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Introduction

In everyday life, we use our senses to interact with the environment. We can see,
touch, smell, hear and taste the external world surrounding us through interactions that
usually occur with an initial contact between an organism and its environment [1-2].
The sensors are widely recognized as one of the most promising solution for several
biomedical and engineering problems like: nuclear reactors, chirurgical interventions,
etc. The good operation of engineering systems is based on two fundamental aspects:
(1) the control of different units and blocks of the system and (2) data processing and
acquisition from the environment which is based on the sensors-based block. In
electronic industry the FET-based devices are considered as attractive alternatives for
chemical, physiological, nuclear industry, space, radiotherapy and environment
monitoring applications due to their rapid time responses, reliability, low power
consumption, high dose range, and compatibility to standard CMOS technology and on-
chip signal processing [3-6]. To extract information accurately about the environment
alone requires the use of a new generation of FET-based sensors for deep submicron
scale. As semiconductor devices are scaled into the deep submicron regime, short-
channel effects (SCEs) begin to plague conventional planar CMOS-based sensors. To
avoid the electrical constraints, a new design and improvement of conventional FET-
based sensors become important. The multigate MOSFETS are the most suitable devices
for the scaling of CMOS down to the submicron range. In this dissertation, we propose
and investigate the applicability of multigate structures for the design, modeling and
optimization of new architectures of submicron sensors for engineering-based
applications.

Firstly, a new pH-ISFET sensor, called the Junctionless ISFET sensor (JISFET),
and its numerical analysis have been proposed, investigated and expected to improve
the fabrication process and the sensitivity behavior for pH-ISFET sensor-based
applications. The numerical analysis has been used to predict and compare the
performances of the proposed design and conventional pH-ISFET. In addition, a novel
multigate sensor is proposed to improve the behavior of the ion-sensitive field-effect
transistor (ISFET) sensitivity in deep submicron domain for deep submicroelectronics
applications. The proposed structure has been analyzed and validated by the good

sensitivity obtained in deep submicron regime. moreover, a new multigate pH-ISFET



sensor design, called the Junctionless Gate All Around (GAA) ISFET sensor
(JGAAISFET), and its numerical analysis have been proposed, investigated and
expected to improve the fabrication process and the sensitivity behavior for pH-ISFET
sensor-based applications. The numerical analysis has been used to predict and compare
the performances of the proposed design and conventional pH-ISFET, where the
comparison of device architectures shows that the proposed pH- JISFET sensor exhibits
a superior performance with respect to the conventional pH-ISFET in term of
fabrication process and electrical performances. The numerical model provides a basic
framework to account for the electronic and chemical performances in future multigate
pH-ISFET designs, being easily adaptable to gate structures as the double-gate (DG) or
Tri-gate (TG). The obtained results make the proposed chemical sensors a promising
candidate for future integrated CMOS-based sensors for chemical applications.

Secondly, a new radiation sensitive FET (RADFET) dosimeter design (called the
Dual-Dielectric Gate All Around DDGAA RADFET dosimeter) to improve the
radiation sensitivity performance and its analytical analysis have been proposed,
investigated and expected to improve the sensitivity behavior and fabrication process
for RADFET dosimeter-based applications. Analytical models have been developed to
predict and compare the performance of the proposed design and conventional (bulk)
RADFET, where the comparison of device architectures shows that the proposed design
exhibits a superior performance with respect to the conventional RADFET in term of
fabrication process and sensitivity performances. The proposed design has linear
radiation sensitivities of approximately 95.45uV/Gy for wide irradiation dose range
(from Dose=50Gy to Dose=3000 Gy). Our results showed that the analytical analysis is
in close agreement with the 2-D numerical simulation over a wide range of devices
parameters. The obtained results make the DDGAA RADFET dosimeter an alternative
solution to improve the monitoring process into radioactive environment.

Finally, Genetic Algorithm-based approach has been developed to optimize
(maximization) the sensor sensitivity in order to apply it for a monitoring problem. In
this context, the image denoising process is considered in this work, where the problem
of mapping from a noisy image to a noise-free image is investigated. In this work we
attempt to learn this mapping directly with a plain multi layer perceptron (MLP) applied
to denoising image. The proposed device and the Artificial Neural Networks (ANNs)
have been used to study and show the impact of the proposed dosimeter on the

environment monitoring and remote sensing applications. The proposed approach can
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be used for remote sensing applications. It is to note that our work can be extended to
implement the proposed design into Software tools in order to study the engineering

systems under radiation conditions.

Layout of the Thesis

To make the work understandable and more consistent this thesis is divided into
five chapters.

The chapter 1 presents a brief discussion of the several types of sensors. At the
beginning, we defined the chemical sensors, and we give a describable of his
classification and their applications. Then we define and describe the different type of
radiation sensors.

A new design of pH-ISFET called Junctionless ISFET sensor (pH-JISFET) is
proposed for future CMOS-based sensors. Also, a novel Double Gate (DG) ISFET, to
study and improve the sensor sensitivity in deep submicron regime, are given in chapter
II. In addition, we propose a new design of pH-ISFET called Junctionless Gate All
Around pH-ISFET sensor (pH-JGAAISFET). Finally, some concluding notes are given.

In the chapter III we present the main concept related to the conventional (bulk)
RADFET device. Also, we derive an analytical interface potential distribution including
radiation-induced interface-traps. The threshold voltage shift model can then be
determined based on the interface potential model. In addition, we investigate the
performance of the proposed design.

In the chapter IV we present the applicability of genetic algorithms (GAs) and
Artificial Neural Networks (ANNs) approaches to optimize and improve the radiation
sensitivity of the DDGAA RADFET for integrated CMOS-based dosimeters. Moreover,
the proposed dosimeter model was used to study and show the impact of the proposed
design on the environment monitoring applications.

In conclusion, a few suggestions for future research directions are included.



Chapter 1 Sensors and their applications in engineering

Chapter I

Sensors and their applications in engineering

Abstract: Sensors engineering are central to industrial applications being used for
process control, monitoring, and safety. Sensors are also central to medicine being used
for diagnostics, monitoring, critical care, and public health. This chapter is focused on
presenting a brief overview of the most sensors applied in engineering systems, for
different application areas, as well as the challenges presented in their implementations.
So, this chapter is a brief introduction to sensing technology and identifies some of the
opportunities and associated challenges. This chapter can be considered as an
introductory platform of our work, which will be presented in this thesis.




Chapter 1 Sensors and their applications in engineering

L.1 Introduction
Recently there has been much interest sensors, in different application such as

health, medical, spatial, control,...etc..., generated and good progress made in the study
of engineering system. Sensors belong to the modern world like the mobile phone, the
compact disc or the personal computer [7]. Chemical and radiation sensors, as a special
variety of sensors, can be found, for example, in a cold storage place in the form of a
freshness sensor which detects spoiled food. A generation ago, the word sensor was not
widely used. Today, however, sensors are becoming ubiquitous in our daily lives. Our
world is changing rapidly, and sensors play an important role in this process. Chemical
and radiation sensors analyze our environment, i.e. they detect which substances are
present and in what quantity. Dosimeters measure an individual's or an object’s [7-11]
exposure to something in the environment particularly to a hazard inflicting cumulative
impact over long periods of time, or over a lifetime. This article concentrates on the
radiation dosimeter, which measures exposure to ionizing radiation. The radiation
dosimeter is of fundamental importance in the disciplines of of radiation dosimetry and
health physics. Other types of dosimeters are sound dosimeters, ultraviolet dosimeters
and electromagnetic field dosimeters. There are thousands of sensors in several domain
of application. We most interest for chemical and radiation sensors.

In this chapter we briefly discuss the several types of sensors. At the beginning,
we defined the chemical sensors, and we give a describable of his classification and
their applications. Then we define and describe the different type of radiation sensors.

This chapter can be considered as an introductory platform for further chapters.

I1.2 Chemical sensors
I1.2.1 Definitions

A chemical sensor is a device that transforms chemical information, ranging from
the concentration of a specific sample component to total composition analysis, into an
analytically useful signal. A physical sensor is a device that provides information about
a physical property of the system [7]. A chemical sensor is an essential component of an
analyzer. In addition to the sensor, the analyzer may contain devices that perform the
following functions: sampling, sample transport, signal processing, data processing. An
analyzer may be an essential part of an automated system. The analyzer working

according to a sampling plan as a function of time acts as a monitor [7,12].
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Chemical sensors contain two basic functional units: a receptor part and a
transducer part. Some sensors may include a separator which is, for example, a
membrane. In the receptor part of a sensor the chemical information is transformed into
a form of energy which may be measured by the transducer. The transducer part is a
device capable of transforming the energy carrying the chemical information about the
sample into a useful analytical signal. The transducer as such does not show selectivity
[7,13].

The receptor part of chemical sensors may be based upon various principles:

. Physical, where no chemical reaction takes place. Qpical examples are those
based upon measurement of absorbance, refractive index, conductivity,
temperature or mass change.

o Chemical, in which a chemical reaction with participation of the analyte gives rise
to the analytical signal.

. Biochemical, in which a biochemical process is the source of the analytical signal.
Qpical examples are microbial potentiometric sensors or immunosensors. They
may be regarded as a subgroup of the chemical ones. Such sensors are called

biosensors.

In some cases it is not possible to decide unequivocally whether a sensor operates
on a chemical or on a physical principle. This is, for example, the case when the signal
is due to an adsorption process. Sensors are normally designed to operate under well
defined conditions for specified analytes in certain sample types [7]. Therefore, it is not
always necessary that a sensor responds specifically to a certain analyte. Under
carefully controlled operating conditions, the analyte signal may be independent of
other sample components, thus allowing the determination of the analyte without any
major preliminary treatment of the sample. Otherwise unspecific but satisfactory
reproducible sensors can be used in series for multicomponent analysis using
multivariate calibration software and signal processing. Such systems for

multicomponent analysis are called sensor arrays [7].

11.2.2 Classification of chemical sensors
The development of instrumentation, microelectronics and computers makes it

possible to design sensors utilizing most of the known chemical, physical and biological
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principles that have been used in chemistry. Chemical sensors may be classified

according to the operating principle of the transducer.

I1.2.2.1. Optical devices

membrane
O g

©
A : signal
A LIGHT optical processing
Al —
O A —l>
A
SAMPLE RECEPTOR TRANSDUCER

A analyte (chemical recognition phase)

O interferents

Figure 1. 1: Schematic representation of the composition and function of an optical

chemical sensor [14].

The Optical devices transform changes of optical phenomena, which are the result
of an interaction of the analyte with the receptor part as shown in figure I.1 [7,15]. This
group may be further subdivided according to the type of optical properties which have
been applied in chemical sensors:

a) Absorbance, measured in a transparent medium, caused by the absorptivity of

the analyte itself or by a reaction with some suitable indicator.

b) Reflectance is measured in non-transparent media, usually using an immobilized

indicator.

¢) Luminescence, based on the measurement of the intensity of light emitted by a

chemical reaction in the receptor system.
d) Fluorescence, measured as the positive emission effect caused by irradiation.
Also, selective quenching of fluorescence may be the basis of such devices.

e) Refractive index, measured as the result of a change in solution composition.
This may include also a surface plasmon resonance effect.

f) optothermal effect, based on a measurement of the thermal effect caused by light

absorption.
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g) Light scattering, based on effects caused by particles of definite size present in the
sample. The application of many of these phenomena in sensors became possible
because of the use of optical fibers in various configurations. Such devices have also
been called optodes [7,15-18]. It should be emphasized that fiber optics now commonly
used are only technical devices applicable in a large group of optical sensors which can

be based on various principles.

11.2.2.2 Electrochemical devices

D

A B

Figure 1. 2: General representation of electrochemical sensor.

The Electrochemical devices transform the effect of the electrochemical
interaction analyte — electrode into a useful signal as shown in figure I.2. Such effects
may be stimulated electrically or may result in a spontaneous interaction at the zero-
current condition. The following subgroups may be distinguished:

a) Voltammetric sensors, including amperometric devices, in which current is
measured in the d.c. or a.c. mode. This subgroup may include sensors based on
chemically inert electrodes, chemically active electrodes and modified
electrodes. In this group are included sensors with and without (galvanic
sensors) external current source.

b) Potentiometric sensors, in which the potential of the indicator electrode (ion-
selective electrode, redox electrode, metaVmetal oxide electrode) is measured
against a reference electrode.

¢) Chemically sensitized field effect transistor (CHEMFET) in which the effect of

the interaction between the analyte and the active coating is transformed into a
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change of the source-drain current. The interactions between the analyte and the
coating are, from the chemical point of view, similar to those found in
potentiometric ion-selective sensors.

d) Potentiometric solid electrolyte gas sensors, differing from class 2b) because
they work in high temperature solid electrolytes and are usually applied for gas

sensing measurements.

I1.2.2.3 Electrical devices
The Electrical devices based on measurements, where no electrochemical processes
take place, but the signal arises from the change of electrical properties caused by the
interaction of the analyte [7,19].
a) Metal oxide semiconductor sensors used principally as gas phase detectors,
based on reversible redox processes of analyte gas components.
b) Organic semiconductor sensors, based on the formation of charge transfer
complexes, which modify the charge carrier density.
c) Electrolytic conductivity sensors.

d) Electric permittivity sensors.

I1.2.2.4 Mass sensitive devices

The Mass sensitive devices transform the mass change at a specially modified
surface into a change of a property of the support material. The mass change is caused
by accumulation of the analyte [7].

a) Piezoelectric devices used mainly in gaseous phase, but also in solutions, are
based on the measurement the frequency change of the quartz oscillator plate
caused by adsorption of a mass of the analyte at the oscillator.

b) Surface acoustic wave devices depend on the modification of the propagation
velocity of a generated acoustical wave affected by the deposition of a definite

mass of the analyte.

I1.2.2.5 Magnetic devices
The Magnetic devices based on the change of paramagnetic properties of a gas

being analyzed. These are represented by certain types of oxygen monitors [7,20].
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I1.2.2.6 Thermometric devices

The Thermometric devices based on the measurement of the heat effects of a
specific chemical reaction or adsorption which involve the analyte. In this group the
heat effects may be measured in various ways, for example in the so called catalytic
sensors the heat of a combustion reaction or an enzymatic reaction is measured by use
of a thermistor [7]. The devices based on measuring optothermal effects (If) can

alternatively be included in this group.

This classification represents one of the possible alternatives. Sensors have, for
example, been classified not according to the primary effect but to the method used for
measuring the effect. Or also been classified according to the application to detect or
determine a given analyte. Another basis for the classification of chemical sensors may
be according to the mode of application, It is, of course, possible to use various
classifications as long as they are based on clearly defined and logically arranged
principles.

The biosensors are not presented as a special class because the process on which
they are based is, in general, common to chemical sensors. They may be also
differentiated according to the biological elements used in the receptor. Those may be:
organisms, tissues, cells, organelles, membranes, enzymes, antibodies, etc [7]. The
biosensors may have several enzymatic systems coupled which serve for amplification
of the signal [21,22]. Various sensors may be combined in sets which are often called

multisensors.

I1.2.3 Applications of chemical sensors

Chemical sensors consist of a recognition element that is sensitive to stimuli
produced by various chemical compounds (analyte) and a transduction element that
generates a signal whose magnitude is functionally related to the concentration of the
analyte. Chemical sensors also include a special branch referred to as biosensors for the
recognition of biochemicals and bio-reactions. The use of biological elements such as
organisms, enzymes, antibodies, tissues, and cells as receptors differentiates biosensors
from conventional chemical sensors. In general, the chemical sensors are broadly
classified into gas, liquid, and solid particulate sensors based on the phases of the

analyte. They are further categorized as optical, electrochemical, thermometric, and

10
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gravimetric (mass sensitive) sensors according to the operating principle of the
transducer [23].

Chemical sensors have become an indispensable part of our technology driven society
and can be found in chemical process, pharmaceutical, food, biomedical, environmental,
security, industrial safety, clinical, and indoor monitoring applications to highlight a
few [16-19]. Like many fields in science, chemical sensors have benefited from the
growing power of computers, integrated electronics, new materials, novel designs, and
processing tools. Manifestation of such technological changes can be seen in the
development of miniaturized, inexpensive, portable, and mass manufacturable chemical
sensors capable of static and continuous measurements even in remote environments
[23]. Moreover, research on nanostructured materials and the use of sensor arrays in
electronic nose (e-nose) systems is addressing the need for better analyte selectivity.
Breakthroughs over the last decade have pushed chemical sensors into new markets

[13,15,16], as well as new applications within existing markets.

I1.3 Dosimetry and Radiation Protection
I1.3.1 Importance of Dosimetry

It is a universally accepted fact that radiation causes damage, which can range
from a subtle cell mutation in a living organism to the bulk damage in a silicon detector.
The type of damage depends mainly on the type and energy of radiation and the type of
material. This damaging mechanism of radiation is sometimes exploited for the benefit
of mankind. An obvious example is the radiation therapy of cancer, where cancer cells
are targeted and destroyed by radiation [24].

Unfortunately the damage caused by radiation cannot always be easily
quantified. Some types of cell mutations caused by radiation take years to develop into
detectable cancer. The same is true for electronic components that are in a hostile
radiation field. The damage is so slow that often it is hard to notice the small
degradation in performance. The question is, how do we then find out if a particular
individual or equipment has received a high enough dose. The answer lies in the
statistics. There have been extensive studies to determine the safe radiation levels for
individuals, radiation workers, and equipments using statistical inferences of the
damage data collected over a long period of time. Based on these studies, standards

have been set for maximum allowable dose to humans. For materials, in most of the

11
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cases, such as silicon detectors in a particle accelerator, the issue is operational
degradation and not safety and therefore no universally accepted standards exist [24].
I1.3.2 Passive Dosimetry

Passive dosimetries involve the use of a material to record dose and then take the
material out of the radiation environment to read the recorded value. This method is not
suitable for measuring instantaneous dose rates but is highly successful and convenient
for measuring integrated dose. Some of the commonly used passive dosimetry
techniques are described below.

a. Thermoluminescent Dosimetry

TLDs can measure only integrated doses since they must be allowed to absorb
and store energy. Even though other more efficient detectors are now available, still due
to their simplicity of operation, TLDs are being used extensively in different fields.
Generally the intention is to determine the dose received by a person or equipment, such
as a semiconductor detector, over a long period of time [24-27].

TL dosimeters are also being routinely used in experiments at particle
accelerators, where the aim is to determine the integrated dose received by the radiation
vulnerable devices, such as silicon detectors. This approach has been highly successful
since these devices do not need any electronic circuitry for operation and can be easily
installed and retrieved. The drawback is that they cannot be used to measure
instantaneous doses and are also not as accurate as electronic detectors [24]. Another
area in which TL dosimeters are gaining interest is the clinical dosimetry, which has
traditionally been occupied by ionization chambers and semiconductor detectors.

b. Optically Stimulated Luminescence Dosimetry

Thermal stimulation is not the only means of retrieving stored energy from
materials.

There are also materials, which emit light when stimulated by light photons.
These materials, called optically stimulated luminescence or simply OSL materials,
form a new class of dosimeters with qualities much superior than the conventional TL
dosimeters. The OSL materials can store energy in the same way as TL materials but
they give off light when stimulated optically instead of thermally as in the case of
TLDs. This is a relatively new technology and was mostly unheard of before 1992 [24].

Looking at the list above, it is quite evident that OSL materials have many
desirable characteristics. Therefore since the realization of their potential, OSL

dosimeters are becoming more and more popular.

12
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C. Film Dosimetry

Film dosimetry is based on the so called radiochromatic materials, which change
color when exposed to radiation. Since the amount of this coloration is proportional to
the delivered dose, therefore radiochromatic films provide a direct means of dose
measurement.
D. Track Etch Dosimetry

Track etch detectors are usually made of plastics in the form of polymer foils.
Since these materials are fairly inexpensive, they are widely used for personal and
environmental radiation monitoring [24].

The most commonly used track etch material is the so called CR39 plastic,
which has the composition of polyallyl diglycol carbonate. The material can be bought

in the form of large sheets, which can then be cut into desired sizes.

