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UFDG: A Process/Physics-Based Predictive Compact Model
Applicable to Generic UTB DG MOSFETSs

/Wg GfT /

Gb = Gf

N — -
D lsj = Wg;

cob

UFDG is applicable to SG
FD/SOI MOSFETS, as well as
symmetrical-, asymmetrical-, Source Drain
and independent-gate DG
MOSFETS, including FINFETSs
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Short-Channel Effects Modeling in UFDG

The 2-D Poisson equation, for weak inversion, J—’y TGf
2 2 N (DGf t
a(g+6(qu B , X lOXf
ox~ dy  Esi = = Loy
is solved in the (rectangular) FD body/channel (UTB) > UTB Isi| D
region, defined by tg; and Lggs (# Lg), by assuming :
2 ) t b
@(%, Y) Dog(y) +a (y)x +a,(y)X Gb lox

in Poisson, and applying the (four) boundary conditions le
(including surface-state charge at both interfaces). The derived

potential, with the QM shift, defines the integrated (in x-y, over tg;) inversion-
charge density (Q.,) and an effective channel length (< Lg¢) for predominant
diffusion current (in y) averaged over tg;, and thus accounts for:

* S/D charge (impurity and/or carrier) sharing [ Vi(Lets) & S(Lesf)]
* DIBL (throughout UTB) [ AV{(Vps)] -
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Quantization Effects Modeling in UFDG

UFDG is actually a Compact Poisson-Schrodinger Solver:

Classical PE

electric fields

updated potentials,

potentials, SWE
(charge coupling, electric fields (eigenfunctions,
inversion-charge : eigenvalues,
distribution) (classical Qen & len) | 5 5 pos. F-p)
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in UTB/channel

> QM Qch & len

1-D SWE analytical solution is
derived using a variational

approach, then

and Qch(Veis: Vaps) via
Newton-Raphson iteration, all
with dependence ont g;and Si
orientation, as wellas E .

coupled to PE

J/

UFDG is ¢(x)- and W(x)-based , not
merely surface potential-based!

*1-D numerical PE-SWE solver [D. Vasileska and Z. Ren, Purdue Univ., W. Lafayette, IN, Feb. 2000].
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UTB Carrier Transport Modeling in UFDG

Effective Carrier Mobility

Ho U Mobility in thick-t g device at
low E ,, or a tuning parameter
defined by Coulomb scattering
that does not depend on E
nor tg;.

Hph U Phonon scattering , QM-based
dependent on both E , and tg;.

Msr LI Surface-roughness scattering
dependent only on E  (for
viable t g; > 4nm).

0: A tuning parameter to account for
uncertainty in the surface
roughness ( [ nominally).

Quasi-Ballistic and Ballistic Transport

Quasi-ballistic via carrier velocity overshoot
dependent on carrier temperature (T ) along the
channel:

_ 1 -1
Vsat(eff) = AL[Aj’LmdyJ > Vsat

with only one tuning parameter. VO ([ typically).

Ballistic via the ballistic-limit current
characterized by Natori's QM-based model for
thermal injection velocity  at the source, summed
over important subbands:

jim = WngNinv(j)Vinj(j) '
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UFDG Calibrations to Contemporary DG FINFETs

NMOSFETs O electron mobilities PMOSFETs O hole mobilities
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The high carrier mobilities are due to mainly to low transverse electric field
stemming from the two gates and the undoped UTB/channel. They tend to
yield beneficial velocity overshoot and DICE in the saturation region of
nanoscale DG MOSFETS, which is not the case in conventional, single-gate

highly doped (Ng >108cm™) MOSFETSs.
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Carrier Velocity Overshoot Modeling in UFDG
Near drain, high E,, dE,/dy U Tc(y) lags Ey(y) Ll overshoot

1st-order BTE moment (for average momentum, or velocity v): \G‘\
Loxt \
vV = He(EE E1+—E—B—d—-[% (1) v;y t :
eft™y"yg  aE, dyp S
S D
L
2nd-order BTE moment (for average energy, or T,): oen 1\ /
toxb
d o gy, T =T _20E0)
e — + =

The moments (1) and (2) characterize T(Ey), which, when combined with familiar steady-
state Her(Ey), and Ey(y) from UFDG formalism, yields v(y). Then, defining a bias-
dependent

1 -1
Y, = AL[ ~ } >V
sat( eff) AILV(y) y sat

based on the transit time across AL = L - Lyc, renders a physical compact model for the
overshoot (a beneficial short-channel effect), or quasi-ballistic transport.
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Nanoscale DG MOSFETSs, with high pg¢, should show substantive carrier
velocity overshoot, which could result in near-ballistic transport:

