, BEEAUKER B AN, 9REmResim s
WEERAE T IRRAIECE, B AR BRI 50 LB B . (AU SR BB sp3dSs*
TR ERE, tEEREREERN L5 40K, MK 84k, BRKER 1
X10%cm” LA A454E, RN 5& TARE R 2104 BT HE, In
B 5-27. BB, RIIHEERFEERIRE, GlElEEN 0.5V R,
T sp3d5s* ERAHVERIBIT N 4.67X10°A, METHESHMEROEERT
6.42X10°A. RAGEEE MRET S4B B ER &N . S0RY—
ol RILIET spadSs* B BRI 2 B SN s, BeE
 BIHERREE, RIS FTABHE RO T A 5 SR T A L R A B TR R
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A IMAEENBX R R T R MR

sk RFEE 5 kS, BEHECARSRRNEERSD, TEEH
WLk, SR T RE BRI,

5-08 i TE MG TR BE Ve X BERERBFENEMN. BE
Vi BRI, JRSENRIBRIR TEEIR/, (AR S . MERRERX
o, RIS Ve BmEs, EERACKERED, KEHRKT 5, BRHNIRE
VIR T T s i, RUBER Vo 3N, WREMNRMREERER
BRI,

7.0x10°

1E-5 p———T1—
F [ —— V 45=0.05V ) _—
1E-6 | | —0— Vds=0.4V |
- ; 45.0x10° ~
% i Tsi=1.5nm ! %
= B L=8nm {4.0x10 3
5 i - 5
3 5 =
= 1E-8F 43.0x10° 5
3] 3 ] <
= =
= - 42.0x10° 'F
& 1E9f ] a
; 41.0x10°
1E-10 Ly e a1 oo
00 01 02 03 04 05 06
Gate voltate, Vg(V)

B 5-28 AFIRIR IR Vo X1 T2 HE B A ERI R

] 5-20 45t T OE ML A FHHG L 304 B S R R I OB SRIE AL R
SAEGREENUE R, ST U BGEE RN R S, SENVRIE, TOVAE KRR
T T I KR 58, LR B A 2V B . TOZE TR X
B, BEZ L MOw/N, dbEEFE, EEERETE, B84 LR, BOHER
B ERN, BME L=3 GeKE, XTEWERRHRAE RFIMNHIER. K%
%5 35 O R B R T BT R U B R, 0 5-30 FUR, BRI
INEAE AN T B B FRAT, 355 AR A5 1 0 (e R B, (R A MMk rR it
il Lttélﬁﬁké)%f@?d\H‘J'ﬁ"’iE%f%iﬁ&ﬁﬁﬁ#%%ﬁ%#lﬁl{’ﬁE{Jﬁfj‘?%o
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Drain current, las(A)

1E-5 5
1E-6 F E
1E-7F 3
1E-8 Tsi=1.5nm 1
Vas=0.4V
1E9} == L=3nm 1
3 ~CO—L=8nm 3
]E-IO - 1 N 1 . 1 A a 1 a (] 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Gate voltate, Vgs(V)

1E-4 p—p—r—

5-29 fiH< L 3 B M (B AR R R

bttt R
1E-5 Tsi=2ﬂm .
< [ "o :
= IE6f o Tsi=1.5nm 3
- 3 / 3
=] O ]
g BT} d 1
= : / L=8nm 3
E ] O Vas=0.4V A
= 1E-8 3 / 3
[ o] ]
lE'9 B 1 /. 1 1 1 1 A 1 1 by
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Gate voltate, Vg(V)
5-30 GKER T T X R T M R AR E R B2
] ] 1 T
IESE {1.4x10°
[ | —+—Lsd=3nm g i
1E-6L —— Lsd=4nm - 1.2x10
=y E | == Lsd=6nm oy
= - y 41.0x10°%
2 r 1=8nm 1 R
< 1E-7  Tsi=L5nm 18.0x10¢ £
Fod 3 I &
5| // 16.0x10°
& S ] £
& 3 ~44.0x10° &
a i : a
1E-9 k 42.0x10°*
o d0.0
i M 1 s L i [l i [ i 1 i 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Gate voltate, Vgs(V)
A

B 5-31 IR KT Lo X RSG5 2 (R AR R 1 1Y
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EFRAF- TR REFMRT RIR R RS AT

Fsk s, FRXKERKEMETSHE 5, SR KER N
10 Gk LU TR, EREXKKESWIEME, EpmtipEzgn, wE 5-31. 348
PHERIER R, BEEVERKE LR, SRS A RERE. s erss
I, 2T S A T M AR, 0 S KR A M, 7
Lo Boant, DERARA, FITFREER, MRERSHMMIRA.

7 5-32 BN T BATREER T4 B M B . B IS AR BE R 1 75,
SRR T A K TEBE Y EF, (LA 50 745 s, {5 VR ol 2B 2 3
B AR R LT, BT RE K . HRIX A X B0 T A HOVR EE R0,
DI BA TR i st 2 S0, 77 R R B S M B e b . 4R, 0
R S B —RE, B RIRIT R E S R R IO SRR, DA
LR B R ROV

L | T ¥ L] ] ] j

1E-5 | O—Rg e o

- 1E6k .
z 3 / E
;* 1E-7 / —o—Nd=1e19(cm™)| 1
x i 5; —s—Nd=3e19(em3)|
S IES| 4 —o— Nd=5e19(em™)| 4
|- E/ / L=8nm
2 Eol I Va=0.4V 4
/ Tsi=1.5nm
) : -
_] 1 " " [ A i 1 2 1 i
00 01 02 03 04 05 06

- Gate voltate, Vgs(V)

