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Abstract This paper reviews the development of the MOS-
FET model (Xsim), for unification of various types of MOS
devices, such as bulk, partially/fully-depleted SOI, double-
gate (DG) FinFETs and gate-all-around (GAA) silicon-
nanowires (SiNWs), based on the unified regional modeling
(URM) approach. The complete scaling of body doping and
thickness with seamless transitions from one structure to an-
other is achieved with the unified regional surface potential,
in which other effects (such as those due to poly-gate doping
and quantum-mechanical) can be incorporated. The unique
features of the Xsim model and the essence of the URM ap-
proach are described.
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1 Introduction

The compact model (CM) has been the essential link be-
tween very large scale integrated (VLSI) circuit design and
manufacturing in the history of VLSI technology genera-
tions. The term “compact model” was probably first used by
Gummel and Poon (GP) in 1970 for the GP bipolar junc-
tion transistor (BJT) model [1]. In the mainstream comple-
mentary metal-oxide-semiconductor (CMOS), generations
of MOS field-effect transistor (FET) CMs have been de-
veloped, following the 1978 Brews’ charge-sheet approxi-
mation (CSA) [2], which are all based on (and still bench-
marked to) the 1966 “Pao—Sah double-integral” model [3].
Early MOSFET models include threshold-voltage (V;)-
based models; and contemporary models include inversion-
charge (Q;)-based and surface-potential (¢5)-based models
(see, e.g., a review paper in [4]).

In half a century, bulk CMOS technologies have been
scaled into nanometer dimensions. Nonclassical CMOS de-
vices have emerged, such as ultrathin-body (UTB) SOI,
double-gate (DG) FinFETs and gate-all-around (GAA)
silicon-nanowire (SiNW) FETs, for which CMs without the
CSA are also being developed. Although compared to more
rigorous transport solutions, such as first-principle Green’s
functions, semiclassical Monte Carlo, or even numerical
drift-diffusion (DD) solutions, analytical CMs involve a lot
simplifications and approximations, it becomes more and
more challenging to develop a core CM that can capture
the actual terminal (current and charge) characteristics of
nanoscale MOSFETs, including their higher-order deriva-
tives, with all major physical effects and scalable over the
entire range of operating bias, geometry, temperature, fre-
quency, as well as the corresponding noise, variation, and
aging behaviors. At the same time, the CM is expected to
be very efficient for evaluation in large-scale circuit simula-
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tions. When extending a bulk CM to UTB/DG/GAA MOS-
FETs, it is nontrivial to have one core model with full body-
doping scalability, since CSA may not be valid and Pois-
son’s equation cannot be integrated twice if the doping term
is not ignored.

In this paper, we review the development of a core MOS-
FET model (called Xsim) based on the unified regional mod-
eling (URM) approach over the past 13 years, starting with
the V;-based model [5], expanding with a “non-pinned” sur-
face potential [6], extending to strained-Si and DG [7] and
¢s-based formalism [8], and unifying with SOI/DG/SiNW
including Schottky-barrier (SB) MOSFETs [9]. In Sect. 2,
we outline MOS CM fundamentals and explain the need for
unifying various MOS devices with complete scalability in
geometry and doping. In Sect. 3, we describe the URM ap-
proach used in the Xsim model and its unique features dif-
ferent from other contemporary models. Section 4 summa-
rizes the Xsim model as well as CM needs and future trends.

2 MOS compact modeling fundamentals

Transport solution to the ideally structured long-channel
MOSFET is a 2D problem, which can be solved by numeri-
cal solution of the Poisson—Boltzmann (PB) equation in the
DD formalism. All CM formulations start by decomposing
the 2D problem into two 1D problems: the electrostatic solu-
tion of the PB equation with the Gauss law (input x-voltage
equation: electrostatic potential ¢ [=—E;(x,y)/q] at a
given gate voltage V) and the transport solution of the DD
equation (output y-current equation: drain current Ipg at a
given drain—source voltage Vpg). A generic 4-terminal ideal
nMOSFET is shown in Fig. 1, in which the terminal voltages
(Vs, Vp, Vp) are applied to the Si body via the source/drain
(S/D) pn-junctions and the body contact, while for float-
ing body (FB) SOI and DG/GAA devices where there is no
body contact, external voltages are applied to the body via
the S/D (Vs, Vp).

For bulk nMOS in which body doping (Ny4) is usually
high and the maximum gate depletion (X 4,,) is much smaller
than body thickness (75s;), under nonequilibrium transport
(Vps # 0), the electron quasi-Fermi potential (imref) is de-
termined by the S/D terminal voltage difference Vpg, which
varies across the channel as

Grn(¥) = —Epn/q = ¢r + Ve(y), e))

where V. [= —E; (0, y)/q] is the channel voltage and ¢ (=
—EF/q) is the Fermi potential. For CM formulations, an
ideal long-channel device under the gradual-channel ap-
proximation (GCA) is assumed, in which voltage drops
across the S/D series resistance, pn-junction built-in volt-
ages, and those due to longitudinal fields near the S/D junc-
tions and velocity saturation in the “pinch-off” region are
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Fig. 1 A generic MOSFET with important physical parameters la-
beled. The region for CM formulation is shown by the dotted line

all ignored (and modeled separately for short-channel de-
vices). In the practical 2D picture of a bulk MOSFET, be-
yond the maximum gate depletion in the neutral body, the
electron imref would merge to the (constant) body bias,
which implies that ¢, (x, y) would be x dependent under
nonequilibrium. The x-dependent ¢F,, is due to carrier gen-
eration/recombination beyond the depletion region, or the
ideal ohmic contact (infinite surface recombination velocity)
in the absence of carrier generation/recombination, which
makes the PB equation non-integrable along the x direction
and not suitable for CM formulation. Therefore, the region
of CM formulation is defined as from the surface (x = 0)
to the “zero-field (ZF) location” (x = X,) in the Si body
with strictly x-independent channel voltage V.(y), and from
source (y = 0) to drain (y = L) in the “intrinsic linear chan-
nel” under the GCA, as shown by the dotted-line box in
Fig. 1. The boundary voltages (V;, V4, V) with lower-case
subscripts are used as “terminal” voltages for the “intrin-
sic” MOSFET. This picture of the “two 1D problems” for
bulk-MOS is consistent for CM formulations, and is also
the physical picture for UTB-SOI and DG/GAA devices in
which there is no body contact and the electron imref is in-
deed x-independent. Using the ZF location (x = X,) as the
boundary is one key to the extension to, and unification of,
all types (bulk/SOI/DG/GAA) of MOS models.

