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ABSTRACT

It has recently become clear that the electronics industry is turning
away from source-referenced, threshold voltage based MOSFET
models. The two main approaches as candidates to replace BSIM-
type models are inversion-charge and surface-potential models.
This paper provides an overview of the basic physics that must be
modeled to build a compact model for the MOSFET and
compares the two approaches taken by the developers of next
generation models.

Categories and Subject Descriptors
B.7.2 [Integrated Circuits]: Design Aids — simulation.

General Terms
Design, Performance.

Keywords
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1. INTRODUCTION

The modeling of MOS transistors for integrated circuit design has
been driven by the needs of digital circuit simulation for many
years. The present trend toward mixed analog-digital chips creates
a necessity for MOSFET models appropriate for analog and RF
design as well [1, 2, 3, 4]. For example, using a source-referenced
threshold voltage makes it hard to properly model the
intermodulation in passive mixers [4].

Strong inversion used to be the prevailing MOS operation region,
but as a consequence of the technological trend toward shorter
channel lengths, off-state leakage constraints, and reduced supply
voltages, MOS devices now often operate in the moderate and
weak inversion regions [5]. A representative example of a circuit
that employs MOSFET’s operating in either weak inversion or
moderate inversion is the self-biased current source described in
[18].
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Conventional models, such as BSIM [6], are direct models since
the drain current and the terminal charges are explicit functions of
the terminal voltages. Since these direct models use mathematical
smoothing functions to describe the transition between weak and
strong inversion, they are not accurate enough to represent the
moderate inversion region, widely employed in low supply
voltage circuits [3, 4].

Currently, there are essentially two alternative approaches to
direct models, namely surface-potential-based (@-based) [1, 3, 4]
and inversion-charge-based (Q’;-based) [2, 7, 8, 9, 10] models. In
these two indirect models, the drain current and the terminal
charges are indirect functions of the terminal voltages through
either the surface potential or the inversion charge density.
Conventional surface potential models based on the original
charge-sheet approximation of Brews [14] do not lead to a
practical result due to difficulties in introducing velocity
saturation effects for short-channels and obtaining closed-form
self-consistent charges for the device terminals. Practical compact
@-based models (MM11, SP) use linearization of the surface
potential vs. inversion charge density in a similar way as Q' -
based models do [3, 4].

With regard to Q7 -based models, the inversion charge density is
approximated using the unified charge control model (UCCM)
[8].

Briefly, @-based and Q’; -based models have a common
background, but enough differences between them exist to
motivate model developers to support either approach. Because
the complete transistor model, including the different physical
effects relevant to advanced technologies, is very complex, we
will reduce our comparison to the core models based on either
surface potential or inversion charge.

2. PAO AND SAH EXACT I-V MODEL

For a long-channel device, the gradual channel approximation [3,
11] is valid, i.e., the longitudinal (x-direction) component of the
electrical field can be assumed to be much smaller than the
transversal (y-direction) component.

For the calculation of the current /pg that flows from drain to
source, it is assumed that the hole current (for an n-channel) as
well as recombination/generation can be neglected [3,11]. In the
ideal case, it is furthermore assumed that there is a current flow in
the x-direction only. Assuming the mobility 4 to be independent
of bias and position, the channel current can be written [11, 12] as
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where W is the transistor width, V¢ is the channel-to-substrate
potential and Q; is the inversion charge density.

Integrating (1) along the channel, from source to drain, [11, 12]
yields:
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where L is the channel length. Expression (2) is very general and
includes both the drift and diffusion mechanisms, thus giving an
exact model of the classical (as opposed to quantum mechanical)
long channel MOSFET.

Because there is no general analytically integrable expression for
the inversion charge density in terms of the channel potential, the
conventional approach has been to develop separate models for
strong and weak inversion, where simple expressions, linear and
exponential, respectively, for the inversion charge density are
available. The complete model is then obtained with the aid of
interpolation functions to describe the transition between weak
and strong inversion. This approach, that was widely used to
obtain models for electrical simulation, including BSIM4, is no
longer considered appropriate for advanced MOS technologies.

