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ABSTRACT

This paper presents our new developments of Xsim, a
unified regional threshold-voltage-based model for deep-
submicron MOSFETs. New features include complete
reformulation with bulk reference, including transverse
electric field for effective mobility resulting in source—drain
symmetry, charge-based AC model fully consistent with
DC without the need for C—} data, and inclusion of poly-
depletion effect for both DC and AC models.

Keywords: Compact model, symmetry, charge-based
model, deep-submicron MOSFET, poly depletion, Xsim.

1 INTRODUCTION

MOSFET compact models (CMs), which have played a
central role in the chip design and fabrication, have been
“spiced” up recently as evidenced by the collection of
feature articles appeared in the IEEE Circuits & Devices
Magazine in the recent years [1]. This reflects the call for
new CM development to keep up with the next generation
CMOS technologies as a result of technology advancement
being always ahead of model development. The
importance of CMs can never be over-emphasized since it
is the cornerstone for bridging the design and the given
technology. The challenge in developing next generation
CMs lies in the increasing demand in the tradeoff in model
accuracy and simplicity, as well as model scalability and
predictability for new technology generations.

Regional formulations of MOSFET (charge and current)
equations have been used for circuit simulation in the past
decades, starting with the Meyer’s model [2] through
generations of BSIM models. One of the factors of their
popularity and success is due to the physically-based
regional approach, which is flexible and relatively easy to
add new features to keep up with the technology
advancements. On the other hand, keep adding fitting
parameters to the model (including “binning”) makes it
more and more empirical and unmanageable. Together
with the “intrinsic” problems in model symmetry (due to
source referencing) and continuity (due to use of smoothing
functions), these inadequacies have become “showstoppers
for design.” In the mean time, surface-potential and
conductance-based models are becoming popular in CM

development [3]. From the history of MOSFET models,
surface-potential-based (¥;-based) formulation [4] was
developed in 1966, much earlier than charge-based models
in 1971 [2]. The fact that an earlier invented (surface-
potential-based) model only becomes popular affer the later
developed (charge-based) model facing limitations tells that
the charge-based (unified regional) approach has some
unique advantages, which can (and should) be extended
provided its shortcomings can be overcome. One of the
major advantages of the unified regional approach is
threshold-voltage (V;) based (as opposed to ¥-based), in
which the model can be characterized to a given technology
of varying geometry down to the deep ¥, roll-off regime
[5]. This aspect of model property (scalability) is becoming
equally (if not more) important as others (such as accuracy
and continuity over bias) for “scaled” deep-submicron
MOSFETs, since geometry variation (in gate length, L,) has
an equivalent effect to bias variation (in V) for the
effective lateral field, V,/L,. This will be traded off with
accuracy in the moderate-inversion region due to “pinned”
surface potential at strong inversion as well as the use of
smoothing functions. However, as will be shown in this
paper, with physical modeling of the respective
linear/saturation and subthreshold/strong-inversion
characteristics of charge and current as well as good
smoothing functions, a unified V;-based regional model can
be symmetric, consistent in DC and AC, and continuous in
higher-order derivatives.

This paper summarizes the recent development of our
unified regional model, Xsim [5], which has been re-
derived with bulk as the reference in the drain-current and
threshold-voltage formulations, together with a consistent
charge model for intrinsic capacitances, as well as inclusion
of poly-depletion effect. The new model demonstrates
Gummel symmetry while maintaining a small number of
fitting parameters that requires a one-iteration extraction
procedure using minimum measured /—} data (without the
need for C—V measurement).

2 MODEL DESCRIPTION

Our source-referenced V,-based model [5] has shown
continuity in third-order derivatives and improved
symmetry and scalabe over entire geometry. In this section,
we highlight new development in bulk-referenced regional
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charge models combining our developed smoothing/
interpolation functions for consistent current/capacitance
modeling. The DC/AC model has also been extended to
include poly-depletion effect derived from bulk-referenced
charge model and expressed as a simple modification in the
flat-band voltage and bulk-charge factor.

2.1 Symmetric DC Model

One source of MOSFET model asymmetry is due to
source referencing as a result of bulk-charge linearization
[6]. This can be avoided if I, is derived from charge-sheet
model with bulk as the reference [7], which results in the
same I, equation as source-referenced model but different
expressions for the threshold voltage
V, =V =4y =1V (1a)

Vio =Vip + 85 + Ve P50 (1b)
and the bulk-charge factor

A, =1+y/(2\/Z) (1c)

where ¢, =2¢r— A¢; is the (pinned) surface potential at
strong inversion (A¢, is the barrier lowering for short-
channel devices [8], charge-sharing and drain-induced
barrier lowering are contained in . [8]). These are well-
established regional models, which are readily applicable to
combine with our developed smoothing/interpolation
functions for the unified model.