For nMOSFETs, there is essentially no hole injection
from the n™ pn-junctions; hence, the hole quasi-Fermi po-
tential (imref) is assumed constant (i.e., unipolar device and
no hole current). It is given by

Orp = _EFp/q =¢r+ Vs, (2)
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where in which we have used the charge-neutrality condition
_ {Vb (body contac) 3) Nao— Np = po—nop 7)
min(Vs, Va) ~ (floating body) at the flatband V,, = Vg, with
e e e A0 20 =9 =V =
(or any arbitrary value). For bulk-MOS with high body dop- ~ po = p(¢ = V,) = n; e/ (8b)

ing and body contact, potential in the neutral body is always
constant (“flat”) and is set as the reference: ¢, =V, =V, =
0. However, for UTB-SOI and DG/GAA MOSFETSs without
body contact, there could be only one bias condition (i.e., at
the “flatband”), at which V, = min(V;, V;) is defined as the
(zero) potential reference; beyond which, potentials every-
where in the body may be nonzero. For all existing CMs,
the reference voltage is chosen to be V;, (“bulk-reference”)
with body contact or V; (“source-reference”) for floating
body; and when V; < Vi (V4 < 0), the S/D terminals are
swapped based on nMOS convention that the drain current
always flows from “drain” to “source” (which is equivalent
to taking the absolute value of the |Vyq| term for Vg < 0 in
the model equation). The reference defined in (3) is referred
to as “ground-reference” (G-ref) for FB devices, in which V;
and V; (instead of V) appear in the model equations, and
the transistor “source” and “drain” are defined by the device
labels (“S/D by label” i.e., by layout).

The electron-hole quasi-Fermi level difference (or “imref-
split”) is then given by

Srn(y) — brp = Ve (¥) = Ve = Ver(y). “

The gradient of V,,.(y) along y is the driving force, giving
rise to the DD current.

2.1 Input voltage equation: electrostatic solution

In all CM formulations, carrier concentrations are assumed
to follow the Boltzmann’s relation

n= nie(¢—¢Fn)/Uth — nie((f)—(l’F—Vc)/Uzh’ (52)

— nie—(¢—¢1~‘p)/01h — nie_(¢_¢F_Vr)/Uth’ (5b)

p
in which imrefs are used for the general nonequilibrium con-
dition, vy, = kT /q is the thermal voltage, and #n; is the intrin-
sic carrier concentration. The PB equation under the GCA
with complete dopant ionization is given by

d*¢  p _ q(p—n+Np—Ny)
dx? &si &si
= AP0, @=20r=Vo)un _ o= @=V0) v
esi
+1— e*(2¢>F+Vcr)/vzh] (6)

The first integral of (6) along any y (0 <y < L) can be
easily obtained by integrating from surface (x = 0) to the
zero-field location (x = X,), with the boundary conditions

{¢(Osy)=¢s {¢(X0ay):¢o

—¢/(0,y) = E, —¢'(X,.y) = E, =0. ®)

Together with the Gauss law applied to the SiO, /Si interface

Es = (Cox/e50) (Vs — ¢5), (10)

where C,, = ../ T, is the gate-oxide capacitance (per unit
area), &,y and eg; are the SiO; and Si permittivity, respec-
tively, and Vg = V, — Vpp is defined as the “flatband-
shifted” gate voltage, we obtain the (input) voltage equation:

Vo — s = sgn(ps — ¢0)T\/f¢>(¢sw b0, Ve, Vi)

fo= e~ CQOrtVer) /vy, o= Vr/Vih (e¢x/vth _ e¢‘0/Urh)

1)

(n)
— (s — o)1+ UmeVr/Um(e*%/vrh _ e*%/vrh)
—_———
(n9) (p)

+(¢A _d)())- (113)
\—\,—J
(o)

The “body factor” in (11) is given by

T = +/2q¢sipo/ Cox,

in which the equilibrium (majority) hole concentration is
given by (8b)
Na—Np
2n; ’

with the Fermi potential given by the well-known Kingston
equation [10]

12)

po = n;e®r/vn =niexp[sinh1( (13)

(14)

Nis— N
dF = vy, sinh_l<u>.

21’1,‘

Considering only the pg (due to N4) term in (6), the “de-
pletion width” at a given Vg, can be found as

X, = 2e5i(Ps — bo)
V qpo
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_ e (XL, o (15)
“Vapo\ 2 V4 )

Under the pinned-¢; approximation (high body doping), the
maximum depletion width (X4,,) is reached at the onset of
“strong inversion” at which ¢y = 2¢f + V. (¢, = V;), and

2 i2 cr
X, = | 255120F & Ver) (16)
qpo

For Ts; > X4, the ZF location is taken as X, = X4, and
we always have ¢, = V, where V, =V}, =0 for bulk and
PD-SOI with body contact, and ¢, to be modeled for FB
PD-SOI and DG/GAA devices. If Ts; < X4, such as UTB
FD-SOI and DG/GAA devices (low/undoped body), “full
depletion” occurs when X (V, gp) = Ts; based on (15)

Tsi = Xa(Vg,FD)

TRy S ¢ (17)
Va2 2 of FD — @0 |,

where V, gp is the FD voltage and Vg pp = Vg pp — VFB.
The corresponding FD potential is given by

qroX3 (Ve rpD)
285,’

Y T2 2
= <—3+ T‘l‘vgf,FD_d)o) . (18)

Beyond the FD voltage (V, > V, pp) if strong inversion has
not been reached, “volume inversion” will occur and the ZF
potential ¢, needs to be modeled and included in the solu-
tion.

Note that in the above equations (6)—(18), po (instead of
Na), as defined in (8b) and expressed as (12), is used. This is
another key to complete body doping and thickness scaling,
including N4 and Np approaching zero (ideal “pure Si”),
that is different from “intrinsic Si” as in unintentionally-
doped Si, for which ¢F given in (14) approaches zero (i.e.,
Er = E;) and po approaches n;. For high body doping,
po & N4 and the above equations approach the conventional
expressions for bulk-MOS, such as ¢r = vy In(Na/n;)
for (14) and Y & (2gesiNa)'/?/C,, for (12). It is also the
key to unifying various types of MOSFETs with the URM
approach, which will be detailed in Sect. 3.

