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ABSTRACT

Studies on Computer Aided Design Technology of Double Metal Negative Capacitance FET using

DFT and Machine Learning Approach for Analog/Sensing Applications.

The exponential growth in transistor density has been the driving force behind advancements
in computing power, energy efficiency, and cost reduction for decades. As transistor dimensions
shrink, the gate loses control over the channel, causing issues such as threshold voltage roll-off,
increased leakage currents, drain-induced barrier lowering (DIBL) etc, higher transistor densities
increase power consumption per unit area. Shrinking device dimensions exacerbate parasitic capac-
itance, parasitic resistance, heat dissipation etc. The primary issue with conventional integrated
circuits and systems based on CMOS technology is increasing power consumption. Due to the
ability to reduce supply voltages using steep-subthreshold swing Field Effect Transistor devices,
they have been proposed as a viable option for future circuits and systems that prioritize energy
efficiency. The scientific and academic communities have shown significant interest in Negative Ca-
pacitance Field Effect Transistors (NCFETs). NCFETs offer numerous notable benefits compared
to conventional FETSs, primarily due to unique characteristics of the ferroelectric material used
in their gate stack. The advantages of NCFETs include low power consumption, increased drive

current, reduced subthreshold swing, and higher energy efficiency.

The property of NCFETs that allows them to achieve low off-current (Iofs) and comparable
on-current (I,,) at low supply voltages means that they work effectively at low switching voltage
and with less power consumption. Different types of NCFETs depending on their structural integra-
tion with ferroelectric materials and engineering such as Planar NCFET, NC FinFET, Nanowire

NCFET, NC Tunnel FET, etc have been analysed in various literature, each configuration has

viil
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distinct benefits but also poses various obstacles in their functioning like ferroelectric material sta-
bility, control of ferroelectric properties, power-performance trade-offs, temperature sensitivity, and
overall device reliability. To counter these challenges, a new device structure, DM NCFET (Double
Metal NCFET) is proposed and examined in this thesis. It comprises two metallic layers below
the ferroelectric material with stacked insulator in between, resulting in MFMIMIS (Gate Metal-
Ferroelectric-Metal-Insulator-Metal-Insulator-Semiconductor) configuration. The idea behind the
inclusion of metal layers in the structure is due to its several benefits. The metal layer helps in
redistributing the electric field across the ferroelectric and insulator layers. The metal layer also
acts as a barrier, preventing direct tunnelling currents between the semiconductor and ferroelectric
layers, thus enhances device reliability by minimizing leakage. The metal layer also provides bet-
ter control over the interface properties, which reduces hysteresis effects in the ferroelectric layer.
The metal layer can act as a heat sink, dissipating heat generated during device operation, thus
improves the thermal stability and longevity of the device. Further, by isolating the ferroelectric
and insulator layers, the metal layer minimizes defects at their interface, thus enhances the overall
performance and reliability of the device. Subsequently, spacer technology is also incorporated in
the DM NCFET configuration to form DM-NCFET (spacer) to further improve device performance
and scalability. Spacers are typically insulating materials, such as silicon nitride (SizN4) or silicon
dioxide (SiO2), formed on the sidewalls of the gate stack. They reduce hot-carrier injection (HCI),
thereby improves device reliability and reduces electric field peaks at the drain junction. Spacers
electrically isolate the gate electrode from the source/drain regions, thus prevent parasitic capac-
itance and any associated leakage paths. Spacers also help in achieving self-aligned source and
drain regions during fabrication. So, by providing precise control over doping, isolation, and stress,
spacers in general enhance the reliability and efficiency of the device. Thus, this proposed structure
presents a promising direction for overcoming the limitations of conventional NCFETSs, especially
as technology nodes scale down. It provides a pathway to achieve a more promising device for

meeting the demands of modern electronics.

Initially, the analog and RF (Radio Frequency) performance of the ferroelectric Field Effect
Transistor device, specifically the DM-NCFET with and without a spacer were studied. The pro-
posed DM-NCFET (spacer) improves the ON-current (I,,,) by 25% as compared to the DM-NCFET

without a spacer, reduces leakage current (I,¢s) by approximately 37%, enhances the switching ra-

X

Delhi Technological University, Delhi-42



Yash Pathak

tio (Lon/Loff) by 99%, increases the threshold voltage (V) by 0.29%, and lowers drain-induced
barrier lowering (DIBL) by 17.6%. We also examined various analog parameters to improve the
performance of the DM-NCFET with a spacer at 300K, including transconductance generation fac-
tor (TGF), transconductance (g,), intrinsic gain (A, ), early voltage (V¢4 ), intrinsic delay (T;), and
some RF parameters like gain transconductance frequency product (GTFP), cut-off frequency (Fy),
and gain frequency product (GFP). At 300K, the DM-NCFET (spacer) shows improved performance
for these parameters compared to higher temperatures (400K and 500K). Simulated results using
Visual TCAD confirm the high compatibility and enhanced performance of DM-NCFET (spacer)
at room temperature (300K). Additionally, the gate electrode work function was varied using ma-
terials like Palladium, Chromium, and Tungsten. Palladium with a work function of 5.3eV, showed
the best performance with improvement in leakage current by 106 times and switching ratio by 107

times compared to Chromium.

Furthermore, the DM-NCFET is explored for biosensing applications, analyzing the effects
of nano cavity gaps with biomolecules like proteins, cholesterol oxidase (ChO;), streptavidin, and
uricase. Electrical characteristics such as threshold voltage and switching ratio (Ion/Ioff) are higher
with biomolecules compared to without biomolecules. Protein sensitivity is improved by 1.11 times,
and the detection limit is higher by 1.012 times. The biosensor’s sensitivity is increased with increase
in dielectric parameter of the biomolecules, and modulation of the cavity gap length (from 8nm
to 12nm). Visual TCAD software was used for all the simulations, showing that the DM-NCFET
biosensors are highly sensitive with low-power consumption, thus suitable in numerous applications
like checking infections, food investigation, crime detection, ecological monitoring, and biomedical

field.

Moreover, the analog/RF and linearity parameters of Single Metal Double Gate NCFET (SM-
DGNCFET) and Double Metal Double Gate NCFET (DM-DGNCFET) are observed using Cogenda
Visual TCAD and Quantum ATK tool. SM-DGNCFET demonstrated better performance with a
279 times higher switching ratio, 54% lower DIBL, reduced SS, and improved transconductance,
TGF, and RF parameters like TFP, confirming the enhanced device’s reliability and stability.
Linearity parameters such as second and third-order transconductance (g2, gms) and voltage
intercept points for 2nd and 3rd order are also improved. The Tran-Blaha modified Becke-Johnson

(TB-mBJ) approximation provided accurate band gap calculations, and DFT-based atomic studies

X
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with 12.5% Si doping in HfO crystals showed better conductivity for the device.

Further, the machine learning approach for predicting key analog and RF parameters of NCFETSs
is also explored using Visual TCAD and Python. The algorithm of an artificial neural network
effectively predicted multi-input to single-output relationships, reducing computational costs. Sim-
ulations demonstrated that DM-DGNCFETs performed optimally at T=300K, T,,=0.8nm, and
Tsup=3nm, improving the switching ratio and reducing leakage current. Notably, at T' = 300K,
the switching ratio is higher and the leakage current is 84 times lower compared to T' = 500K . Sim-
ilarly, at ferroelectric thicknesses Tr. = 4nm, the switching ratio improves by 5.4 times compared
to Tr. = 8nm. Furthermore, at substrate thicknesses Ty,;, = 3nm, switching ratio increases by
81% from Ty, = Tnm. For oxide thicknesses at T,, = 0.8nm, the switching ratio increases by 41%
compared to T,, = 0.4nm. The analysis reveals that Tr. = 4nm, T' = 300K, T,, = 0.8nm, and
Tsup = 3nm represent the optimal settings for DM DGNCFET, resulting in significantly improved

performance.

Additionally, experimental circuit designs of Ion-Sensitive FETs (ISFETs) for pH sensing are
investigated. The gate electrode work function on ISFETs was rigorously studied using Cogenda
Visual TCAD, with molybdenum showing better results than aluminum. Based on its I-V charac-
teristics, it may deduce that molybdenum, with a work function of 4.75eV, has a larger threshold
voltage, switching ratio (10%) and lower leakage current (10~%) than aluminium at 300K. Compar-
ative studies of ISFET sensing layers (AloO3, SigNy, SiO3) indicated that AlyOg displayed the best
results for switching ratio, leakage current, sensitivity, and transconductance. The enhancement
in pH sensing is also demonstrated experimentally with proper circuit designing of ISFET. ISFET
display instability, often referred to as drift, in the form of a gradual, monotonic, temporal increase
in the device’s threshold voltage. The validation of the observations is done by increasing the value

of the pH as follows: 4.67, 5.9, 7.5, 8.57, and 9.3, which were checked by pH meter.

In conclusion, DM-NCFET shows great potential for low-power, analog, RF, and sensing ap-
plications along with its compatibility with DFT and machine learning approaches as discussed

comprehensively in this research work.

x1
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Chapter 1

Introduction

This chapter provides a comprehensive overview of the research work, focusing primarily on the
significance of NCFET in the low power memory device and the modern integrated circuit

industry.

Following that, this chapter includes a review of several engineering techniques for reducing
short channel effects(SCEs), such as planar NCFET, junctionless engineering, NC FinFET,

NC TFET, and Fe-Ins-FET as reported in various research articles.

Moreover, NCFET is covered in the chapter as a possible solution to the issues. The chapter
then goes on to discuss the basic design of NCFETs, their classification, their basic operation,

potential advantages, and the technological difficulties incurred in NCFETs.

The chapter concludes with a summary of all the chapters and an outline of the research objec-

tives for the thesis.
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1.1 Background

Jack Kilby independently developed the concept of the integrated circuits (ICs) while employed at
Texas Instruments in 1958, which transformed the electronic world (Sax09). Moore’s law served
to reduce Complementary Metal-Oxide-Semiconductor (CMOS) technology, which in turn fueled
the development of ICs. Moore’s Law, named after Gordon Moore, an Intel co-founder, is credited
with coining the Moore’s Law, which states that a chip’s transistor count doubles every two years
(Mo0098). Figure 1.1 reveals (a) the curve showing increase in number of transistors per micro-
processor with the increasing time (hpm), and (b) trend of decreasing length of gate for mosfet
with time along with exponential scaling trend of transistors according to International Technol-
ogy Roadmap for Semiconductors (ITRS) target (Radl3). The performance of ICs has greatly
enhanced as transistor’s size has been reduced and more densely integrated on a chip, resulting in
reduced cost and power consumption. This tendency has enabled the extensive use of diverse range
of electronic devices, including personal computers, cellphones, and modern medical equipment, as

well as autonomous vehicles (Kum24).
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Figure 1.1: The plot of (a) No. of Transistor per Microprocessor vs Year (hpm) (b)
MOSFET Gate Length vs Year (Rad13).
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Nevertheless, achieving this reduction in size to the nanoscale is very challenging owing to con-
straints such as higher leakage current, elevated power consumption, SCEs, quantum phenomena,
and heat dissipation problems, etc (Kuhll; RMMMO03). The drain potential starts to impact the
electrostatics of the channel in highly scaled MOSFETs, leading to an increased leakage current
between the drain and the source. Furthermore, transistors are prone to significant SCEs, including
threshold voltage (Vi) roll-off, which contribute to power dissipation, drain induced barrier low-
ering, and subthreshold slope (XLX'13; CK04). The primary issue with conventional integrated
circuits and systems based on CMOS technology is increasing power consumption. Due to the
ability to reduce supply voltages using steep-subthreshold swing Field Effect Transistor devices,
they have been proposed as a viable option for future circuits and systems that prioritize energy

efficiency (RTU21).

10°

Development of -~
L ow Power Electronic S
Device. 2
<
= 10°
- : - o
w SSideallylimit <60mV/dec. =
= 9 |
N % 9 & 07V
: ) Red: NCFET ~© 0.05V
, Blue: MOSFET @ 0.7V
1012 s o—-0.05V
0.0 0.2 04 0.6

Gate Voltage, Vs (V)

Technology

Figure 1.2: (a) The advancement of semiconductor FET vs SS (RTU21) (b)The graph of
drain current vs gate voltage for MOSFET and NCFET (LSH'23).

The scientific and academic communities have shown significant interest in NCFETs. The notion
of negative capacitance in a FET involves increasing the internal potential without changing the
transport phenomenon of conventional MOSFETs. NCFETs have successfully achieved comparable
switching at a lower supply voltage, Vpp, than conventional MOSFETs. The SS of NCFET is
ideally less than 60mV /dec. as illustrated in Figure 1.2(a) (RTU21). The property of NCFETs

that allows them to achieve low off-current (I,¢s) and comparable on-current (I,,) at low supply

3
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voltages means that they work effectively at low switching voltage and with less power consumption
as exhibited in Figure 1.2(b) (LSH'23). This can be accomplished by making minor adjustments
to ordinary CMOS devices, i.e. by incorporating a small layer of ferroelectric material into the
gate stack. This small change to a conventional MOSFET is aimed at NC, which is a distinctive
feature of FE materials. Materials with non-linear dielectric behaviour are called FE materials.
These materials exhibit a phenomenon called pre-existing polarization, which undergoes a reversal

in direction when an external electric field is applied.

1.2 Theory of NCFET

1.2.1 Basic Structure of NCFET

The negative capacitance FET is a sophisticated variation of the FET that incorporates a ferro-
electric material into the gate stack in order to attain a negative capacitance phenomenon. The
presence of negative capacitance may address the drawbacks of traditional FETs by effectively
decreasing the subthreshold swing to a level below the 60 mV /decade threshold. This, in turn,

improves the performance and energy efficiency of the device.

