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Impending Limit of Bulk MOSFETSs
 Impending limit of bulk MOSFETS

» Gate oxide tunneling

» Threshold voltage limit
» Band-to-band tunneling
» Dopant fluctuation

» Better control of SCEs
» |ldeal subthreshold slope
. _ _ Undoped
» Better mobility without doping Omm—
» No dopant fluctuation Ll




Fabrication Difficulty and Structural
Variety
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Unified Approach to Compact Modeling
of I\/IuIt_lpIe gate I\/IOSFETS

Doubl e-gate (DG) Silicon substrate | Silicon substrate |
Triple-gate (TG) ()-gate

DG and SG MOSFETs can be exactly solved

QG model based on SG model
TG approximated by the average of QG and DG
[M-gate and Q-gate models from TG model
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Compact Modeling

« Bulk MOSFETSs --- All based on the charge
sheet model.

» Poisson’s equation cannot be solved analytically
due to presence of depletion and mobile charge.

» Charge sheet approximation is necessary in all bulk
compact models.

e DG/SG MOSFETSs --- Analytic potential
function without charge-sheet approximation.

» Exact solution to Poisson’s equation is possible due
to the absence of depletion charge.

» Volume inversion in subthreshold region requires a
non-charge-sheet based model.




Analytic Solution for DG MOSFETs

 Poisson’s equation under gradual channel
approximation (GCA) with only mobile charge
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Drain Current for Planar DG MOSFETs

e Drain current model

2
VI\_/ 8t85‘ (ij [—2,8tan,8+,82 —2rf° tanz,B]
Si q
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B, and g, are given by the boundary condition

}: In #—In|cos B|+2rBtan
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for V=V, V, L, = \/258ikT /g°n

» Continuous for all regions of MOSFET operation

» Implicit equations for g, and g,
Taur et al., EDL 2004




Continuous Model Comparison with 2-D

: Numerical simulation
e All regions of MOSFET .
- x 10
operation are covered under Symmetrc oG
. . | idgap Gates
one continuous function

d Linear revgion: B, By~ 12
Ids — 2lucox T(Vg _Vt _Vds /Z)Vds

O Saturation: B, ~ 2, B4 << 1
W 8rk°T? q(VthVds)/kTi|
q°

I :ucox_|:(v V) - )
[ Subthreshold: B, By <<1
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Saturation and “volume
Inversion” in subth. come
naturally from the analytic, =
non-charge-sheet model. e Bl ST I
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Linear scale Ids(norm. to W/L)




Analytic Solution for SG I\/IOSFETS

 Poisson’s equation under GCA
dzw 1 dw
dp® p dp &,

e Drain current model
s=2¢4 In(1+t,, /R) /e,

8reg [ 2KT 2
Ids::u L q

a, and a4 are given by the boundary condition

—Ap-V
1V, ~40=V) |, KZED'j_lnF na+si—%

2KT a

for V=V, V, Jimenez et al., EDL 2004




Explicit Solutions for DG and SG
MOSFETSs --- General Method

Solve f(x;a,b,c)=0; xis an implicit function of a, b, c;
employ a general method similar to PSP’s explicit
solution of surface potential in the charge-sheet model.

1. Guess a continuous starting function % = g(a,b,c)
« Has the appropriate asymptotic behaviors

2. Modify the starting function with correction term
X, =g(a,b,c)+h(a,b,c)
n fgo fgz o fgoz(s f922 — fgl fgs)j fgn _ 0" f(x;a,b,c)

2f 7 6f," 28

x=g(a,b,c)

3. Another correction may be needed to further
Improve accuracy

X, =g(a,b,c)+h(a,b,c)+w(a,b,c)




Explicit Solutions for DG and SG

MOSFETSs --- Accuracy
 Simplified equation for SG 2
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Charge and Capacitance Model
 Ward-Dutton partition method

Qg=—WIQi(y)dy Q =Wj%Qi(y)dy Q, :Wf(l—ijQi(y)dy

« Definitions of transcapacitances

Ckk:& Cklz—& | =k
oV, oV

« Capacitances can be derived as a function of Q, g and |
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Charge/Capacitance Model Validation

