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Abstract

In this paper, we optimize the electrical characteristics of Nano-scale symmetric double-gate metal oxide
semiconductor field effect transistors (DG-MOSFETs) for digital applications using a genetic algorithm. We
use a single-objective genetic algorithm to optimize the threshold voltage (V) with a distinct analytical
relationship. The optimization of the threshold voltage is accomplished for three cases with considering two
structural variables of the oxide thickness (t_), the channel thickness (t ), and the channel doping density
(N,). The fourth case of optimization is done with considering these three variables. Comparison of these
four cases illustrates that the best threshold voltage is 0.15 V for a channel doping concentration of 1.2x10 °
cm” and an oxide thickness of 1.49 nm. In addition, we optimize the OFF-current criterion based on the gate
oxide thickness, the channel thickness, the channel doping concentration and the channel length and width.
The optimization processes of the device are validated by simulating in SILVACO software. Furthermore,
we use the two-objective genetic algorithm with the threshold voltage and the OFF-current objects for four
structural variables including the gate oxide thickness, the channel layer thickness, and the channel length
and width. This process is applicable to digital circuit design. To evaluate the accuracy of the proposed
device optimization, the optimized device and other situations are simulated in SILVACO simulator. The
optimized device illustrates the best treatment.
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INTRODUCTION

The downscaling of device dimensions has
been the primary factor to improve integrated
circuits performance and power efficiency [1]. In
the age of modern VLSI industry, cost-effective and
high-performance semiconductor devices have a
considerable role in circuit design. To achieve an
efficient device, the dimensions of MOSFETs have
been continuously reduced to the nanometer range
[2-4]. Focusing on the downscaling of transistors
leads to the improvement of the efficiency and
developing the semiconductor industry consisting
of the nanotechnology in the device design reduces
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power consumption and cost [5]. Conventional
field effect transistors (FETs) have high-level static
power dissipation, limited sub-threshold swing,
and switching speed [6-8]. The design methods
of advanced MOSFET have presented high
performance Nano-scale devices with good I . and
I 9] Recently, multiple gate MOSFETSs, such as
the double MOSFET, the omega MOSFET, the gate
all around (GAA) MOSFET, and quadruple-shape
MOSFETs have been introduced as promising
substitutions for the conventional MOSFET to
suppress the scaling limitations [10-11]. The
varjous structures of double-gate MOSFETs are
significant structures to design CMOS circuits,
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Materials

therefore, designing these devices in Nano-scale
can be important [12-14]. Various simulations and
optimization approaches have been accomplished
to decrease the limited behaviors of the scaling
and short channel effects [15-16]. To improve
the device performances for analog or digital
applications, design approaches based on the
evolutionary algorithms can be effective to advance
the appropriate scaling of devices [17]. The genetic
algorithm (GA) is an important method for
identifying optimal solutions to difficult problems.
It has been constructed based on the evolution and
natural selection [18]. This algorithm is suitable
to determine the different parameters of a FET to
optimize main characteristics [19-22]. In the device
optimization process, the objective functions are
determined based on analytical models of the
device. Double-gate MOSFETs (DG-MOSFETS) are
the significant choice for very large scale integrated
(VLSI) technology [23]. We use the results of
analytical model, which is based on solving the
Poisson equation and current correlation equations
without charge-sheet approximation [24], to
obtain the main characteristics of DG-MOSFET
and then optimize them based on different device
parameters.

MATERIALS AND METHODS

The cross-section of symmetric double-gate
MOSFET is shown in Fig. 1 [25]. The length and
width of the gate are 18 um and 1.2 um, respectively.
The n-type doping concentration of the source and
drain regions are 10*° cm™ and the p-type doping of
the channel is assumed 10> cm™. In this paper, we
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Fig. 1. The cross-sectional view of symmetric DG-MOSFET [25].

use the genetic algorithm to optimize the threshold
voltage and OFF-current of the device based on
variation of the main parameters such as the oxide
thickness, the channel layer thickness, the channel
length, the gate width and the channel doping
concentration. One of the important electrical
characteristics described by the analytical model
of the FET illustrated in Fig. 1, is the threshold
voltage. It is calculated based on a charge-sheet
model to solve the 1-D Poisson equation [25]. The
Poisson equation is solved in the x-direction, along
the axis from the gate to the channel. The Poisson
equation shown below is solved one-dimensionally
to determine the surface and central potentials
[25].

