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A Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is a type of field effect transistor; the
operation is based on the effect of an electric field applied to the metal-oxide-semiconductor structure, i.e.,
to the gate electrode. It is an essential electronic component, especially in the microelectronics industry.
Since the invention of the integrated circuit, the principal growth vector of the silicon microelectronics in-
dustry has been the miniaturization of MOSFETSs. To minimize the undesirable effects (for example leak-
age current) due to the miniaturization of MOSFETS, several solutions have been used to improve the per-
formance of MOSFETs. Among these solutions is the use of new high permittivity gate oxides (for example,
HfO: oxide). A nanoscale MOSFET is a complex electronic device, and the simulation of nanoscale devices
therefore needs new theories and modeling techniques (for example, artificial intelligence). The Genetic
Algorithms (GAs) are adaptive metaheuristic algorithms based on the evolutionary ideas (Evolutionary Al-
gorithms (EAs)) of natural selection and genetics. GAs are used to generate high-quality solutions to opti-
mization and search problems by relying on genetic operators such as selection, crossover and mutation.
This paper describes advanced modeling (optimization), simulation and parameter extraction of nanoscale
MOSFETSs (HfO: oxide) using a GA approach. The electrical characteristics of MOSFETSs are predicted ac-
cording to different parameters (drain current, drain voltage, gate voltage, channel length, oxide thickness).
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1. INTRODUCTION

During the past decades, Metal Oxide Semiconduc-
tor Field Effect Transistors (MOSFETSs) have continu-
ally been scaled down in size; different scaling limits
for MOSFETSs have been discussed. These components,
which now reach nanometer size, must comply with the
rules established by the ITRS (International Technolo-
gy Roadmap for Semiconductors). In this context, the
oxide thicknesses reach limitations that make them
permeable to leakage currents. The solution is to re-
place SiO2 by a high-£ dielectric, many candidates are
potentially suitable to meet the specifications imposed
by the ITRS, one of them, hafnium oxide (HfOz). This
material has been widely studied in recent years be-
cause of its promising physical and electrical properties
and compatibility with silicon technology. HfO2 found
application in [1, 2].

This paper describes the electrical characterization
and modeling of MOSFETs (HfO:z oxide) using Genetic
Algorithms (GAs) to identify different parameters.

2. EKV TRANSISTOR MODEL

There are three modes (regions) of operation in a
MOSFET.

When Vis < Vr (cutoff region), Vr is the threshold
voltage, the transistor is turned off, and there is no
conduction between drain and source (Ip = 0).

When Ves> Vr and Vps < Ves— Vr (linear region),
the transistor is turned on; the current equation of the
MOSFET is modeled by:
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When Ves> Vr and Vbs > Vs — Vr (saturation re-
gion), the switch is turned on, the device is in saturation
mode of operation, and the drain current is given by:

ID = kn (VGS _VT)2 . (4)

When Vps = Vgs — V7, from equations (2) and (4) we
get I, =k Vp.

In some cases, such as to simulate an analog circuit,
it is necessary to have a model which is continuous in
all regimes of operation (weak or strong inversion). The
EKV model developed in section 7.8 [3] solves the prob-
lem, the EKV MOSFET model is a mathematical model
of a MOSFET which is intended for circuit simulation
and analog circuit design.

Fig. 1 presents the logIn(Vss) characteristic of a
standard MOSFET.

EKYV defines the drain current as a combination of a
forward current controlled by the source and a reverse
current controlled by the drain. Following the work of
Enz, Krummenacher and Vittoz (the so-called "EKV
model"), one can rewrite Eq. (7.8.2) (see section 7.8 [3])
as follows [4-6]:

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(6).06004
mailto:mostakrimo@yahoo.fr

A. MOSTEFAI, S. BERRAH, H. ABID

Moderate
1.E.02 Inversion

\

1.E-03

Weak
inversion

1.E-04

1.E05 Strong Inversion

1.E-06

log 1D

1.E-07
1.E-08
1.E-09

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1.E-10 :
I
i

1.E-11 +
Vr Ves

Fig. 1 — Discontinuity of Ins(Vas) characteristic at Ves = Vr
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On the other hand, Vs=0, Vps< VP and Vas> Vr
(i.e., the transistor operates in a non-saturated regime).
In this case, the exponential terms are much larger
than unity, and one can write:
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3. EQUIVALENT OXIDE THICKNESS