I1.3.3 Active Dosimetry
Active dosimetry involves use of an electronic detector and is suitable for
measuring both instantaneous and integrated doses. The most commonly employed

active dosimeters are described below.

a. Ion Chamber Dosimetry

Ionization chambers have long been used in all types of dosimetry because of
their simplicity in design and low operating cost. In clinical practice, they have become
standard dosimetry tools, though the trend is now shifting towards other types of

detectors such as semiconductor devices [24,27].

b. Solid State Dosimetry
b.1 MOSFET Dosimeter

MOSFET is an acronym of Metal Oxide Semiconductor Field Effect Transistor.
This technology has existed for a number of years but its use has been limited to
electronic devices as shown in figure 1.3. Its possible role as a radiation dosimeter was
investigated a few years ago. It was found that it could not only work as an efficient
dosimeter but also provided many advantages over conventional dosimeters. Ever since,

its use has considerably increased in the field of radiation therapy [24].

13
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Figure 11.3: Simplified schematic of a p-channel MOSFET dosimeter [14].

b.2 Diamond Dosimeter

Diamond is a radiation hard substance, which has made it a material of choice in
for building detectors used in hostile radiation environments. The detectors based on
CVD diamonds have been discussed in the chapter on solid state detectors. The
dosimeters based on CVD diamond have the same type of structure but they are smaller

in size [24].

c. Plastic Scintillator Dosimeter

Scintillators are available in many shapes and forms but for dosimetry purposes
the most popular are plastic scintillators. A typical plastic scintillator dosimeter consists
of a plastic scintillator, an optical fiber to carry the light photons, and a PMT to count
the photons. Sometimes another fiber and a PMT is added to the setup to measure and
subtract the background light [24].

However the development of highly efficient light guides and PMTs has made

the task simpler than before. Consequently these dosimeters are now gaining popularity.
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d. Quartz Fiber Electroscope
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Figure 11.4: (a) Quartz fiber electroscope without any absorbed dose. (b) Incident

—

radiation produces charge pairs in the ionization chamber that decreases the charge on
the electrometer pushing the electrodes close together. The eyepiece of the microscope

1s shown to read a dose of 140 units [24].

Quartz fiber electroscope is a pocket dosimeter that has the capability of
instantaneous dose readout. It is therefore generally called a Self-Reading Pocket-
Dosimeter or SRPD. It consists of the following main components.

o Ionization Chamber: This consists of a very small volume gas filled chamber
where the incident radiation produces electron ion pairs.
o Quartz Fiber Electrometer: This is used to measure the charge produced by

the radiation in the ionization chamber. It consists of a movable quartz fiber and
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a metal frame forming its two electrodes. The separation of these electrodes
depends on the amount of charge on the metal electrode.
o Microscope: The purpose of the microscope is to facilitate the reading of the

fiber image.

I1.4 Sensors and sensor systems for Industrial and environmental Applications
Background
Sensors and sensor systems are a key underpinning technology for a wide range of
applications. They can be used to:
o Improve quality control and productivity in manufacturing processes by
monitoring variables such as temperature, pressure, flow and composition
. Help ensure a clean and healthy environment by monitoring the levels of toxic
chemicals and gases emitted into watercourses and the air, both in locality, and,
via satellites, globally
. Monitor area and regional compliance with environmental standards
° Enhance health, safety and security in the home and workplace through their use
in air-conditioning systems, fire and smoke detection and surveillance
equipment
. Track the movement of goods at site, local and global scales
CALL TO
Sensors and sensor systems developed for operation in harsh conditions,
including those for control and positioning, can be expected to share significant
synergies with those required for small satellites, more so as lower cost small satellite
solutions are applied to new user applications in Science, the environment and a variety
of user services [28]. The wide applicability and multidisciplinary nature of sensor
technology also offers scope for the transfer of knowledge and expertise between
sectors.
Collaborative Research and Development
A sensor is a device or system that can measure and respond to physical or
chemical quantities and can include control and processing electronics, software and
interconnection networks. Control systems can incorporate a number of sensing devices
working with computer processing capability and actuators to monitor and control

processes and products [28].
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Application areas can include:

On-line process monitoring and control

Quality control

Condition monitoring

Remote sensing, including earth observation

Non-destructive or non-invasive monitoring

Environmental monitoring and control

Energy efficiency

Health, safety and security in the workplace and home (not medical)

Space

In addition, to individual sensors, sensor arrays and sensor systems incorporating

overall automation and control functions. Sensing devices primarily intended for

medical applications, e.g. in vivo measurements [28].

Engineer can be based on any advanced sensor technologies including:

Optics

Optoelectronics

Fibre optics

Acoustics

Solid-state electrochemistry
Magnetics

Micro/nano engineering
Smart technologies

Thick and thin film electronics

Surface acoustic waves

17
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Passive dosimetry
TL dosimeters OSL dosimetry Film dosimetry Track etch detectors
The *No Electronics Circuitry. *Faster Processing. *No Post Irradiation Processing. *Cost Effectiveness: Due to their low
advantages *Small Size: A typical TL *Higher Precision. *High Spatial Resolution. cost.
dosimeter is less than Smm *High Dynamic Range. *Good Spatial Uniformity: (typically | *Good Sensitivity.
long and 2mm wide. *Multiple Readouts. better than 95%). *Operationally Safe.
*Wide Dynamic Range. “Shapes a.md Fom?s:
*Mechanical Stability.
The *TL dosimeters cannot be used | *Expensive manufacturing eFading. *Track Fading.
disadvantages | to measure dose rate. *Fading. *UV Sensitivity. eInsensitivity to Photons.
*There is no universal TL *Temperature Dependence *Film Orientation: The optical density | *Dependence on Etching Rate: The
material that can be used to should be measured at the same | results depend to some extent on the
measure dose from all types of orientation at which the film was | etching process.
radiation. exposed to radiation.
Active dosimetry
MOSFET Dosimeter Diamond Dosimeter Quartz Fiber Electroscope Plastic Scintillator
Dosimeter
The *Small Size: MOSFET dosimeters eRadiation Hardness: is suitable for use in very *Visual Readout. *Small Size.
advantages are very small in size with typical high radiation environments. *Good Accuracy. *Temperature Stability.
dimension of less than a millimeter. Stability against Water. *Repeated Usage. *Good Spatial Resolution.
*Good Spatial Resolution. *Good Temperature Stability. *Easy Handling: This device is | *Good Energy Response.
*Good Isotropy. *Good Isotropy. of the size of a pen and can be | *Radiation Hardness.
eLarge Dynamic Range. *Good Energy Response: they can be used over a | carried in a pocket. *Good Isotropy.
*Radiation Type Sensitivity: they can | large dynamic range without the need of eLarge Dynamic Range.
be used for dosimetry of any type of | correction factors. *Water Equivalence: This
radiation. *Medium-sized. makes them suitable for
*Good Spatial Resolution. phantom measurements in
*Tissue Equivalence: this only holds for medical clinical dosimetry.
dosimetry applications.
The *Sensitivity to Bias Instability. *Dose Rate Dependence: Diamond dosimeters *Readout Errors. *They are highly susceptible
disadvantages | *Radiation Damage. show some dependence on dose rate. °Low Dynamic Range. to background Cherenkov

*Temperature Dependence: specially
designed double MOSFET devices

have shown good temperature
stability.

ePolarization: If diamond dosimeters are not in a
radiation field they tend to become polarized.
Therefore to minimize this effect they must be
irradiated before being deployed.

*Low Accuracy.

light.

Table 1.1: different dosimeter characteristics
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1.6 conclusion

Sensor technology is one of the technologies that will play a major role in the
future; it can be used in all sectors of industry. Sensors and sensor systems perform a
diversity of sensing functions allowing the acquisition, capture, communication,
processing and distribution of information. This may be chemical composition, texture
and morphology, large-scale structure, positions and also dynamics. Sensor
development continues to be an area of science and technology with great growth
potential. The sensors and sensor systems have made critical contributions to the
exploration of space, military missions, and humanitarian needs. In this chapter a brief
overview of the most sensors applied in engineering systems has been presented.
Classification of chemical sensors and their applications has been provided. In addition,
we presented the different types of radiation sensors and their applications for different
engineering areas, as well as the challenges presented in their implementations for

practical exploration.
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Chapter 11

A novel design to deep submicron FET-based chemical sensors

Abstract: In this chapter, a new pH-ISFET sensor, called the Junctionless ISFET sensor
(JISFET), and its numerical analysis have been proposed, investigated and expected to
improve the fabrication process and the sensitivity behavior for pH-ISFET sensor-based
applications. The numerical analysis has been used to predict and compare the
performances of the proposed design and conventional pH-ISFET. In addition, a novel
multigate sensor is proposed to improve the behavior of the ion-sensitive field-effect
transistor (ISFET) sensitivity in deep submicron domain for deep submicroelectronics
applications. The proposed structure has been analyzed and validated by the good
sensitivity obtained in deep submicron regime. Finally, a new multigate pH-ISFET
sensor design, called the Junctionless Gate All Around (GAA) ISFET sensor
(JGAAISFET), and its numerical analysis have been proposed, investigated and
expected to improve the fabrication process and the sensitivity behavior for pH-ISFET
sensor-based applications. The numerical analysis has been used to predict and compare
the performances of the proposed design and conventional pH-ISFET, where the
comparison of device architectures shows that the proposed pH- JISFET sensor exhibits
a superior performance with respect to the conventional pH-ISFET in term of
fabrication process and electrical performances. The numerical model provides a basic
framework to account for the electronic and chemical performances in future multigate
pH-ISFET designs, being easily adaptable to gate structures as the double-gate (DG) or
Tri-gate (TG). The obtained results make the proposed chemical sensors a promising
candidate for future integrated CMOS-based sensors.
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IL.1 Introduction

Although the development of clinical sensors has increased in recent years,
improvements in sensitivity, selectivity, limits of detection, fast response and
miniaturization are yet to be attained. Health care appears to provide the best
opportunity for sensor development. Among the wide range of different sensors,
electrochemical sensors are the most common in the engineering field, due to their high
sensitivity and selectivity, portability, rapid response time and low cost.

Sensors based on field-effect transistors have been focused of interest both from
applications and fundamental research point of views. In electronic industry these
devices are considered as attractive alternatives for chemical, physiological, nuclear
industry, space, radiotherapy and environment monitoring applications due to their
rapid time responses, reliability, low power consumption, high dose range, and
compatibility to standard CMOS technology and on-chip signal processing [3-6, 29].
The so-called threshold voltage of the transistor is a function of the solution surrounding
the gate. The operational mechanism of the ISFET originates from the pH sensitivity of
the inorganic gate oxide such as SiO; or Ta,Os. Research in multi-gate SOl MOSFETSs
(MuGFETs) for deep submicron CMOS applications is currently being carried out by
many semiconductor manufacturers, as these devices hold the promise for pushing the
limits of silicon integration beyond the limits of classical planar technologies.

The Gate All Around GAA MOSFETs have emerged as excellent devices to
provide the electrostatic integrity needed to scale down transistors to minimal channel
lengths, and allowing a continuous progress in digital and analog applications.
Employing this design for chemical and environment monitoring applications becomes
more beneficial if the device is made in vertical cylindrical recrystallized silicon due to
highly flexible process integration options [37-39].

This chapter is organized as follows. In Section II.2, a new design of pH-ISFET
called Junctionless ISFET sensor (pH-JISFET) is proposed for future CMOS-based
sensors. In Section I1.3, we propose a novel Double Gate (DG) ISFET, to study and
improve the sensor sensitivity in deep submicron regime. In Section I1.4, we propose a
new design of pH-ISFET called Junctionless Gate All Around pH-ISFET sensor (pH-

JGAAISFET). Finally, section 1I.5 summarizes some concluding notes.
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II.2 A novel multigate design to improve the sensitivity behavior for deep
submicron ISFET-based sensors
I1.2.1 Derivation of DG ISFET sensitivity model

In this section we propose a novel Double Gate (DG) ISFET, to study and
improve the sensor sensitivity in deep submicron regime. Figure I.1. shows the
schematic Cross-section view of the proposed DG ISFET structure Derivation of DG
ISFET sensitivity model. The proposed study is based on a compact model of drain
current by solving a 1-D Poisson’s equation with free mobile carrier effect included.
The theory illustrates the improved characteristics of DG ISFETs over conventional

single gate ISFET's for deep submicron circuit’s applications.
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Figure I1.1: Cross-section of the proposed DG ISFET structure Derivation of DG
ISFET sensitivity model.

According to the site binding theory [5,29], Exchange of the potential determining
ions with positive, neutral and negative surface sites of insulating surface SIOH2+,
SiOH and SiO- can be described as follows

pH > pH,,. Si—-OH < Si—-0" +Hg

With k, =[si— o~ |H; |/[si - oH]
pH < pH Si—OH +H <> Si—OH;

With &, =|[Si—oH; |/[si-oH]|H;]
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where pH,,. , k,and k,are the pH value at the point of zero charge, equilibrium
constants of acid point and base point respectively [5]. In respect of the Boltzmann
distribution, the surface concentration of hydrogen ions lH S+J is given in dependence
on the surface potential (¥, ) and the concentration value of protons in the solution
lH S+J is:

q¥,
kT

;)= 1H " exp(- 120 (I1IL.1)

The surface potential (¥, ) is dependent on the membrane material and pH value

of the electrolyte. The surface potential can be expressed as:
kT

Where k is Boltzmann’s constant, T is the temperature of the system, and £ is a

parameter which reflects the chemical sensitivity of the gate insulator and is dependent

on the density of surface hydroxyl groups. It is given by:

_ 2q2Ns KOH

g C, kT

(111 3)

. K,
With K, = e

b

Where N is total number of surface sites per unit area, C,, is a simple
capacitance derived by the Gouy-Chapman-Stern model [6]. It is to note that the value
of [ is essentially depends on the material and technology process used to prepare the

ISFET [31-33].

The working of the proposed DG ISFET (Figure II.1) is very similar to that of a
DG MOSFET, expect that a solution gate was used instead of a metal gate. Being based
to the DG MOSFET model [3], the expression of the ISFET drain-source current (IDS),

is given as follow [29]:

I, = (ﬂeﬁ ud J{ a1 (g, —q, )} (I1L. 4a)

L 2n,
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Where gs and qd are the normalized charge at the source and the drain

si

respectively,n, =1+
p y : [Csi + Cox

J represents the ideality factor, C, and C, represent

the silicon and oxide capacitance respectively and 4, represents the effective mobility.

The analytical expression of the normalized charge within the channel is given in

[34] as

q,=n, (1 + eXp(Vgs - (%J -V, D (III. 4b)
1

Vi, represents the threshold voltage given in [39] as

Ce Ce Ce qN tri
V, =thV, +1h, (C—:jvﬂ, +th, (C—:ngplg + th{l +(C—‘1D(C—A] (I1L. 4c)

c.C
Whereceq =ﬁ , and @y, v, are the barrier and the flat band voltage
+

respectively. By replacing Vch by the S/D voltage, gs and qd can be evaluated.
In the case of DG ISFET, the threshold voltage can be expressed as [29]:

P
V. (ISFET) =V, (MOSFET)-—-+E, . + x* -y, (I1I. 5)
p :

sol

Where E,, is the potential of the reference electrode ™ is the electrolyte-

insulator surface dipole potential and &, is the work function of the metal gate.
Since V,can be chemically modified via the interfacial potential at the
electrolyte/oxide interface, the I, —V,s (the drain current versus drain to source

voltage) characteristics of the ISFET recorded as a function of pH of the solution, as

shown in figure I1.2.

The biasing of the DG ISFET at constant drain-to-source current /,, and voltage
V,s allows us the determination of the pH sensor sensitivity [6,31] as:

AV, AV

=—1TI — (I11. 6)
ApH ApH
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I1.2.2 Results and discussions

Since DG ISFET is a sensing device, the input parameter should be threshold
voltage, and since threshold voltage can be chemically modified via the interfacial
potential at the electrolyte/oxide interface, the current-voltage characteristics are
recorded in function of pH values as it is shown in Figure I1.2. The pH sensitivity of
individual DG ISFET was simulated and analyzed using the analytical expressions
developed in section. II. The reference electrode voltage, and the source and sink bias
currents were variables parameters. The effect of solution pH on the DG ISFET

threshold voltage is clearly seen in Figure 11.2.
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Figure I1.2: I-V characteristics as function of pH values for (a) L=0.1um and (b)
L=10pm.
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This Figure shows the behavior of drain current, IDS, in function of applied gate
voltages, VGS, at drain bias, VDS = 1.5V, for different channel lengths (L= 0.1um and
L = 10um). This analysis clearly indicates that the DG ISFET is electronically identical
to a conventional DG MOSFET with one additional feature which is the possibility to
chemically modify the threshold voltage via the interfacial potential at the
electrolyte/oxide interface. In order to study the effect of the DG ISFET scalability on
the sensor’s sensitivity, we present in Figure II.3 the evolution of the sensitivity
behavior as function of channel lengths for both structures Double Gate and Single Gate
one. It can be observed that the sensitivity decreases rapidly as the channel length
decreases in the case of SG ISFET, where the low recorded value of the sensitivity is
45mV/pH for L=0.1pum [3]. it also clear that the sensitivity degradation becomes more
apparent for very short channel length devices (less than 10 um), which can be
explained by the fact that the early and channel length modulation effects take place
essentially in the short channel devices domain. Contrary, in case of DG ISFET the
value of the sensitivity equals to 58mV/pH, which is the ideal value of the sensitivity,
for wide channel length domain. Consequently, it can be reasonably claimed that the
proposed DG ISFET structure can alleviate the critical problem and further improve the
immunity of short channel effects of deep submicron CMOS-based sensors for the

chemical and biomedical applications [29].
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Figure I1.3: Variation of the sensor sensitivity for conventional (SG) and DG ISFET as

function of channel length.
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I1.3 Numerical Analysis of Thin Film Junctionless pH-ISFET Sensor
I1.3.1 JISFET design and its parameters

The pH-ISFET can be seen as an ions sensor device. The physical treatment of the
pH-ISFET attempts to relate the amount of ions concentration and reference voltage
applied between the gate, and the body to the amount of inversion or accumulation
charges accumulated in the channel [35]. This charge distribution in the channel can
then be related to the variation of the threshold voltage for a given drain—source bias
and ions concentration. The accumulated charge at the semiconductor/oxide interface,
together with the channel electrostatic potential drop, gives rise to a capacitance CSi.
Figure II.4 shows a plot of the total, Electrolyte-Insulator-Semiconductor (EIS),
capacitance, normalized to the insulator capacitance, as a function of bias voltage and
pH values, illustrating the effect of the pH values on C-V characteristics for the
depletion and accumulation working modes. The main effect of a change in a pH
solution is a shift in the threshold voltage and the total accumulation capacitance. This
phenomenon can be modeled according to the site-binding model [37,45]. As a
consequence of these shifts, the EIS structure can be used as sensor diode for depletion

and accumulation working modes.
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Figure I1.4: C-V curves response of the proposed AM-based pH-JISFET for different

pH values (from pH=2 to pH=12).

27



Chapter 11 A novel design to deep submicron FET-based chemical sensors

The cross-sectional view of the conventional pH-ISFET and pH-JISFET are
shown in Figure IL.5. From the figures it is clear that in the case of pH-JISFET design
the channel region has the same doping polarity as the source and drain. So, the
proposed design has no junctions and less variability in comparison to the conventional
pH-ISFET. The device is analyzed with a gate oxide thickness of 10nm. The silicon
film thickness is chosen to be very thin layer, 20nm, in order to avoid the shifting of the
channel region in the deep of SOI film in the case of Accumulation-Mode design [43].
The channel length for both devices is 350nm which is compatible with CMOS process
technology. Also, the incorporation of a high-k HoTiO3 as sensing membrane deposited
on oxide film can improve the sensitivity behavior in comparison with conventional pH-

ISFET sensors for wide pH range [45].
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Reference Analyzed Insulator
electrode solution
Source Drain

bulk (P)

Source and Channel
Drain regions

(a)

/" bulk (N)

Gate dielectric
Low doping uniform thin

silicon film

(b)
Figure IL.5: Longitudinal cross sections showing the doping profiles (a) conventional

IM-based pH-ISFET and the (b) Proposed AM-based pH-JISFET.

