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Lecture 3

e Thin-Body MOSFET Electrostatics

— Improved short-channel effect
— Subthreshold Swing
— Effective Drive Current (lgg¢)

Reading:
- multiple research articles (reference list at the end of this
lecture)
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Thin-Body MOSFET Electrostatics:
Qualitatively
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Planar Bulk MOSFET’s Scale Length:
A More Rigorous Solving

Steps: | | R.-H. Yan, T-ED (1992)
1. Solve 2-D Poisson’s equation:
62([) az(p qNA a_(p:_gox.VG_VFB_(pat x=0
dx2 + > = Es; 0x €si Lox
0]
with boundary conditions as: a=0 beyond X, BORE
: : : Substrate
2. One can get parabolic potential profile along x: E—
X
@(x,y) = () + 4, (1) - x + 4,(0 (1) - 2 ———————]
3. Evaluate @ at surface: oF IR
62(P+VG_VFB_(p:qNA AN el

dy? [2 Esi

Conduction band edge [eV]
(=)
L/

Egi
where [ = \/g—l toxXdep is called the Scale Length
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Double Gate FINFET

K. Suzuki, T-ED (1993)
Potential ¢(x)

Planar DG-FET Vertical FinFET

Fin Width = tg
1. Solve 2-D Poisson’s equation:

s t
02 az N Si 0xX
P + ki = 174 with boundary conditions as: 6_(p 0 _ Lg
0x*  0y* & o at x=—r
2. Assume parabolic potential profile along x:
e(x,y) = () + A1 (9() - x + Ay(0()) - x?
3. Evaluate ¢ at center of the fin by substituting x = % ;
azq)c VG _ VFB — Q. _ qNA
V2 e £ toi
9/16/2013 y itoxtSi(l + —0X i) €si 4

2"fox 4'€Si tox



Planar Ultra-Thin-Body SOl MOSFET

K. K. Young, T-ED (1989)

UTB (Fully-Depleted) SOl MOSFET

L Potential ¢(x)
l_,y i€ gEI 0 -
X COX\\
Csi -~
0 : : E Jra Si
Cyo--¢ Buried Oxide
Substrate -
ai =b \; ------------------
. . Depth x _ _
1. Solve 2-D Poisson’s equation: P g_‘p _ _fox Ve Vi — @
02 02 N X €si Cox
3 (E P (E = 1 f4 with boundary conditions as: 5_([) _ _ €ox Voub = Vip — @
y g s 0x Esi tpox
2...3... o
5 (P . (P . qNA h CS_zé'Si ,
dy? 2 Cs: " e where ™Si si
bsi él 2 éCBOX) Cpox=€ox/tpox
2 (1 + Ox/Cgi + Ox/CBOX) Cox=Eox/tox
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3-D Bulk Tri-Gate MOSFET

Retrograde doping X. Sun, T-ED (2009)

s 1 x Planar bulk Tri-qate bulk

9 Ground-plane Y

o ““Nooa210™2cm? z

2 W tsi
3 w

2 L5 So

§ Na Si Substra

o

> Ground-plane
Depth from top surface z

Need to solve 3-D Poisson’s equation:

2d @2 B2 N,
+ =+t =
dr?  dy? = dz? £s;

Scale length (A) as

I " Sox Z 22 Eox 2.2
a function of z: L | 4 = 2 % s
a 8 Spe = zg _ Egx =% _|_ Eome & 2 _I_ 2
W2 gg; tox Eé: £33 f0~,;f51 £gi toxtls; ?ST
h [13 k 1 1
The “weak spot “peak = Bz 7 - +
locates at: ox 12 tgl
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Tri-Gate MOSFET Aspect Ratio Design

o 7

9/16/2013

J.-W. Yang, T-ED (2005)
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FINFET

Narrow fin
W, ~ Lg/2

Tri-Gate FET

Relaxed fin dimensions
W, > Lg/2; Hg > Lg/5
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Vt (V)

State-of-the-Art Thin-Body MOSFET's
DIBL and V;, Roll-offs

Intel’s 22nm Tri-Gate FETs

C. Auth, VLSI-T (2012)
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Intel’s 32nm Planar FETs

SS ~69mV/dec
DIBL ~46 mV/V

|||||||||||||||||||

PMOS

NMOS

Vds=1.0V

Vds=50mV

0.6

EE 290D, Fall 2013

0.2

VGS (V)

I I I I 1 I |
06 11 075-05-025 0 025 05 0.75 1

Vas (V)

P. Packan, IEDM (2009)



Long-L, SS: FINFET

_ o avg  deg  dVg
~dlogylp,  dlogl, des

SS
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Long-L, SS: UTB SOI MOSFET

