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Abstract: - In this paper, through solving Poisson equations, a precise model for double-gates and dual-material
carbon nanotube transistors is presented that is more comprehensive than the previous models. Thus, considering a
double-gate transistor with a two-material gate, modeling and solving the Poisson equation are taken into
consideration in two dimensions for a more accurate analysis of the inner potential of the channel. In this method,
the inside electrostatic potential of the channel is obtained by summing two parts of the long channel potential.
Also, the dependence of the inside load of the channel on its inside potential is considered in a way that gives a
more accurate answer to the potential of the transistor. The potential is generally considered based on the sum of
the one-dimensional potential in the channel (without any dependence on the surface potential) and the lateral
potential changes in two dimensions. The charge in the Poisson relation is also considered to evaluate the
dependence on the potential within the channel which provides a more complete analysis of the Poisson equation.
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1 Introduction
inductor, reducing the slope below the threshold

In recent years, miniaturizing the transistors has voltage, and reducing the switching speed.
gained  special importance, [1]. The most Electron thrust properties are observed through
important reasons are saving costs, decreasing the behavior of transistors, some of them are
power consumption, increasing speed and volume, related to short channel effects, [1], [2]. In fact,
and mak|ng |Ightel‘ electronic tools. DeSpIte because of these short-channel effectS,
having these advantages, the physical shrinkage downsizing a transistor faces a big challenge. To
of ordinary transistors proves physical limitations resolve this problem, double-gate MOSFET
and side effects such as changing the threshold transistors can be used.

voltage, an increase of the current leakage,
reducing the barrier potential by draining the
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In recent years, one of the suitable structures to
reduce these effects in nanometer-sized
transistors is Double-Gate MOSFET, which is
technologically the best compatible structure with
ordinary MOSFETSs and short-channel effects, [2],
[3], [4], [5], [6]. Figure 1 shows the structure of
this transistor. Some of the advantages of this
structure are the reduction of current leakage in
the off-state compared to ordinary MOSFETS,
reducing the effect of impurity dispersion in
reduction of mobility and eliminating their
fluctuations (because of low channel impurities),
a barrier potential by inducing and controlling the
reduction of the barrier potential (through
inducing drain) [6].

2 Materials and Methods

For double-gate transistors, various models have so
far been introduced based on the analytical surface
potential and current load, but the development of an
appropriate analytical current model for these
transistors is still under investigation, [6].

On the other hand, double-gate MOSFETSs with very
high impurities and very thin layers are expected
options for CMOS technology with very small
dimensions [1]. High securities against short channel
effects, high transconductance, and below-threshold
voltage have been reported by many experimental and
theoretical studies on the mentioned devices, [2], [3],
[4]. Particularly, double-gate asymmetric MOSFETS
(upper gate with p + poly and lower gate with n +
poly) have drawn special attention because such
structures have a good threshold voltage (neither too
large nor too small). If the channel length decreases
for any reason, the gate voltage control loses over the
threshold voltage. Therefore, reducing the threshold
voltage by reducing the channel length is an important
issue that needs to be considered. To increase security
against short channel effects, a new structure titled
two-material MOSFET has been proposed, [4], [5],
[6]. This structure has two metals M; and M, with
different working functions in the gate. This type of
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structure increases transconductance and reduces the
short channel effects compared to MOSFET’s gate
because of the step in the potential profile. In the
DMG structure, the peak of the electric field decreases
at the end of the drain in a way that the average
electric field increases below the gate, [5]. The step
potential profile of the surface potential prevents
potential changes from the effect sides on the source.
After saturation, M. absorbs any additional drain-
source voltage, and thereby, the area below M; is
separated from the drain potential changes.

In the second part of the paper, a proposed model is
presented for a dual-material double-gate transistor. In
the third part, the transistor simulation results are
presented based on the proposed model.
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Fig 1. The structure of a double-gates carbon
nanotube transistor

2.1. The proposed model for dual-material-double-
gate carbon nanotube transistors

A schematic outline of silicon MOSFET is drawn in
Figure 2 through the insulation of an impure dual-
material-double-gate. The gate has metals M; and M,
with lengths Li and Lo, respectively. The source/drain
areas in this rectangle are considered, and their
concentration is supposed to be uniform. The amount
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of channel impurity is displayed with Na and it is also
supposed to be uniform.

Considering the charge as a potential function across
the channel, the potential distribution can be
expressed in silicon thin-film before creating a strong
inversion as follows.

F*dixy) F0(xy) kT
f‘y i lf 2.3 me 9 for0=x=L0=y<t,
dx* ay* £,

1)
Where:

n; is the intrinsic impurity concentration, &s IS the
dielectric constant of silicon, tsi is the film thickness,
and L is the length of the device. At this time, the
potential profile is approximated as follows:

D(x,y) =D, (X)+Gx).Hy) (2

@, (x) shows the surface potential, and the functions H
(y) and G (x) show the dependence of the potential
function on y and x. It is supposed that the potential
function can be categorized into two dependent
functions namely x and y. In silicon MOSFET on
dual-material insulation, the upper gate contains one
material that is p + poly-silicon, but in the dual-
material-double-gate-structure, the upper gate
contains different materials (p* poly-silicon and n*
poly-silicon) with different functions that are ®w; and
®wo. Therefore, the upper channel voltages of poly-
silicon p* and poly-silicon n* differ from each other in
the upper gate, and are expressed as follows.

