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ABSTRACT

FABRICATION AND CHARACTERIZATION OF THE STACKED
NUCLEAR RADIATION SENSING FIELD EFFECT TRANSISTORS
(NurFETs) WITH HIGH-K
PHD THESIS
SALEH ABUBAKAR
INSTITUTE OF GRADUATE STUDIES
BOLU ABANT IZZET BAYSAL UNIVERSITY
DEPARTMENT OF PHYSICS
(SUPERVISOR: PROF. DR. ERCAN YILMAZ)

BOLU, MAY 2021
XVI +103

NirFETs are integrated ionizing radiation sensors that operate on the principle of
converting radiation-induced threshold voltages into absorbed doses, which are
commonly used to measure absorbed doses in spacecraft, military, high energy
physics laboratories, and radiotherapy. However, one of the major drawbacks of
the conventional NiirFETs is the inability to sense and detect very low radiation
doses at the mGy range, which are needed for personal dosimeter and low
radiation environments. In this study, the NiirFETs with a stacked structure, a
design method, where NiirFETs are coupled in a stacked structure (stacked-
NiirFETs) were fabricated. The stacked-NirFETs structure approach was
designed to improve the sensitivity of single NiirFETs and the performance of the
stacked-NurFETs as radiation sensors were investigated and discussed. The pre-
irradiation electrical characteristics of the device were evaluated, and the initial
threshold voltages (V) have shifted to larger negative voltage values, which are
proportional to the number of the NiirFETs increased in the stacked-NurFETs
structure. The post-irradiation electrical characteristics of the device were
obtained, and their responses to irradiation and possible usages in radiation
dosimetry have been investigated and discussed. The results demonstrate that the
sensitivities of the stacked-NurFETs are directly proportional to the number of
sensors used in the stacked-NurFETs structure.

KEYWORDS: Stacked-NurFETs, NiirFETs, Radiation Effects, Radiation
Sensors, Dosimeters.



OZET

YUKSEK-K'LI NUKLEER RADYASYONA DUYARLI ALAN ETKILi
TRANSISTORLERIN (NiirFETs) YIGIN YAPIDA URETIiMi VE
KARAKTERIZASYONU
DOKTORA TEZi
SALEH ABUBAKAR
BOLU ABANT iZZET BAYSAL UNIiVERSITESI
LiISANSUSTU EGITiM ENSTITUSU
FiZiK ANABILIM DALI

(TEZ DANISMANI: PROF. DR. ERCAN YILMAZ)

BOLU, MAYIS - 2021
XVI + 103

NiirFET'ler, niikleer radyasyona duyarli alan etkili transistorler uzay araglarinda,
askeri alanda, yiiksek enerji fizigi laboratuvarlarinda ve radyoterapide yaygin
olarak sogrulan dozu 6l¢gmek amaciyla kullanilirlar. Bu radyasyon sensorlerinin
en biiylik dezavantaji bazi medikal uygulamalar ve kisisel dozimetre olarak
kullanim i¢in gerekli olan birkag mGy’den daha diisiik radyasyon dozlarini
okuyamamalaridir. Bu calismada, yigin yapiya sahip NUrFET iretilmistir.
NirFET'lerin yigin bir yapida birlestirerek bir tasarim yontemi ile yigin-
NirFET'ler elde edilmistir. Tekli NiirFET'lerin radyasyon duyarligini gelistirmek
icin y18in yap:r yaklasimi tasarlanmis ve y18in-NirFET lerin radyasyon sensorii
olarak performansi incelenmis ve degerlendirilmistir. Aygitlarin, 1s1nlama 6ncesi
elektriksel karakterizasyonu degerlendirilmis ve baslangi¢ esik gerilimleri (V)
y18m-NUrFET lerin yapisinda artan NirFET sayisi ile orantili olan daha biiyiik
negatif gerilim degerlerine kaydig1 gozlenmistir. Yigin-NiirFET lerin 1sinlanma
sonras1 elektriksel karakterizasyonu elde edilerek y1gm-NurFET yapilarinin
radyasyon cevaplari ve duyarliliklar1 detayli olarak incelenmis ve elde edilen veri
analizlerine gore y18in-NUrFET lerin olasi radyasyon dozimetre olarak kullanimi
degerlendirilmistir. Sonuglar incelendiginde y1gin-NiirFET lerin hassasiyetlerinin
yapida bulunan artan NirFET sensor sayist ile dogru orantili oldugu goriilmiistiir.

ANAHTAR KELIMELER: NirFET’ler, Y1gn-NiirFET’ler, Radyasyon
Etkileri, Radyasyon Sensorleri, Dozimetreler.
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1. INTRODUCTION

Nuclear Radiation Field Effect Transistors (NiirFETSs) or in another name
Radiation Field Effect Transistors (RadFETs) are widely used to measure absorbed
radiation doses in radiation environments such as spacecraft, military, high energy
physics laboratories, and radiotherapy (1-43). The main advantage of the NiirFETs
sensors is that they are very small in size and provides an instant readout of the
irradiated total doses. The dose ranges for various applications are as follows;
nuclear application: approximately 10 to 10° Gy, space applications: approximately
0.1 Gy to 5000 Gy, medical applications: approximately 10 mGy to 500 Gy, and
for personnel dosimetry ranges from 10 uGy to 10 Gy (9,30,44). However, the
application and reliability of these devices strongly depend on their sensitivity and
stability (4,5,7-9,24,39).

The major disadvantage of these radiation sensors is that they have not been
able to read radiation doses lower than a few mGy required for uses in some medical
applications and personal dosimeters, due to the low sensitivity of the devices (5,7—
9,11,12,19,20,22,23,25,27-29,41). In this study, the stack structure (stacked-
NiirFETs) approach was designed to improve the sensitivity of single NiirFETs and
the performance of the stacked-NuirFETs as a radiation sensor.

Nearly all of today’s technology involves the use of semiconductors, which
attracted attention for being a circuit; integrated circuit (IC) (45-49). Almost all of
today’s radiation sensors are semiconductor-based devices
(5,7,10,12,13,16,18,19,24,35,39,40,50-53). To produce reliable semiconducting
devices, purification is necessary such as chemical purification. All kinds of
impurities can cause significant effects no matter how small it is. Any small
inadequacy can distract from how the semiconducting device behaves or perform.
Crystalline solids semiconducting materials are the well-known semiconducting
materials, but also non-crystalline solids semiconductor exists, such as amorphous
and liquid. And these are the combination of different proportions, such as hydro-
generated amorphous silicon and arsenic mixtures, tellurium, and selenium. These
semiconducting materials share better-known semiconductors the properties of
intermediate conductivity and a rapid variation of conductivity with temperature,
as well as occasional negative resistance. Such disordered materials lack the rigid

crystalline structure of conventional semiconductors such as silicon (54). They are
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generally used in thin-film structures, which do not require material of higher
electronic quality, being relatively insensitive to impurities and radiation damage
(55). A Semiconductor (silicon) is the mother of modern electronics that set the
foundation of today’s technologies. For the semiconductors, the bandgap is so small
between that of conduction bands and valence bands, which excitation of those
thermals can overlap or bridge the gaps between. Having such a small gap between,
small amounts of doping materials can change the electrical conductivity that can
increase conductivity intensely. For an advanced understanding of semiconductors
and their properties, electrons-hole movements in the crystal lattice are explained
in Quantum Physics (46,49,54,55). The unique arrangement of the crystal lattice
makes silicon the most commonly used element in the preparation of
semiconducting materials. Increased knowledge of semiconductor materials and
fabrication processes has made possible continuing increases in the complexity and

speed of microprocessors and memory devices (45,48,55).

In recent years, in many countries, the field of health proton accelerator to
produce diagnostic radioisotope, the establishment of new radiation unit for cancer
treatment (radiotherapy) and nuclear power plants to meet its energy needs, satellite
designs for space exploration are taking important steps in their fields (3,9—
13,24,35,39,40,42). These advancements made by researchers in the field of nuclear
technologies increase the need for devices that can read the radiation dose with high
sensitivity, accuracy, ability, and the capability to measure exposed radiation. It is
very important to measure the dose of the environment to determine the dose to
which the personnel working in the areas at risk of radiation and to determine the

possible radiation damages that may occur in critical electronic components.

The developments of today's technologies have increased the importance of
these MOS-based radiation sensors, which are needed for medical and personnel
applications. For this reason, the improvement of the sensitivity of the single
NiurFET via stacked-NurFET fabrication and investigation has been planned.
Stacked field effects transistor (stacked-NiurFETs/RadFETs), is a new design
approach, whereby more than one single NiirFETs/RadFETs are connected serially
on the same chip to increase the radiation sensitivity of the single field effects

transistor sensors (15,44,56-58). The main advantage of these stack structures is



that the sensitivity of the MOS-based field effects transistor sensor is increased
depending on the number of NirFETs in the stacked-NurFETs structure (37).
Furthermore, for the radiation sensor to be able to measure exposed radiation dose
in the lower range the sensitive gate dielectric layer thickness should have to be
thicker than 1 pm. The usage of stacked-NurFETs instead of a thicker dielectric
gate layer will be a solution to the tunneling effects caused by thicker gate oxides.
Using a stack structure will keep the same capacitance and decreases the leakage
current (1,37,44,57,58). Therefore, in the scope of this thesis, the MOSFET having
Si02 and Er20s5 gate dielectrics have been fabricated and the possible device usage
and device failure mechanism under radiation environment has been investigated
comprehensively. Moreover, the variations on the Er.O3 characteristics have also

been compared to SiO; gate dielectric stacked-NiirFETs.

The radiation sensors/dosimeters that undertake these tasks are divided into
two types, which provide active and passive measurements (46,48,54). With
dosimeters that allow passive measurement such as Thermo-Luminescence
Dosimeters (TLD) and Optical-Stimulated Luminescence (OST), the dose taken by
the user can be measured after a certain period. The TLD is smaller in size and well-
characterized. The Optical-Stimulated Luminescence devices such as gas-based
sensors require voltage consumption during the measurements. Precisely, the
calibration procedures of the TLD, which are widely used in personal dose
measurements, are quite multifaceted and the large changes in sensitivity can be
seen as important disadvantages of these devices. Another important disadvantage
of passive dosimeters is that they cannot measure the dose instantly and cannot act

as an alarm in case of any emergency (55,59).



2. GENERAL OUTLOOK

One of the significant advantages of NirFETs is that they can provide both
active and passive measurements of the absorbed radiation doses (5,8,41).
Radiation dosimeters are devices that measure ionizing radiation doses. Generally,
these devices are a combination of electronic components and one or more sensors,
which are integrated for measuring devices. Radiation dosimeters can be classified
as devices that display dose values directly (active dosimeters) or devices that
cannot display dose values directly, thus record a signal that can be measure and

converted into doses (passive dosimeters) (45,55):

Active dosimeters: Active dosimeters produce a radiation-dependent signal
that displays a direct reading of the radiation sensor dose in real-time. Active
dosimeters are electronic dosimeters that can provide real-time information, not
only as an integrated dose of radiation environments, but also the dose rate is a very
important parameter to be known in case of accidental radiation. They can be

equipped with alarms set at different thresholds as required (45,55).

Electronic semiconductor-based active dosimeters are modern sensors that
give an instant and continuous reading of cumulative doses and current-applied
doses. They are also used as an alarm, which alerts the wearer in case of emergency.

Active dosimeters can be used in both high and low radiation environments (45).

Active dosimeters are powered by a battery system and the most commonly
active dosimeters are metal-oxide-semiconductor filed effects transistors in which
1onizing radiation generate charges resulting in measurable electric currents. Also,
a sensing elements tube is used to detect radiation, which indicates the result and
processing electronic components, these dosimeters are commonly applicable in
portable instrumentations due to their high sensitivity, but they lack reliability. Any
ionizing radiation can cause a high avalanche, which can bring about long-time
recovery between the pulses in the sensing elements tube. Consequently, these
dosimeters have difficulties in measuring high radiation because of the dead time

of the tube (5,13).



MOS-based dosimeters are based on ionization in solid such as silicon that
has three terminals; source, drain, and gate (MOSFETs). MOSFETs are silicon-
based transistors with discharge gate-source structures in which the gate layer is
sensitive to ionizing radiation, particularly gamma rays and X-rays. The structure
of MOS-based dosimeters includes a MOS structure with a doped source and drain
regions. In development mode (Vs ~ 0), p-channel MOSFET dosimeters have an
n-type semiconductor as substrate and p + source and discharge regions created by
the doping process. When a voltage lower than a threshold voltage (Vgs <Vu) is
applied to the gate, there is no current flow between the drain and the source zone,
even if there is a drain voltage (Vps). In this mode, the NiirFETSs act as two front-
to-front p-n connections. However, when Vgs > Vu, the semiconductor layer is
reversed and a transmission channel is created below the gate dielectric. In this
mode, current can flow from the source to the drain in the presence of Vps. Increases
in gate voltage increase the number of carriers in the inverted channels and allow

more current flow (8,9,13,39).

Passive dosimeters: Solid state devices (dosimeters) such as Thermo-
Luminescent, optically induced luminescence, and film (including radio chromic
film) that can be placed on personnel working in a radiation environment or inside
cavities to measure skin or organ doses. Passive dosimeters are generally used in
high radiation environments. The radiation dosimeters that undertake these tasks
are passive dosimeters, which provide passive measurements. With dosimeters that
allow passive measurement such as Thermo-Luminescence Dosimeters (TLD) and
Optical-Stimulated Luminescence (OST), the dose taken by the user can be

measured after a certain period (5).

TLD are passive dosimeters that measure exposed ionizing radiation by
measuring the visible light intensity, which is emitted from the sensitive region of
the crystal in the dosimeter when the crystal is heated. The emitted light intensity
depends on the exposed radiation. The TLD is smaller in size and well-
characterized. TLD devices were invented in 1954 by Professor Farrington Daniels
of the Wisconsin-Madison University. These dosimeters are applicable in which

real-time readout is not needed (45).



The Optical-Stimulated Luminescence devices such as gas-based sensors
require voltage consumption during the measurements. Precisely, the calibration
procedures of the TLD, which are widely used in personal dose measurements, are
quite multifaceted and the large changes in sensitivity can be seen as important

disadvantages of these devices (45,55).

Another important disadvantage of passive dosimeters is that they cannot
measure the dose instantly and cannot act as an alarm in case of any emergency.
TLD and film badges are the commonly used passive dosimeters. These passive
dosimeters generate radiation-induced charges (signal), which are stored in the

devices and the outputs are analyzed later.

2.1 NiurFETs
NirFETs are discrete p-channel Metal Oxide Semiconductor Field-Effect

Transistors (MOSFETs) with a gate oxide optimized for radiation sensitivity, which
is also known as RadFET. The domestic production of these devices consisting of
a single sensor was comprehended within the scope of the project titled TUBITAK
3001-114F066 “Production and Characterization of Silicon-Based Nuclear
Radiation Field Effect Transistors (NirFETs), which was fabricated at Nuclear
Radiation Detectors Applications and Research Centre (NURDAM) (5,8,14,41).

Source Gate Drain ) _
Metal Oxide Dielectric

Bulk

Figure 2.1. A schematic illustration of p- channel NiirFETs.



The structure of NiirFETs contains a MOS structure with a doped source
and drain regions. At enhancement mode (Vgs ~ 0), a p-channel NiirFET has an n-
type semiconductor as substrate and p* source and drain regions formed by the
doping process. A schematic illustration of p-channel NiirFETSs is shown in Figure
2.1. When a lower voltage than a threshold voltage (Vags < V) is applied to the
gate, no current flow occurs between the drain and source region even in the
existence of drain voltage (Vps). In this mode, NiirFETs act like two front-to-front
p-n junctions. However, when Vgs > Vi, the semiconductor layer is inverted and a
conduction channel below the gate dielectric is formed. In this mode, the current
can flow from source to drain in the presence of Vps. The rises in the gate voltage
enhance the number of carriers in the inverted channels and allow more current flow
(5,7-9,24,39).

2.2 Fundamentals of NurFETSs
2.2.1 Gate Dielectric Materials
The device gate insulator layer of these MOS-based transistor sensors

produced on the n-type silicon substrate is made of dielectric materials. Dielectrics
can be defined as materials where the electrostatic field could persist for a long
time. The dielectrics do not have free electrons; hence exhibit very high resistance
to conduct the electricity, but their behavior may be switched under an applied
electric field. The dielectric phoneme comes from polarization characteristics
which are electronic polarization, ionic polarization, orientation polarization, and
space charge polarization, of the materials. Dielectrics have positive and negative
charges which are bounded by an elastic force having a spring. Under the applied
electric field, these coupled charge pairs cannot move inside the insulator; the
positive and negative charges pull the spring to opposite directions resulting in a
rise in the spring tension which is proportional to the applied electric field. After a
critical point, a continuous increase in the applied electric field is going to breaks
the imaginary spring, and the charge becomes free, which resulting in the insulating

dielectric layer starting to conduct an electric current (5,8,9,11-14,20,25,39-41).