Figure 1.3 reflects the schematic diagram for (a) NCFET with Metal Ferroelectric Insulator
Semiconductor (MFIS) configuration (Pah20), and (b) NCFET with Metal Ferroelectric Metal

Insulator Semiconductor (MFMIS) configuration (PDAC18). The NCFET is characterized by its

specific structure:

1. Substrate refers to the underlying substance, often silicon or another semiconductor, that

serves as the basis for a transistor.

2. The source and drain of the FET are heavily doped areas in the substrate that facilitate the

injection and extraction of charge carriers, which may be either electrons or holes.

3. The channel is the area located between the source and drain, where the charge carriers flow.

The gate voltage regulates the conductivity of the channel.

4. The gate oxide, also known as the dielectric layer, is a thin insulating layer that separates
the gate from the channel. Typically, in an NCFET, this layer consists of a high-k dielectric
material, which enhances gate control and minimizes leakage currents.

4
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5. The ferroelectric layer is the crucial element that distinguishes NCFETs from regular FETSs.
The ferroelectric layer, typically composed of hafnium oxide (HfO2) doped with dopants such
as zirconium, silicon and aluminium, which has been proved to possess ferroelectricity, is posi-
tioned above the gate oxide. The ferroelectric material demonstrates a negative capacitance
phenomenon, which augments the total gate capacitance and decreases the subthreshold

swing.

6. The gate electrode refers to the uppermost layer of a device, often composed of metal or
polycrystalline silicon. The gate electrode is used to administer a voltage that regulates the

conductivity of the channel.

Gate
T, F Gatel @ . Ferroelectrig (b)
erroelectrig
I- Oxide - Is- ide -
Lsp Lg E LSP Lg Ly
T, T,
Body Body

Figure 1.3: Schematic diagram for (a) NCFET with MFIS configuration (Pah20) (b)
NCFET with MFMIS configuration (PDAC18)

1.2.2 Ferroelectric Material

While discussing the materials exhibiting nonlinear polarization under the influence of electric field,
there are two categories: one is paraelectric materials, which give enhanced nonlinear polarization
and no polarisation occurs even in absence of electric field as shown in Figure 1.4(a), while the other
is ferroelectric materials, which give non zero spontaneous polarization that exhibit two possible
states of polarization even in the absence of electric field as illustrated in Figure 1.4(b). The
polarization is directly proportional to an electric field applied in the ferroelectric material. Even
when the electric field is no longer present in the ferroelectric material, the remnant polarisation

remains as depicted in the hysteresis loop owing to the material’s inherent spontaneous polarization.

5
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(c) Paradlectric

(d) Ferroelectric (e) Ferroglectric

P Pb2+
Ti%
0%

Figure 1.4: The plot of polarisation vs electric field for (a) paraelectric and (b) ferroelectric
(DDVK22). Atomic structure of Pb?>* Ti*T 035~ for (c) paraelectric (d) ferroelectric with up
polarisation (e) ferroelectric with down polarisation (WYSK15).

Figure 1.4 reveals the atomic structure of lead titanate (PbTiOs) for (c) paraelectric and (d)
ferroelectric with up polarisation (e) ferroelectric with down polarisation (WYSK15). The cen-
trosymmetric property and linear dielectric are in paraelectic material. The non-centrosymmetric

property and non-linear dielectric are in ferroelectric material (RAT07; Khal5).

The L-K and Miller models are often used to elucidate the polarisation (P) and voltage across
ferroelectric (FE) materials (SDG18; LK54; Son05). However, L-K has received greater recognition.
This section has focused on the L-K model. The Landau-Khalatnikov (L-K) equation is a dynamic
formulation of the Landau—Devonshire theory as shown in Eq. 1.1. The L-K equation is a very
useful tool for comprehending the ferroelectric switching features in the development of NCFET

technology (SDG18; SD08). The Landau theory of nonlinear dielectric is given below:

G = aP? 4 BP* 4+ yP5 — EP,a = oy[T — TV (1.1)

Here, G is free energy density, «, 3, v are landau coefficients, P is polarization, and E is an electric

6
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field.

The concept of negative capacitance is explained using the L-K equation, which describes the
relationship between polarisation (P) and voltage (V) in a steady-state condition. In this equation,
there is a region where the derivative of polarisation with respect to voltage is negative. The L-K
model describes the temporal changes in the polarisation of a ferroelectric material. The L-K model
also describes the charge—voltage characteristic of the ferroelectric material as depicted in Eq. 1.2.

The landau Khalanikov (L-K) theory is given below:

oP G

ot~ opP (1.2)

here, J is polarisation damping factor, P is polarization. On differentiating the Eq. 1.1 w.r.t.

P, we get the electric field (E) by Eq. 1.3,

E = 2aP + 48P3 + 6yP® (1.3)

If E=0 means polarisation for paraelectric is zero (P=0) as shown in Figure 1.4(a) and (c), but
polarisation for ferroelectric (P) =0, + P,, - P,. The two state of polaristion is formation for

ferroelectric material by Eq. 1.4.

Po=+ (VB 307 - /3 (1.4)

1.2.3 Operation of NCFET

The NCFET’s ferroelectric layer demonstrates a phenomenon known as negative capacitance, which
can be comprehended using the Landau-Khalatnikov theory of ferroelectrics. The voltage is applied
to the gate causes the ferroelectric layer to polarise, resulting in an amplification of the gate voltage.
This amplification reduces the voltage needed to turn on and off of the transistor. Consequently, this
leads to a more pronounced subthreshold slope and enhanced switching properties in comparison

to conventional FETS.

7
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The subthreshold swing (SS) is becoming the primary characteristic for low-power devices, as
it determines their behavior in the subthreshold region using the equivalent capacitance model
and device structure of NCFET as reveals in Figure 1.5(a) and (b) respectively. In conventional
MOSFETSs, the subthreshold slope is mathematically defined as the ratio of the logarithm of the
change in drain current to the change in gate-source voltage. The logarithm of the drain current
ratio represents the rate of change of the drain current. The SS of a FET device is the inverse of
the subthreshold slope. Classical MOS devices experience a voltage sag of about 60 mV per decade
at a temperature of 300 K, often referred as the “Boltzmann tyranny” (BCBD19; ZLH"19). To
address these restrictions, researchers have created and improved a number of field-effect transistor
devices that have a sharp subthreshold swing characteristic. The steady-state behavior of classical

MOS devices is represented by the following model to show the SS by Eq. 1.5, Eq. 1.6, and Eq.

1.7:
5SS = (%Zlvog(m (1.5)
55 = gy B gl (0)
Sszix;x%;% (1.7)
A, = Vit  Cre (1.8)

Vg "~ Cte + Cint

here, m is body factor, A, is amplification factor, and A, is greater than 1 in Eq. 1.8, C; is negative,

then body factor is always less than 1 as shown in Eq. 1.9.

_ Oy
B 8Vint

Cs 1
Cox)

m =1+ (1.9)
The negative capacitance might be used to get high on the current and steep subthreshold swing.

Recently, the phenomena of negative capacitance have been demonstrated in different systems

experimentally: (i) superlattice, (ii) ferroelectric dielectric bilayer, and (iii) isolated ferroelectric

8
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@ Vg Gate (b)
Ferroelectridg
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c. I i [rain |
Vint Lsp Lg Ld
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Cmt ‘Ps Tb Body

Figure 1.5: (a) Schematic diagram for equivalent capacitance model of NCFET and (b)
Device structure of NCFET (Pah20).

film. The ferroelectric material is exploited to obtain the phenomenon of negative capacitance with
negative slope of the curve as depicted in Figure 1.6(a). The steeper slope of negative capacitance is
shown in Figure 1.6(b), which illustrates the curve of drain current and gate voltage for conventional
MFIS vs MFMIS. MFMIS structure shows lower subthreshold swing as compared to MFIS. When
we work on ferroelectric materials to exploit the property of negative capacitance, The unstable
point on ferroelectric material gives negative capacitance phenomenon thus NCFET. It is difficult
to reach the atom from left stable state to right stable state, also shown in Figure 1.6(c). So, the
applied voltage should be higher than the coercive voltage, which can be defined as the voltage
at which the net polarization of ferroelectric is zero, resulting in the creation of the metastable
state that facilitates the negative capacitance phenomenon. Figure 1.6(d) illustrates the curve of
polarisation vs electric field to represent the hysteresis loop for forward and backward sweeps. It

also shows remnant polarisation and coercive field.

1.2.4 NCFET Device Engineering

NCFETs exist in several forms, distinguished by the precise manner in which the ferroelectric
material is incorporated into the device structure. The following are the main categories of NCFETs

as shown in Figure 1.7(a)-(f):

9
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Figure 1.6: (a) The plot of polarisation vs electric field for NC (Khal5) (b) Drain current
vs gate voltage graph for MFIS vs MFMIS (CB20) (c) Energy vs charge graph (MCM22)
(d) Hystresis curve for NC.

1. Planar NCFET (Two-dimensional Nanoscale Channel NCFET): In planar NCFETSs, the
ferroelectric material is included into the gate stack of a conventional planar FET device. This
variant is similar to traditional planar MOSFETS, except it has an extra ferroelectric layer as

reveals in Figure 1.7(a).

Composition: The gate stack comprises a metallic gate, a ferroelectric layer, and a high-k
dielectric layer, usually positioned above a silicon channel. It is well-suited for planar technology

nodes and provides a more straightforward integration route with current planar CMOS processes.

2. NC FinFET: NC FinFET refers to a kind of transistor known as a Fin FET (FinFET) that
integrate the ferroelectric layer into the gate stack of FinFETs, which are three-dimensional devices

with channel as fins as shown in Figure 1.7(b).

Configuration: The ferroelectric layer is encased around the vertical fins that create the channel,
together with a high-k dielectric and metal gate. It enhances electrostatic control in the channel,

making it ideal for advanced technology nodes that use FinFETs to mitigate short-channel effects.
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3. Fe-Ins-FET: The Ferroelectric-Insulator-FET (Fe-Ins-FET) is a kind of field-effect transistor
that utilizes a ferroelectric insulator material. In Fe-Ins-FETs, the ferroelectric layer is integrated
with an insulating layer instead of being directly connected to the semiconductor channel as shown

in Figure 1.7(c).

Composition: The gate stack consists of a ferroelectric layer positioned above a conventional
high-k dielectric, which is then followed by the metal gate. This engineering combines the advanta-
geous characteristics of ferroelectric materials with the insulating capabilities of high-k dielectrics.
It is well-suited for a range of applications that need both high performance and low power con-

sumption.

[m
Mi(A)
F:(P(VDE-TtFE))

] Vep

(a) Planar NCFET (b) NC- FinFET (c) Fe-Ins-FET
(f) NC- TFET

Vertical
Gate BTBT

Potential
amplification
by negative
capacitance

< BOX
" (e GAA
| NCFET 7 )

Figure 1.7: The schematic diagram of device engineering for (a) Planar NCFET
(TWW*18) (b) NC FinFET (TWW*18)(c) Fe-Ins-FET (LKSH16) (d) Nanowire NCFET
(SHH20) (e) GAA NCFET (SHH20) (f) NC-TFET (TWWT18).

4. Nanowire NCFET (Junctionless Nanowire Channel NCFET): Junctionless NCFETs distin-
guish themselves from conventional FETs by lacking a clearly defined source and drain junction as

shown in Figure 1.7(d).

Structure: The channel area has a uniform distribution of dopants, and the flow of current

is regulated by the voltage applied to the gate. Negative capacitance is achieved by integrating
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a ferroelectric layer into the gate stack of nanowired channel FET. Its advantage is streamlined
manufacturing by removing the need for accurate connection creation, which might be beneficial

for reducing device size.

5. GAA NCFET (Gate-All-Around (GAA) NCFET): GAA NCFETS use a gate-all-around ar-
chitecture, whereby the gate completely encloses the channel from all directions, therefore including

the ferroelectric material in this arrangement as shown in Figure 1.7(e).

Composition: The channel is often constituted by nanowires or nanosheets, encased by a fer-
roelectric layer, high-k dielectric, and metal gate. Its advantage is providing superior electrostatic
control, making it ideal for cutting-edge technological nodes and future iterations of highly minia-

turized transistors.

6. NC-TFET (Negative Capacitance Tunnel FET): It is a type of field-effect transistor that
combines the principles of negative capacitance and tunneling to achieve enhanced performance
characteristics. This device leverages the unique properties of a ferroelectric material to provide
negative capacitance, which help in further reducing the steep subthreshold characteristics of TFET

thus give the super steep subthreshold swing as shown in Figure 1.7(f).

As different types of NCFETs depending on their structural integration with ferroelectric ma-
terials and engineering have been discussed above, each configuration has distinct benefits but
also poses various obstacles on the incorporation of materials. Thus thorough and detailed engi-
neering and optimisation are necessary to properly exploit the capabilities of NCFETs in different

applications and technology nodes.

1.3 Advantages of NCFET

NCFETs provide numerous notable benefits compared to ordinary FETSs, principally attributable
to the distinctive characteristics of the ferroelectric material used in their gate stack. The following

are the primary benefits:

1. Steep Subthreshold Swing:

e Lower SS: NCFETs can achieve a subthreshold swing of less than 60 mV/decade,

12

Delhi Technological University, Delhi-42



CHAPTER 1. INTRODUCTION Yash Pathak

which is the minimum limit for standard FETs at normal temperature. This enables
quicker transitions between the activated and deactivated conditions by means of smaller

changes in voltage.

e Lower operating voltage: Reduced subthreshold slope allows NCFETs to function at
lower voltages without compromising performance, resulting in substantial use for low

power applications.