¢FD = ¢S - ¢0 =

2.2 Output current equation: transport solution

All compact I current formulations start with the integral
of the inversion charge over the channel voltage in the in-
trinsic channel, assuming constant mobility:

Vi

Laso = o — (=0)dVe, (19)
L Vi
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where Z = W (channel width) for bulk/SOI/DG and Z =
2r R (wire radius R) for GAA MOSFETs. The rigorous
solution is given by the original ‘“Pao—Sah double inte-
gral” [3]. Depending on the approximations introduced,
there are CSA [2] (suitable for high body doping) and non-
CSA (suitable for low/undoped body) formulations. In this
sub-section, we outline the formulations for bulk-MOS un-
der the CSA, which also forms the basis for extension to
other types of devices.

According to the intermediate variable introduced, the
formulation can be classified into ¢-based and Q;-based
models:

—no% [ Qi(p) Pedps  (gy-based)

' (20)
_“0% fQ,tYd Qi %ﬁin (Q;-based)

Lj50 =

in which the integral is evaluated for the ¢ or Q; at the
source and drain ends, from the respective solutions usually
governed by implicit equations for ¢; or Q;. With the CSA
(for bulk-MOS), it is generally recognized that ¢s-based
models have more physical contents since accurate ¢ can
be obtained from the voltage equation by iterative methods;
whereas Q;-based models, although having simpler expres-
sions, require a linearization of the inversion charge to ob-
tain an implicit equation for the inversion charge in the “uni-
fied charge control model” (UCCM). The V;-based model is
a special case for the “pinned-¢;” model with a bulk-charge
linearization.

Since the terminal-charge model needs to be derived from
the corresponding terminal-current model, different model-
ing approaches lead to very different charge models. The
symmetric linearization method [11] has shown much sim-
pler charge expressions while retaining the physics in the
surface-potential solutions.

Once the ideal intrinsic-channel current (/450) is formu-
lated, transverse/longitudinal-field dependent mobilities, ve-
locity saturation/overshoot, and S/D series resistance are
added to the core I;50 model. Vertical/lateral nonuniform
doping can be modeled by the effective doping, poly-
gate depletion effect (PDE) and quantum-mechanical effect
(QME) can be separately modeled in the surface potential.

3 Xsim: unification of MOS compact models

We first have a brief review on the history of the Xsim model
development. Although the current core model is a fully ¢;-
based [7-9] model with symmetric charge linearization, it
has been evolved from V;-based [5] to non-pinned ¢;-based
[6] models, with many specific effects (including the URM
approach) adopted and evolved from the earlier models.
Lim [5] started with V; modeling for the lateral nonuni-
form doping (“halo”) [12, 13], with an effective doping
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(Nefr) based on two lateral Gaussian profiles characterized
by the Gaussian peak, spread, and centroid [14]. This model
is still used in the charge model, whose parameters can be
extracted from a given technology of V; vs. L, data, and
is the key to physical geometry scaling without too many
empirical fittings. He also developed the mobility model
[15], the gate-bias-dependent series resistance model [16],
and the velocity-overshoot model [17] based on the energy-
balance formalism for the electron-temperature gradient,
which have been adapted to the current Xsim model. The
idea of the one-iteration parameter extraction [14, 18] has
also been a unique feature of the core model.

Chiah [6] developed the unique URM [19], with unified
regional surface potentials in accumulation (¢,..) and deple-
tion (¢,p) being added (“‘stitched”) for the solution near the
flatband, rather than solving accurate and explicit solutions
that are being “glued” at the flatband, which established the
basis (and the essence) for unified regional charge modeling
[20]. He also developed models for the poly-accumulation
effect (PAE), PDE, and poly-inversion effect (PIE) [21], as
well as the QME [19] in the non-pinned ¢-based URM,
which has been extended to the current Xsim model.

Chandrasekaran [7] extended the regional ¢;-based mod-
el to strained-Si heterostructure MOSFET's [22-25], further
demonstrating the power of the URM approach. He also
started regional ¢s-based modeling with symmetric charge
linearization for doped-body DG FinFETs [26], and intro-
duced the idea of the effective drain—source voltage (Vyg,ef)
with the “G-ref” [7].

See [8] extended the previous models and developed the
¢s-based core model, including long/short-channel current
and charge [27] for bulk/SOI/DG in all regions, in both
CSA and non-CSA formulations and with complete doping
scaling [28] and QME [29]. His contribution in the “B-ref”
model with “S/D by label” [30] (not by MOS convention),
with velocity saturation occurring at the source or drain end
depending on the terminal V; and Vi, has made it possible
for complete Gummel symmetry in any higher-order deriva-
tives as well as physical modeling of asymmetric S/D de-
vices. He also extended the URM for extrinsic charge and
capacitance modeling in the S/D-gate overlap regions, with
detailed one/two-iteration parameter extraction.

Zhu [9] contributed to the unification of MOS mod-
els in one core formulation for bulk/SOI and DG/GAA
devices [31] with CSA/non-CSA terminal current/charge
formulations, including PDE/QME [32], as well as SOI-
specific effects such as self-heating, kink and parasitic-BJT
effects in FB-SOI devices [9]. He extended the “G-ref”
model for three-terminal DG/GAA devices with “S/D by
label” [33] with a new smoothing function for Vs .p =
Vi,eff — Vs,eff» which satisfies the Gummel symmetry test
(GST) for any order. He introduced a “symmetric imref cor-
rection” (SIC) [9, 32] for the FB potential ¢, as Vg — O,

which physically models the effect due to bipolar (S/D junc-
tion) current for Vj; ~ 0, important for higher-order GST
and distortion analysis. He proposed a unique drain-induced
barrier lowering (DIBL) model [9, 34] based on quasi-2D
solution that accounts for both DIBL and Ts;-dependent sub-
threshold slope (flatband voltage). He also developed a com-
plete model for SB FinFETs [35, 36], with the URM for ¢;
in the intrinsic channel and thermionic and tunneling cur-
rent, as well as a subcircuit model for dopant-segregated
Schottky (DSS) SiNWs [37, 38], with the unique convex
curvature in the 1;,— Vs characteristics at small Vg and large
Ves-

3.1 Bulk model with the URM for the surface potential

¢s-based models require the solution of ¢, at the S/D ends
y = (0, L) with V. = (V;, V). For bulk-MOS in which the
voltage equation is given by (11) with ¢, = V,, =0, ex-
act iterative solutions are available (including solutions near
the flatband in which all the charges cannot be ignored).
However, such a model cannot be extended to FD-SOI and
DG/GAA devices with body doping, in which ¢, has to be
modeled, since the PB equation cannot be integrated twice
unless the doping term (N4 — Np) is ignored.

