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Abstract

We present an analytical model for nanoscale MOSFETs capable to describe the tran-
sition from drift-diffusion to ballistic transport. We start from a closed-form model of
ballistic Fully Depleted SOI (FDSOI) and Double Gate (DG) MOSFETs with non de-
generate statistics, and, on the basis of the Büttiker interpretation of dissipative transport
in terms of virtual voltage probes, we show that a long channel MOSFET described in
terms of drift-diffusion equations can be rigorously represented by a finite chain of bal-
listic MOSFETs. Such results allow us to recover velocity saturation as a consequence
of the ballistic limit, and to propose a novel mobility model.

1 Introduction

The intermediate regime between ballistic and drift-diffusion transport in Field Effect
Transistors is a very important issue for the circuit simulation of nanoscale MOSFETs.
However, present compact models lack a physical description of such intermediate
regime. We intend here to propose a physics-based analytical model, with a small
number of parameters, capable to describe in an appropriateway the transition from
drift-diffusion to ballistic transport as MOSFETs approach the nanometer scale.
We will focus on DG and FDSOI MOSFETs with rectangular confinement in the thin
silicon body, neglecting the effects of Fermi-Dirac statistics and assuming the conduc-
tion band edge approximatively flat. We expect this type of confinement to be predom-
inant in devices with silicon body thicknesstsi < 3 nm, though it can be useful for
MOSFETs with largertsi in the subthreshold regime.

2 Model

If we consider ballistic transport in a thin DGMOSFET with non-degenerate electron
gas, we have two hemi-maxwellian carrier populations on thepeak of the barrier, there-
fore:

2Cg(Vg − φm + χ − φc) = Qb +
qNc
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whereCg is the effective gate capacitance,φc is the electrostatic potential in the channel
defined as in Ref. [1],Vd andVs are the drain and source Fermi potentials, respectively,Nc

is the effective density of states summed over all 2D subbands, andQb is the fixed
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Figure 1: a) Comparison of ballistic chain mobility with theCaughey-Thomas models
for electrons and holes. b) Approximate aggregation of firstN − 1 ballistic transistors
in an equivalent Drift-Diffusion. The global circuit can be seen as a macromodel for a
device in intermediate transport.

charge per unit area in the body. This equation can be solved in terms of the Lam-
bertW-function [2], and the currentIds is described by the following expression, that
represents one of major results of the present paper:

Ids = I+ − I− = QnW

















e
Vg−Vs−VT

φt + e
Vg−Vd−VT

φt

2

















vt tanh

(

Vds

2φt

)

(2)

Remarkably, the previous description can also be used in thecase of local equilibrium
transport, i.e. drift-diffusion transport. Indeed, if we placeVs = Vd = VFn whereVFn

is the local quasi Fermi potential we obtain the non-degenerate form of local vertical
electrostatics proposed in [1]. We find for the mobile chargeper unit area in local
equilibriumQm(VFn):

Vg − VT − VFn =
Qm

2Cg
+ φt log

Qm

qNc
(3)

that is the same equation used in the EKV [3] model. Followingthe approach of Büttiker
probes [4], a drift-diffusion MOSFET can be interpreted as a sufficiently long chain
of ballistic transistors. We defineVk the Fermi potential at thek-th contact, and we
assume that thek-th contact is placed atxk = kλ [x = 0 (x = L) corresponds to
the source (drain)]. IfN is the number of MOSFETs in the chain, current continuity
enforced on the ballistic chain imposesN equations, corresponding to writing (2) for
each ballistic MOSFET of the chain. If a voltageVds is applied to the chain, we expect
that each ballistic MOSFET is in the linear region ifVds/N << 2φt (no high field
effects). If N is large enough, we can substitute the discreteVk’s with a continuous
quasi-Fermi potentialVFn, so that the ballistic equation (2) becomes:Ids = µnQm∇VFn,
that describes drift-diffusion transport with a low field mobility:µno ≡

λvt
2φt

, whereλ is
the mean free path. If we integrate such equation along the channel, the current of a DD
MOSFET is given by:

Id =
µnQnφt
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Figure 2: a) Discrete quasi-Fermi potential withN = 10 at fixedVds = 0.5V b) Output
characteristics of different approximations. 2DD + 1B denotes the series of a drift-
diffusion withL/λ = 2 and a ballistic transistor, 3DD denotes a drift-diffusion transistor
with L/λ = 3, 2DD∗ + 1B denotes reduced mobility model [2].tox = 2.5 nm.

where Qms (Qmd) is Qm computed at the source (drain), andQn is the normaliza-
tion charge 2Cgφt. Equation (4) constitutes the basic structure of EKV-like compact
models [3].When the channel bias of each elementary transistor is larger thanφt, lim-
itation of the maximum current due to ballistic injection ateach elementary source
results in an effective reduction of the mobilityµn. Mobility µn is defined asµn =

vttanh
(

λ
2φt

dVFn
dx

)

/
dVFn
dx , where the term2φt

λ
can be interpreted as a “critical field ”, anal-

ogous to critical field in the saturation velocity effect. Such phenomenon exhibits a
striking similarity with the Caughey-Thomas model for saturation velocity effect, as
shown in Figure 1(a). We want to underline that a similar mobility expression was
independently proposed by V.Arora in [5]. In order to build amore compact macro-
model, we observe in the example in Fig.2(a), that when non-linear transport emerges,
it manifests its effects approximatively only on the last ballistic transistorof the chain.
This fact suggests that we can aggregate the firstN − 1 ballistic transistors in an ap-
proximate equivalent drift-diffusion transistor with ratioL/λ = N − 1, as schematically
represented in Fig.1(b). In Figure 2(b) the output characteristics of a series ofN = 3
ballistic transistors and possible macromodels are compared: the series of one DD and
one ballistic transistor has a small but not negligible error. The reason of such error is
the approximation of linear transport in the firstN − 1 transistors. However, it is possi-
ble to improve the approximation in the simple way discussedin [2], leading to the line
denoted by “DD∗ + B”. An important point is that no smoothed clamp to an “effective
Vds” has been used, because its role is covered by the ballistic MOSFET.
In order to describe the 2D electrostatic effects we introduce two geometrical capaci-
tancesCs, Cd that model coupling to the source and drain, responsible forDIBL. Degra-
dation of mobility at high vertical fields, series resistances and polysilicon depletion
effect are introduced in the model [2] and are described by four additional parameters:
Rs,Rd,Np, θ. In Figure 3 the characteristics obtained from our proposedmodel and
experimental data for a FinFET with channel lengthL = 80 nm from Ref. [6]. The
proposed model is not yet complete, but we believe that the proposed interpretation can
be the basis of more physical compact models.
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Figure 3: Output (left) and transfer (right) characteristics of a FinFET withL = 80 nm:
experiments (solid line) and proposed model (squares).

3 Conclusions

We have proposed a novel closed-form solution for ballisticultrathin body MOSFET.
Our model is analytical, explicit and inherently symmetrical. We have shown that a
long chain of ballistic MOSFETs can be interpreted as a drift-diffusion transistor with
constant mobility, while if the device is shorter, a behavior emerges similar to the sat-
uration velocity effect. Then, we have proposed a physics-based macromodel for short
MOSFETs is proposed. Because of its structure, this model can be thought as a gen-
eralization of EKV-like models [3] such as ACM, USIM, and it is suitable for circuit
simulation. We anticipate an extension to Fermi-Dirac statistics [2] that describes a mo-
bility degradation caused by degeneracy. Support from Fondazione Cassa di Risparmio
di Pisa and from the EU through the NoE SINANO is gratefully acknowledged.
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