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1. Abstract

In this paper we propose a new physically-based
analytical model for junctionless transistors. Various
MOSFET architectures based on single-gate (SG), double- gate
(DG) and Gate-All-Around (GAA) transistors are studied. In
particular the trade-off between the electrostatic control and
the current drivability (first-order evaluation) is evaluated.
Comparisons between numerical and analytical results are
done in order to verify assumptions for pinch-off voltage and
depletion regions. Traditional analytical expressions for this
phenomenon are re-explored, and used to derive some

technological guidelines.

2. Introduction

Junctionless Nanowire Transistors have been
introduced recently [1,2] as a potential way of coping with the
continuing degradation of the mobility in ultra-scaled
transistors. The use of an undepleted channel [3] instead of an
inversion layer opens some novel possibilities, because there
are no source/drain junctions, and because the carriers are
located in a “neutral region” relatively far from any surface.

The absence of junctions potentially simplifies the
transistor technological process; there is no more need for
ultra abrupt junctions [4]. The fact that the channel is
undepleted means that the carriers are located in the whole
silicon film, with a low transverse electric field region. This
has potential advantages, in terms of mobility [5], especially to
reduce the surface-roughness scattering.

The scaling rules and the (actual) current drivability
of junctionless transistors is subject of discussions in several
papers [1,6]. Then, the development of a physically-based
analytical model, validated with TCAD simulations, is
necessary to predict boththe performances and the scalability
of junctionless transistors .

The electrical performances of MOSFET devices are
usually investigated though the analysis of various physical
quantities as the carrier mobility, the access resistances, the
carrier ballisticity, but also by studying the devices
electrostatics.  This paper mainly focuses on the latter
assuming that quantum confinement effects are negligible both
on electrostatics and transport. This first-order model includes

most “classical” effects of heavily doped silicon [7-9] and

enables the investigation of the operation of junctionless
transistors. We propose to re-explore traditional hypothesis of
junctionless/accumulation-mode  models ~ whatever  the
MOSFET architecture (SG, DG, GAA). Subsequently, as for
usual inversion-mode models, effective mobility, short

channel effects may be added in this model.
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Fig. 1 Differences of operating regimes between standard

MOSFET (PMOS) and junctionless MOSFET (NMOS).

3. Analytical model

First, we consider the pinch-off voltage (V,,) as a
parameter of the model defined as the gate voltage at which
the channel becomes not fully depleted. We consider that,
above the pinch-off voltage, the carriers can be clearly
separated into bulk (undepleted region) and accumulated
(accumulation layer, above the flat-band voltage Vp) carriers.

The variation of the depletion region with the gate
voltage is not deduced from the Poisson equation integration,

but by using an empirical expression, with a power-law



variation of the neutral undepleted channel between the pinch-
off voltage and the flat-band voltage. This enables to easily
address multiple architectures, and makes more explicit the
pinch-off voltage in the drain current formulation, as is usually

the case for the threshold voltage in the inversion-mode

models.
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Fig. 2 Top : Comparison between TCAD simulation

(symbol) and abrupt depletion approximation model(solid

line) Bottom : Relative error between abrupt model and TCAD

and between our model and TCAD, showing an overall better

agreement, especially for thin films and around the pinch-off.

Ts=6,12,25 nm, T,.=Inm, N=2x10"cm™ for Double-Gate
geometry

Then, the derivation of the drain current equations

follows the gradual channel approximation [10], with the

following mobile charge concentrations: for a given channel

potential ¥, and a gate voltage Vg , the undepleted region

carriers charge is given by:

Smin Vas =Ve <Vpo
n
Vs =Ve =V,
Opeur = NSy = GN3 Siin + (Sinax = Sivin {Vil/pn Voo <Vas =Ve <Vig
B ~Vpo
Sinax Vas =Ve > Vg

M

The accumulation mobile charge is given by:
Ouce = PnCorVas —Vis —V) )

The parameter P,, is the perimeter of the channel
cross-section transverse to the transport (e.g. for a cylindrical
GAA it is 27R = #Tg; ). The section of the channel Sen is the
area available for the transport. For a cylindrical GAA it is
aR? = ”Ts2i /4, and for a trigate, planar or DG it is WIg;, etc.
Sin and S;... , are the undepleted sections when the surface

is inverted and accumulated, respectively.
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Fig. 3 Flat-band voltage for an N-type film for P*-type (band
edge workfunction) gate metal (blue dashes) and mid-gap
metal (solid green). In light dashes are shown the flat-band
voltage that would result from Boltzmann approximation. In
light solid lines and symbols, the pinch-off voltage determined
with abrupt depletion approximation (diamonds) or our model

(crosses), for Ts=10nm, T,=I1nm, for Double-Gate geometry

The fit between the power-law and the TCAD
simulations is not perfect, but this scheme still retains the most
important feature: gradual opening of the channel above
pinch-off voltage, up to the flat-band voltage.

