7.MOSFETs in ICs—Scaling,Leakage,and Other Topics
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FIGURE 7-2 The current that flaws at Vg < V| is called the subthreshold current. Vi~ 0.2V,
The lowerfwpper curves are for Vg =50 mVi1.2 W After Ref [2]. (b) When Vg i5 Increased,
E: at the surface is pulled closer to Ef, causing ag and g to rise; (¢) eguivalent capacitance
metwork: (d) subthreshold I-V with V5 and [ Swing, 8, is the inverse of the slope in the
subthreshold regaon.
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The Effect of Interface States
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FIGURE 7-3 (a) Most of the interface states are empty because they are above Eg. (b) At
another V,, most of the interface states are filled with electrons. As a result, the interface
charge density changes with V.
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FIGURE 7-4 IV{l decreases at very small Ly, This phenomenon is called Vi roll-off. It
determines the minimum acceptable L, because I 1s too large when Vi becomes too low or

too sensitive to Lg.
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FIGURE 7-5 a—d: Energy band diagram from source to drain when V=0V and V=V
a-b long channel; c—d short channel.
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FIGURE 7-6 Schematic two-capacitor network in MOSFET. Cy models the electrostatic
coupling between the channel and the drain. As the channel length is reduced, drain to
“channel” distance is reduced: therefore, Cy increases.
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FIGURE 7-7 In the past, the gate oxide thickness has been scaled roughly in proportion to
the line width.

7.4 REDUCING GATE-INSULATOR ELECTRICAL THICKNESS AND
TUNNELING LEAKAGE
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FIGURE 7-8 (a) Energy band diagram in inversion showing electron tunneling path through

the gate oxide; (b) 1.2 nm SiO; conducts 10° A/em? of leakage current. High-k dielectric such

as HfO, allows several orders lower leakage current to pass. (After [6]. © 2003 IEEE.)
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7.5 HOW TO REDUCE Wdep
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FIGURE 7-9 Energy diagram of a steep-retrograde doped MOSFET at the threshold
condition.
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7.6 SHALLOW JUNCTION AND METAL SOURCE/DRAIN MOSFET
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FIGURE 7-10 Cross-sectional view of a MOSFET drain junction. The shallow junction
extension next to the channel helps to suppress the V; roll-off.
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7.6.1 MOSFET with Metal Source/Drain
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Metal Gate ?éflfetral
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Channel
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Channel
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Conventional MOSFET
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Vg =V N* NT '
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FIGURE 7-11 (a) Mectal sourcc/drain is the ultimate way to rcduce the increasingly
important parasitic resistance; (b) energy band diagrams in the off state; (c) in the on state

there may be energy barriers impeding current flow. These barriers do not exist in the
conventional MOSFET (d) and must be minimized.
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7.7 TRADE-OFF BETWEEN Ion AND I+ AND DESIGN FOR
MANUFACTURING
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FIGURE 7-12 Log [ vs. linear [, The spread in [, (and [g) is due to the presence of
several slightly different drawn Lgs and unintentional manufacturing variations in L and V.

(After [2]. © 2003 IEEE.)

K 7-12 BoR 17— RESAEE DRSS R log loff vs lon FIHIZ[2]. P2 AT HZIRBIE . BRI lon 251 R K
(¥ 1off. lon (E 10ff) IHUATK H T Lg A1 vt KIRIRTVE 2L i Z AATE K A B R Z AL S .

FAR O IR R HT lon Al 1off Z IR H,  RIHE BRI ThHE

—ANLEARME R BITE 2 23 (HEEZ) 4> ve Rk HE. — D RKIHEEETTREE S0 (U & v (E sk
e SeBEAT FELBR IR P77 FUOR I e B2 7 R R 5 S B AR M LB . BRSSO TR e AR R e
RS 7 FE g o — DAL 7 2 SR Bl 0 vdd o & vdd 8 T 5 2 i i) — /N7 FLER, TG vdld P T
s . SR vdd S fit T R AGE R, I SV R i ve (DUIIR D . HEFEREhA TR (WA 6.7.6) fE
B HI AR, BV KE 7 B TAEZEMR vdd T