The essence of the URM approach is to solve “asymp-
totic” piecewise regional solutions considering only one
dominant charge, and using math smoothing (or transition)
functions to obtain unified regional solutions for each piece
and “join” them to form single-piece unified solutions. For
bulk-nMOS, the piecewise solutions to (11) (first integral
with Gauss law) considering only p, N4, and n, respec-
tively, are given by

Gec = Ver + thhﬁ{zjﬂe—(vgf—vr)/%)zh}
(Vgr < VFB)

$aa =0+ (=% + 5 + (Ver — 90))? e

(Vi < Vgr < Vi)

s = Ver — 2vth£{2\;@6(%*2%*%)/2%}

Vegr > V)

where L{W} is the Lambert W function. They are the phys-
ical solutions only in the respective regions and approach
accurate solutions asymptotically.

Using the following two “complementary” smoothing
functions

O {x;o}=0.5(x +vVx2 +40), (22a)
9o ix: 0} =0.5(x — Va2 + 40), (22b)

and the following transition function

ﬁeﬁ‘{xv Xsar; 6}
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= Xyar — 0.5[x50r —x =8

v (s — x — 8)2 + 48x51], (23)

the single-piece unified regional solutions are given by

T -
Gace = 0r(Vgri 0a) + 2Uth»c{ W o e~V =Vo)/2v } (24a)
A/ Vi

T T2
¢sub=¢o+<_E+\/T+ﬁf(vgf_¢o§o—f)> (24b)

Gsir =V 5 (Vgrs 05) — 2Uth£{ e(ng2¢FVC)/2vth}

2 /om
(24c)

in which oy, oy, and oy are smoothing parameters for the
respective regional solutions. The sum of ¢, and ¢gp,

¢sa = ¢acc + ¢subs (25)

gives a single-piece V.-independent solution valid from ac-
cumulation to depletion, in which the ¢; solution at flatband
is not being solved but “tuned” by the two smoothing param-
eters (0, and o y) for charge neutrality (¢; = 0) and smooth-
ness at Vg, = Vpp.

Gds = ﬁeﬁ‘{qssubs Dstrs 8(]5} (26)

gives the single-piece solution valid from depletion to strong
inversion (tuned by 84 near V;), which is also V. indepen-
dent below V; and approaches zero below Vrp. ¢4 can be
added (“stitched”) with the accumulation piece (Pgucc) to
form a single-piece unified ¢, solution:

¢seff = Pacc + Pds- 27

The URM ¢y (27) has an overall mV accuracy compared
to the exact iterative solution. However, due to its unique
feature of V,.-independence below V;, together with the ef-
fective drain—source voltage in the I model [see (46) be-
low], it does not require very accurate ¢ solutions, contrary
to those iterative/explicit ¢s-based models. Although the
single-piece ¢y (27) is available, it is not directly used in
the charge modeling; instead, the unified regional solutions
(¢aces ds) are used in the URM for terminal charges. This
is another unique feature of the URM approach, e.g., the
single-piece bulk charge (Qp sa = Ob.acc + Ob sub) ACIOss
the flatband [19], that is not possible for other modeling ap-
proaches.

With the CSA, inversion charge (Q;) can be separated
from bulk charge (Qjp) as

Qi = _(Qg + Qox) - Qb = _Cox(vgf — s — T\/ s — ¢0)
(28)

@ Springer

Following the idea of symmetric charge linearization [11],
i.e., a Taylor expansion of (28) around the “mid-point po-
tentials” [average of ¢5(0) and ¢ (L)]

a = (¢s,s + ¢s,d)/2v (29a)
G0 = ($o,s + Go.a)/2, (29b)
from (19), we obtain the long-channel current [8]

Laso = Bo(@i + Apvin) Ay, (30)
Gi = Vo — s — T/ s — b0, (31
— T

Ap=1+ ———=, (32)

2\/ ¢s - ¢o

Bo = TrefoCox(Z/L), 33)
Teffo = (Mefro,s + Meff0,a) /2. (34)

The longitudinal-field dependent mobility is based on the
piecewise velocity—field model [5, 8, 9]
Ko

Heff0,c = (
eff0.c 1+ (SL(VC,eﬁf — Vr)/(LEsat)

=s,d), (35)

where §r, is a fitting parameter. The transverse-field depen-
dent mobility is given by [5, 15]

1
Mno = 1/3 v )
L+ (ui/m2)Eg + (m1/m3) Ey

(36)

in which @1, u2, 3, and v are fitting parameters. The effec-
tive field is given by [8]

I‘lCOX X7 —_ _—
Eqp = ‘ : (Vgt + z—bT\/sbs - ¢0>, (37)

ESi

in which ¢, and ¢, are fitting parameters (¢, = 0 for FB
device). The mid-point inversion charge (normalized to C,,)
given by

Vor = Vers + Vera) /2, (38)

Vgt,c = T\/(ﬁs’c — ¢0 + vthe(¢s,(r_2¢F—Vc)/Uth

—YV¢sc—¢o (c=s.d) (39)

is taken from the right-hand side (RHS) of the voltage equa-
tion (11), which is another key to not requiring very accurate
¢s solutions [8].

With the S/D identified by “label” (layout), velocity sat-
uration may occur at the drain or source end depending on
the terminal V; and Vj, given by [30, 33]

Vet.sLEsat
Vgl,s + Ab,sLEsat + 2Ab,s Uth

= Vd,sal - VSv

Vds,sat =

(40a)
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Vgt,dLEsat
Vet,da + Ap,dLEsar + 2Ap qum

Vsd,sat =

= Vs,sat — Vd7 (40b)

in which the derivation includes both drift and diffusion cur-
rents. The saturation field is given by

Egar = 2050/ 110, 41)

in which the saturation velocity v, can be specified for dif-
ferent values at the S/D for modeling asymmetric S/D de-
vices [30]. The transition function for the “G-ref” effective
saturation voltage is given by [33]
Vc,eﬁ’ =H{V,, Vc,satv Vcc/,sat; 8} (c=s,d,; = d,s)

1
= Vc,sat - E(Vc,sat -V

e Vewsar = Vel + 48 Ve sar +6). (42)

The ¢ s and ¢5 4 in the previous equations (29a) and (39)
are expressed using ¢s in (26) as

Gs,.c = ¢ds(vc,eﬂ) (c=s,d). (43)

The Ag; in (30) is defined as

A¢s = ¢s,d - ¢S,Sa (44)

which becomes an extremely small value in subthreshold,
and it requires highly accurate solutions for evaluation in
the ¢s-based Iz, model (30). From the “pinned-¢;” approx-
imation, ¢ = 2¢r + V., (44) becomes A¢; ~ V4, and we
replace Vg, by the “G-ref” effective drain—source voltage,
given by

Aps ~ Vds,eﬁ‘ = Vd,eﬁ‘ - Vx,eﬂ- (45)

Thus, (30) becomes
Laso = Bo (@i + Apvin) Vas.ef (46)

which is an exact odd function of Vg, and it gives the correct
subthreshold slope without requiring accurate ¢ solutions
and body-bias clipping.

