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ABSTRACT

We describe a vertical field electron mobility model
that has been implemented in a SOI MOSFET surface
potential based compact model. The main scattering
mechanisms - surface roughness, phonon, and Coulomb
scattering - are included.

All scattering terms have been retained when cal-
culating the drain saturation surface potential ¥sr,sq-
This yields a quartic expression in ¥srsq:. Taking the
exact quartic solution results in numerical instabilities
in 9515t under some conditions, which cannot be cor-
rected using numerical limiting. Instead, a method has
been devised in which the quartic is approximated by
a stable quadratic expression. The accuracy of the ap-
proximate solution is very high, with deviations from
the exact solution of no more than a few mV.

Keywords: MOSFET, compact modelling, surface po-
tential, mobility, quartic.

1 INTRODUCTION

Inversion layer mobility has an important influence
on the behaviour of MOSFET devices, and compact
models need to accurately model the variation of the
mobility with electric field. Until recently, it was com-
monplace for circuit simuators to rely on the classic em-
pirical relation [1], [2]

Ho (1)

Hzeff = 1 +aaEweff

where pio is the bulk mobility, ps.ss is the vertical
field degraded effective mobility, Egcfs is the effective
vertical electric field, and ay is a fitting constant. Us-
ing this relation yields simple, tractable expressions for
the drain current, but at the cost of reduced physical
accuracy. Extensive parameter optimisation, often ac-
companied by non-physical scaling of parameters with
channel length, is normally required to match experi-
mental results.

Although models have been devised which incorpo-
rate the main physical mobility scattering mechanisms
(3], [4], it was not until quite recently that these started
to appear in compact models [5],[6]. One reason for this

is that they yield more complex mathematical expres-
sions. In particular, problems can arise when calculating
the drain saturation surface potential 1s144;. In sur-
face potential-based models, 15154t is a very important
quantity, since it determines the point of transition be-
tween the linear and saturation operating regimes. In
order to avoid the complexity of high-degree polynomial
expressions, it is necessary to either ignore or simplify
some of the scattering terms, or else neglect the effects of
the vertical field on 1s15.¢. Both approaches introduce
an undesirable error.

2 MODELLING OF SCATTERING
MECHANISMS

This paper describes a MOSFET vertical field mo-
bility model that has been implemented in a surface po-
tential based compact model, STAG [7]. The main scat-
tering mechanisms are accounted for using the following
expression:

Ho Ho
= = — 2
Beelt = 1 Gon + Gor + Goou G 2)

where Gph, Gsr, and G, are the contributions due
to phonon, surface roughness, and Coulomb scattering
respectively. In the following sections, « is used to de-
note a model parameter.

2.1 Phonon Scattering

The generally accepted dependence of phonon scat-
tering on vertical field in a MOS inversion layer is given
by [4]

Gy = opn B3, 3)

A standard equation for E,.sy is used to determine
the functional dependence of Gp, on the device surface
potential

Boegy = S0+ Jete) (@

€S

fb and fc have been ascribed functional dependen-
cies [8], but are more usually set to constant values of 1
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and 0.5 respectively. g, and g. are the body and chan-
nel charge densities, and are modelled by standard sur-
face potential expressions [1], [2]. Once G,, has been
expressed in terms of the surface potential, it is neces-
sary to perform a Taylor expansion to obtain an integer
power expression.

2.2 Surface Roughness Scattering

Surface roughness scattering starts to dominate over
phonon scattering at higher gate voltages. While the
power dependence of this scattering mechanism is some-
what influenced by the interface quality and gate mate-
rial [9], the most commonly used expression for electron
scattering at the oxide interface is

Gsr = aergeff (5)

2.3 Coulomb Scattering

This scattering contribution is most dominant close
to the threshold voltage, since scattering due to ionised
impuries is greatly reduced by the screening of the in-
version layer at higher gate voltages. It has been found
empirically that the magnitude of the scattering term
is inversely proportional to the channel charge density
[4]. In order to obtain a more numerically stable expres-
sion, the approach taken by Villa et al [10] was adopted.
Since the emphasis is on deriving an accurate expression
around threshold, at low inversion charge densities, a
non-degenerate version of (10) in [10] was derived. This
then leads to an expression of the form:

2
dso0
Geou = QcoulN4 (Qso—:‘%) (6)

where N4 is the doping concentration, and gy is
some characteristic charge density associated with the
screening of the inversion layer.

3 CALCULATION OF SATURATION
SURFACE POTENTIAL

The STAG model uses an expression for the channel
current Iog of the form:

Ion = T hetsCon 1ot) ~ F@)] (D)

where W, L, C,;, have their usual meanings, ¥4
and 1,1 are the surface potentials at the source and
drain ends of the channel, and .y is the total effective
mobility, given as

Ho ®)
G, + po(YsL—v¥s0))

Vsat L

Hers =

Note that pss differs from pgess in that it also in-
cludes a term accounting for the effect of velocity satu-
ration (vsq is the carrier saturation velocity).

We define 1s154¢ as the drain surface potential at
which the channel current turns over (reaches satura-
tion). Therefore, 15, = ¥s1,sa¢ When the following con-
dition is met:

Olch
=0 9
6¢5L ( )

If ¥s1sar 18 Over-estimated, it can result in a non-
physical rollover of the channel current [11]. It is there-
fore important to ensure that ;1.4 is calculated as
accurately as possible.

