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ABSTRACT

An analytical and scalable model for the subthreshold
swing and the threshold voltage in FinFETs has been
developed by solving the 3-D Poisson equation using
appropriate techniques. The model is also based on a
physical analysis of the conduction path. The mobile charge
term was considered in the 3-D Poisson’s equation to be
solved. Due to its 3-D basis, the model inherently accounts
for short-channel effects, such as the subthreshold swing
degradation, threshold voltage roll-off and the Drain
Induced Barrier Lowering (DIBL) effect. A very good
agreement with 3-D numerical simulations has been
obtained.
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1 INTRODUCTION

The FinFET transistor is one of the most promising
multi-gate MOS devices, due to the excellent electrostatic
control of the channel by the triple gate (which allows the
device to be scaled down to several tens of nanometers of
channel length) and to the relative simplicity of its process.
The FinFET performance has been studied from
experimental data [1-3] and also through numerical
simulations [4]. However, so far very little work has been
done on the analytical modeling of FinFET device
characteristics, probably due to the fact that, as the devices
dimensions are scaled down, the electrostatics of this device
becomes fully three- dimensional (3-D); Poisson’s equation
has to be solved in 3-D and, as a result, the development of
an analytical model becomes a difficult problem to solve.

G. Pei, et. al., [5], presented 3-D subthreshold swing
and threshold voltage roll-off models, but they are only
valid for doped FinFET devices, because the mobile charge
term in the 3-D Poisson’s equation is neglected; this is not

very accurate in the near threshold regime and, in fact, it is
equivalent to neglecting the effect of volume inversion on
the threshold voltage. However, a threshold voltage model
valid for circuit design must include the effect of volume
inversion, which has been found to be significant even in
doped Double Gate (DG) MOSFETs [6].

In this paper we present FinFET subthreshold swing
and threshold voltage models developed from an analytical
solution of 3-D Poisson equation which includes the mobile
charge term; this analytical solution has been found by
using suitable techniques and making a few approximations
valid in the subthreshold and near threshold regimes. After
properly defining the location of the conduction path in the
fin, we obtained very good agreement with 3-D numerical
simulations for the threshold voltage roll-off and the DIBL
effect for channel lengths down to 30 nm.

2 POTENTIAL MODEL DERIVATION

Fig. 1 shows the FinFET structure considered in this
work. The channel is practically undoped (10" cm™ ), the
n" source and drain are highly doped, buried oxide
thickness thickness is 150nm, oxide thickness 1.5nm, gate
work function 4.5eV.
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Fig. 1. FinFET Cross section, a) xz- device structure, and b)
yz-. device structure
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The device electrostatics is governed by the 3-D Poisson’s
equation:

2 , 2 , 2 ,
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where ¢ is the electrostatic potential.

The electron density is given by:

n(x, y, 2) = nyel#® D0 VY .

where n; is the intrinsic electron density in silicon, V7 is the
thermal voltage, and ¢, is the non-equilibrium quasi-
Fermi level referenced to the Fermi level in the source,
satisfying the boundary conditions:

Prn(0)=0.9p, (L) =V

To solve for the potential in Eq. (1), we have considered
that the potential will be the sum of three (the third
component included in 2D solution) components as,

¢(.X, Y, Z)=¢2D ()’7 Z)+¢3D(X7 Yy, Z) (3)

Where 0,p(y,z) is the 2D potential and related to 1D
potential as,
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with boundary conditions,
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Vs is the potential applied on both left/right and top gate.
Oms 1s the gate work function referred to intrinsic silicon,
and V,, is the built-in voltage of the source/drain-channel
junction

@ip(y) is the solution of,

82¢(}’):inve¢(y)/v,
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We found that:
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B,, 6 a,, and oy depend on the technological parameters.
The 3-D potential component is the solution of the
remaining 3-D Laplace’s equation with boundary
conditions,
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#3p (L, y,2)| = Vps +Vyi =P2p (7:2) (12)
The approximations used to obtain the analytical
solution were to consider that in (2) ¢gis constant along the
channel (which is valid in subthreshold) and equal to its
value at the source end of the channel, and that the short-
channel effects are not very severe [7,8], so that ¢p is the
dominant potential contribution for the electron charge
density in (2).
An analytical expression is obtained

AP,
| ECOS(%N -2)-Vps - Dy + Vi - D, -

P3p (x, y,2)=cos(4, - y)- Z[ 1
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AP, AR, AR;, S, and S; depend on the technological
parameters. A ,, A , and A, are the eigen values,

where, 4, = ,Mzz +/1y2

Fig. 2 shows the obtained electrostatic potential along the
channel length for different values of the applied voltages.
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Fig.2 3-D potential distribution along the device channel for different V,,,
and V(;31=0.12V, and V(;sz=ov

3 SUBTHRESHOLD SWING MODEL

Using the obtained potential distribution over the
channel region, we can find the minimum potential point in
the channel length direction, known as the *“virtual
cathode”. At this point an energy barrier is formed, over
which free electrons diffuse from the source and then are
swept into the drain forming the subthreshold drain current.