2. Enhanced Energy Efficiency:

e Lower Power Consumption: The capacity to function at lower voltages results in less
dynamic power. This is essential for devices that rely on batteries and for applications

that need significant computational power.

e Reduce Leakage current: NCFETs have the ability to reduce leakage currents by effec-
tively managing the channel at lower voltages. This capability aids in minimizing static

power usage.

3. Increased Drive Current and Transconductance:

e Higher I,,: The negative capacitance effect may amplify the driving current (I,,,) of the
transistor, hence improving its performance. Increasing the driving current enhances

the transistor’s speed.

e Higher transconductance: The negative capacitance leads to an enhancement in the
transconductance of the FET, resulting in enhanced amplification at quicker switching

rates.

4. Compatibility with Existing Technology:

e CMOS Compatibility: NCFETs may be seamlessly incorporated into current CMOS
production methods with few modifications. This makes them a viable choice for the
semiconductor industry seeking to improve existing technology without the need for a

total restructuring of fabrication facilities.

e Use of high-k dielectric: The use of high-k dielectric materials is prevalent in NCFETs
since they are already widely used in modern CMOS processes, making integration more

convenient.

5. Possibility for Innovative Applications:
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e Low power logic and memory device: NCFETs provide significant benefits for low-power
applications, including as portable electronics, IoT devices, and other power-sensitive

applications.

e High performance computing: NCFETs are well-suited for high-performance computing
workloads because to their enhanced performance characteristics, which are crucial for

achieving both speed and power efficiency.

NCFETs have a significant benefit in a way that they can overcome the limitation of 60
mV /decade subthreshold swing barrier. This enables them to operate at lower voltages and achieve
improved performance. NCFETs provide substantial energy efficiency, enhanced drive current, in-
creased transconductance, and greater electrostatic control, positioning them as a very promising

technology for forthcoming low-power and high-performance electronic devices.

1.4 Challenges Confronted by NCFET

Although NCFETSs have certain benefits, they also encounter several problems that must be resolved
in order to fully exploit their potential in practical applications. The NCFETs face many significant

challenges such as:

1. Stability of Ferroelectric Materials:

e Material degradation: Material degradation refers to the deterioration of ferroelectric
materials, particularly when exposed to electric fields and heat conditions often seen in
semiconductor devices. It is important to guarantee the enduring stability and depend-

ability of these materials.

e Fatigue and Hysteresis: Ferroelectric materials display hysteresis, resulting in device
performance fluctuations. Fatigue, which refers to the progressive deterioration of fer-

roelectric characteristics due to repetitive cycling, is also a matter of concern.

2. Incorporation with CMOS Technology:

e Process Compatibility: The use of ferroelectric materials into current CMOS production
methods might provide difficulties. The deposition and patterning of these materials

must be compatible with existing semiconductor production procedures.
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e Thermal Budget: Ferroelectric materials sometimes need precise thermal treatments to
get the appropriate characteristics. In order to prevent any harm to other components
of the device, it is essential that these treatments be consistent with the temperature

budget of the CMOS process.

3. Manipulation of Ferroelectric Characteristics:

e Uniformity: It is difficult to achieve consistent ferroelectric characteristics across a
wafer. Differences in device configurations might result in unreliable device functional-
ity.

e Scaling: As devices are reduced in size, it becomes more challenging to preserve the
ferroelectric characteristics. Precise control is required for both the thickness of the

ferroelectric layer and its contact with other materials.

4. Modelling and Simulation of Devices:

e Complex behaviour: The behaviour of NCFETs is intricate compared to regular FETs
because of the non-linear and hysteresis properties of the ferroelectric layer. Precise
modelling and simulation techniques are necessary to predict device performance and

provide guidance for design.

e Parameter Extraction: Parameter extraction for NCFETs from experimental data is
difficult owing to the intricate interaction between the ferroelectric layer and the un-

derlying FET structure.

5. Balancing Power and Performance:

e Optimization: To optimise the NCFETSs, one must carefully balance the advantages
of power and performance with the possible disadvantages of greater variability and
hysteresis. This involves meticulous optimisation of both device designing and operating

circumstances.

e Energy Efficiency: Energy efficiency is a crucial consideration when using NCFETs to
lower the power consumption. It is necessary to prevent any rise in leakage currents or

other inefficiencies that might inhibit the advantages achieved.

6. Ferroelectric Layer Material:

e Material Selection: It is essential to choose the appropriate ferroelectric material with

sufficient characteristics for integration into NCFETs. Materials such as hafnium oxide
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(HfO2) that have been modified with dopants to show potential, but more investigation

is required to enhance their characteristics.

e Ferroelectric Layer Thickness: The thickness of the ferroelectric layer is of utmost impor-
tance. The material should have a sufficiently small thickness to demonstrate negative

capacitance, while yet being thick enough to preserve its ferroelectric characteristics.

7. Temperature Sensitivity:

e Thermal stability: Thermal stability refers to the extent to which the performance
of ferroelectric materials is influenced by temperature. It is crucial to guarantee the

reliable operation of NCFETs over a broad range of temperature for practical purposes.

8. Variability and Reliability:

e Device-to-Device Variability: Ensuring consistent performance across various devices
on a chip is a significant challenge. Inconsistencies in device properties might arise from

variations in the ferroelectric layer or its contact with other materials.

e Long-Term Reliability: It is crucial to establish that NCFETs can sustain their perfor-
mance and advantages over prolonged periods of use in order to facilitate their accep-

tance in commercial applications.

Summary Although NCFETs show potential benefits, there are still notable obstacles regard-
ing material stability, integration with current CMOS processes, control of ferroelectric properties,
device modelling, power-performance trade-offs, ferroelectric layer engineering, temperature sensi-
tivity, and overall device reliability. To ensure the effective integration of NCFET technology in
future electronic devices, it is crucial to address these problems by conducting more research and

development.

1.5 Proposed Device

Different types of NCFETs depending on their structural integration with ferroelectric materials
and engineering such as Planar NCFET, NC FinFET, Nanowire NCFET, NC Tunnel FET, etc
have been analysed in various literature, each configuration has distinct benefits but also poses

various obstacles in their functioning like ferroelectric material stability, control of ferroelectric
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properties, power-performance trade-offs, temperature sensitivity, and overall device reliability. To
counter these challenges, a new device structure, DM NCFET (Double Metal NCFET) is proposed
and examined in this thesis. It comprises two metallic layers below the ferroelectric material with
stacked insulator in between, resulting in MFMIMIS (Gate Metal-Ferroelectric-Metal-Insulator-
Metal-Insulator-Semiconductor) configuration. The idea behind the inclusion of metal layers in the
structure is due to its several benefits. The metal layer helps in redistributing the electric field
across the ferroelectric and insulator layers. The metal layer also acts as a barrier, preventing
direct tunnelling currents between the semiconductor and ferroelectric layers, thus enhances device
reliability by minimizing leakage. The metal layer also provides better control over the interface
properties, which reduces hysteresis effects in the ferroelectric layer. The metal layer can act as a
heat sink, dissipating heat generated during device operation, thus improves the thermal stability
and longevity of the device. Further, by isolating the ferroelectric and insulator layers, the metal
layer minimizes defects at their interface, thus enhances the overall performance and reliability of
the device. Subsequently, spacer technology is also incorporated in the DM NCFET configuration
to form DM-NCFET (spacer) to further improve device performance and scalability. Spacers are
typically insulating materials, such as silicon nitride (SiN) or silicon dioxide (SiO), formed on
the sidewalls of the gate stack. They reduce hot-carrier injection (HCI), thereby improves device
reliability and reduces electric field peaks at the drain junction. Spacers electrically isolate the
gate electrode from the source/drain regions, thus prevent parasitic capacitance and any associated
leakage paths. Spacers also help in achieving self-aligned source and drain regions during fabrication.
So, by providing precise control over doping, isolation, and stress, spacers in general enhance the
reliability and efficiency of the device. Thus, this proposed structure presents a promising direction
for overcoming the limitations of conventional NCFETS, especially as technology nodes scale down.
It provides a pathway to achieve a more promising device for meeting the demands of modern

electronics.

1.6 Research Objectives

1. Dual Material Double Gate (DM-DG) engineering can be implemented on the proposed device

to improve the SCEs and carrier transport efficiency.
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2. Direct Source to Drain Tunneling (DSDT), SCEs and Analog Figures of Merit (FOM) can

be further improved by applying spacer on the proposed device.

3. To analyze the linearity performance and high frequency RF performance of the proposed

device structure.
4. To analyze the Effect of Temperature on Double Metal NCFET (DM NCFET).

5. To design a bio-chemical sensor by introducing a nano-cavity gap above the gate dielectric,
which can sense both harmful as well as bio-molecules such as proteins, DNA, glucose or in

cancer detection.

1.7 Thesis Organisation

To summarize, the NCFET structure utilizes a ferroelectric layer to exploit negative capacitance
phenomenon, resulting in significant advantages such as reduced power consumption and improved

performance. This makes it a highly promising technology for future electronic industry.

Chapter 1 explains the drawbacks of MOSFETs and the need for NCFETs. It provides an
overview of subthreshold swing (SS), short-channel effects (SCEs), and MOSFET scaling issues.
The chapter covers methods for overcoming SS and SCEs, introducing various engineering schemes
such as Planar NCFET, Junctionless Engineering, NC FinFET, NC TFET, and Fe-Ins-FET, as
documented in research publications. It then discusses the design, classification, basic operation,
potential benefits, and challenges of NCFETs. Further, it gives a brief idea of the proposed device
formed with the amalgamation of several technologies to overcome the limitations of conventional
NCFETs. The chapter concludes by outlining the thesis’s structure and objectives, emphasizing

the importance of this research.

Chapter 2 explores the analog and radio frequency (RF) performance of ferroelectric layer-
enhanced field-effect transistor devices, specifically DM-NCFET with and without spacers. The
proposed DM-NCFET (spacer) shows a 25% increase in ON-current (I,,), a 37% reduction in
leakage current (Ioff), a 99% enhancement in the switching ratio (Ion/Ioff), a 0.29% increase in
threshold voltage (Vy,), and a 17.6% decrease in drain-induced barrier lowering (DIBL) compared

to DM-NCFET without spacers. The analog parameters such as transconductance generation
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factor (TGF), transconductance (g,), intrinsic gain (A, ), early voltage (V¢q), intrinsic delay (T;),
and RF parameters like gain transconductance frequency product (GTFP), cut-off frequency (Fy),
and gain frequency product (GFP) are also examined. The study finds that the DM-NCFET
(spacer) performs better at room temperature (300K) compared to higher temperatures (400K and
500K). Additionally, the variation in gate electrode work functions—Palladium, Chromium, and
Tungsten—is analyzed, with Palladium showing the most improved performance. These results
indicate that DM-NCFET (spacer) with Palladium gate material offers enhanced performance for

nanoelectronic devices and IC design.

Chapter 3 investigates the application of DM-NCFET for biosensing, focusing on the impact
of nano-cavity gaps with biomolecules like proteins, Cholesterol oxidase (ChO,), streptavidin, and
uricase. The electrical characteristics and neutral biosensing capabilities, including threshold volt-
age and switching ratio (I,,/I,ff), show significant improvement with biomolecules. The sensitivity
of the device increases by 1.11 times for protein, and the limit of detection improves by 1.012 times
compared to without biomolecules. The study examines the effect of cavity length (from 8nm to
12nm) on sensitivity, finding that increased cavity length enhances biosensor sensitivity. Visual
TCAD software is used for all the simulations. The results suggest that DM-NCFET biosensors
offer high sensitivity at low drain voltage (0.4V), making them suitable for low-power, high-density,

and high-speed biosensor applications to detect various infections.

Chapter 4 investigates the analog/RF and linearity parameters of SM DGNCFET (Single
Metal Double Gate NCFET) and DM DGNCFET (Double Metal Double Gate NCFET) using the
Cogenda Visual TCAD simulator. It also demonstrates the enhancement in electronic and opti-
cal properties of Si-doped bulk structures using Quantum ATK. The analog parameters for SM
DGNCFET show significant improvements: the switching ratio is 279 times better, DIBL is 54%
lower, SS swing is improved, and other parameters like transconductance, TGF, and RF perfor-
mance are enhanced. The transconductance frequency product (TFP) improves the reliability and
stability of the device. Linearity parameters such as second-order and third-order transconductance
(gm2, gm3) and voltage intercept points for 2nd order and 3rd order are also examined. The Tran
Blaha modified Becke Johnson (TB-mBJ) approximation provides an accurate band gap of the
crystal. In a DFT-based atomic study, 12.5% Si doping in a bulk structure reveals better results

for ferroelectric HfOo based crystals, with a zero direct band gap and improved density of states

19

Delhi Technological University, Delhi-42



CHAPTER 1. INTRODUCTION Yash Pathak

(DOS) for conductivity. Hence, Si doping in the crystal structure enhances conductivity.