L
<> Ve oo W __dos AV
Cox=T= dlog oI, dlogolp, deg
CSi —l— ¢Sf
Psh
U Jrea Si CBOX——
Buried Oxide o
Substrate Veub
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Drain current (A)

Impact of {5; on Short-L; SS:
FINFET

Simulation Results from DG FIinFET .
102 « SS degradation due to the

iIncreased junction capacitance
10% t, = 50 nm as well as the reduced gate
! coupling as tg; increases.
10 40 nm ,
. - 25 nm\‘.:;:"
107+ 20 nm, Y
10 to, = 5nm
LSS V., =1.0V
1072 v e
0.0 0.5 1.0 1.5

Gate voltage (V)
K. Suzuki, TED (1993)
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-DIBL [mV/V]

Impact of {5; on Short-L; SS:
UTB SOI MOSFET

Simulation Results from UTB SOl MOSFET

 SS degradation due to the

0.0 150.0
500k 11400 mcrea}Ised erJ]nC[t)llanLC.azaCItinCe
1000 F T =1nm 1 1300 as well as the -IN .UCG
0X ] back channel conduction.
-150.0 | 11200
+—etg=151m ]
-200.0 | e—etg=10nm 111002
250.0 =—atg=Tnm 1100.0 %
A—ik tg;=5nm —
-300.0 190.0
350.0 180.0
-400.0 £ 170.0
450.0 £,
6T 60.0

| | . Short-Lg SS for UTB SOI MOSFET
V. P. Trivedi, T-ED (2003) (assumes top channel conduction):

17t5it0x)

SS(Lg) =kT/q-In10/(1 — L2
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Impact of t5ox on Short-L,
UTB SOI MOSFET Electrostatics

Saddle point: reveals strong DIBL No Saddle point !

‘\.‘- Ny

BOX = 100nm N,
J/ /- _““‘h&\:\.\\‘u“‘\xx — x‘:":‘:k‘-.‘: .

@ Drain-to-Channel |
ff,ﬂ Coupling via BOX .

S NN
:1&3% ‘ Electrostatic potential ‘
= ..—r“' = Thin BOX can suppress the
;, : ff/ /‘_"\] lateral electrostatic coupling

between Drain and Channel
Modification to the existing SS and scale length model:

tsierf = tsi + Atpox where A=0.2-[1+ tan(l.StBLﬂ — 1] Lg
g

tBox

+0.09)

T. Skotnicki, IEDM Short Course (2010)
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UTB”B”: An Ultra Thin-Body & BOX
SOl MOSFET

TEM Source: CEA-Leti TCAD Results e 0. Faynot (CEA-Leti)
- 11 r ’
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 Volume-production-ready UTBB SOI MOSFETs have been successfully
demonstrated, thanks to the advanced SOI substrate technology.

« 3o Serves as an extra knob to further improve the electrostatics by
reducing the scale length, alleviating BOX fringe field coupling and strong
guantum confinement effect.

T. Skotnicki, IEDM Short Course (2010)
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Effective Drive Current (I-eg)

_ _ M. H. Na, IEDM (2002)
*Courtesy of T.-J. King Liu
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I Dependence on DIBL

| — TRl I It is necessary to include DIBL into Ioee vs. loy plots, to
EFF 2 better benchmark digital technologies — loge VS. leer

I~ (340+810)/2=575

1000
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T. Skotnicki, IEDM Short Course (2010)
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State-of-the-Art Thin-Body MOSFET's

9/16/2013

Ioee VS. 1oy & I Plots

Intel’s 22nm Tri-Gate N-FETs
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C. Auth, VLSI-T (2012)
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State-of-the-Art Thin-Body MOSFET's
Ioee VS. Iy & I Plots

Intel’s 22nm Tri-Gate P-FETs
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Reduced Band-to-Band-Tunneling
(BTBT) in FInNFET

TSMC's Lg:25nm MOSFETS BTBT Generation Rates
10°

Planar dem\m'\
Al '
10 "

100x

102 | FInFET

Junction Leakage, | (A.U.)

10" | 100 | 1{]1 II ---1-02
Subthreshold Leakage, |___ (A.U.)

C. C. Wu, IEDM (2010)

« Dueto reduced doping concentration in the fin (channel) region,
BTBT-induced current (reverse PN leakage and GIDL) is
suppressed.
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Summary

« How good athin-body MOSFET is, regarding electrostatics?
Long Channel ===y  Very Short Channel

To DIBL |SS DIBL  |SS
Improve:

Planar SOl MOSFET: tg;, t5ox

UuTB

UTBB

FINFET: W, Hg,

Double
Gate
(Tall)

Tri-Gate
(Flat)
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