For the short-channel I;; model, a Vg-dependent S/D se-
ries resistance model is adapted from [16] to the ¢;-based
model, given as

Rsi = Ry + Ry = Ry + Ripy, (47)
pS v

RS - + — — k]
XjZ Con(Vgt + Apvmn)

R;:s—d, (47a)

where p and v are fitting parameters. S and X; are the
spacer thickness and junction depth, respectively, which can

be assigned different values for asymmetric S/D devices.
The saturation voltage Vs s in (402) with R, is rederived
to be

—by — /b? — dayc,

Vds,sat = s (48)
2ag
as = Vst ZCoxAp s Ry, (48a)
by = _[Vgt,s + vsatZC()ngt,s (2Rs + Ab,s Ra)
(48b)
+ Ab,s EsuL + 2Ab,s V(1 4+ vsar ZCox Ry)1,
Cs = Vgt,s EsuL
(48¢)

+ 2054t ZC xRy Vgt,s (Vgt,s + Ab,s Ush)-

And Vi 44 in (40b) with Ry, is given by replacing all the
subscripts “s” by “d” in (48).

Following the energy-balance formalism [17] for velocity-
overshoot (VO) modeling, its effect is expressed in the form
of an “effective Early voltage,” given in G-ref by

. LEsul[] +hC(VC - Vc,eﬁ‘)] +8L(Vc,eﬁ - Vr)

Vaef.c = |
Aeff . Sphe(Ve,ef — Vi)
(49)
Ve—=Ve,efr
) S+ 1+ (et (49a)
c= Ve=Vee ’ a
L+ (et = 5 Ve — Vi)
I =/ (esi/esi) Tox Xo, o

in which & is a fitting parameter, X, = min(Xgy, Ts;i),
and ¢ = 2kT(qt,0/m*)/d, with T,y being the low-field
momentum-relaxation time and d = 10~% W for Si.

The final complete symmetric drain—source current is
given by

2ol
Ids _ 8voldsO ’ (50)
1+ Ryalaso/ Vas,efr
8vo = (guo,s + gvo,d)/zs (50a)
V.-V,
&M=1+(L—iﬁ> (c=s,d). (50b)
VAeﬁ’,c

The aforementioned I;; model is an exact odd function of
Vs and satisfies the GST for any higher order [30, 33].

Using (30) and following [11], the terminal-charge mod-
els are derived [8], in which the bulk-charge model adopts
the unique URM based on (25) [19]

(Ap — DAG;
Qb = _Cox|:Qb,acc + Qb,sub - Tdv s (51)
Qb,acc = 19r(ng; 0a) — Paccs (51a)
Obsub =V (Vgr;04) — 05 (Vgri o)
+ Y/ ¢as — Vi, (51b)
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in which

Adas = ¢ds,d - ¢ds,s = ¢ds(Vd,eﬁ) - ¢ds(vs,eﬁ‘)s (523)
% = (Pds,s + Pds,d) /2, (52b)
H = (qi/Ap) + vin. (53)

The drain and source terminal charges following the
Ward-Dutton (WD) partition [39] are given by

2
A(pds ) } , (54)

Cox [ ApAdys Adys
Ou=— [._ b AP <1— Pa

=T |4 6 2H  20H2
Cor[_  ApAdas (.  Adas ADY
- _ - 1 — . 55
== [‘1’+ 6 ( o aomz)] O

For short-channel charge models, based on (30) for the drain
current without VO effect, terminal charges are derived [8],
having the same expressions as in (51), (54), and (55) by
replacing H in (53) by

qi +Ap
H = gi + Apvg ’ (56)

Apll+ 252 + Rapo % (@i + Apva)]

which approaches H when L — co.

It is worth mentioning that in the above formulations, we
have included the ¢, term in all the equations for generaliz-
ing to FD-SOI/DG/GAA devices (see the next sub-section).
For bulk-MOS and PD-SOI in which there is always a neu-
tral region in the body, we have ¢, = V,., given in (3).

After formulating the long (46) and short (50) channel
core models, other effects, such as poly-gate doping (PAE,
PDE, PIE) and QME as well as gate/drain leakage and ex-
trinsic charge models, can be added to the core model. For
poly-doping effects, a similar voltage equation for the sur-
face potential (¢,) in the poly-gate of doping N, can be
developed [8, 21]. Similar URM for ¢, in all regions can
be obtained as regional models, replacing subscripts “s” by
“p” and treating the Vyr — ¢ term in ¢, expressions and
the Vyr — ¢, term in ¢ expressions the same way as the
Vg term in bulk URM. The regional PAE model is ob-
tained from charge balance in accumulation with only the
hole term:

Gp.cc = —vmI[(T/Tp)2e /v 4 1 —(Y/ Y%, (57)
Tp = \/MTIVg/Cox-

The QME model adopts the van Dort model [40] for the
bandgap widening, given by

(57a)

B2 [ 12m*q? 2C o5 (Vs — by 2/3
_< m,q x( gf ¢3)/q> ’ (58)

3
AE; =k~ 5
8m¥ esil 3
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which modifies n; as

qm EIM_E,)/2kT AEL vy,
ni :nie( g 6’)/ =n;e g /Uth’

(59)
AE!" = AEg/2q.

New voltage equations for ¢, and ¢, as well as their URM
solutions can be similarly obtained [6], which are built into
the ¢)s-based model [8].

Intrinsic charge/capacitance models are developed in-
cluding effects due to charge sharing, potential-barrier
lowering in quasi-2D field, and lateral nonuniform dop-
ing [8], similar to the earlier V;-based model. Extrinsic
charge/capacitance models are also developed [8] in the
URM by applying the ¢s-based formalism to the S/D-gate
overlap regions of length L,,(same role as L for the intrin-
sic channel). Detailed formulations and parameter extrac-
tions can be found in [8, 27]. Other models, such as gate
tunneling current [41], substrate current due to impact ion-
ization [42], and gate-induced drain leakage (GIDL) current
[37], have also been developed.

