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Physics-Based Compact Model of Nanoscale
MOSFETs—Part I: Transition From
Drift-Diffusion to Ballistic Transport
Giorgio Mugnaini and Giuseppe Iannaccone, Member, IEEE

Abstract—In this paper, we present a physics-based analytical
model for nanoscale MOSFETs that allows us to seamlessly
cover the whole range of regimes from drift-diffusion (DD) to
ballistic (B) transport, taking into account quantum confinement
in the channel. In Part I we focus on MOSFETs with ultrathin
bodies, in which quantum confinement is structural rather than
field-induced, and investigate in detail an analytical description
of the transition from drift-diffusion to B transport based on the
Büttiker approach to dissipative transport. We first start from
the derivation of a closed form analytical expression of the Natori
model for B MOSFETs, and show that a MOSFET with finite scattering length can be described as a suitable chain of B MOSFETs.
Then, we are able to compact the behavior of the B chain in a
simple analytical model. In the derivation, we also find a similarity
between the B limit in the chain and the saturation velocity effect,
that leads us to propose an alternative implementation of the
saturation velocity effect in compact models.
Index Terms—Ballistic transport, compact models, Lambert
-function, nanoscale MOSFETs, quantum confinement.

I. INTRODUCTION

M

OSFET models included in circuit simulators can be
classified in analytical models and table look-up models.
According to [1], most MOSFET analytical models are based
either on the regional approach, or on surface potential formulations. Models based on the regional approach such as the
BSIM model [2] use different sets of equations to describe the
weak and strong inversion regions, generally bridged by using
some nonphysical curve fitting. Such models suffer from several problems because of the large number of parameters and the
unphysical nature of vertical electrostatics modeling that leads
to the wrong behavior of intrinsic capacitances and transconductances, as discussed in [3]. Models based on a surface potential formulation such as MOSFET Model 11 (MM11) [4],
Hisim [5], and SP [1] are inherently continuous; however, they
need the solution of implicit equations for the surface potential.
In recent years, much work has been done to describe MOSFETs with simplified surface potential models, using electrostatics linearization schemes together with an approximate solution for vertical electrostatics, as in the EKV and “EKV-like”
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models [6]–[11] for bulk and fully depleted silicon-on-insulator
(FDSOI) MOSFETs and in the model SPBM [1] for bulk MOSFETs.
We call “EKV-like” those models defined as “ -based
models” in [1] and built on the basis of the inversion charge
relation obtained by the linearization of mobile charge in terms
of the surface potential. Such descriptions typically represent a
tradeoff between a physically accurate and an analytically treatable model. EKV-like models must be mentioned because they
are relatively simple, intrinsically continuous and symmetrical
on all operating regions. Remarkably, they have a small number
of physically based parameters. The SP model presented in [1]
is linked with EKV-like models, because charge linearization
is at the basis of the model, but it includes a more refined
vertical electrostatics and therefore it represents a remarkable
contribution to the evolution of compact models, but we believe it is not fully adequate to describe two—dimensional
quantum confinement and far-from-equilibrium transport, because quasi-ballistic (B) transport is treated as an “effective”
interpolation between B and drift-diffusion (DD) transport.
Recently proposed compact models describe transport
through an approximate energy transport model, namely the
models by Baccarani and Reggiani [12], University of Florida
Double Gate (UFDG) [13] and University of Florida Partially Depleted/Bulk (UFPDB) models. We believe that such
approaches can not be totally realistic descriptions, because
they do not describe B transport, but a DD regime subject to
overshoot due to electron heating, that does not hold for every
short channel.
In this paper, we present a different treatment of the transition from DD to B transport, inspired by the Büttiker model of
virtual probes [14], [15]. We will show that the effect of the B
limit acts similarly to a saturation velocity effect, suggesting a
fundamental relationship between such aspects. On the basis of
the Büttiker probe approach, we will build a physically based
model valid in any operating regime and for any ratio of the
channel length to the mean-free path , thus describing the
whole intermediate regime from DD to B transport in MOSFETs.
We want to remark that we have dedicated significant effort
not to introduce unphysical smoothing functions in the proposed
model because we believe that smoothing functions hide the real
nature of device physics and lead to bad analytical behavior. In
Part I, we focus on nondegenerate carrier statistics and on rectangular quantum confinement, such as that obtainable in ultrathin body devices. In Part II, we will extend the model to de-
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generate statistics in the limit of only one occupied subband
in the channel, for both the cases of rectangular and triangular
quantum confinement.
II. BALLISTIC TRANSPORT
Let us consider the case of double-gate (DG) MOSFETs with
rectangular confinement in the silicon film, neglecting the effects of Fermi–Dirac statistics and assuming that the bottom of
the conduction band is approximately flat. We expect that this
type of confinement is predominant for MOSFETs with a silicon
nm, though it can be useful for MOSFETs with
thickness
in the subthreshold regime, in order to describe the
larger
quantum shift of threshold voltage. Extensions to include a more
realistic field-dependent quantum confinement is possible, but is
beyond the scope of this paper. For thick film and thick oxide
SOI MOSFETs, when the quantum levels form a continuum, the
model recovers the conventional EKV electrostatics.
In the case of a 100-oriented silicon film, quantum confinement and the anisotropy of effective mass give three different
sets of subbands, two of which have the same subband profile.
In the case of a rectangular quantum well, with flat conduction band edge in the vertical direction, the eigenvalues of the
Schrödinger equation are
(1)
where
is the bottom of the conduction band at center of the
denotes the energy of the th -type subband, and
film,
indicates that the subband has longitudinal
the subscript
or transversal effective mass
in the confinement direction,
respectively. The effective density of states in the th -type and
-type subbands are