The electrical parameters of both devices, AM-based JISFET and IM-based
ISFET, were analysed using ATLAS 2-D device simulator [46]. The numerical studies
are performed to compare the characteristics of the proposed AM-based JISFET
structure with conventional IM-based ISFET on the basis electrical and fabricating
process performances. The parameters used in our study for both structures are given in

Table II.1.
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Parameters IM-based pH-ISFET AM-based pH-JISFET
Channel doping 5.10" cm™ (P-type) 5.10" cm™ (N-type)
Source/Drain doping 10* cm™ (N*-type) 5.10"° cm™ (N-type)
Silicon thickness (tg;) 20nm 20nm
Channel length (L) 0.35um 0.35um
Channel width (W) Ipm Ium
Gate oxide thickness (tox) 10nm 10nm
sensing membrane high-k HoTiO3 high-k HoTiO;

Table II.1: Simulation parameters of both devices.

The simulated AM-based JISFET has a uniform doping concentration
(N, =5.10"cm™) throughout the channel and source/drain regions, whereas abrupt

source and drain junctions are used for the IM-based ISFET [35]. Appropriate models
are used in ATLAS for drift-diffusion model without impact ionization, carrier mobility,
recombination-generation and the parameters such as threshold voltage, channel electric
field and leakage current compared by changing the pH between 2 and 12 at a constant
of drain current of 10puA for saturation regime and 4p A for linear domain. It is to note

that all computations have been done at room temperature.

I1.3.2 Results and discussions

Because of the uniform N-type doping of the channel, the AM-based JISFET
requires an appropriate sensing membrane and reference voltage in order to improve the
sensor performances and to achieve suitable threshold voltage values for wide
concentration range [35]. The transconductance gives the same peak value in a

concentration range between pH=2 and pH=12 as shown in Figure IL.6.
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Figure I1.6: Curves of the drain current and the transconductance versus bias voltage

with different pH values.

The slop of the same ID versus bias voltage can be obtained around the maximum
transconductance. This slop has a concept with bias voltage that is the threshold voltage
of AM-based JISFET. Figure 1.7 shows that the pH sensitivity of the proposed AM-
based JISFET sensor was investigated through the shift in the threshold voltage as
function of pH values. This variation is mainly due to the ionization of the surface
hydroxyl groups by either hydrogen ions or hydroxyl ions [35]. To evaluate the sensing
performances of the proposed design, we plotted the pH-dependence of the reference
voltage for both working regimes (weak and strong accumulation modes). The pH
sensitivity and linearity of the AM-based JISFET were about 59.60mV/pH and 0.98 for
weak and strong accumulation regimes. The same sensitivity has been recorded in the

case of conventional design.
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Figure I1.7: Bias voltage of the AM-based pH-JISFET as function of pH values. The

inset shows bias voltage of the conventional IM-based pH-ISFET as function of pH

values for both working regimes (linear and saturation).

Table I1.2 shows a comparison of the sensitivities and the electrical performances

of both architectures. As can be seen from the table, AM-based JISFET has better

electrical performances in comparison with the conventional design [35]. So, our design

provides a high sensitivity, better electrical and technological performances in

comparison with the conventional structure. These results make the proposed design as

a promising candidate for future CMOS-based sensors.
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Parameters Conventional pH-ISFET pH-JISFET

Output Conductance [A/V] 3.26.10° 1.98.10®

Off-current [A] 2.42.10” 1.62.107
Subthreshold Swing [mV / dec] 92.38 61.58
Threshold voltage [V] 0.07 -0.14
DIBL[mV /V] 1821.90 244.27
Power consumption [mW ] 2.30 0.19
Sensitivity [mV / pH | 59.42 59.60

Thermal stability

stable for wide

stable for wide temperature

voltage controllability

temperature range range
Cost
average low
Read-out circuit complexity high low
Derived current and threshold .
low high

Table I1.2: pH sensitivity and electrical characteristics of both devices.

II1.4 a Junctionless-multigate design to improve the electrical performances for

deep submicron ISFET-based sensors

I1.4.1 JGAAISFET design and simulation

Figure II.8 shows the bird’s eye view of the proposed JGAAISFETs used in

device simulations. Device simulations were performed by the 3-D ATLAS simulator.

SOI substrate was used in both conventional planar ISFETs and JGAAISFETs having

n-type channels and the same physical parameters. Also, the devices had a low-doped
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channel region, say, NA was uniform and =1016 cm™. The source/drain extension
doping profile, for conventional design, was set as Gaussian with the peak concentration
of 1020 cm™, and the source/drain lateral doping abruptness was 2.5 nm/dec [47]. The
supply voltage was set tobe 1 V.

Reference Analyzed

electrode solution
Insulator
Source

Drain /

\ \
Source and Drain Channel
regions

Low doping uniform

Sensitive layer thin silicon film
Gate dielectric

i
‘3:

Source Drain

Reference Analyzed
electrode solution

Figure I1.8: Longitudinal cross sections showing the doping profiles and channel-

designs (a) conventional pH-ISFET and the (b) Proposed pH-JGAAISFET.
Simulations were done with various pH values. From Figure IL.8 it is clear that in

the proposed JGAAISFET design the channel region has the same doping polarity as the

source and drain. So, the proposed design has no junctions and less variability in
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comparison to the conventional pH-ISFET. The device is analyzed with a gate oxide
thickness of 10nm. The channel length for both devices, conventional and proposed
designs, is 350nm which is compatible with vertical CMOS process technology. Also,
the incorporation of a high-k HoTiOs3 as sensing membrane deposited on oxide film can
improve the sensitivity behavior in comparison with conventional pH-ISFET sensors for
wide pH range [47-49]. The silicon film thickness is chosen to be very thin layer, 20nm,
in order to avoid the shifting of the channel region in the deep of SOI film in the case of
Accumulation-Mode design [39,47]. In addition, in the proposed design, the physical
treatment of the sensor attempts to relate the amount of ions concentration and reference
voltage applied between the gate, and the body to the amount accumulation charges
accumulated in the cylindrical channel. This charge distribution in the channel can then
be related to the variation of the threshold voltage for a given drain—source bias and ions
concentration. The accumulated charge at the semiconductor/oxide interface, together
with the channel electrostatic potential drop, gives rise to a capacitance CSi.

Figure 11.9 shows a plot of the total, Electrolyte-Insulator-Semiconductor (EIS),
capacitance, normalized to the insulator capacitance, as a function of bias voltage and
pH values, illustrating the effect of the pH values on C-V characteristics for the
depletion and accumulation working modes. The parameters used in our analysis for
both structures are given in Table I1.3.

The analyzed JGAAISFET has a uniform doping concentration throughout the
channel and source/drain regions, whereas abrupt source and drain junctions are used
for the conventional ISFET. Appropriate models are used in ATLAS simulator [46] for
Drift-Diffusion model and the parameters such as threshold voltage, channel electric
field and leakage current compared by changing the pH between 2 and 12 at a constant
of drain current of 10puA for saturation regime and 4p A for linear domain. It is to note

that all computations have been done at room temperature.
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Figure I1.9: C-V curves response of the proposed AM-based pH-JGAAISFET for

different pH values (from pH=2 to pH=12).

Parameters

pH-ISFET

pH-JGAAISFET

Channel doping

5.10'° cm™ (P-type)

5.10"° cm™ (N-type)

Source/Drain doping

10* cm™ (N"-type)

5.10'"° cm™ (N-type)

Silicon thickness (tg;) 20nm 20nm
Channel length (L) 0.35um 0.35um
Gate oxide thickness (toy) 10nm 10nm

sensing membrane

high-k HoTiOs

high-k HoTiOs

Table I1.3: Simulation parameters of both devices.
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I1.4.2 Results and discussions

Since we have a uniform N-type doped channel, the JGAAISFET needs an
adequate sensing membrane and reference voltage for the improvement of the sensor
performances in addition to the achievement of suitable threshold voltage values for
wide concentration interval. Figure II.10 shows the transfer characteristics of the
proposed JGAAISFETs. DIBL (Drain Induced Barrier Lowering) was defined as the
difference in threshold voltage when the drain voltage was increased from 0.1 to 1 V
[47]. The evaluation of this parameter is very important to study the electrical behavior
of the sensor in function of dimensions and physical parameters such as channel length
and channel doping. In this case, the threshold voltage extraction was performed

considering a constant current level of 3uA.
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Figure I1.10: of the drain current versus bias voltage with different pH values.

From the results in Table I1.4, we confirmed that JGAAISFETs had small SS
(subthreshold swing) and DIBL as well as a high ON/OFF current ratio in comparison
with conventional IFET designs. Moreover, JGAAISFETSs had higher transconductance
and drift current. In addition low power consumption has been recorded in the case of
JGAAISFET design. This means that JGAAISFET has better electrical and scaling

performances in comparison with the conventional design [47,49]. So, our design
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provides a high sensitivity, better electrical and technological performances in

comparison with the conventional structure. These results make the proposed design as

a promising candidate for CMOS-based sensors [50-53].

Parameters Conventional pH-ISFET pH-JGAAISFET

Output Conductance [A/V] 4.68.10° 1.68.10"

Off-current [A] 7.14.107 2.68.107
Subthreshold Swing [mV / dec] 83.6 60.43
Threshold voltage [V] -0.88 -0.49
DIBL[mV /V] 25.84 0.037

Power consumption [mW] 0.19 3.13.10°
Sensitivity [mV / pH | 59.65 59.65

Thermal stability

stable for wide

stable for wide temperature

voltage controllability

temperature range range
Cost
average low
Read-out circuit complexity high low
Derived current and threshold .
low high

Table I1.4: pH sensitivity and electrical characteristics of both devices.
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II1.5 Conclusion

In this chapter, a new pH-ISFET, called the Junctionless ISFET sensor (JISFET),
based on Accumulation- Mode aspect has been proposed. The proposed sensor has no
source and drain junctions, where the concentration and doping type is the same in the
channel region and in the source and drain. The performances of the proposed design
were compared to the conventional pH-ISFET, illustrating the superior performance of
the proposed sensor with respect to the conventional pH-ISFET in terms of fabrication

process and electrical performances.

In addition, an analytical analysis for a new DG ISFET structure has been
developed. It has been shown that the introduction of the second gate region exhibits an
improvement in the screening of the drain potential variation, and reduced the effect of
the short-channel-effects on the sensitivity behavior. The law of scaling capability of the
proposed structure was compared to the conventional SG ISFET, illustrating the
improved sensitivity behavior of the DG ISFET over SG ISFET’s. The analytical
analysis has been used to predict the sensitivity performances of downscaled ISFETs
sensors, where the study shows that the proposed DG ISFET design exhibits a superior
performance for short channel domain in terms of threshold voltage and sensitivity

behavior.

Finally, we compared new sensor design, pH-JGAAISFET, with conventional
planar pH-ISFET through 2-D device simulations. The short-channel effects of the pH-
JGAAISFETs were more effectively suppressed than those of the conventional planar
pH-ISFET. Also, we confirmed that pH-JGAAISFETSs had advantages in CMOS scaling
in comparison with planar pH-ISFETs. With continued progress towards fabricating pH-
ISFET devices, it is possible to fabricate pH-JGAAISFET without much technological
processes. Our numerical analysis provides the incentive for experimental exploration

of the pH-ISFETSs with Accumulation-Mode and cylindrical-channel aspects.
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Chapter I1I-
New monitoring multi-gate sensor (DDGAA) RADFET

Abstract: In this chapter, a new radiation sensitive FET (RADFET) dosimeter design
(called the Dual-Dielectric Gate All Around DDGAA RADFET dosimeter) to improve
the radiation sensitivity performance and its analytical analysis have been proposed,
investigated and expected to improve the sensitivity behavior and fabrication process
for RADFET dosimeter-based applications. Analytical models have been developed to
predict and compare the performance of the proposed design and conventional (bulk)
RADFET, where the comparison of device architectures shows that the proposed design
exhibits a superior performance with respect to the conventional RADFET in term of
fabrication process and sensitivity performances. The proposed design has linear
radiation sensitivities of approximately 95.45uV/Gy for wide irradiation dose range
(from Dose=50Gy to Dose=3000 Gy). Our results showed that the analytical analysis is
in close agreement with the 2-D numerical simulation over a wide range of devices
parameters. The obtained results make the DDGAA RADFET dosimeter a promising
candidate for future integrated CMOS-based dosimeters.
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I11.1 Introduction

The Gate All Around GAA MOSFETs have emerged as excellent devices to
provide the electrostatic integrity needed to scale down transistors to minimal channel
lengths, and allowing a continuous progress in digital and analog applications. In
addition to a better electrostatics than the conventional bulk MOSFET, the use of these
devices have advantages relative to the electronic transport, mainly due to (i) the
reduced surface roughness scattering because the lower vertical electric field and (ii) the
reduction of the Coulomb scattering because the film is made of undoped/low-doped
silicon [51,58-60]. Design and modeling guidelines of GAA MOSFETs have been
discussed in previous work [53,58-60]. Employing this design for environment
monitoring applications (irradiation measurement) becomes more beneficial if the
device is made in vertical cylindrical recrystallized silicon due to highly flexible process
integration options. There have been several reports of MOSFETs fabricated in
recrystallized silicon for high-density digital integrated circuits [53].
Radiation sensitive MOSFETs (RADFETs) have been focus of interest both from
applications and fundamental research point of views. In electronic industry these
devices are considered as attractive alternatives for nuclear industry, space, radiotherapy
and environment monitoring applications due to their reliability, low power
consumption, non-destructive read-out of dosimetric information, high dose range, and
compatibility to standard CMOS technology and on-chip signal processing [61-63]. The
main RADFET disadvantage is the relatively low sensitivity. In this context, the
submicron multi-gate design may be considered as attractive alternative to overcome
this disadvantage because of the high electrical performance and reliability provided by
the multi-gate structure in comparison with single-gate one. However, as semiconductor
devices are scaled into the deep submicron domain, short-channel effects (SCEs) begin
to plague conventional planar CMOS-based devices. To avoid the electrical constraints
and improve the sensitivity performance, a new design and enhancement of
conventional (bulk) RADFET become important. In this chapter, a new design of
RADFET called the Dual-Dielectric Gate All Around (DDGAA) RADFET dosimeter,
in which the manufacturing processes and sensitivity performances will be greatly
improved, is proposed for deep submicron CMOS-based dosimeter applications. The
(DDGAA) RADFET dosimeter design presented in this chapter is basically surrounded
dual-dielectric layers (SiO, and Si3;N,) with low p-channel (Si) doping concentration.

The results showed that the analytical model is in agreement with the 2-D numerical
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simulation over a wide range of device parameters. The proposed structure has been
analyzed and validated by the good sensitivity and electrical performance obtained in
deep submicron regime in comparison with the conventional (bulk) design.

This chapter is organized as follows. In Section 2, we present the main concept
related to the conventional (bulk) RADFET device. In Section 3, we derive an analytical
interface potential distribution including radiation-induced interface-traps. The
threshold voltage shift model can then be determined based on the interface potential
model. In Section 4, we investigate the performance of the proposed design. The

conclusions will be drawn in Section 5.

I11.2 Conventional pMOS dosimeters (RADFETS)

The conventional (bulk) RADFET is a unique radiation dosimeter with a high
scale dimension (the dimensions of sensor elements are ~ Imm?). The pMOS dosimeter
advantages, in comparison with other dosimetric systems, include immediate, non-
destructive read out of dosimetric information, extremely small size of the sensor
element, the ability to permanently store the absorbed dose, wide dose range, very low
power consumption, compatibility with microprocessors, and competitive price
(especially if cost of the read out system is taken into account). Figurelll.1 shows the

using of pMOS dosimeter in radiation therapy [65].

Gamma rays
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Figure III.1: Cross section of pMOS dosimeter (RADFET) with the defects created by
radiation [65]

The main bulk RADFET disadvantages are a need for calibration in different
radiation fields (“energy response”), relatively low resolution (starting from about 1 rad)

and nonreusability. In this context, the submicron multi-gate design may be considered
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as attractive alternative to overcome this disadvantage because of the high electrical
performance and reliability provided by the multi-gate structure in comparison with
single-gate one. However, as semiconductor devices are scaled into the deep submicron
domain, short-channel effects (SCEs) begin to plague conventional planar CMOS-based
devices. To avoid the electrical constraints and improve the sensitivity performance, a
new design and enhancement of conventional (bulk) RADFET become important [65,
66].

The basic concept of MOS dosimeter is to convert the threshold voltage shift, 4V,
induced by radiation, into absorbed radiation dose, D. This dependence can be
expressed in the form:

AVr=A.D",

where AVy = Vi.Vp, Vr is the threshold voltage after irradiation, Vi before

radiation, A is a constant, and n is the degree of linearity. n depends on oxide thickness,

electric field and absorbed dose.

Ideally, this dependence is linear, i.e n=1/, and then A represents the sensitivity, S,

of MOS dosimeter:

soVe| V.
D G(\‘

The threshold voltage shift 4V7 is caused by radiation-induced oxide charge and

interface traps. Irradiation results in the trapping of holes (generated by the radiation) in
the S;0, and the creation of interface states at the S/S,0, boundary. Both the trapped
holes and interface states contribute to the 4Vr in the same direction in the case of
pchannel MOS (pMOS) transistors and opposite to each others in the case of n-channel

MOS (nMOS).

Namely, the positive oxide trapped charge decreases, but interface traps increases
AVr in nMOS transistors, compensating the effect of each others. Both the positive
oxide trapped charge and interface traps increase the absolute values of 4V7 in pMOS
transistors [65, 66]. It is reason that pMOS transistors, instead of nMOS transistors,
have been used as a radiation dosimeter. It should be noted that the electrons, generated
by the radiation, could be also trapped in the oxide, but it is less probable, and the net
oxide charge induced by radiation is always positive. The sensitivity increasing to the
radiation is one of the main objectives when designing pMOS transistors for radiation

dosimetric purposes (called pMOS dosimetric transistors).
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II1.3 Theory development and model derivation DDGAA RADFET

I11.3.1 Interface potential analysis

Schematic cross-sectional view of the proposed (DDGAA) RADFET dosimeter is
presented in Figurelll.2. The insulator consists of a thermal oxide (SiO; ) grown on a
(100) n on n+ expitaxial silicon substrate (channel), and a low pressure CVD silicon
nitride layer(Si;/V,) deposited on top of the oxide. ND/S represents the doping level of
the drain/source region, respectively. The channel region is bounded by source and drain
spacing at x= 0 and L, respectively, where L is the gate length. With a negatively
applied gate bias, holes generated in the SiO; layer are transported and trapped at the
SiO; /Si;Ny interface producing a measurable threshold-voltage shift as it is shown in

Figure I11.2.
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Figure III.2: Cross-sectional view of the proposed DDGAA RADFET design

The investigation reported in this work for gamma radiation sources can also be
applied qualitatively to other radiation sources (protons, electrons ...).

For deep submicron devices, the solution of 2D Poisson’s equation satisfying
suitable boundary conditions is required to model the interface potential. Refer to Figure

I11.2, the 2D Poisson’s equation for the channel region is given by

2 .
ii(r_y/(r,x)j+ aa y(rx)= 2o (IIL. 7)
X
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The boundary conditions for ¥(x,r) are found by satisfying continuity of both the

normal component of the electric displacement at the (Si/Si0;) interfaces, and the
potential at the source/drain sides.

Using the same parabolic potential profile in vertical direction [51] and applying
the symmetry condition of Iy 5= 0 for r=0, we obtained the following expressions of

2-D channel potential as

Cox * Cnxtsi Coxtx[ *
l//(}"a x) = Py [Vg -V, (x)] }"2 + (1 + ?jws (.X)— ?Vg (IIL. 8)

St St

Where y (x) represents the surface potential (the potential at the Si/SiO;

interface),
With C, represents the insulator capacitance (C =27 L ), t,; 1s
ox ox In(1+2¢, /¢t;)” "
the silicon thickness, the effective oxide and silicon nitride layer is defined as

) . . . . .
t t,+t,—- with ¢, is the thickness of the SiO,(€& =¢, ) layer and ¢, is the
£

2

oxeff

thickness of the Si3N, layer (&,). V,, is the junction voltage between the source/drain
and intrinsic silicon, V,, = (kT /q)In(N,,s/n,), n,is the intrinsic silicon density, Vg
represents the drain-to-source voltage and k is the Boltzmann constant. V; represents
the effective voltage at the gate which is introduced to simplify notations and alleviate

derivations for symmetric structure as Vg* =V, =V, , with Vis the flat-band voltage.