Depending on several parameters, such as polarization magnitude and
bandgap of the materials, the dielectric constant exhibits variations between
materials to materials. The SiO> has been a conventional dielectric layer with
permittivity of 3.9, for years. For the MOS-based technology, the high- k materials

can be defined as materials that have a dielectric constant value higher than silicon
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nitrate (k = 7) (45,48,55). Some of the high-k dielectric materials are Titanium
Oxide (TiO2), Hafnium Oxide (HfO»), Aluminum Oxide (Al2O3), Erbium Oxide
(Er203), etc. These high-k dielectric materials have been used in several
applications such as optoelectronics, MOS-based sensor technologies, depending
on their material specifications (52,60—-64). On both sides of the gate dielectric
layer, there are p+ regions that are formed by boron doping as drain and source.
With the applied electric field to the gate electrode, the minority charge carriers
begin to advance into the channel region. If enough voltage is applied to the gate
electrode (above the threshold voltage), a current will flow from source to drain

(48,59,65,66).

Reducing the scaling of MOS transistors caused the high gate and channel
leakage current when the S102 was used as gate dielectrics. This means that devices
become unreliable. Hence, conventional Si0O2 had to be replaced with suitable new
gate dielectrics. Due to high resistance to the passage of electric current
characteristics, the high- k dielectrics can be introduced as new gate dielectric
materials to replace conventional SiO layer for the future device approach. A
MOS-based transistor electrical source-drain current is strictly connected to a
capacitance of the gate dielectric which can be expressed as C = gokA/t where g9 is
the permittivity of free space, k is the relative dielectric constant, A is the area of
the gate contact, and t is the thickness of the dielectric layer. Leakage currents
decrease almost exponentially with enhancing dielectric thickness. However, the
usage of the high-k dielectric layer instead of the physically thicker SiO: dielectric
layer may be a solution to the tunneling effects. The use of the high-k materials is
going to keep the same capacitance while it decreases the leakage current. In a
general view, the electrical thickness of a novel high-k dielectrics in terms of
equivalent SiO; thickness or ‘equivalent oxide thickness’ can be expressed as EOT=

d(3.9)/k where 3.9 is the dielectric constant of SiO» (46,48,54,67—69).

As mentioned above, the high-k dielectrics are promising for MOS-based
electronic applications, but not all high-k materials are convenient for MOSFET
applications. Some issues have to be solved for the process integration of high-k
dielectrics to be used in the device applications; Permittivity, thermodynamic
stability with silicon, bandgap and band-offset values, kinetic stability, interface

quality, and the gate electrode (50,52,60,62—-64,70-79):



Permittivity: The static dielectric constant of selected materials should be
higher than that of SiO2. The convenient dielectric constant for the gate dielectric
applications should be in the range of 10 to 40. The general trend of the high-k
value of dielectrics is inversely proportional to the bandgap. Hence, dielectric
having a large k value, causes a strong fading field which degrading the channel

performance (80-82).

Thermodynamically stable with silicon: The deposited dielectric
materials must not react with underlying Si to form parasitic suboxide (SiOx) and
silicide. The presence of any form of the SiOx is going to decrease the equivalent
oxide thickness and metallic silicate (MSix) formation may increase the tunneling
effects. The selection of a dielectric layer that has large Gibbs free energy of
formation to prevent reaction with Si is a suitable way to eliminate the parasitic

phase formation (55,68).

Bandgap and band-offset values: The dielectric materials have to be
insulators; the expected bandgap level for the microelectronics must be higher than
5 eV. Besides, barrier potentials for electron and hole conduction should be at least

1 eV to prevent Schottky emission from dielectric material bands (55,59,66,68).

Kinetic stability: Dielectrics should resist the dopant activation anneal for
at least 5 seconds at 1000 °C. The problem arises for some gate dielectrics having
lower crystallization temperatures. Crystallized dielectrics that have grain
boundaries acted as dopant diffusion path, location of the trap center lead to increase
in the leakage current. Also, the thickness of the gate oxide can have the same
dimensions as crystalline-grain size at low scales. Hence, the uses of amorphous
materials are more common for MOS transistors. On the other hand, it is also
reported that crystallization of the dielectric layer sometimes enhances the dielectric

constant of the film (61,63,64,71-73,76,83—-87).

Interface quality: The conventional SiO2/Si interface exhibits excellent
interface quality for the MOS technologies. Interface defects are important due to
the following reasons; the threshold voltages may shift to higher values due to
trapped charges, the number of trapped charges may change with time, causing
devices operating characteristics, the carriers can be scattered by defect site in
channels, leading to lower carrier motilities, and the higher number of traps may

cause a dielectric breakdown. The interface quality of the film can be generally
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controlled by the fabrication process. To obtain good electrical performance, the
deposited dielectric layer must have good uniformity, low roughness, and a high-
quality interface. The interface trap density must be in the order of 10'® cm™ for

2

high interface quality; however, it is acceptable up to 10'? cm™ in microelectronics

(60).

Gate electrode: The interface structure between gate contact and the
dielectric layer is one of the significant criteria for the specifications of the MOS-
based device. The selection of the gate electrode can be changed depending on the
device structure. For n-channel MOSFETs gate electrodes having a low work
function which is close to the conduction edge of silicon (4.06 eV) are suitable.
However, the p-channel MOSFETS gate electrodes having a high work function,
which is close to the valance edge of Si (5.10 eV), are more useful (46,54,55,59,65—
67). Suitable gate electrodes deplete the Si layer and the conduction band edge
bends to Fermi Level. Hence only a small applied voltage is required for saturation.
Such gate is necessary for low threshold voltage and sub-threshold slope for
MOSFETs (5,12,19,80,86,88,89).

2.3 Impurities in the MOS Structure of NiirFET's
In the ideal MOS structure, no impurity charges exist at the dielectric layer

and dielectric/semiconductor interface (48,90-93). Though, in the non-ideal device
structure, one cannot eliminate the presence of parasitic charges even in SiO»/Si
interface in which a perfect interface structure is expected. In the previous studies,
the MOS devices have revealed that the presence of the parasitic charges strongly
influences the electrical performance of MOS-based transistors including the
threshold voltage, leakage characteristics, mobility of carriers, etc. The charges in
device structures are mobile ionic charges, fixed oxide charges, oxide trapped
charges, and interface trapped charges (60,63,71,74,77,79,85,94,95).

2.3.1 Mobile Charges
Mobile ionic charges are ionized alkali metals, such as sodium-ions and

potassium-ions. These charges are relatively moveable in the dielectric layer even
in low temperature and low gate voltages. Therefore, the higher density of these
ionic charges causes significant ionic current and threshold voltage shift which
degrade the performance instabilities. These impurities are due to the cleaning
process and used chemicals during the fabrication steps. For few decades, great

developments have been achieved to avoid impurities associated with mobile ions

10



by using clean rooms and a hands-free cleaning process. The orders of mobile ions
are 10" cm™ for real MOS devices. The mobile ions are almost positively charged
result in a net amount of these charges because of a negative voltage shift. The
densities of these charges can be specified by bias-temperature stress techniques. In
bias-temperature stress techniques, following the complete fabrication process, the
capacitance curves of the device are measured. After that, devices are heated to
certain temperatures and positive voltages are applied to the gate. Following the
cooling of the device under negative gate voltage, the capacitance curves are

measured and then the Qu, can be calculated using the following relation (46,54,65):

Qm = Cox [Veg (=Voltage) — Vpg (+Voltage)] (2.1)

This technique is useful for the detection of high mobile ionic concentration
typically 10" cm™. When the concentration of the mobile ion approaches 10 ' cm
2, the limitation occurs due to the electron/hole injection toward the gate layer.
Especially, possible holes transport under gate voltage may create a new defect in
the dielectric layer. The contribution of the created new defect to flat band voltage

may deviate from the real mobile ion calculation (46,54,59,65,66,68).

2.3.2 Oxide Charges

Owing to the oxidation-induced defects, impurities, or generation of defects
created by irradiation or similar bond-breaking processes of dielectric, the oxide
charges can be generated. Roughly, these charges are fixed oxide charges (Qy) and
oxide trapped charges (Qox). The fixed oxide charges cover positive charges inside
the dielectric layer which are close to the dielectric semiconductor interface, these
charges are usually generated during the fabrication process. These charges are
immobile under applied voltage and temperature stressing. Hence, the contribution
of the fixed charges to the flat band or threshold voltage shift is fixed and stable.
Oxide trapped charges cover almost all charges which are captured by defect site
generated by irradiation or by the applied field and temperature stress. The trapped
charges in the oxide layer can be positive or negative but they are generally positive
charges, which are holes. The oxide trapped charges may move under the applied
electric field by hopping or tunneling mechanism. The total contribution to flat
band/threshold voltage can be positive or negative depending on the sign of the

oxide trapped charges (20,51,80-82,96-112).
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2.3.3 Interface Charges

The interface charges are charges that are trapped at the electronic energy
level of the dielectric/semiconductor interface. These charges increase due to lattice
mismatch between the dielectric/semiconductor interface, dangling bonds, etc.
Interface traps create a kind of potential well at the interface where both electrons

and holes can be trapped (55,59,65,66,92).
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Figure 2.2. A physical illustration interface traps (45).

Due to the presence of additional field generated by interface trapped
charges, the carrier mobility is degraded when the device operated in saturation.
Besides, the presence of field causes the bending of the energy bands and shifts the
flat band/threshold voltages. A localized trap site at the energy band can release
mobile carriers depending on the applied voltage field. These behaviors decrease
the device's reliability. Hence, the low interface trap density of the device is curial
to reach expected device performance. Energy band diagram of
dielectric/semiconductor interface incorporating the interface traps for the cases; ¢s

= 0, mid-gap level (¢s= ¢s) and ¢s = ¢ (55,66).

Two types of defects exist in the forbidden band of the semiconductor. The

trap sites localized near the conduction band are called acceptor-like traps where an
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electron can be trapped while the trap sites close to the valence band are called
donor-like traps where holes can be trapped. The physical illustration of these
interface traps is depicted in Figure 2. 2. Acceptor-like interface traps behave like
acceptors and they are neutral when empty. When electrons are captured, their
charges change to negative. On the other hand, donor-like interface traps behave
like donors and they are positively charged while empty. The donor-like interface
traps become neutral when they are filled with electrons. On the other hand, in the
mid-gap level, the interface trap charge is zero for ¢s= ¢s. Therefore, no additional
contribution from interface traps to the voltage shift is observed at the mid-gap
level. This energy level also tends to pin the semiconductor Fermi level at the
surface and also the presence of higher localized interface trap density influences
the barrier height of the device. It means that at accumulation, almost all the donor-
like trap charges are positive and the acceptor-like traps are neutral. Hence, the total
charge due to interface states, Qji, will be positive. When gate voltage increases,
some of the acceptor-like traps moves below the Fermi level and capture electron.
Since donor-like traps are neutral, the net charge due to interface states will be
negative at inversion (48,55,59,66,69). The amount of these charges can be

calculated by the following relations;

Ecp+ q9s
Qe = [ Dy (B)dE (2.2a)
E Ds
Qi = —4q IE;ZQ,S Dy (E) dE (2.2b)

Where Dj represents the interface trap density per energy level. Eq. (2.2a) is valid
assuming all interface traps are donor-like, whereas Eq. (2.2b) is valid assuming all
interface traps are acceptor-like. The limits of integrals change with the modulation
of Fermi level and the surface potentials of the semiconductor

(50,60,73,76,78,79,83,85,86,94,113,114).

2.4 Electrical Characteristics of NiirFETs
2.4.1 Threshold Voltage

The threshold voltages are crucial for the operation of the NiirFETs because
the current flow is almost zero below the threshold voltage (V) values. The MOS-

based transistors behave like a two p-n junction, whereby the only current that exists
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is the diffusion current and its value is almost zero. When the applied electric field
to the gate is above the Vi (Vgs > Vi), the MOS-based transistor (NurFET)
becomes a current source and it starts to conduct current in the presence of any
small voltage applied (drain to source). The initial Vi should be close to the
theoretical values typically less than 1 V depending on the capacitance of the gate
dielectric. The larger values of Vi, than ideal values indicate the presence of high
parasitic charge densities. Large Vi, requires a large power supply and this enhances
the power consumption and heat generation during the operation of devices (3—

5,8,9,11,12,19,22-24,39).

2.4.2 Drain Current in a Linear Region

Under sufficiently high gate voltages (Vs > V), an inversion layer forms
where the current would flow. The higher Vs enables stronger inversion, i.e., larger
mobile carrier, and higher conduction between source and drain (66,69). Under
constant Vgs above the Vi, value, the drain to source current is controlled by drain
voltage. For a small Vps value, carriers start to flow from source to drain and
inverted channels act as a resistor; thus, the drain current (Ips) is proportional to
Vps. These Ips - Vps relations continue linearly and this region is called a linear
region. In the linear region, the Vps is lower than the saturation value of Vps, and
drain current is proportional to inversion charge times velocity of carriers expressed

as follows (65,66);

Ips= —=WQim OV (¥) (2.3)

Where W is the channel width and velocity defined as mobility (pp) times electric

field (E), therefore,
IDS = _WQin(y) ,upE (2.4)

Here charge density can be defined as Qin = Cox (Vgs —V(y)Vwm) and Eq. (2.4)

becomes;

Ips = =WCox [Vgs =V ) — Vth]ﬂpE (2.5)
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The electric field is correlated with negative gradient of voltage along the channel,

hence;
av
Ins = WCox [Ves = V() — Venlup o (2.6)
When we integrate Eq. (2.6) between the channel boundaries.
L v
Jy Ips dy = [P WCoy [Vas — Venliy dV (2.7)

The solution of Eq. (2.7) gives us the Ips current as follows;

Ins = tty Cox L [(Vios — Vip)Vpg — 255 2.8
DS = HUp oxL[ GS th)Vps 2] (2.8)

This relation is valid for the linear region of Ips - Vps characteristics, i.e., relatively
small values of Vps. Therefore, in this region, the field effects transistors behave

like voltage-controlled resistors (59,65,66,68,69).

2.4.3 Drain Current in a Saturation Region

Further increase in the Vps beyond the linear region causes a reduction in
the inverted layer width near the drain region. This region is called the pinch-off
point. In this case, the channel current remains almost constant, regardless of further
rises in the Vps. At the pinch-off point, drain to source voltage is equal to the drain
to source voltage in the saturation region, which is also equal to the Vgs — Vi

(55,60).

w
Ipssat = tp Cox 57 (Vs — Ven)? (2.9)

Therefore, in the saturation, the drain to source current is directly correlated to

square dependence of gate to source voltage and is independent of drain voltage.

2.4.4 Trans-Conductance Characteristics

Trans-conductance (gm) is defined as the ratio of the change in drain current
to the change in the gate voltage. The trans-conductance of a device can be obtained

from the following relation;
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dlps
= =BS5S 2.10
g m dlgs ( )
The gm is important for specifying voltage gain in liner mode. However, the gm
value should be zero for the ideal MOS-based transistors characteristics in
saturation mode. For the non-ideal devices the gn in saturation can be calculated

using the following expression;

dlps _w

= 5 .= 7 .upCox (VGS - Vth) (2.11)

Em dlgs L

Therefore, it can be concluded that gm can be obtained by specifying the slope of

the Ips— Vs curve in saturation (66,69).

2.4.5 Sub-Threshold Current

The drift current conduction mechanism is dominant for the current flow
when the transistor is operated in the saturation mode as mentioned before.
However, the dominant conduction mechanism is the diffusion of carriers for the
gate to source voltage below the threshold voltage. Therefore, two different carriers

flow mechanisms exist for the drain current conduction (66,69).

The ideal value of the drain current should be zero when the gate voltage is
below the V. However, carriers do not disappear when the gate voltage is lower
than the Vu. The presence of minority carrier immigration occurs due to the
presence of PNP and NPN regions when the p-channel/n-channel device is
operating in the sub-threshold regions. The drain current is proportional to the
exponential function in the sub-threshold regions. In the weak inversion region

specification of the sub-threshold parameter, n is expressed as follows;

N
n=1+ L4

Cox COX

Cp

2.12)

Where Ng is voltage-dependent surface state density, Cp is the depletion
capacitance per unit area. Here, the voltage-dependent surface state density is an
important parameter for the sub-threshold regions. It typically varies between 2 —

4, but it also changes due to the fabrication process depending on the surface states

(5,6,10,11).
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Figure 2.3. Ip curves for ideal and experimental measurements (45).
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Figure 2.4. Sub-threshold regions current below the Vi, for two slopes (115).

The n parameter is directly proportional to thermal voltage to express the
gate to a source voltage value, which marks an arbitrary boundary between strong
inversions; the current is proportional to the square of the gate to source voltage,
and a weak inversion; the current is proportional to the exponential function of the

gate to source voltage. And this boundary is called Von;
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Von = Vin +nkq—T (2.13)

The drain current at Vo is called Ion. This Ion current and Vo, parameters are
important because they are critical values to jump from the sub-threshold region to
strong inversion regions (66,69). Because the drain current is proportional to the
exponential function, the semi-log plot of Ip below the Io, linearly changes as seen
in Figure 2.4. The inverse slope of log Ip - Vs characteristics in the sub-threshold

region is defined as sub-threshold swing (SS) which is the function of n (66,69);
SS = nkq—T log(10) (2.14)

In real devices, SS values are higher than 60 mV/dec typically 70-80 mV/dec is
good for real devices. The small value of the SS is desirable for microelectronic
systems, especially, for digital electronics. As seen in Figure 1.4, the current drops
more slowly for the higher value of SS. Lower SS (mV/dec) is required for low
power consumption and low leakage below the V. This consideration is important
for the art-of-state scale area, where small leakage current in off devices degrades
the total processor currents, for example; 10 pA sub-threshold current for MOS

devices in one billion transistor causes 1A in off states (54,65,66,69).