(1)

2 .2
373 — Si [l;;ae(w—vch/vt) + n, — nae(—w/vt)]
@ is the electrostatic potential, which is a
function of x, and the surface and central potentials
are the same as the ¢ potential at the points x = t /2
and x = 0. Where n is the carrier concentration, n,
is the uniform acceptor doping concentration in the
channel, q is the electron charges, £_; the dielectric
permittivity of Si, V., is the electron quasi-Fermi
potential, V, is the thermal voltage. Based on the
solutions of ® and @ 0 the combination of the
1-D Poisson equation, Gauss law, and Boltzmann
distribution, the analytical threshold voltage is
obtained using the following equation [25]

()
2 .
Vi = Vpp + Viln (B2 + Solsttox . 3y,

n;2 €ox
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Fig. 2. (a) Variations of objective function (b) V, versus the doping concentration and the channel thickness.

To optimize the threshold voltage of the
transistor, we consider ¥, in equation (2) as the
objective function in the genetic algorithm and the
oxide thickness, the silicon layer thickness (channel
thickness), and the channel doping concentration
as variables. Another important electrical
characteristic of MOSFET is the OFF-current. The
drain-source current is modeled with a gradual-
channel approximation based on the charge-sheet
in the channel, which is expressed as follows [25]

3)

w Natsi ¢
lgs = I»J-Coxf [_(ps2 + 2(Vgs -V, — qZCT + Vt)(Ps] 90:1

Where, @, and @z are the solutions of @,
at the source and drain terminals as V = 0 and
V=V, respectively. According to equation (3), at
Ves = 0V the OFF-current is achieved. Therefore,
to optimize this factor as the objective function
in the genetic algorithm, the gate oxide thickness
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(t,), the channel thickness (t), the channel doping
concentration (N ), and the channel length and
width are variables.

RESULTS AND DISCUSSION
Single-objective multivariable
procedure with genetic algorithm
In the double-gate MOSFET optimization
process, a single-objective multivariable genetic
algorithm is used to optimize the threshold voltage
and OFF-current. The general optimization
process with a genetic algorithm is performed
by determining the vector of decision variables,
generating the initial population, selecting the
type of genetic operators and evaluating the device
variables to obtain acceptable values of the objective
functions. During the optimization process, the
generation criterion for determining new offspring
with mutation and crossover operators is changed

optimization
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Fig. 3. (a) Variations of objective function with iteration, and (b) V,, versus the doping concentration and the oxide thickness.
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Fig. 4. (a) Variations of objective function with iteration, and (b) V, versus the channel and the oxide thickness.

and evaluated [26].

The threshold voltage optimization based on the
oxide thickness, the channel thickness and the
channel doping concentration variables

In this section, the threshold voltage
optimization is performed in four independent
states using the single-objective genetic algorithm,
and the results are compared in these states. In
the first state, the doping concentration and the
channel thickness variables are used to optimize
the threshold voltage, while the oxide thickness is
assumed to be 2 nm. Fig. 2(a) illuatrates V, versus
the generation of the algorithm and Fig. 2(b) shows
V,, versus the doping concentration and the channel
thickness. As can be seen in Fig. 2(b), the optimized
value of the threshold voltage is 0.19 V for a channel
thickness of 14.48 nm and doping concentration
of 2.3x10" cm?. Fig. 2(a) shows the variation in
threshold voltage with generation for a maximum
iteration of 400 and an initial population of 200.

The density of the impurity is approximately equal
to the intrinsic density of the channel according to
equation (2), and the flat band voltage is zero. In
the second state, the channel doping concentration
and the gate oxide thickness are assumed to be
variables, and the channel thickness is 10 nm. In
Fig. 3(a), the threshold voltage variations versus
generations of the algorithm are shown. Fig. 3(a)
shows that the optimum threshold voltage at 92
iterations is 0.15 V. The optimal threshold voltage
is achieved for the channel doping concentration
of 1.2x10'" cm™and an oxide thickness of 1.49 nm.
This amount of the channel doping concentration is
approximately similar to the intrinsic channel. Fig.
3(b), shows the optimized value of the threshold
voltage versus the doping concentration and the
oxide thickness. In the third stage, the threshold
voltage is optimized by varying the oxide thickness
and the channel thickness, and a constant value of
the doping concentration. Fig. 4(a) indicates the
optimal value of the device threshold voltage versus
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Fig. 5. Calibration of simulation results and reported data in [25].
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Fig. 6.1 -V characteristics for nano-scale double-gate MOSFET versus the channel thickness.