Substituting (2) in (1), we obtain the differential equation that deals only with

surface potential as

d’y,(x) 1
—a v (x)=D, (I1L. 9)
8si ’ toxe ’ tsi : N *
with A= |2 Lo b g p 2N Ly
4 ’ 80x gsi ﬂ’

Where A represents the natural length of the analyzed (DDGAA) RADFET
dosimeter. This parameter gives the scaling capability (downscaling ability) of the
device. D, is a factor which represents the impact of the applied gate voltage and
channel doping on the surface potential.

The boundary conditions in channel and oxide regions (Figure III.2) are given as,
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v, (x=0)=V, (1. 10a)
w (x=L)=V, +V, (I11. 10b)
V* _ * * _
g~ LA g V. ¥, (continuity of the normal component of the electric
t2 tl
displacement at the interface SiO, /Si3;N4) (III. 10c)

Where y, represents the interface potential at SiO; /Si;N, interface which satisfies

the continuity of the normal component of the electric displacement at the interface (Eq.

III. 10c).

Substituting (III. 10c) in (IIL. 9), we obtain the differential equation that deals only

with interface potential as

'y 1 )=p, (IIL. 11)

dx? Y v

. « N, E,t &t
With D, =@ -V, and = — 1220 g "o
gsi(gztl +81t2) A (821‘1 +€1t2)

This resolution of this Equation allows us the calculation of the interface potential
without (before) irradiation.
In the case of RADFET under irradiation new term should be introduced in order

to include the radiation-induced interface-traps effect [51]. So, the parameter D, can be

written, in this case, as,D, =a— ,BVgS - , with N, represents the irradiation
2°2

induced localized interface charge density per square area. The second term in this
expression represents the impact of the irradiation induced localized interface charge

density on the interface potential.

Using these boundary conditions (Eqgs III. 10a, III. 10b and III. 10c), the surface

and interface potentials can be, respectively, expressed as

?, sinh(;] _p sinh(x;Lj

w(x)=-2D, + (1. 12)
. (L
sinh| —
5
With ¢, =V, + A’D, and ¢, =V, + 1'D,
T £ E i L M v UL S ) (IIL 13)
&l + &L, Et + &1,
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I11.3.2 Threshold voltage shift model

The basic concept of RADFET dosimeter is to convert the threshold voltage shift,

AV, , induced by radiation, into absorbed radiation dose, where AV, =V, -V, = with
V, andV,, represent the threshold voltage after and before irradiation, respectively.

Based on the surface potential model given by Eq. (III. 12), the threshold voltage

can be derived using the condition of the minimum channel potentialy .| _ =20,
gs~ Vth

with v . =w (x,.),V,1s the threshold voltage value, and ¢, represents the bulk
potential of silicon body given as ¢, =(K,T/q).In(N,/n;) where K represents the
Boltzmann constant. The location of the minimum surface potential can be obtained

d
analytically by solving I/;—S(x) =0 [51].
X

The solution of the equation ¥

s min

Ve = 2.¢, at low drain-source voltage for

long channel lengths (L >> 4) can be given as

N,
(ZA o, + Lo+ qu sinh(ij (v, -V, )sinh(zl;lj

vV, = &l 1L 14
th — B L L ( . a)
BA* —= |sinh| — |—2sinh| —
A A 2A
with: A=52"60 p_&h
gltz Sltz

) (2Ag, + /Iza)sinh(ij +(v, -V, )Sinh( 2L/1 ]

thO th|Nf:0 B [ [
‘ [62,2 - j Si]l]l[j - 2Si]l]l[j

From (III. 14a) and (III. 14b), the threshold voltage shift can be given as

N
s sinh(Lj
&,t, A

( BA — i] sinh(ij -2 sinh(zL/J

(I11. 14b)

AV, = (III. 14c¢)
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II1.4 Results and discussion

Figure IIL.3: (a) Variation of surface potential along the channel (b) Variation of

interface potential along the SiO,/Si;N, interface for different irradiation-induced
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interfacial traps densities with (Vgx =-5V,V, =1V, L=100nm, t, =5nm, t, = 5nm,

£=39,¢6,=175,t,=20nm, N, =10"cm™).

47



Chapter III New monitoring multi-gate sensor (DDGAA) RADFET

Figure I1I.3 shows the variation of the calculated surface potential (Figure I11.3a)
and interface potential (Figure III.3b) along the channel for a 100 nm DDGAA
RADFET with different interface charges densities N, at the bias condition V,, =-5V
and Vg =1V. It can be seen that a shift (decreasing potential barrier) in the potential
profile along the channel, for both surface and interface potentials, as function of the
interface charges densities N ;. The shift in the potential profile screens the region near
the source end from the variations in drain voltage and thus ensures reduction in short
channel effect. In addition, a good uniform increasing of the surface potential as
function of the interface charge densities can be observed in Figure III.3a. This surface
potential behavior can provide a high threshold voltage sensitivity against the interface

charges densities (N ), which is the main parameter which affects the RADFET

sensitivity. Therefore, the proposed design can provide a high sensitivity performance.

0,30 . ——
0,28 -

0.26 - Symbols: Numerical simulations [10]
024 m  Single gate RADFET ]
0,22 - ® DDGAA RADFET
0,20 - Analytical Model
018 [
0,16 [
0,14 [
o2
0,10 [
0,08 [
0,06 |-
0,04 |-
0,02 [

0!00 L r n I PR S R |
1E11 1E12

AV, [V]

Total Traps N, [cm”]

Figure II1.4: Threshold voltage shift variation against the irradiation-induced

interfacial traps densities for the conventional and DDGAA RADFET designs.

In figure IIL.4, the variation of threshold voltage shift with different interface

charge densities N ; has been compared with conventional bulk (single gate) RADFET.

It is shown that the threshold voltage shift values are considerably increased in case of

DDGAA RADFET even for interface charge densities more than 6.10" cm ™ [54-57].
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Moreover, due to the improved gate controllability, DDGAA RADFET has a higher
threshold voltage shift values as compared to conventional RADFET which makes it
suitable for high sensitive dosimeter applications.

The RADFET radiation sensitivity, S, given by [63,64]:

AV,
D

S = (I1L 15)

Where D represents the absorbed radiation dose.
From an experimental study carried out by A. Jaksic et al [63] an empirical

relationship between the interface charge densities, N o and the absorbed radiation dose,

D, for the silicon material at room temperature can be written as

N, =d,D+d, (III. 16)

Where d,, =1.6x10°cm™ /Gy and d,, =5%10"cm™ are fitting parameters.

Substituting (III. 16) in (III. 14c), we obtain the RADFET sensitivity model that

deals only with absorbed radiation dose as
d
- sinh(Lj (d” + 'zj
&yt A D
LA _B sinh L 2sinh L
A A 24

In figure IIL.5, the variation of DDGAA RADFET sensitivity versus the absorbed

S = (1L 17)

radiation dose, D, has been compared with conventional (bulk) RADFET. For both
designs, the output response of the RADFETS is linear with absorbed radiation dose. It
is clearly shown that DDGAA RADFET has higher sensitivity, § =95.454V /Gy, in

comparison with conventional RADFET design, S =30.68uV /Gy .
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Figure IIL.5: Variation of threshold voltage shift in function of the absorbed radiation

dose for the conventional and DDGAA RADFET designs.

This means that DDGAA RADFET has better electrical and scaling performances
in comparison with the conventional design. So, our design provides a high sensitivity,
better electrical and technological performances in comparison with the conventional
structure. These results make the proposed design as a promising candidate for CMOS-

based dosimeters [54].

VSS

Controlled current I,

®
source 6

. Vout
IS Threshold Voltage
measurement
D V.0 D

Figure III.6: Set-up for a measurement of V,, and absorbed radiation dose (read-out

circuit configuration).
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Due to the high performance provided by the proposed RADFET design (high
sensitivity and threshold voltage linearity); the read of the absorbed radiation dose (D)
can be carried out by using a simple Read-out Circuit (RC), as it is shown in figure
II1.6. In figure II1.6, the threshold voltage is measured at a single point of the transfer
characteristics, applying a specified current (in the order of ten pA) to the RADFET,
while drain and gate are shorted. Due to the simplicity of the Read-out Circuit, the RC

configuration is suitable for practical low power applications.

IIL.5 Conclusion

In this work, we compared new sensor design, DDGAA RADFET, with
conventional planar RADFET through 2-D analytical investigation. A two-dimensional
analytical analysis comprising radiation-induced interface-traps effect, 2D surface and
interface potentials, threshold voltage shift and sensitivity model for DDGAA RADFET
has been developed. It has been found that incorporation of the gate all around design
leads to an improvement threshold behavior while also enhancing the gate
controllability, and thus provides better performance as compared to conventional
planar RADFETs. The threshold voltage shift behavior of the proposed design was
more effectively improved than those of the conventional planar RADFET. Also, we
confirmed that DDGAA RADFET had advantages in CMOS scaling in comparison with
planar RADFET.

Moreover, the DDGAA RADFET has a linear sensitivity about S =95.45uV /Gy

in radiation dose ranging from D= 0 to D=3000 Gy. With continued progress towards
fabricating RADFET-based dosimeters, it is possible to fabricate DDGAA RADFET
without much technological processes. Our analytical analysis provides the incentive for
experimental exploration of the DDGAA RADFETs with around-gate and cylindrical-
channel aspects.

Application of the GA-based design approach to DDGAA RADFET has also been
discussed. It can be concluded that proposed GA-based approach is efficient and gives

the promising results.
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Chapter 1V-
Improvement and Implementation of the (DDGAA) RADFET sensor

in radioactive environment

Abstract: In this chapter, Genetic Algorithm-based approach has been developed to
optimize (maximization) the sensor sensitivity. In addition, Image denoising can be
described as the problem of mapping from a noisy image to a noise-free image. In this
work we attempt to learn this mapping directly with a plain multi layer perceptron
(MLP) applied to denoising image. The proposed device and the Artificial Neural
Networks (ANNs) have been used to study and show the impact of the proposed
dosimeter on the environment monitoring and remote sensing applications. The
proposed approach can be used for remote sensing applications. It is to note that our
work can be extended to implement the proposed design into Software tools in order to
study the engineering systems under radiation conditions.
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IV.1 Introduction

Nowadays, artificial intelligence are studied and applied in various disciplines
such as neurobiology, psychology, computer science, cognitive science, engineering,
economics, medicine, etc. Intelligent Control techniques are recently recognised tools in
both academia and industry. Methodologies coming from the field of computational
intelligence, such as neural networks, genetic algorithm, can lead to accommodation of
more complex processes, improved performance and considerable time savings and cost
reductions. Genetic algorithms (GAs), developed by Holland [71], have traditionally
used a more domain-independent representation, namely, binary strings. However,
many recent applications of GAs have focused on other representations, such as graphs
(neural networks), Lisp expressions, ordered lists, and real-valued vectors. A neural
network is a way of modeling data based on computer learning. The networks are built
from a training dataset where structures in the data are found by the use of algorithms
that use no a priori given information. Multilayered perceptron (MLP) networks trained
using back propagation (BP) algorithm are the most popular choice in neural network
applications. It has been shown that the network can provide satisfactory results.
However, MLP network and BP algorithm can be considered as the basis to the neural
network studies. The topic of image denoising is an active area of research in image
processing and computer vision. However, the goal of noise filtering, or image
denoising, is to exploit the available information in the observed image to obtain an
estimate of the noise-free information.

This chapter is organized as follows. In Section 2, we present the applicability of
genetic algorithm optimization (GA) approach to optimize the radiation sensitivity of
the DDGAA RADFET for integrated CMOS-based dosimeters. In Section 3, the
proposed dosimeter model was used to study and show the impact of the proposed
design on the environment monitoring applications. The conclusions will be drawn in

Section 4.

IV.2 GA-based optimization of the radiation sensitivity of DDGAA RADFET
IV.2.1 Genetic algorithms

Genetic algorithms (GAs) are stochastic global search algorithms that form a
subset of evolutionary algorithms (EAs). The search method is drawn from the
principles of natural selection and population genetics, where the characteristics of

individuals are expressed using genotypes. The main driving operator of a Genetic
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algorithm is selection (to model survival of the fittest) and recombination through
application of a crossover operator (to model reproduction) [70-72].

A genetic algorithm is a search technique used in computing to find exact or
approximate solutions to optimization and search problems. Genetic algorithms are a
particular class of evolutionary algorithms (also known as evolutionary computation)
that use techniques inspired by evolutionary biology such as inheritance, mutation,
selection, and crossover (also called recombination). Genetic algorithms are search
algorithms based on mechanics of natural selection and natural genetics. In every
generation, a new set of artificial creatures or strings is created using bits and pieces of
the fittest of the old [70-72].

In the following we present how GAs are different from traditional methods of
optimization, how they work, their related techniques, and their vast areas of

applications.

IV.2.1.1 How Genetic Algorithms are Different from Traditional Methods?

Genetic algorithms are different from more normal optimization and search
procedures, like direct and indirect calculus-based methods, enumerative schemes,
random search algorithms etc, in four ways [70,73]:

A. It works on coding of the parameter set, not the parameters themselves.

B. It searches from a population of points, not a single point.

C. It uses objective function information, not the derivative or other auxiliary
knowledge.

D. It uses probabilistic transition rules, not deterministic rules.

Genetic algorithms require the natural parameter set of the optimization problem
to be coded as a finite-length string over some finite alphabet. In many optimization
methods, we move gingerly from a single point in the decision space to the next using
some transitional rule to determine the next point. The point-to-point method is
dangerous because it is perfect prescription for locating false peak in multi-modal
search spaces. By contrast, genetic algorithm works from a rich database of points
simultaneously, climbing many peaks in parallel; thus, probability of finding a false
peak is reduced over that go point-to-point.

Many search techniques require much auxiliary information in order to work
properly. In contrast, genetic algorithm requires only objective function values

associated with individual string. Unlike other methods, genetic algorithms use random
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choice as a tool to guide a search toward regions of the search space with likely
improvement. These four differences contribute towards genetic algorithms robustness

and resulting advantage over other more commonly used techniques.

I1V.2.1.2 How Genetic Algorithms Work?

Genetic algorithms are implemented as a computer simulation in which a
population of abstract representations (called chromosomes or the genotype or the
genome) of candidate solutions (called individuals, creatures, or phenotypes) to an
optimization problem evolves toward better solutions. Traditionally, solutions are
represented in binary as strings of Os and 1s, but other encoding are also possible. The
evolution usually starts from a population of randomly generated individuals and
happens in generations. In each generation, the fitness of every individual in the
population is evaluated, multiple individuals are stochastically selected from the current
population (based on their fitness), and modified (recombined and possibly randomly
mutated) to form a new population. The new population is then used in the next
iteration of the algorithm. Commonly, the algorithm terminates when either a maximum
number of generations has been produced, or a satisfactory fitness level has been
reached for the population. If the algorithm has terminated due to a maximum number
of generations, a satisfactory solution may or may not have been reached. A typical
genetic algorithm requires two things to be defined [74]:

+ A genetic representation of the solution domain.
% A fitness function to evaluate the solution domain.

A standard representation of the solution is as an array of bits. Arrays of other
types and structures can be used in essentially the same way. The main property that
makes these genetic representations convenient is that their parts are easily aligned due
to their fixed size that facilitates simple crossover operation. Variable length
representations may also be used, but crossover implementation is more complex in this
case.

The fitness function is defined over the genetic representation and measures the
quality of the represented solution. The fitness function is always problem dependent.
For instance, in the knapsack problem we want to maximize the total value of objects
that we can put in a knapsack of some fixed capacity. A representation of a solution
might be an array of bits, where each bit represents a different object, and the value of

the bit (0 or 1) represents whether or not the object is in the knapsack. Not every such
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representation is valid, as the size of objects may exceed the capacity of the knapsack.
The fitness of the solution is the sum of values of all objects in the knapsack if the
representation is valid or O otherwise. In some problems, it is hard or even impossible to
define the fitness expression; in these cases, interactive genetic algorithms are used.
Once we have the genetic representation and the fitness function defined, GA proceeds
to initialize a population of solutions randomly, and then improve it through repetitive

application of mutation, crossover and selection operators.

Randomly
generate Evaluate all Best

— individuals C——™> individuals

initial

pOpati on A l @ u
S Selective
tart reproduction

Generation Crossing over

{

Mutation

cycle

Figure IV.1: Flow Diagram of Genetic Algorithm [70]

IV.2.1.3 Basic steps of genetic algorithms

- Initialization of the population
Initialization involves setting the parameters for the algorithm, creating the scores for
the simulation, and creating the first generation of chromosomes. In this benchmark,

seven parameters are set:

. The genes value (Genes) is the number of variable slots on a chromosome;
. The codes value (Codes) is the number of possible values for each gene;
. The population size (PopSize) is the number of chromosomes in each generation;

. Crossover probability (CrossoverProb) is the probability that a pair of
chromosomes will be crossed;
. Mutation probability (MutationProb) is the probability that a gene on a

chromosome will be mutated randomly;
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. the maximum number of generations (MaxGenerations) is a termination criterion
which sets the maximum number of chromosome populations that will be
generated before the top scoring chromosome will be returned as the search
answer; and

. The generations with no change in highest-scoring (elite) chromosome
(GensNoChange) is the second termination criterion which is the number of
generations that may pass with no change in the elite chromosome before that
elite chromosome will be returned as the search answer.

- Selection

Selection 1s the process of determining the number of times, or a trial, a
particular individual is chosen for reproduction and, thus, the number of offspring that
an individual will produce. The selection of individuals can be viewed as two separate

processes [75,76]:

1) Determination of the number of trials an individual can expect to receive, and

2) Conversion of the expected number of trials into a discrete number of offspring.

There are many methods how to select the best chromosomes, for example roulette

wheel selection, Boltzman selection, tournament selection, rank selection, steady state

selection and some others.

- Crossover (Recombination)

The basic operator for producing new chromosomes in the GA is that of crossover. Like

its counterpart in nature, crossover produces new individuals that have some parts of

both parent’s genetic material. The simplest form of crossover is that of single-point
crossover [75,76]. There are many variations on crossover, for example multi-point
crossover, Uniform crossover, and some others. An example of two-point crossover

method is given in Figure IV.2.
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Crossover point 1 Crossover point 2

J J

Parent1: [ 1| 0| 11|01 1f1]1]O

Parent2: [ 1] 1100 1f1]1(0]1]0O0

Offspringl:| 1| O0f0O[O| 1| L|[1|1]1]0

Offspring2: | 1| 1| 1[1]0|1|[1]0]1]0O

Figure IV.2: Two-point Crossover

- Mutation

In natural evolution, mutation is a random process where one allele of a gene is
replaced by another to produce a new genetic structure. In GAs, mutation is randomly
applied with low probability, typically in the range 0.001 and 0.01, and modifies
elements in the chromosomes. Usually considered as a background operator, the role of
mutation is often seen as providing a guarantee that the probability of searching any
given string will never be zero and acting as a safety net to recover good genetic
material that may be lost through the action of selection and crossover [76].

Mutation point

.

Offspring 1 N O I O O O O O O A

Offspring 1 tlololt|1f1|lt]1]1]o0
(after mutation)

Figure I'V.3: Mutation Operator

- Replacement

After the new offsprings are created with crossover and mutation operators, it is
time to form up the successor generation. Recall that parent chromosomes were selected
according to their fitness, so it is expected that the offsprings increase the fitness of the
population generation by generation. Through replacement, genetic algorithm decides
whether offspring will survive or will become exist. Some of the most common

replacement techniques are explained below.
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- Complete Replacement
This technique deletes all the members of the predecessor population and replaces

them with the same number of new chromosomes that have just been created.

- Steady-state
In this technique, n old members are chosen in the population and replaced with
“n” new members. The choice of the number “n” and the decision of which members to

delete from the current population are important aspects of genetic algorithm.

- Replacement with elitism
This technique is same as complete replacement except that this time one or two
chromosomes with the highest fitness are chosen to next generation. By this way, good

solutions are preventing from become extinct.

