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Abstract—Tunnel FETs (TFET) are promising candidates for
integration in logic circuits at very low supply voltages. We report
here a SPICE compact model that describes all regimes of the
TFET transistor. The current contribution from source and drain
sides is described by an original set of equations including the
electrostatic behavior and the effect of superlinear onset. Finally,
this model is implemented using Verilog-A language and compared
with TCAD simulations.
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1. INTRODUCTION

Traditionally, the downscaling of CMOS technologies
improves performance and increase the circuit density.
Unfortunately in the most advanced generations, these
performances are degraded through the loss of the electrostatic
control. In addition, the energy budget necessary per
application increases. To overcome these limitations, the
Tunnel Field Effect Transistors (TFET) has been developed
and studied [1-3]. In theory, this architecture can achieve lower
subthreshold slope below the classical MOSFET limit of 60
mV/dec because the local nature of tunneling from the source
to the channel provides a better electrostatic control. So, this
"Steep-Slope" structure operating with tunnel transport
mechanisms is a serious track for ultra-low-power applications.

From physical modeling point of view, some well-known
papers [5-6] detail the physics of tunneling and transport
properties in TFET. This transistor is a Band To Band
Tunneling (BtBt) current switch between source to channel and
channel to drain controlled by electrostatic behavior
(depending of depletion into channel, source and drain) and
corresponding Fermi-Dirac distribution which plays a
fundamental role in the superlinear onset of TFET IdVd curve.
So our objective is to propose a full analytical dedicated model
to Fully-Depleted TFET including this physical aspect to
reproduce the particular behavior of tunnel transistor.

The paper is organized as follows: in Section II, we explain
the global behavior of the TFET operation and detail the basic
analytical equation of electrostatic model. In section III, we
present our approach for current and charge modeling and we
validate it by comparison with TCAD simulations.
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Fig. 1. TFET structure and definition of the main geometrical, electrical
and band diagram parameters. & is the electric field, E is the energy with
corresponding index v for valence band, ¢ conduction band, s for source,
d for drain and p is the Fermi level. ¥ is the surface potential with
corresponding index sf for front surface potential and sb for back surface
potential.

II. ELECTROSTATIC MODEL: GEOMETRICAL PARTITIONING

A. Position of the problem

The considered basic TFET structure and geometrical
definition are described on figure 1; the source and drain are
heavily doped at Ny=10*" cm™ and the channel is intrinsic at
N,=10" em with abrupt junctions which are aligned with gate
edges. In fact, TFET behavior is based on the variation of
depletion widths along the structure which is the cause of band
bending for tunneling windows at source to channel and
channel to drain (represented by arrow on band diagram in
inset of figure 1). Thus, our electrostatic model is built on a
conceptual description based on geometrical partitioning: the
depletion widths into the source and/or the drain (Ly) and the
depletion widths into the channel (Wg). Figure 2 illustrates
schematically the charge sharing for 2 different TFET
operations: Vgs>>0 for Vpg>0 (figure 2.a) and Vgs>>0 for
Vps>0 (figure 2.b).

As already explained in reference [6] for Double-Gate
transistor, the total charge is the sum of the corresponding
inversion charge into the channel and depletion charge due to
source depletion. In the first case (figure 2.a) the positive gate
voltage combined to positive drain voltage suggests both
depletion into source and channel. The quasi-Fermi level into
the inversion layer part is constant and the relative charge is
normalized to the depletion width into the channel. In the same
way (figure 2.b), the negative gate voltage combined to
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Vg >> 0 with V>0V

Fig. 2. Schematical reprensetation of depletion widths for positive Vs (a)
and negative Vgs (b). This figure is purely conceptual.

positive drain voltage suggests both depletion into drain and
channel with the same behavior on capacitance. Note that the
variation of channel/source depletion widths is not constant
along the depth of the channel, nevertheless to simplify our
approach we consider a constant depletion along the depth.

The electrostatic model is built using a similar approach to
[6]. For this, the surface potential in inversion is calculated as
in the LETI-UTSOI model dedicated to undoped Fully-
Depleted transistors [7] and adapted here for the tunnel
transistor. The following assumptions are performed on the
surface potential calculation along the channel, we consider:
fixed charges in the source and drain (parabolic potential in the
source), depletion potential into the channel by applying
Gauss’s law (region II of figure 2.a) and rest of the channel in
inversion (region III of figure 2.a). Thus, the basic boundary
conditions between region I, IT and IIT are:

W(—Lginy) =05 & W:O (1.2)
v, (0)=y,(0) & dﬁ—imzd%m (1.b)
WiWap) = & Siland) o (1.0

) _ aNg (1.d)

dx? €y
where y; is the potential and i=LII or III corresponds to the
region number or i=sf or sb corresponds to front surface
potential or back surface potential, q is the electron charge, &

the silicon permittivity and ¢ is the built in voltage.