If we use (2) - (8) and convert to a surface potential
equation using standard expressions for ¢, and ¢., we
can apply (9) to obtain a quartic equation in g sas:

AI'[):Lsat + ng’Lsat + ngLsat + D";bsLsat +E=0 (10)

Following the same procedure as in [11], we apply
the following substitution

v
YsLsat = Y0 + ‘§ (11)
In the limit of no velocity saturation, S = 1, whilst in
the limit of excessive velocity saturation, S — oo. The
definitions of S and ¥ are given in [7]. By substituting
(11) into (10), we obtain a quartic expression in S:

aS* +bS* +cS*+dS+e=0 (12)

It is possible to solve (12) directly, but the roots
can exhibit numerical discontinuities. For this reason
a technique was developed to make the equation more
stable. We begin by applying another substitution to
give a second degree polynomial:

S= (z - %) (13)

By substituting (13) into (12), we obtain the follow-
ing expression:

D=

e 36 bd
(16a2 T 25607  4a +e) =0 4

Note that the inclusion of the second term on the
right-hand side of (13) causes the 23/2 terms to cancel
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out. We are now left with just one term containing a
fractional power of z. By applying a second-order Taylor
expansion to this z'/2 term, about some value zy, we
obtain a quadratic equation in z.

P22 4+Qz4+R=0 (15)

By solving (15), and then applying (13) and (11) in
reverse, we obtain sz sat-

3.1 Derivation of z,

In order to ensure that our approximate value of
Ysrsat closely matches the exact quartic solution, it is
important to carefully determine the value of the Tay-
lor expansion variable zg. It has been found that merely
using a constant value for zp does not provide sufficient
accuracy under all conditions. Instead, a technique has
been developed to dynamically vary zp in a physically
appropriate way.

We begin by setting the vertical mobility contribu-
tions to be independent of 1,1, which simplifies the dif-
ferentiation in (9)). The simplest approach is to neglect
Gph, Gsr, and Geou, such that G, = 1. Thus the only
contribution to mobility degradation now comes from
the velocity saturation term (see (8)).

Having done this, we now proceed as before, using
the condition in (9) to define 15y s0:. Due to the greatly
simplified nature of the mobility expression, we obtain
a quadratic equation in gy sq¢:

lmﬁstat + mO'l[}sLsa.t +n9=0 (]_6)

By solving (16), and then using (11) and (13), we
obtain zg. When solving the quadratic, it is necessary to
ensure that the correct root is selected, by remembering
that S cannot physically fall below 1.

The main benefit of calculating 2o in this way is that
it eliminates scaling problems. Since S (which as dis-
cussed earlier represents the degree of velocity satura-
tion) and hence zg vary with channel length, any con-
stant value chosen for zg is unlikely be valid for both long
and short-channel devices. Since channel length depen-
dence is only present in the velocity saturation term,
we can factor out its influence by using the above tech-
nique. Additional accuracy can be achieved by setting
Gph, Gsr, and Geoy so that G, has a non-zero value,
whilst keeping them functionally independent of sy .

4 MATHEMATICAL EVALUATION

There are two main considerations when evaluating
the new mathematical model. The first is whether the
approximated solution closely matches the exact solu-
tion, and the second is whether it provides improved

numerical stability. As can be seen from Figure 1, de-
viation from the exact solution is typically a few mV at
most, and even this worst case only occurs for excessive
gate voltages. This allows a small correction factor to
be applied to the approximate solution of ¥, s4¢, to en-
sure that it is always slightly below the exact solution,
and thus avoid channel current rollover.

Surface Potential Deviation (mV)

Vgs (V)

Figure 1: Deviation of approximate solution for sy sq¢
from exact quartic solution.

o

~ Exact solution
| = Approximate solution
= No velocity saturation

N w £

=y

Saturation Surface Potential (V)

o

Vgs (V)

Figure 2: Theoretical profile of 1srs4: vs. gate voltage,
showing a typical numerical discontinuity resulting from
using the exact solution of the quartic equation.

Figure 2 gives an example of the improved numeri-
cal stability of the approximate solution over the exact
quartic solution. It can be seen that the exact solution
undergoes a numerical discontinuity around V,, = 3V.
In addition, beyond this point, it actually exceeds the
solution for the case where S = 1 (no velocity satura-
tion present). This is a physically impossible result, and
illustrates the problems encountered when trying to di-
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rectly solve the quartic equation. The range over which
such problems occur varies according to the device pa-
rameters and operating conditions, but they cannot be
solved by standard numerical limiting schemes. By con-
trast, the approximate solution shows excellent numer-
ical stability even when model parameters are assigned
values well outside their physically meaningful ranges.

5 EXPERIMENTAL EVALUATION

The physical nature of the model allows close fit-
ting to experimental data with minimal optimisation of
model parameters, as shown in Figures 3 and 4.
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Figure 3: Is; vs. Vg, (simulated and measured), for a
50/50pum body-tied NMOS device (V45 = 0.1V).
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Figure 4: I, vs. Vs (simulated and measured), for a
10/0.35um body-tied NMOS device (Vys = 0.1V).

The experimental curves are taken from NMOS de-
vices fabricated in a 0.35um PD-SOI process. It can be
seen that the matching is very good for the 50/50um

device, although it is less ideal for the short-channel
10/0.35pum device. This suggests that there are some
shortcomings in the short-channel model, which is not
directly related to the vertical mobility model. A sin-
gle set of mobility parameters was used to simulate the
whole range of channel lengths, again underlining the
physical nature of the model.

6 CONCLUSION

We have implemented an electron inversion layer mo-
bility model which includes phonon, surface roughness,
and Coulomb scattering terms. All terms are retained
during calculation of the saturation surface potential,
and the resultant quartic solution can be very closely
approximated by a stable quadratic solution.

Good matching is achieved using a single parame-
ter set, for a full range of channel lengths. The new
model demonstrates a useful technique for ensuring ac-
curate, numerically stable solutions to cubic and quartic
expressions. The solution is closed-form, making it suit-
able for circuit simulation. Although the new mobility
model has been tested for PD-SOI MOSFETS, it can be
applied with equal validity to bulk devices.
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