3.2 Unification of SOI/DG/GAA models

The aforementioned bulk-MOS models involve only one
gate. For UTB FD-SOI and DG/GAA devices, Gauss law
needs to be applied to two gates (or in cylindrical coordinate
for GAA). However, it is known that the PB equation (6)
cannot be integrated twice if the doping term (N4 — Np) is
not ignored. On the other hand, if one starts with undoped
body (i.e., zero dopant) for FD-SOI and DG/GAA model-
ing, the results cannot be extended to devices with doped
body (strictly speaking, not even for unintentional dopant in
the body). The motivation for unification of various MOS
models is to have a core model that is able to capture vari-
ous MOS device characteristics with seamless transitions in
body doping and thickness scaling over the entire range. It
has been shown [8, 9, 27-34] that the URM approach can
achieve such a goal, which can be difficult (if not impossi-
ble) for other iterative/explicit ¢s-based models.

The general idea behind the unification of CMs for a
generic MOSFET with two gates is to model each gate sep-
arately, with subscripts “1” for gate-1 and “2” for gate-2, as
the complete (bulk) model described in Sect. 3.1, in which
the ZF location X, for each gate alone defines a “fictitious
boundary condition” with potential ¢, and field E, = 0.
A generic DG MOSFET is shown schematically in Fig. 2,
in which device parameters associated with gate-1 and gate-
2 are labeled respectively.

The key to linking the two sets of equations is the “full-
depletion” condition:

Xo1(Ve1,FD) + X02(Vg2,Fp) = Tsi, (60)
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Fig. 2 A generic DG MOSFET in which important physical param-
eters associated with gate-1 and gate-2 are labeled, respectively, in-
cluding PD/FD-SOI and s-DG/ca-DG/ia-DG structures. GAA has the
similar cross-section as s-DG in cylindrical coordinate. The ZF loca-
tion X,; (“depletion width” due to gate-i alone, i = 1, 2) together with
the FD condition links the two gates

where X, (V) is the ZF location (or depletion width) under
V, due to one gate alone, given by (15), which scales over
the entire doping range from high N4 to zero, modeled by
(13). When the sum of the two “depletion width” is smaller
than the body thickness, the two gates are “decoupled” and
the device has a neutral body where ¢, = V;., such as PD-
SOI or two bulk-MOS in parallel. When the FD condition
(60) is reached before reaching strong inversion, the gate(s)
will undergo “volume inversion” in which ¢, will follow V,
before reaching V; (strong inversion).

Equation (60) describes the coupling of two independent-
ly-biased gates, which is the most generic (also the most
difficult) case for the “independent asymmetric DG” (ia-
DG) MOSFET, for which each gate may operate in 4 dif-
ferent regions (accumulation, depletion, volume and strong
inversions). The UTB FD-SOI is a special case (doped body,
CSA applies), in which the ZF location may lie outside the
Si body, and it may undergo depletion-to-volume inversion.
The “common asymmetric DG” (ca-DG) FinFET, with one
common gate bias but different 7, and/or Vpp for the two
gates, is another special case (low/undoped body, non-CSA
applies), in which the ZF location would always lie inside
the Si body. The “symmetric DG” (s-DG) FinFET is a spe-
cial case of ca-DG, with all quantities for gate-1 the same as
for gate-2. Half of the s-DG FinFET is like an “UTB bulk-
MOS” with Ts;/2 body thickness and the same boundary
conditions as in (9). The GAA SiNW (with radius R, equiv-
alent to T§s;/2) has the same cross-sectional view as that of
the s-DG FinFET and the same boundary conditions under

cylindrical coordinate. In all these types of devices, the “ZF
potential” ¢, needs to be modeled.

General solutions for DG/GAA MOSFETs have been
studied [43-46], and most literatures are based on undoped
body and one type of carrier (unipolar). Rigorous iterative
¢ solution in undoped s-DG with two carriers (bipolar)
has been obtained [47], which shows only a ~nV error in
¢s and a singularity in dCge/dV, at flatband due to the
unipolar assumption. Without loss of generality, we describe
below the model equations for s-DG FinFETs and GAA
SiNWs, respectively, with any body doping (high to zero).
For UTB-SOI with (back gate) T,,2 > T,,1 (front gate), we
have X,» =~ 0 and the current due to back gate can be ig-
nored. For ca-DG, two sets of s-DG solutions labeled “1”
and “2” are coupled by (60), plus the common-bias equation
Vo1 = Vg =V,

In the spirit of the URM approach in which asymptotic
piecewise solutions are solved, the PB equations (with dop-
ing) keeping only the electron term are given in Cartesian
and cylindrical coordinates, respectively, by

2
47 _ aP0 ¢-206—Vo) v

s-DG] (61a
2 es [ 1 (61a)

2
¢ 1o apo p-29r-vo v,

— + - GAA] (61b
dr2 rd ESi [ ] ( )

which are similar to the PB equations (in [45] and [46], re-
spectively) for undoped body under the unipolar assump-
tion, for which pyp = n; and ¢ = 0. Based on the general
solutions in [45] and [46] for s-DG and GAA, respectively,
the ¢, solutions for (61a) and (61b) can be found as [8]

BSS C
=vyln :
¢o,c th (Axs,c>
B
— 2uy 1n (cos <arccos< ﬂe_(d’sv“_v"‘)/””'>
Ass,c

)

thh

+

[s-DG] (62a)

By o = Agg ce P50 vin

— [Cox(Vgr — (¢5.c — ¢rD)) /€517, (62al)
Ags.c = 2qpovge” PortVellviny je g (62a2)
—1+J14+4w
Po.c = bs.c +2v, 1n(Tc), [GAA] (62b)
C

R2
o, — ( i >e<¢x,c—¢F—Vc)/vm, (62b1)
885iLD
kT
Lp= 85; , (62b2)
q°Ppo
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in which the subscript “c” stands for “s” and “d” for S/D
at y =0 and y = L, respectively. The FD potential ¢rp is
given by (18), from which the FD voltage (Vg rp = Vef rp +
VEg) can be calculated:

o (JaPoXam TN
&.FD = 2¢s; 2 4

Ts;
Xa,Fp = -
In (62a), X, = min(Xgm, Xq.rp) Where X gy, is from (16).
For ca-DG, with (60) at a common gate bias Vy, the com-
mon FD voltage can be derived [8]. The gate oxide capac-
itance (per unit area) for bulk/SOI/DG and GAA is given,
respectively, by

[s-DG] (63)

[s-DG] (64a)

Eox

= Rin(l + Tp/R) [GAA] (64b)

C())C

The ¢, (y) solution in (62) represents the ZF potential as
an explicit function of the surface potential ¢ .(y) along the
channel y, which is the exact solution for undoped body [45,
46], the approximate solution for low-doping (small ¢r) un-
der non-CSA, and the asymptotic solution (in strong inver-
sion) for high-doping under CSA. It is used in UTB FD-
SOI in which the ZF potential is outside the Si body, and
in DG/GAA in which the ZF potential is always inside the
body.