2.4.6 Channel Mobility

Mobility is defined as the ability of the carriers’ respond to an external
electric field. The MOS-based transistor’s performance is generally evaluated by Ip
in saturation. The Ip in saturation is directly proportional to channel mobility of
carriers denoted by p, for holes, p, for electrons as seen in Eq. 2.15. The bulk
mobility of the Si is 480 cm™/V at N, = 10'® cm™ doping density for hole carriers,
and 1430 cm™/V at Ng= 10'® cm™ doping density for electron carriers. However,
the mobility of the carriers near the interface is lower than the bulk due to several
scattering mechanisms (54,65,66,69). The basic scattering effects to inversion

carriers are given following:

Coulomb scattering (nc): Depending on the fabrication process, various
charge impurities are localized close to the dielectric/semiconductor interface.

These charge impurities such as ionized impurity (doping concentration amount) at
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the substrate, interface states, fixed charges may scatter the carriers in the inversion
layer via Coulomb force. This Coulomb force is proportional to the impurity
concentration at the surface where the inversion layer occurs and it is the dominant
mechanism when inversion carrier density is low or high depending on channel

doping (66).

Phonon scattering (ppn): Presence of vibration in the lattice of a substrate
at dielectric/semiconductor interface, bulk lattice vibration under external electric
field and temperature causes lattice phonon scattering. This scattering mechanism

becomes dominant in the intermediate transverse electric field (55).

Surface roughness scattering (usr): Any discontinuity and deviation from
an abrupt dielectric/semiconductor interface where inversion carriers are located
cause extra quantum well. The value of dielectric/semiconductor interface and
correlation length of oscillations in the surface should be small to decrease
roughness scattering effects. Considering this scattering mechanism, the effective
surface mobility, L5, can be calculated by Matthiessen's’ rule expressed as follows

(54,59,65,66);

i_1, 1 2.15)
Us 2% Uph Usr

2.5 Non-Idealities in the NiirFETs Characteristics

Non-idealities in the NiirFETs naturally degrade the device performance.
The important non-ideals are the presence of trap sites and trapped charges in the
dielectric and its interface underlying semiconductors. The non-idealities come
from the design and operation of the MOS-based transistors which may also deviate
from the ideal device characteristics. The important non-idealities are explained

below;

Short channel effect: Due to the scaling of the device geometries, the
influence of the applied electric field becomes important. Above the “pinch-off”
voltage. Drain current in the saturation region, the inverted channel length reduces
by a value AL. The variations on the AL can be attributed to a high electric field

generated by Vps Thus, the expression for drain current in Eq. (2.9) becomes;
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Vb, sat < Vps;

w
IDS,Sat = Up Cox m (Ves — Vth)2 (2.16)

Now that AL is smaller than L, equation (2.16) becomes;
w AL
Ipssat = Mp Cox oL (Ves — Ven)* (1 + T) (2.17)

Therefore, AL/L= WVps where w is the channel-length modulation parameter.

Thus Eq. (2.17) becomes;

w
Ipssat = Mp Cox oL (Vs — Ven)* (L + kVps) (2.18)

Another short channel influence is the reduction of the threshold voltages.
Overlapping source and drain depletion become the significant effect. This causes
the depletion region under the inversion layer to increase. The wide depletion
region enhances the surface potential, thus this decreases the required Vi value of
the device to form saturation regions. This effect is also known as drain-induced
barrier lowering. To reduce drain-induced barrier lowering under a high drain
electric field, a lightly doped drain region is used in the state-of-the-art MOS
devices (54,59,65,66).
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Figure 2.5. Effects of the short channel in the Ips characteristics, and Ips
degradation due to saturation velocity in the short channel (59).
Substrate current: The dramatic increase near the drain region beyond the
saturation Vps, carriers gain high energy between scattering events to cause impact

1onization upon following a collision which is especially observed for short channel
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devices. These hot carriers generate additional electron-hole pairs. Generated
electrons are gathered in the substrate, while holes contribute to the Ips in p- channel
MOS devices. This substrate current is proportional to Vps beyond the strong
inversion and contributes to the conductance term of the device. The highest
influence of this additional conductance becomes a problem for one who requires

minimum output conductance at high Vps (54,59,65,66).

Gate current: This gate current is produced by hot carriers formed under a
high electric field. The hot carriers may move along the gate dielectric either
creating the new trap states or hoping mechanism. Hence, it degrades the electrical
performance of devices. On the other hand, this movement is sometimes useful for

devices used in non-volatile memories but reduces long-term reliability (55).

Bulk contact effect: The Vi value of the devices is also affected by the
voltage applied from the bulk contact. The applied voltage difference between the
source and the bulk, Vs, changes the depletion layer width which causes a

difference in the threshold voltages (54,55);

Vinps = Vin + Y(J20p + /Vps — +/205) (2.19)
= —“Z”“ES (2.20)

Where vy is the body effect parameter. As seen in Eq. (2.20), body effect can be
controlled by doping concentration of semiconductor and dielectric layer
capacitance. To control the bulk effect, generally, the bulk terminal is directly

connected to the source during the device operations (5,7,8,24,41).

Temperature effect: The threshold voltage of the devices can be varied by
temperature approximately from —1 to —3 mV/°C. Besides, the mobility of the

carriers decreases with increasing the operating temperature of the devices (66,69).

2.6 Radiation Interaction with Matter

Any electromagnetic waves or energetic particle that can have enough
energy to create ion pairs by interaction with matter is called ionizing radiation. The
ionizing radiation can interact with materials in several ways depending on their
type, energy, charge, and density of the target material (45). Radiation interacts with

materials in two ways. Charged particles, like gamma, beta, or alpha particles
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having sufficient kinetic energy, directly interact with atoms and molecules to
create electron-hole pairs. This process is known as direct ionization due to no
intermediary step required. On the other hand, non-charged particles such as
photons and neutrons interact with atoms, and molecules release charged particles
and these charged particles cause ionization in the matter by a direct mechanism
(49,65,66,69). This process is called indirect ionization. The details of the radiation

interaction mechanism are explained below:

2.6.1 Charged Particles Interactions with Matter

The charged particle irradiation is a particle with an electric charge and has
enough energy to cause ionization in the matter. These particles mainly transfer
their energies with Coulomb attraction and repulsion with electrons of target
materials (45). The interaction probability of these charged particles with matter
and the traveling range inside the materials is directly connected with the
magnification of its charge and energy. For the proton and non-relativistic nuclei,
ionizing density is inversely correlated to their energy declining with range and is
proportional to the square of their charge. These particles interact with Coulomb
scattering which can induce ionization for a proton with energy less than 100 keV.
Excitation or displacement can occur and collision with nuclei and nuclear reaction
may also occur energies higher than 10 MeV (45,49). On the other hand, charged
particles having lower mass such as electron and beta irradiation are much more
freely than heavy-ion radiation. In addition to Coulomb interaction, when electrons
decelerate in the target material, they also lose energy by emitting Bremsstrahlung

in form of an X-ray (46,54,65,66,69).

2.6.2 Neutral Particles and Electromagnetic Radiation Interaction
with Matter
Neutrons are an excellent example of uncharged particle radiation which has

almost the same mass as protons. Thanks to their neutrality, neutrons cannot exhibit
electrostatic interactions with materials; hence, they move in a straight line until
they collide with a nucleus to be scattered into a new direction or absorbed. Neutron
can interact with materials basically in three ways (45,47). The first interaction type
is a nuclear reaction. When indecent neutrons are absorbed by the target, the

secondary particles or electromagnetic radiation, e.g., protons, gamma rays can be
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emitted. Elastic scattering is the second type of interaction with matter. When
neutrons collide with the target nucleus, they transfer some amount of their energy
and continue their path. If sufficient energy is transferred to the target atom, the
nucleus of target materials may be displaced as ionization nuclear displacements.
An inelastic collision is the third interaction type with the matter. In an inelastic
collision, neutrons are captured by target material having a relatively high atomic
number of the nucleus (Z) and re-emitted by target nuclease together with gamma
radiation. Interaction types are correlated with the energy of neutrons. Generally,
slow neutrons interact with the target materials via nuclear reactions or elastic
collisions, fast neutrons interact via elastic collisions. Also, inelastic collisions
dominate for extremely energetic neutrons. Another neutral radiation type is photon
radiation which is an electromagnetic wave that is classified by its energy. The X-
rays having energies from 100 eV to 100 keV and gamma-rays having energies
from a few hundred keV to a few MeV are two important photon types for nuclear
physics applications. The ionizing photon radiation interaction with target materials
can be classified into three phenomena. The first interaction type is photoelectric
effects. The incident photon emits or ejects electrons from the target materials by
losing all their energies. The ejected electrons come back to their ground states by

emitting low-energy photons that can also interact with target materials (45).
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Figure 2.6. The dominant photon - matter interaction mechanism depending on
incident photon energy and the atomic number of target materials (65).
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Compton scattering is the second interaction phoneme. In this phoneme, the
incident photon hits the target materials and loses its energy and it emits a free
electron and energetic photon. The last interaction type is pair production. The
incident photons completely lose their energy creating electron-positron pairs. The
positron combines with an electron. Result of this annihilation of the positron two
new photons is created. These photons may also interact with target materials. The
pair production can occur when photons have energies higher than 1.024 MeV, but
to be the dominant interaction mechanism the energy of the incident photon should
be much higher than 1.024 MeV. All these types of interaction can be observed
when materials are exposed to ionizing radiation, especially, for higher energies.
However, depending on the incident photon energy one or two phonemes dominate
the basic interaction phoneme that occurs inside the material under radiation
exposure. The dominant interaction phoneme depending on the atomic number of

the target material and incident photon energies can be seen in Figure 2.6 (45,49).

2.7 Radiation Effects on NirFETs

Ionizing radiation interactions with material via Compton scattering,
Coulomb interaction, etc., cause ionization on the target material. An enormous
number of electron-hole pairs and new trap centers were generated in the dielectric
as a result of the ionization and its interface with the underlying semiconductor.
Four major physical processes are observed in the radiation responses of the MOS
structure (45,55). The physical effects under ionizing radiation and positive applied
voltage to the gate are illustrated in Figure 1.7, and the degradation of these physical
effects on the Vi is illustrated in Figure 1.8. This physical mechanism is developed
for the MOS-based transistor having SiO2 gate dielectric. The gate dielectric layer
1s known to be the most sensitive part of the MOS-based devices. The usability of
the MOS-based devices in a radiation environment as a radiation sensor is
determined by the responses of dielectric layers. When radiation passes through the
dielectric layer, a large number of electron-hole pairs are generated depending on
radiation energy and interaction mechanism. Holes are almost immobile compared
to electrons, and electrons are easily swept out from the gate electrode in few
picoseconds after generation by irradiation as seen in the first steps of Figure 2.7.
However, a large amount of the generated electron-hole pairs recombine with each

other in a picosecond. Initial generated electron-hole pairs cause a significant shift
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to the Vi, and are demonstrated in the first step of Figure 2.8. The numbers of holes
that escape from initial recombination move closer to the interface between Si02/Si
where deep traps are located by hopping between the shallow states seen in the
second step of Figure 2.8. This mechanism is sensitive to the oxide processing,
applied electric field, and ambient temperature. Typically this movement takes less
than 1 second at room temperature. Also, some of the mobile charges can be
recombined with electrons during their movement and this causes a short time
recovery. The contribution of this short time recovery to the Vi, can be seen in the
second step of Figure 2.8. When the mobile holes approach the semiconductor
interface, some fraction of them falls into deep traps, as seen in the third steps of
Figure 1.8, where they can be trapped. These trapped holes cause remnant threshold
voltage shifts which are illustrated in the third step of Figure 2.8. These trapped
holes can be treated by high-temperature annealing. The last physical phoneme is
the radiation-induced buildup of interface traps localized at the SiO»/ Si interface
as seen in the fourth step of Figure 2.8. The radiation-generated holes or electrons
can be trapped in acceptor or donor-like interface states (45,49,55,59). The
accumulation of the trapped charge at the interface also causes the positive or

negative shift in Vi as seen in the fourth step of Figure 2.8.
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Figure 2.7. Schematic of the physical radiation interaction mechanism (45).
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Figure 2.8. Radiation effects on the threshold voltages (115).

2.7.1 Initial Charge Recombination

The initial threshold voltage shift is directly related to the initially generated
positive charge yields in the dielectric structure. The magnitude of the initial shift
depends on the e-h pair generation energy and field-dependent holes escape from
initial recombination. A large number of e-h pairs are created after radiation
interaction with the dielectric layer, but this initial density is reduced by initial
recombination just before the electrons are swept out from the gate in picoseconds.
The number of the final holes yields that cause the Vi shift in a long time is
proportional to the magnitude of the electric field in the dielectric and initial line
density of e-h created by incident radiation. The pair line density can be determined
by linear energy transfer (LET) and it is a function of incident particle type and
energy but it is inversely proportional to the average separation distance between
electron and hole. This means that the close average separation distance of the pair
causes more recombination and this decreases the number of final hole yields

(82,105,106).

In the germinate model, the separation distance, of isolated single charge
pairs is higher than thermalization distance, where e-h pair easily recombine, thanks
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to Coulomb interaction. On the other hand, if the average pair separation distance
is less than thermalization distance columnar recombination can be observed. Here
the e-h pairs lose their identity and recombination occurs between electrons and
holes lying track under cylindrical distribution around a track. The recombination
probability is much higher than germinate model due to recombination encounters
between opposite charges. These two models work successfully depending on the
pair separation distance. For instance, low-LET particles, like beta radiation or
secondary electron come from Compton scattering, create discontinuous charge
pairs in its path, e.g., average separation distance is 50 nm for 1 MeV electron
radiation, hence germinate model is valid. On the other hand, for high- LET
particles like proton and alpha particles, they create a high density of pair along
their path, e.g., the average separation distance is 0.3 nm for 1 MeV proton
radiation; henceforth, the columnar model gives more appropriative results. It
should be noted that when electron-hole density enhances, columnar model
behavior becomes more convenient. It is also important to note that a fraction of
positive charge yields is associated with particle source. For example, the yield
fraction varied from 90 percent for low- LET particles (12 MeV electron and Co-
60 gamma radiation) to 6 percent for the high LET particles (2 MeV alpha radiation)
at a constant applied electric field. Hence, different sources may cause variations in

the radiation responses of MOS devices (45,46,68).

2.7.2 Charge Transportations
There are two types of charge transport mechanisms. The first transportation

mechanism is described as carriers move in shallow trap states in the extended band.
The localized states are distributed in the energy range and exhibit large fluctuations
in the thermal release rates from trap states; thus, the fluctuations are temperature-
dependent. The second transport mechanism is described as hopping transportation
whereby carriers move directly between localized trap sites via phonon-assisted
tunneling (45). In addition to hopping transportation, the mechanism is temperature
dependent, the hopping distance is also important for the hopping holes transport.

The transport models are schematically illustrated in Figure 1.9 (5,11,17,22,32,40);
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Figure 2.9. Trap modulated charge transportation, and hoping charge
transportation between localized states via tunneling.

The small polaron hopping of the holes is given in Figure 2.9, between
localized shallow trap states having a random spatial distribution is the more
popular holes transport mechanism for the movement of the generated holes toward
the interface. The transport of holes in the dielectric layer is responsible for the short
time recovery. This recovery effect occurs due to carrier interaction with the
surrounding medium, and the movement of holes also carries the lattice distortion
with it. The holes transport mechanism and short-time recovery have also the
following specifications; Holes movement is dispersive, it may take many decades
just after radiation exposure. Any small temperature changes, applied field,
dielectric thickness do not cause variations in the recovery curve. These variances
only influence the time scale of the curve. The transport is field and strongly
temperature-activated. Finally, the holes transport and recovery time have a strong

linear power-law dependence on dielectric thickness.

2.7.3 Dose Rate Effects
The changes can be observed in the MOS device parameters with time after

radiation exposures. Hence, non-linear dependencies in the total dose accumulated
at different dose rates can be observed due to the long-term interface trap build-up
and rebound effect. Researchers have reported that the device responses with
different dose rates under the same total exposed doses exhibit different
sensitivities. They have demonstrated that at a higher dose rate Vu shifts to
negative, while it was positive at a lower dose rate (96,97,100,102,107,112). These
differences are caused by the reduction of the trapped oxide charges at lower dose

rates due to tunnel annealing and an increase in the interface trap charges due to the
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long-term build-up of interface traps (45,55). At higher dose rates, the presence of
an electric field due to generated holes may degrade the electric field of the
dielectric layer. These generated charges may cause a reduction in the internal
electric field resulting in enhancement of the recombination effect. Hence less
radiation damage can be observed compared to low dose rates. As it can be
understood, dose rate dependencies can be different for the devices, even in the
same device (20,51,80-82,96—112). The parameter variations on the devices should
be carefully considered to make an accurate analysis. Understanding the basic
charge generation and trapping mechanism under irradiation influence on the
dielectric and its interface with the underlying semiconductor is important for

device reliability (45-48,54,55).