UFDG: Ly = 18nm SDG nMOSFET; toxf = toxp =tox = 1.0nm, tg; = 9nm, midgap gate
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The benefit of the overshoot is restrained by the ballistic-limit current (I
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UFDG: Ly = 18nm DG nMOSFET
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Bulk-like pef, severely limited by impurity scattering and enhanced surface-
roughness scattering due to higher E  , limits the benefit of overshoot and prevents

ballistic transport.
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UFDG Calibrations to Nanoscale DG FinFETs [0 DICE

Ly = 60nm DG pFInFET; to, = 1. 5nm hs|/Ws| = 100nm/17nm, near-midgap gate
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UFDG tended to underpredict high-V g current.
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DICE Modeling in UFDG

Analogous to DIBL in weak inversion, drain-induced charge enhancement

in the UTB/channel in strong inversion results from high Vps. N\ L

2-D Poisson equation in gradual (n)channel (O <y < Lycp): \ Gf
.
AQ.K(Y) = —eSJ:)Si%:(—ZZAcp(x,y)EdX—8Sij:)5i§b§—22mp(x,y)§dx : A,X{VLL y :
pinch-off tendency A / > \&h : °
~ _DICE 2V pg(eff) o
DICE: AQ_.h O—egitg; |_2
gch Gb

where Vpg (eff) (Wps(saty) IS effective bias aty = Lycp.
(For Vps < Vpgsat): Vps(ef) = Vps and Lyeh - Lg.)

Qcen(Y) = Qen(y) + AQP'CE in UFDG formalism (which modifies/corrects the

Lgch(Ves: Vps) and Vpger)(Ves, Vps) characterizations) yields good accounting for
DICE effects on current and terminal charges (and capacitances/transcapacitances). Note
that DICE is a beneficial short-channel effect; it enhances Q. and Ipg without significantly
increasing Cg since AQ.,P'CF i

IS supported mainly by the drain.
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DICE is unique and significant to (undoped) nanoscale DG MOSFETS,
and it is enhanced by scaling!

2V
DICE
Qg D-tgigi—aal Vs, QY = 0) ~ (Gus * Coxd(Ves - V)

Lgch

tends to be significant because

high pes O short Lych (Which offsets low Vg efr)

and increases with scaling because

L 4ch Scales faster thanpd e (@and probablyd, and Ly and &).

FurtherVgat(efny> Vsatl! high Vpgsanl! more DICE
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The DICE effect on Lyc Is important:
UFDG: Ly = 18nm DG nMOSFET

1.0

— w/ DICE
0.8 I — w/o DICE

Lgen/ Ly
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0.2 r
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Vps[V]

The classical modeling of L ¢, or channel-length modulation, which affects current
and charge, is invalidated by significant DICE.
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DICE Corroboration and Model Verification

Simulations of Simplified Ly = 18nm DG nMOSFET; tg; = 12nm

2-D Numerical [MEDICI]: n(x, y~0) UFDG: Ips(Vgs)
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a 3
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2, = [20% Ig,
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B W/ 1on ~ Qch(O)Vin;
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Numerical simulations predict DICE, verify UFDG model.
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With |, turned off in UFDG, as (always) in MEDICI:

Simplified Ly = 18nm DG nMOSFET
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More corroboration!
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UFDG: Full Simulation of L g~ 18nm DG nMOSFET

(tsi = 12nm, t = 1.2nm, midgap gate)
20— —————————————————————
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15

24% |,,, enhancement

(due directly to AQ.,P'CE
w/o DICE 1 since current is near-ballistic,
1 and greater than 20% because
of velocity overshoot,
even with nominal Rg;p)
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The enhancement would be smaller if the current were not ballistic since it would be
undermined some by the increase inL ¢, caused by DICE.
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The gate capacitance is not affected significantly by DICE:
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UFDG: Lg = 18nm DG nMOSFET

-  — w/ DICE
- — w/o DICE

With the current near-ballistic, the

UFDG charge modeling contains a

degree of uncertainty sincgd,and
Vbs(efncould be affected bygh.

Note that including DICE in the
model tends to improve the
moderate-inversion splining of
terminal charges (@; + Qgp here)
and channel current.

Does the enhanced | pg without an increase in C  translate to higher speed?
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YES!

UFDG/Spice3:
two-stage CMOS inverter chain with Ly = 18nm DG MOSFETS; Vpp = 1.0V, Cjg5q = 10fF
1.5 RS SR S SRR R —
~—= W/ DICE

—— w/o DICE

DICE decreases the average propagation delay by about 18%.
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Summary

[J High carrier mobility in undoped nanoscale DG
MOSFETSs results in unique saturation-region,
short-channel effects: significant and beneficial
velocity overshoot and DICE, which are now

physically accounted for in UFDG.

[1 The high mobility and velocity overshoot should
result in ballistic carrier transport for Ly < [20nm.

[1 DICE should be enhanced by device scaling; it
Increases current and improves nanoscale DG

CMOS speed, especially when the current is near
the ballistic limit.
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