To obtain a general analytical expression for the current, (2) can
be calculated by means of a change of variable. Two alternatives
are currently available, namely surface potential models, based on
(3), and inversion charge models, based on (4)
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A similar procedure can be applied to calculate the total charges.

3. SURFACE POTENTIAL MODEL

To calculate (3), Q’)(@) can be determined from the charge-sheet
approximation. In this approximation, the potential drop across
the inversion layer is ignored for the calculation of the bulk
charge density Q3. Consequently, the inversion charge density,
for an n-channel, Q;is expressed as [11, 13]:

Y =-C;x(VG-VFB-44-y 4@-@) (5)

where C’,, is the oxide capacitance per unit area, y is the body
factor and Vg, Vpp and @ are the gate, flatband and thermal
voltages, respectively.

dV/dg is determined from the implicit relation for the surface
potential [3, 11]:

Ve ~Vis-a) =P lgd® 79 g -q)

where ¢ is the Fermi potential of the bulk. (6) is very accurate for
¢g > 6¢, . Near flatband (6) must be modified to includ the term

for the hole density.
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Differentiating (6) with respect to @ we obtain [13, 15]
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Substituting (5) and (7) into (3) we arrive at
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(8) allows deriving an explicit general equation for the current
[13], but the final expression is rather cumbersome. The result can
be simplified by noting that the last term in the right-hand side of
(8) is relevant for small Q' only (weak inversion) [15]. The
application of this approximation to (8) results [15] in:
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Integration of (9) is straightforward, the result being known as
Brews’ charge-sheet model [14].

Most advanced surface potential models [3, 4] introduce an
additional approximation, substituting the depletion charge
density term with the first two term of the Taylor expansion
around a certain value of the surface potential ¢.. The charge
sheet current expression is then written in terms of the surface
potential values at the boundaries of the channel as follows [11]:
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Choosing @, = %(%L + ¢SO) [3, 4] the surface potential-based

expression (10) is simplified. Another virtue of this choice of @,
is that the resulting model is inherently symmetric [3,4].

4. INVERSION CHARGE BASED MODELS
In the inversion charge based model (4), the term dVe/dQ'; is
calculated from the unified charge control model (UCCM) [8].
The UCCM model can be readily derived from the description of
the three-terminal MOS structure through a capacitive model as
shown in Fig. 1.
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Figure 1: Small-signal model for the three-terminal
MOSFET

UCCM follows from the two following approximations:

1. the depletion capacitance per unit area C’ is assumed to be
constant along the channel and is calculated assuming the
inversion charge to be negligible in the potential balance
equation;

2. the inversion capacitance is proportional to the inversion
charge density (C’;=-Q,/¢). This hypothesis is equivalent to that
used to obtain (9) from (8).

It follows that [16]
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where nC’,,= C’,,+C’)
Equation (13) represents the UCCM in differential form.
Substituting (13) into (4) yields
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Integrating (14) from source to drain results in
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In (15) the quadratic term corresponds to the drift currents and the
linear term to the diffusion current. The slope factor n in (15) is

given by n :1+y/2,1(pm - @, , with @, being equal to the
surface potential calculated from (5) assuming the inversion
charge to be negligible.

5. COMPARISON BETWEEN MODELS

The numerical calculation of the Pao-Sah double integral (2) will
be used as a baseline for the comparison of the current models.
The inversion charge in (2) is solved by finite differences with a
non-uniform discrete mesh in y.
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Figure 2: Normalized drain current
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Figure 3: Error in the drain current. The Pao-Sah model is
used as reference.

For the simulations, the following parameters were used:
temperature = 27 °C, oxide thickness = 2nm, doping concentration
=2EI8 cm™.