T AN ST RS TR AR R v, — 28 R RS RAE 453 5 10 IR 1) PN 75 2 AR RS, oAt s i A TR B A
BERE . vt AT DA E B DASE R lon, IXEEHUBR AT A TAE Tl —PPHmE R, vsb (553X 6.4.6)

N T HoA e BRSO 7 Ve, SIS IR o IR IR 75 R R 1 FELER SR 1) Vsb 75 LA I T AR 1] o

O B AR WL T — R R -0 8], BR-REEE] ve (R 22, %W ZERk B T8RRI AR Stk T4
PR AL Z AN T S R 22 o V1 220 SR A 7 A R B BT AT R R AR B T SR A A 7= s 22 P 1) . X e R
PR DFMe — A EZ MR ZF 2% TR g Mzl A k. —SmZESL s RE T BRI
7o HAME > 2 AR AT B, MERGRE. REREN DT ROCZIK I H T pattern FDEEHITH.

11



KELHIVERY OPC EIBYCEIRAIEA pattern SKAMEFESR pattern B, B—MIFERFITHBRIZMN , MOSFET
BOEE AR AR OBEEAFTLE RN stress effect BTZE , 4N shallow trenchisolation Bj#& Efth MOSFET, BRAMFETER
BILAD WAL ( mechanical strain ), FETFHEBEMTIN Ion |, (RERIGERRRM lon (ERRRIGERHIVMAES
R, — I \BEHRENGIF2EIZIRFZETE ( poly-crystalline Si) AYEHAIS [#2HY gate edge roughness 5K 404

( waviness ), FS—MERERIGIFEEENISZADIEED ( random dopant fluctuation) B . —4~/NR MOSFET A 1#

ARET IEEAMEAM B ST 2 A T BB R R R KA. IXEOR T RB BT, EERAERHAR, &
T A RN BE AL 22 -

7.8 ULTRA-THIN-BODY SOl AND MULTIGATE MOSFET;s

5 D

i {d |
ho ST N,

Leak-age path

FIGURE 7-12 The drain could still have more control than the gate along another leakage
current path that is some distance below the Si surface.

H 2Pl MOSFET 2544, AII8/N3Z Vit roll-off 520, S S VMR K FE 40 /N k4% 48 MOSFET HIRR . Bl 7-6 45 T HIA
7-5 Fro (PR R s 2 TR V4D 30 A 2 v 1 167 B 3 LU B o JRATTAR L S R A AN -V T8 ) () L2, /M TR i -V T
WA . FA BRI I B AR, RATAT LU ATBENN Tox. Nk EIE# HiR, TATATLULATREREAR Wdep F1 Xjo 48
INIZ S RSTORER R AE T o SEPRAIRILZ RS . fEWBIMEX, Tox J& Toxe (%X 7.3.4) R/NI—ER%, BN &E)Z
JERE Tinv (ML 5.9 1) R K. s Tox BElERIR/N . XA — AN 522 0T A 22 m BE Rl AE /0, (HIXANAE Si 3R
TRA . WE AR, W 7-13 1 Si R R — AP, drain 3kl gate Ui 5 K I3sHIRE ). TEIXA
T)Z) (submerged) X4, MHKEIfHEGE, WHIEH] J11R59. Drain i ERE F R A 2254, RO VFR BRI IX
ANTFUCX IR A 2 Pl A 45 1 mT DAVH R IX /28 25 AR () F % 42 [10] . —Fli2 ultra-thin-body MOSFET or UTB
MOSFET. % —Ff/& multigate MOSFET. Al TR IR .
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7.8.1 Ultra-Thin-Body MOSFET and SOI

ource
10,

FIGURE 7-14 The SEM cross section of UTB device. (After [11]. © 2000 IEEE.)
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Drain current, Iy (A/pm)
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1['—‘] 1 ! | ! | ! | ! | !
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Gate voltage, V, (V)

