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Threshold Voltage Model of a Double-Gate MOSFET with Schottky
Source and Drain”
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Abstract: A quasi two-dimensional (2D) analytical model of a double-gate (DG) MOSFET with Schottky source/

drain is developed based on the Poisson equation. The 2D potential distribution in the channel is calculated. An ex-
pression for threshold voltage for a short-channel DG MOSFET with Schottky S/D is also presented by defining
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the turn-on condition. The results of the model are verified by the numerical simulator DESSIS-ISE.
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1 Introduction

As an alternative to conventional MOSFETs
with doped S/D contacts, Schottky-barrier (SB)
MOSFETs have attracted the attention of the de-
vice research community’'"* . SB  MOSFETs re-
place S/D impurity doping with silicide. There are
numerous motivations for replacing pn junctions
with Schottky contacts in the S/D regions, inclu-
ding low parasitic S/D resistance.low-temperature
processing for S/D formation,and elimination of
the parasitic bipolar effect"'. Several simulation
efforts have been undertaken to design and opti-
mize SB MOSFETs""~* . Their main focus has been
the current mechanism, including tunneling cur-
rent and thermal current. However, little work has
been done on the device model, especially on the
compact model for SB MOSFETs-- .

In this paper, we develop a threshold model
of SB DG MOSFETs based on the Poisson equa-
tion in quasi 2D analytically’”' . The turn-on condi-
tions of an SB MOSFET are defined. The results
of the model are verified by the numerical simula-
tor DESSIS-ISE'""'. This model can be used as a
tool for optimizing SB MOSFETs and a device
model for IC design with SB MOSFETs.
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2  Derivation of analytical model

Figure 1 shows a schematic diagram of a DG
MOSFET with SB source and drain. The coordi-
nate reference zero point is in the middle of the
silicon film in the source side. x = = T/2 and
x =0 correspond to Si/SiO, interfaces and the
channel center, respectively. The channel Boron
doping density is Ny = 10" cm °. ¢y is the S/D
Schottky barrier height, L, is the gate length, ¢
is the gate-oxide thickness, and T is the silicon
film thickness.

2.1 Potential distribution

The potential distribution ¥(x,y) can be
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Fig.1 Schematic of the cross section of a DG MOS-
FET with silicide source/drain
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obtained by solving Poisson’s equation in 2D to
include the influence of the source/drain. There-
fore, a lateral potential distribution along the
channel is assumed while the perpendicular poten-
tial is under consideration. In order to solve Pois-
son’s equation in 2D analytically,we assume a 2D
potential distribution in the whole channel as

T(x,y) = co(y) + c; (»HP(x) (D
where ¢, (y) is a function of lateral surface poten-
tial ¥, (y),and ¢, (y) is the coupling coefficient
which connects the lateral surface potential with
the perpendicular potential ¥ (x). The boundary
conditions for ¥(x,y) are given as

U(=Tg/2,y) = ¥y(y) (2a)
W(T/2,y) = ¥, (y) (2b)

Q‘P(x,y) — €ﬂ X

Jdx x=-Tg/2 Esi
w(- Tsi/z,yi ~(V, — AD) e
oxf

(711’()(,)7) ZSﬂx(vgsfﬁq/l)*W(Tsi/Z’y)

‘:) X x= Tsi /2 Esi toxb
Qd
T(x,0) = ¢p (2e)
‘I/(XvL) = gDB + Vds (Zf)

where ¥ (y) = ¥, (y) = ¥, (y) for a symmetric
DG MOSFET, tox = tow = to for a DG MOSFET,
and 1. = 110y for a UTB SOI MOSFET, V is
the gate voltage, V is the drain voltage, ¢s is the
Schottky barrier height,and AW¥ is the work func-
tion of both the top and bottom gate electrodes
with respect to the intrinsic silicon. In other
words, AW = 0 is for a mid-gap work function
gate, — E,/2q for an n” poly gate,and + E,/2q
for a p* poly gate.

The 1D Poisson’s equation along the channel
in the silicon film takes the following form with
only a mobile charge (electrons) term''’,

v = 4" gqwiir
dx’ &si
where g is the electronic charge, n; is intrinsic

3

clectron density in silicon,and ey is the permittivi-
ty of silicon. Here we consider an nMOS with
q¥/kT>1 so that the hole density is negligible.
The solution obtained by solving Poisson’ s
equation (3) gives the corresponding potential

distribution in the silicon film!,

= KT Moo g na |\ I
v(x) = p lr{nicos (ngkT> X 4)
where n, is the electron density in the silicon film
center where x =0.

Calculating Eqgs. (1),(2),and (4),we get the
solutions of ¢, (y) and ¢, (y).Substituting c,(y),
¢, (y) and Eq. (4) into Eq. (1), we obtain a 2D
potential distribution.

v(x,y) = ¥, (y) +
En P (y) = (Vo — AW ]

ofeos [(2L35) e (5] ]

(3

Here ¥, (y) can be derived by applying Gauss’s

law to a rectangular box of height T and length

Ay in the channel depletion region as shown in
the equation,

eils , IECy) _ 9 Eon

7 dy T ox

[V = AT = W ()] == Qa

(6)
where E, (y) is the front lateral surface electric
field,and Q., is the channel carrier charge corre-
sponding to T, V, and V. The solution to

Eq.(6) under the boundary conditions of
Egs. (Z2e) and (2f) is
— SEB + Vds - WL .
Ty =t e L SrhGy/
B WL . _
j)—sinh(L/A)smh[(L y)/A] (7