Chapter 5 explores an accurate machine-learning approach for predicting various key ana-
log and RF parameters of NCFETs Visual TCAD simulator and Python were employed for the
simulations, though the computational cost was high. This machine-learning approach is a novel
method for predicting the effects of different sources on NCFETs while reducing the computational
costs. An artificial neural network algorithm effectively predicts multi-input to single-output re-
lationships, enhancing existing techniques. The analog parameters of Double Metal Double Gate
Negative Capacitance FETs (DM DGNCFET) are demonstrated across various temperatures (1),
oxide thicknesses (T, ), substrate thicknesses (Tsyp), and ferroelectric thicknesses (Tr.). Notably,
at T = 300K, the switching ratio is higher, and leakage current is 84 times lower compared to
T = 500K. Similarly, at Tr. = 4nm, the switching ratio improves by 5.4 times compared to
Tre = 8nm. Furthermore, at Ty, = 3nm, the switching ratio increases by 81% compared to
Tswpy = 7Tnm. For oxide thicknesses at T,, = 0.8nm, the ratio increases by 41% compared to
Ty = 0.4nm. The analysis reveals that Trp. = 4dnm, T = 300K, T,, = 0.8nm, and Ty, = 3nm
represent optimal settings for DM DGNCFET, resulting in significantly improved performance.
These findings can be very useful for various applications in nanoelectronic devices and integrated

circuit (IC) design.

Chapter 6 investigates the experimental circuit designing of FET, based on the basic structure
of an ion-sensitive FET (ISFET), for pH sensing. After analyzing the ISFET design, further work
was conducted on DM-NCFET for enhanced pH sensing. Both theoretical and experimental studies
were performed, focusing on the analog characteristics of ISFETs and their circuit designing for
pH sensing. The gate electrode work function in ISFET was rigorously examined for analog/RF
applications using the Cogenda Visual TCAD tool. Based on the I-V characteristics, it was deduced
that molybdenum, with a work function of 4.75 eV, exhibits a higher threshold voltage, a better
switching ratio (10%), and lower leakage current (1073) than aluminum at 300K. Comparative
studies of ISFET sensing layers (Al;Og, SizNy, SiO9) indicated that AloO3 showed the best results
for switching ratio, leakage current, sensitivity, and transconductance. The enhancement in pH
sensing was also demonstrated experimentally with the proper circuit design of ISFET. However,
ISFETs display instability, often referred to as drift, characterized by a gradual, monotonic increase

in the device’s threshold voltage over time. The validation of these observations was conducted by
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increasing the pH values to 4.67, 5.9, 7.5, 8.57, and 9.3, as measured by a pH meter.

Chapter 7 offers a comprehensive summary of the research conducted for this thesis, high-
lighting the key conclusions and results. It also explores the potential future applications of the

present study and considers how to build on and utilize this research in other projects.
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Chapter 2

Effect of Temperature and Work Function Variation on

Double Metal NCFET with Spacer Engineering

This chapter discusses the impact on analog and RF parameters of Double Metal NCFET with

spacer (DM-NCFET (spacer)) to achieve the better performance of the device.

It is found that the switching ratio is enhanced for DM-NCFET (spacer) by 99% in comparison to
DM-NCFET without spacer engineering, along with significant improvements in some other
analog and RF parameters such as transconductance, TGF, early voltage, unity gain cut off

frequency etc.

In addition, the variation of temperature and gate electrode material for DM-NCFET (spacer)

is also explored for optimizing the device to show better performance.

Consequently, the DM-NCFET (spacer) shows the improved analog/RF performance with low
power consumption. Also the analysis done for variation of temperature and impact of gate
electrode material will aid engineers in designing the device for various high performance

applications.
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2.1 Introduction

Achieving faster speed in line with Moore’s law, which predicts the doubling of transistor density
approximately every eighteen months, has been realized with minimal power dissipation through
adaption of several engineering and technologies. Power dissipation (P) scales with the supply
voltage (P = V42 ), where V is typically constrained by the minimum subthreshold swing (SS =
60mV /dec) of a thermally activated Boltzmann switch (KJMA15). Gordon E. Moore’s observation
highlights the exponential growth of transistor count in a given space (Wall6; PMC22b). Recently,
ferroelectric field-effect transistors (Fe-FETs) have garnered significant attention for their potential
in both memory and switching applications (LCL*15; MBP*08). Size and power consumption are
critical metrics for modern electronic devices, driving ongoing research toward developing aggres-
sively scaled devices that consume ultra-low power (LFTT16). To meet these challenges, there has
been considerable interest in alternative devices that operate on fundamentally different mecha-
nisms, allowing a more efficient transition between the off and on states of an electronic switch

(MBP*08).

Ferroelectric layer-enhanced performance field-effect transistors, particularly NCFETSs, can achieve
sub-60-mV /decade SS and high ON current. Recently, the negative capacitance phenomenon has
been experimentally demonstrated in various systems: 1) isolated ferroelectric layers, 2) ferroelectric-
dielectric bilayers, 3) superlattices, and 4) ferroelectric-gated transistors (LKSH16; BLHT18). How-
ever, NCFET research has not fully addressed the impact of channel length scaling. Additionally,
the Landau model is applied only to the out-of-plane polarization component, with Landau param-
eters for the ferroelectric material being o = —1.0 x 1077 and 8 = 8.9 x 1078 (AKYU21), which
are not suitable for thicker ferroelectric layers. Previous studies have analyzed the performance of
NCFETs with long channels using analytical modeling (VRPS17). While NCFETs typically pro-
vide higher ON-state currents compared to other configurations, this is not always the case for all
ferroelectric materials. Moreover, a comprehensive understanding of the behavior and performance

of these structures is still lacking in the literature.

In this study, we conduct a thorough comparative analysis between DM-NCFET (spacer) and

other NCFET structures. In the DM-NCFET structure, metal layers are inserted between the
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ferroelectric layer and the gate insulator, creating an equipotential surface at the inner gate. This
allows the ferroelectric and the underlying MOSFET to be managed as two separate circuit elements
connected by a wire (PDACI17). Further spacer engineering is incorporated in the DM-NCFET
to further improve the device performance. This chapter discusses the impact on analog and
RF parameters of Double Metal NCFET with spacer (DM-NCFET (spacer)) to achieve the better
performance of the device. Simultaneously a comparison between DM-NCFET (spacer) and DM-
NCFET without spacer engineering have been made for all the discussed parameters. In addition,
the variation of temperature and gate electrode material for DM-NCFET (spacer) is also explored
for optimizing the device to show better performance. So the detailed analysis done on the device
to know the impact of spacer engineering, variation of temperature and impact of gate electrode

material will aid engineers in designing the device for various high performance applications.

2.2 Device Architecture

There are two schematics represented as Figure 2.1(a), showing metal ferroelectric metal insulator
metal oxide transistor with spacer as DM-NCFET (spacer), and Figure 2.1(b) showing metal fer-

roelectric metal insulator metal oxide transistor without spacer as DM-NCFET.

Table 2.1: Parameters used for the simulation of DM-NCFET (spacer) and DM-NCFET

Parameter DM-NCFET DM-NCFET
(spacer)

Gate length (L,) 20 nm 20 nm
Oxide Thickness (T;) 1 nm 1 nm
Drain/Source length (Lg/s) 10 nm 10 nm
Drain/ Source thickness (717/s) 3 nm 3 nm

Body thickness (7}) 50 nm 50 nm
Ferroelectric thickness (7'.) 1 nm 1 nm
Insulator thickness (T;,s) 2.2 nm 2.2 nm
Concentration of Body (N,) 1x10' ¢cm—3 1x10'% cm™3
Concentration of Drain/ Source (Ng/s) 1x10%° cm™3 1x10% cm ™3
Length of Spacerl/Spacer2 (L /sp2) 10nm 10nm

The Body length (L) is 60nm, Drain/Source length (Lg/,) is 10nm, the Spacerl/Spacer2 length
(Lgp1/sp2) 18 10nm, Body thickness (Tj) is 50nm, Drain/Source thickness (Ty/,) is 3nm, Oxide

thickness (Toy) is Inm, Ferroelectric thickness (Ty) is Inm, Gate/Metal2 (Ty/p2) thickness is
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2nm, Insulator thickness (Tns) is 2.2nm as depicted in Table 2.1. The total gate length (L) is
20nm for DM-NCFET (spacer) and DM-NCFET. The thickness of the total gate (Tg) is 10nm

DM-NCFET (spacer) and DM-NCFET.

As shown in Figure 2.1(a) and (b), the material of the Body is Si (silicon), the material of Drain/
Source/Substrate/Gate is Al (Aluminium), the material of Spacerl/Spacer2 is Silicon Nitride, the
material of Oxide is SiO2 (silicon dioxide) and material of ferroelectric is HfO2FE (silicon doped
hafnium dioxide). A proposed device DM-NCFET (spacer) involves a gate, ferroelectric, metal,
insulator, metal, silicon dioxide, and silicon from top to bottom along with the adaptation of
spacer engineering between gate dielectrics and source/drain. The doping concentration of Body
(Np) is 1x10'6 em=2 with Uniform profile and acceptor type, the doping concentrating of Drain

/Source (Ng/,) is 1x10%° ¢cm~3 with Gaussian profile and donor type.

DM -NCFET (spacer) DM-NCFET

Figure 2.1: The two different DM-NCFET schematics structure (a) DM-NCFET with
spacer (b) DM-NCFET (PMC22b).

2.3 Method of Simulation

All simulations are conducted using the Visual TCAD simulator. A comparison is made between two
devices: DM-NCFET (spacer) and DM-NCFET. The drain voltage, Vg, is fixed at 0.3V throughout
the process, while the gate voltage, Vs, is varied from OV to 3V. The temperature (T) is held
constant at 300K for the first case of device simulation . In the second case, the temperature

variation on the DM-NCFET (spacer) is examined. Different boundary conditions are applied to
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implement the DM-NCFET (spacer) and DM-NCFET designs. In the DM-NCFET structure, the
continuity of normal components of displacement vectors is used at the oxide/spacer ferroelectric
boundaries(HPC*16a; SKW*17). To encounter key phenomena in the device, various models are
used in the simulation. The Shockley-Read-Hall (SRH) model is used to account the generation
and recombination of the carriers while the Lombardi surface mobility model is used to account for
carrier mobility, complemented by Fermi-Dirac statistics. The Arora model considers the effects of
temperature and impurity concentration on carrier mobility along with Crowell Sze that accounts
for impact ionization. Different boundary conditions were applied to implement the designs of the
DM-NCFET (spacer) and DM-NCFET. The congruence of typical sections of translation vectors
are used at the oxide-ferroelectric interfaces in the DM-NCFET structure. The internal metal gate

serves as a floating terminal in the DM-NCFET structure (HPC*16b; MPAS15).

2.4 Result & Discussion

2.4.1 Device Scalability

Figure 2.2(a) shows the variation of drain current (Iz(mA)) with gate voltage (Vg5(V)) for DM-
NCFET (spacer) and DM-NCFET in linear scale and in log scale at V4=0.3V. The drain current
of DM-NCFET (spacer) is better than the DM-NCFET configurations along with reduced leakage
current I,r; as shown in the left side of the graph. The spacer on DM-NCFET enhances the
formation of the inversion layer at the interface, allowing more carriers to contribute to the current
(GC16; SFZ1T18). With an increase in gate voltage, more carriers are available, resulting in a higher

drain current (SN21).

Figure 2.2(b) shows that the threshold voltage (V¢ (V)) of DM-NCFET (spacer) is enhanced
as compared to DM-NCFET device configurations at V4 =0.3V due to increased gate control over
the channel. It also indicates that structure DM-NCFET (spacer) is the better shield of drain-side
potential that has improved the characteristics of the threshold voltage. The spacer acts as an
insulating layer between the gate and the drain/source regions, which helps in reducing the electric
field coupling from these regions to the channel. This reduces short-channel effects where the drain

voltage can influence the channel. By minimizing these effects, the threshold voltage becomes
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DM NCFET (spacer)
DM NCFET

DM NCFET(spacer) DM NCFET

Figure 2.2: (a) The curve of drain current vs gate voltage in linear and log scale (b)
comparison of Vy, (V) and switching ratio at V;=0.3V for DM-NCFET (spacer) and DM-
NCFET (PMC22b).

more stable and increases for DM-NCFET (spacer). The switching ratio, Io,/Ioff of DM-NCFET
(spacer) is higher than the other DM-NCFET structure at V;=0.3V, ensuring high switching speed
for DM-NCFET (spacer) structure, as also depicted in Table 2.2. The spacer on DM-NCFET helps
in reducing the leakage current by isolating the gate from the drain/source. This allows for a better
distinction between the "on" and "off" states, leading to a higher switching ratio. This enhances
the device’s efficiency in digital applications by improving its ability to switch between states with

less leakage in the off-state (P24).

2.4.2 Analog Analysis

In this subsection, analog performance metrics are discussed in terms of transconductance (g, ),

transconductance generation factor (TGF), output conductance, early voltage (Vq), intrinsic gain

(Av).

Here, transconductance (g,,) is a parameter that quantifies the shift in drain current to shift in
gate voltage at drain voltage of 0.3V and at T=300K, as given by Eq. 2.1. The transconductance
peak of DM-NCFET (spacer) is higher than the DM-NCFET structures as revealed by Figure 2.3(a).
The spacer improves gate control over the channel, allowing for better modulation of the channel’s

conductivity with changes in gate voltage(MPAS15). This results in higher transconductance,
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meaning that the device can generate more current for a given change in gate voltage, enhancing

overall performance (NG18).

014
= 2.1
9gm ans ( )
9m
TGF = =2 (2.2)
Iq
014
_ 2.3
94 = 7y (2.3)
DM NCFET (spacer)
DM NCFET DM NCFET (spacer)

DM NCFET

@ (b)

Figure 2.3: The curve of different structures at V4—=0.3V (a) transconductance and
transconductance generation factor vs gate voltage (b) drain current and output conduc-
tance vs drain voltage (PMC22b).

Transconductance generation factor (TGF) is gain generated per unit power loss. TGF of DM-
NCFET (spacer) is increased as compared to DM-NCFET configuration, close to ideally 50V 1
as shown in right side Figure 2.3(a). The device operation at low supply voltage shows more
efficiency with a high value of TGF as calculated using Eq. 2.2. The change in TGF between
two configurations is observed in the subthreshold region. With the spacer in DM-NCFET reduces
the leakage current and improves the transconductance, which results in enhancement of TGF.