FIGURE 7-15 The subthreshold leakage is reduced as the Si film (transistor body) is made
thinner. Ly = 15 nm. (After [11]. © 2000 IEEE.)
A 2 RTINS AR . — N2 E T ultra-thin-body 2544, H1El 7-14[11]. X b SRR W HIAEE—A
“dugk)Z (Si02) L) Si N . BT Si BERE, ZHUNT 10nm, BATRHEER, R s iz i Bk
RAENYE S IR ) Bk, M nr DU & 4sliR . B 7-15 8o 7 BMEIR RS Si MR, W
BoRT, N S B LK 7.3.4 i Wdep AT Xj, IXFE Lg BT LLEBIRE Tsi, Si fRESELEIGE N, Tis Ni%
UM B K /N —2F=,  LA3RTS UTB MOSFET 7E scaling L [Jf£ % . UTB MOSFET, & 1" Multigate MOSFET, #2{it
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THRAMO SR . BT DA EVES R MRS/ 1d (X 7.3.4), SRRy e .

XoJ FEL P T A e A ) body effect (UL 6.4 715) Wl #E i FR, PR IRE SE AR, nIEAS, AN E .
UTB MOSFET [#)— kil & 5K 1) source/drain L FH B T-Ath AT 49 J5 BBE o At 0 925 A2 Jl et A 3T € SR & source/drain.
Wi ¥ =) source/drain W&l 7-14.7-15.

SOI-Silicon on Insulator

WaferAT  WaferB

~—a
[
SOOI wafer

=
==

*’m‘
L NewA

7-16 fon T HIME SOl fa B PR (LG i (B I RN bulk silicon dibd, DURXOID . R 1 2 Ml ghEEA
A, ZEamBERTNE —)Z sio2 . SR FIREARIT MRS D Ak BNE(E . IR 2 24 5 — A E B TE
552 MO b ax 2 A B R T A SE B MR . — MR IIR K 5 R 2 MR AR A TE— . DI 3
JE N 5 — AN B KPR RE N AR FERE D &b, RAEE R —MENIERE 7RI X274 785 L
BN SR BN IX NS T . feJa—20, B4, WOLXMRE. Ak, SOl &R 5.

X2 Si AR KR E, &A1 1C 477 B A8 A ultra-thin body, SOI #2{{t T —ANid EE AL %5, A source/drain-body
H4E B2 LT AR 8 22 B Y, 24 source AT drain 47 Hi X 3 BB ZE 141 21| buried oxide . SOI i [&] F 3 A B i T — L) A 1
BT IC S BIRRA . TR E, BIHAONIE AL m RS I s R A AR R T X R 2
7-17 J&—A> SOl L2 T B . sol TZiea Ha sl AdFEH N, FOve AmES 45, 1w
ultra-thin-body MOSFET #1—%& multigate MOSFET &5, ‘EAIA Tt — D45 /A B, AH EL A ISR MOSFET,
PRAE T A R IE .

New B



Buried Oxide

T Silicon substrate

FIGURE 7-17 The cross-sectional electron micrograph of an SOI integrated circuit. The lower
level structures are transistors and contacts. The upper two levels are the vias and the
interconnects, which employ multiple layers of materials to achieve better reliability and etch stops.

7.8.2 FinFET - Multigate MOSFET

Gate |

FIGURE 7-18 A schematic sketch of a double-gate MOSFET with gates connected.

552 PR BRIR T TR AR 1 7 V2 NI ) — s tE R s, an ] 7-18. i MR T LA TTE 2 AR A1
T (RZEBRAERAYE SR B, 2 MRS A sl B, M T4 5 MOSFET. B NABATA it
— NI, X R EERIBFR N multigate MOSFET. 8] 7-18 454 Y XU, MOSFET. 4/ Tsi [ 5hHbiE /N Wdep Al
Xj (53X 7.3.4), Vtroll-off BEREINHI LAAA/N Lg 2 LAKEN o ERITHIH AR B AR AL T A R HBL S, Si B2 7840 #E
S, Si 2RI L 3AAE W BBV BBl N BE A Vemv 28R mv R0 L N s, B 7-2¢ Bn B HEIE S BB AT
T, FX 724 MnSETEAER 1, loff dEH /DN AUEBIVAEREK Wdep. 1X T TR/ EH HIH R D
M2 BN, SRITERERE (W63 7). a, A 2 /Ml (MK kMRS R, ETiXeFER,
—A multigate MOSFET A DA EL B4R MOSFET A 451 Lg, FEAKAI 1off, AIEE KM lon. {HA&, A AN, a4
7% multigate MOSFET?