2.8 Stacked-Field Effects Transistors

Stacked field effects transistor (stacked-NiirFETs/RadFETs), is a new
design approach, whereby more than one single NiirFETs/RadFETs are connected
serially on the same chip to increase the radiation sensitivity of the single field
effects transistor sensors (15,44,56-58). The main advantage of these stack
structures is that the sensitivity of the MOS-based field effects transistor sensor is
increased depending on the number of NirFETs in the stacked-NirFETSs structure
(37). Furthermore, for the radiation sensor to be able to measure exposed radiation
dose in the uGy range the sensitive gate dielectric layer thickness should have to be
thicker than 1 um. As explained in the previous discussions, the improvement of
the sensitivity can be achieved to some extent using a thicker gate dielectric layer.
However, it is also clearly observed that thicker oxide layers alone cannot solve the
problem. The usage of stacked-NirFETs instead of a thicker dielectric gate layer
will be a solution to the tunneling effects caused by thicker gate oxides. Using a
stack structure will keep the same capacitance and decreases the leakage current
(1,37,44,57,58). To reveal the advantages and disadvantages of the stacked-
NiirFETs, the output voltages of the NiirFETs should be examined. Figure 2.10
shows the reader circuit diagram of pMOS dosimeters; pMOS reader circuits for (a)

a single NurFETs and (b) stacked-NurFETs (7,9,22,53,116).
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Figure 2.10. pMOS reader circuits for (a) a single NiirFETSs and (b) stacked-
NirFETs.
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As seen in Figure 2.10, the gate and drain electrodes of NurFETs are

grounded. So the output voltage is expressed as:
Vour = Vgs = Vbsar + Vin (221)

Where Vpsa 1s the value at which the voltage between source and drain reaches
saturation as a result of feeding the circuit with a current source. Therefore, it can
be concluded that the output voltage is dependent on the threshold voltage and this
value affects the dose reading range of the radiation sensors. The threshold voltage
can be determined from a specific current, which is between 5 to 100 microampere
(5 tA — 100 pA). In this study, 10 uA constant current was used to determine the
initial threshold voltage. To determine the threshold voltage, the NiirFET reader
circuit is fed by delivering a constant drain current (Ips) at the saturation point. The
drain current is expressed as follows:

w Vo=Ven)?
Ipsat = =7 KCox g (2.22)
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Here W/L, is the width per length of the NUrFET, u is mobility, Cox is oxide

capacitance, Vo, = Vgs is the reader circuit output voltage as given below:

_ 14
6= o (2.23)

Where Vps is the drain-source voltage, @ is the bulk potential:

0 = 2Ly Hsue 4 8T, _ J25s0Nsue (2.24)
q ng q Cox

Therefore, the output voltage of a single NiirFET is expressed as:

Vy = Vo + | 225020 (2.25)
ﬂcoxf

The change that will occur as a result of irradiation of NUrFET reflects the
shift in the threshold voltage. The most frequently used method in the literature to
determine the threshold voltage is to read the output voltage (Vour) by applying a
current of 10 g A to the circuit. This value is accepted as the threshold voltage (V).
However, irradiation reduces the mobility of NurFET. This indicates that the
change in the output voltage of the reader circuit will be greater than the change in
the threshold voltage. The reason for this is the current dependence as expressed in
Equation 2.25. The bulk NurFET approach to be fed with a current source at the
saturation point is important for the development of dosimeters with higher
radiation sensitivity. Thus, the change in output voltage will be higher as a result of
irradiation and the usage range of the dosimeter will expand. Output voltage to be
obtained as a result of feeding four NirFETs with the same characteristics

connected to each other with a current source is expressed as:

‘/O = 4Vth +

H?Di (V146 +y1+68 +/1+6 +/1+6,) (2.26)
OXL

6 Parameter changes from one NUrFET to another due to its different values.
Therefore, for the structure consisting of four NiurFETs, the change in output
voltages will be at least four times (4xAV,) more than the value obtained with a

single NurFET.
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A design of stacked-NurFETs for increased radiation sensitivity was
reported in previous studies. Kelleher et al. (1995), reported a study that details
developments in the design of stacked-NiirFETs for increased radiation sensitivity.
Two different gate dielectric layer thickness and width/length (W/L) were
investigated. For the first category; the gate dielectric thickness is 50 nm and the
W/L is 300/10 um and the second category; the gate dielectric layer thickness is
800 nm and W/L is 300/50 um. The stacked-RadFET's were fabricated by connected
3 RadFETs on one chip with 50 nm and 800 nm gate layer. For 800 nm gate layer
stacked-RadFETs, the initial output voltage has exceeded the supply voltage.
Because of this, reverse avalanche diffraction occurred in the device conduction of
the 3rd stacked-RadFETs. The obtained results are as follows: The pre-irradiation
initial threshold voltage for single RadFETs was found to be 16.83 V and obtained
output voltage after irradiation is 27.26 V. The observed shifts AV is 10.53 V. For
the stack structure, the initials output voltage before irradiation is 50.45 V. The
measured output voltage after irradiation is 84.37 V, and the shift in the threshold
voltage 1s 33.9 V. The result indicated that the value of stacked-RadFETs is 3.2
times higher than obtained the single structure value. It is observed in the study that
the sensitivity of the single RadFET increases with the stack structure. However, a

suitable structure for personal dosimetry and medical applications was not found in

this study (44).

O'Connell et al. (1996), reported a study that details improvements in the
design of stacked-RadFETs using 40 RadFETs, and the radiation sensitivity of the
dosimeter was examined. The radiation sensitivity of the sensor is 220 times higher
than a single RadFET. To use this structure in medical applications and personnel
dosimetry, the device must be optimized. O'Connell et al. (1996), reported the
minimum dose value was obtained as < 250 uGy with a voltage of 5 V applied to
the system during irradiation with radiation, and < 100 uGy with a voltage of 10 V.
To increase the efficiency of these devices, especially for their possible usage in
radiotherapy units, it is necessary to improve their sensitivity. Therefore, the design
of the sensor in the stacked structure, in other words, the use of more than one
interconnected sensor in one chip, may result in improving the sensitivity of the

single field effects transistor sensors (57,58).
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3. AIM AND SCOPE OF THE STUDY

This study aims to fabricate and characterize the stacked Nuclear Radiation
Field Effect Transistors (stacked-NirFETs) that will be used in all ionizing
radiation environments such as military, nuclear industry, space, and medical
applications. Highly sensitive stacked-NiirFETs can be fabricated along with the
study of different fabrication parameters such as gate dielectric materials.
Furthermore, the fabrication parameters can be comprehensively investigated and
analyzed. Two different stacked-NiirFETSs sensors are being fabricated with 100 nm
Si02 and 100 nm Er;03 gate dielectric layers. The p-channel MOSFETSs optimized
to be radiation-sensitive are called RadFET / NurFET / pMOS dosimeters. The
sensor gate oxide layer of these transistor-shaped sensors produced on n-type Si
substrate is made of dielectric materials, such as SiO; and Er,Os3 to their excellent
interface quality with silicon. On both sides of the gate oxide layer, there are p —
channels that are formed by boron doping. With the negative stress applied to the
metal contact (gate electrode) on the gate oxide layer, the minority charge carriers
begin to advance into the channel region. If enough negative voltage is applied to
the gate electrode above the threshold voltage, a current will flow through the

channel bring about current conduction in the transistor.

Analyzing the electrical characterizations of the fabricated stacked-
NiirFETs before and after irradiation is also one of the main purposes of this work.
The interaction of ionizing radiation with the oxide layer results in electron-
decoupled pairs in the device. Negative charges with higher mobility compared to
positive charges easily move to metal contacts, avoiding the recombination or
trapping process. In contrast, most of the positive charges are trapped in the defect
centers in the structure, usually in the centers known as the oxygen gap. This causes
the threshold voltage to shift to larger negative voltage values. The magnitude of
the change in threshold voltage is proportional to the applied radiation dose. Charge
traps occur in the oxide layer, bring about oxide trap charges, in regions very close
to the interface are also called boundary traps, and at the interface, we have interface

trap charges.
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Stacked-NiuirFET's sensors can measure absorbed radiation instantly to given
radiation doses. Stacked-NurFETs are MOSFETs with a gate oxide optimized for
radiation sensitivity. By simple measurement of the change of threshold voltage
Vi, the user gets information on the radiation dose. They may operate compatibly
with microprocessors. Therefore, the read-out systems of stacked-NurFETs are
simple and the absorbed doses can be measured directly as an electrical signal

without any signal converter.

The radiation responses of the stacked-NiirFETs sensors deviate from the
linearity due to the increased electric field shielding effect after a certain dose value,
depending on the sensory region thickness, type, and energy of the radiation. Today,
RadFETs which can detect the minimum dose range of 50 mGy are commercially
available, but the sensitivity is low. The boron implantation applied to the channel
region to bring the threshold voltage closer to zero has also improved the sensitivity
of the sensor to some extent as new trapping centers are formed in the structure.
Nevertheless, it is important to improve the sensitivity of these sensors to lower
doses to increase their effectiveness in medical applications such as radiotherapy.
There are two methods to improve the sensitivity of NiirFETs to low doses: 1)
Alternative dielectric may be used instead of Si0O2 used as sensory material, i) By
increasing the number of sensors in the chip, stacked-structure (Stacked-NirFETs),
which is the preeminent way. The prospect of radiation interfering with the structure
can be increased.

3.1 Outline of the Thesis
This section presents a brief outline of the thesis scheme. Chapters 1 and 2

clarify the introduction and overview that outline the structure of the thesis, which
prepares readers for the structure of the study. Chapter 3 briefs the aim and scope
of the study. Chapters 4 and 5 provide a background of the study which discusses
the fundamentals of semiconductor devices and technologies. Chapter 6 provides
the experimental details of the study which covers an overview of high vacuum
growth of different dielectric oxides layers, fabrications, and characterizations for
MOS device and MOS-based transistors. Chapters 7 and 8 outline the results and
discussions of the study which covers the characterizations of the fabricated stacked
Nuclear Radiation Field Effects Transistors (Stacked-NiirFETs) and the use of the

outcomes of the characterizations in the MOS-based radiation sensors/detectors.
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4. SEMICONDUCTOR DEVICES

For over one and half centuries, semiconductor devices have been studied.
Up to now, there are over 20 most commonly used semiconductor devices, with
more than hundreds of distinctions related to them. These semiconductor devices

are fabricated from device building blocks as given in Figure 4.1 (55,66).

Figure 4.1a presents the semiconductor-metal interface that intimate contact
between a semiconductor and a metal. The first-ever semiconductor device studied
was this building block. The top metal is used as a rectifying contact, which allows
electric current to flow in one direction easily, and also is used as an ohmic contact
(bulk electrode); in this case, the device does not block any current passage,
therefore, a current passes through the device in both directions without a

significant voltage drop (55,66).

/' Oxide

() (d)

Figure 4.1. Device building blocks. (a) Semiconductor — Metal; (b) p-type —n-
type Semiconductor Junction; (c) Semiconductor-Semiconductor Junction Hetero-
Junction Interface; and (d) Metal Oxide Semiconductor Structure (55).

The second building block given in Figure 4.1b is the formation of an n-type
semiconductor (negatively charged carriers) and p-type semiconductor (positively
charged carriers), which is called a p-type — n-type semiconductor junction. These
devices are the fundamental building blocks for some major semiconductor devices
such as bipolar transistors (p-type — n-type — p-type) and thyristor (p-type — n-type
— p-type — n-type) (45,49,55).
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Figure 4.1c presents a building block that is formed between two different
semiconductors, which formed a heterojunction interface. This building block is

mostly used for the formation of photonic and high-speed devices.

Figure 4.1d illustrates the metal oxide semiconductor structure. This
semiconductor device structure is the integration of two interfaces: A
Semiconductor — Oxide interface and an Oxide — Metal interface. By adding two p
— n junctions to the Metal Oxide Semiconductor (MOS) structure as the drain and
source, we can obtain MOS field-effect transistors (MOSFETSs), which are the most
significant devices for advanced integrated circuits. Semiconductor devices are
widely applicable in digital circuits such as microprocessors and transistors. And
one of the advantages of semiconductor devices is no power is needed to excite

them to bring about the electron's emission (55).

4.1 MOS Devices

Metal Oxide Semiconductor (MOS) is the fundamental of most used Micro-
Nano electronic devices in our modern time. Examples of these devices are digital
logic circuits, modern microprocessors, radiation detectors, radiation sensors, and
storage memories. MOS diodes or capacitors are the main structures that integrated
the most semiconductor device surfaces. These MOS devices are used as storage
capacitors in integrated circuits and they are also the formation of the fundamental
of the charge-coupled devices' building blocks. Moreover, MOSFETSs are simply
MOS devices with additional n-type — p-tape junctions, which act as source and

drain as n-channel MOSFET and p-channel MOSFETs (70,71,73-75).

Insulator

v

i _é_ _—LP/ Si0,
0 T &

IERN

Ohmic contact

(a) (b)

Figure 4.2. (a) Point View of Metal Oxide Semiconductor devices. (a) Cross-
Section View of MOS devices (66).
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Figure 4.2 illustrates the viewpoint of Metal-Insulator Semiconductor and
the cross-section view of the MOS diodes and capacitors. As given in figure 3.2 V
is the applied voltage to the metal contact gate and d is the thickness of the dielectric
oxide. Furthermore, the applied gate voltage is positive when the metal contact gate
is positively biased under the bulk contact (ohmic contact) and also the applied gate
voltage is negative when the metal gate contact is negatively biased under the ohmic

contact (117-120).

Figure 4.3 describes the energy-band diagram of a p-type semiconductor
(silicon) MOS device with no applied gate voltage (V = 0), which is called the ideal
MOS device. The energy differences between the Vacuum level and the Fermi level
(EF) 1s the work function of the device; (g4m 1s the work function of the metal and
qss 1s the work function of the silicon). The illustrated gy is the electron affinity that
is the gap between the Vacuum level and conduction band-edge in the
semiconductor, gy; presents the electron affinity of the oxide, g¢p presents the
barrier energy between the oxide and the metal, and the gap between the intrinsic

Fermi level E; and Fermi level Er is qys.
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Figure 4.3. Band diagram of a MOS device with zero applied gate voltage (55).
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An ideal MOS device can be easily described as at zero applied gate voltage
(V = 0), there are no energy differences between the semiconductor and the
metalwork functions that is the work function difference is zero. The only charges
that exist in the MOS device under applied gate voltage conditions are gate metal
surface charges and the charges in the semiconductor. Under the direct current
condition, there is no transportation of carriers within the dielectric oxide, which is

the resistivity of the dielectric oxide is infinite (46,54,55).
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Figure 4.4. Energy band diagrams of a MOS device in three cases; (a)
accumulation, (b) depletion, and (c) inversion (55).

An ideal MOS device possesses three characteristics under both two applied
voltage conditions (positive and negative voltages). An example for a p-type silicon
semiconductor, when a negative potential (V < 0) is applied to the p-MOS device
metal gate, extra positive charge carriers (holes) will be generated at the Oxide —

Silicon interface. Figure 4.4a illustrated the behavior of the (V < 0) case. In this
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case, the bands bent upward, which cause an accumulation of positive charge

carriers. This case is called an accumulation mode (46,54,55).

Figure 4.4b describes a case when the applied potential is positive (V > 0),
the energy bands here are bent downward and holes are depleted. Due to the
depletion of the majority carriers, this case is called the depletion mode. When the
applied positive voltage keeps increasing to a larger voltage (V >> 0) the depletion

mode switches to the inversion mode as shown in Figure 4.4c (119-121).

4.2 Metal Oxide Semiconductor Field Effects Transistors
(MOSFETSs)

MOSFETs have several identification names such as Insulating Gate Field
Effects Transistors (IG-FETs), Metal Oxide Semiconductor Transistors (MOS-T),
and Metal Insulating Semiconductor Field Effects Transistors (MISFETS). A cross-
section view of a MOSFET is illustrated in Figure 4.5. This MOS-based device has
consisted of four terminals; p-type silicon (semiconductor) substrate in which the
source and drain regions are formed. The gate (metal plate) that is formed on the
oxide dielectric in another insulator is the third terminal. The fourth terminal is the

bulk (ohmic contact) contact to the semiconductor substrate (19,39-41).
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Drain (D)
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Source (S) Gate (G) Drain (D)
M tal (Al
Gate Oxide Dielectric el (A)
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Figure 4.5. Cross-Section View of a Metal Oxide Semiconductor Field-Effects
Transistor (MOSFET).
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In most of the applications, the source contact is referred to as the
referencing voltage. When the device is under the unbiased condition with zero
voltage at the gate, there will be no current flow from the source to drain. However,
when enough voltage is applied to the gate, the MOS region forms a channel, which
is called the inversion layer is generated between two terminals (source and drain).
This channel turns into a conducting layer by connecting the source and drain
terminals with a large current flow. This behavior can be moderated by applying a
gate voltage. The bulk (ohmic contact) can be at the source voltage, the channel

conduction is always related to the semiconductor (substrate) potential (55).
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Figure 4.6. Functions and I — V Characteristics of the MOSFETs. (a) Small Drain
Voltage. (b) At Saturation (Vp = Vpsar). (¢) Over Saturation (Vp > Vpsar) (55).
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The linear and saturation regions. When a MOSFET device is biased, which
is a voltage is applied to the gate metal, an inversion layer is generated at the top of
the silicon as shown in Figure 4.6. If the applied voltage to the drain is low, the
direction of the electrons flow will be from the source to drain, while the equivalent
current will flow in the opposite direction, which is from the drain to the source.
Therefore, the inversion layer behaves like a resistor, and the drain current (Iq)
increases with the increasing drain voltage (Vq) and vice versa. This region is called

the linear region, as illustrated in figure 4.6a (49,55).