A higher TGF indicates that the device maintains efficient gate control while minimizing power
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losses, leading to more energy efficient operation. Figure 2.3(b) represents the graph of drain
current (Ig(A)) and output conductance (g4(nS)) vs drain voltage, V4(V) at gate voltage Vg, of
0.3V. Output conductance is the driving capacity of the device as characterized by Eq. 2.3 mirrors

the locale of device activity.

Iq

Vea=— 2.4
gd ( )
gm

A, =22 2.5
" (2.5)

DM NCFET (spacer)
DM NCFET

(a) (b)

DM NCFET(spacer) DM NCFET

Figure 2.4: Graph of different structures at V;=0.3V showing (a) drain induced bar-
rier lowering (b) Variation of early voltage and intrinsic gain vs gate voltage at T=300K
(PMC22b).

At first, a high output conductance in the linear region is observed with increasing drain voltage
beyond pinch-off voltage owing to DIBL as well as channel length modulation (CLM) (AS15). The
gq twist of DM-NCFET (spacer) is lower than DM-NCFET that shows upgraded gate controllability
in the device as portrayed in Figure 2.3(b). The spacer on DM-NCFET helps to isolate the gate

from the drain/source, which reduces the impact of the drain voltage on the channel, ultimately

results in lower output conductance.

Figure 2.4(a) shows that the bar graph of drain induced barrier lowering for different configu-

ration at T=300K. It is one of the type of short channel effects that occurs in devices with short
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channel. DIBL of DM-NCFET (spacer) is lower than DM-NCFET structure. Without the spacer
on DM-NCFET, there is a stronger interaction between the drain and the channel, leading to
higher output conductance. The spacer minimizes this interaction, resulting in less dependence of
the drain current on the drain voltage. Also the spacer acts as a buffer that reduces the drain’s
control over the channel, thereby reducing DIBL and improving the performance of DM-NCFET

(spacer).

Figure 2.4(b) reveals the variation of early voltage and intrinsic gain vs gate voltage for different
configurations at V4=0.3V, oxide thickness of 1nm, and channel length of 20nm. These parameters
are evaluated by using Eq. 2.4 and Eq. 2.5. The higher value of intrinsic gain is resulted from
the high value of transconductance and lower output conductance due to better controlling of the
channel potential. The higher early voltage for DM-NCFET (spacer) as depicted in Figure 2.4(b),
is resulted due to reduced DIBL and better output resistance, which makes the device crucial for

various analog applications(MGC17b; KTC18; MGC17a).

2.4.3 RF (Radio Frequency) Analysis

In the RF analysis, various RF parameters are considered such as gate capacitance, gate charge
(Qg), unity gain cutoff frequency (F;), gain frequency product (GFP), and gain transconductance
frequency product (GTFP). Figure 2.5(a) represents the variation of gate capacitance (Cgyqy(F/um))
vs gate voltage for all configurations at V4=0.3V, channel length of 20nm, and oxide thickness of
Inm. The gate capacitance of DM-NCFET (spacer) is higher than that of other structures, which
reflects an enhanced amount of stored charges at a particular voltage. With the introduction of
spacer in DM-NCFET (spacer), the electric field lines from the gate do not only go straight down
through the ferroelectric layer but also curve around, passing through the spacer. These are called
fringing fields, and they increase the effective area through which the electric field interacts with the
channel, leading to higher gate capacitance. Figure 2.5(a) also indicates that cut off frequency of
DM-NCFET (spacer) is higher than that for DM-NCFET configuration due to larger enhancement

in transconductance in comparison to rise in gate capacitance as depicted in Eq. 2.6.

Figure 2.5(b) indicates the curve of intrinsic delay vs gate voltage. The intrinsic delay of DM-

NCFET (spacer) is lower than other structures as calculated by Eq. 2.7 (PMC21b). It is the time
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interval taken by the device to give output after applying input thus low value reflects less input
power consumption (MPAS15). The spacer provides better isolation between the gate and the drain,
reducing the impact of drain voltage variations on the gate control. This leads to faster switching
and reduced delay. The gate charge of DM-NCFET (spacer) is higher than other structures that is
reflected in higher gate capacitance for DM-NCFET (spacer). The improved electrostatic control
from the spacer reduces carrier scattering and accelerates charge carriers through the channel, thus

lowering the transit time which is directly linked to the intrinsic delay.

~ gm
= QW(ng) (26)

Table 2.2: Comparison of different performance parameters for different con-
figurations at T,,=1nm, T=300K and L,=20nm

Parameter DM-NCFET DM-NCFET
(spacer)

Ton (A) 0.001421 0.001135

I (A)(10710) 1.18 1.88

DIBL 0.248673 0.30171177

Ton/Tog £ (107) 12.0424 6.0372

Vin(mV) 661.929 660.0196

DM NCFET (spacer)
DM NCFET

(&)

DM NCFET (spacer)
DM NCFET

(b)

Figure 2.5: Variation of (a) gate capacitance vs gate voltage and cutoff frequency vs gate
voltage (b) intrinsic delay vs gate voltage for different structures with V4=0.3V and L, =
20nm at T=300K (PMC22b).

- ngXVd

= T

(2.7)
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Figure 2.6 shows the Electric field contour with (a) DM-NCFET (spacer) from 0 to 8.661E+06
and (b) DM-NCFET from 0 to 8.404E+06 at V;=0.3V, T=300K. The electric field is higher in
the area of contour from gate to drain side for DM-NCFET (spacer). The spacer in DM-NCFET
improves the distribution of the electric field within the channel, focusing it in the active region
between the source and drain. This increases the overall electric field strength in the channel, which

helps to accelerate charge carriers thus improving both the drive current and switching speed.

(b)

Figure 2.6: Electric field contour with (a) DM-NCFET (spacer) from 0 to 8.661E-+06 and
(b) DM-NCFET from 0 to 8.404E 406 at V,—0.3V and T—300K.(PMC22b).

Figure 2.7(a) reflects the variation of gain frequency product (GFP) and gain transconductance
frequency product (GTFP) vs gate voltage for different structures at V4=0.3 and T=300K. GFP
represents the trade-off between the gain (amplification) of the device and its operating frequency
as determined by Eq. 2.8(MPAS15). It is seen from Figure 2.7(a), GFP increments as the gate
voltage increases and afterward accomplishes a greatest top prior to tumbling to a constant value
in the saturation locale. DM-NCFET (spacer) records the higher value of GFP because of higher
transconductance with small rise in cut-off frequency. The spacer on DM-NCFET reduces signal

loss due to parasitics, ensuring that the gain remains stable even at higher operating frequencies.
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DM NCFET (spacer), GFP
DM NCFET, GFP

(a) DM NCFET (spacer), GTFP
DM NCFET, GTFP

(b)

Figure 2.7: Graph for different structures at V;,=0.3 showing (a) Variation of gain fre-
quency product and gain transconductance frequency gain product vs gate voltage at
T=300K, (b) Variation of drain current in linear and log scale vs gate voltage for different
temperature of DM-NCFET (spacer) at V,=0.3 (PMC22b).

GTFP, as calculated by Eq. 2.9, acquired higher value for DM-NCFET (spacer) structure because
of rise in g, and TGF with fall in g4 at practically comparable F;. In this manner, DM-NCFET
(spacer) is the best appropriate design as far as speed, efficiency, and gain are considered for various

high performance analog and RF applications.

2.4.4 Effect of Variation of Temperature on the performance of DM-NCFET

In this section, we observed the variation of temperature on DM-NCFET (spacer) such as T=300K,
400K and 500K with drain voltage of 0.3V, gate length of 20nm and oxide thickness of 1nm. Figure
2.7(b) exhibits the variation of drain current vs gate voltage for DM-NCFET (spacer) at V;4=0.3 in
linear and log scale. The drain current of DM-NCFET (spacer) at temperature T=300K is higher in
comparison to other temperatures with increase in gate voltage Vg4, (V) that reflects the improved
gate coupling capacitance at lower temperature. The left side of the graph shows less leakage
current I,;r at T=300K. At lower temperatures, phonon activity in the semiconductor material
decreases. Phonons (lattice vibrations) are a major source of scattering for charge carriers, which
impede their motion. With fewer phonons at lower temperatures, charge carriers can travel more

freely through the channel, resulting in higher mobility. This increased mobility directly contributes
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to a higher drain current at T=300K.

(a)

(b)

Figure 2.8: The graph showing variation of (a) threshold voltage and switching ratio vs
gate voltage (b) transconductance and transconductance generation factor vs gate voltage
for DM-NCFET (spacer) at different temperature, T=300K, 400K and 500K at V;=0.3
(PMC22b).

Table 2.3: Comparison of different performance parameters for DM-NCFET

(spacer) at various temperature with T,,=1nm, and L,=20nm.

Parameter T=300K T=400K T=500K
L, (A) 0.001421 0.001383 0.001309
Ly (A)(10719) 1.18 220 5040
Ion/Ioff(10_6) 12.0424 00.0629 0.002597
Vin(mV) 661.929 502.534 268.78

Figure 2.8(a) shows that the threshold voltage (Vy, (V)) of DM-NCFET (spacer) at temperature
of 300K is enhanced than other temperature T=400K and T=500K configurations at V; =0.3V. At
lower temperature, the intrinsic carrier concentration in the semiconductor decreases due to reduced
thermal excitation. This shift requires a higher gate voltage to create enough charge carriers in the

channel to turn the device on, which leads to an increase in the threshold voltage.

The switching ratio (Ion/Ioff) of DM-NCFET (spacer) at T—=300K is higher than the other
temperatures such as T=400K and T=500K at T,,=1nm, and V;=0.3V, ensuring high switching
speed for DM-NCFET (spacer) structure as also summarized in Table 2.3. Lower temperature
reduce thermally generated carriers, leading to even lower off-state current. Meanwhile, the on-

state current remains high due to the improved mobility and gate control at lower temperatures,
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resulting in a higher switching ratio.

Figure 2.8(b) shows the variation of transconductance with gate voltage for both the structures.
It is a parameter that is showing shift in drain current to shift in gate voltage at drain voltage of
0.3V. The transconductance curve of DM-NCFET (spacer) at T=300K is higher than the other
temperatures. Thus, g, has been analysed with the help of transfer characteristics of the the device
that reflects enhanced carrier mobility and reduced thermal noise (NG18). Carrier mobility im-
proves at lower temperatures because phonon scattering (caused by lattice vibrations) is reduced.
At higher temperatures, phonon scattering increases, slowing down carrier movement. Transcon-
ductance generation factor is gain generated per unit power loss (PMMC23; MPC22; VC23). TGF
of DM-NCFET (spacer) at T=300K is increased as compared to T=400K and T=500K configura-
tions, close to ideally 50V~! as shown in Figure 2.8(b). With less scattering and thermal noise at
lower temperatures, the conductance of the channel improves, which increases the current response

for a given change in gate voltage. This leads to higher TGF and improved device efficiency.

2.4.5 Effect of Variation of Work Function on the performance of DM-NCFET

In this section, we have varied the work function of gate electrode to improve the device performance
for DM-NCFET (spacer). The varying work function (¢) for different materials considered for gate

electrode are given as, for palladium (¢=>5.3eV), tungsten (¢p=4.55eV), and chromium (¢=4.3eV).

In this section, an extensive analysis for the electric field distribution over channel is done.
Figure 2.9 shows the contour plot of electric field for (a) palladium (Pd) (b) tungsten (W) (c)
chromium (Cr) and (d) the variation of electric field vs position along channel for various gate elec-
trodes of DM-NCFET (spacer) at V4=0.4V, V4,=0.4V, and T=300k. The electric field distribution
across the channel exhibits almost homogeneous distribution, when device is in linear region. When
the device is in saturation region, the electric field took M-shape. The electric field (E) at drain
side is higher for palladium than at source side as depicted in Figure 2.9(d), which reflects the
better control at channel in linear region. The curve of E near drain is better than the channel
which makes the potential difference higher, thus increases the electric field (E) as shown in Figure
2.9(d). The stronger electric field near the drain side due to higher work function of palladium

helps in accelerating the charge carriers more efficiently, contributing to a higher drain current for
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palladium. Thus, electric field effectively drives carriers through the channel while reducing the

effect of unwanted carrier’s scattering, ultimately enhancing the current flow in the device.

(b)

(d)

Figure 2.9: The contour plot of electric field for (a) palladium (b) tungsten (¢) chromium
(d) Variation of electric field vs position along the channel for various gate electrode of
DM-NCFET (spacer) at V4=0.4V, V4,=0.4V, and T=300k (PMC22b).
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Figure 2.10: (a) The impact on electric field vs position along channel for palladium gate
electrode at different gate voltage (b) Variation of drain current vs gate voltage of DM-
NCFET (spacer) for various gate electrode at V4=0.4V and T=300k (PMC22b).

Figure 2.10(a) shows the variation of electric field along the channel with variation in gate volt-
age when palladium gate electrode is considered in DM-NCFET (spacer). By controlling the electric
field more effectively, the spacer also minimizes short-channel effects as discussed in previous section,

which ultimately results in improved device performance at low gate voltage. Figure 2.10(b) reflects
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the variation of drain current vs gate voltage at V3=0.4 V for various work function of DM-NCFET
(spacer) and DM-NCFET structures. The drain current for DM-NCFET (spacer) with palladium is
higher than the others such as chromium and tungsten. Also DM-NCFET (spacer) shows decreased
leakage current than DM-NCFET for all the considered work functions, that reveals enhanced gate
effect to control the channel for the spacer configuration. The higher work function of Pd as gate
electrode leads to better electrostatic control over the channel, increasing the carrier concentra-
tion and enhancing the current flow between the source and drain. As a result, the drain current is
higher for Palladium based devices than for devices with chromium and tungsten as gate electrodes.