A —Fl multigate £5 2 AEFH B WS A0, BT HGE R4 5%, WK 7-19, FERE 7-19 R0, T2 H—
He sol & B 8L — AT Si dn 45 . @i 2RI ZI R IE— 68 (fin) TR/ Sic MR RERIZNERR L. £
n M R DT BEAEBE T b, MR 2RI RN e . B 5, HEAT source/drain J N
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Tall Short Nanowire
FinFET FinFET FET
FIGURE 7-19 Variations of FinFET. Tall FInFET has the advantage of providing a large W
and therefore large [, while occupying a small footprint. Short FinFET has the advantage of
less challenging lithography and etching. Nanowire FET gives the gate even more control over
the transistor body by surrounding it. FinFETS can also be fabricated on bulk Si substrates.
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7-19 W 2S5 2 18] 7-18 TR KR U BE AR 1) multigate 4544 . X FREEHIBERR Y FinFET, KT Si AT

T EE[13]). VAIEA 2 TR EL AR AEE RO TG AL R . VATE TR W, & 2 45 R i AN 98 5 22 A1

FinFET [ —28254k, G/ 7-19. & FinFET o] ALK W, BIA K ton, 10 AAR/NM TR .
T B A2 AR X PP IO, S8 TR T AR AR A IR 1] Vit roll-off FI4% il HL o X PP &5 I Bkl 3 Mt MOSFET .

55 3 FhAR AR S IR B8 B 22 i 45 Si 2RI . et T FRCN nanowire FET, ‘& HI4T WA 7-20 Fiow, ‘e nl LAf# A 2
BRI A MOSET (7 VA ISR . FinFET 1) Lg i LAZNEE 3nm, CUBESEIR I EORE A S A4 46 /N L il i e 42

ST AR PR L A1 R

Gate Drain
Source
I T [ T [ T
B v R=125mm ]
105 |- T, =1.50m S EES
- L=1pm
g 1B L R=25nm ]
= L i
& 1E-9 +— —
5 L i
L]
E 1E-11 + —
& L i
1E-13 —
L L 3-D simulation -
1E-154 — modzl —
1E-17" [ L]
0.0 0.5 1.0 1.5 2.0

Gaate voltage (V)

Drain current (A)

K510 FInFET AR

14 % 107° T i | | T
~ e 3-Dsimulation o069
12% 1075 model V=2V —
s | R=25nmm
=3 = —
1.0 % 10 T,=1.5nm
| L=1um
£0x 1076 = 1 -
6.0 % 107°
40 % 1070
20 % 107°°
0.0
0.0 0.5 1.0 1.5 2.0

Dirain voltage (V)

FIGURE 7-20 Simulated I-V curves of a nanowire MOSFET. R is the nanowire radius. (After [16].)

7.9 OUTPUT CONDUCTANCE

B th S ANBR ] T AR AR B

ROAE 6.13 B SR, ERYRBIAIEEE S vt roll-off [ K AN ER 147 &

DIk &. Bk, AREATR D EERHI RS
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IS HIGE THnth 3a8? EEATN AKX 6.13.1 144,

dfdsat _ dfdsat th

Ss=qv,. T av, avg (7.9.1)
KM 1ds /& Vgs-Vt R £ [ 6.9.11], 1REAE

Algsr _ =g _

W - W = ~&msat (7.9.2)
Ja— e X gmsat, H1Z%R 6.6.8 4. B iﬁ733, 7.9.1 W UUHESH

Eds = Smsat ™ et (7.93)