IV.2.2 GA-based sensitivity optimisation

GA optimization has been defined as finding a vector of decision variables
satisfying constraints to give acceptable values to objective function. It has recently
been introduced to study the complex and nonlinear systems and has found useful
applications in engineering fields. Due to the simple mechanism and high performance
provided by GA for global optimization, GA can be applied to find the best design of
DDGAA RADFET in order to improve the radiation sensitivity by satisfying of the
following objective function:

- Maximization of the RADFET radiation sensitivity S(X)

Where X represents the input normalized variables vector which is given as

X =(t,.t,,t,,L).

For the purpose of GA-based optimization of the radiation sensitivity of DDGAA
RADFET, routines and programs for GA computation were developed using MATLAB
7.2 and all simulations are carried out on a Pentium IV, 3GHz, 1IGB RAM computer.
For the implementation of the GA, tournament selection is employed which selects each
parent by choosing individuals at random, and then choosing the best individual out of
that set to be a parent. Scattered crossover creates a random binary vector. It then selects

the genes where the vector is unity from the first parent, and the genes where the vector

is zero from the second parent, and combines the genes to form the child [66-69]. An
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optimization process was performed for 20 population size and maximum number of
generations equal to 200, for which stabilization of the fitness function was obtained.
The steady decrease in objective function in each generation until it reaches a best
possible value can be attributed to the selection procedure used namely Roulette wheel
selection.
The radiation sensitivity values of the DDGAA RADFET with and without

optimization are shown in Table IV.1.

Symbol [|OPTIMIZED DESIGN D(f;it%:livz‘:ttl;::t Conventional design
L(nm) 100 100 100
tsi(nm) 50 20 20
t1(nm) 5 5 5
t2(nm) 15 5 -
S(uV/Gy) 162.22 95.45 30.68

Table IV.1: DDGAA RADFET Design Parameters

It is clearly shows that the radiation sensitivity, for optimized design (162.22
uV/Gy) is better than the both conventional RADFET (§ =30.68uV / Gy) and DDGAA

RADFET without optimization (S =95.45uV / Gy).

IV.3 Radioactive environment sensing

In order to show the impact of the proposed design on the radioactive environment
monitoring, we propose the study of a contemned radioactive environment. This latter is
considered a big challenge in the field of the environment monitoring. In this work,
using simulated database (built from numerical data) of total dose radioactivity
distribution in 2-D space and the Multi-Layer-Perception (MLP) tool, we will study a
contemned environment by gamma radiation.

The energy recorded by the sensor has to be transmitted, often in electronic form,
to a receiving and processing station, where the data are processed into an image.
Radiation that is not absorbed or scattered in the atmosphere can reach and interact with
the Earth's surface. There are three forms of interaction that can take place when energy

strikes, or is incident upon the surface [80].
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In remote sensing, we are most interested in measuring the radiation reflected
from targets [80]. This reflection disgusting the image caption by the sensors (which are
located at reception stations), we propose that interacting energy (noise) is a Gaussian
noise.

Artificial neural network (ANN) based methods have been widely used for
modeling various complex and nonlinear processes (classification, speech recognition,
and signal processing). The model based on artificial neural network assumes that input
and output patterns of a given problem are related by a set of neurons organized in
hidden layers [76-78]. The layers in these networks are interconnected by
communication links that are associated with weights that dictate the effect on the
information passing through them. These weights are determined by the learning
algorithm.

The output of node j in the hidden layer is given by
h.i = g(ﬁ: W - X, +bj)
And the output of the network by

y= i wo,.h,

i=14

Where w, are the weights connecting the inputs to node j in the hidden layer, b, is
the bias to the node, and wo, are the weights from the hidden to the output layer.

The activation function relates the output of a neuron to its input based on the
neuron’s input activity level. Some of the commonly used functions include: the
threshold, piecewise linear, sigmoid, tangent hyperbolic, and the Gaussian function
[81]. The learning process of the MLP network involves using the input—output data to
determine the weights and biases. One of the most techniques used to obtain these
parameters is the back-propagation algorithm [76-78]. In this method, the weights and
biases are adjusted iteratively to achieve a minimum mean square error between the

network output and the target value.

IV.3.1 Multilayered perceptron (MLP) networks

MLP networks are feed forward neural networks with one or more hidden layers.
A MLP network with two hidden layers is shown in Figure IV .4. The input layer acts
as an input data holder that distributes the input to the first hidden layer. The outputs
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from the first hidden layer then become the inputs to the second layer and so on. The
last layer acts as the network output layer [77].
A hidden neuron performs two functions that are the combining function and the
activation function. The output of the j™ neuron of the k™ hidden layer is given by
vi(r)= F(ngw;v:" (t)+bfj . for<j<n, (IV.1)
and if the m™ layer is the output layer then the output of the 1" neuron y, of the output
layer is given by

3,(e)="2wiv (1) for <i<n (IV.2)

where nk, no w’s, b’s and F(.) are the number of neurons in k-th layer, number of

neurons in output layer, weights, thresholds and an activation function respectively.

- 2
= 3
= S
%0 20
o )
- S
2, =
~ S
Second
Input hidden hidden Output
layer layer layer layer

Figure IV.4: Multilayered perceptron networks with two hhidden layers [77]

In the current study, the network with a single output node and a single hidden

layer is used, i.e m = 2 and n, = 1. With these simplifications the network output is:

y(t)=iwfv;(t)=”z’wfp(”z'w;vj(t)w;j (IV.3)

i=1 i=1 =1

Where n,is the number of nodes in the input layer. The activation function F{(.) is

selected to be F(v(t)) = ]_ m Iv.4)
I+e™

The weights w, and threshold b, are unknown and should be selected to minimise the

prediction errors defined as

e(t)=y(r)-3() (IV.5)
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Where y(r) is the actual output and 3(¢) is the network output.

I1V.3.2 Training Algorithm
Back propagation algorithm is the steepest decent type algorithm where the weight
connection between the jth neuron of the (k-1)" layer and the i"™ neuron of the k™ layer

are respectively updated according to

wh(t)=wh (e —1)+ aw! (z)

(IV.6)
b (1) =b} e~ 1)+ 4 (z)
with the increment Aw (r) and b/ (¢) given by
awit)=n p W)+, aw (t -1
w (6)=n,p (W) () + &, aw;(r - 1) w7

Ab' (t)=n,p" (t)+ a,Ab" (t - 1)
where the subscripts w and b represent the weight and threshold respectively, ¢, and
¢, are momentum constants which determine the influence of the past parameter
changes on the current direction of movement in the parameter space, 77, and 77,
represent the learning rates and p (¢) is the error signal of the i"™ neuron of the k™ layer

which is back propagated in the network [77,78]. Since the activation function of the

output neuron is linear, the error signal at the output node is

p"(1)=y(t)-3() (IV.8)
And for the neurons in the hidden layer
piO)=F O p W (e —1)  k=m-1, .., 21 (IV.9)

Where F’(v*(¢)) is the first derivative of F(v*(¢)) with respect to v*(r).
Since back propagation algorithm is a steepest decent type algorithm, the algorithm
suffers from a slow convergence rate. The search for the global minima may become

trapped at local minima and the algorithm can be sensitive to the user selectable

parameters.
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1V.3.3 Adaptive noise filtering using Back Propagation Neural Network

Consider the signal transmitted through the noisy channel gets corrupted with
the noise. The corrupted signal is given as the input to the BPNN filter as given below
to filter the noisy part of the signal [79].

Let x(n) be the noisy corrupted input signal to the system, y(n) be the output
signal of the system which is the filtered signal and A(n) is the impulse response of the

system. They are related mathematically as given below.

N-1

y(n)=x(n)* hin) = y(n)= L hlk)* x(n k)

=0

-~

“*” 1s the convolution operator. ‘N’ is the order of the filter. For instance if the order of
the filter is 11,
y(n) = h(0)x(n) + h(1)x(n-1) + h(2)x(n-2) + h(3)x(n-3) + h(4)x(n-4)+...h(10) x(n-10)

The h(0), h(1), ... h(10) are the impulse response of the system, otherwise called
as the filter coefficients of the system.

Obtaining the values of the filter coefficients is the task involved in designing
the digital filter to do specific operation. To obtain the values there is the need to study
about the nature of the noise of the channel [79].

In practical situations the reference signal is sent through the channel and the
corresponding corrupted signal obtained as the output of the channel is stored. These are
used for determining the filter coefficients of the FIR filter. Once filter coefficients are
obtained, they are used to filter the real time noisy signal corrupted due to channel
transmission at the receiver side.

Filter block is the Back propagation Neural Network block to perform filtering
operation as described below. In this experiment the reference signal and its

corresponding corrupted signal are assumed to be known.

1V.3.3.1 Approach

Step 1: Back propagation neural network is constructed with 11 input Neurons and 1
output neuron and 5 Hidden neurons

Step 2: In signal processing point of view, input of the neural network is the corrupted
signal and the output of the neural network is the filtered signal.

Step 3: During the training stage, the elements of the Input vectors are the samples
collected from the corrupted reference signal. Similarly element of the output vector is

the corresponding sample collected from the reference signal.
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X1 —=>—
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X4 =]
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X6 >
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X9 >
X10 >
X11=>

Figure IV.5 : BPNN Filter Structure [79]

Y

x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 Y
X(10) X(9) X(@B) X(7) X®6) X(B) X4 X3 X2 X1 XO YO
X(11) X(10) X(9) X(@®) X(7) X(6) X)) X4 X3 X2 X({1@) Y@
X(12) X(11) X(10) X(9) X8 X(7) X(®6) X(B) X4 X3 X2 Y2
X(16) X(15) X(14) X(13) X(12) X(11) X(10) X(9) X(@8) X(7) X(6) Y(6)
X(17) X(16) X(15) X(14) X(13) X(12) X(11) X(10) X)) X®&) X7 YU7
X(18) X(17) X(16) X(15) X(14) X(13) X(12) X(11) X(10) X(9) X(8) Y(18)
X(19) X(18) X(17) X(16) X(15) X(14) X(13) X(12) X(11) X(10) X)) Y9
X(0) X(19) X(18) X(17) X(16) X(15) X(14) X(13) X(12) X(11) X(10) Y(20)

Table I'V.2: Sample Hetero Association table relating input vectors and output vectors
of the BPNN [79]

corresponding output vector used for training the constructed ANN is given below. Note
that x is the corrupted reference signal and y is the reference signal [79].

Step 4: Train the Artificial Back propagation Neural Store the Weights and Bias.

Step 5: Now the BPNN filter is ready to filter the original corrupted signal.

IV.3 4 Result and discussion:

In this work, the artificial neural network is used to denoising the image distorted
by the transmission noise (Figure.IV.6). In this context, the database for MLP
optimization consists of 49600 samples split into three categories: training, validation
and test sets. The training and validation are used tune MLP configuration and the test is

used to test the MLP configuration to denoise the different regions of the contemned

The Hetero association table relating the sample input vector and the
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environment. Test and training steps were run for a given MLP structure to obtain the
optimal MLP configuration. The database is collected from several RADFETSs, which
have been located in different regions in the contemned environment. In order to
validate the denoising proprieties of the optimized MLP, test set is compared to the
MLP response.

Figure IV.7 presents the space distribution of the gamma radiation in the
investigated contemned environment after the denoising process. It is shown that the
different regions are clearly represented. This last observation shows the applicability
and the efficiency provided by the MLP-based approach to study the radioactive
environment.

Figure IV.8 shows that a good agreement between MLP and real results is found.
Hence, the optimized structure can be used for the radioactive environment monitoring

applications.

Figure IV.6: The distorted image due to the transmission noise

-

Figure IV.7: The denoised image using MLP
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Figure IV.8: Validation of the neural network result for test set

IV.4 Conclusion

In this chapter, Application of the GA-based design approach to DDGAA
RADFET has been discussed. It can be concluded that proposed GA-based approach is
efficient and gives the promising results. In order to show the impact of the proposed
design on the radioactive environment monitoring, we developed a MLP-based
approach to study a contemned radioactive environment. BP is used to train MLP
networks to perform system identification. The work suggests that the network trained
using BP algorithm give a good result. The proposed approach can be used for remote
sensing applications, where the information about the contemned radioactive
environment should be transmitted in electronic form to a receiving and processing
station. It is to note that our work can be extended to implement the proposed design

into Software tools in order to study the engineering systems under radiation conditions.
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Conclusions and future work

In this thesis, an extensive work is carried out in the field of FETSs sensor
modeling. We proposed a novel multigate design to improve the sensitivity behavior for
deep submicron ISFET-based sensors where an analytical analysis was developed, it has
been shown that the introduction of the second gate region exhibits an improvement in
the screening of the drain potential variation, and reduces the short-channel-effects on
the sensitivity behavior. The law of scaling capability of the proposed structure was
compared to the conventional SG ISFET, illustrating the improved sensitivity behavior
of the DG ISFET over SG ISFET’s. The analytical analysis has been used to predict the
sensitivity performances of downscaled ISFETs sensors, where the study showed that
the proposed DG ISFET design exhibits a superior performance for short channel
domain in terms of threshold voltage and sensitivity behavior.

It also describes a Numerical Analysis of Thin Film Junctionless pH-ISFET
Sensor. It has been shown that the proposed sensor has no source and drain junctions,
where the concentration and doping type is the same in the channel region and in the
source and drain. The performances of the proposed design were compared to the
conventional pH-ISFET, illustrating the superior performance of the proposed sensor
with respect to the conventional pH-ISFET in terms of fabrication process and electrical
performances. Our numerical analysis provides the incentive for experimental
exploration of the pH-ISFETs with Accumulation-Mode aspect. In addition, A
Junctionless-multigate design to improve the electrical performances for deep
submicron ISFET-based sensors. Moreover, we compared new sensor design, pH-
JGAAISFET, with conventional planar pH-ISFET through 2-D device simulations. The
short-channel effects of the pH-JGAAISFETs were more effectively suppressed than
those of the conventional planar pH-ISFET.

Moreover, we compared new sensor design, DDGAA RADFET, with
conventional planar RADFET through 2-D analytical investigation. A two-dimensional
analytical analysis comprising radiation-induced interface-trap effect, 2D surface and
interface potentials, threshold voltage shift and sensitivity model for DDGAA RADFET
has been developed. It has been found that incorporation of the gate all around design
leads to an improved threshold behavior while also enhancing the gate controllability,

and thus provides better performance as compared to conventional planar RADFETs.
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The threshold voltage shift behavior of the proposed design was more effectively
improved than that of the conventional planar RADFET. In addition, we confirmed that
DDGAA RADFET had advantages in CMOS scaling in comparison with planar
RADEFET. Moreover, the DDGAA RADFET has a linear sensitivity about in radiation
dose ranging from D = 0 to D=3000 Gy. With continued progress towards fabricating
RADFET-based dosimeters, it is possible to fabricate DDGAA RADFET without much
technological processes. Our analytical analysis provides the motive for experimental
exploration of the DDGAA RADFETs with around-gate and cylindrical-channel
aspects. Application of the GA-based design approach to DDGAA RADFET has also
been discussed. It can be concluded that the proposed GA-based approach is efficient
and gives promising results. In order to show the impact of the proposed design on the
radioactive environment monitoring, we developed a MLP-based approach to study a
contemned radioactive environment. The proposed approach can be used for remote
sensing applications, where the information about the contemned radioactive
environment should be transmitted in electronic form to a receiving and processing
station, where the generated data from our dosimeter sensor have been processed in
order to denoise the image using a MLP-based technique.

With continued progress towards fabricating RADFET-based dosimeters and pH-
ISFET sensors, it is possible to fabricate all proposed multi-gate FET-based sensors
without much technological processes. It is to note that our work can be extended to
implement the proposed designs into Software tools in order to study the engineering
systems. Also, future research can investigate the use of new soft-computing based-
techniques (PSO and quantum PSO-multi-objective approach) and new materials such
as the graphene and the silicene, which may produce better results for more complex

and accurate systems.
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ABSTRACT

In this paper, a new radiation sensitive FET (RADFET) dosimeter design (called the Dual-Dielectric Gate
All Around DDGAA RADFET dosimeter) to improve the radiation sensitivity performance and its
analytical analysis has been proposed, investigated and expected to improve the sensitivity behavior
and fabrication process for RADFET dosimeter-based applications. Analytical models have been
developed to predict and compare the performance of the proposed design and conventional (bulk)
RADFET, where the comparison of device architectures shows that the proposed design exhibits a
superior performance with respect to the conventional RADFET in term of fabrication process and
sensitivity performances. The proposed design has linear radiation sensitivities of approximately
95.45 pV/Gy for wide irradiation dose range (from Dose=50 Gy to Dose=3000 Gy). Our results showed
that the analytical analysis is in close agreement with the 2-D numerical simulation over a wide range
of device parameters. As a result, we demonstrate that DDGAA RADFET dosimeter can be a viable option
to enhance the performance of CMOS-based dosimeter technology for nuclear industry, space, radio-
therapy and environment monitoring applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Gate All Around GAA MOSFETs have emerged as excellent
devices to provide the electrostatic integrity needed to scale
down transistors to minimal channel lengths, and allowing a
continuous progress in digital and analog applications. In addition
to a better electrostatics than the conventional bulk MOSFET, the
use of these devices has advantages relative to the electronic
transport, mainly due to (i) the reduced surface roughness
scattering because of the lower vertical electric field and (ii) the
reduction of the Coulomb scattering because the film is made of
undoped/low-doped silicon [1-5]. Design and modeling guide-
lines of GAA MOSFETs have been discussed in previous works
[2-7]. Employing this design for environment monitoring appli-
cations (irradiation measurement) becomes more beneficial if the
device is made in vertical cylindrical recrystallized silicon due to
highly flexible process integration options. There have been
several reports of MOSFETs fabricated in recrystallized silicon
for high-density digital integrated circuits [5].

Radiation sensitive MOSFETs (RADFETs) have been focused of
interest both from applications and fundamental research point of
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views. In electronic industry these devices are considered as attrac-
tive alternatives for nuclear industry, space, radiotherapy and envir-
onment monitoring applications due to their reliability, low power
consumption, non-destructive read-out of dosimetric information,
high dose range, and compatibility to standard CMOS technology and
on-chip signal processing [8-10]. The main RADFET disadvantage is
the relatively low sensitivity. In this context, the submicron multi-
gate design may be considered as attractive alternative to overcome
this disadvantage because of the high electrical performance and
reliability provided by the multi-gate structure in comparison with
single-gate one. However, as semiconductor devices are scaled into
the deep submicron domain, short-channel effects (SCEs) begin to
plague conventional planar CMOS-based devices. To avoid the
electrical constraints and improve the sensitivity performance, a
new design and enhancement of conventional (bulk) RADFET
become important. In this work, a new design of RADFET called
the Dual-Dielectric Gate All Around (DDGAA) RADFET dosimeter, in
which the manufacturing processes and sensitivity performances
will be greatly improved, is proposed for deep submicron CMOS-
based dosimeter applications. The (DDGAA) RADFET dosimeter
design presented in this paper is basically surrounded by dual-
dielectric layers (SiO, and SisN4) with low p-channel (Si) doping
concentration. The results showed that the analytical model is in
agreement with the 2-D numerical simulation over a wide range of
device parameters. The proposed structure has been analyzed and
validated by the good sensitivity and electrical performance obtained
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in deep submicron regime in comparison with the conventional
(bulk) design.

This paper is organized as follows. In Section 2, we derive an
analytical interface potential distribution including radiation-
induced interface-traps. The threshold voltage shift model can
then be determined based on the interface potential model. In
Section 3, we investigate the performance of the proposed design.
The conclusions will be drawn in Section 4.