When the drain voltage keeps increasing, it reaches a saturation (V sar), at
which the channel thickness reduces to zero. In this case, a pinch-off point is
observed (Figure 4.6b). The drain current does not change above the pinch — point,
it almost remains the same. At this point, Va4 > Vg sa, and the Vqsa remains constant.
Therefore, the number of carriers coming from the source and the current flowing
between the source and drain remains the same. This case indicates the saturation
region as shown in Figure 4.6¢c. Under this circumstance, the drain current will
remain constant no matter how the drain voltage increases. The significant factor is
the channel length and the channel width under this condition and it was given in

Figure 4.6¢ (65).

Now that we are familiar with the basic characteristics of the MOSFETS,
discussions on the region of the subthreshold will be significant. If the applied gate
voltage is less than the threshold voltage, this will cause weak inversion on the
silicon surface, the drain current corresponding to this voltage is called the
subthreshold current. This region is significant, especially, in low-power devices,
such as logic digital switches and storage applications. MOSFET devices can be
categorized into four types. The types of these devices depend on the structure of
the inversion layer (channel). When the gate is at zero bias, the inversion layer
conduction is very low, therefore, to form an n-channel positive voltage must be
applied to the gate, and in this case, the device is off (enhancement) n-channel
MOSFETs. If this channel exists with zero voltage at the gate, here additional
negative voltage is needed to form a depletion in the channel to reduce the

conduction, this device is depletion n-channel MOSFETsSs (45,55,65).
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Likewise, there are p-channel normally off and depletion p-channel
MOSFETs. A comprehensive description of the device type is illustrated in Figure
4.7 (55);

Type Cross Section Output Characteristics Transfer Characteristics
1%, @p "o vgna Ip
n-Channel D ‘
Enhancement 3
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Figure 4.7. Schematic Structures and Electrical Characteristics of four Types of
MOSFETs (55).
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S. SEMICONDUCTOR TECHNOLOGY

The most common semiconductor technologies were invented over a
century ago. Then, they were developed, and also the technologies were invented.
Especially, the invention of lithographic photoresist in the nineteenth century was
important for lithography in that it established the fundamental pattern transfer
procedure for today’s semiconductor devices. After this development, innovative
invention and integration circuits caused rapid advancement of the microelectronic
industries and Dynamic Random-Access Memories and Micro-processors, which
make up the most significant and largest sections of the Micro-Nano electronic
industries (46,54,55,65).

It can be easily said that silicon and gallium arsenide are the most significant
semiconductors for integrated circuits and discrete components such as transistors,
diodes, capacitors, resistors, and inductors. In this section, the well-known
technologies and techniques for growing and fabricating a single crystal of these
semiconductors are discussed. Silicon dioxide is the starting material for silicon (S1)
wafer, while gallium (Ga) and arsenic (As) are the starting materials for a gallium
arsenide (GaAs) semiconductor wafer (55). These materials are chemically
processed to obtain a high purity polycrystalline silicon and gallium arsenide, from
this single crystal are formed. Etching and polishing are performed on the wafers
to get smooth and specular surfaces for device applications.

5.1 Thin Films Growth
Thin films dielectric oxides are paramount important for discrete devices

and integrated circuits. For the fabrication of metal-dielectric semiconductors or in
other words MOS based devices, different kinds of dielectric oxide thin films are
used (4,8,12,13,24). Advancements in the growth of thin-film technology have
made Micro-Nano electronic industries what is it today. These thin films can be
categorized into four groups: Thermal oxidation, dielectric layers, polycrystalline-
silicon, and metal thin films for rectifying and ohmic contacts. All these four thin-
film groups can be used in semiconductor (silicon) n-MOS field effects transistors
as shown in Figure 5.1. The gate oxide layer from the thermal oxidation, which
under its channel is formed (inversion layer) between the source and drain. Thermal
oxidation is used to grow both field oxide and gate oxide. Because thermal

oxidation provides high-quality oxides with lower interface traps (2,10,19,26).
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Dielectric layers (silicon dioxide and silicon nitride) are used between the
gate metal and the semiconductor to prevent impurities and passivation. Polysilicon
is used as a conduction material for multiple level metallization devices, and also is
used as a contact material for inter-junction devices. Metal thin films such as gold,
copper, and silicide are used as gate electrodes, bulk (ohmic contacts), and low

resistance inter-connections (45,55).
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Figure 5.1. Schematic Structure of n-Channel MOS Field Effects Transistor (n-
MOSFET) (55).

5.1.1 Thermal Oxidation
Thermal oxidation is one of the well-known and commonly used methods

to oxidized semiconductors. Because thermal oxidation is the most significant for
silicon-based devices (55).
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Figure 5.2. Schematic Structure of Oxidation Furnace (55).
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The operational steps of thermal oxidation are illustrated in Figure 5.2. The
system contains a heat resistance furnace, a fused quartz cylindrical tube, a quartz
boat, a source of gases, and a source of distilled water vapor (45,55,65). The thermal
oxidation system can resist up to 2000 °C. Gases flow regulations in the system are
done by micro-processors. The following equations describe the  chemical
reactions of dry and wet oxidation:

Sisy + Oz — SiO, (5.1)

Sis) + 2H;0(g) = SiOy) + 2Hy (g (5.2)

During the oxidation process, the interface of Si/SiO2 moves into the
Silicon, which creates a new interface layer due to the surface contamination on the
silicon wafer that is an oxide layer (55).

5.1.2 Chemical Vapor Growth of Dielectrics
Dielectric oxides thin films are used essentially for insulating layers and

passivation of semiconductor devices and integrated circuits. Some parameters such
as the growth processing substrate temperature, growth rate, uniformity of the films,
electrical characteristics, and the chemical properties of the dielectrics, need to be
taken into consideration before deposition of the films (49,55).

Chemical vapor growth is the widely used technique for the growth of the
film in semiconductor device processing. Chemical vapor growth is used to grow
polysilicon for gate contact, silicon nitride dielectric oxides, emerging dielectrics
oxide, and many more. The most used chemical vapor growth methods are
atmospheric pressure chemical vapor growth, low-pressure chemical vapor growth,
and plasma-enhanced chemical vapor growth.

The system of the atmospheric pressure chemical vapor growth is similar to
the thermal oxidation system as described in Figure 5.2; the only difference is the
addition of gases. Low-pressure chemical vapor growth is a system that operates at
sub-atmospheric pressure. When the pressure is reduced the unwanted gas phase
decreased, in this case, the uniformity of the films improves. However, the growth
is very low, due to the low pressure. Plasma-enhanced chemical vapor growth is an
energy-added chemical vapor growth system. In this method, additional plasma
energy is added to the conventional chemical vapor growth, which causes plasma
discharge between the electrodes (55,66).

Chemical vapor growth is the process by which solid thin films are formed

on the target substrate by the chemical reactions in the system. Reactants are sent
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into the system with the species gas, which activates and disconnects by plasma.
From these chemical reactions, reactive agents are adsorbed onto the substrate,
through this solid thin films are formed on the substrate (5,10,39).

5.1.3 Physical Vapor Growth
The main applications of the physical vapor growth in semiconductor

technology are the growth of metals and compounds such as aluminum, titanium,
copper, titanium nitride, and tantalum nitride, which are used to connect devices
and junctions on the semiconductor substrate. However, this technique is also good
for dielectric oxide growth. Metal evaporation, electron beam evaporation, plasma
spray growth, and sputtering are the most widely used physical vapor growth
methods. When the source material is heated to a very high temperature, which is
above the melting temperature of the material, the source material evaporates. The
evaporated material travels to the target materials in the form of atoms. Evaporation
and electron beam evaporation are widely used due to their high growth rate and

the compatibility to grow high-temperature materials (54,55).
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Figure 5.3. Electron Beam Evaporation System (65).

Electron beam evaporation is a technique by which a generated electron
beam from the filament that is driven via electric and magnetic fields is ejected to
strike the source material and evaporates it. During this process, the source material
is heated up to its evaporation point, which causes atoms to leave the source surface
to the target substrate. The processing mechanism of the electron beam evaporation

is illustrated in Figure 5.3.
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Sputtering is the transportation of materials from a target to the desired
substrate. This process is achieved by bombarding the material target surface with
ions gas, especially argon gas, however, gases such as oxygen and nitrogen are
occasionally used. This deposition technology is gas generated plasma technique;
the generated plasma is confined to a region containing the target materials to be
grown. Particles in the form of atoms from the target material are ejected as the
results of high-energy ions within the plasma to a substrate to obtain a thin film
(59).

Direct Current (DC) and Radio Frequency (RF) sputtering are the main two
types of sputtering systems. The DC sputtering is generally used to grow metal
films. The RF sputtering is more commonly used than the DC sputtering, because
is suitable for both conductive (metals) and nonconductive (dielectrics) materials,
but is generally used for growing dielectrics. The advantage of this system is that it
does not require the source materials to melt or evaporate, almost all materials can
be grown regardless of their melting points (80,82,100,102,103).

5.1.4 Atomic Layer Deposition (ALD)
Atomic Layer Deposition is one of the significant chemical vapor deposition

technology that can grow monolayer order ultra-thin dielectric oxide films. The
atomic layer deposition technique is generally used to grow films thinner than 100
nm thickness due to its conformal growth structure. Because of this ALD becomes

an important technology for Nano-devices fabrications (46,55,65,68).
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ALD system processing is different from conventional chemical vapor
deposition, which processes chemical reactant supplies that are in the system. In the
ALD system processing, serial exposures of chemical reaction agents that have the
self-limitation time of deposition are used. In conventional chemical vapor
deposition, chemical reactions take place within the gases phase or on the sample
substrate, while in atomic layer deposition, these reactions take place on the sample
substrate alone, which prevents gas-phase reactions. Processing steps of the atomic
layer deposition system are illustrated in Figure 5.4. The cycle time that is the sum
of exposures and the periods of removal, is the parameter, which determines the
thickness of the films. This allows us to control the thickness and the accuracy is
high (49,55).

5.2 Lithography
Lithography is the processing system that transfers patterns of different

geometries on a mask to a thin layer resist (radiation-sensitive material), which is
used to cover the surface semiconductors such as silicon wafers. These patterns are
used to define the terminals and regions in integrated circuits. Semiconductor
devises integration requires various terminals, which make them the backbone of
our today’s Micro-Nano electronics industries. The invention and development of
lithography technology made this sophisticated device fabrication easier. The
pattern transfer is achieved with the help of etching processes, which remove the
unmasked regions selectively (55).

The environment is the most important basis of the lithography process, all
steps must be performed in an ultra-clean environment, which is the cleanroom. To
avoid contaminations and impurities, which affect semiconductor devices'
performance and reliability, clean processing rooms are required. For example, the
presence of dust particles on a silicon wafer surface can easily disrupt the formation
of any single-crystal films by forming dislocations (4,5,12,96). The existence of
dust particles in the gate oxide layer improved conductivity and causes voltage
breakdown. This creates more damages in the lithography process. Because,
presence of dust particles on a photomask, destroy the circuit patterns, by creating

additional patterns on the mask. Lithography processing is given in Fig. 5.5;
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5.3 Integrated Circuits
Microprocessors, photonic devices, sensors, detectors, and power

application discrete devices. Almost all electronic devices are built on integrated
circuits. Integration is the ensemble of transistors, which are active devices and
resistors, capacitors, and inductors, which are passive devices within and on the
single crystalline semiconductor substrate and interconnect them using a
metallization process. Integrated circuits have many advantages over discrete
devices such as reduction of interconnection parasites by metallization connections
and the ability to use the whole semiconductor wafer, which reduces the production

cost (45,49,65).
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Figure 5.6. Schematic diagram of Integrated Circuits Fabrication (55).

The most common key devices of the integrated circuits are field effects
transistors, particular systems are developed to improve their performance. Metal
oxide semiconductor field effects transistors, bipolar transistors, and metal-

semiconductor field effects transistors are the three major devices associated with
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the integrated circuits technologies. Figure 5.6 describes mutual relations between
the major processing steps used for integrated device fabrications. Polished silicon
wafers with a desired resistivity and orientation are the starting materials. The
formations of film steps consist; field oxides growth, gate dielectrics growth, and
metal film formations for drain, source, gate, and bulk contacts. Field oxide
formation is always followed by impurity doping for the formation of drain and
source regions. Lithography is the heart of the processing, apart from field oxide
growth, and every step is interrelated with lithography. Lithography processes are
generally followed by etching steps. Each technique has interrelationships with
another (45,55,59).

Finally, as illustrated in figure 5.6, integrated circuits are made by transferring
each mask pattern in the sequence, step by step, onto the prepared silicon wafers.
After every processing step is performed, on each wafer hundreds of identical chips
are fabricated. These chips are separated by laser or sawing cutting. Separated chips

are electrically tested, followed by packaging for desired electronic applications.
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6. MATERIALS AND METHODS

6.1 Processing
The design and production of lithographic masks for the fabrication of the

stacked Nuclear Radiation Field Effects Transistors (stacked-NiirFETs) are the
most important parts of this work. The masks were designed by Prof. Dr. Ercan
YILMAZ. Six different masks were designed and produced.

6-inch n-type silicon wafers with 1-10 Ohm-centimeter (2-cm) resistivity
are the starting materials. Silicon substrate purity has a significant impact on the
production and fabrication of microelectronics and Nano electronics devices. The
cleaning of the silicon substrates is very important because possible contaminations
on the substrates can negatively affect the semiconductor device's performance and
reliability. To remove impurities, the n-type silicon wafers were cleaned using the
standard Radio Corporation of America (RCA) cleaning process; organic clean,
oxide strip and ionic cleaning are the three steps for RCA procedures. The cleaning
procedure steps are detailed below:

Organic cleaning: This process is used to remove organic contaminations
with ammonium hydroxide (NH4OH), hydrogen peroxide (H>0O2), and deionized
water (DI-H2O) solution. The solution ratio is; 1:1:5 (NH4OH + H20O> + DI-H20),
the solution was heated to 60 °C, and the wafers were put into the solution and
waited for 10 minutes. Following this process, the wafers were immediately put
into distilled water and rinsed for at least 4 cycles (69).

Oxide strip: This process is used to remove natural oxides such as silicon
dioxide (Si102) from the silicon wafers surface. The author prepared Hydrofluoric
acid (HF) and deionized water (DI-H2O) solution with a ratio of 1:50. For the HF
bath, the wafers were put into the solution and waited for 12 seconds, were then
rinsed with deionized water for at least 4 cycles.

Ionic cleaning: This process is used to remove ionic contaminations such
as sodium ions (Na*) with hydrochloric acid (HCI), peroxide (H20.), and deionized
water (DI-H20) solution. The solution ratio is 1:1:6 (HCI + H202 + DI-H20), the
solution was heated to 60 °C and then the wafers were put into the solution and
waited for 10 minutes. Following this process, the wafers were immediately put
into distilled water and rinsed for at least 4 cycles. Finally, the cleaned wafers were

dried with ultra-pure nitrogen gas (N2). The entire procedures and processes were
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carried out in a cleanroom at NURDAM using the semi-automatic wet benches. All
operations were handled without touching RCA cleaning process was applied to Si
substrates and dried with 8 N purity nitrogen gas (N2). Then, the cleaned wafers
were taken to a vacuum environment quickly. Thus, the possible oxide layer which
may occur again on the wafers was prevented.

6.1.1 Field Oxide Growth
The field oxide layer was grown on the RCA cleaning process applied Si

wafers by the wet thermal oxidation method (5,12,41). Field oxide layer formation

was carried out in a high temperature (1000 °C) diffusion furnace. 1 pm SiO; layer

was grown on n-type silicon substrates.

Si02

Figure 6.1. 1 pm SiO; thick grown field oxide layer on the n-type silicon
substrate.

6.1.2 Phosphorus Deposition for Bulk Contact

The purpose of this stage was to create a region where the back contact was
taken. Firstly, the structures (silicon wafers with grown silicon dioxide Si + SiO2)
were covered with photoresist. Then, the exposed part of the structure covered with
the mask was decomposed with UV light as given in Figure 6.2. To separate this
part from the structure, the Silicon substrates were put into a developer solution for
50 seconds. Then, with the help of a hydrofluoric acid buffer (BHF) solution, the
desired part of the oxide layer was abraded from the structure and the silicon
substrates were reached. The photoresist was removed from the structure with the
help of a piranha solution (a mixture of 300 ml H>SOs + 100 ml H>O2). The
schematic and under microscope view of the structure obtained after this process is

shown in Figure 6.3.
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Figure 6.2. First lithography stage for phosphorus doping.
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Figure 6.3. First lithography stage for phosphorus doping.