As shown in Figs. 2-3, the inversion charge and the @-based
models give very good approximations for the drain current from
weak, through moderate to strong inversion. Also, note that the



Q’; - and the @-based models are strictly equivalent in weak
inversion. (the equivalence between the models in weak inversion
will be explained in annex B). An interesting result from Fig. 3 is
that the charge model gives a better approximation than the
charge-sheet model for moderate inversion while in strong
inversion the errors are roughly the same.

6. CONCLUSIONS

Two approaches to MOSFET compact models have been
described. The future direction for the industry is still unclear.
The Compact Model Council is currently examining examples of
both types and their work will provide additional insight into the
consequences of various modeling choices. Ultimately, engineers
responsible for providing models to meet the needs of circuit
designers will decide which model to use.
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8. ANNEX A: CALCULATION OF THE
SURFACE POTENTIAL

The gate electrode charge per unit area is given by [11]:

Q;; = C;;x (VG Vg — ¢s) (AD)

The general implicit relation for the surface potential is [3, 11]:

(VG Vg _%)2 - y2¢,te‘(2¢’F+Vc)/¢’z (e%/(/’r _1)+
+ylg+gle -1) (A2)

The charge-sheet approximation neglects the potential drop
across the inversion layer for the calculation of the bulk charge
density Q5. According to the charge-sheet approximation, Q 5 is
given by

Qp = -sign(g, )C;,ryx/@ +¢Jt(e_¢5/@ —1) (A3)

Expression (A3) gives a continuous model from accumulation
through depletion to inversion. The inversion charge density Q;
is expressed as

QI = _Ct;x(VG Vi~ @, +%J
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For @-based models, one can calculate ¢ iteratively using (A2)
[17] and the resultant value is used to calculate QG’ QB and
Q; from (Al), (A3) and (A4), respectively.

9. ANNEX B THE UNIFIED CHARGE
CONTROL MODEL

The channel charge density for which the diffusion current equals
the drift current is designated the pinch-off charge density Q}P .

0, =-nC,.@ (B1)

The channel-to-substrate voltage (V) for which the channel
charge density equals Q}P is called the pinch-off voltage Vp.
The pinch-off voltage is given [2] by:

Vo =05, 20 —@(l +1n(i)]
n—1

UCCM is given by [2]

_ Q’IP_Q} Q’I
Vp=Ve =g =L =L+ =L (B3)
e 4 nC,.q H(Q}P H

(B2)

A fundamental property of (B3) is that, in weak inversion, it is
asymptotically coincident with the surface potential charge-sheet
model. Substituting (B1) and (B2) into (B3) and considering
0, - 0, it follows that

Q' — V2q€sN 4 ¢e(%—2%)/@e—lfc/w
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In Fig. 4, we illustrate the results of the inversion charge density
obtained numerically, using the charge-sheet model, or UCCM",
an improved version of the UCCM, which includes the additional
term ¢ into the bulk charge. UCCM" and the @-based model give
very good approximations for the inversion charge densities from
weak, through moderate to strong inversion. For the simulations
in Fig. 4, Fig. 5, and Fig. 6, the following parameters were used
(unless specified otherwise): temperature = 27 °C, oxide thickness
= 2nm, doping concentration = 2E18 cm™.
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Figure 4: Inversion charge density

As shown in Fig. 5 and Fig.6, both @-based charge-sheet model
and UCCM" approaches give errors less than 3% under normal
bias conditions and for a wide range of physical parameters.
UCCM" and charge sheet are strictly equivalent in weak inversion
as expected. An interesting result from Figs. 5 and 6 is that
UCCM" gives a better approximation than the charge-sheet model
for moderate inversion while in strong inversion the opposite is
observed. The better accuracy of the UCCM' in moderate
inversion is related to the fact that the capacitive model on which
the UCCM" is based is more general than the charge-sheet
approximation. In strong inversion the value of the inversion

capacitance (—Q} /@) used in UCCM" is less accurate and the
charge-sheet model gives a better result.
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Figure 5: Error in inversion charge density for two doping
concentrations
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Figure 6: Error in inversion charge density for two oxide
thicknesses
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