P 5-32 B3R B Ny X L8 St 2 A AR RO 220
1E-3 T T T ¥ T T T T T v T v T T T L
1E4F E

z ]
i 1E5F 1
= L=3nm 1
« 1E-

el Vies0.4V ;
= Nd=1e19¢m 1
o 1E-7F 7
E —s’+— Experimental data ]
5 1E-8 | —_— Home-made Simulator ]

1E_9 ] i 1 A [} A 1 i ] A 1 " b thid 1

01 00 01 02 03 04 05 06
Gate voltage, Vei(V) %,
B 5-33 3 R H MBS RS ER SRR

116



Ao S AT ‘  ERR TR

KB RS — 54808 3 90K, FIRT S 3 GPRIHC B B4 BRI 45
BT, WmELERaEr, mE 5-33. EHETEREEAERNEAE T
WOz, AEEES, BRADEERRFERENTIENKTE. BRIBESLE
?ﬁﬁﬁﬁ,ﬂ%&%%%#%ﬁﬁﬁﬁ%ﬁw%m%,@m%ﬁ&ﬁ%ﬁﬁm
HEWE, MEBRTFHEZE, EEIFA R TENES R, FREHL R R A
MK Lesity, MHERe /R T AMEH, FIHRELER S TR{EREH EEE
itk . it DR IR T S AR, R B WS ARSI e AR RAR
HT BRIt RIE, R B a8 T 2K PRAHE R RORI = E.

£ 3 GURHHCRI[100) @ MRS a8, SIAR AR, BF TR RRL
7 AR, W 5-34. RILFIR R R RLAIE R AR (B,
A TE B R R S M G o VB SRR, RN 5 5, SINGRE R,
Remr 45 R AT, (RESR FEBRE. HEEIKEIEEN 1.5 UK,
Rz 77 5| B Re TR BN, TRRIE R B MG T Ge A1 of - T BE2 M3
[F 0 B HE L T, B EEL B A, BN FEERR TR
X TIEAE I PR ) RS 5 2 % 884 i AT SR FHE FH .

. Y Y 2.0x10°
1E=5 -1.8x10°
E L=3nm ] =
L Tsi=1.5nm 1 1'6!‘105
=z 3 11.2x10° 2
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o3 ] =
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= 1 s
~ 6 =
a 1E-8f —¢— 1% (Tensile) 14-0x107 &
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B 5-34 BHIRL I T H A S F RS A A R
5-35 JEIR T R R[110] 6 M) BIG0K 26 o 45 281 FT 45l IR B2 [100] i 1] 14
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PARLFHFETEARA N 2 EFIF, EEHEHABZ[I00]HT REA LK
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BESERS, LABL(110]& MK EFER BRE K. METRERSH, WEHHE
MEBIIREGER, £BMIHERIEHIA R &R,

lE'4: T T T ¥ T T T ¥ T ¥ T ¥ T 5
F o 11.8x10°
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1E-5F 1.4x10°
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B 5-35 AN[E] & 7 45 3 M8 1R OB RS 1
551N &5

ABET sp3dss* ERBUTMFEIH THGOKLREN S, BT AR
FE R~ RN [ oo AR A MR B, SR A SRR T VR IR U RE W 2
B, HEE T RSIRRERT RE A A HI R, F5 B T R RL ) R 4R L A7 R e 1 A
EVER AL RN TR T 5 T F a4 i el B s BES i S AR5 PE R
2, HRT 10 KT AUEE AR LR rReE, AR S (FEMRIR
R~FF R E SRR TR 9K 2 B AE U5 (RIE RATRRME . 2T 30ENH], BTk
LLES IR . RINIRIL T RO BRI & e 2 R 45 3 P RE RO RE T o

EBF RS EREERSRET R ET N5, ANFERTRIE 8
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ERE RENRE

LM HER T S SR E RIHHERE S, RN TR 7 RELE L
B T RAEMYELRE], GERAT BN, TEEFRILRES
MRS ZRE. MEESMEMFAERNE, SFERTZRENERRAFE
2T oc Bt B, BRRE L L BIE /N 71 . A TARE X T2 AR
B S B ZI AN S S MR 23 S RE BE RO IR B, TR IR RER M RALHIR S s &3¢
45 51 3R BN B 7 B R IR B R RO ol B, BINHREE 9P TR RE T XER PR R
T4 B A TAMBE, FRET EREEUTENIEF SR iz
CHIBILEE . 7E 6.1 TR RBNFARR G RRIFLETEIH M, 62 T
xR TARHITRE.

6.1 REMEIFEDLE

() EHMBRBEEEAMBIOTES MBI, PIRT 2 ARUTHAE
B A A A R R ST BB AR . RO 2 A . RE IR FF s
R R B, B S5 RS R L, S5 RR A T B R E
A Y T B AR A MR B O T B AR BN S5 i R AR
SR IRR, 4R SRR A1 AR MR I B A T 15 2R VR B RO R
58 Tl B PR R S 0 T B A M TSR, 420 T TE45 384 Fin (A45 19 S50 R0 IRH
OIS TR, B SRR T A B MR LA T4 S s
HIAE Y, 45| A High-k Spacer | F A f SIS0 B E M restzh, [FIR
T BB M, TS S S O R LB

Q) 25T H = SR RIS T R R R A o4 S P R OB
IR T S U R I A s BT B RMEEFHN 2 BTN %%
AR S I AR, TOUE T ST L S R B A T B S £
G R BB T b, B T 4 S R T S A RO B (A R A A RS O B
H % GG B S B, T PR R RS 2 M M AR K, (7
MEZEEZA, TR TS — S it KB b 5 R
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