After the lithography process, the phosphorus doping process was performed, the
fabrication steps were followed (4,12,24,39,41).

After the phosphorus doping, some oxide layer forms on the structures. To
clean this oxide, silicon wafers were leached into an HF solution. Experimental
steps were performed and processed for the added phosphorus to penetrate the
silicon substrates. Since the electron density on the substrates will increase after
phosphorus doping, the surface resistance will decrease. Surface resistance obtained
values are in accordance with the expected values, and the surface resistance
distribution is given in Figure 6.4. As a result of all these processes, phosphorus

doping into Si wafers has been successfully achieved.
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Figure 6.4. Surface resistance distribution a) Before phosphorus doping, b) After
phosphorus doping.

6.1.3 Boron Doping for P-Channel

The purpose here is to create p + regions that will provide the current
passage in stacked-NirFETs. By putting a mask on the structures covered with
photoresist, it is ensured that the desired regions are illuminated with UV light.

Figure 6.5 illustrates a schematic view of the process.

YT VY HHJH-* ‘ TYYYYYY TYTYYYY Y
vy YV Y

Figure 6.5. Second lithography stage to open regions for the boron doping.

Si substrates were placed in the developer for 50 seconds and the decayed
parts (UV exposed parts) were separated from the main structures. Then, the oxide
layer was abraded with a BHF solution and Si substrates were reached. The

schematic view of the structure reached after this process is shown in Figure 6.6.
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Figure 6.6. The schematic view of the structure reached after the lithography
stages.

Boron doping rates significantly affect device performance. Our workgroup
used the TCAD simulation program in their previous studies to examine the effect
of boron doping on sensor performance and determined the necessary experimental
parameters. A part of the structure used in the simulation is seen in Figure 6.7. The

experimental steps followed in boron doping are taken from laboratory literature

(5,8,12,14).

i b i |

Figure 6.7. View of p + and n + regions in the TCAD simulation program (14).

The experimental steps for the drive-in were performed, for the added boron
to penetrate deeper into the Si substrates, like the process performed in phosphorus
doping. As a result of boron doping, the surface resistance will increase due to the
increase in the density of the holes on the surface. This increase in resistance value
was caused by the low mobility of the holes compared to the electrons.

Measurements were taken for resistance control and an increase in values was
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observed as expected. The schematic view of the structure obtained after this

process is given in Figure 6.8.

§0; 5, 50 0

Figure 6.8. The obtained structure after the boron doping process.

6.2 Fabrication of Stacked-NiirFETs with 100 nm SiO:z Gate
Dielectrics
Before starting fabrication of stacked-NiirFETSs, piranha solution cleaning

was applied to remove any photoresist residue on the surface of processed silicon
substrates. To perform the third lithography process for 100 nm SiO» gate oxide,
the processed silicon wafers were covered with photoresist with the help of a pin
coater. After that similar steps to the previous section's lithography steps were
performed, to remove SiO> from the channels. The schematic view of this process

is shown in Figure 6.9.

Figure 6.9. Schematic view of the third lithography stage.

The processed silicon wafers were put into a developer solution for 50
seconds to separate the exposed part from the Si substrates. After this step, the
wafers were put into a BHF solution to remove the exposed oxide from the

structures. Finally, the photoresist in the structures was cleaned with piranha
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solution. The schematic view of the structure obtained after this process is given in

Figure 6.10.

Figure 6.10. Schematic View of the Structure Obtained after the Third
Lithography Process.
After the third lithography process, the radiation-sensitive gate oxide layer
(100 nm Si0O2) was grown by using the thermal oxidation method.
The thickness of the fabricated 100 nm SiO> gate oxide layer was measured
with the help of a spectroscopic reflectometer and the results obtained are given in

Figure 6.11.
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Figure 6.11. 100 nm SiO2 Gate Oxide Layer Thickness of the Fabricated Stacked-
NurFETs.
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Gate Oxide Gate Oxide Gate Oxide Gate Oxide

Figure 6.12. Processed Silicon Wafers after Gate Oxide Growth.

6.3 Fabrication of Stacked-NiirFETs with 100 nm Er203 Gate
Dielectrics

The substrates of the stacked-NiuirFETs structures are silicon wafers. Since
the stacked-NiirFETs to be produced will be in p-channel MOSFETS structures, n-
type silicon wafers were used as substrates. The silicon wafers, where all processes
will be were carried out were cleaned using various chemicals. For the cleaning
process, the RCA cleaning procedure, which is commonly used in the literature, is

preferred.

Immediately after the cleaning process was carried out, the field oxide layer
was grown on the silicon wafers by wet and dry oxidation method. Field oxide layer
formation was carried out in a high temperature (1000 °C) diffusion furnace. The
purpose of growing the field oxide layer is to protect the surface smoothness and
structure quality of the Si wafers, especially in the doping process and other

production stages.

Similar to section 6.2 lithography steps (third lithography) were performed.
After the third lithography stage, the radiation-sensitive 100 nm Er2O3 gate oxide
layer was grown using an electron beam evaporation system. The experimental
steps followed in this process are as follows; firstly, the processed silicon wafers
were loaded into the electron beam evaporation chamber, then, the pressure of the
chamber was set to 5x10* Pascal. When the process started a current is passed
through a conducted filament, which causes heat up and electron emission. High
voltage (8 kilovolts) was applied between the hearth and filament to speed up the
emitted electrons in the direction of the Er.O3 granular target to be grown. A high

magnetic field turned these electrons into beams and transferred them to the
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deposition material, with high energy, then the material evaporated and grown onto

the processed silicon substrates (80).

The thickness of the fabricated 100 nm Er>O3 gate oxide layer was measured
with the help of a spectroscopic reflectometer and the desired thickness was
obtained. The obtained thickness graph is given in Figure 6.13. At the end of the
process ErO3 gate oxide layer was grown on the processed silicon substrates. The

structure is illustrated in Figure 6.14.
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Figure 6.13. 100 nm Er,O3 Gate Oxide Layer Thickness of the Fabricated
Stacked-NiirFETs.

Gate Oxide Gate Oxide Gate Oxide Gate Oxide

Figure 6.14. The Processed Wafers Structures after the Growth of Er,O3 Gate
Oxide Dielectric Layer.
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6.4 Metallization Process
This section aims to make metal contacts for bulk, source, gate, and drain

terminals. To achieve this, the fourth and fifth lithography stages were performed.
Therefore, the structures are primarily covered with photoresist with the help of a
spin coater. Then, the fourth mask was applied using a mask aligner system, the
exposed regions were decomposed with UV light and these regions were developed
by putting the processed wafers into a developer solution for 50 seconds. The

schematic view of this process is given in Figure 6.15.

Figure 6.15. A Schematic View of the Lithography Stage Performed to Make
Metal Contacts.

Then, the oxide layer was etched using BHF solution and Si substrate was
reached. The photoresist was removed from the structure with a piranha solution.
The schematic and under microscope view of the structure reached at the end of this

process can be seen in Figures 6.16.

S0z

Figure 6.16. After the Fourth Lithography Process; Obtained Structure.

For forming metal contacts, the entire structures were covered with
Aluminum (Al) using RF magnetron sputtering system. Firstly, the processed
silicon wafers were loaded into the vacuum chamber of the sputtering system. The
pressure of the system was adjusted to 6 x 10 Pa and the sputtering power was set

to 150 W. Later, argon gas was sent into the chamber, and plasma was formed. Pre-
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sputtering was performed for 15 minutes to remove possible contaminations on the
99.9% pure Aluminum (Al) target. Following this process, the covers on the Si
substrate were opened and Al deposition was performed for 45 minutes.

After Al coating, the final lithography and etching process to separate the
structure into source passage, gate, and drain regions were performed. After these
two processes, the annealing process was finally performed to reduce the resistance
coefficient between the metal and the fabricated layer. The annealing process was
performed in forming gas (H2 and N> mixture) environment for 30 minutes at 400

degrees.

6.5 Packaging of the Fabricated Devices
The fabricated stacked-NiirFETs with 100 nm SiO; and 100 nm ErO3 gate

dielectrics oxide chips were diced with the help of a dicing machine. Following the
cutting of the stacked-NurFETs, the obtained chips were placed into 8-Pin DIP
electronic integrated packages and the terminals electrode were bonded to the
packages pin using a wire-bonder.

The packing procedures of the stacked-NiirFETs sensors are as follows: (a)
completed stacked-NiirFETs before cutting, (b) diced stacked-NurFETs chips, and

(c) bonded and covered stacked-NiirFETs sensors.

6.6 Irradiation of the Fabricated Stacked-NiirFETs
The irradiation response of the stacked-NiirFETs devices was investigated

and evaluated. The stacked-NiirFETs having 100 nm SiO; and 100 nm Er,O3 gate
dielectric oxides were exposed to radiation doses at the same conditions. The
irradiation experiments were performed under ®°Co radioactive source with
GAMMACELL 220 irradiation source at the Turkish Atomic Energy Authority
(TAEK), Ankara, the image of the source is given in Picture 6.1. The stacked-
NirFETs were irradiated at dose ranges from 50 mGy to 48 Gy, with an
approximate dose rate of 417 Gy/h. The devices were irradiated with zero gate bias
all terminals were grounded. Dimensions of the irradiation chamber were 220 mm
x 250 mm and the samples were placed at the center of the irradiation chamber. The
samples were also placed perpendicular to irradiation sources to eliminate angle

dependency on the irradiation response of the devices.
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Picture 6.1.°°Co radioactive source at the Turkish Atomic Energy Authority
(TAEK), Ankara.

6.7 Stacked-NiirFETs Characterizations and Their Radiation
Responses
The required electrical I — V measurements were performed before and after

irradiation. For the post-irradiation, I — V measurements; measurements were
performed immediately after each exposed irradiation dose. Sensor to sensor
variations and the irradiation effects on the sensors in the related measurements
doses were plotted and discussed.

6.7.1 Determination of the Initial Threshold Voltages
The threshold voltages are crucial for the operation of the MOSFETSs

because the current flow almost zero below the Vi, values. The threshold voltage
can be determined using two methods; Extrapolation in Linear Region (ELR)
method and the Constant Current (CC) method (5,24,39).

Extrapolation in Linear Region method; The extrapolated threshold voltages
are determined from the intersection of linear curve fit of the square root saturation

drain current curve as a function of voltage as given in Figure 6.17 (45,55);
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Figure 6.17. Vi extrapolation in linear region (ELR) method (45).

In the Constant Current (CC) method; the threshold voltage can be
determined from a specific current, which is between 5 to 100 microampere (5 pA
— 100 pA). In this study, 10 pA constant current was used to determine the initial

threshold voltage. Figure 6.18 illustrates how the constant current method is applied

(5,8,9,24,42);
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Figure 6.18. Vi, determination using constant current (CC) method (45).
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6.7.2 Mid-Gap Technique
The Mid-gap technique was used to analyze the electrical characteristics of

the fabricated Stacked-NiirFETs. This technique was used to determine and analyze
the radiation-induced oxide trapped charge density (AVy) and interface trapped
density (AVy). The radiation-induced causes variations in electrical behaviors of the
sensors like threshold voltage shifts which were determined and analyzed in detail.

The I — V, transfer characteristics measurements were carried out. Several
parameters including the initial threshold voltages (Vu), interface state density
(ANiy), and oxide trap density (ANo) were calculated using the measurements.

The stacked-NirFETs were irradiated under zero applied gate voltage (zero
gate bias). Before the irradiation current versus voltage (I — V) measurements were
obtained, and immediately after every irradiation process I — V measurements were
taken again to observe the radiation responses to the stacked-NiirFETs.

The radiations response of the stacked-NiirFETs sensors was investigated
by using the measurements of the [— V transfer characteristics measurements. Here
the important specifications for radiation response of the sensors are radiation,
threshold voltage shifts (AVw), generated interface states (ANit), generated oxide
traps (ANo), devices sensitivity (S), and fading characteristics (F) of the Stacked-
NiurFETs sensors after irradiation exposure were investigated and analyzed. The
threshold voltage of the devices can shift (AVn) due to the contribution of the
radiation-induced interface trap voltages (AVi;) and radiation-induced oxide trapped
voltage (AVo), where the shift in the threshold voltages is; AVih = AVic+ AV
Threshold voltage (V) values were determined as voltage values at the specified
current level (10 pA for SiO; stacked-NiirFETs, and Er2O3 stacked-NiirFETs). The
values of radiation-induced ANj: and ANy can be calculated using the changes on
the AVy and AV As reported in the previous studies, the contribution of the
interface traps to the voltage at the mid-gap level is almost zero, and just trapped
oxide charges influence the mid-gap voltages (45,115). Hence, the Vo values can
be found from the mid-gap level; Vmg = Vor. The determination of the Vmg can be
found from the regression of the linear region of the sub-threshold current. The mid-
gap current can be calculated by using the sub-threshold current in saturation
(4,9,10,12,39).

V2B (@

ID =
2CoxLg ~qNg

)2 G 0s) ™2 exp(0s) (6.1)
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Where B = WuCox/Lefr and Lq=[(eskT/(q°Na)]"? is the Debye length. It is well-
known that in the mid-gap level the condition is ¢s = ¢, as stated in the previous
sections. Hence, using the straight line of the log(Ip) = aVg + b which is obtained
from the linear fit of the sub-threshold curve, the Vmg that corresponds to the Ip =
Ima, and can be obtained from; Vem = (log(Img) — b )/a. Using these processes, the
different Vmc values were obtained after the irradiation stress and the AVmc= AVt

can be calculated from;

AV = AVor = Vg1 — Vmeo (6.2)
Where Vwmg, 0, and Vwmg, 1 are the mid-gap voltage values before and after gamma
irradiation.
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Figure 6.19. The relation between Vi, Vmac, and Vo (45).

The second important parameter is the determination of the stretch-out
voltage, Vso. To calculate Vo, one needs to determine the threshold voltage value.
The easiest way to obtain Vg, is the above-threshold method. In this method, the
extrapolated threshold voltages (Vi) can be found from the drain current curve in
saturation. In other words, the extrapolated threshold voltages are determined from
the intersection of linear curve fit of the square root saturation drain current curve
as a function of voltage. The following determination of the Vy, value, the Vs, can
be calculated from;

Vso = Vin — Ve (6.3)
Where Vwmc,, and Vma,1 are the mid-gap voltage values before and after gamma

irradiation. Finally, the ANj and ANy values can be calculated from;
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The relation between Vi, VMg, and Vi, can be seen in Figure 6.19. Using
these procedures the different Vs, values were obtained after the irradiation stress
and its value is equal to AVj, i.e., AVii=AVy,and they can be calculated employing
the following:

AV = AV = Vso1 = Vso,0 (6.4)
Where Vmey, and VMg, are the mid-gap voltage values before and after gamma

irradiation. Finally, the AN;; and AN values can be calculated from;

AVt Cox

AN; = ” (6.5)
AVO Cox
AN, = T (6.6)

Here the extracted values give the density of the radiation-induced in interface and

oxide trapped charge.
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7. RESULTS

7.1 Electrical Characteristics of the Stacked-NiirFETSs before
Irradiation
7.1.1 The Electrical Characteristics Obtained for Stacked-
NirFETs with 100 nm SiO2 Gate Dielectric Oxide before
Irradiation
Determining the initial threshold voltages. 10 pA constant current was used

to determine the initial threshold voltage as explained in chapter 6. Figure 7.1
illustrates the electrical characteristics obtained for Stacked-NiirFETs with 100 nm
SiO> gate dielectric oxide before irradiation, the initial threshold voltages were
obtained for 1-NurFETs, 2-NurFETSs, 4-NirFETs, 6-NurFETs, 8-NurFETs, 10-
NiurFETs, and 12-NiirFETs stacked-NurFETs as illustrated in Figure 7.1. It is
observed that the initial threshold voltage shifts towards higher negative voltage
values with the increasing number of NurFET in the Stacked-NiirFETs. As the
number of NiirFETs in the structure increases, the number of charges trapped at the
interface and oxide layer increases. Therefore, larger values of negative gate voltage

are required to allow current to flow between source and drain.
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Figure 7.1. The obtained I — V plots for stacked-NirFETs with 100 nm SiO2 Gate
dielectric oxide.
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Table 7.1 illustrates the initial threshold voltage values obtained for 1-
NiurFETs, 2-NirFETs, 4-NiurFETs, 6-NirFETs, 8-NiirFETs, 10-NirFETSs, and 12-
NiirFETs stacked-NiirFETs with 100 nm SiO; gate dielectric oxide.

Table 7.1. The threshold voltages of stacked-NirFETs with 100 nm SiO2 gate
dielectric oxide.