Table 2.4: Performance comparison of DM-NCFET (spacer) and DM-NCFET for different

gate electrode materials such as palladium, chromium, and tungsten.

Parameter | DM- DM- DM- DM- DM- DM-
NCFET | NCFET NCFET NCFET | NCFET | NCFET
(spacer) | (spacer) | (spacer) Chromium| Tungsten | Palladium
Chromium| Tungsten | Palladium | (Cr) (W) (Pd)
(Cr) (W) (Pd)
Lsr(nA) 12200 169.0 0.013 14800 240.0 0.0338
Lon/Tos(10%) 0.000394 | 0.0281 348 0.000212 | 0.013 91.8
Vin(V) -0.28 0.201 0.9504 0.324 | 0.188 0.938
TGF (V1) | 42.89 49.5 50.6 39.9 46.2 47.3

Transconductance Generation factor of DM-NCFET (spacer) for palladium is enhanced as com-
pared to other work functions (¢), which reflects improved device efficiency that is close to ideally
50V~!. The higher value of TGF and switching ratio along with other improved parameters for
palladium are summarized in Table 2.4. The variation of potential along channel is shown in Figure
2.11(a) for various gate materials considered for DM-NCFET at V4=V ;3=0.4V. The potential of
palladium is lower at the channel side than that for the other gate electrodes . The difference in work
function between the gate electrode and the semiconductor channel creates stronger band bending
in the semiconductor. This bending reduces the potential in the channel, lowering it for palladium
as compared to gates with chromium and tungsten material. The increased band bending helps to
form a conductive channel more easily, thus enhancing the device’s switching characteristics and
reducing the overall channel potential for palladium gate electrode (SC22). Also, When device is in

biased or active condition, the max. potential and max. electric field of DM-NCFET (spacer) with
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palladium is higher at drain side in comparison to other gate electrodes as shown in Figure 2.11(b).
The potential is higher at drain side, which reveals better flow of current and smooth amplification
of signal in ON state (conducting). The stronger electrostatic coupling between the Pd gate elec-
trode and the channel, due to its higher work function, leads to more significant electric potential at
the drain side (SC22). This enhanced potential allows for better control of the channel’s conduction

properties, particularly in short channel devices, thus improving overall device efficiency.

€Y ®)

Figure 2.11: Variation of (a) potential vs position along channel (b) maximum electric
field and maximum potential of DM-NCFET (spacer) with various gate electrode materials
at V4=0.4V and T=300K (PMC22b).

For digital circuit, the operation of transistor takes place in linear region, while for analog
circuit, the operation of transistor is in saturation region (Vq=Vg4s=0.4V) (Raz05; SGM10). The
electric field distribution is studied by tuning V4, for different operating situations. The breakdown
time of channel is lower at higher electric field. The time dependent breakdown (t;) equation is

given below by Eq. 2.10:
Ea
KyT

ty, = Aexp(—vE,) (2.10)

where A is electric field acceration, v is proportionality constant, T is absolute temperature,
E, is thermal activation energy, E, is oxide electric field, and Kj is Boltzmann constant (Raz05;

SGM10).

Figure 2.12(a) shows the effect on quasi fermi potential vs position along channel for DM-

NCFET (spacer) with different gate electrode materials at Vgs=V;=0.4V and T=300K. The quasi
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Figure 2.12: (a) The effect on quasi fermi potential vs position along channel and (b) The
impact on energy band structure (conduction band (E.) and valence band (E,)) vs position
along channel for DM-NCFET (spacer) with palladium, tungsten, and chromium as gate
elctrode materials at V4=0.4V and T=300K (PMC22b).

fermi potential of palladium is higher than others electrode, when FET is in equilibrium and biased
condition. The quasi fermi potential for holes and electrons may shift from equilibrium position
on applying the external bias (PMMS85; CDS15). A higher quasi-Fermi potential means more
available carriers for conduction. With Pd as the gate electrode, the higher work function raises
the quasi-Fermi potential, leading to increased carrier density and improved device performance
(CJZ16). Figure 2.12(b) exhibits the variation in energy band structure vs position along channel
for DM-NCFET (spacer) at V4=V ;=0.4V and T=300K with various gate electrode materials. The
band gap of palladium is 1.1eV, which is lower than that for chromium (1.12¢V). The higher work
function of Pd also results in more significant band bending near the semiconductor interface, which
effectively lowering the barrier for the electron flow (DGA117). This reduces the effective band
gap of the device, allowing for easier charge carrier injection, thus ultimately leading to improved

device characteristics.
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2.5 Summary

In this work, we proposed a ferroelectric layer-enhanced FET device, specifically the DM-NCFET
with spacer and without a spacer. All simulations were conducted using a Visual TCAD simula-
tor. The DM-NCFET (spacer) configuration demonstrated significantly improved analog results as
compared to DM-NCFET without a spacer. Specifically, the switching ratio is increased by approx-
imately 2 times, the subthreshold swing was reduced by 1.06 times, and DIBL decreased by 1.21
times, indicating reduced short channel effects and lower leakage current for DM-NCFET (spacer)
in comparison to DM-NCFET. The DM-NCFET (spacer) structure also show enhancement in other
analog parameters such as g,,, TGF, A,, and V¢,. Furthermore, RF parameters showed significant
improvements with the DM-NCFET (spacer) configuration, including reduced Fy, improved Cgyg,
GFP, and GTFP. Further, the analysis done on DM-NCFET (spacer) at various temperatures re-
vealed improved performance at T=300K as compared to T=400K and T=500K. The device showed
more favorable results with enhancements in switching ratio and transconductance while reduction
in leakage current at T=300K. Thus, this study suggests that DM-NCFET (spacer) at T=300K
is an improved device structure for analog performance compared to its conventional counterpart,

making it suitable for high-speed IC applications.

Additionally, a comparative study of DM-NCFET (spacer) and DM-NCFET with different gate
electrode materials showed that palladium, with a work function of 5.3eV, provided better results
than chromium and tungsten. Palladium demonstrated 10~ times lower leakage current compared
to chromium along with higher switching ratio and reduced subthreshold swing. The increasing
work function (¢) correlated with improved device performance. The electric field across the chan-
nel was also studied for various work functions, and palladium exhibited enhanced electric field as
compared to other gate electrodes. Thus, DM-NCFET (spacer) design has shown significant im-
provements in terms of various measured parameters, showing greater efficiency in terms of energy
and speed. Consequently, the findings of this research can assist engineers in designing nanoelec-

tronic devices to further meet the requirements for high performance Analog/RF applications.

After thoroughly examining the analog and RF properties of the DM-NCFET along with study-

ing the effects of variation of temperature and work function of the gate electrode to ensure improved
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performance and reliability, the proposed device has the potential to be explored for further en-
hancement in DM-NCFET’s performance with a special focus on the detection of biomolecules
using the DM-NCFET for improved sensitivity in multiple areas of applications such as disease
monitoring, food analysis, forensic investigations,and environmental monitoring. This will be the

main area of emphasis in the next chapter.
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Chapter 3

Detection of Biomolecules in Dielectric Modulated

Double Metal NCFET with Improved Sensitivity

This chapter investigates the Double metal below ferroelectric layer FET that is DM-NCFET
for biosensing application with the help of extensive analysis for different biomolecules at

varying cavity length.

It is observed that switching ratio of the device with protein biomolecules is higher than the
device without biomolecules by 1.52 times, sensitivity of protein is enhanced by 1.11 times

over device without biomolecule.

In addition, decrement in the cavity length from 12nm to 8nm altogether upgraded the sensitivity

of the proposed biosensor along with other performance metrics.

Consquently, Double Metal NCFET is empowering its utilization for biosensor applications
to analyze different infections with enhanced speed and sensitivity along with low power

consumption, making them a reliable biosensor.
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3.1 Introduction

The recent COVID-19 pandemic has highlighted the crucial importance of microelectronic biosen-
sors in detecting biomolecules and biological warfare agents. These electronic biosensors can be
deployed for continuous monitoring of airborne biomolecules in environments such as airplanes,
metro systems, hospitals, schools, and clinics. This has created an urgent need to design and de-
velop fast and accurate biosensors. These sensors detect biochemical compounds like antibodies,
enzymes, nucleic acids, and proteins through chemical reactions, making them invaluable in vari-
ous applications, including disease monitoring, food analysis, forensic investigations, environmental

monitoring, and the study of biomolecular interactions (ACT20; KRG™20; PMC22c).

Numerous methods have been developed for biomolecule detection, including the chemical-
linked immunosorbent assay (WJT*13), which is used for conditions such as Alzheimer’s disease,
coronary artery disease, and ovarian cancer. However, many of these methods are complex and
time consuming due to the need for sophisticated modeling techniques (LSCT15). In recent years,
field-effect transistor (FET) based biosensors have gained significant attention due to their high
scalability, extreme sensitivity, rapid electrical detection, low power consumption, linear electrical
response, and cost-effective mass production, making them superior to other methods like surface
plasmon resonance, microcantilevers (Ber86), and various fluorescence devices (IHGCO07). Low-cost,
highly sensitive, reliable, user-friendly, and rapid diagnostic biosensing devices are essential for a
wide range of biological and biomedical applications (VEST09). Sensitivity is a critical parameter

for MOSFET-based biosensors (KRG20).

Ferroelectric FETs (Fe-FETs) have garnered considerable attention due to their potential in both
memory and switching applications (MBP108). The size and power consumption are key factors
in the field of modern electronic devices, with ongoing research aimed at developing aggressively
scaled devices that consume ultra-low power (LKSH16). However, NCFETs did not account for the
effects of channel length scaling, and they employed the Landau model only for the out-of-plane
polarization component, which is unsuitable for thick ferroelectric layers (AKYU21). In many
literatures, researchers has examined and analyzed the performance of NCFETs with extended

channels using analytical modeling (PAC18). But, a thorough understanding of the behavior of
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dual metal structures and comprehensive performance analysis remains scarce in the literature

(PMC22¢c; PMC21a; PMC22a).

In this study, Double metal below ferroelectric layer FET (DM-NCFET) is explored for various
biomolecules like protein, uricase, streptavidin, cholesterol oxidase (ChO,,), and its performance is
compared and analysed to find the device suitability for various biomolecules in terms of various
analog metrics such as sensitivity, lower leakage current, threshold voltage, etc. Further, DM-
NCFET is also analysed for various cavity lengths to find the optimum length for giving the
most improved performance, makes it suitable with high sensitivity and high speed biosensing for

detecting various diseases.

3.2 Device Structure

Figures 3.1(a) depict the schematic diagram of a DM-NCFET and (b) magnified view of the cavity
with biomolecules, respectively. Biomolecules are immobilized in the Biol and Bio2 regions. The
regions between the source and gate (Lp;,1) and between the drain and gate (Lp;n2) correspond

to the cavity gap, which is a crucial characteristic that determines the impact of biomolecules on

DM-NCFET.

The channel length (L.) is 20nm, the body length (L) is 60nm, and the drain/source length
(Lays) is 10nm. The Biol/Bio2 length (Lyio1 /pio2) is 10nm, the body thickness (7}) is 50nm, and the
drain/source thickness (Tj/s) is 3nm. Additionally, the oxide thickness (75) is Inm, the ferroelectric
layer thickness () is 1nm, the thickness of Metall (7},1) is 2nm, the insulator thickness (7;) is
2.3nm, and the thickness of Metal2 (7T},,2) is 1.7nm. The thickness of Biol/Bio2 is 3nm, and the
gate thickness is 2nm. The total gate thickness (Tg;) is the sum of the oxide, Metal2, insulator,

Metall, ferroelectric layer, and gate thickness.

The body is made of silicon (Si), while the drain, source, substrate, and gate are made of
aluminum (Al). The insulator is composed of silicon nitride, the oxide is silicon dioxide (Si0z2),
Metall is gold (Au), and the ferroelectric material is silicon doped hafnium dioxide (H fO2FE).
The doping concentration of the drain/source (Ny /s) is 1 x 102°%c¢m ™3 with a Gaussian profile and

donor type. The work function for the Metall gate is set at a high value of 5.4eV.
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Figure 3.1: (a) The Schematic diagram of DM-NCFET for detection of biomolecule (b)
Magnified view of cavity with biomolecules(PMC22c).

3.3 Simulation Methodology

The Visual TCAD system is used to simulate all the results. Biomolecules are introduced and
identified within the confined Biol and Bio2 regions. In this study, neutral biomolecules such as
streptavidin, protein, uricase, and ChQO, are simulated within the cavity gap. The drain voltage,
Vg, is fixed at 0.4V throughout the process, and the gate voltage, Vs, varies from 0V to 4V.
The temperature is maintained at 300K during the entire device simulation. The design utilizes
concentration-dependent mobility (CONMOB) model, field-dependent drift velocity (FLDMOB)
model, the Shockley-Read-Hall (SRH) recombination model, and Landau Khalatnikov model for

considering the polarization of the ferroelectric material.

The absorption of various biomolecules is modeled by introducing a non-conductive material
with the same dielectric constant as the specific biomolecule into the cavity gap. The empty cavity
(without biomolecules) is represented by an insulator with a dielectric constant of K=1, while the
dielectric constants of the different studied biomolecules are as follows: protein (K=8) (KHCP12),

uricase (K=1.5), ChO, (K=3.5), and streptavidin (K=2.1) (BSMMO02)(DMSB86). This method
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has been adopted in concurrence with experimental results (IHGCO07).