the number of iterations. Fig. 4(b) shows V, versus
the oxide thickness and the channel thickness. The
optimized threshold voltage is 0.273 V achieved
by t = 0.84 nm and t ;= 11 nm. This strategy is
not appropriate and applicable as optimization
method because of small variation in V. In the
fourth stage, the genetic algorithm optimizes the
threshold voltage for three variables including
the oxide thickness, the channel thickness, and
the channel doping concentration. The results
of optimization of the single-objective genetic
algorithm by simultaneously changing these three
varijables are shown in Table 1. As it can be seen in
this table, the optimized threshold voltage is 0.29
Vfort =1.82nm,t=17.5nmand N = 1.5 x10"
cm?. The results of the single-objective algorithm
can be validated by SILVACO simulation. Initially,
we are calibrated the SILVACO software simulation
using the results reported in [25]. Fig. 5, shows that
our simulation results has appropriate accordance
with the results of [25] for a distinct double-gate
MOSFET. We used the calibrated simulation to
validate the optimization results. The simulation

results of SILVACO for different values of the
channel thicknesses are shown in Fig. 6. This figure
shows the drain-source current versus gate-source
voltage for four different channel thicknesses. The
optimized device has the minimum V, compared
to the others, including the device in [25]. The
optimized results of the double-gate MOSFET
threshold voltage for the four cases of optimizations
described above are presented in Table 2. According
to this table, the optimum threshold voltage value
is 0.15 V for the case 2. In this case, the oxide
thickness and the channel doping concentration
are assumed to be variable, and the channel
thickness is constant. The optimum oxide thickness
and channel doping concentration are 1.49 nm and
1.2x10' cm?, respectively. Therefore, we can select
the best strategy based on a comparison of the four
cases.

Optimization of the double-gate Nano-scale
MOSFET OFF-current with multivariable single-
objective genetic algorithm

Based on equation (3), the single-objective

Table 1. Optimized nano-scale symetric double-gate MOSFET parameters.

Parameter Description Optimized Design
tox Oxide thickness 1.82 nm
tsi Channel thickness 17.5 nm
Na Channel doping concentration 1.5%10' ¢cm™
Vin Threshold voltage 029V
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Table 2. Optimized double-gate MOSET design characteristic.

Optimization cases case 1

case 2

case 3 case 4

Threshold Voltage (V)

0.19V

0.15V

0273V 0.29V

Table 3. Optimized Nano-scale symetric DG-MOSFET design parameters versus V, ;=1 V.

Parameter Description Optimized Design
tox Oxide thickness 2.33 nm
tsi Channel thickness 21.44 nm
W Channel width 40 nm
L Channel length 70.85 nm
N. Channel doping 1.36 10" cm?
Torr OFF- current 3.97x 10" A

genetic algorithm optimizes the OFF-current
for five variables of the device, including the gate
oxide thickness, the channel thickness, the channel
doping concentration, and the channel length
and width. The drain-source voltage is assumed
to be 1 V. Fig. 7, shows the optimal amount of
the OFF-current for a population iteration of 300
and apopulation size of 200. According to Fig. 7,
the amplitude of the current reached its minimum
stable value at iteration 38. It can be seen in table
3 that the calculated optimal value of the OFF-
current is 3.97x 10"MA achieved based on five
variables. The drain-source current versus the gate-
source voltage of the optimized device described in
Table 3 is simulated in SILVACO, as illustrated in
Fig. 8. The OFF-current shown in this figure and

table 3 are identical. The optimized device can be
evaluated by simulation using SILVACO. Fig. 9
illustrates the simulated device characteristics for
the different channel thicknesses. The OFF-current
of the optimized device is compared with that of
in other situations. It is obvious that lowest OFF-
current for the different values of t_ is obtained for
our optimized device shown in Table 3. Therefore,
the optimized device is validated based on the
channel thickness parameter. The current-voltage
characteristics of the device simulated by SILVACO
for different oxide thicknesses are shown in Fig.
10. According to Fig. 10, the OFF-current in the
optimal state has the best value compared with that
of different values of the oxide thickness. Moreover,
we have simulated the transistors for different
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channel lengths using SILVACO, as shown in Fig.
11. This figure shows that the optimzation of the
device is true. In this work, the OFF-current and
threshold voltage of the Nano-scale double-gate
MOSEFET have been optimized separately using
a the single-objective genetic algorithm for the
device variables. The optimization results have
been evaluated and validated using the SILVACO
simulation. Based on the results, we have optimized
the reference device [25]. In the next section,

Int. J. Nano Dimens., 14 (1): 91-102, Winter 2023

the OFF-current and threshold voltage will be
optimized simultaneously using a two-objective
genetic algorithm.