Fig. 1. Band diagram of a DG-MOSFET. The equivalent circuit includes
and the quantum capacitance
, which
the geometric capacitances
includes degeneracy capacitance and inversion layer capacitance. Maxwell–
Boltzmann statistics allows us to aggregate the subband quantum capacitances.

is the effective gate capacitance,
is the oxide
is the oxide thickness,
capacitance per unit area,
, as in [16]. It is easy to see that if the electron density
is uniform in the vertical direction, (4) reduces to the vertical
electrostatics of [12].
In B transport, carriers move without inelastic scattering
along the channel and therefore at the subband peak the carriers that propagate toward the drain (“forward states”) come
from the source only and the carriers propagating toward the
source (“reverse” states) come from the drain, as discussed
in [17]. As a consequence of the separated two equilibrium
populations on the subband peak, we have the superposition
of two hemi-maxwellian distributions in the assumption of
nondegenerate statistics:

(6)
(2)
(3)
In order to obtain simple equations, it is useful to consider the
mobile charge density
as localized at a fixed distance
from the oxide interface, known as inversion layer centroid as
defined in [16], that can be considered approximately independent of . Following the considerations in [16], the simplified
electrostatics for the DGMOSFET in Fig. 1, if the silicon film
is uniformly doped and fully depleted, is described by

where
and
are the source and drain Fermi potentials, and
is the thermal voltage. Substituting (6) into (4), we have

(7)
It is mathematically convenient to define a “threshold voltage”
, as in [12]

(4)
(8)

is the central electrostatic potential,
is the gate voltage,
is the gate workfunction, is
the silicon electron affinity,
is the acceptor dopant density,
and

is the effective density of states in all the conduction
where
subbands

(5)

(9)

where:

MUGNAINI AND IANNACCONE: PHYSICS-BASED COMPACT MODEL OF NANOSCALE MOSFETs—PART I

and
is the normalization charge density:
these definitions and by the means of Lambert
we can write
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. With
-function [18],

(10)
and correspondingly . Concerning transport, if we suppose
a superposition of two hemi-Maxwellian distributions on the
and reverse
currents, respecpeak, we have for forward
tively [17]
(11)
(12)
Note that here and in the following, the currents are normalized
to the device width.
is the unidirectional
In (11) and (12),
thermal velocity, because for simplicity we assume that
is
the same in any subband in order to obtain a simpler closed
form. This simplifying approximation can be easily removed,
but it is useful to remark the fact that similar assumptions are
present in [19]–[21]. Therefore, the nondegenerate B transistor
is described by