Another source of asymmetry is in the effective
transverse field (E.;) used in the effective mobility model.
If the drain-bias effect is ignored, as proposed in the
universal mobility model [9], asymmetry will occur (the
same is true for #-based model if low-field approximation
is assumed). In our new model, £y is derived from the
average transverse field based on the bulk-referenced
inversion and bulk charges, given by

C AV oy o] Vier =2V s
E(ff = 280x [[Vgeﬁ - 5 +2,Zb]/ 1+ —
Si

49,

2
for nMOSFETSs, where Vo and Vg are the interpolation/
smoothing functions [8], and y; is a fitting parameter.

A third improvement in symmetry is to introduce a “d,
factor” for velocity saturation in the lateral-field effective
mobility

Ho
Hep =
7 1+6, Vdefff/(l‘effEsut)

in which &, has an empirical form: & = 6.(Veaey/ Vasar), Where
Vasar 18 the saturation voltage, Vaepis the smoothing function
between linear and saturation regions, and ¢; is a fitting
parameter.

(€)

2.2 Consistent AC Model

One of the major problems with the source-referenced
regional charge model is asymmetry in intrinsic

capacitances (Cgs # Cog and Cy, # Cpy at Vg =0). However,
if terminal charges are derived with bulk reference, there is
no reason why regional model must suffer asymmetry.
When we first start to extend our Xsim DC model to AC
(capacitances), we take note of symmetry at the very
beginning. Since the well-established charge models [10]
in strong inversion based on the Ward and Dutton partition
[11] are consistent with the corresponding current model,
with the bulk-referenced expressions, we simply used the
same smoothing functions (Ve Vi) as well as similar
ideas to the effective gate/drain voltage product (V) in our
1, model to come up with unified source/drain terminal-
charge expressions such that, in the linear strong-inversion
limit (Voo —> Ves— Vio  Vaey—> Vi) and  subthreshold
(Ves << V) reglon they approach the well-known regional
expressions [10]. The final derived Q, and Q, equations are
summarized below:

0, =05C, (Voo + 4,) (42)
04 =0.5C, Vet + 4a) (4b)
where

20,y tnfl+ VNG, (sa)
a

V V=2V, )/ (2nvy,

6anc,s( w/Cale” )/ 2nvy,)

Vi, (2 +eValv )

2nvth ln(l + e(VgS _Vl )/(2”‘/,;, ) )Vdc,d

gc,s

1+

Veed = (5b)
ge,d Ve—Vi=2V, )/ 2nv,,)
6nv C 7 "
4 de,d ( ox/ d )e iy
Vi, (l +2e Vsl )
AV
Ve =1- L (62)
WV e
24,V
Viea =1= =" (6b)
geff
with the unified auxiliary functions A4, and 4;
A, =2A(1-B) (7a)
A; =2AB (7b)
APV
A= b 1d o (8a)
12V g —%24pV )
SV, =24,V 45
geff’ b" deff (Sb)

10( Veer =V AV )’

The above equations are fully consistent with O; = O, + Q4
used in the 1, equation [12].
The final unified bulk charge is expressed as

O =CodV iy Q)
with a smoothing function (and fixed smoothing parameter
9, =10.0001)

Vteff = Vtstr - ]/Z[Vtstr - tsub 5[1

+ \/(Vtstr - tbub 51)) + 451) tstr :|

joining strong-inversion and subthreshold regions, which
approaches

(10)
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Vistr [}’eff\/ Ps0 =S Ab Vbs]+§b(Ab )quf‘@ (11)

in strong inversion, where &, is a fitting parameter and @ is

an auxiliary function

3V — 24,V 10
D= geff b" deff (12)
6( geff /2Ah Vdeff )

and approaches

Vtsub =V ¢sub (13)

in subthreshold with a gate-voltage-dependent surface
potential ¢, [12].

2.3 Poly-Depletion Model

When poly-depletion effect is considered, the inversion
charge along the channel is given by [13]

0:(0)=ColVer ~Viw -%,0)-2.)]-0,(») (19

in a bulk-referenced model, where the potential drop across
the poly-depletion region can be derived, similar to [13]

'}Ip(y):ng _VFB _Byv(y)

2 (15)
_Av|:\/1+A_[ng - VFB _l[/s(y)]_l:l

v

or re-written, similar to [14], as

b+1
llyp(y)zAv(T_\/z]_’—Kvsyb(y) (163)
2
b:1+A—(Vg,, Vi) (16b)
2e iN ate
, =—Sczg’ (16c¢)
0
K,=—2-1 (16d)

"o

where Ny is the poly-gate doping concentration and 6, is a
fitting parameter due to Taylor’s series expansion from
(15). Substituting (16a) into (14) and integrating across the
channel from source (y=0) to drain (y=L.), with the
boundary conditions ¥y =2¢r + Vy, and ¥ =2¢p + Vy, it
can be shown that the drain current can be expressed in the
same conventional form:

Lo = poyCox Eff' {( o Vi )Vds Ades:| ) (17)
with a modlﬁcatibn of the flat-band voltage

Vio =V +¢s+7gﬁ‘\/% (18a)
Vi =Vig + AV, (18b)
Vig =u — 1 +5E, +%8,0)—aN i /Cop (18c)
and bulk-charge factor

4, =1+7/(2J8, )+ K, . (19)

AV, in (18b) represents a “flat-band voltage shift” as a
result of poly-depletion effect, given by

AV, =4 |b+1)2-b |- K (g, - V), (20)

which is gate-bias dependent. The above modifications in
Vi and A4, although derived from integration of inversion
charge for the drain current, are also extended to the charge
models in Sec. 2.2, which provides consistent modeling of
the poly-depletion effect in the intrinsic capacitances.

As our regional drain-current model is ¥, based (pinned
surface potential in strong inversion), similar idea is applied
to AV, in strong inversion: A4V, is “pinned” to the value
evaluated at Vg, = Vi AV, 4 = AV)| e, = 11, for which a closed-
form expression can be solved. This AV, is used in the
unified drain-current model.

3 RESULTS AND DISCUSSION

The new bulk-referenced DC/AC model has been
validated with measurement [12] and Medici numerical
device data of a 90-nm technology, as will be shown in this
section. Model calibration (parameter extraction) follows
the similar one-iteration procedure as developed before [5].
V, model is first calibrated to the V; — L, data extracted from
14s — Vg5 curves for high poly-gate doping (Ngqe = 102 cm"3)
when poly-depletion effect can be ignored (in principle, V;
data can be obtained from a given technology ET data
without /-J measurements). The calibrated V;, — L, curves
are shown in Fig. 1.

To calibrate the model for poly-depletion effect, the
flat-band voltage [or workfunction, ¢, in (18c)] together
with the long-channel doping (N,;) is calibrated to the long-
channel (L, =20 pm) V, - V), data (at low V) for different
poly-gate doping Ng,. (same as Medici values). The fitted
results are shown in Fig. 2(a), and the predicted results at
short channel (L, = 90 nm) are shown in Fig. 2(b).

After V; calibration, only fwo “corner” devices (L = 20
um and 90 nm; Ny, = 102 em™) I, — Ves (at high/low Vg
and V) are used for I; model calibration to extract the
mobility, bulk charge, series resistance, and subthreshold
parameters [5], and 7, — V, (at high Vi, and low V) data
for each gate-length device are used to extract the
smoothing parameter (o) in Vg For each poly-gate
device, one additional I — V, (at low V, and high V)
data from the long-channel (20-um) device is used to
determine the optimum value of 6, in (16d). No other
device I-V and C-V data have been used in parameter
extraction.

The fitted 1 — V, curves for long- and short-channel
devices are shown in Fig. 3, together with the second-order
derivatives (g,"), which follow the behavior of the data
with continuity across ¥z =0. While g’ does not reflect
true model symmetry, Gummel symmetry test can be
verified as shown in Fig. 4 for the 90-nm (and 20-um [12])
device. Model symmetry in intrinsic capacitances is shown
in Fig. 5, where the capacitances are obtained by the
respective partial derivatives of the unified charge
equations consistently calibrated to the drain-current data.
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The predicted capacitances, transconductances, output
conductances, and drain currents at various poly-gate
doping concentrations are shown in Figs. 6-9. Excellent
prediction over the entire range of bias, geometry, and poly
doping verifies the physics built into the model. Fig. 9
further demonstrates the model’s ability in “extrapolating”
to deeply-scaled (in the ¥, roll-off region) device, which
uses only one I — V plus the V; data for the 65-nm device.

4 CONCLUSION

In summary, we have demonstrated that a regional V-
based model can be symmetric as long as the drain-current
and charge equations are formulated based on bulk
reference, even though the threshold voltage is source-
extrapolated. = Symmetric and bias-dependent intrinsic
capacitances can be obtained from the unified regional
charge equations consistent with the current model without
the need for C—J data. Poly-depletion effect is modeled
through a modification in the (long-channel) flat-band
voltage and bulk-charge factor, which can be extended to
all geometry/bias conditions for both DC and AC models.
Compared with popular %-based models, the regional V-
based model may not be as accurate in the moderate-
inversion region due to the use of smoothing functions.
However, with technology characterization of the V; model,
the unified regional approach has the advantage of
modeling deeply-scaled (¥, roll-off) devices, a region most
¥.-based models do not (or cannot) model accurately.
With the small number of parameters and minimum data
requirement, together with the one-iteration parameter
extraction for the model, our approach to modeling deep-
submicron MOSFETs will prove to have a major
contribution in predicting next-generation devices and
technologies. The significance of our model development
lies in providing a choice for next-generation MOSFET
models with scalability, symmetry, accuracy, continuity,
simplicity, as well as familiarity to the existing modeling
infrastructure  for circuit simulation and design
communities.
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