Instrinsic voltage gain = % = ek (7.9.4)
5

AAEH RS 25 R 6.13.5 4. 2 7.3.3 FHINIIN vds A LA/ Vie XA R4 Ids $7SE R N AS S A
i F Y9 drain/channel - RS A 51, X F1 Vit roll-off A2 4H [R] IATLEE o X 5l 42 N2 4 J VA TE 1) MOSFET A 52K gds.
RTINS gds BRIGINANESE 25, AT ABE R L B8id/N 1de 2975 BRI f 48 25 i, R TR il B 2 A R Lk T
SHER BN KB LR Lo W8/ 1d 2 884 TR R TAE, 250 7.3.4 ZMM1ERIES . k&SNS
7 Vtroll-off, WIK/NT gds,$EE 1 HEE

Vt XJ Vds B PE & RV TE MOSFET it S A F 25 . KR LR, Vds 1 Vdsat, 75 —/NX) gds 2RI DT kAL ER
FEVE KRS —A Vds-Vdsat [ HELE 2B SR E 3 drain 3 07AE b XANEERIRE vds BN . 255, B
IVATE K FERE A Vvds BTk REET L 1 1ds 22— BELIG N AN 2 B R fWAT . S2a K B il 52 1Y) gds i
(o]

"rd ) J‘[4:]5'11
= - 7.9.5
Sds L( Vds - 1"frltlsat) ( )

ld %50 7.3.4 5. gds B0 nT LA K L, /NI Tox, Xj, Wdep SR .
7.10 DEVICE AND PROCESS SIMULATION

BAEA FMAG T BN B TERR . UL RIERIRD tHEABH A A (i, (£ Fermi-Dirac 4ttt i
A2 Boltzman Il XEEA KRR RN KM, B4, Fermi-Dirac ME%, AEHNBRYE T, ERNY HH
i, BRESE AN, AN SRR DN EER T RS TR 7 ST AR PE [ . X% T 7
T & BTAREIN AR AR A A A B . (7 LA R 7 I 7-15 A 7-20 8N EIERGRAE SR 1 L Bl 2 L/
I 77 LI [ SR SRAT 1 o

B T EETR, A TEM R i E L0 H TARMRAGZICRIER pattern, JEAFIE, fit
FAEKFNRIOP R A4, T2 R4 —A> 2 4kl 4 4450, B8 7T rauifl, sUEK, ?IJLEE
fii 5 SRT LU [ At A £ Fb R A TR E — R [ 45 2R R4 L35

O, "
FRAN5 2% [X 45k o

7.11 MOSFET COMPACT MODEL FOR CIRCUIT SIMULATION

HUBR BB T LURE B, AR, WTEER), (TREEILAZRILT, HAEEE MOSFET HIHLEK. KL AIIRIE DC
BAE, RF PRAE, BUUAE, 7 HE, memory, fUCEESS IC. EHERJTE T, MOSFET HiZpHrasCREs, Xk
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ARIMA TSR] 2 mrha A BMAKXPIINT ARSI E 2 407, XEBRRR YR SRR DL
AT TEEA R, AHEE T 7.10 SR T LA

A AR S (layout design rules) F&F AR TV 2 #i70 — T Z/ 4B Mih /= s Al . — MBI
& MOSFET fESEVEH L, L W AR BT amiiT o, AKX RIS Bk, — BT
A, EWEA R, S ERAE AR HAh B BRI e . — A RITEE R LA AN R R
& BN ar B AR AL, DAt R T A A

fE—BIEN, JLPFRDNAREHSITRENTH CEEaRM, 7F 1997 4, — A TlbrE42lER BSIM 15— 4
TAVARHERIRL . U1 2R BSIM [ 1ds 2 AR RAE paper £, 2 o5 4 LT BT »

K 7-21 BoR 1A SRR B SR N LLAT DL ] S S R (R TSR [19] . XTERABIAUR L, X HELBR BT EORINAE
i LA W ARG B R S B AT N B 7-22 BoR TIXMEETT. BRa, AN ROER SR A T R AR A
AR PRI U7 HN ). B T N AT P ghiAsh, BRI TR, MR SR AR, source/drain 45
TR . MR R U AR SR