B. Depletion width calculation

The description of the core equation for electrostatic model
is detailed here only in the case of figure 2.a. Thanks to first
approximation and eq. (1.d), the potential into the source
(region ) is equal to:

v, =ax? +bx+c
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where a, b and c are constant determine with boundary
condition. We applied the gauss law theorem [8] on the silicon
film in region II (surface Gauss law is represented on figure 1).
After some algebraic manipulations, the potential in region II
is:

X

Yy =Cpe™ +Cpe ™ —— (3.2
m
m= \/(n/esi'tsi)'(cox - O(c'cbox ) (3b)
gNa.tsi—C,, .(Ves — Vg )
R=m%@{ (3.0)
/ + Coox - (VGS - VFBb)

where Cy; and Cp, are constant determine with boundary
condition, C,, is the oxide capacitance, Csi is the film
capacitance and Cyp, is the box capacitance. 1 is the fitting
parameter that includes the effect of lateral field variation in
the depleted film [8]. The inversion region III is described by
the surface potential adapted to our problem (for more
information see reference [7]). The main assumption is the
relation between front and back surface potential which
consider depletion in back interface:

Yep =0 Y T€

o, = Csi/(csi +Cbox) & e= Cbox /(Csi +Cbox)' VGB

(4.2)
(4.b)

After some algebraic manipulations and using equations (1-
3), we obtain the key equation to solve the system:

Ash(mw; , )F —B.ch(mw,, )+C=0 (5.2)
A=mle, (v +R/m2)f J2.aN,) (5.b)
8=y +{®/m?) (5.0)
c=(r/m?)-0.) (5.4)

By solving equation (5.a) and several mathematical
manipulations, we obtain an analytical solution of depletion
widths into the channel (Wy;,,) and then source side (L ):

B+./A

W, = ! In !
dinv = ") T
m® | 2A {1 2./B2-2AC+BNA (6.2)
with A=4.A>—-4.CA+B?
Yyt

sf T2

Ldinv = _gsi_m_—m.(e_m‘wdinv - em'Wd'mv ) (6‘b)
2.0.Ngy

As mentioned earlier, these solutions (eq. 6.a and 6.b) are
only valid for positive gate voltage. Thus, to have a continuous
model, we limit the channel depletion widths calculation at 0OV
with smoothing function. In the same way, the source depletion
is also calculated thanks to this approximation and limited to
zero for negative Vgs.



Figure 3 shows the results of analytical solution proposed
here. In accordance with the TFET behavior, when V5g>0
(electron charge growing): the depletion width into the channel
decreases (Wq=Wy,, fig. 3.a), source depletion increases
(Li=Lginy fig. 3.b) and are modulated by the Vpg value. Note
that the strong variation of W;,, with Vpg for high Vg value is
directly linked to the quasi-Fermi level variation of the
inversion charge which is linearly proportional to drain
potential. The analytical model predicts a smooth increase of
Wiy With Vgs<0, nevertheless this variation is not physic
because we do not have inversion charge into the channel. As
describe earlier and due to technical consideration, this
smoothing function is well adapted for capacitance calculation
avoiding any discontinuity on whole Vg range. Note that Ly,
is not equal to 0 when Vgs=0V because of the building voltage
at the source to channel junction.

In the same way, when Vgs < 0 (hole charge growing):
Wi=Wae decreases (fig. 3.c) and Ly=Lg, increases (fig. 3.d)
and are modulated by Vps value. Again as Ly, Lgace 1S NOt
equal to 0 when V5s=0V which is influenced by the building
voltage plus Vps potential at the channel to drain junction.

III. CONFRONTATION WITH TCAD

A. Current and charge modeling

The Landauer equation [4-5] with the corresponding
integral on energy coupled to the calculation of tunneling
probabilities is complex for SPICE modeling. To simplify this
approach, we propose to split the calculation of the current
with separated calculation of the Fermi-Dirac distribution (call
later Occupancy Function, OF) and tunneling probabilities
(which classically calculate as 1D tunneling):

Ip o< T,_. xmax{OF,__;0}+T,_,xmax{OF,_;0} (7.2)
OF ¢ =F((e 0,1, )150) ~ (s 1150) ~ (e mats2) +flessma)s3)  (7.b)
OFc g =fi(eyn,1100) ~ (e, 110n) ~ flergno)02) + fleengrian)  (7.0)