The use of the pinch-off voltage to describe the drain
current is indeed descriptive of, e.g, given current
characteristics, but it is not enough predictive. Indeed, the
relation between the geometry (thickness, oxide, etc), the
doping and the pinch-off voltage is not explicit. In previous
models [11-13] the abrupt depletion approximation was used
to obtain both the pinch-off voltage and the variation of the
depletion region. TCAD simulations have shown that the
abrupt depletion is not entirely suitable for very small films
compared to the Debye length, as seen in Fig. 2.

The pinch-off voltage could of course be determined
by solving the Poisson-Boltzmann (or more accurate Poisson-

Fermi-Dirac) equations for the potential:

2
d*® _ —p _£gN R Y A Y 7
dx*  €ofsi Eofsi | N?

3)

The determination of the pinch-off voltage for a
given geometry is inspired from previous works on the
solution of the Poisson-Boltzmann equations in thin films
[14,15]: beginning with an estimation of the potential (e.g
from the abrupt depletion approximation), we obtain the
mobile charge by applying the majority carriers part of the
right hand side of (3) to the potential estimation. The criteria
for the pinch-off is not defined as the junction of the depletion
region edges, but as the gate voltage for which the integrated
mobile charge in the whole channel (electrons in N-type

silicon) is equal to F2#CoxV7 . This definition of the pinch-off

is consistent with the analytical model: just above the pinch-



off voltage, the channel contains just enough mobile charge to
rise above the thermal noise and the channel is just opened.
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Fig. 4 Exact Fermi neutrality resolution (solid line). Variable
intrinsic concentration approximation (dots). Conduction
Band edge (dashed line), relative to the intrinsic Fermi level.

Typically, the geometry and doping determine the
interval between the pinch-off and the flat-band voltages for a
given device. It is important to note that the flat-band voltage
itself is not dependent on the geometry.

The determination of the flat-band voltage needs to
take into account the degeneracy because of the high doping
levels that are required in this kind of transistor. The Fermi
level could be determined via the resolution of the non linear
neutrality equation using Fermi-Dirac integrals, with the
bandgap and electron affinity depending on the doping level.
Instead of using time-consuming nonlinear resolution, we will
use an effective intrinsic concentration model (see Fig. 4),
where the intrinsic concentration is dependent on the doping
level N.

N AE,(N
|EF *Eio‘:kBTlﬂ[m] n(N)=ny CXP[— A )] where

kT
E, (N ) is based on a bandgap narrowing model. @, is the

gate metal workfunction. Oxide charges are gathered in Qox .
Flat band voltages for N and P films are shown in Fig. 3. We
see that with abrupt depletion and without degeneracy taken
into account, we can severely overestimate the pinch-off

voltage.

VEp :q)M_Z(N)"'(EF_EiOXN)_Eg(N)_% )

With the pinch-off voltage and drain current models,
we can, for example, determine the geometry needed to have a

constant V.. The example we chose is 0.5V. The gate metal is
the best scenario of a P* metal on an N* film, as already
discussed in [1]. Then, the Ipy current (formulations in annex)
is calculated at V=1V and Vpg=1V. We see that keeping V,,
constant actually does not increase the Ioy current with
increasing doping, it can actually decrease it. The needed
thickness to keep V,, constant rapidly decreases to critical
dimensions (5nm and below), as seen in Fig. 5. Without model
parameter fit, the model predictions and the TCAD

simulations follow quite closely.

10°
E
= >
£
5102 p
< m,
5 Q
- >
8 s
- -
3 10 3
5 :
= <& DG c
O Planar TCAD [
DG =
1 Planar 0
1018 1019 1020

Doping (cm'3)
Fig. 5 Ioy current (Vgs=1V, Vps=1V), T, =Inm, metal
workfunction 5.2 eV. For Planar and DG geometry (Width
lum, Lg=Ium). Symbols are corresponding TCAD
simulations.

4, Conclusions and Further work

A new first-order model for a junctionless transistor
has been derived. It permits a first order description of the
drain current, the pinch-off and flat-band voltages, useful for
technological parameters evaluation. Further study in more
advanced modeling (quantum corrections, short channel
effects, subthreshold conduction) is under investigation.

Annex: Drain current expressions

The drain current expressions for all possible
terminal voltages are described below, with the terminology

explained.
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