2. Theory development and model derivation
2.1. Interface potential analysis

Schematic cross-sectional view of the proposed (DDGAA) RADFET
dosimeter is presented in Fig. 1. The insulator consists of a thermal
oxide (SiO, ) grown on a (100) n on n+ expitaxial silicon substrate
(channel), and a low pressure CVD silicon nitride layer(SizsNy4)
deposited on top of the oxide. Nps represents the doping level of
the drain/source region, respectively. The channel region is bounded
by source and drain spacing at x= 0 and L, respectively, where L is
the gate length. With a negatively applied gate bias, holes generated
in the SiO, layer are transported and trapped at the SiO,/SisN4
interface producing a measurable threshold-voltage shift [9]. There-
fore, our analytical analysis is focused to study the impact of the
device design, planar and surrounding structures, on the sensitivity
performance taking in to account the Dual-Dielectric aspect for the
both cases in order to improve the sensitivity behavior for deep
submicron applications. The investigation reported in this work for
gamma radiation sources can also be applied qualitatively to other
radiation sources (protons, electrons, etc.).

For deep submicron devices, the solution of 2D Poisson’s
equation satisfying suitable boundary conditions is required to
model the interface potential. Refer to Fig. 1, the 2D Poisson’s
equation for the channel region is given by

10 o _qNp
~ A (r—lﬁ(r X)) + ﬁlﬁ(ﬂx) = e

ror

M

The boundary conditions for y(x,r) are found by satisfying
continuity of both the normal component of the electric displace-
ment at the (Si/SiO,) interfaces, and the potential at the source/
drain sides.

Using the same parabolic potential profile in vertical direction [2]
and applying the symmetry condition of &y /or=0 for r=0, we
obtain the following expressions of 2-D channel potential as

Cox [V*_ws(x)} (1 4 Coxt51> l,bs(X)— Coxts, V* (2)
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where 1//S(x) represents the surface potential (the potential at the
Si/SiO, interface) with C,, represents the insulator capacitance
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(Cox =2me1L/In(1 42t /ts)), ts is the silicon thickness, the effective
oxide and silicon nitride layer is defined as toy.r; = t1+t2(e1/€2) with
t; is the thickness of the SiOx(e;=¢,x) layer and t; is the thickness of
the SisN4 layer (&;). Vpy; is the junction voltage between the source/
drain and intrinsic silicon, Vy; = (kT /q)In(Np,s/n;), n; is the intrinsic
silicon density, Vy; represents the drain-to-source voltage and k is the
Boltzmann constant. VZ represents the effective voltage at the gate
which is introduced to simplify notations and alleviate derivations
for symmetric structure as Vg = Vgs—Vpp, with Vg, is the flat-band
voltage.

Substituting (2) in (1), we obtain the differential equation that
deals only with surface potential as

(%) 1
de VM= 3
with A=, /85itoxefffsi/480x and D; = qND/ssif(l//lz)Vzwhere A

represents the natural length of the analyzed (DDGAA) RADFET
dosimeter. This parameter gives the scaling capability (down-
scaling ability) of the device. D; is a factor which represents the
impact of the applied gate voltage and channel doping on the
surface potential.

The boundary conditions in channel and oxide regions (Fig. 1)
are given as,

Ysx=0)=Vy; (4a)
Ysx=L)=Vpi+Vys (4b)
& st_w:‘ _ lﬁs lps
3 5 &1 t1
(continuity of the normal component of the electric
displacement at the interface SiO, /Si3Ny) (4c0)

where /} represents the interface potential at SiO,/Si3N, interface
which satisfies the continuity of the normal component of the
electric displacement at the interface (Eq. (4c)).

Substituting (4c) in (3), we obtain the differential equation
that deals only with interface potential as

2 %
Ty —;l *(X)=Dy 5)
with Dy, =o0—p Vi
22 (et +&1t)

The resolution of this equation allows us the calculation of the
interface potential without (before) irradiation.

In the case of RADFET under irradiation new term should be
introduced in order to include the radiation-induced interface-
traps effect [2]. So, the parameter D, can be written, in this case,
as, Dzzoc—ﬁvzs—(qu/sztz), with Ny represents the irradiation
induced localized interface charge density per square area. The
second term in this expression represents the impact of the

and o =qNpéyty/esi(eat1 +e1ta), f=éxty/

Vas

Fig. 1. Cross-sectional view of the proposed DDGAA RADFET design (L=100 nm, t; =5 nm, t,=5 nm, t;=20 nm).
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irradiation induced localized interface charge density on the
interface potential.

Using these boundary conditions (Eq. (4a)-(c)), the surface and
interface potentials can be, respectively, expressed as

¢p sin h(x/A)—¢g sin h(x—L/2)

Y
Vst =—A"Dy+ sin h(L/ ) ®©
With ¢p=Vys+ 12Dy and ¢ps=Vyi+ 412D,
% _ &1ty % & t1X
l//S(X) - Et1+ 1ty &8s &t 41t lJ/S(X) (7)

2.2. Threshold voltage shift model

The basic concept of RADFET dosimeter is to convert the
threshold voltage shift, AV, induced by radiation, into absorbed
radiation dose, where AV, =V, — Vo with Vi, and Vi, represent
the threshold voltage after and before irradiation, respectively.

Based on the surface potential model given by Eq. (6), the
threshold voltage can be derived using the condition of the minimum
channel potential Vg i, \Vgx v, = 2.¢g, with Vs nin = Ws(Xmin).Ven 1S
the threshold voltage value, and ¢p represents the bulk potential of
silicon body given as ¢z = (KzT/q).In(Np /n;) where K represents the
Boltzmann constant. The location of the minimum surface potential
can be obtained analytically by solving d,(x)/dx =0 [2].

The solution of the equation ¥/ ;. \Vgs _v,, = 2-¢p at low drain-
source voltage for long channel lengths (L > 1) can be given as

(2Apy+ 270+ (qNy /eat2))sin h(L/2)+(Vi—Vgs)sin h(L/27)
(BA*—(B/A))sin h(L/7)—2 sin h(L/27)

Vin =

(8a)
with A= g1t —értq /81 t, B=¢&ty /8] ty
(2A¢ g+ 22o)sin h(L/ )+ (Vpi—Vgs)sin h(L/22)
VthOZVth‘N —0= 2 . .
! (fA°—(B/A))sin h(L/A)—2sin h(L/21)

(8b)
From (8a) and (8b), the threshold voltage shift can be given as
N, in h(L/
AVq, (qNy /ext2)sin h(L/2) 80)

T (B22=(B/Ay)sin h(L/2)—2sin h(L/27)

3. Results and discussion

Fig. 2 shows the variation of the calculated surface potential
(Fig. 2a) and interface potential (Fig. 2b) along the channel for a
100 nm DDGAA RADFET with different interface charge densities
Nrat the bias condition Vgs= —5 V and Vg=1 V. It can be seen that
a shift in the potential profile along the channel (for the surface
and interface potentials) has been found. The shift in the potential
profile screens the region near the source end from the variations
in drain voltage and thus ensures reduction in short channel
effect. In addition, a good uniform decreasing of the surface
potential as function of the interface charge densities can be
observed in Fig. 2a. This surface potential behavior can provide a
high threshold voltage sensitivity as function of the interface
charges densities (Ny), which is the main parameter which affects
the RADFET sensitivity. Therefore, the proposed design can
provide a high sensitivity performance. In Fig. 3, the variation of
threshold voltage shift with different interface charge densities Ny
has been compared with conventional bulk (single gate) RADFET.
It is shown that the threshold voltage shift values are consider-
ably increased in case of DDGAA RADFET even for interface charge
densities more than 6.10'! cm~2. Moreover, due to the improved
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Fig. 2. (a) Variation of surface potential along the channel and (b) variation of
interface potential along the SiO,/SisN, interface for different irradiation-induced
interfacial traps densities with (Vge= —5V,V4s=1V, L=100 nm, t; =5 nm, t,=5 nm,
£1=3.9, £,=7.5, t;=20 nm, Np=10"" cm~3) (see Ref. [12]).
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Fig. 3. Threshold voltage shift variation against the irradiation-induced interfacial
traps densities for the conventional and DDGAA RADFET designs (see Ref. [12]).
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gate controllability, DDGAA RADFET has a higher threshold
voltage shift values as compared to conventional RADFET which
makes it suitable for high sensitive dosimeter applications.

The RADFET radiation sensitivity, S, given by [10,11]:

_ AV
- D

where D represents the absorbed radiation dose.

From an experimental study carried out by Jaksic et al. [10] an
empirical relationship between the interface charge densities, Ny,
and the absorbed radiation dose, D, for the silicon material at
room temperature can be written as

Nf=d]1D+d12 (10)

S

€))

where d;1=1.6 x 10° cm~?/Gy and d;>=5 x 10'° cm~2 are fitting
parameters.

Substituting (10) in (8c), we obtain the RADFET sensitivity
model that deals only with absorbed radiation dose as

(q/&2t2)sin h(L/2) (d11+(d12/D))

= 11
(B72—(B/A))sin h(L/2)—2sin h(L/27) an

In Fig. 4, the variation of DDGAA RADFET sensitivity versus the
absorbed radiation dose, D, has been compared with conventional
(bulk) RADFET. For both designs, the output response of the RADFETs
is linear with absorbed radiation dose. It is clearly shown that
DDGAA RADFET has higher sensitivity, S$=95.45puV/Gy, in
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Fig. 4. Variation of threshold voltage shift in function of the absorbed radiation
dose for the conventional and DDGAA RADFET designs (see Ref. [12]).
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Fig. 5. Set-up for a measurement of V,;, and absorbed radiation dose (read-out
circuit configuration).

comparison with conventional RADFET design, S=30.68 pV/Gy. This
means that DDGAA RADFET has better electrical and scaling perfor-
mances in comparison with the conventional design. So, our design
provides a high sensitivity, better electrical and technological per-
formances in comparison with the conventional structure. These
results make
the proposed design as a promising candidate for CMOS-based
dosimeters.

Due to the high performance provided by the proposed
RADFET design (high sensitivity and threshold voltage linearity),
the read of the absorbed radiation dose (D) can be carried out by
using a simple Read-out Circuit (RC), as it is shown in Fig. 5. In
Fig. 5, the threshold voltage is measured at a single point of the
transfer characteristics, applying a specified current (in the order
of ten uA) to the RADFET, while drain and gate are shorted. Due to
the simplicity of the Read-out Circuit, the RC configuration is
suitable for practical low power applications.

It should be mentioned that from a fabrication point of view,
the conventional deep submicron planar RADFET is much easier
to fabricate than DDGAA RADFETs. With the advancement of
CMOS process technology under 100 nm regime, fabrication of
DDGAA RADFETs should not be complex in near future. Hence,
our work concludes that DDGAA RADFET is a competitive con-
tender to the mainstream RADFETSs for the design of low-power
RADFET-based circuits.

4. Conclusion

In this paper, we compared new sensor design, DDGAA
RADFET, with conventional planar RADFET through 2-D analytical
investigation. A two-dimensional analytical analysis comprising
radiation-induced interface-traps effect, 2D surface and interface
potentials, threshold voltage shift and sensitivity model for
DDGAA RADFET has been developed. It has been found that
incorporation of the gate all around design leads to an improve-
ment of the threshold behavior while also enhancing the gate
controllability, and thus providing better performance as com-
pared to conventional planar RADFETSs. In addition, in experiment,
the proposed cylindrical design could be easily released in
comparison to the planar one. The threshold voltage shift beha-
vior of the proposed design was more effectively improved than
those of the conventional planar RADFETs. Also, we confirmed
that DDGAA RADFET had advantages in CMOS scaling in compar-
ison with planar RADFET. Moreover, the DDGAA RADFET has a
linear sensitivity about S=95.45 uV/Gy in radiation dose ranging
from D=50 to D=3000 Gy. With continued progress towards
fabricating RADFET-based dosimeters, it is possible to fabricate
DDGAA RADFET without much technological processes. This
work also provides the incentive and guide to further research
and experimental exploration of the unique features of DDGAA
RADFETs, and demonstrates a new way of engineering sub-micron
CMOS-based integrated dosimeter circuits with the focus on
uncovering the potential of DDGAA RADFET in the context of
electrical and sensitivity performance.
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Abstract: In this paper, a new pH-ISFET sensor, called the Junctionless ISFET sensor (JISFET), and
its numerical analysis have been proposed, investigated and expected to improve the fabrication
process and the sensitivity behavior for pH-ISFET sensor-based applications. The numerical analysis
has been used to predict and compare the performances of the proposed design and conventional
pH-ISFET, where the comparison of device architectures shows that the proposed pH- JISFET sensor
exhibits a superior performance with respect to the conventional pH-ISFET in term of fabrication
process and electrical performances. Moreover, the proposed design has linear pH sensitivities of
approximately 59.6 mV/pH for wide concentration range (from pH =2 to pH=12). The obtained results
make the Junctionless ISFET sensor a promising candidate for future CMOS-based sensors.
Copyright © 2010 IFSA.

Keywords: Junctionless ISFET, Thin film, Sensor, Electrical performances.

1. Introduction

Ion-sensitive field-effect transistors (ISFETs) have been focus of interest both from applications and
fundamental research point of views. In electronic industry these devices are considered as attractive
alternatives for chemical, physiological and environment monitoring applications due to their rapid
time responses, reliability, and compatibility to standard CMOS technology and on-chip signal
processing [1-4]. The so-called threshold voltage of the transistor is a function of the solution
surrounding the gate. The operational mechanism of the ISFET originates from the pH sensitivity of
the inorganic gate oxide such as SiO, or Ta,Os. Many experimental and theoretical studies have been
recently published of describing the electrical and sensitivity behaviors of conventional pH-ISFET

35
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sensor [5-7], in which the Inversion-Mode (IM) design is used to elaborate these sensors. A
conventional pH-ISFET comprises two PN junctions called the source junction and the drain junction.
The formation of such junctions involves extremely high doping concentration gradients, and low
thermal budget processing must be used [8]. Flash annealing methods are used to heat silicon for a
short time period in order to minimize diffusion effect, however even in total absence of diffusion, ion
implantation and other doping methods do not obtain perfectly abrupt junctions with infinite
concentration gradients [8]. To avoid the above-mentioned technological constraints, a new design and
improvement of conventional pH-ISFET become important. In this work, a new design of pH-ISFET
called Junctionless ISFET sensor (pH-JISFET), in which the manufacturing processes will be greatly
improved, is proposed for future CMOS-based sensors. This latter is based on Accumulation-Mode
(AM) aspect, in which the channel region has the same doping polarity as the source and drain. (AM)
technology can also be applied to most Silicon-On-Insulator (SOI) designs [8, 9]. The pH-JISFET
design presented in this work is basically Accumulation-Mode device with low channel doping
concentration. The proposed sensor has no junctions, less variability, simpler fabrication process and
better electrical performances than conventional inversion-mode ISFET sensors.

In this paper, we investigate and analyze numerically the pH-JISFET in order to explain the
advantages of the proposed device over the conventional pH-ISFET with the same electric and
geometric specifications that allow us to utilize the benefits of the incorporation of the Accumulation-
Mode aspect on the design and fabrication process of the future pH-ISFET sensors.

2. JISFET Design and its Parameters

The pH-ISFET can be seen as an ions sensor device. The physical treatment of the pH-ISFET attempts
to relate the amount of ions concentration and reference voltage applied between the gate, and the
body to the amount of inversion or accumulation charges accumulated in the channel. This charge
distribution in the channel can then be related to the variation of the threshold voltage for a given
drain—source bias and ions concentration. The accumulated charge at the semiconductor/oxide
interface, together with the channel electrostatic potential drop, gives rise to a capacitance Cg;. Fig. 1
shows a plot of the total, Electrolyte-Insulator-Semiconductor (EIS), capacitance, normalized to the
insulator capacitance, as a function of bias voltage and pH values, illustrating the effect of the pH
values on C-V characteristics for the depletion and accumulation working modes.
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Fig. 1. C-V curves response of the proposed AM-based pH-JISFET for different pH values
(from pH=2 to pH=12).
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The main effect of a change in a pH solution is a shift in the threshold voltage and the total
accumulation capacitance. This phenomenon can be modeled according to the site-binding model
[10,2]. As a consequence of these shifts, the EIS structure can be used as sensor diode for depletion
and accumulation working modes.

The cross-sectional view of the conventional pH-ISFET and pH-JISFET are shown in Fig. 2. From the
figures it is clear that in the case of pH-JISFET design the channel region has the same doping polarity
as the source and drain. So, the proposed design has no junctions and less variability in comparison to
the conventional pH-ISFET. The device is analyzed with a gate oxide thickness of 10nm. The silicon
film thickness is chosen to be very thin layer, 20nm, in order to avoid the shifting of the channel region
in the deep of SOI film in the case of Accumulation-Mode design [8]. The channel length for both
devices is 350nm which is compatible with CMOS process technology. Also, the incorporation of a
high-k HoTiO3 as sensing membrane deposited on oxide film can improve the sensitivity behavior in
comparison with conventional pH-ISFET sensors for wide pH range [10].
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Drain
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Channel

/" bulk (N)
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Fig. 2. Longitudinal cross sections showing the doping profiles: (a) conventional IM-based pH-ISFET,
and the (b) proposed AM-based pH-JISFET.
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The electrical parameters of both devices, AM-based JISFET and IM-based ISFET, were analyzed
using ATLAS 2-D device simulator [11]. The numerical studies are performed to compare the
characteristics of the proposed AM-based JISFET structure with conventional IM-based ISFET on the
basis electrical and fabricating process performances. The parameters used in our study for both
structures are given in Table 1.

Table 1. Simulation parameters of both devices.

Parameters pH-ISFET pH-JISFET
Channel doping 5.1016 cm-3 (P-type) 5.1016 cm-3 (N-type)
Source/Drain doping 1020 cm-3 (N+-type) 5.1016 cm-3 (N-type)
Silicon thickness (tsi) 20 nm 20 nm
Channel length (L) 0.35 um 0.35 um
Channel width (W) 1 um 1 um
Gate oxide thickness (tox) 10 nm 10 nm
Sensing membrane high-k HoTiO3 high-k HoTiO3

The simulated AM-based JISFET has a uniform doping concentration (N, = 5.10'°cm™) throughout

the channel and source/drain regions, whereas abrupt source and drain junctions are used for the IM-
based ISFET. Appropriate models are used in ATLAS for drift-diffusion model without impact
ionization, carrier mobility, recombination-generation and the parameters such as threshold voltage,
channel electric field and leakage current compared by changing the pH between 2 and 12 at a constant
of drain current of 10pA for saturation regime and 4uA for linear domain. It is to note that all
computations have been done at room temperature.

3. Results and Discussions

Because of the uniform N-type doping of the channel, the AM-based JISFET requires an appropriate
sensing membrane and reference voltage in order to improve the sensor performances and to achieve a
suitable threshold voltage values for wide concentration range. The transconductance gives the same
peak value in a concentration range between pH=2 and pH=12 as shown in Fig. 3.

1,0x10™ - 1,0x10*

8,0x10° - - 8,0x10°
_|
g pH increasing o
]
= 6,0x10°- L 6,0x10° O
X, 6.0x —m—pH=2 R
= —®—pH=4 a
3 4.0x10° —v—pH=8  40x10° B
c pH =10 o]
£ 4 pH=12 L
5 5 5 z
2,0x10° -2,0x10° <

0,0 4% 10,0
T T T T T T T
2 1 0 1 2 3 4 5

Gate voltage [V]

Fig. 3. Curves of the drain current and the transconductance versus bias voltage with different pH values.
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The slop of the same I versus bias voltage can be obtained around the maximum transconductance.
This slop has a concept with bias voltage that is the threshold voltage of AM-based JISFET. Fig. 4
shows that the pH sensitivity of the proposed AM-based JISFET sensor was investigated through the
shift in the threshold voltage as function of pH values. This variation is mainly due to the ionization of
the surface hydroxyl groups by either hydrogen ions or hydroxyl ions. To evaluate the sensing
performances of the proposed design, we plotted the pH-dependence of the reference voltage for both
working regimes (weak and strong accumulation modes). The pH sensitivity and linearity of the
AM-based JISFET were about 59.60 mV/pH and 0.98 for weak and strong accumulation regimes. The
same sensitivity has been recorded in the case of conventional design.

024 —e— Vds=0.1V  S=59.42 mV/pH

v
| —»— vds=3v $=59.42 mV/pH ®
0,14 /
i / PS
v/
[ )
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= 074 .
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§> 06 . -
] I e
-0,4 4 & e

e
e

Bias voltage [V]

-0,5

?.