OFF-Current and Threshold Voltage Optimization
with Two-Objective multivariable Genetic Algorithm

In the previous sections, the OFF-current and
threshold voltage were separately optimized using
a single-objective genetic algorithm. In some
device applications such as digital circuits design
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the two-objective optimization is necessary. In this
study, multi-objective optimization is performed
using the NSGA-II method, and NSGA algorithm
proposed by Deb in 1994 [27-28]. In this section,
we optimize the OFF-current and threshold
voltage simultaneously. The variations in the oxide
thickness, channel thickness,and channellengthand
width were used as variables for the two-objective
genetic algorithm in the process of simultaneously
optimizing the threshold voltage and OFF-current.
The Fig. 12 shows the optimization of the threshold
voltage and OFF-current of the device using the
two-objective Pareto genetic curve. Fig. 12 shows
the optimal values of the threshold voltage and

the OFF-current. According to this figure, the
threshold voltage and the OFF-current at the
specified point of the graph have minimum values.
The channel doping concentration is a fixed value
of 4x10" cm?, the population size is 65 and the
number of iterations is 170. The optimized results
of the threshold voltage and the OFF-current using
the two-objective genetic algorithm are presented
in Table 4. At this state, to confirm the optimized
characteristics, we simulate the device based on the
specifications contained in Table 4 by SILVACO. The
[i-V,is shown in Fig. 13. According to Fig. 13, the
optimized results of the threshold voltage and the
OFF-current are confirmed by SILVACO. Fig. 14
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Fig. 11. 1 -V characteristics for different channel lengths.
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shows the I -V .. characteristics of the optimized
device, as shown in Table 4. The simulation results
for different oxide thicknesses are illustrated in this
figure. It can be observed that the optimum device
has the best OFF-current and threshold voltage,
simultaneously. Fig. 15 shows the Nano-scale
device simulation using the SILVACO for different
channel thicknesses. The variation in the channel
thicknesses causes to destroy the simultaneous
optimization of the OFF-current and V . Next state,
we are performed simulations for different channel
lengths. Fig. 16 illustrates the results of the device
simulation for different channel lengths. With
increasing channel length, the amount of OFF-
current is increased and V is decreased. Therefore,
the channel length in other values compared with

that of the optimized situation causes to damage
the simultaneous optimization of device.

CONCLUSION

We have optimized the threshold voltage
and the OFF-current of a Nano-scale symmetric
double-gate MOSFETs for digital applications by
the genetic algorithm. We have used the single-
objective genetic algorithm to optimize the
threshold voltage. This optimization has been done
for four cases based on different structural variables.
The optimized value of threshold voltage were 0.19
V for t = 14.48 nm and N = 2.3x10" cm?, 0.15 V
for N =1.2x10" cm” and t_= 1.49 nm, 0.273 V for
t =0.84 nm and t = 11 nm, and 0.29 V for three
parametersoft = 1.82nm,t =17.5nmand N = 1.5
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Fig. 13.1 -V characteristics simulated with SILVACO for optimized design for two-objective genetic algorithm.
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Table 4. Optimizing the OFF-current (V= 1V and V= 0.0V) and threshold voltage.

Parameter Description Optimized Design
tox Oxide thickness 2 nm
tsi Channel thickness 12.44 nm
W Channel width 20.0 nm
L Channel length 50.0 nm
Torr OFF-state current 1.49x1011A
V1 Threshold voltage 0.389 V
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Fig. 14. T -V  characteristics for different oxide thicknesses and comparison with the optimized device.
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x10" cm?. The optimal threshold voltage was 0.15
V for the second proposed case including variables
of N, and t . Moreover, the optimized OFF-current
has been calculated 3.97x 10"'A for t _=2.33 nm,
t,=21.44 nm, W=40 nm, L=70.85 nm, and N =1.36
x10" cm™. The optimization processes have been
validated by the simulation of optimized devices
and other situations in SILVACO software. Finally,
based on simultaneous optimization, the threshold
voltage and the OFF-current have been calculated
0.389 V and 1.49x10™" respectively, for t = 2 nm,
t.= 12.44 nm, W= 20 nm, and L=50 nm. The
accuracy of the proposed device optimization has
been assessed by simulating the optimized device
and other situations in SILVACO software.
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