The miniaturization of a MOSFET (SiO2 oxide) in
the nanoscale range produces dramatic gate leakage
issues detrimental for the performance. The capacitive
coupling Cox between the gate and the substrate must
increase or remain constant. Therefore, to maintain
these properties, the gate oxide thickness fox is reduced
[7], but when the thickness decreases below a certain
value, several problems arise [8-10]. To solve these
problems, it is necessary to replace the gate dielectric
(currently Si02) with a high-% dielectric (for example,
HfOz2), then we can increase the oxide thickness and
reduce the gate current, while keeping a high Cox. The
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concept of an equivalent oxide thickness (EOT) is in-
troduced. Fig. 2 shows a comparison of the leakage
current density as a function of the equivalent oxide
thickness (EOT) between HfOz2 and SiOz2. The equiva-
lent oxide thickness is given by:
€si0, _ €High-
Csio, = Criighr, & —— = —Hhh (13)
lsio,  High-k
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=150, = EOT = Ertighte - (14)
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Fig. 2 — Comparison of the leakage current density between
HfO: and SiO2 [11]

4. GENETIC ALGORITHMS (GAS)

Genetic algorithms (GAs) were first developed and
introduced by Holland in 1975. GAs are adaptive me-
taheuristic search algorithms based on evolutionary
ideas (Evolutionary Algorithms (EAs)) of natural selec-
tion and genetics, which generate approximate solu-
tions to optimization problems. GAs found application
in [12, 13], etc. The fitness function fis defined as:

2
1 |:IDS,NUM —Ipsca }

IDS,NUM (15)

2
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log (IDS,NUM)

The expression of the normalized error is given by:
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5. SIMULATION AND DETERMINATION OF
PARAMETERS WITH GA PROCESS

Fig. 3, Fig. 4, Fig. 5 and Fig. 6 show a comparison
between the results predicted by the GA model with
those calculated by the compact model for lightly doped
short channel, with #ux=14nm (monoclinic-HfOg,
EOT=3nm) and twxw=22nm (tetragonal-HfOg,
EOT = 3 nm).

Fig. 7 and Fig. 8 show the convergence behavior to
the optimal solution (evolution of the fitness function).
The final optimized parameters are given in Table 1,
Table 2 and Table 3.
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Table 1 — Optimized MOSFET parameters (In(Vb))

Compact
Parameters Model GA Model
MOSFET Vr 0.01 0.01017
L=0.1 pm,
monoclinic kn 0.2844e-3 | 0.28459e-3
MOSFET Vr 0.01 0.00995
L=0.1 pm,
tetragonal kn 0.2799e-3 | 0.27960e-3

Table 2 — Optimized MOSFET parameters (Ia(Vc))

JJ. NANO- ELECTRON. PHYS. 13, 06004 (2021)

x10°

I I T T T T
—+— GA Model : :
6 — compact Model

o] _ ...... V=03V

i S A D 2

S T S S S S
0
0.05 0.1 0.15 0.2 0.25 0.3 035 0.4

VD v

Fig. 5 — In(Vp) characteristics of the MOSFET (t-HfO2 oxide)
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Table 3 — GA parameters used in this application :
GA parameters Values % 005 0.1 0.15 E).‘z’ 0.25 03 0.35 04
Population size 5-20-50 Vel
The Maximum number of generations 5000 Fig. 6 — I6(Vi) characteristics of the MOSFET (t-HfO: oxide)
Fitness function Proportional The electrical ch teristi f 2 hich-k MOSFET
Selection Tournament e electrical characteristics of a high-
Crossover Dispersed (monoclinic-HfO2 oxide) (Fig. 3, Fig. 4) and electrical
Mutation Uniform characteristics of a high-& MOSFET (tetragonal-HfO2
Mutati n 0.01.0.05-01 oxide) (Fig. 5, Fig. 6) have the same results but with
Rep;logulciriloilar(;te — 0' 3 — different thickness (fm-Hfo2 = 14 nm, #.Hfo2 = 22 nm).

ST T : T : :

0 005 01 015 02 0.25 03 035 0.4
VeV

Fig. 4 — I6(V;) characteristics of the MOSFET (m-HfO: oxide)

The electrical characteristics simulated by the com-
pact model are compared with the GA model. It can be
observed that good agreement between the compact
and GA data was obtained by both models.

From the results obtained (Fig. 3, Fig. 4, Fig. 5 and
Fig. 6), HfO2 [20] is a good candidate to replace SiOa.

The results in this work are in good agreement with
previous results on extraction parameters and electri-
cal characteristics for MOSFETs using various tech-
niques of artificial intelligence (genetic algorithm [14-
17] and neural networks [18, 19]) applied to different
MOSFET models.

Mutation rate. As illustrated in Fig. 7, GA was
improved by increasing the mutation rate from 0.01 to
0.1. A high mutation rate introduces high diversity in
the population and makes the search process similar to
a random search (Fig. 7c). On the other hand, it is very
difficult for GA to find a global solution with such a low
mutation rate (Fig. 7a), and thus the performance will
be degraded.