Vepfp = Pusi = Pun — P

3)

Vepfn = Pusz = Pyz — Ps;

(4)

That ®s; is a function of silicon work and is expressed
as follows.
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E;
D = xsi +—q+d’r

Where:

Ey is a silicon energy gap at 300 K, ysi is the electron-
silicon adjacency, ®r = VrIn (Na / nj) is the Fermi
potential, V1 is the heat voltage and n; is the intrinsic
impurity concentration. Since there are two regions in
the upper gate of the dual-material-double-gate
structure (according to Equation (2)), the surface
potentials below p* poly-silicon and n* poly-silicon
can be written as follows:

Qy(x,y) =@ (x)+Gy(x)Hy(y)for0=x<L;,0=y=<t,;
(6)

D2, y) = Da(x)+ Ga(x)Hy(yMforly =x=Li+L;,0=y=1,

(7)

®s; and O, are surface potentials below M; and M.
G1 (X), Gz (X), Hi (¥), Vrosp, Ve, and Hz (y) are
potential functions depending on x and y.

& =
do,(x,y) o
Ey(0) = —=—2 |dd,,(x)  dG,(x)
d 5
* dx + dx H(0)
(8)
for:0=x< L, under M1
& o=
dd;(x,y) 0
E;(x) = ———|d®,(x)  dG,(x)
d 5
o dx * dx H,(0)
(9)

for:L; < x < L, under M2

The equations above are helpful for determining how
to change the electric field on the side of the drain by
the dual-material-double-gate structure.

In the dual-material-double-gate transistor, shown in
Figure 1, tr and t, are the thicknesses of the upper and
lower gate oxide layers, respectively, and the same
gate voltage Ve is designated to both gates. The
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channel with a concentration of impurity 120 becomes
impure by the donor atoms uniformly. When studying
the dependence of the potential distribution on the
gate voltage, it is observed that at first, an inversion
layer is formed on the inner surface of the n-type
poly-silicon back gate. Then, the potential distribution
changes linearly while the surface potential is constant.
After that, an inversion layer is formed in p-type poly-
silicon, and then the potential distribution is
unchanged in the channel, and the voltage applied by
both oxide gates remains constant. This analysis
implies that the structure has two different threshold
voltages depending on the upper and lower gates.

The expressions for the upper and lower threshold
voltages are as follows.

1 1 , ro 40,
c,) +Vyin|Vy . )

e Qufy L 4 (1
Vi =Vipgp + 205 + E(l +Vy Q—_'{F +
)'f, Ll

- Yty +i 401,

(10)

4C.n/ 1 1
Vaa =Viggp + 2@ 4 stl “)(

(.1 + Vg 0. \ac,, i ¢,
(11)

) ¢ Vrin(Vy ‘Qr )

s

Vi is the low gate threshold voltage with poly n and
V2 is the high gate threshold voltage with poly p and

n, in a way that y = ﬁ and Q,; = gN,t_, are the

channel acceptor charge. In the above models,
discharging and charge-making are considered. But,
for short-channel components, both charges are
ignored in the inference of the threshold voltage
model [7-8].

3 Results and Discussion

The surface potential diagram for a dual-material-
double-gate transistor is shown in Figure 2 using the
proposed model, thus, Vg = 0.15 and Vps = 0.75 V
are considered. As observed in Figure 2, the potential
function at the center has a step function on the
surface. As a result of this step function, the area
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below the upper gate (Mi) is obtained against the
changes of potential in the drain. In other words, it can
be said that the step function eliminates the effect of
the electric field created by the drain-source potential
within the area below M. It means that the drain
potential has a little effect on the drain current after
the saturation zone.

It is clear that the less the thickness of the silicon layer
decreases, the step function becomes sharper at the
middle of the channel. Also, whenever the film
thickness decreases, the difference between the
surface and center potential decrease too. The main
reason is that the central potential is closer to the
surface potential.

Surface Potential (v)

Fig 2. Diagram of the surface potential for dual-
material and double-gate transistor per Vg = 0.15 and
Vps=0.75V

4 Conclusion

In this research, by plotting the surface potential
function for different values of Vps, the minimum
potential function occurred constant for the first time
for different values of Vps in a way that it is always
below the M; region, and the potential function
changes slightly through changes in Vps. It is also
concluded that the more the gate-source voltage
increases, the surface potential increases. The surface
potential for the different amounts of impurity
concentration was also plotted, and it is observed that
the increase of the impurity concentration causes the
surface potential to increase. By drawing the electric
field, it is observed that there is a peak in the
distribution of the electric field in the common
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boundary of M; and M,. The peak in the electric field
causes an increase to be escalated in drift velocity and
in the performance speed of dual-material-double-gate
devices.
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