3.4 Result and Discussion

3.4.1 Impact of Various Biomolecules on DM-NCFET

Figure 3.2 illustrates the variation of drain current (both in linear and logarithmic scales) versus
gate voltage for different biomolecules in double metal NCFET at V; = 0.4 V, with a channel length
of 20 nm and oxide thickness of 1 nm. The drain current for protein (K = 8) is higher than that for
other biomolecules along with reduced leakage current as shown in left side of the graph. This is due
to the increase in dielectric constant which results into improved gate coupling capacitance A higher
dielectric constant (K) also results in greater capacitance for the biomolecule-modulated region of
the device. This increased capacitance enhances the ability of the gate to control the channel,

leading to a stronger electric field and improved charge carrier accumulation in the channel.

Figure 3.2: Transfer characteristic of different biomolecules for DM-NCFET at drain volt-
age =0.4V. (PMC22c).

Figure 3.3(a) shows that transconductance, which is the ratio of the change in drain current
to the change in gate voltage at a drain voltage of 0.4 V, is higher for protein as compared to
streptavidin, uricase, ChO,, and the case without molecules. A higher dielectric constant increases

the gate capacitance, which enhances the control of the gate over the channel. The increased
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(@) (b)

Figure 3.3: Variation of (a) Transconductance, (g,,) (b) Threshold voltage (V) versus
gate voltage of different biomolecules for DM-NCFET at V; = 0.4V. (PMC22c¢).

average carrier velocity and improved electron mobility with higher dielectric constant for protein,

results in a stronger current response for a given gate voltage, and enhanced g, (NG18).
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Figure 3.4: (a) Switching ratio (I,,/l,fr) (b) Sensitivity of DM-NCFET for different
biomolecules at drain voltage =0.4V. (PMC22c¢).

Figure 3.3(b) demonstrates that the threshold voltage for protein is higher than that for the
other biomolecules at V; = 0.4 V. Protein molecules provide better shielding of the drain-side
potential, enhancing the threshold voltage characteristics. The threshold voltage is directly related
to the dielectric constant and is applied as a sensing parameter for biomolecule recognition. a

higher dielectric constant in a DM-NCFET improves the electrostatic control of the gate over the
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Figure 3.5: Contour plot for Electronic concentration of DM-NCFET for different
biomolecules with dielectric constant (a) K=8 (b) K=3.5 (¢) K=2.1 (d) K=1.5 (e¢) K=1 and
(f) Variation of electronic concentration vs distance along channel for various biomolecules

(PMC22c).

channel, leading to enhanced device performance with increased threshold voltage.

Figure 3.4(a) depicts the switching ratio for protein, which is higher than that for the other
biomolecules at Ly = 20 nm, T, = 1 nm, Ly, = 10 nm, and V; = 0.4 V. The reduced leakage current
for protein as shown in Figure 3.2, results in higher switching ratio, as also shown in Table 3.1. A rise
in dielectric constant increases the gate capacitance, allowing for faster switching between on and
off states. This leads to reduced switching time, thus increasing the switching speed of the NCFET
which is critical for high-speed applications. Figure 3.4(b) illustrates the sensitivity of various
biomolecules, including protein, streptavidin, uricase, ChO,,, and the case without biomolecules, at
a drain voltage of 0.4 V. If the cavity gap is fully filled with the biomolecules, then the sensitivity
is calculated using the formula provided in Eq. (3.1). The increased dielectric constant allows for
more precise detection of variations in the channel, and results in higher sensitivity as showcased

by the protein biomolecule.

Ao (K > 1)
S_Ion(K: ) (3.1)
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Figure 3.5(a)-(e) presents contour plots of the electronic concentration along the channel from
source to drain for different biomolecules with dielectric constant: (a) K =8, (b) K = 3.5, (¢) K
= 2.1, (d) K = 1.5, and (e) K = 1. Figure 3.5(a) shows that when a biomolecule is introduced,
additional charges are generated in the channel from source to drain beneath the cavity. Figure
3.5(f) reflects variation of the electronic concentration across the channel at Ly, =10nm. The
quantity of these charges depends on the specific biomolecule. With a higher dielectric constant,
the electric field required to accumulate electrons in the channel is distributed more effectively.
This can lead to reduced electron concentration in the off state, minimizing leakage current and

improving the power efficiency of the device.

Figure 3.6: Contour plot for Potential of DM-NCFET for different biomolecules with di-
electric constant (a) K=8 (b) K=3.5 (¢) K=2.1 (d) K=1.5 (e) K=1. (f) Variation of potential
vs distance along channel at drain voltage = 0.4V for different biomolecules (PMC22c¢).
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Figure 3.6(a)-(e) presents contour plots of the potential along the channel from source to drain
for different biomolecules with dielectric constant: (a) K = 8, (b) K = 3.5, (¢) K = 2.1, (d) K
= 1.5, and (e) K = 1. It also reflects the electrical performance of the DM-NCFET. Changes in
potential across the channel occur on the drain side beneath the cavity region as shown in Figure
3.6(f). When the cavity gap is occupied by biomolecules, a potential deformation is observed due
to the shift in dielectric constant caused by the biomolecules(NKJ*20). This change in potential
can be used to detect the presence of biomolecules in the cavity gap area. With a higher dielectric
constant, the electric field is more effectively modulated, reducing the potential barrier for charge
carriers. This leads to higher carrier mobility and consequently, a larger drain current in the device.

Table 3.1: Comparison of different performance parameters for various biomolecules in
DM-NCFET at T,, = 1nm and cavity length of 10nm

Parameter K=28 K =35 K=21 K=15 K=1
Ly, (MA) 3.58 3.34 3.21 3.14 3.07
Lr (pA) 4.76 8.14 9.77 10.6 11.3
Lon/Tosy (10%) 7.52 4.1 3.28 2.96 2.71
Vi (V) 0.802 0.794 0.792 0.791 0.79
gm (mS) 2.34 2.3 2.27 2.25 2.23
gq (nS) 0.473 0.596 0.638 0.656 0.674

(@)

(b)

Figure 3.7: Variation of (a) drain current vs drain voltage (b) output conductance vs drain
voltage of DM-NCFET at gate voltage = 0.4V for different biomolecules (PMC22c¢).

Figure 3.7(a) presents the plot of drain current versus drain voltage at a gate voltage of 0.4 V,

oxide thickness of 1 nm, cavity gap of 10 nm, and channel length of 20 nm. The output conductance
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which reflects the driving capability of the device, characterizes the region of device operation, as
depicted in Figure 3.7(b). Initially, a high output conductance in the linear region is observed as
the drain voltage increases beyond the pinch-off voltage due to drain-induced barrier lowering and
channel length modulation (AS15). The g4 for protein is lower as compared to other biomolecules
as shown in Figure 3.7(b), indicating enhanced gate controllability and suppressed short-channel
effects. A higher dielectric constant increases the gate capacitance, which enhances the gate-channel
coupling between the gate and the channel, thus reduces the variation of drain current with drain

voltage. This is very well reflected in decreasing value of output conductance for protein.

3.4.2 Effect of Length Modulation in Cavity Gap

Figure 3.8(a) displays the variation of drain current versus gate voltage for various cavity length
(Lpio = 8 nm, 10 nm, and 12 nm) with different biomolecules, including ChO,, protein, streptavidin,
and uricase. The drain current for protein at a cavity length of Ly;, = 8nm is enhanced compared
to the other lengths. A lower cavity length contributes to higher drain current by reducing the
distance between the gate and the channel, which strengthens the gate’s influence on the channel

and enhances current conduction.

(&)
(b)

Figure 3.8: Variation of (a) drain current vs gate voltage (b) Sensitivity of DM-NCFET
for various biomolecules with different cavity length, L;;, = 8nm, 10nm, and 12nm at drain
voltage = 0.4V (PMC22c).

The sensitivity of the DM-NCFET biosensor with varying cavity gap length is also evaluated,
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revealing a significant improvement as the cavity length, L;;, decreases for all the biomolecules
as shown in Figure 3.8(b). Specifically, the sensitivity improves for a biomolecule with higher
dielectric constant for the given Ly;,,. At a cavity length of Lp;, = 8 nm, the nanogap-inserted
on DM-NCFET biosensor demonstrated enhanced sensitivity for proteins (K = 8) as compared to
other biomolecules. In sensing applications, the higher dielectric constant improves the device’s
sensitivity by increasing the responsiveness of the channel to changes in the gate voltage. Further,
a lower cavity length enhances the device’s sensitivity by improving the electrostatic control of the
channel, making the device more responsive to small variations in external conditions and allows

for more precise detection of external stimuli.

()

(a)

Figure 3.9: Variation of (a) switching ratio of DM-NCFET (b) limit of detection (LOD)
for various biomolecules with different cavity length, Ly, = 8nm, 10nm, and 12nm at drain
voltage = 0.4V (PMC22c).

Figure 3.9(a) shows the variation of switching ratio for different biomolecules with various
cavity length, indicating that protein exhibits the highest improvement with shorter cavity length
as compared to other biomolecules. The higher dielectric constant enhances the device’s ability
to switch between the on and off states, which results in a higher switching ratio. Also, a shorter
cavity length reduces the impact of drain voltage on the channel and its related modulation, thus
contributing to a clearer distinction between the on and off states and improving the switching

ratio.

Figure 3.9(b) shows the variation of limit of detection (LOD) against different K values associ-

ated with different biomolecules. The standard deviation considered for LOD is 0.000737 for K=1,
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0.000739 for K=1.5, 0.000741 for K=2.1, 0.000749 for K=3.5, and 0.000765 for K=8. The LOD for
protein is lower than that for the other biomolecules, indicating the ability to detect lower concen-
trations of analytes, though not necessarily quantifying them (MB19). A lesser limit of detection
for COVID-19 suggests that it may miss more infected cases. The combination of a higher dielectric
constant and a lower cavity length allows for finer detection of small variations. The device can
more accurately detect changes in the environment or analyte concentration, resulting in a higher

limit of detection as shown by protein in this study.

3.5 Summary

This study has explored the biosensing capabilities of the DM-NCFET device. The electrical per-
formance are assessed under different conditions for the detection of various biomolecules. The
threshold voltage shift for proteins is improved by 0.28% as compared to the DM-NCFET without
biomolecules. Sensitivity for protein detection with K=8 is increased by 1.167 times over K=1,
and the switching ratio for proteins is 177% higher than that for without biomolecules. At a cavity
length of 10 nm, the surface potential showed 13% improvement for proteins as compared to that
for without biomolecules. The DM-NCFET device exhibited notable improvements with better sen-
sitivity for biomolecules having higher K values. The proposed device showed enhanced sensitivity
for protein detection (K=8) as compared to other biomolecules. Additionally, the impact of cavity
length on Vi, sensitivity, and the Iy, /Iof¢ ratio of the DM-NCFET biosensor was analyzed. The
results indicated that sensitivity increases with smaller cavity lengths along with other performance
metrics. So optimizing the cavity length to 8 nm enhances overall performance, making it suitable

for high-sensitivity and high-speed biosensors for detecting various diseases.

In conclusion, the study confirms that DM-NCFET devices are well-suited for biosensing appli-
cations, offering improved speed and sensitivity for infection analysis. Consequently, the proposed
device has the potential to be explored for further enhancement in DM-NCFET’s performance
through DFT-based atomic modeling and optimization for improved analog/RF performance, which

will be the main focus of the next chapter.
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Chapter 4

DFT Based Atomic Modeling and Optimization of

Double Metal Double Gate NCFET

This chapter discusses the investigated Analog/RF and linearity parameters of SM DGNCFET

and DM DGNCFET to achieve the better performance.

It is found that SM DGNCFET showed better performance with switching ratio being 279 times

better, and DIBL being 54% lower as compared to DM DGNCFET.

In addition, DFT analysis is done for the enhancement in the electronic and optical properties

of Si-doping bulk structure by using the Quantum ATK.

Consequently, the proposed device shows better electronic and optical properties along with

improved analog/RF and linearity performance.
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4.1 Introduction

Power dissipation (P) varies with the supply voltage, following the relationship as P proportional
to Vge2, where Vg, is the drain-source voltage. This dissipation is typically controlled by the
minimum subthreshold swing (SS = 60 mV /decade) of a Boltzmann switch, which is regulated by
barriers (KJMA15). Recently, ferroelectric FETs (Fe-FETs) have gained significant attention for
their reliability in memory and switching applications (LCLT15; PMC23; AC24). Key factors
in advanced electronic devices include power consumption and space efficiency, with past and
ongoing research focusing on developing aggressively scaled devices that utilize ultralow power
(LFT"16). To overcome current limitations, there has been growing interest in alternative devices
that operate through fundamentally different mechanisms to switch an electronic device from OFF

to ON (PMC23).

Enhancements in ferroelectric layer devices with NCFETs include Single Metal Double Gate
NCFET and Double Metal Double Gate NCFET configurations (PAC18; PAC19). NCFETs are
field-effect transistors that exhibit a subthreshold swing below 60 mV/decade and a high ON-
current. Recently, negative capacitance effects have been experimentally demonstrated in var-
ious systems, including 1) isolated ferroelectric films, 2) ferroelectric-dielectric bilayers, and 3)
ferroelectric-gated transistors using superlattices (LKSH16). However it is found that SM DGNCFET
does not account for channel length scaling (PAC19; SJSI16; YS18), and the Landau model is ap-

plied only in the out-of-plane polarization section of the device (AKYU21).