Fig. 2. Long chain of B MOSFETs. The contacts act as thermalizing reservoir.
We also show the symbol we use for a B MOSFET in the following figures.

and re-injected into the device so that the number of electrons
is conserved. Therefore, the internal contacts of a B chain
behave as Büttiker probes, and then we expect that a B chain
can realistically describe a MOSFET in any transport regime.
as the Fermi potential at the th contact, and
We define
with
we suppose that the th contact is placed at
. That is equivalent to place
B MOSFETs
of channel length in series, as reported in Fig. 2. Since the
, we have the following
current in all MOSFETs is
equations

(14)

(13)
Equation (13) is similar to the equation previously proposed in
[22]. However, the result in [22] is valid for a classical B transistor only in inversion, while it is worth noticing that (13) is
valid both below and above threshold.
An important point is that the saturation of current occurs
, because for these values of
the term
when
, which is responsible for the B limit, saturates.

where
and
and
. This set
of equations is constituted by
transcendental equations.
is large enough, we are tempted to define a
At this point, if
subject to these conditions
continuous quasi-Fermi level

(15)
where we have defined
(14) becomes

. Therefore,

III. DD TRANSPORT IN TERMS OF A CHAIN OF B DEVICES
It is interesting to investigate the behavior of a finite chain of
DD MOSFET channels of
B MOSFETs. While a series of
can be thought as a single DD MOSFET of length
length
, in the case of a series of B transistors (B chain), this simple
rule does not apply. Indeed, in a B chain of transistors,
different Fermi levels can be defined at the
contacts. It is
clear that this behavior is incompatible with the transport regime
in a single B MOSFET, where no local quasi-Fermi level can be
defined, except for source and drain contacts.
This behavior is well understandable, if we consider the
widely diffused interpretation of inelastic scattering represented by the Büttiker approach of virtual thermalizing probes
[14], which can be used to describe transport in any regime.
Within this approach, carriers are removed from the device and
injected into a “virtual” reservoir where they are thermalized

(16)
with the obvious conditions
(17)
If we make the hypothesis that a low longitudinal bias is
present on every B MOSFET, i.e., that
(18)
we easily obtain that every B MOSFET is in the linear region
and therefore in (14), the term
can be approximated
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Fig. 3. Effect of transport transition on the vertical electrostatics. In (a),
vertical electrostatics valid in B transport is reported. The source and drain
to the charge on the
Fermi potentials and the respective contributions
peak of the channel, are put in evidence. In (b), vertical electrostatics valid in
DD transport is reported. In this case, local equilibrium occurs and the
and
potentials are equal to the local quasi-Fermi potential
.

with unity and the term
ment. Consequently, the local

can be substituted with its arguand
become, respectively
(19)

and
(20)
consistent with Fig. 3. Remarkably, such a description of the
electrostatics is equivalent to that used in EKV and EKV-like
compact models. Indeed, we can easily rewrite the vertical electrostatics (20) as
(21)
which has the same form of similar equations in [6]–[10]. It is
interesting to observe that (19) resembles a DD equation if we
define a low field mobility, as in [23]
(22)
that forces us to identify with the mean-free path. In order
to obtain a closed-form of current from (19) and (17), we can
to
exploiting current continuity
integrate (19) from
along the channel
(23)
Using the following property of the Lambert

-function [18]:
(24)

we have
(25)
and
are obtained from (21) taking
where
and
, respectively. We note that (21) and (25) constitute the basic structure of compact models like EKV, ACM,
USIM, and this fact suggests us that such compact models are
more fundamental than others, because they can be obtained
from the behavior of a long enough B chain, subject to the

Fig. 4. Comparison of mobility (26) with the Caughey–Thomas models for
electrons and holes. The “field” and the mobility are normalized to the critical
field, and the low-field mobility respectively.