Ty e = Aane-®ere/5me & Ty = Ay eBione/5es (7.d)

where OF,. (resp. OF.4) represents the sum of different
energy levels of source to channel tunneling windows (resp.
channel to drain), f represents the Fermi distribution, fg/g;
(1=1,2,3 & 4) represents calibration parameters at source and
drain side. E,, represented the maximum energy value
between E.. and E. (inset of figure 1). & is the electric field
with corresponding index s for source, d for drain and ¢ for
channel: & .=q.Ngg.Lginv/€si and &c-d=q.Ngq.Lgace/€si- Axane and
Biane 18 the corresponding Kane parameter of BtBt generation.
The tunneling probabilities (T) are calculated with the electric
field at the interface between source and channel (for source
side) and channel to drain (for drain side) which is an explicit
formulation depending on source and drain depletion widths
(respectively Ly, and Lg,..). Even if the basic equation has
the expected behavior of TFET operation; unfortunately as
detailed in equations (7), we introduce several fitting
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Fig. 3. Tllustration of the geometrical partitioning with source, drain and
channel depletion width corresponding to (a) Wainy, (b) Lainy, (¢) Wainy and
(d) Lyace versus Vs for different Vps. These simulations are realized with
the corre-sponding geometry: L=100 nm, t4=10 nm, tyn=145 nm and
tox=1nm.
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Fig. 4. Comparison between TCAD (symbol) and model (line): Current
versus Vgs (respectively Vps) in log scale (a) (respectively (c)) and lin
scale (b) (respectively (d)) for different Vps (respectively Vgs). These
simulations are realized with the corre-sponding geometry: L=100 nm,
t5=10 nm, ty,=145 nm and t,,=1nm.

parameters. The main advantage of this approach is an exact
description of drain in any regime (in linear or logarithmic
scale) with zero current for Vps=0V in accordance with TFET
behavior.
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Fig. 5. Comparison between TCAD (symbol) and model (line),
capacitance versus Vgs for different VDS: Cgs versus Vgs (a) and Cgp
versus Vgs (b). These simulations are realized with the corre-sponding
geometry: L=100 nm, t;=10 nm, ty,=145 nm and t,,=1nm.

The charge model for TFET is basically the sum of
different charges related to source/drain depletions and
channel inversion. For example, the source charge (Q,) is the
sum of the depletion into the source and the inversion charge
into the channel thanks to geometrical partitioning. Note that
contrary to the current model; the charge model doesn’t use
any fitting parameters:

Q, =Q, +Q, +Qy (8.2)

Q, =Q.(L =W, )+ gty Ny Ly, (8.b)
Qy = Q.(L =Wy, )= At Nog Lyace (8.0)
Qp = Qg (L~ Woaee )+ QgL ~ Wiy ) (8.d)

where Q; is the charge and i=s for source, d for drain, g for
front gate and b for back gate. In the last equation (7.d) we
neglect the impact of source and drain charge. In fact our
model is dedicated for thick BOX only because of the
geometrical partitioning which imposes to have a constant
depletion width along the silicon layer as explain earlier.

B. Comparison with TCAD

The corresponding architecture presented on figure 1 has
been simulated with TCAD software [9-10] with the following
activated electrical models: Shockley-Read-Hall
Recombination (classic SRH with dopant dependencies),
constant mobility model for carrier scattering and non-local
band to band tunneling. This last model is the only one able to
capture the realistic behavior of TFET operation. Note that
Kane’s parameters haven’t been calibrated on experimental
data. We also have to notice that our model is implemented in
SPICE environment using Verilog-A language to simulate the
architecture represented on figure 1.

Figure 4 represents the drain current versus Vpg and Vs,
the simulation marched well with TCAD simulation thanks to
the parameter extraction of both Kane’s parameters (eq. 7.d)
and fitting parameter (equation 7.a and 7.b). Figure 5
represents the Cgs and the Cgp capacitance versus Vgs. These
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good agreements are mainly due to a rigorous geometrical
partitioning of the charges. Nevertheless, the corresponding
capacitance of the source and drain charge could be improved
in term of accuracy but negligible compare to inversion
charge.

IV. CONCLUSION

In this work, we developed a complete SPICE model for
Fully-Depleted TFET transistor including physical behavior.
For this, we built a complete electrostatic model to calculate
the different depletion widths. Based on it, the current and
charge expressions have been proposed. Unfortunately, due to
the complexity of tunneling transport, the current model
introduces several fitting parameters to reproduce accurately
TCAD simulations results. Nevertheless, the geometrical
partitioning seems to be an appropriate solution between
accuracy and complexity; especially for capacitance point of
view. Thus, the core model is well adapted for any surface
potential approach, thanks to that we could use our
methodology to nanowire TFET.
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