Linear Saturation
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Short Channel Effect

2D Poisson’s Eq. in
subthreshold:

2(,20), 2
OXx\ OX ) oy

 Solve 2-D boundary value
problem analytically:

Topgate @ w(-t;/2-t,y)=V,-Ag

Bottom gate:  w(t;/2+1t,y)=V, —Ag,
Source > w(x,00=E,/2q
Drain L w(X,L)=V,+E, /20

O<y<L
O<y<L
—t./2<x<t,/2
—t. /2<x<t, /2




Short Channel Effect

« 2-D potential function in the subthreshold region
w(xy)=—2080 .y _ABTAG,
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Quantum Effect: Poisson + Schrodinger egs.

> Slope: QM effect
degrades the
Inversion capacitance
because of deeper
charge centroid.

7 C
0ox
Electron distribution

of the ground state - = =Quantum
Fermi level — Classical

Eul{g=4} _ a 1 1 . 1 . 1 .
\'- 0. : : 1.2 1.6
V_ (V)

> Vit shift: QM effect
causes higher Vtdue
Conduction-band edge to higher ground state
energy.

Electron energy (V)
[=1

2|n ' 3'0
Distance in silicon (A)




Quantum Effect I

« Compact model for Vt shift AV, =—=——5—
q 2qmt

« Compact model for gate capacitance degradation
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FINFET Hardware Calib

Acknowledgement: Wade
Xiong, Texas Instruments.




Hardware Calibration Procedure

e Start with C-V Data:

» Calibrate Oxide Thickness, Effective Device Width,
with Quantum Mechanical Effects.

« Long Channel Devices:
» Calibrate Mobility from low drain-bias 14-V, data.

e Short Channel Devices:

» Low Drain |-V, --- Calibrate Source-Drain series
resistance.

» SCE: V, rolloff, DIBL, subthreshold slope --- Determine
effective channel length consistent with data.

» High Drain I4-V, and |-V, --- Calibrate saturation
velocity, channel length modulation.




FINFET hardware calibration

| W=154.4nm
L=10um
Iﬂ_=30nm

t =2.21nm

- ox

NF=20

7V =50mV

d=s

Compact Model 4 Compact Model ||
o« Measured Data i s Measured Data | |

1.0 . . . 1.0

Quantum-mechanical models are necessary to
obtain agreement with experimental C-V data.
Mobility model consists of impurity scattering and
phonon scattering terms.

Hatdy 740 E. )
H=—""— where y=—— ;, =540/ 1+ eff
Iy + 14, 1 o B )T # 0.075¢6
0.52e6




FINFET hardware calibration
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Unified Approach to Compact Modeling
of I\/IuIt_lpIe gate I\/IOSFETS

Silicon substrate |

[1-gate

Doubl e-gate (DG) Silicon substrate | thcubstrate |
Triple-gate (TG) ()-gate

DG and SG MOSFETs can be exactly solved.
QG model based on modified SG model.

TG represented by the average of QG and DG.
[M-gate and Q-gate models extended from TG model.




From SG to QG

« Asymptotic behaviors:

» Volume inversion: In subthreshold, Q,, is
proportional to the cross section area of
silicon body.

Surface inversion layer: Far above
threshold, Q,, is proportional to the
perimeter of silicon body. (no visible
corner effect)

e Compare Qm-Vg

Curves of QG and
SG: _

> QG parameters: t., | /T Q6 simuston
H, and t,.

» SG parameters:

R=t;H /7 and ty,.
Same cross section
area as QG




From SG to QG
¢ Q.(QG)/Q,.(SG) vs a: S

—a— —ts 10nmt =1nm

> Almost linear behavior T, iZi:ZthZl§2$:°i1fr:m'
Q.(QG)/Q_(SG)=1+C,(1- ) N
o ~1 == subthreshold
o <<1==> gbove threshold

» C,is afunction of t/t,,
and H/t,, determined
by 2D simulation.