aboveseen simplified electrostatics. We have also shown in a rigorous way that a DD transistor can be described as a long chain
of B MOSFETs of length , working in their linear region.
IV. INTERMEDIATE REGIME BETWEEN DRIFT-DIFFUSION
AND BALLISTIC TRANSPORT
is
We have discussed the behavior of the B chain if
very large, so that any elementary B transistor is in the linear
region. Clearly if the elementary longitudinal bias is comparable or larger than , approximation (18) does not hold
and reconsidering (16), we can see that the effects of large
depends not only on
, but
longitudinal bias are striking:
through the term
, and in addition
also on
transport is affected by the nonlinear behavior of the term
. Remarkably, such a nonlinear term
can be interpreted as the product of a “field dependent” mobility and the gradient of the quasi-Fermi potential. Similarly
to the arguments that provide the mobility expression (22) in
Section III, now we can define a mobility
(26)
can be interpreted as
From this point of view, the term
a “critical field”, analogous to the critical field in the saturation
velocity effect.
It is interesting to compare (26) with the Caughey–Thomas
model [24] for saturation velocity effect in Fig. 4. The similarity of this behavior with the real saturation is striking. We
want to underline that a somewhat similar mobility expression
was independently proposed by Arora in [25] and [26]. However, his work was based on the Zukotynski and Howlett approximate distribution function [27], while our result is not based on
any particular hypothesis, except B transport along a mean free
path in a chain of MOSFETs. Moreover, Arora mobility differs from our “B chain mobility” because it is dependent on the
, instead of the gradient of the quasi-Fermi
electric field
potential. It is interesting to note the fact that in [12], a mobility
is used that depends on the gradient of the quasi-Fermi potential in order to simplify the calculations. Previous considerations
suggest that the saturation velocity effect is linked to the B limit
in a fundamental way. Conversely, we believe that a model of
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Fig. 6. Approximate aggregation of first
B transistors in an equivalent
DD transistor. The global circuit can be seen as a macromodel for a device in
intermediate transport.

Fig. 5. Discrete quasi-Fermi potential obtained solving the equation set (14),
at fixed
V Fermi-Levels are defined only at points
(17) with
with integer.
nm,
and
V.

mobility which includes the saturation velocity can reasonably
describe this behavior in a compact model.
Following this suggestion, we can build an alternative compact model for MOSFETs where a degradation of the mobility
caused by high longitudinal fields is present. It must be observed that it is not sufficient to introduce such a decreasing high
field mobility in the compact model. Indeed, the velocity saturation effect and the current continuity impose a minimum mobile charge density at a given current and this fact must cause a
modification in electrostatics given by (21) consistent with current continuity, but to our knowledge in every compact model
[1], [2], [4], [6] the most common approach is continuing to
use a “saturation-free” electrostatics and then introducing an
artificially limited at
by some oppor“effective”
tunely smoothed clamping function. Some other authors previously tempted to build more accurate physical models without
artificial clamping, like [28] or [29]. In (16) this effect is conwhich can be written in terms of
tained in the expression of
as

Fig. 7. Output characteristics of a chain of three B MOSFETs with different
models and approximations. 2DD 1B denotes the series of a DD with
and a B transistor, 3DD denotes a DD transistor with
DD 1B
denotes reduced mobility model.
nm,
V.

(27)

Equation (27) can be interpreted as a generalization of electrostatics of EKV-like compact models in the presence of the saturation velocity effect. Indeed, if the term
tends to zero, (27) becomes the well known electrostatics of
EKV-like models (21). A closed-form solution of (27) can be
obtained to eliminate the smoothing functions, but would be beyond the scope of the present paper.
In order to build a model of the finite chain of B MOSFETs
that can be handled more easily, we can observe in the example
in Fig. 5, that when nonlinear transport emerges, it manifests its
effects almost exclusively on the last B transistor of the chain.
B tranThis fact suggests that we can aggregate the first
sistors in an approximate equivalent DD transistor with ratio
, as it is represented in Fig. 6. The feasibility of this
approach can be evaluated by observing Figs. 7 and 8, where the
output characteristics are plotted for the two cases
and

Fig. 8. Output characteristics of a chain of ten B MOSFETs with different
B denotes the series of a DD transistor
models and approximations. DD
with
and a B transistor, 10DD denotes a DD transistor with
nm, DD 1B denotes reduced mobility model (28)
V.