Population size. As illustrated in Fig. 8, GA was
improved by increasing the population size from 5 to
50. Too small or too large a population size degrades
the performance of GA (Fig. 8a, c).

It should be noted that the GA execution depends
mainly on the selection and recombination processes.
After analyzing the results, we noticed that the evolu-
tion of the fitness function gives good performance with
a mutation rate of 0.05 and a population size of 20 for
the optimization process (Fig. 7b and Fig. 8b).
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Fig. 7— Evolution of the fitness function for different
mutation rates (population size = 20): a) 0.01, b) 0.05, c) 0.1
(monoclinic-HfOz oxide)

6. CONCLUSIONS

In this paper, the electrical characteristics of a
high-£ MOSFET (HfO2 oxide) have been optimized and
extracted with artificial intelligence (Genetic Algorithm
(GA) approach). This optimization method for nano-
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MopenorauHs Ta imitanis nmosasosoro Tpanducropa MOSFET (3 high-& nienexTpuxom)
3 BUKOPUCTAHHAM € HEeTUIYHUX AJITOPUTMIB

Abdelkrim Mostefail, Smail Berrah2, Hamza Abid3
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TlonboBHit TpaH3WCTOP HA OCHOBI MeTasty, okcuay Ta Hamienpoigauka (MOSFET) — me tun mossosoro
TPAH3UCTOPA; HOro poboTa 3aCHOBAHA HA BIUIMBI €JIEKTPUYHOIO IIOJIS, IIPUKIATEHOT0 10 CTPYKTYPH METAJI-
OKCH/T-HAITIBIIPOBITHUEK, TOOTO 70 eJIEKTPo/ Iy 3aTBopa. lle BakIMBHUIT €IEKTPOHHHUI KOMIIOHEHT, 0COOJIMBO B
MIKpPO€EJIEKTPOHHIHA IIPOMHUCIIOBOCTI. 3 MOMEHTY BUHAXO0/1y IHTErpaJbHOI CXeMU OCHOBHMM HAIIPAMOM PO3BUT-
Ky 1HIyCcTpil KpeMHieBoi MikpoeaekTpoHiku Oysa miniatiopusaris MOSFET. o6 3Bectu 1m0 mMiHiMymy He-
Oasxanl ederTn (HAIpUKIAI, CTPYM BUTORY) deped miHiatoopusaiiio MOSFET, Gyno BukopucTano kinbka
pimens s mokpamenss npoaykrusHocti MOSFET. Cepen mux pilieHb — BUKOPHUCTAHHS HOBUX OKCHIIIB
3aTBOpPA 3 BHCOKOK JieJIEKTPHYHO0 IpoHukHicTo (Hampukiaan, HfO2). Hamopoamipauit MOSFET e ckian-
HUM €JIEKTPOHHUM IIPUCTPOEM, TOMY JJIS IOr0 MOJIEJIIOBAHHS IOTPIOHI HOBI TEOPil TA METOIN MOJIEJII0BAHHS
(mampuriiag, mTydHui inTesext). ['emernuni anropurmu (I'A) — 11e aganTUBHI METa€BPUCTUYHI aJITOPUTMH,
3aCHOBAHI HA €BOJIOIIMHAX ieaX (eBOJIOIIMHAX aJTOPUTMAaX) IIPUPOTHOr0 BiMOOpy Ta reHeTukn. I'A BuUKO-
PHUCTOBYIOTBCSI [JIsi T€HEPYBAHHS BHUCOKOSKICHUX PIIIEHb IIPOOJIEM ONITHMI3allii Ta IOIIYKY, IOKJIAIal04YnuCh
HA TaKl TeHeTUYHI OIlepaTopH, K Bigbip, KPoCoBEp Ta MyTallid. ¥ CTATT1 OIIMCAHO PO3IINPEHE MOIE/IIOBAHHSI
(omTuMisalria), imiTamia Ta BuiIydeHHs mapaMmerpis HaHopoamipaux MOSFET (oxcun HfOg2) 3 Bukopucran-
wam miaxony I'A. Exexrpuuni xapaxkrepucturn MOSFET mporuo3yoTsest BiAIOBIIHO 10 PI3HUX IIapaMeTpiB
(cTpy™ CTOKY, HAIIpyra CTOKY, HAIIPYTa 3aTBOPA, JOBKUHA KAHAJLY, TOBIIHHA OKCHU/LY).

Knrwouori cimosa: MOSFET, HfO2, SiO:, Texmomoria CMOS, High-k nienexrpur, Illtyunwmii inTesexr,
T'enermysni anropurmu.
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