/L =10.004, T=27"C, Vg =0V

WiL =20.0/04, T=27°C,Vy= .05V

4.84 Vs (V) = Vs (V) =
_nmasimpmmsesiusseniat ) () —4 0.00
- b 2.50 I ~0.66
i ieeennii} 3.00 iR 1.32
_iasnans 3.50 6 p Moe —1.98
rd 400 _ e —~2.64
~ 250 : - e sen y T —-3.3
- ;" Y S 5 —7 "Iifl"' 3.30
E ;i’/ ~ LT Linesi: model
- 1.04 L i,l e r—rl"'.—.—r-I-I-ll-I-ll‘l'Il'rl""' En —8 ‘.' Jiu'lln?:lr'.lr Symb Dls : dats
' e —o |1
.i':&f Y 1 L1 T LI LT LR 1 'I??.ﬁ
II#..' f.‘-.--n'r - ID dl'?'ﬁ"
Lines :imodel 11 ".??F'
Symbals : data 1l
0 —12 1l
0.0 0.8 1.6 24 32 4.0 0.0 0.66 1.32 1.98 2.64 33
Va(V) Vy (V)

FIGURE 7-21 Selected comparisons of BSIM and measured device data to illustrate the accuracy of a

compact model. (After [18].)

1.6
W =20pm T, =9nm | —
L 8 . W =20 pm
1.4 . Vs = 33V | G V=329V T —9mm
Vi. = =264V V.. =0V
— - N B =2 v sub
1.2 — Ve~ Closv| _ 6 Vi = 2.707
Z 10l V=12V E T Vs = 2122V
S Vis = —0.66 V 3 4 Vi = 1537V
! : ] ~
081 i Vg = 0,952V
0.6 o Ves 2 0V 2 -
0.4 I | | | 0 o
0 1 2 3 4 5 6 0 1 2 3 4 5
L (pm) L (pm)

FIGURE 7-22 A compact model needs to accurately model the transistor behaviors for any L and W that
circuit designers may specify. (After [19]. © 1997 IEEE.)
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7.12 CHARTER SUMMARY

N T BRAREAS, S B AN BT ISR, AR AR RN L LR S s /N o 3R /NI MOSFET #IE B A 1R K1
JRHET, BEFRN loff. loff IIFE AR ZH Rl 432 0 ) B FL I
W —ﬂVf.‘r;rkT W -V./8
Iﬂff(nA) 100 - L = 100 - E - 10
S R BMEIENE . N T 1off IR T4 /KT, FTE—DNR/AIAESZ Ve AFEHZE, K vt X lon FEE & F 3
M. Rk, 18K Toxe/Wdep FOLEAE R AR S 2R EE R, M H, Ve BE L, XBEBEFA Vi roll-off, H DIBL
5.

(7.2.8)

L1,

-

V=V (Ve +0.4V)-e (73.3

——

t-long —

where  Iyoc 3T WiepX; (7.3.4)

BTVt A2 L IBUS RS, BRSO nmD) AR ZR 251 Vi, 1off, lon BIA FEM. N T RV LIV, 5%
X 7.3.3 KW, Id LUK, ED Toxe, Wdep, /5% Xj D5k o

Tox HI/N JLF- 32 BR T M 5% 2 e e (gate tunneling  leakge), X AT LU M-k /i, &0 HfO2 B 4K sio2 Sk
. 4RI I Y K poly-Si MR FE S AR AT LAY /N Toxe

Wdep AJ LLiid retrograde body doping Ki#/)No Xj AT LLiE It mS  flash annealing (GiB/k) Y34 4 JER-JK MOSFET 45
PRI/ o Xj F Wdep tHFTIEIT ultra-thin body SOI #8445 #4502 Ml MOSFET 254K k7N . BE B L (102, IX 4l
ZERIHERR T ERE T RIRERERAE, e AR BRI

S50 7.3.3 4L T —AN S, VA SIARE T SR,

L+l
Eds = Smsat XE ! {793)
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