, respectively. We can see in Fig. 7 that the series of a
simple DD and a B transistor has a little but not negligible error
with respect to the B chain. The reason of this behavior is caused
by the approximation of a fully linear transport in the first
transistors. In order to improve this approximation, among other
possibilities,in currents, we choose to introduce the nonconstant
mobility (26) in the DD equivalent transistor. It can be seen that
B in Figs. 7 and 8),
this improvement (indicated with DD
gives a much better behavior than the simple DD B.
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A remarkable point is that the introduction of the variable
mobility (26) in the DD section of DD B transistor, eliminates
the need to introduce unphysical smoothed clamping functions
which always appear when saturation velocity effect is introduced in compact models, in order to eliminate the artificial
negative conductance behavior. In our case, the B transistor
covers the role of the conventional smoothed clamping functions. Therefore we have obtained a good approximation of an
arbitrary B chain, which consists by the series of a DD and a
B transistor. In summary, the most appropriate set of equations
is

(28)
,
where the subscript denotes the internal node and
that is contained in
is substituted by its mean value in the first
MOSFETs, that is
. A very significant
aspect is that no smoothed clamping functions are needed, because their role is covered by the last B MOSFET, intrinsically
preventing the unphysical negative output conductance that appears when mobility longitudinal degradation is plainly introduced in compact models [30].
V. COMPACT MODEL FOR MOSFETS
The previous discussion can be used to build the basis for
a compact model. A more realistic description of the transport
must include the effect of mobility degradation at high vertical
fields. We can use the simple expression [8], [11]
(29)
where is a suitable fitting parameter. Equation (29) is inherently continuous and symmetrical and captures the essential
behavior of mobility degradation at high vertical fields. In
order to describe the two-dimensional effects, similarly to
[31], we introduce two geometrical capacitances that model
the electrostatics coupling of source and drain on the peak of
and
. It is
B transistor (drain-induced barrier lowering):
possible to introduce the polysilicon depletion effect, similar
to [32], with the additional parameter
, or the doping of
the gate polysilicon. Therefore, we end up with the following
,
parameters:
and . In Fig. 9, the compact model is fitted to experimental
curves from a FinFET with
nm taken from the literature [33]. The model parameters have the following values:
F/m
cm
m,
Cm .
Although our proposed model is not yet complete, we believe
that it can represent the basis of a very detailed physics-based
compact model that, as we have seen, in limiting cases reduces
to other well known compact models.

Fig. 9. Comparison between the transfer characteristics obtained from
nm reported in [33] and from a compact
experiments on a FinFET with
model fitted to the data. The comparison of output characteristics is illustrated
in the inset.

VI. CONCLUSION
In this paper, we have proposed an analytical description
of the intermediate regime between DD and B transport in
nanoscale MOSFETs, that is suitable for inclusion in compact
models of devices at the nanometer scale, in which quantum
confinement is relevant. In our view, we have derived an elegant
analytical representation for the dc characteristics of nanoscale
DGMOSFETs.
Moreover we have derived a novel closed-form solution for B
MOSFETs, analogous to the Natori model [34], that is analytical, explicit and inherently symmetrical. We have shown that,
according to Büttiker approach [14], a long enough series of B
MOSFETs can be interpreted as a DD transistor with constant
mobility, while if the device is shorter, a behavior like saturation velocity effect appears. We have derived an alternative mobility model in which, remarkably, a “saturation velocity effect”
seems to appear independently of optical phonon emission, that
lead us to view B transport and saturation velocity effect as intimately linked. Our mobility model resembles a previous result
by Arora [25], but is obtained with simpler physical hypotheses.
We want to stress the fact that starting from the B chain interpretation, a physics-based macromodel for short MOSFETs is
proposed, that can be also used in order to build a novel model
of existing devices which are subject to the velocity saturation
without the introduction of unphysical smoothing functions. Because of its structure, this model can be thought as an extension of EKV-like models [6]–[11] and is suitable for circuit
simulation.
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