The asymptotic piecewise ¢, solutions in strong inver-
sion [and strong accumulation] can be found by solving
(61a) and (61b) for s-DG FinFETs and GAA SiNWs, re-
spectively, which have the same expressions as ¢g; [and
¢dcc] in (21). The corresponding unified regional solutions
¢str [and pgec] are the same as in (24¢) [and (24a)]. For
Vg < Vg <V, pp (depletion region), ¢ follows the deple-
tion piece ¢44 in (21), or its unified regional piece ¢gyp in
(24b), until FD is reached at V, = V, pp. This unified re-
gional piece is modeled by

Gdep = Veff (Psub» PFD; 8d). (65a)

If strong inversion is not reached beyond V, > V, pp, ¢
will follow V, in the volume inversion, in which the Si
body is fully depleted with a fixed depletion charge Q) =
—Cox Y (¢rp)'/?, modeled by

Gav = Vgr — T~/ dFp.

Similar to (26), a single-piece unified regional ¢ 5 solution,
from depletion through volume inversion to strong inver-
sion, is given by

(65b)

Gdas = ﬁeﬁ‘{qsdvs strs 8(]5} (650)

@ Springer

The final single-piece unified regional ¢; solution in all re-
gions is given by (27).
The complete URM for ¢, is summarized below:

¢acc = ﬁr(vg ; Ua) —+ 2vl‘h£{ Z%e_(vgf_vr)/zvth}

th
Psub = o + (_% + \/%2 + ﬁf(vgf — ¢o; Uf))z
Ddep = 0eﬁ(¢suba OFrD; 8d)
_ ) bav = Vgr — T /drD 66
=) b =01 (Vg ) ©0

—2up L] zx/TW,e(ngini Ve)/2um )

bds = ﬁeﬁ'(‘bdvv Dstrs 8¢)
¢seff = Gacc + Pas

in which ¢rp is given by (18). This model covers all types of
bulk/SOI/DG/GAA MOSFETs with complete doping scal-
ing. The unique URM behaviors and the corresponding
derivatives are shown in Fig. 3 for a heavily-doped s-DG
FinFET and compared with the corresponding numerical de-
vice data. The physical parameters Vg, Vrp, and V; will
scale with device structural and doping parameters, while
transitions across various regions are tuned seamlessly (i.e.,
“stitched” rather than “glued”) by the respective smoothing
parameters, which do not require any data for fitting and are
fixed once tuned.

Consistent with the URM approach, unified regional ZF
¢, solutions are adopted based on (62) and (66). With ¢4, in
(66) applied to ¢, . in (62), we have

Bas
= Uy In
¢0,d¢ th (Ass,c>
Bs
—2vy, ln(cos(arccos( B o= Gi—drn)/ ””’)
Ass,c

B,
LY ﬂxo)), (67a)
21);]1
Bys = Ay Ce(¢dx—¢FD)/ Uik
— [Cox(Ver — (as — D)) /251, (67al)

and Ag . remains the same as in (62a2). The ¢4 — ¢pFp term
allows the model to have the correct “turn-on” of the ZF po-
tential. Similar to (61a), starting with the PB equation with
only the hole term, the piecewise regional ¢, solution in ac-
cumulation is given by

B
Po,cc =~V In <AZ)
Bee gecpu
+ 2vs, In| cos| arccos| , [ ——ePec/ Vit
ACC

L)

67b
om (67b)
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Fig. 3 (a) Unified (smooth) regional surface-potential solutions in
strong inversion (¢;-), accumulation (¢cc), depletion (¢gep), deple-
tion-to-volume inversion (¢gy,), depletion-to-strong inversion (¢gs),
and single-piece solution (@), and (b) the corresponding deriva-
tives, compared with Medici data (circle) for the s-DG FinFET with
T,x =3 nm, Tg; = 50 nm, and a heavily-doped body N4 = 10'8 cm—3

Bee = Acce 0!V — [Cox(Ver — ¢ec) /il (67b1)

Ace =2qPpovin/&si. (67b2)

The corresponding unified regional ¢, solution in accumu-
lation is given by

B
Bo,acc = — Vs ln< Aacc)

cc

4+ 2v1n (cos (arccos (

)

thh

Bacc e¢acc/vth)
ACC

+ (67¢)
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Fig. 4 Unified regional (a) ¢ and (b) ¢, solutions in all regions at
four different body dopings as indicated, compared with Medici data
(circle) for the s-DG FinFET with T,, = 3 nm and Ts; = 50 nm. The
corresponding derivatives are shown in the inset of (a)

Bacc — ACCe_¢acc/Uth

— [Cox (P (Vs 00) — Pace)/esil* (67cl)

The final single-piece unified regional ¢, solution is given
by

¢0€ﬁ = d’o,acc + ¢0,ds~ (67)

Similar to the ¢4 URM in (43), the V.-dependent ¢,  is
evaluated by

(bo,c = ¢o,ds(vc,eﬁ‘) (c=s,d), (68)

and being used, e.g., in (29b).

The complete URM for ¢, and ¢, are shown in Fig. 4,
with the body doping ranging from zero (pure Si) to N4 =
10" cm™3. It is made possible by the py model in (13).
For undoped body, the physics in the subthreshold region is
purely volume inversion with a unity slope of d¢y/dV,. For
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low-doping (e.g., 10'* cm™3), a flatband shift is modeled
and volume inversion is observed in Fig. 4 due to the thin
body in this example. For extremely thick body (Ts; >> X g,
where X4, can be tens of micrometers at low doping), one
would expect a near-unity slope of d¢,/dV, at low doping
(and ¢, =~ 0), which has different physics from the volume
inversion. This can be modeled by the URM model [34].

With the complete URM for ¢ and ¢,, other effects
such as PDE and QME can be added in a similar way to
bulk-MOS formulations for the generic SOI/DG/GAA de-
vices [8, 9].

For terminal current/charge models, if the body doping
is high where the CSA is applicable, all the previous equa-
tions in Sect. 3.1 can be used with the URM for ¢ and ¢,.
When the body doping is low where the CSA is not applica-
ble, some modifications need to be made under the non-CSA
formulations.

