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Abstract

We present an analytical model for nanoscale MOSFETSs capalulescribe the tran-
sition from drift-diffusion to ballistic transport. We start from a closed-formdmicof
ballistic Fully Depleted SOI (FDSOI) and Double Gate (DG) BIEETs with non de-
generate statistics, and, on the basis of the Biittikerpne¢ation of dissipative transport
in terms of virtual voltage probes, we show that a long chBRM@SFET described in
terms of drift-diffusion equations can be rigorously represented by a finitie ctfidal-
listic MOSFETSs. Such results allow us to recover velocitysation as a consequence
of the ballistic limit, and to propose a novel mobility model

1 Introduction

The intermediate regime between ballistic and driftudiion transport in Field fiect
Transistors is a very important issue for the circuit sirtiataof nanoscale MOSFETSs.
However, present compact models lack a physical desanipifosuch intermediate
regime. We intend here to propose a physics-based anélytiodel, with a small
number of parameters, capable to describe in an appropvatethe transition from
drift-diffusion to ballistic transport as MOSFETs approach the natenseale.

We will focus on DG and FDSOI MOSFETSs with rectangular confieat in the thin
silicon body, neglecting theffects of Fermi-Dirac statistics and assuming the conduc-
tion band edge approximatively flat. We expect this type offic@ment to be predom-
inant in devices with silicon body thickness < 3 nm, though it can be useful for
MOSFETSs with largetg in the subthreshold regime.

2 Modd

If we consider ballistic transport in a thin DGMOSFET withmdegenerate electron
gas, we have two hemi-maxwellian carrier populations orptrak of the barrier, there-
fore:
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whereCy is the dfective gate capacitanag, is the electrostatic potential in the channel
defined as in Ref. [1lq4 andV; are the drain and source Fermi potentials, respectNgly,
is the dfective density of states summed over all 2D subbands,@ni the fixed
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Figure 1: a) Comparison of ballistic chain mobility with tBaughey-Thomas models
for electrons and holes. b) Approximate aggregation of Rrst 1 ballistic transistors

in an equivalent Drift-Difusion. 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 sotveerins of the Lam-
bert‘W-function [2], and the currens is described by the following expression, that
represents one of major results of the present paper:
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Remarkably, the previous description can also be used inabe of local equilibrium
transport, i.e. drift-dfusion transport. Indeed, if we platk = V4 = Vg, WhereVeg,
is the local quasi Fermi potential we obtain the non-degatedorm of local vertical
electrostatics proposed in [1]. We find for the mobile chgrge unit area in local
equilibrium Qm(Ven):

Vg—VT—VFn=2Q—£;+¢t|OQ% )
that is the same equation used in the EKV [3] model. Folloviiregapproach of Buttiker
probes [4], a drift-dfusion MOSFET can be interpreted as dfisiently long chain
of ballistic transistors. We defing, the Fermi potential at thk-th contact, and we
assume that th&-th contact is placed atx = ki [x = 0 (X = L) corresponds to
the source (drain)]. IN is the number of MOSFETSs in the chain, current continuity
enforced on the ballistic chain imposKsequations, corresponding to writing (2) for
each ballistic MOSFET of the chain. If a voltaygs is applied to the chain, we expect
that each ballistic MOSFET is in the linear regionMfs/N << 2¢; (no high field
effects). IfN is large enough, we can substitute the disckéfe with a continuous
quasi-Fermi potentialg,, so that the ballistic equation (2) becom&g:= 1nQmVVen,
that describes drift-diusion transport with a low field mobilityi,, = %, whered is
the mean free path. If we integrate such equation along thergh, the current of a DD
MOSFET is given by:
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Figure 2: a) Discrete quasi-Fermi potential with= 10 at fixedVys = 0.5V b) Output
characteristics of dierent approximations. + 1B denotes the series of a drift-
diffusion withL/A = 2 and a ballistic transistor[ED denotes a drift-dfusion transistor
with L/4 = 3, 2DD* + 1B denotes reduced mobility model [2}x = 2.5 hm.

where Qms (Qma) is Qm computed at the source (drain), a@y is the normaliza-
tion charge Z¢¢;. Equation (4) constitutes the basic structure of EKV-likenpact
models [3].When the channel bias of each elementary ttanssslarger thar;, lim-
itation of the maximum current due to ballistic injectionesich elementary source
results in an ffective reduction of the mobility,,. Mobility u, is defined agu, =
vttanh(ﬁt dg;")/dg’;", where the ternf can be interpreted as a “critical field ”, anal-
ogous to critical field in the saturation velocityffect. Such phenomenon exhibits a
striking similarity with the Caughey-Thomas model for sation velocity dfect, as
shown in Figure 1(a). We want to underline that a similar ritybéxpression was
independently proposed by V.Arora in [5]. In order to buildnare compact macro-
model, we observe in the example in Fig.2(a), that when mat transport emerges,
it manifests its #ects approximatively only on the last ballistic transistbthe chain.
This fact suggests that we can aggregate the Mrst1 ballistic transistors in an ap-
proximate equivalent drift-dliusion transistor with ratib /4 = N — 1, as schematically
represented in Fig.1(b). In Figure 2(b) the output charaties of a series oN = 3
ballistic transistors and possible macromodels are coatpdne series of one DD and
one ballistic transistor has a small but not negligible erifde reason of such error is
the approximation of linear transport in the filst- 1 transistors. However, it is possi-
ble to improve the approximation in the simple way discussgg], leading to the line
denoted by “DD + B”. An important point is that no smoothed clamp to afféetive
Vys' has been used, because its role is covered by the ballisISRMET.

In order to describe the 2D electrostatiteets we introduce two geometrical capaci-
tance<Cs, Cq that model coupling to the source and drain, responsiblBffBt.. Degra-
dation of mobility at high vertical fields, series resistas@nd polysilicon depletion
effect are introduced in the model [2] and are described by fdditianal parameters:
Rs, Ra, Np, 6. In Figure 3 the characteristics obtained from our proposedel and
experimental data for a FinFET with channel length= 80 nm from Ref. [6]. The
proposed model is not yet complete, but we believe that thpgsed interpretation can
be the basis of more physical compact models.
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Figure 3: Output (left) and transfer (right) charactecsf a FinFET withL = 80 nm:
experiments (solid line) and proposed model (squares).

3 Conclusions

We have proposed a novel closed-form solution for ballisticathin body MOSFET.
Our model is analytical, explicit and inherently symmedticWe have shown that a
long chain of ballistic MOSFETSs can be interpreted as a-diffusion transistor with
constant mobility, while if the device is shorter, a behawimerges similar to the sat-
uration velocity &ect. Then, we have proposed a physics-based macromodélddr s
MOSFETSs is proposed. Because of its structure, this modebeathought as a gen-
eralization of EKV-like models [3] such as ACM, USIM, and ¢ $uitable for circuit
simulation. We anticipate an extension to Fermi-Diradstiat [2] that describes a mo-
bility degradation caused by degeneracy. Support from &pinde Cassa di Risparmio
di Pisa and from the EU through the NoE SINANO is gratefulligramvledged.
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