516 NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061844 Vol. 3, 2007



We obtain an analytical expression of the location of the
virtual cathode, and therefore, of the minimum value ¢, .

We assume that the subthreshold drain current, Ip, is
proportional to the total amount of free electrons diffusing
over the virtual cathode. Then, the subthreshold swing, S, is
obtained as:
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Using the expression we obtained for ¢,,;, we found the
subthreshold swing as,

-1

S= I—ZK, -cos(A, - y.)-cos(d. -z )+ K, -cos(d, - y.)-sin(A, - z.) | -V, -In(10)
Ao

(16)
where K, and K, are scaling factors.

We need to define the values of the coordinates of the
conduction path, i.e. y. and z; the conduction path
locations along the y and z axis are strong functions of the
device dimensions and the applied voltages. However, we
can assume that y, is close to Wy,/4 (as in a DG MOSFET),
whereas z,. is close to the top interface (due to the maximum
electric field value on the buried oxide surface, at V,,=0V).
For low V, value, a value of y.~Wj, /4 (from the center of
the fin width, see Chen et. al., [9] ), and a value of
2.~0.94% of Hj, (from the bottom interface) give very good
fittings with the 3-D numerical simulations. For high Vy;
values good fittings are obtained with y.~3Wj, /10 (from
the center of the fin width) and z.~0.99% of Hj, (from the
bottom interface)

The model in Eq. (16) provides a good agreement with
both 3-D numerical simulation and experimental results for
different values of fin width, height and channel length, as
shown in Fig. 3 and Fig. 4.
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Fig.3 Subthreshold swing for different values of fin height, at a channel
length of 60nm.: model (lines), simulations or measurements (symbols)
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Fig.3 Subthreshold swing vs. Channel length. Hepy=60nm. Vds=20 mV
(a)and 1 V (b).

4 THRESHOLD VOLTAGE MODEL
The channel charge density per unit length can be

obtained as,
Guin (,2)

t, h,
(O =2J Jn, e

y=0z=—h,

Pnin(y,z), is the minimum potential value (virtual cathode),

dzdy an

The last integral in the equation for Q;,,, (17), can be solved
by assuming that, in every half of the fin, its main
contribution takes place at a location equal to Wj,/4; this is
the location of the conduction path along the fin width
(considering one half of the fin in the y direction) if we
consider the FInFET as a DGMOSFET in which the film
thickness is equal to the fin width.

However, the device is asymmetric along z-axis (not
only the structure but also the biasing ) which will lead to
an asymmetric carrier distribution. But we can consider that
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the result of the integral in (17) is equal to the value of the
integrand at the location of the conduction path over an
effective height equal to aHg,, where o (<1) is a correction
factor which depends on Hg, and Wy, and its value will be
extracted numerically.

The inversion charge can written, in terms of «, as,
Guin (Ver20)

Qi =1 Wy '(“'HFIN)'e " (18)

y(=Wgrn/4), and z. give the location of the conduction path
in the y and z directions,, respectively.

If Qzy is the channel charge density (per unit length) at
the threshold condition, from (18) and using the expression
of the minimum electrostatic potential, we can calculate the
threshold voltage as,

Q (19)
Voo =¢ +— v TH -$
TH ms |- Sgs t n; Wy -0 H oy ds

In the FinFET threshold voltage model, the value of
o makes it to tend to the DG MOSFET model for very large
fin heights and to the square GAA MOSFET model for a
symmetric device structure.

We have selected only one value for Qry from the
numerical simulation results of inversion charge
characteristic at a very long channel length (and Hj;,=60nm,
and W;;,=40nm); by comparing our model in Eq. (18), with
the threshold voltage obtained numerically, the value of
o is calculated. However, we have found at a comparable
Win/Hp, ratio only one value for Qry will lead to an
acceptable threshold voltage with the numerical simulation
results for all device dimensions, where the Q7y value is a
fraction of (10" m™).

In devices where the channel is long with respect to the
devices height, and thickness, S g and S, are close to zero.

Therefore, the long channel threshold voltage can be
written as:

TH
Vorr =¢  +V In| ———————
TH ms t ["i W 'a'HnNJ (20)

We obtained the threshold voltage roll-off (see Fig.6) as
the difference between (19) and (20).

A good agreement has been obtained between model and
3-D numerical simulation results for a broad range of fin
widths and fin heights, as shown in Fig. 5.

The DIBL effect can be calculated as the difference
between the threshold voltage at high drain-source voltage
(1V) and the threshold voltage at very small values (10mV)
of drain-source voltage. We have observed very good
agreement between the calculated DIBL coefficient and the
one obtained numerically has been observed, as shown in
Fig. 6.
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5 CONCLUSIONS

In this paper, after analytically solving the 3-D Poisson’s
equation for a FinFET, using appropriate techniques, we
have developed  analytical scalable models of the
subthreshold swing and threshold voltage, taking into
account the voltage-dependent position of the conduction
path. Very good agreement has been obtained with 3-D
numerical simulations for the subthreshold swing, threshold
voltage, the threshold voltage roll-off, and the DIBL
coefficient for channel lengths down to 30 nm.
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