0,6 . ; . . ; — . ;
8 10 12

N
IS
o -

pH

Fig. 4. Bias voltage of the AM-based pH-JISFET as function of pH values. The inset shows bias voltage of the
conventional IM-based pH-ISFET as function of pH values for both working regimes (linear and saturation).

Table 2 shows a comparison of the sensitivities and the electrical performances of both architectures.
As can be seen from the table, AM-based JISFET has better electrical performances in comparison
with the conventional design. So, our design provides a high sensitivity, better electrical and
technological performances in comparison with the conventional structure. These results make the
proposed design as a promising candidate for future CMOS-based sensors.

Table 2. pH sensitivity and electrical characteristics of both devices.

Parameters pH-ISFET pH-JISFET
Output Conductance[ A/ V .um | 3.26.10-6 1.98.10-8
Off-current [ A/ um ] 2.42.10-5 1.62.10-5
Subthreshold Swing [mV / dec] 92.38 61.58
Threshold voltage [V] 0.07 -0.14
DIBL[mV /V] 1821.90 244.27
Power consumption [mW / yum | 2.30 0.19
Sensitivity [mV / pH | 59.42 59.60
Thermal stability f;?;}l)ee rf;;l ;Zl;i;:nge iibgl: for wide temperature
Cost average Low
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4. Conclusions

In this paper, a new pH-ISFET, called the Junctionless ISFET sensor (JISFET), based on
Accumulation- Mode aspect has been proposed. The proposed sensor has no source and drain
junctions, where the concentration and doping type is the same in the channel region and in the source
and drain. The performances of the proposed design were compared to the conventional pH-ISFET,
illustrating the superior performance of the proposed sensor with respect to the conventional
pH-ISFET in terms of fabrication process and electrical performances. Moreover, the JISFET has a
linear sensitivity about 59 mV/pH in a pH concentration ranging from pH =2 to pH=12. With
continued progress towards fabricating pH-ISFET devices, it is possible to fabricate an AM-based
JISFET without much technological processes. Our numerical analysis provides the incentive for
experimental exploration of the pH-ISFETs with Accumulation-Mode aspect.
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New RADFET Dosimeter Design For
Radioactive Environment Monitoring
Applications

M. Meguellati, F. Djeffal, D. Arar, F. Douak and L. Khettache

Abstract— In this paper, a radiation sensitive FET
(RADFET) dosimeter design (called the Dual-Dielectric Gate
All Around DDGAA RADFET dosimeter) to improve the
radiation sensitivity performance and its analytical analysis
have been proposed for RADFET dosimeter-based applications
(monitoring, robotics, medical sciences,...). The proposed
device and the Artificial Neural Networks (ANNs) have been
used to study and show the impact of the proposed dosimeter
on the environment monitoring and remote sensing
applications. The obtained results make the DDGAA RADFET
dosimeter a promising candidate for environment monitoring
applications.

Index Terms— dosimeter, RADFET, traps, irradiation,
sensitivity, Genetic Algorithm, ANNs.

1. INTRODUCTION

he Gate All Around GAA MOSFETs have emerged as

excellent devices to provide the electrostatic integrity
needed to scale down transistors to minimal channel lengths,
and allowing a continuous progress in digital and analog
applications. In addition to a better electrostatics than the
conventional bulk MOSFET, the use of these devices have
advantages relative to the electronic transport, mainly due to
(1) the reduced surface roughness scattering because the
lower vertical electric field and (ii) the reduction of the
Coulomb scattering because the film is made of
undoped/low-doped silicon [1-5]. Design and modeling
guidelines of GAA MOSFETs have been discussed in
previous work [2-5]. Employing this design for environment
monitoring applications (irradiation measurement) becomes
more beneficial if the device is made in vertical cylindrical
recrystallized silicon due to highly flexible process
integration options. There have been several reports of
MOSFETs fabricated in recrystallized silicon for high-
density digital integrated circuits [5].
Radiation sensitive MOSFETs (RADFETSs) have been focus
of interest both from applications and fundamental research
point of views. In electronic industry these devices are
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considered as attractive alternatives for nuclear industry,
space, radiotherapy and environment monitoring
applications due to their reliability, low power consumption,
non-destructive read-out of dosimetric information, high
dose range, and compatibility to standard CMOS technology
and on-chip signal processing [6-8]. The main RADFET
disadvantage is the relatively low sensitivity. In this context,
the submicron multi-gate design may be considered as
attractive alternative to overcome this disadvantage because
of the high electrical performance and reliability provided
by the multi-gate structure in comparison with single-gate
one. However, as semiconductor devices are scaled into the
deep submicron domain, short-channel effects (SCEs) begin
to plague conventional planar CMOS-based devices. To
avoid the electrical constraints and improve the sensitivity
performance, a new design and enhancement of
conventional (bulk) RADFET become important. In this
work, a new design of RADFET called the Dual-Dielectric
Gate All Around (DDGAA) RADFET dosimeter, in which
the manufacturing processes and sensitivity performances
will be greatly improved, is proposed for deep submicron
CMOS-based dosimeter applications. The (DDGAA)
RADFET dosimeter design presented in this paper is
basically surrounded dual-dielectric layers (SiO2 and
Si3N4) with low p-channel (Si) doping concentration. The
results showed that the analytical model is in agreement
with the 2-D numerical simulation over a wide range of
device parameters. The proposed structure has been
analyzed and validated by the good sensitivity and electrical
performance obtained in deep submicron regime in
comparison with the conventional (bulk) design. In addition,
in this work, we present the applicability of genetic
algorithm optimization (GA) approach to optimize the
radiation sensitivity of the DDGAA RADFET for integrated
CMOS-based dosimeters. Finally, the proposed dosimeter
model was used to study and show the impact of the
proposed design on the environment monitoring
applications.

II. THEORY DEVELOPMENT AND MODEL DERIVATION

A. Interface potential analysis

Schematic cross-sectional view of the proposed (DDGAA)
RADFET dosimeter is presented in Fig.l. The insulator
consists of a thermal oxide (SiO, ) grown on a (100) n on n+
expitaxial silicon substrate (channel), and a low pressure
CVD silicon nitride layer(Si;N,) deposited on top of the
oxide. Nps represents the doping level of the drain/source

(Advance online publication: 21 November 2012)
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Surface
Potential
(¥s)

region, respectively. The channel region is bounded by
source and drain spacing at x= 0 and L, respectively, where
L is the gate length. With a negatively applied gate bias,
holes generated in the SiO; layer are transported and trapped
at the SiO, /Si;N, interface producing a measurable
threshold-voltage shift as it is shown in Fig. 1. The
investigation reported in this work for gamma radiation
sources can also be applied qualitatively to other radiation
sources (protons, electrons, ...).

Gamma
Interface
Potential
(") vV,

Fig 2. Cross-sectional view of the proposed DDGAA RADFET design

For deep submicron devices, the solution of 2D Poisson’s
equation satisfying suitable boundary conditions is required
to model the interface potential. Refer to Fig. 1, the 2D
Poisson’s equation for the channel region is given by

1o( o 0’ q-N
;5(7’51//(1",)(5))4’@(//(1’,){'):—[) ()

The boundary conditions for y(x,r) are found by satisfying

st

continuity of both the normal component of the electric
displacement at the (Si/SiO;) interfaces, and the potential at
the source/drain sides.

Using the same parabolic potential profile in vertical
direction [2] and applying the symmetry condition of

a%r =( for r=0, we obtained the following expressions

of 2-D channel potential as

C.[. , C.t, Ct. .
0xX _ (298] _ (298] 2
Syl o 1S 0)-Ser;

si ki

ylr.x)=

where y (x) represents the surface potential, C, represents
the insulator capacitance (C,, =2z, L/In(1+2¢,/t;)), ¢,
is the silicon thickness, the effective oxide and silicon

nitride layer is defined as ¢, . =¢, +1, (¢,/&,) with ¢, is the

thickness of the SiO, (¢, = ¢, ) layer and ¢, is the thickness
of the Si;N, layer (&,), V;, is the junction voltage between
the source/drain and intrinsic silicon,
V,, = (kT /q)In(N,,g/n,), n,is the intrinsic silicon density,
V4 represents the drain-to-source voltage and kis the
Boltzmann constant. Vg* represents the effective voltage at

the gate which is introduced to simplify notations and
alleviate derivations for symmetric structure

as V; = Vgs - Vﬂ, , with Vi is the flat-band voltage.

Substituting (2) in (1), we obtain the differential equation

that deals only  with  surface potential as
d’y (x) 1

TU—?WS(X):Q (3)

with 4 = )

where A represents the natural length of the analyzed
(DDGAA) RADFET dosimeter. This parameter gives the
scaling capability (downscaling ability) of the device. D, is

a factor which represents the impact of the applied gate
voltage and channel doping on the surface potential.

The differential equation that deals only with interface
potential is given by

d’y(x) i'//*(X)

RIS T )
with D, =a— iV, and a= No&ty g el

gsi(SZtl +‘91t2) , /12(52t1 +51t2)

where l//: represents the interface potential at SiO, /Si;N,

interface which satisfies the continuity of the normal
component of the electric displacement at the interface.

This resolution of this Equation allows us the calculation of
the interface potential without (before) irradiation.

In the case of RADFET under irradiation new term should
be introduced in order to include the radiation-induced
interface-traps effect [2]. So, the parameter D, can be

written, in this case, as,D, =a—fV, —qN,/&t,, with N,

represents the irradiation induced localized interface charge
density per square area. The second term in this expression
represents the impact of the irradiation induced localized
interface charge density on the interface potential.

The surface and interface potentials can be, respectively,
expressed as

o[ x . (x—L
) (x) iDs o smh(/J — s smh[/l)

(5)
sinh(Lj
A
With ¢, =V, +A’D, and ¢, =V, +A'D,
* &, * &5l x
x)= X 6
WS() et +et, € et +et, Vs (6)

B. Threshold voltage shift model

Schematic cross-sectional view of the proposed (DDGAA)
RADFET The basic concept of RADFET dosimeter is to
convert the threshold voltage shift, A4V, , induced by

radiation, into  absorbed radiation dose, where
AV, =V, =V,, with V, andV,, represent the threshold

th
voltage after and before irradiation, respectively.

Based on the surface potential model given by Eq.(5), the
threshold voltage can be derived using the condition of the

minimum channel potential l//smirJV o, =24, with

Vermin=W.(%i)> Vo, 18 the threshold voltage value, and ¢,

represents the bulk potential of silicon body given as
¢y =(K;T/q).In(N, /n;). The location of the minimum

(Advance online publication: 21 November 2012)



Engineering Letters, 20:4, EL._ 20 4 06

surface potential can be obtained analytically by solving
M =0 2]

dx
The solution of the equation v,

Yty = 2.9, at low drain-

source voltage for long channel lengths (L>>A1) can be
given as

N, . (L (L
. (ZA B+ Lo+ f] smh(/J +(V, -V, )smh[Z/J

&1,

th — B L L (7
BA° — = |sinh| = |- 2sinh| —
A A 27
a)
with: 4=S12= %0 , p=S
&l &,

> V. oL . L
(2A¢B +4 a)smt(lj + (Vbl. - I{k)sml{ﬂ]

I/th() =V;h|N,:0: B L L
PA —= |sinh = |-2sinf —
A A 22
(7b)
From (7a) and (7b), the threshold voltage shift can be given
as
N L
Ty smh(/J
&t
av, = = 17 (70)
P47 —= |sinh| = |- 2sinh| —
A A
III. RESULTS AND DISCUSSION
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Fig 2. Variation of threshold voltage shift in function of the absorbed
radiation dose for the conventional and DDGAA RADFET designs.

The RADFET radiation sensitivity S, given by [8,9]:

AV,
— 9
D ©)
where D represents the absorbed radiation dose.

S =

In Figure 2, the variation of DDGAA RADFET sensitivity
versus the absorbed radiation dose, D, has been compared
with conventional (bulk) RADFET. For both designs, the
output response of the RADFETSs is linear with absorbed
radiation dose. It is clearly shown that DDGAA RADFET
has higher sensitivity, S = 95.45uV /Gy, in comparison with

conventional RADFET design, S =30.68uV /Gy. This

means that DDGAA RADFET has better electrical and
scaling performances in comparison with the conventional
design. So, our design provides a high sensitivity, better
electrical and technological performances in comparison
with the conventional structure. These results make the
proposed design as a promising candidate for CMOS-based
dosimeters.

A. GA-based sensitivity optimization

GA optimization has been defined as finding a vector of
decision variables satisfying constraints to give acceptable
values to objective function. It has recently been introduced
to study the complex and nonlinear systems and has found
useful applications in engineering fields. Due to the simple
mechanism and high performance provided by GA for
global optimization, GA can be applied to find the best
design of DDGAA RADFET in order to improve the
radiation sensitivity by satisfying of the following objective
function:

- Maximization of the RADFET radiation sensitivity
S(X)

Where X represents the input normalized variables vector
which is given as X =(¢,,,¢,,¢,,L) .

For the purpose of GA-based optimization of the radiation
sensitivity of DDGAA RADFET, routines and programs for
GA computation were developed using MATLAB 7.2 and
all simulations are carried out on a Pentium IV, 3GHz, 1GB
RAM computer. For the implementation of the GA,
tournament selection is employed which selects each parent
by choosing individuals at random, and then choosing the
best individual out of that set to be a parent. Scattered
crossover creates a random binary vector. It then selects the
genes where the vector is unity from the first parent, and the
genes where the vector is zero from the second parent, and
combines the genes to form the child. An optimization
process was performed for 20 population size and maximum
number of generations equal to 200, for which stabilization
of the fitness function was obtained.

The steady decrease in objective function in each
generation until it reaches a best possible value can be
attributed to the selection procedure used namely Roulette
wheel selection.

sio

TABLE II
DDGAA RADFET DESIGN PARAMETERS

Symbol Optimized design | Design without | Conventional
optimization design

L(nm) 100 100 100

ti(nm) 50 20 20

t;(nm) 5 5 5

t(nm) 15 5 -

S(uV/Gy) 162.22 95.45 30.68

The radiation sensitivity values of the DDGAA RADFET
with and without optimization are shown in Table. 1. It is
clearly shows that The radiation sensitivity, for optimized
design (162.22 uV/Gy) is better than the both conventional
RADFET (S=30.68uV/Gy) and DDGAA RADFET

without optimization (S = 95.45uV /Gy ).
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B. Radioactive environment sensing

In order to show the impact of the proposed design on the
radioactive environment monitoring, we propose the study
of a contemned radioactive environment. This latter is
considered a big challenge in the field of the environment
monitoring. In this work, using simulated database (built
from numerical data) of total dose radioactivity distribution
in 2-D space and the Multi-Layer-Perception (MLP) tool,
we will study a contemned environment by gamma
radiation.

Artificial neural network (ANN) based methods have been
widely used for modeling various complex and nonlinear
processes (classification, speech recognition, and signal
processing). The model based on artificial neural network
[10-12] assumes that input and output patterns of a given
problem are related by a set of neurons organized in hidden
layers. The layers in these networks are interconnected by
communication links that are associated with weights that
dictate the effect on the information passing through them.
These weights are determined by the learning algorithm.
The output of node ; in the hidden layer is given by

h./ = g(i W!/ X +b;/’)

i=14

And the output of the network by
k
y= Z wo,.h,
i=14

Where w, are the weights connecting the inputs to node ; in
the hidden layer, b, is the bias to the node, and wo, are the

weights from the hidden to the output layer.

The activation function relates the output of a neuron to its
input based on the neuron’s input activity level. Some of the
commonly used functions include: the threshold, piecewise
linear, sigmoid, tangent hyperbolic, and the Gaussian
function [11]. The learning process of the MLP network
involves using the input-output data to determine the
weights and biases. One of the most techniques used to
obtain these parameters is the back-propagation algorithm
[11-13]. In this method, the weights and biases are adjusted
iteratively to achieve a minimum mean square error between
the network output and the target value.

The energy recorded by the sensor has to be transmitted,
often in electronic form, to a receiving and processing
station, where the data are processed into an image.
Radiation that is not absorbed or scattered in the atmosphere
can reach and interact with the Earth's surface. There are
three forms of interaction that can take place when energy
strikes, or is incident upon the surface [14].

In remote sensing, we are most interested in measuring the
radiation reflected from targets. This reflection disgusting
the image caption by the sensors (which are located at
reception stations), we propose that interacting energy
(noise) is a Gaussian noise.

In this work, the artificial neural network is used to
denoising the image distorted by the transmission noise
(Fig. 4). In this context, the database for MLP optimization
consists of 49600 samples split into three categories:
training, validation and test sets. The training and validation
are used tune MLP configuration and the test is used to test
the MLP configuration to denoise the different regions of
the contemned environment. Test and training steps were

run for a given MLP structure to obtain the optimal MLP
configuration. The database is collected from several
RADFETs, which have been located in different regions in
the contemned environment. In order to validate the
denoising proprieties of the optimized MLP, test set is
compared to the MLP response.

Fig.5 presents the space distribution of the gamma radiation
in the investigated contemned environment after the
denoising process. It is shown that the different regions are
clearly represented. This last observation shows the
applicability and the efficiency provided by the MLP-based
approach to study the radioactive environment.

Fig. 6 shows that a good agreement between MLP and real
results is found. Hence, the optimized structure can be used
for the radioactive environment monitoring applications.

Fig 4. The distorted image due to the transmission noise.
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Fig 6. Validation of the neural network result for test set.
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IV. CONCLUSION

In this paper, we compared new sensor design, DDGAA RADFET,
with conventional planar RADFET through 2-D analytical
investigation. A two-dimensional analytical analysis comprising
radiation-induced interface-traps effect, 2D surface and interface
potentials, threshold voltage shift and sensitivity model for DDGAA
RADFET has been developed. The threshold voltage shift behavior
of the proposed design was more effectively improved than those of
the conventional planar RADFET. Also, we confirmed that
DDGAA RADFET had advantages in CMOS scaling in comparison
with planar RADFET. Application of the GA-based design
approach to DDGAA RADFET has also been discussed. It can be
concluded that proposed GA-based approach is efficient and gives
the promising results. In order to show the impact of the proposed
design on the radioactive environment monitoring, we developed a

MLP-based

study a contemned radioactive

environment. The proposed approach can be used for remote
sensing applications, where the information about the contemned
radioactive environment should be transmitted in electronic form
to a receiving and processing station.

[13]

[14]
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In this paper, a new nanoscale graded channel gate stack (GCGS) double-gate (DG) MOSFET structure
and its 2-D analytical model have been proposed, investigated and expected to suppress the short-
channel-effects (SCEs) and improve the subthreshold performances for nanoelectronics applications.
The model predicts a shift, increasing potential barrier, in the surface potential profile along the channel,
which ensures a reduced threshold voltage roll-off and DIBL effects. In the proposed structure, the
subthreshold current and subthreshold swing characteristics are greatly improved in comparison with

PACS: the conventional DG MOSFETs. The developed approaches are verified and validated by the good
85.35.-p agreement found with the numerical simulation. (GCGS) DG MOSFET can alleviate the critical problem
gg'gg':;n and further improve the immunity of SCEs of CMOS-based devices in the nanoscale regime.
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1. Introduction

The inherent benefits of MOSFET scaling are the speed
improvement and the energy reduction which are associated
with a binary-logic transition [1]. As the MOSFET is scaled below
the 100nm technology node, the advantages of MOSFET are
diminished by the short-channel-effects (SCEs) [1,2]. These effects
lead to the scaling limitations on conventional planar single gate
MOSFETs. To overcome these limitations and realize high-
performance MOS transistors, a new multi-gate transistor called
double-gate MOSFET has been proposed as potential candidate for
nanoscale CMOS-based circuits’ design [1-5]. But, the continued
scaling of SiO,-based gate dielectrics leads to a large gate leakage
and therefore, DG MOSFET performances can be degraded [4]. To
minimize short-channel-effects and maintain full depletion and
improved drain current, a new design and improvement of
conventional DG MOSFETs become important. In this work, a
new design of DG MOSFET called graded channel gate stack
(GCGS) double-gate (DG) MOSFET, in which the gate leakage and
SCEs will be greatly improved, is proposed for the future ULSI

* Corresponding author. Tel.: +213773796503; fax: +213 333805494.
E-mail address: faycaldzdz@hotmail.com (F. Djeffal).

circuits. In the proposed design, the average electric field under
the gate further increases and the high density of interface trap
states can be reduced using a gate stack structure [6-8]. Also, the
incorporation of the step-function profile in channel doping can
improve the breakdown voltage behavior in comparison with
conventional fully depleted SOI MOSFETs devices for wide
temperature range [9].