Number of Sensors in the Stack. | Initial Threshold Voltage Vi, (V)
1 -3.02
2 -6.51
4 -14.53
6 -32.42
8 -43.44
12 -55.07

Figure 7.2 shows the variation of the initial threshold voltages of stacked-
NiurFETs with 100 nm SiO2 gate dielectric oxide depending on the number of
NurFETs.
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Figure 7.2. The variation of the initial threshold voltages of stacked-NirFETs
with 100 nm SiO> gate dielectric oxide depending on the number of NirFETSs in
the stacked structure.
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7.1.2 The Electrical Characteristics Obtained for Stacked-
NirFETs with 100 nm Er203 Gate Dielectric Oxide before
Irradiation

Figure 7.3 shows the electrical characteristics obtained for stacked-NiirFETs

with 100 nm Er;O; gate dielectric oxide before irradiation, the initial threshold
voltages were obtained for 1-NirFETs, 2-NurFETs, 4-NiurFETs, 6-NurFETs, 8-
NirFETs, 10-NiirFETs, and 12-NiirFETs stacked-NiirFETs as illustrated in Figure
7.3.
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Figure 7.3. The obtained I -V plots for stacked-NirFETs with 100 nm Er.O3 gate
dielectric oxide.

As the number of NirFETs in the structure increases, the number of charges
trapped at the interface and oxide layer increases. Therefore, higher values of
negative gate voltage are essential to allow current conduction between the source
and drain. As shown in Figure 7.3 it can be seen that when the number of NiirFETs
in the stacked-NurFETs increases the initial threshold voltage moves towards
higher negative voltage values.

Table 7.2 illustrates the initial threshold voltage values obtained for stacked-

NirFETs with 100 nm ErO3 gate dielectric oxide, and Figure 7.4 illustrates the
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variation of the initial threshold voltages of stacked-NurFETs with 100 nm Er,03
gate dielectric oxide depending on the number of NiirFETs in the stacked-NiirFETs.

Table 7.2. The threshold voltages of stacked-NirFETs with 100 nm Er,O3 gate
dielectric oxide.

Number of Sensors in the Stack. | Initial Threshold Voltage Vi, (V)
1 -9.99
2 -25.32
4 -49.69
6 -76.61
8 -93.85
12 -111.06
0
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Figure 7.4. The variation of the initial threshold voltages of stacked-NiirFETs
with 100 nm Er2O3 gate dielectric oxide depending on the number of NirFETS in
the stacked structure.
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7.2 Radiation Responses of the Stacked-NiirFETs under *°Co
Radioactive Source
The irradiation response of the stacked-NiuirFETs devices was investigated

and evaluated. The Stacked-NiirFETs having 100 nm SiO2 and 100 nm Er>O3 gate
dielectric oxides were exposed to radiation doses at the same conditions. The
irradiation experiments were performed under a ®Co radioactive source with
GAMMACELL 220 irradiation source. The stacked-NiirFETs were irradiated at
dose ranges from 50 mGy to 48 Gy, with an approximate dose rate of 417 Gy/h.

Under the effect of ionizing radiation, the threshold voltages shift to a
negative direction for the fabricated p-channel stacked-NirFETs. The Vu shift
(AVu) is directly proportional to the absorbed radiation dose, D: AVw = AxD",
where A is a constant, and n is the degree of linearity, which depends on the
dielectric thickness, electric field, and the absorbed dose. Ideally, n =1, and then A
becomes the sensitivity of the MOS-based sensors, as given in Eq. (7.2)

(5,11,23,34,39):

AVip = Vin, 1= Vin o (7.1)
_ Ay (v
s= 2 (Gy) (7.2)

Where Vi, 1 1s the threshold voltage after irradiation, and Vi, o1s the initial threshold
voltage (threshold voltage before irradiation).

The Mid-gap technique was used to analyze the electrical characteristics of
the fabricated stacked-NiirFETs. This technique was used to determine and analyze
the radiation-induced oxide trapped charge density (No) and interface trapped
density (Ni). The radiation-induced causes variations in electrical behaviors of the
sensors like threshold voltage shifts which are explained in detail in the previous
sections.

7.2.1 Radiation Effects on the Electrical Characteristics of
Stacked-NirFETs with 100 nm SiO2 Gate Dielectric Oxide
The radiation responses on the electrical characteristics of Stacked-NurFETs

with 100 nm SiO> gate dielectric oxide are given in Figure 7.5 and 7.6, respectively.
The threshold voltages shift depending on the applied radiation doses are illustrated

in Figure 7.5.
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Figure 7.5. Threshold voltages shift depending on the applied radiation doses of
stacked-NurFETs with 100 nm Si10O; gate dielectric oxide.
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As seen in Figure 7.5 the radiation-induced causes variations in electrical
behaviors of the stacked-NiirFETs with 100 nm SiO; gate dielectric oxide sensors.
Under the effect of ionizing radiation, the threshold voltage shifted to higher
negative values, which is directly proportional to the absorbed radiation dose.

4401 v —=— 2-NUrFETs
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T p LA L IR L L IR LA R L B
0 4 8 12 16 20 24 28 32 36 40 44 48
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Figure 7.6. Sensitivity (S) of the stacked-NiirFETs with 100 nm SiO, gate
dielectric oxide as a function of the applied radiation dose.

The sensitivities (S) of the stacked-NiirFETs with 100 nm SiO» gate dielectric
oxide sensors for the applied doses are shown in Figure 7.6 and Table 7.3. As seen
in the figures the sensitivities increase with the number of NiirFETS in the sensor.
However, the sensitivities decrease with the increase in radiation doses. Owing to
the oxidation-induced defects and impurities created by irradiation. When the
radiation interacts with the sensitive region (gate dielectric oxide), electron-hall
pairs are formed in the structure. With the increasing radiation dose, more charges
are trapped in the oxide layer and caused the internal electric field to increase in the
device over time. Due to these electric field effects, sensitivity deviates from

linearity as high doses are reached.
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Table 7.3. Sensitivity (S) of the stacked-NurFETs with 100 nm SiO> gate
dielectric oxide as a function of the applied radiation dose.

Dose 2-NirFET 4-NiirFET 8-NiirFET 12-NiirFET
(Gy) S (mV/Gy) S (mV/Gy) S (mV/Gy) S (mV/Gy)
05 41.2 156.56 262.26 441.29
1 72.9 101.11 151.15 240.89
2 49.95 81.58 93.09 140.18
4 45.25 54.31 60.81 90.59
8 31.88 40.42 46.17 61.11
16 26.19 28.22 35.41 39.16
24 22.96 24.44 26.74 30.58
32 20.19 21.46 2343 25.88
40 18.63 19.99 21.75 23.44
48 17.53 18.49 20.19 21.28

Table 7.4 shows the oxide trapped charge densities of the Stacked-NirFETs
with 100 nm SiO gate dielectric oxide. It is observed that as the number of
NiurFETs in the Stacked-NurFETs increases, the number of charges trapped at the
interface and oxide layer increases. Therefore, higher values of negative gate
voltage, which are essential to allow current to drift between source and drain are
observed. It is also observed that both the oxide trapped charge and interface
trapped charge densities increase with the increasing radiation doses applied to the
stacked-NurFETs. Furthermore, the oxide trapped charge densities increase in

direct proportion to the number of sensors in the Stacked-NiirFET.
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Table 7.5 illustrates the variations of the interface trapped charge density of
the Stacked-NiirFETs with 100 nm SiO» gate dielectric oxide. It is observed that as
the number of NiirFETs in the Stacked-NiirFETSs increases, the number of charges
trapped at the interface layer increases. It is also observed that interface trapped
charge densities increase with the increasing radiation doses applied to the stacked-
NurFETs.

Table 7.4. Oxide Trapped Charge Densities of Stacked-NiirFETs with 100 nm

Si0» gate dielectric oxide as a Function of the Applied Radiation Dose.

Dose 2-NiirFET 4-NiirFET 8-NiirFET 12-NiirFET

(Gy) Not (cm™2) Not (cm2) Not (cm2) Not (cm2)
0.5 5.10 x 10° 1.59 x 10 2.64 x 10 472 x 10"
1 1.53 x 100 2.19x 10 3.52x 10 5.19x 10
2 2.17 x 10 3.38 x 10 3.96 x 10" 5.97 x 10
4 3.95 x 100 4.77 x 10'° 5.28 x 10'° 7.70 x 100
8 5.48 x 100 6.95 x 100 7.91 x 10" 1.06 x 10!
16 9.05 x 10'° 9.74 x 10'° 1.19 x 10" 1.34 x 10"
24 1.20 x 10" 1.28 x 10" 1.37 x 10" 1.58 x 10"
32 1.39 x 10" 1.47 x 101 1.59 x 10" 1.78 x 10"
40 1.56 x 10" 1.71 x 101 1.85x 10" 2.02 x 10"
48 1.74 x 10" 1.91 x 10" 2.07 x 10" 2.19 x 10"
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Table 7.5. Interface Trapped Charge Densities of Stacked-NiirFETs with 100 nm
Si0; gate dielectric oxide as a Function of the Applied Radiation Dose.

2-NiirFET 4-NiirFET 8-NiirFET 12-NirET
Dose (Gy)
Nit (cm™2) Nit (cm™2) Nit (cm™2) Nit (cm™)
0.5 6.67 x 108 9.42 x 108 1.82 x 10° 2.91 x 108
1 3.66 x 108 1.08 x 108 2.66 x 10° 6.67 x 107
2 1.94 x 108 1.33x 10° 4.71 x 108 572 x 108
4 5.81 x 10° 9.64 x 10° 4.43 x 108 9.14 x 108
8 2.15 x 107 430 x 10° 3.16 x 108 1.57 x 10°
16 3.87 x 108 2.69 x 108 3.17x 10° 1.15 x 10°
24 1.32x 10° 1.02x 10° 1.73 x 10° 6.47 x 108
32 2.15x 107 6.65 x 108 3.02 x 10° 4.60 x 108
40 491x10° 1.14x 10° 2.47 x 10° 3.97 x 108
48 7.70 x 10° 4.09 x 10° 1.82 x 10° 1.15 x 10°

Fading characteristics of the Stacked-NurFETs with 100 nm SiO» gate
dielectric oxide are shown in Figure 7.7. The fading characteristics increase with
the increasing number of NUrFETs in the Stacked-NiirFETs. The most important
reason for this is that the trapped charge densities in the structure increase with the
increasing sensitivity and consequently the number of charges that are released
from the traps over time. On the other hand, the 5,37% fading value observed in 2-
NiirFETs indicates that the dose can be preserved by storing for a long time in these

structures.
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Figure 7.7. The Post-Irradiation Fading Values of Stacked-NiirFETs with 100 nm
Si0; gate dielectric oxide.

7.2.2 Radiation Effects on the Electrical Characteristics of
Stacked-NiirFETs with 100 nm Er203 Gate Dielectric Oxide
In Figure 7.8 the changes in threshold voltages after ®*Co irradiation of the

stacked-NurFETs with 100 nm Er2O3 gate dielectric oxide are illustrated depending
on the applied radiation doses. The radiation responses on the electrical
characteristics of Stacked-NurFETs with 100 nm Er2O3; gate dielectric oxide are
given in Figure 7.8 and 7.9, respectively. The threshold voltages shift (AVw)
depending on the applied radiation doses are illustrated in Figure 7.8. The
sensitivities (S) of the Stacked-NiirFETs with 100 nm Er;O3 gate dielectric oxide
depending on the applied radiation doses are shown in Figure 7.9 and Table 7.6.
When the radiation interacts with the sensitive region (gate dielectric oxide),
electron-hall pairs are formed in the structure. With the increasing radiation dose,
more charge will be trapped in the oxide layer and the internal electric field will
increase in the structure over time. Due to this electric field shielding effect,
sensitivity deviates from linearity as doses increased.

These results show that the sensitivity increases with the increasing number
of NUrFET in the Stacked-NirFETs. On the other hand, the sensitivity did not
increase in direct proportion to the number of sensors in the Stacked-NurFET. The

most important reason for this is the electric field shielding effect.
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Figure 7.8. Threshold Voltages Shifts Depending on the Applied Radiation Doses

of Stacked-NurFETs with 100 nm Er2O3 gate dielectric oxide.
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Figure 7.9. Sensitivity (S) of Stacked-NirFETs with 100 nm Er.O3 gate dielectric
oxide as a Function of the Applied Radiation Dose.

Table 7.6. Sensitivity (S) Values of Stacked-NirFETs with 100 nm Er,O3 gate
dielectric oxide as a Function of the Applied Radiation Dose.

Dose | 2-NUrFET | 4-NirFET | 8-NiirFET 12-NiirFET
G smviGy |smviGy) |smvViGy) | SmViGy)
0.5 2286 2616.62 3095.09 4453.63
1 1222 1427.43 2037.04 2227.65
2 617 720.22 935.94 1164.29
4 315.50 381.13 588.34 658.59
8 160.87 196.32 211.96 324.17
16 86.44 105.17 77.27 183.07
24 63.50 76.20 66.45 110.11
32 49.13 53.46 58.37 89.82
40 40.08 49.53 52.39 69.43
48 34.96 39.25 49.84 63.41
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Table 7.7 and 7.8 show the oxide trapped charge densities and interface
trapped charge densities of the Stacked-NiirFETs with 100 nm Er,O3 gate dielectric
oxide. It is observed that as the number of NurFETs in the stacked-NurFETSs
increases, the number of charges trapped at the oxide and interface layers increases.
It is also observed that trapped charge densities increase with the increasing
radiation doses applied to the stacked-NiirFETs.

Table 7.7. Oxide Trapped Charge Densities of Stacked-NiirFETs with 100 nm
Er0Os5 gate dielectric oxide as a Function of the Applied Radiation Dose.

2-NiirFET 4-NiirFET | 8-NirFET 12-NiirFET
Dose (Gy)

Not (cm2) Not (cm™2) Not (cm™2) Not (cm™)
0.5 8.84 x 10! 1.01 x 10" 9.25x 10! 1.74 x 102
1 9.43 x 10" 1.11 x 10" 9.55 x 10! 1.76 x 102
2 9.54 x 10" 1.12x 102 1.19 x 10" 1.82x 10"
4 9.79 x 10" 1.18 x 102 1.23 x 10'2 2.02 x 102
8 9.93 x 10" 1.22x 10 1.31 x 10"2 2.07 x 1012
16 1.07 x 1012 131 x 102 1.44 x 102 2.17 x 102
24 1.18 x 102 1.33 x 102 1.57 x 102 2.23x 102
32 1.22 x 102 1.42 x 102 1.62 x 102 2.29 x 102
40 1.24 x 102 1.46 x 102 1.82 x 10" 2.33x 102
48 1.30 x 102 1.53 x 102 1.86 x 102 2.39x 102
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Table 7.8. Interface Trapped Charge Densities of Stacked-NiirFETs with 100 nm
Er0O3 gate dielectric oxide as a Function of the Applied Radiation Dose.

2-NiirFET 4-NiirFET 8-NiirFET 12-NirET
Dose (Gy)

Nit (cm™?) Nit (cm™?) Nit (cm2) Nit (cm2)
0.5 1.56 x 10° 1.78 x 10° 2.73 x 101 1.64 x 10'°
1 3.10 x 10° 4.31x 10° 6.23 x 10" 3.97 x 101
2 1.55x 10° 1.98 x 10° 2.54 x 10" 1.96 x 10'°
4 1.60 x 10° 1.92 x 10° 592 x 10! 2.12 x 10'°
8 3.10x 10° 4.41 x 108 2.87 x 10° 5.39 x 10'°
16 3.88 x 10° 1.79 x 10° 4.85x 10" 1.01 x 10"
24 1.55x 10° 9.43 x 10'° 3.42x 101 1.82x 10"
32 7.75 x 108 9.47 x 10'° 1.76 x 10" 5.33x10'°
40 3.89 x 10° 7.35 x 10" 2.02 x 10" 1.81 x 10"
48 3.11x 10° 7.44 x 10" 3.63 x 10° 3.82x 10"

Fading characteristics of the Stacked-NurFETs with 100 nm Er:Os gate
dielectric oxide are shown in Figure 7.10. It is observed that the fading values
fluctuate, and the fading characteristics increase with the increasing number of
NurFETs in the Stacked-NurFETs. The most important reason for this is that the
trapped charge densities in the structure increase with the increasing sensitivity
region and consequently the number of charges that are released from the traps over
time. Furthermore, the observed highest fading value for 2-NiirFETs is 6.18% and
for the 12-NurFETs is 20.03% were observed fading value was observed ErO3
Stacked-NiurFETs, this indicates that the dose can be preserved by storing for a long
time in these Stacked-NiirFETs.
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Figure 7.10. The Post-Irradiation Fading Values of Stacked-NiirFETs with 100
nm ErO3 gate dielectric oxide.
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8. DISCUSSION

In this section, the author discusses and investigates the meaning,
importance, and relevance of the obtained results. By explaining and evaluating
what is obtained, which describes how they are related to the previous studies.

The electrical characteristics obtained for the fabricated stacked-NiirFETs
with 100 nm Si0O3, and 100 nm Er2O3 gate dielectrics oxide before irradiation were
plotted and investigated. Furthermore, the obtained results have shown the expected
values. When these devices are irradiated, it will be difficult to see the threshold
voltage shifts, which will be higher than 200 volts. Therefore, initial threshold
voltages of stacked-NiirFETs with 100 nm Si102, and 100 nm Er,O3 gate dielectrics
oxide were measured for 1, 2, 4, 6, 8, and 12-stacked-NirFETs. And for the
irradiation 2, 4, 8, and 12-stacked-NirFETs were prepared and irradiated. This
helped to easily bonded the NiirFETs and determined the irradiation responses of
the stacked-NurFETSs. It is observed that the initial threshold voltages move towards
higher negative voltage values with the increasing number of NurFET in the
stacked-NurFETSs. As the number of NiirFETSs in the structure increases, the number
of charges trapped at the interface and oxide layer increases. Therefore, larger
values of negative gate voltage are required to allow current to flow between source
and drain (1,2,44,57,58).