Based on (20) with the dV,/d¢; term, exact drain-current
expressions are derived for s-DG FinFETs [8] and GAA
SiNWs [46], given by

Liso = Pol (@i + 2vm) Ags + x1, (69)

qVin poTsi (e(¢u,d*2¢1’ —Va) /v

_02(450.5_2¢F—V5)/v,h) [S'DG]
X= Ve —5.a+Cr (69a)
v CrIn (W) s [GAA]
Cr = g,

Without losing much accuracy, the x term in (69) can be ig-
nored. Following the same approximation as in (45), a single
1450 model for s-DG/GAA devices is given by

Liso = %(6]_[ + 2v) Vds,eﬁ‘ﬁ (70)
Gi = Ver — &5, (70a)
— 2iteroCox(W/L) [s-DG]
Bo=17_ (70b)
Heff0Cox(2T R/L). [GAA]

For UTB FD-SOI with non-CSA, the pre-factor “2” for s-
DG becomes “1” assuming only the front gate conducts the
current.

The long-channel saturation voltage is rederived to be

Vids.sat = VorslBoar (71a)
ds,sat ng,s T LEsut +4Uzh d,sat KX

Vor,aLE,
Vid.sar = S — Vst — V. (71b)

Vet,a + LEga + 4vyy

With the S/D series resistance Ryq, Vis sar 1 given by (48),
in which [8]

ag = V5t ZC oy Ry, (72a)
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by = _[Vgt,s + Vst ZCox Vgt,s 2Rs + Rya)
+ Esqr L + 4vg (1 + 050, ZCox Ry)],
Cs = Vgl,s EsaL + 2UsatZC0stdVgt,s (Vgt,s + 2vg).

(72b)
(72c¢)

And Vi g0 in (71b) with Rgy is given by (48), with all the
subscripts “s” replaced by “d” in (48) and (72). The effec-
tive field for FB-SOI and s-DG/GAA devices is given by

C y—
&nCox Vgt- (73)
ESi

Eeﬂ =

The inversion charge Vi . (normalized to C,y) in (39),
which is used in V. o and Ef, is based on the CSA. Under
non-CSA, it is derived from the second integral of the PB
equation, given by [8, 9]

(T\/vme@sm—zw—wvvm)

s TCUX& (¢' *2¢F*V )/U/
X sin (—Ssi Fug, \/U[he 0,¢ ¢/ Fih

v ) [s-DG]

§Z_I{1)e(¢.§,c+¢a,c72¢F72V1‘)/2Uth (c=s,d) [GAA]
(74)

Equations (70)—(74) are for non-CSA models (low-doping)
in place of the corresponding ones for CSA models. The
rest of the equations [e.g., (35), (36), (42), (49), (50)] share
the same expressions for both CSA and non-CSA models.
The “switch” between the two types of models is some in-
termediate doping level, around which either model would
be applicable.

For short-channel and/or thick-body devices, a DIBL
model is developed based on the quasi-2D solution for the
surface-potential “lowering” [9]

inh[(L — y)/A
8ps,c(¥) = (Ve + Ve — ¢S)M

sinh(L/\) (75)
(c=s,d),
ESi Xo .
)»=C 7; X, =min{ Xy, [(Ts;/2); R1}, (752)

where Vj; 5/q4 is the S/D-body pn-junction built-in potential.
The DIBL model (§¢5 “lowering” from the long-channel ¢)
is included in Vpp, where 8¢ is based on (75) at y = L/2:

S5 = 8¢ps s (L/2) + 8¢ps,a(L/2)
= Vpi,s + Vii,a + @aini(Vs + Va) — 2¢5)
1

X ——————— (76)
2cosh(L/2))

where 1 and o are fitting parameters.

For FB PD-SOI, all the model equations are the same
as for bulk-MOS except that ¢, is “floating.” Physically,
¢, ~ 0 since Si body is partially depleted and ¢, is always in
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the neutral body. However, when V4; — 0, due to the unipo-
lar assumption (no hole current in nMOS), there would be a
“glitch” in the GST higher-order derivatives due to ¢, in the
depletion piece (¢g,p), which would lead to inaccurate dis-
tortion simulations reflected in the third (and higher) order
harmonics [32]. This problem is solved by the SIC [9] for
physically modeling ¢, based on balancing the two back-to-
back S/D junction diode currents, given by

b0 = nvg[ln2 — ln(efv“/"v”’ Le” d/”Uth)]’ (77)

where n is taken as a fitting parameter.
The same idea has been extended to model the “kink ef-
fect” in FB-SOI [9], in which ¢, is modeled by

] ..

b0 = nvg, [m (2 + %) — In(e™Vs/mvih 4 eVd/"”fh)], (78)
N

where [;; is the impact-ionization current and /; is the S/D

diode reverse saturation current. This leads to an explicit CM

for FB effect without the need to introduce an internal circuit

node.

4 Summary and conclusions

In summary, we have presented the general ideas and de-
tailed formulations of the MOS core model (Xsim) for uni-
fication of various MOS models. Major effects are included
in the ¢g-based CM. Some unique features that do not ap-
pear in other contemporary CMs include: ground-reference
(G-ref) for FB-SOI and DG/GAA devices with complete
symmetry and physical modeling of asymmetric S/D with-
out swapping S/D terminal polarities for Vs changing signs;
gate-bias dependent S/D series resistance in all regions;
velocity-overshoot modeling with the electron-temperature
gradient term added to the conventional DD formalism; and
seamless transition from depletion to volume/strong inver-
sion for any body doping and thickness. The Xsim model
has also been extended to strained-Si/SiGe channel and
SB/DSS MOSFETs, as well as physical modeling of inter-
face traps for reliability [48, 49] and statistical-CM for vari-
ation [50] and mismatch studies. The model has a small set
of parameters (<40) that requires minimum data and one or
two-iteration parameter extraction.

The unique URM approach provides correct asymptotic
physical solutions and approximate ones in seamless transi-
tions across different regions of operation for various types
of MOSFETs. This is in line with the essence of com-
pact modeling: Correct physical approximations and correct
mathematical formulations to emulate ideal device physi-
cal behaviors and corroborate with real device characteris-
tics. The ultimate goal of the Xsim model is for unification
of MOSFET CMs with various gate, body, as well as S/D

structures and dimensions in one unified core framework for
simulating and designing VLSI circuits in future generation
technologies, with multilevel modeling and seamless simu-
lation [51].
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