N
o
oo

. —o—H=t =24nm t_=1.2nm
+++++++ "X N~V H=tsi=30nm tOX=1 nm

Q,(QG)Q, (SG)

—
o
e

Analytic model
o 2D simulation

« Analytic model for QG
MOS:

Qn

H=25nm t,=20nm




Analytic Model for TG and TPG MOS

Capacitor

e Approximated by [(1+C,)*QG+(1-C,)*DG]/2; C,
determined by simulation

Q =@1+C,)4re, %rl_—a[H C.1-a)]+(@1-C,)4e, til%rﬂtan Jii
a |

Device

Q-gate
—— Analytic model |
o 2D simulation DG

SG

QG

TG

m-gate: C,=0.218
Q-gate: C, =0.440




Unified Analytic Drain Current Model

« Based on MOS capacitor behaviors, one can carry
out Pao-Sah integral to obtain current

Va
. =%jvs Q. (V,,V)dV

s (qu] 1+C,)[ f (@) +Cd(@)]"

4e, H

kT d
( : ] -C)[pA]
f(@)=(-2/a-Ina)+s(-1/a’ +2/ a)
p(B) =-2ptan B+ B°—2rB° tan’ B

a and (3 at source/drain are calculated +s(—i2+£+ 21n aj

Si

d(a) =(—E—3lna+aj

(04

from the boundary conditions @ «

A core long-channel compact model for
DG, SG, QG, TG, and TPG MOSFETSs
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BSIM-CMG

« BSIM-CMG includes doping effect with a perturbation
term to the undoped Poisson’s Eq. :

dzl// qn[ qy —0q¢s —qVen Q¢B)

d > ekTe kTekT _|_ekT
X g

Si

« Three coupled implicit equations need to be
solved

2KT 2 nZg W 9o T
Vi = Wl‘X:_Tsi =Y, ———1In| cos g | _@ kT @2kT _Si
2

q 26KT N, 2

2
44ds

2gn. e e 20 Wi Ver—ts)
L where a=—1Le ©
KT

Ve

q‘:”s ql//O

e KT —e KT -0 —QVen qvs

g e e v




Charge-Sheet Current Expression
« Charge Sheet Current used in BSIM-CMG and others

dy,
Ids,CSA:_IUW(Q s

dy

» Not generally consistent with the rigorous integration of drift-
diffusion current density because dy/dy is a function of x.

3 i 2 dl// KT dn . —t5;/2
Ids __IUW tsi /2 qn( dy - gn dyjdx__ﬂw('[%i/z an
« From the Analytic Potential Model
» Current Expressions in terms of g

2
_ W 8gsi kT 2 ) B
Ids,CSA_lu Lt ( q j ‘_ﬁtanﬂ_zrﬂ tan ﬂﬂs

W 8¢y
L tsi

» As much as ~20% error in the transition region.

Ids:lu

2
[quj ‘—2,6’tan,8+,6’2 —2rp° tanzﬂid




Outline

« INTRODUCTION

« SYMMETRIC MG MOSFETS: PLANAR
AND CYLINDRICAL

A COMPLETE DOUBLE-GATE
COMPACT MODEL WITH HARDWARE

CALIBRATION

GENERALIZATION OF CORE MODEL
TO MULTIPLE-GATE MOSFETS

OTHER APPROACHES
CONCLUSION




Compact Modeling of Multiple-Gate MOSFETSs

e For highly symmetric planar DG and cylindrical SG
MOSFETS, Poisson’s and current continuity egs. have
been solved analytically to derive continuous |-V
models for all regions without the charge-sheet
approximation. Accurate explicit solutions have been
developed for both DG and SG MOSFETSs.

The DG core model has been expanded into a complete
compact model with short-channel and quantum
effects, charge and capacitance models. The full DG
model has been calibrated with FINFET hardware data.

Based on the asymptotic behavior of inversion charge
density and with combinations of the core DG and SG
models, a unified approach has been presented to
develop core models for the less symmetric quadruple-
gate, triple-gate, Il-gate, and Q-gate MOSFETSs.