Table 8.1. Compared threshold voltage values of the stacked-NiirFETs.

Number of Sensors Si02 Er:03
in the Stacked-NiirFETs Initial Threshold Voltage Vin Initial Threshold Voltage Vi
V) (V)

1 -3.02 9.99
? 651 2531
) -4.52 -49.68
6 -32.41 76.60
8 4344 93.85
12 -33.07 -111.05
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Comparing the two stacked-NurFETs of 100 nm SiO2 and 100 nm Er20s
gate dielectrics to the single MOS-based sensors, it is observed that the initial
threshold voltages and the irradiation sensitivities of the stacked-NiirFETs are much
higher than the single NiirFETs (3-8,12,14,17,19,20,24,25,35,39,42,53,122). The
reason for these values is the presence of high parasitic charge densities generated
by the increasing number of NiirFETs.

When the Vi, obtained for the stacked-NiirFETs of 100 nm SiO; is compared
to the stacked-NurFETs of 100 nm Er2O3 as shown in Table 8.1. It is observed that
the initial threshold voltages shifted with the increase in the number of NiirFETSs
for both. However, the highest threshold voltage values were obtained in 100 nm
Er,0O; gate oxide layer Stacked-NirFETs. Though the SiO2/Si interface exhibits
excellent interface quality for the MOS-based technologies, due to stack structure
interface defects are significant, which bring about the threshold voltages shifted to
the higher values. Moreover, changes occurred in the trapped charges with time,
which caused the variations in the device characteristics. The charge carriers are
scattered by the site of the defect in the device channel, causing lower carrier
mobilities and the high number of traps that caused variation in the stacked-

NurFETs (13,22,24,26,37,39,44,58).

As expected, the initial electrical characteristics of the fabricated stacked-
NiirFETs have improved with the increasing number of NirFETSs in the device,
however, larger shifts to higher negative voltages in the Er;O3 stacked-NiuirFETSs
have been observed compared to the SiO> stacked-NiirFETs. As given in Table 8.1,
the initial threshold values of Er:Os stacked-NurFETs are higher than the initial
threshold values of the SiO> stacked-NiirFETs. The reason for this behavior is
related to the generation of trapped charges in the Er,O3 device structure at the time
of the fabrication processes (2,12,34,36,58). Moreover, this indicates that positive
charges are trapped during the fabrication of the Er>Os, owing to these trapped
positive charges; the initial threshold voltages of the Er,Os stacked-NiirFETs are
higher than the SiO; stacked-NiirFETs (5,24,25,34,38).

Under the effect of ionizing radiation, the stacked-NurFETs threshold
voltages shifted to the higher negative voltages with the increasing doses. The Vi

shift (AVw) is directly proportional to the absorbed radiation dose. However, a
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decrease in the AV, with increasing radiation doses is observed, oxidation-induced
defects can be produced due to the formation of impurities or defects created by
radiation or similar bond-breaking processes of the dielectric (45,115).
Approximately, these charges are fixed oxide charges and oxide trapped charges.
These charges include positive charges closer to the gate dielectric/semicindcutor
interface that is inside the gate dielectric layer. These charges are created due to the
fabricating process of the stacked-NiirFETs (34,37,38,44,58). The interaction of
ionizing radiation with the dielectric oxide layer results in electron-decoupled pairs
in the sensors, and negative charges with higher mobility related to positive charges
simply transport to the gate terminal, avoiding the recombination or trapping
process. In contrast, most of the positive charges are trapped in the defect centers

in the device.

The sensitivities (S = AVw/applied dose) of the 100 nm SiO; Stacked-
NiurFETs are much higher than single SiO; NurFETs (5,8,9,12,14,20,25). The
sensitivities values decreased with the increasing irradiation doses. An increase in
the irradiation doses has caused an accumulation of oxide trapped charges, which
leads to a decrement in the sensitivity (45,115). The obtained trapped charge
densities increased with the increasing irradiation doses. This is due to a large

number of the initial yield of holes and defects, whereby traps are generated.

The gamma irradiation effects on the electrical characteristics of 100 nm
ErO3 Stacked-NurFETs were obtained and investigated. The obtained threshold
voltages shifted to the higher negative voltages with the increasing irradiation
doses. The irradiation responses of the stacked-NiirFETs sensors and the
fundamental mechanisms of the irradiation-induced impacts depend on the
generated number of defects and electrons —holes couples by irradiation. This arises
due to the high mobility of electrons, which are easily depleted from the gate
dielectric oxide layer, at the same time the holes present at the layer relocated to the
oxide/semiconductor interface, where traps arose (45,115). These generated defects
and traps due to the irradiation, bring about threshold voltages shifts as shown in

Figures 7.5 and 7.8.

The interaction of ionizing radiation with the dielectric oxide layer results

in electron-decoupled combinations in the devices, and negative charges with
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higher mobility compared to positive charges easily transfer to the gate electrode,

escaping the recombination or trapping progression. In contrast, most of the positive

charges are trapped in the defect centers in the structure. As given in Table 8.2 the

sensitivities (AVw/applied dose) of the 100 ErO3 nm Stacked-NiirFETs are much

higher than 100 nm SiO; NiirFETs, this is due to the higher dielectric constant, thin

films quality, and trapping efficiency of the Er.O3 dielectric oxide.

Table 8.2. Compared sensitivity (S) values of the stacked-NurFETs as a function

of the applied radiation dose.

SiO:2 Er20; SiO: Er20; SiO: Er20; SiO: Er20;
Dose
Gy) 2-NirFET | 2-NurFET 4-NirFET 4-NirFET 8-NiirFET 8-NiirFET 12-NiirFET | 12-NiirFET
S (mV/Gy) | S (mV/Gy) S (mV/Gy) S (mV/Gy) S (mV/Gy) S (mV/Gy) S (mV/Gy) S (mV/Gy)
0.5 41.20 2286 156.56 2616.61 262.26 3095.09 441.29 4453.62
1 72.90 1222 101.11 1427.42 151.15 2037.04 240.89 2227.65
2 49.95 617 81.58 720.22 93.09 935.94 140.18 1164.29
4 4525 315.50 54.30 381.13 60.81 588.34 90.59 658.59
8 31.87 160.87 40.42 196.32 46.17 211.96 61.11 324.17
16 26.19 86.44 28.22 105.17 35.41 77.27 39.16 183.07
24 22.96 63.50 24.44 76.20 26.73 66.45 30.58 110.11
32 20.19 49.13 21.46 53.46 23.43 58.37 25.87 89.82
40 18.62 40.08 19.99 49.53 21.75 52.38 23.43 69.43
48 17.52 34.96 18.49 39.25 20.19 49.84 21.28 63.41

89




The radiation responses of the stacked-NurFETs sensors vary from the
linearity on account of the increased electric field shielding effect after a certain
dose value, depending on the oxide dielectric materials, dielectric thickness, type,
and energy of the applied radiation dose. The sensitivities values decreased with the
increasing irradiation doses. An increase in the irradiation doses has caused an
accumulation of oxide trapped charges, which leads to a decrement in the
sensitivity. The obtained trapped charge densities increased with the increasing
irradiation doses. This is due to a large number of the initial generated holes and

defects, whereby traps are generated.

The irradiation generated oxide trapped charge and interface trapped charge
densities for both SiO2 and Er,O;3; stacked-NirFETs improved with increasing
irradiation doses. It is observed that the obtained trapped charges are positive for
both oxide and the interface layers. Furthermore, a large number of oxide trapped
charges are observed compared to interface trapped as given in Tables 8.3 and 8.4.
This shows that oxide trapped charges are dominants for the Vu, shifts. Besides,
obtained both types of trapped charges are higher in the Er,O3 stacked-NiirFETs as
seen in the compared oxide trapped charge densities of the stacked-NiirFETs as a
function of the applied radiation dose and compared interface trapped charge

densities of the stacked-NiirFETs as a function of the applied radiation dose.

These results have shown that the sensitivities increase with the increasing
number of NUrFET in the stacked-NiirFETSs sensors. However, the sensitivities did
not increase in direct proportion to the applied radiation doses to the stacked-
NiurFETs sensors. This is due to the width and length of the current-conducting
channels. Eventually, when the drain voltage keeps increasing, it reaches a
saturation state, at which the channel thickness reduces to zero. In this case, the
pinch-off point is observed. The drain current does not change above the pinch —
point, it almost remains the same. The applied gate voltage is higher than the
saturated voltage, and the saturated voltage remains constant. Therefore, the number
of carriers coming from the source and the current flowing between the source and
drain remains the same, which indicates the saturation region is reached in the

device. Therefore, the drain current will remain constant no matter how the drain
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voltage increases. Here the significant factor is the channel length and the channel

width (2,44,58).

Table 8.3. Compared Oxide Trapped Charge Densities of the Stacked-NiirFETs
as a Function of the Applied Radiation Dose.

SiO: Er:0; SiO: Er:0; SiO: Er:0; SiO: Er:0s3
Dose

(Gy) 2-NirFET 2-NirFET 4-NirFET 4-NiirFET 8-NirFET 8-NirFET 12-NirET 12-NirET

Not (cm'z) Not (cm'z) Not (cm‘z) Not (cm'z) Not (cm‘z) Not (cm'z) Not (cm'z) Not (cm'z)

0.5 5.10 x 10° 8.83 x 10! 1.59 x 10'° 1.01 x 102 2.64 x 10" 9.25 x 10! 4.71 x 100 1.74 x 1012

1 1.53x 10'° 9.43 x 10! 2.19 x 10" 1.11 x 102 3.52x 10" 9.56 x 10! 5.18 x 10 1.76 x 102

2 2.17 x 10'° 9.54 x 10! 3.38 x 10 1.12 x 102 3.96 x 10" 1.19 x 1012 5.97 x 10 1.82 x 1012

4 3.95 x 10%° 9.78 x 10! 4.77 x 100 1.18 x 102 5.27 x 1010 1.23 x 1012 7.70 x 1010 2.02 x 102

8 5.48 x 10'° 9.93 x 10" 6.95 x 1010 1.22 x 10%2 7.91 x 100 1.31x 10" 1.06 x 10! 2.06 x 102

16 9.05x10° | 1.07x102 | 9.73x10° | 1.31x10% | 1.19x 10" | 1.44x102 | 134x 10" | 2.17x 102

24 1.19x 10" | 1.18x102 | 1.27x10" | 1.32x10% | 136x 10" | 1.58x10 | 157x10" | 2.23x102

32 139x 10" | 1.22x102 | 1.47x10" | 1.42x102 | 158x10" | 1.62x102 | 1.78x 10" | 2.29x 1012

40 155x 10" | 1.24x102 | 1.71x10" | 1.46x102 | 1.85x 10" | 1.82x102 | 2.01x 10" | 2.33x 102

48 1.73 x 101 1.30 x 102 1.91 x 10" 1.53 x 102 2.07 x 10" 1.86 x 102 2.19 x 10" 2.40 x 102
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Table 8.4. Compared Interface Trapped Charge Densities of the Stacked-
NiirFETs as a Function of the Applied Radiation Dose.

Si0; Er;0; Si0; Er;0; SiO; Er;0; SiO, Er;0;

Dose 2 2-NiirFET 4- 4-NirFET | 8-NiurFET | 8-NirFET | 12-NirET | 12-NirET
(Gy) | NiirFET NiirFET

Nt (em?) Nit (ecm™) N (em?) Nit (cm?) Nit (cm™) Nit (cm™) Nit (cm™) Nit (cm?)

0.5 | 666x10° | 1.55x10° | 9.42x10° | 1.79x10° 1.81x 10° 273x10" | 290x 10} 1.64 x 101

1 365x 108 | 310x10° | 1.07x10° | 4.31x10° 2.65 x 10° 6.23x10"" | 6.66x107 | 3.97x10"

2 193x10% | 1.55x10° | 1.33x10° | 1.98x10° 470 x 108 254x10" | 572x10% | 1.97x10"

4 580x10% | 1.56x10° | 9.63x10% | 1.92x10° 4.43 x 108 592x101 | 9.14x10% | 2.12x10Y

8 215x107 | 3.10x10° | 430x10° | 4.41x 108 3.16 x 108 2.87 x 10° 1.57x 108 | 5.39x10"

16 | 387x10% | 3.87x10° | 2.69x10° | 1.79x10° 3.17 x 10° 4.85 x 10" 1.14 x 10° 1.01 x 10"

24 | 131x10° | 1.55x10° | 1.01x10° | 9.43x10" 1.73 x 10° 3.42x 10" 6.47 x 108 1.82 x 101

32 1 215x107 | 7.74x10% | 6.64x10° | 947x10° | 3.02x10° 176 x 10" | 4.60x 105 | 533x10"

40 | 490x10° | 3.87x10° | 1.14x10° | 7.35x10° | 2.47x10° 2.02 x 101 3.98 x 10 1.81 x 10"

4 | 769x10° | 3.10x10° | 408x10° | 7.44x10"° | 1.82x10° 3.63x10° 1.15x10° | 3.82x10"

future p-MOS-based radiation sensors. However, improvements in fabrication
stages and comprehensive investigations need to be performed to develop and

enhance the reliability of the devices. Further actions and additional scientific

The outcomes have shown that the fabricated Stacked-NurFETs can be
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studies should be done to address what this study could not achieve and explain:
The gate channel length/width ratio can be used to reduce the external voltage
electric field shielding effect to be applied to the sensor during irradiation. During
irradiation, the terminals of the stacked-NirFETs were short-circuited, irradiation
connection and read-out configuration will improve the performance of the device.
And with external bias voltage, the linearity and the sensitivity of the stacked-

NiirFETs will be improved.
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9. CONCLUSIONS AND RECOMMENDATIONS

The p-MOS sensors in the stacked structure (stacked-NirFETs) whereby
multiple p-channel MOSFETs are interconnected in one chip were fabricated and
characterized. The fabricated stacked-NurFETs are silicon-based NirFETs with
100 nm SiO; and 100 nm ErO3 gate dielectrics oxides optimized for radiation
sensitivity. Characterizations and relevant measurement analysis of the gate
dielectric oxides were investigated. After the initial device assessment, the device
performance and possible degradation mechanism in the radiation environment
have been also discussed. The major conclusions and recommendations obtained

from this study are listed below:

1. The obtained initial threshold voltages shifted to the higher negative
voltages with the increasing number of NiUrFETs in the stacked-NurFETs.
It is observed that the initial threshold voltage moves towards higher
negative voltage values due to the increasing number of sensors in the 100
nm SiO2 Stacked-NurFETs. It is observed that as the number of NirFETs
in the Stacked-NiieFETs increases, the number of charges trapped at the
interface and oxide layer increases. Therefore, larger values of negative gate
voltage, which are required to allow current to flow between source and

drain are observed.

2. The obtained threshold voltages shifted to the higher negative voltages with
the increasing irradiation doses. The irradiation responses of the Stacked-
NiurFETs sensors and the fundamental mechanisms of the irradiation-
induced impacts depend on the generated number of defects and electrons —
holes pairs by irradiation. This occurs due to the high mobility of electrons,
which are easily depleted from the gate dielectric oxide layer, at the same
time the holes present at the layer moved to the oxide/semiconductor
interface, where traps occurred. These generated defects and traps due to the
irradiation bring about threshold voltages shifts as shown in the obtained I

—V measurements.

3. The Vu values shifted toward more negative voltages for both Er,O3; and

S10; stacked-NirFETs, due to the accumulation of positive trapped charges.
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4.

5.

The obtained sensitivities of Er2O3; stacked-NiirFETs are significantly
higher than SiO> stacked-NiirFETs. The sensitivities of the 100 Er2O3 nm
Stacked-NiirFETs are much higher than 100 nm SiO2 NiirFETs, this is due
to the higher dielectric constant, thin-film quality, and trapping efficiency
of the ErO3 gate dielectric oxide. The results showed that the sensitivities
of the Stacked-NiirFETs are directly proportional to the number of sensors
used in the structures. Also, the higher positive charge trapped densities
have been observed in the Er.O3 ErO3 stacked-NiirFETs compared to SiO»
stacked-NiirFETSs as expected.

The sensitivities values for both ErOs and SiO: stacked-NiirFETs
decreased with the increasing irradiation doses. The obtained trapped charge
densities increased with the increasing irradiation doses. This is due to a
large number of the initial yield of holes and defects, whereby traps are

generated.

These initial results are demanding for the possible usage of Er.O3 and SiO2
stacked-NurFETs to be used in P-MOS dosimeters as new MOS-based
radiation sensors. The observed remarkable rise in the sensitivities of the
devices can be a milestone for the improvement of the p-MOS dosimeters,
and the results have also shown that the fabricated Stacked-NirFETSs can be
future p-MOS radiation sensors. However, further actions and additional
scientific studies should be done to address what this study could not
achieve and explain; improvements in fabrication stages and comprehensive
investigations need to be performed to develop and enhance the reliability

of the devices.
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