Qch tox

andA: ssiTsitox .
2eox N 27

Here we suppose effective gate voltage Vi = Vi,
— Vg

The channel surface potential expressed by
Eq. (7) can be thought as the long-channel surface
potential modified by the electric field of the S/
D. The effects of the variation of the lateral field
in the depletion layer are incorporated through

where ¥ =V, — A"~

the fitting parameter 7. In this paper,y=1. 3.
2.2 Threshold voltage model

The Schottky barrier at the source and drain
changes the current control mechanism of an SB
MOSFET compared to a conventional MOSFET.
The Schottky barrier at the source is efficiently
modulated by the gate bias, which controls the
carrier transport into the channel. The threshold
voltage V, is the gate voltage at which the carrier
injection into the channel is enough larger than
the on current of SB DG MOSFET. There are two
components of the carrier injection into the chan-
nel through the Schottky barrier,one of which is
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Fig. 2 Schematic diagram of the definition of thresh-
old voltage for one gate of DG MOSFET with SB S/D

the thermal emission part for carriers with energy
higher than SB, and the other is the tunneling
part. With increasing gate voltage,the shape of SB
in the source side is modulated by the gate voltage
and becomes thinner corresponding to the in-
crease of tunneling current. However, the thresh-
old voltage of an SB MOSFET can not be simply
defined as the value of the gate voltage when the
surface potential reaches strong inversion condi-
tion because of the unique current control mecha-
nism of an SB MOSFET. Thus it is difficult to ob-
tain an analytical threshold voltage model for an
SB MOSFET"'.

In this paper, V, is defined as the value of
V4 at which the minimum of the surface potential
War.mn 18 equal to the source Schottky barrier
height ¢y as shown in Fig. 2.

The minimum surface potential in the chan-
nel Yy, i and its location y, can be obtained ana-
lytically by solving

AW, (y)
Iy -y,

Substituting Eq. (7) into Eq. (8) results in the
threshold voltage model for a short-channel SB
DG MOSFET.

= O7’\1/‘sur.min = 1I/‘s(yo) = gDB (8)

Qe ox a

= + == == + —

Vo = A+ S e T,

Here « is a parameter describing the effects of the
drain voltage V4 on the threshold voltage Vi,

which is expressed as « = 1/2cosh(L/2)).

Ve (9

3 Results and discussion

To verify the analytical model,the 2D device
simulator DESSIS-ISE""' was used to simulate the
device characteristics of an SB DG MOSFET, in-
cluding the potential distribution and the thresh-
old voltage. All the device parameters were fixed
unless otherwise stated and are given in the figure
captions.

Figure 3 shows the variation of the surface
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Fig. 3  Surface potential versus position along the
channel for different gate voltages

potential with the position in the channel for dif-
ferent effective gate voltages V', obtained from
the analytical model and DESSIS simulation at
0.2,0.4,0.6,and 0. 8V,where the Schottky barri-
ers of the source and drain are both 0. 2eV. It can
be seen from Fig. 3 that the surface potential of
the drain is slightly greater than that of the source
because of the drain voltage bias,0. 05V. With in-
creasing effective gate voltage, the barrier of the
source becomes thinner,and then the carriers tun-
nel into the channel more easily. Compared with
the results of 2D device simulation, it is verified
that the model is appropriate for an SB MOSFET
even at lower drain voltage,such as 0. 05V.
Figure 4 shows the surface potential versus
position in the channel for different drain volta-
ges at 0.05 and 1.0V and with Schottky barrier
heights of 0.2 and 0.5eV from the analytical
model and DESSIS simulation results. It can be
seen that the surface potential near the drain side
increases dramatically due to the increase of the
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Fig. 4 Surface potential versus position in channel for
different drain voltages and Schottky barriers
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Fig. 5 Surface potential versus position in channel for
different gate lengths and Schottky barrier height

drain bias V4 from 0. 05 to 1. 0V.,and the poten-
tial distribution near the S/D regions are sensitive
to the Schottky barrier height. The results from
the analytical model are almost the same as the
simulation results at different drain voltages and
at different Schottky barrier heights.

It is shown in Fig. 5 that the surface potential
distribution along the channel varies with the
channel length at 40, 60, and 80nm when the
Schottky barrier heights are 0.2 and 0. 5eV, re-
spectively. The DIBL effect can be found for a
short channel SB MOSFET as shown in Fig. 5.
Therefore, the potential model can describe the
short channel effects of an SB MOSFET due to
the solution of the Poisson equation in quasi 2D.

Figure 6 shows the threshold voltage versus
gate length L, with different Schottky barrier
heights ¢p and silicon film thicknesses T . ob-
tained from analytical results when T, = 1.0nm
and V4 =1.0V. The relationship between Schott-
ky barrier and threshold is linear, meaning that an
increase in the value of the barrier corresponds to
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Fig. 6 Threshold voltage versus gate length L, with
different ¢g and T

Fig. 7 Threshold voltage versus gate length L, with
different drain voltages

an increase in the value of the threshold voltage.
Figure 7 shows the threshold voltage versus gate
length L, with different drain voltages. The effect
of the drain voltage of an SB MOSFET on the
threshold voltage is almost equivalent to that of a
conventional MOSFET, which means that the
effect is more evident in the short channel device
than in the long. The method defining the thresh-
old voltage of an SB MOSFET is reasonable and
worth applying in the modeling fields for SB
MOSFETs.

4 Conclusion

An analytical potential model for SB DG
MOSFETSs based on the Poisson equation in quasi
2D is developed. Moreover, a threshold voltage
model is also deduced by defining the turn-on con-
ditions of an SB MOSFET based on the potential
model. The results of the potential model are veri-
fied by numerical simulation using DESSIS-ISE.
Therefore, this model can be used as a tool for SB
MOSFET design. It gives helpful physical insight
into novel devices on the nanoscale, and it also
serves as a useful and convenient device model for
IC design with SB MOSFETs.
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