In this paper, we have developed a new analytical compact
subthreshold behavior model comprising 2-D channel potential,
threshold voltage, drain induced barrier lowering effect (DIBL),
subthreshold current and subthreshold swing factor in order to
explain the advantages of the proposed (GCGS) DG MOSFET over
the conventional DG MOSFET with the same geometric specifica-
tions that allow us to utilize the benefits of the incorporation of
both, the graded channel and high-k layer, aspects on the
immunity of the proposed design against the short-channel-
effects. The results so obtained are in close proximity with the
simulated results thus confirming the validity of the proposed
model.

This paper is organized as follows. Section 2 presents
the modeling methodology of the subthreshold performances
for the proposed design. Section 3 gives the obtained
modeling results and discussion. Finally the conclusion is given
in Section 4.

1386-9477/$ - see front matter Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.physe.2009.08.002
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2. Model formulation
2.1. Surface potential

A cross-sectional view of nanoscale graded channel gate stack
(GCGS) DG MOSFET is shown in Fig. 1. The step-function graded
channel doping distribution region is presented in Region I with a
length of L; where Ny and Ny, represent the high and low doping
concentrations for both regions, respectively, L is the channel
length of the DG MOSFET. The structure is symmetric, with a
double-layer gate stack, oxide and high-k layers, with no overlap
with the source extensions. ND/S represents the doping level of
the drain/source region, respectively. Refer to Fig. 1, the Poisson’s
equation for both regions is given by

FYx.y) YY) _dNa

Region I : o2 2 P (1)
o YY) | PYy)  qNay
Region II : P + 3 ey (1b)

where the electrostatic potential (x, y) is referenced to the
Fermi level, g represents the electronic charge and &g the silicon
permittivity. The boundary conditions for i are found by
satisfying the continuity of both the potential and the
normal component of the electric displacement at the (Si/SiO,)

Drain
NaL

Region 1

Nan
Region II

Source

GATE
. : Oxide layer (t1)
High-K layer

(t2)

Y Low doped
region

igh doped
region

Fig. 1. (GCGS) DG MOSFET: (a) 3-D structure, (b) coss-sectional view through the
channel.

interfaces, and the continuity of the potential at the source/drain
sides

Ve —¥(x,0)  ap(x,y)
Eox Eelf toxeff = &si oy {J’=0 (23)
Ve — V(X ts)  ap(x.y)
o tofof — o oy |y=t5,- (Zb)
W(0,y) = Vi, (20
(L, y) = Vi + Vs (2d)

where &,y is the oxide permittivity, t; the thickness of silicon
channel, V,; the junction voltage between the source/drain and the
intrinsic silicon, Vy; = (kT/q)In(Npss/n;), n; the intrinsic silicon
density and Vg, the drain-to-source voltage. to.f is the effective
oxide layer thickness of the insulator layer, oxide and high-k
layers, and is defined as

&1
t, =t —t 3a
oxeff 1+ P 2 ( )

where t; is the thickness of the SiO, (&,x = ¢1) layer and t, is the
thickness of the high-k layer (&5).

Vrer and Vg op, represent the effective voltages at the front and
bottom gates which are introduced to simplify notations and
alleviate derivations for symmetric structure as follows:

VE = VF.eff = VB,ejf = Vgs - ¢Ms (3b)

where ¢ys is the gate work function is referenced to the intrinsic
silicon and Vg represents the gate source voltage. For the
symmetric structure, the electric field in the vertical (y) direction
is symmetric with respect to y = t/2.

Following the approach developed by young [10], the potential
distribution in the silicon film in the two regions is assumed to be
a parabolic profile and is written as

Y(x,y) = a(x) + bx)y + c(x)y? (4a)

Applying the boundary conditions (Eqs. (2a)-(2d) and oy/
9oy = 0, the symmetry condition of the structure, for y = t5/2), we
obtained the following expression of 2-D channel potential:

S _y* S _V*
Y, y) = y(x) + Zox V5X) ~ Vg y- ox Y5X) £ y? (4b)

Esi toxejf Esi toxeff Csi

where /4(x) represents the surface potential at Si/SiO, interfaces.

Substituting Eq. (4b) in Eqs. (1a)-(1b), we obtain the
differential equation that deals only with the surface potential
in the regions I and II as

. d2yax) 1
Region I : g;]z( ) _ P Ve (X) = Dy
2
Region I : o 1

a2 Y (x) =Dy

with 1 = /s boxepr tsi/2 €1, D1 = (q Nar/esi)—(1/2%) V¥4 for Region I,
and D, = (q Nan/esi)—(1/2%) V*4 for Region IL.

In Region I (0<x<L;), the Boundary conditions of the surface
potential (Fig. 1) are given as

l//sl x=0) = Vbi (5a)
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lpsl (X = Ll) = Vp (Sb)

Using the Boundary conditions Egs. (5a) and (5b), the surface
potential in the first Region can be expressed as
" ¢p1 Sinh(x/72) — ¢y sinh((x — L1)/2)

_ 2
Y1 (%) = —=A" Dy sinh(L; /)

©)

with ¢D1 = Vp+)uz D] and (}')51 = Vbi+j,2 D1
In Region II (L <x<L), the Boundary conditions of the surface
potential (Fig. 1) are given as

Yox=1L1)=Vp (7a)

l//sz(x = L) = Vpi + Vs (7b)

Using Egs. (7a) and (7b), the surface potential in the second
region can be expressed as
¢, sinh(x — Ly /A) — ¢pp, sinh(x — L/24)
sinh(L — Ly /%)

Vo) =—12Dy + ®)
with ¢py = Vp+)uz D, and ¢ = Vbi+Vds+)~2 D,

Vp is the potential developed at the boundary of low doping
channel and high doping regions. Using the continuity equation of
the electric field at x = L;, the value of this potential can be
derived from

alps] — al//32

ax T T

}x:L,

2.2. Threshold voltage

To evaluate the short- channel-effects parameters (threshold
voltage roll-off, subthreshold current and subthreshold swing), we
need to find the potential minimum along the channel. The
position of minimum surface potential, Xy, is calculated by
differentiating Eqgs. (6) and (8) for both regions and equating the
resulting expressions to zero. The position of the minimum
surface potential and minimum surface potential are then
obtained from Eqgs. (6) and (8) for both regions as

1 (bq —dpiet”
s = [ (= o

lps]min = _)”2 D,
d’Dl Sinh(xminl /)L) — ¢s1 Sinh((xminl — Ll)/)v)
+ sinh(L, /%) (9b)
(Lt L)\ A (et — g, el/?
s = (457) 5 (G (1o
l//SZmin = _)“2 D,
+ ¢52 Sinh((xminz - Ll)/i) - ¢D2 Sinh((xminz - L)/)“) (10b)

sinh((L — Ly)/2)

It is important to note that the minimum surface potential is
defined as

l//smin = min(l//ﬂ min> l//52min) an

The threshold voltage, V,,, can be obtained by equating the
minimum surface potential ¥smin to 2¢p with ¢p represents the
bulk potential of the silicon body given as, ¢ = (kT/q)In(Ncy/n;)

where N¢y represents the channel doping (Ncy = Ny, in the first
region and Ncy = Nap in the second region).

On solving Ysmin = 2¢5, numerically, the threshold voltage can
be calculated.

2.3. Subthreshold current

The current density primarily flows from the drain to the
source and consists of both terms of drift current and diffusion
current. The developed 2-D potential model can be used to drive
an explicit analytical current equation in the subthreshold regime.
For this, we follow the procedure proposed for 4-T and 3-T double-
gate MOSFETs [11]. In the weak inversion region, the current is
principally diffusion dominated and proportional to the electron
concentration at the virtual cathode. Therefore, the subthreshold
current derived for our (GCGS) DG MOSFET can be expressed as

Jn(y) = gD, "mn )

(1 — e Vas/Vty (12)

where D, represents the diffusion constant and Vt the thermal
voltage. To evaluate the subthreshold current, we need to find the
carrier concentration, nyin(y), at the point along the channel
where the potential is minimum. Since the minimum potential
Ymin(y) varies with distance from the two gates, we can obtain the
value of the minimum potential by replacing xi, in Eq. (4b) [5].

Using Boltzmann distribution, the electron density at virtual
cathode can be written as

Nmin(y) = (2 /Negp)e!/mn /vt (13)

The proposed structure (Fig. 1) can be considered as two gate
stack (GS) DG MOSFETSs, both devices are given by the first and the
second region, respectively. It is clear that both devices are biased
by two different voltages which are: V, for the first (GS) DG
MOSFET, and V4—V,, for the second one. In the weak inversion
domain, the subthreshold current for each region can be obtained
by integrating Eq. (12) along the silicon film [11] taking into
account the biasing voltage of each device. So, the total
subthreshold current in our study can be given as

Isub = Isubl + Isub2 (]4)

with Isypq and Iy, represent the subthreshold current for the first
and second region ,respectively, given as

L1 = zﬂ(ewmm/w — eVmin/VEy (15a)
Es

Ly = 2 @(ed/mm/w — eVmin/ V0 (15b)
Es

where Es  represents the constant electric field,

Es = 2(Y/min—Yinin)/tsi» Winin is the minimum potential at (Si/SiO,)
interface given by Yimin = Ymin(Xmin» 0), ¥min represents the
minimum potential, ¥/ min = ¥ (Xmin, tsi/2) and K; a constant defined
as Ky = (qu,Wvtn? /LiNap)(1 — e="*/Yty and K, = (qu,Wvtn? /(L —
L) Nag)(1 — e~Vas=V»)/Vty with W is the width of the (GCGS) DG
MOSFET.

2.4. Subthreshold swing model

Assuming that the drain current, Iy, is proportional to the total
amount of the free carrier at the virtual cathode and their density
Nmin(y) follows the Boltzmann distribution function (13), a general



E Djeffal et al. / Physica E 41 (2009) 1872-1877 1875

subthreshold swing (S) model is obtained [3,5,10,12,13] as
OV
~ ologly

_ [57X0 Wi/ V0@ Vey] o
167% €XP (W min/Vi)dy

(150)

An approximate solution of the integral (15c¢) given [10] as,

-1
s= T 1n(10) {%}

=3 = (15d)
gs

Therefore, a closed form expression for subthreshold swing for
our (GCGS) DG MOSEFET, in the case of Y¥/smin = ¥s1min Where the
minimum position is located in the first region, is obtained as

For long channel devices (L>A) a simple new analytical
subthreshold swing model can be expressed as

Sinh((xminl - L])//l) !
sinh(L /1) }

_kT
T q

S

In(10) [1 + (15f)

In addition, for short-channel conventional DG MOSFETSs,
L, =L and &, = &, a new simple compact model can be given as

_ kT sinh((Xmin — L)/A) — sinh(Xpin/4) -1
S= T In(10) [1 + Smh(L/7) }

(15g)

The developed compact subthreshold swing has been used to
plot a graphical abacus to study the scaling capability of the
proposed (GCGS) DG MOSFET structure.

kT (o + B) — sinh(L; /A) — sinh((L — L1)/4) — sinh(L/A))y + sinh((Xmin1 — L1)/4)] "

S= q In(10)| 1+ sinh(L; /%)

with o = sinh(L,/4)cosh((L;—L)/A), p = sinh((L—L;)/A)cosh(L/4)
and 7y = ((sinh(Xmin1/2))/(sinh(L/4)))

0.9 . .
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Fig. 2. Variation of surface potential along the channel for a 20 nm (GCGS) DG
MOSEFET as function of: (a) high-k thickness, t,, and (b) dielectric permittivity (&5).

(15e)

3. Results and discussion

Fig. 2 shows the variation of surface potential along the
channel for (GCGS) DG MOSFET for L = 20 nm. It can be seen that
the incorporation of GCGS design introduces an increasing of the
potential barrier with the increasing of high-k layer dielectric
permittivity &, (Fig. 2a). But, this potential barrier is decreased
when the high-k thickness (t;) is increased (Fig. 2b). The shift in
the potential profile screens the region near the source end from
the variations in drain voltage and thus ensures reduction in
threshold voltage roll-off in comparison with conventional DG
MOSFETs. Thus, gate stack oxide acts as a controlling gate oxide.
Fig. 3 compares the threshold voltage roll-off at drain source bias
(Vas = 0.3 V) for different lengths for conventional and (GCGS) DG
MOSFETs. It is shown that the threshold voltage roll-off effect is
considerably reduced in case of (GCGS) DG MOSFET even for
channel lengths down to 10 nm. Moreover, due to the improved
gate controllability, (GCGS) DG MOSFET has a lower threshold
voltage as compared to conventional DG MOSFET which makes it
suitable for nanoelectronics digital applications. Fig. 4 shows the
variation of DIBL with channel length for different high-k
dielectric constant for different DG MOSFETs structures. The
DIBL is obtained from the difference between the threshold

T T T T T
0.0 - = =

>
= 01 F -
?
E
%’ -02 -
T; Symbols: 2-D numerical simulations
2 03 L e Conventional DG MOSFET g, = 3.9 (SiO,)
2 v GCGS DG MOSFET ¢, = 10
= m GCGS DG MOSFET ¢, = 20
= 04 A GCGS DG MOSFET ¢, = 40

o Solid line: Our model ]

-0.5 . 1 . 1 . 1 . 1 . 1

0 20 40 60 80 100

Channel Length L [nm]

Fig. 3. Calculated threshold voltage roll-off for conventional and (GCGS) DG
MOSFETs as function channel length (L) and dielectric permittivity (&;) (L = L/3,
t; =1nm, t, = 1.5nm, t; = 10nm, Nayy = 5.105cm~> and Ny, = 10"° cm—3).
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Symbols: 2-D numerical simulations
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§ Solid line: Our model
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Fig. 4. Drain induced barrier lowering, DIBL, coefficient as function of channel
length, for different dielectric constants (&) (L =L/3, t; =1nm, t; =1.5nm,
t;; = 10nm, Nay = 5.10cm 3 and Ny, = 10"°cm3).
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Fig. 5. Subthreshold current variation for different dielectric constants (e;)
(L=20nm, Ly =L/2, ty=1nm, t;=15nm, t;=10nm, Nay=5.10°cm—> and
Ny, = 10" cm™3).

voltage at high drain-drain source voltage value (0.3V) and the
threshold voltage value at low drain-drain source voltage value
(0.1V). From Fig. 4, it can be shown that DIBL is lowest for (GCGS)
DG MOSFET design as compared to conventional structure which
indicates the fact that the incorporation of graded channel and
high-k designs lead to an improvement of short-channel-effects.

In Fig. 5, the variation of subthreshold current with gate
voltage for different high-k dielectric constants has been
compared with conventional and uniform doped channel
devices (UC DG MOSFET). Here, again, good agreement is
obtained with simulation results using Silvaco and nanoM0S2.5
numerical simulators tools [14]. It is clearly shown that the
subthreshold current reduces as the dielectric constant, &, and
high doping value, Nny, are increased. For conventional DG
MOSFET, the OFF-state current is no longer negligible and
contributes to standby power where the ratio I/l calculated
in this case equal to 0.25 x 10°. In the case of (GCGS) DG MOSFET,
we have found that the subthreshold current is greatly reduced
and the ratio I,n/log increased to 15 x 10%. It is to note that the

—— DG MOSFET
-—- UC DG MOSFET g, = 10
---- GCGS DG MOSFET ¢, = 10
"""" GCGS DG MOSFET ¢, = 40

70 — %

T T L T T

Channel length (L) [nm]

S = 100mv/dec

O L 1 L 1 L 1 L 1 L
5 10 15 20 25 30
Silicon channel thickness (t;) [nm]

Fig. 6. Graphical abacus which allows studying the scaling capability of the
proposed (GCGS) DG MOSFET design.

device with a low leakage current and high ratio, Io,/Io5 can
provide the circuit with high quality commutation from OFF-state
to ON-state when it is in digital operation for ULSI application.
Therefore, the proposed (GCGS) DG MOSFET design can be
considered as a potential candidate for nanoscale CMOS-based
digital circuits. Fig. 6 shows the evolution of the subthreshold
swing for different structures, where the effect of the (GCGS)
design on the law of scaling capability of the DG MOSFET is
presented. Clearly, 10 nm (GCGS) DG MOSFETs are likely to be used
for the condition where S = 100mV/dec is tolerable. For equal
electrical and geometrical parameters, the (GCGS) DG MOSFETs
provide a better subthreshold swing and a smaller OFF-current
with respect to conventional and UC DG MOSFETs. In addition, it
has been found that the scaling capability is improved and the
minimal channel length of (GCGS) DG MOSFET is reduced to 37%
for S = 60 mV/dec. Therefore, in (GCGS) DG MOSFET, the graded
channel and high-k design in which the doping is kept low at near
the source side and high near the drain end provides excellent
immunity against the short-channel-effects and enhancement in
subthreshold swing compared to the uniformly doped and
conventional devices.

4. Conclusion

In this paper, 2-D subthreshold behavior model has been
developed for (GCGS) DG MOSFET. It has been shown that the
incorporation of the step-function profile in channel doping and
the introduction of high-k region on the oxide layer exhibit an
improvement in the screening of the drain potential variation, and
reduced short-channel-effects. The law of scaling capability of the
proposed structure was compared to the conventional double-
gate case, illustrating the improved subthreshold behavior of the
(GCGS) DG MOSFET over DG MOSFETs. The obtained results have
been verified and validated using numerical simulators. As device
dimensions penetrate into the nanoscale regime, the improved
obtained performances make (GCGS) DG MOSFETs a better choice
for future nanoscale CMOS-based devices.
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ABSTRACT:

Sensors are central to engineering applications which are used for process control,
monitoring, and safety. Sensors are also important in medicine for diagnostics, monitoring,
critical care, and public health. This work is dedicated to the modeling of proposed devices
and their applications in engineering systems. This dissertation is divided into four chapters;
the first one is reserved to the Sensors and their applications in engineering. In the second
chapter, novel designs to deep submicron FET-based chemical sensors are presented. The
followed chapter, a new radiation sensitive FET (RADFET) dosimeter design (called the
Dual-Dielectric Gate All around DDGAA RADFET dosimeter) to improve the radiation
sensitivity performance and its analytical analysis have been proposed. Finally, in the last
chapter, Improvement and Implementation of the (DDGAA) RADFET sensor in radioactive
environment are presented using genetic Algorithms and artificial neural networks. We hope
that this work has succeeded in reaching the fixed goals and satisfying too.

Keywords: ISFET, RADFET, gate all around, Genetic Algorithm, Sensor, Irradiation,
Sensitivity, Dosimeter.

RESUME:

Les capteurs sont au cceur des applications d'ingénierie qui sont utilisés pour le
controle de processus, de surveillance et de sécurité. Les capteurs sont aussi importants en
médecine pour le diagnostic, la surveillance, les soins intensifs et la santé publique. Le travail
abordé dans cette thése est consacré a la proposition et la modélisation des nouveaux
dispositifs ainsi leurs applications dans les systémes d’ingénierie. Cette thése est composée de
quatre chapitres: le premier chapitre expose une étude détaillée sur la notion des capteurs et
leurs applications dans l'ingénierie. Dans le deuxiéme chapitre, la modélisation analytique et
numérique des nouvelles conceptions des capteurs chimiques submicroniques a base de FET
est présentée. Le chapitre suivant, un nouveau dosimétre a base de FET a été développé
(appelée dosimetre a double diélectrique avec Porte enrobée DDGAA RADFET) pour
améliorer les performances de sensibilité de capteur pour large domaine d’application. Le
dernier chapitre est destiné a l'amélioration des performances du capteur développé et leur
implémentation dans un milieu radioactif en utilisant les techniques évolutionnaires et
connexionnistes. Nous pensons que ce travail a permis d’atteindre les objectifs fixés ainsi que
les résultats obtenus sont satisfaisants.

Mots-clés: ISFET, RADFET, porte circulaire, algorithme génétique, Capteur, irradiation,
Sensibilité, dosimétre.
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