Moreover, FeFETs offer advantages such as non-destructive read capabilities, rapid operation,
and application in memory devices, marking a new era of FET technology (KCJ21). The FE
material exhibits negative capacitance behavior, as evidenced by its charge-energy curve (KPK*16).
Incorporating a ferroelectric material in the gate stack of MOSFETs enhances device performance

and reliability.

Density Functional Theory (DFT) is a quantum-mechanical, atomistic modeling approach for
calculating the properties of atomic systems, including surfaces, crystals, molecules, and electronic
devices when coupled with Non-Equilibrium Green’s Functions (NEGF). DFT is crucial for validat-

ing the energy, structure, and properties of materials, nanosystems, and molecules. In HfOs-based
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gate stacks, atomic dopants can alter the work function (KPKT16). At 2800 degrees Celsius, HfOo
exists in a cubic phase (ZRR13; KGAT17). Yttrium doping stabilizes the cubic phase at lower tem-
peratures (KVS22). The cubic phase of HfO9 is used in various industrial applications, including
random access memory devices, fuel cells, sensors, and optical coatings. HfO5 thin films have low

lattice thermal conductivity, measured between 0.49 and 0.95 W/m-K (LXZ*17).

Achieving ferroelectricity in thin films has long been a research goal due to its potential
applications in ferroelectric FET (FEFET) and ferroelectric random-access memory (FERAM)
(DGMIB19; MWCO01; HPR*10). Ferroelectric-based technology offers several advantages over cur-
rent non-volatile memory technologies, including low power consumption, controllability over vari-
ability, and high switching speed (MHO02). However, the lack of ferroelectric materials that meet all
the practical requirements for memory technology—scalability, CMOS compatibility, and memory
retention—has limited widespread application. HfO5 remains one of the most widely used dielec-
tric gate oxides in current field-effect transistor devices (GM16; CPNT16). The performance of the
SM DGNCFET with long channels using analytical modeling has been evaluated in the literature
(PAC18). While the SM DGNCFET shows a higher ON-state current than the DM DGNCFET,

this is not consistent across all ferroelectric materials.

Thus performance of SM DGNCFET and DM DGNCFET for thin channel with silicon doped
hafnium oxide ferroelectric material has been explored in this chapter for various possible variations
of scaling in dimension such as ferroelectric layer, substrate, temperature (PMMC23). A brief DFT
analysis is also done for the enhancement in the electronic and optical properties of Si-doping bulk

structure that will further improve the device performance.

4.2 Device Design and Atomic Study

4.2.1 Device Structure

Figure 4.1 illustrates two device structures: (a) Double Metal Double Gate NCFET (DM DGNCFET)
and (b) Single Metal Double Gate NCFET (SM DGNCFET). The dimensions of these two devices
are nearly identical, except for the Metal2-Top and Metal2-Bottom (T,,27/m2p) layers, which vary

in the SM DGNCFET. In the DM DGNCFET, the thickness of T),97 /1,25 is 5 nm and made up
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of aluminium.
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Figure 4.1: Structural diagram of (a) Double Metal Double Gate NCFET (DM DGNCFET)
and (b) Single Metal Double Gate NCFET device (SM DGNCFET) (PMC23).

Table 4.1: The Device parameters for SM DGNCFET and DM DGNCFET used for the
simulation

Parameter SM DGNCFET | DM DGNCFET
Oxide Thickness (T,;) 0.6 nm 0.6 nm

Gate length (L) 50 nm 50 nm
Substrate thickness (Typ) 05 nm 05 nm
Ferroelectric thickness (T'.) 07 nm 07 nm
Source/Drain length (L /q) 05 nm 05 nm

Metall Top/Metall bottom thickness (T,17/m1s) | 10 nm 10 nm

Doping concentration of Drain/ Source (Ng) 1x10%° cm—3 1x10%* ¢cm™3

The channel length (L) is 60 nm, the Drain/Source length (Lg/s) is 50 nm, the Drain/Source
thickness (T;/s) is 5 nm, and the oxide thickness (Toz) is 0.6 nm. The SM DGNCFET features a

Ty of 7 nm, with Metall having top and bottom layers each 10 nm thick as detailed in Table 4.1.

Both SM DGNCFET and DM DGNCFET have a total gate length (Lg) of 50 nm. The entire
gate thickness (T.;) of the SM DGNCFET is 10 nm. The materials used include aluminium for
Metall Top and Metall Bottom, Metal2 Top and Metal2 Bottom. The gate oxide is composed
of SiOy and the ferroelectric material is HfOoFE (silicon doped hafnium dioxide). The substrate
is made with silicon. The doping concentration of the Drain/Source is 1 x 10%° cm™3, with a

Gaussian profile, as shown in Table 4.1. The work function of the aluminium used in the dual gate
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is 4.2 eV.

4.2.2 Structure of Ferroelectric HfO,-Based Crystal

The ferroelectric HfOo structure is formed in a simple cubic crystal lattice with dimensions a =
1023 A, b = 1023 A, ¢ = 10.23 A, and angles a = 90°, B = 90°, v = 90°. The crystal structure
consists of eight hafnium (Hf) atoms and sixteen oxygen (O) atoms in its undoped state. Figure
4.2 shows the HfOq structure: (a) without doping, and (b) with 12.5% silicon (Si) doping. The
cartesian coordinates for Si doping are [0.7677, 2.621, 3.128] A. This research has demonstrated that
HfO4 films doped with 12.5% Si, grown to a thickness of 7 nm between dual-gate metal electrodes,
and annealed, may exhibit ferroelectricity. Some studies indicate that the ferroelectric behavior of
TiN/HfO9 /TiN stacks is significantly inhibited when the film is annealed before deposition of the
top electrode, suggesting that the confinement provided by the top electrode during annealing is

crucial for ferroelectricity (GCMK™11).

(a) (b)

« i

® @ Hf

® o ® o
® ®

Figure 4.2: Structural diagram of HfO ferroelectric based simple cubic crystal (a) without
doping (b ) with Si doping (PMC23).

o8

Delhi Technological University, Delhi-42



Chapter J: DFT Based Atomic Modeling... Yash Pathak

4.3 Methodology and Theoretical Details

4.3.1 Device Methods

All numerical simulations were performed using the Cogenda Visual TCAD Multiphysics tool. A
comparative analysis is performed between two devices: DM DGNCFET and SM DGNCFET.
During operation, the drain voltage is fixed at 0.05V, while the gate voltage was varied between 0
and 0.5 volts. The temperature (T) was maintained constant at 300K throughout all the simula-
tions. To encounter key phenomena in the device, various models are used in the simulation. The
Shockley-Read-Hall (SRH) model to account the generation and recombination of the carriers while
the Lombardi surface mobility model accounts for carrier mobility, complemented by Fermi-Dirac
statistics. The Arora model considers the effects of temperature and impurity concentration on
carrier mobility along with Crowell Sze that accounts for impact ionization. Different boundary
conditions were applied to implement the designs of the SM DGNCFET and DM DGNCFET.
The congruence of typical sections of translation vectors was used at the oxide-ferroelectric inter-
faces in the SM DGNCFET structure. The internal metal gate serves as a coating terminal in the

DGNCFET structure (HPCT16b; MPAS15).

4.3.2 Method for HfO, Crystal

The Quantum ATK (Atomistix ToolKit) simulator was employed for atomic-level studies using
DFT. We utilized DFT within the Perdew-Burke-Ernzerhof Generalized Gradient Approximation
(PBE GGA) framework (PBE96) with ultrasoft pseudo-potentials to compute the minimal energy
structures. The Tran-Blaha modified Becke-Johnson (TB-mBJ) approximation was used to accu-
rately determine the band gap of the crystal. To eliminate the effect of electric fields in the vacuum,
a fictional dipole was introduced in the cell’s vacuum area, canceling out the electric field. The
forces on all atoms were relaxed until they were less than 10~% Ry/Bohr in magnitude in all axial

directions (BV00; DGMIB19).
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4.3.3 Flowchart for Fabrication Feasibility from Atomic Modeling to Device

Fabrication

The process of modeling from the atomic scale to device fabrication for SM DGNCFET is sum-
marized in Figure 4.3. We begin with an atomic model to calculate band energy in vander waals
heterostructures (vdWH) at an interfacial charge. First-principle calculations provide the carrier
mobility and dielectric constant of the material (DM18). These material properties are then ap-
plied in physics-based device models to understand the electronic and optical configuration using
the Quantum ATK simulator. The process starts with the thinning of the silicon film, followed by
the deposition of HfOo, and SiO» layers on the silicon interface layer through atomic layer deposi-
tion (ALD) (CMY20). The metal gate is fabricated on the gate dielectric using the electron beam
evaporation process. The source and drain regions are doped through spike annealing activation,
and electron beam evaporation is applied to the surface of the source and drain. This process

results in the formation of the SM DGNCFET device.

Atomic Modelling by Device Modelling by TCAD Tool
Quantum ATK : 4
l Silicon film istaken

Material HTO, Gatedielectric (Al, 04 HfO,) deposition
l by ALD [37]

1% principal based geometry
optical [36]

Source/ Drain region implanted
DFT based device

fabrication Spike annealing activation of dopant
Source/Drain
f 2
oo Metal contact deposm_on using e-beam
formulation based MOS e\iaporatlon
capacitor model Novel SM DGNCFET is for med

Figure 4.3: Fabrication process flowchart from atomic modelling to device modelling
(PMC23).
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4.4 Result and Discussion

4.4.1 Comparative Study of NCFET Device

Analog Performance

Figure 4.4(a) presents the drain current, I; (A), plotted on both linear scale and logarithmic scale
against the gate voltage, V, (V), for SM DGNCFET and DM DGNCFET at Vg4, = 0.05V, with
channel length of 50 nm at temperature of 300K. The figure shows that under low gate bias, the off-
state current of the SM DGNCFET is lower. As the gate voltage increases, the drain current in the
SM DGNCFET design surpasses that of the DM DGNCFET, and indicating better gate coupling
capacitance. In SM DGNCFET structure, the simplified gate material and reduced complexity
contribute to better control of the channel, leading to an enhanced drain current. The single metal

interface minimizes potential mismatch between different metals, resulting in more efficient electron

flow.
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Figure 4.4: Plot of (a) drain current and log drain current vs gate voltage (b) transcon-
ductance and TGF vs gate voltage for SM DGNCFET and DM DGNCFET at drain voltage
0.05V (PMC23).

Transconductance measures the ratio of change in drain current with change in gate voltage at a
drain voltage of 0.05V and a temperature of 300K, as shown in Figure 4.4(b). The SM DGNCFET

exhibits higher transconductance compared to the DM DGNCFET. This improvement in g,, reflects
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a stronger correlation between drain current and gate voltage (NG18), indicating strong coupling
between the gate and channel, and increased average carrier’s mobility(LHL'22). The transcon-
ductance generation factor is also higher for SM DGNCFET, as shown in Figure 4.4(b), due to
improved g,.

Table 4.2: The parameters of leakage current, subthreshold swing, DIBL, and others for
SM DGNCFET and DM DGNCFET

Parameter SM DGNCFET DM DGNCFET
L, (A) (107%) 1.37 0.493

Vin(mV) 180.72 86.687

SS (mV/dec) 57.322 59.6

Ioff (A)(lO‘lO) 14 1.41

DIBL 0.0462 0.2187
Lon/Tosr(10%) 97.85 0.3496

Figure 4.5(a) shows the plot of DIBL for different configurations. DIBL is a short-channel effect
that allows electrons to travel more easily from source to drain as the channel length decreases.
The DIBL in the SM DGNCFET structure is lower than in the DM DGNCFET structure, due to
better gate control and a more uniform electric field along the channel in SM DGNCFET stucture,
indicating reduced short-channel effects and low power consumption. Subthreshold swing is also
crucial, with an optimal limit of 60 mV /decade as per Boltzmann limitation at room temperature
in conventional MOS devices. The SM DGNCFET achieves lower SS than the DM DGNCFET,

ensuring high speed and efficient switching of SM DGNCFET between OFF and ON states.

The threshold voltage, Vi (V), of the SM DGNCFET at a drain voltage of 0.05V is more in
comparison to DM DGNCFET design, as illustrated in Figure 4.5(b). This is attributed to better
drain-side potential shielding in SM DGNCFET. Additionally, at a gate length (Lg) of 50 nm and
Top of 0.6 nm, the SM DGNCFET structure demonstrates higher switching ratio as compared to
DM DGNCFET, due to the uniform work function and electrostatic potential lead to strong gate
control in SM DGNCFET structure. Thus, SM DGNCFET achieves faster switching speed with
reduced leakage current, and overall better performance in comparison to DM DGNCFET at T =

300K and V45 = 0.05V, as also summarized in Table 4.2.

Figure 4.6(a) illustrates the output characteristics of both the devices, highlighting the variation
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Figure 4.5: Plot of (a) DIBL and subthreshold swing vs gate voltage (b) switching ratio
and threshold voltage vs gate voltage for SM DGNCFET and DM DGNCFET at drain
voltage= 0.05V (PMC23).
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Figure 4.6: Plot of (a) drain current and output conductance vs drain voltage (b) gate
capacitance and unity gain cutoff frequency vs gate voltage for SM DGNCFET and DM
DGNCFET at drain voltage =0.05V (PMC23).

of drain current and output transconductance with changes in drain voltage. Due to DIBL and
channel length modulation, a high output conductance is initially observed in the linear region as
the drain voltage increases beyond the pinch-off voltage (AS15). The g4 slope of the SM DGNCFET
is less steep than that of the DM DGNCFET, indicating superior gate controllability and better
suppression of short-channel effects, as shown in Figure 4.6(a). In the SM DGNCFET, the uniform

electrostatic control provided by the single gate metal ensures that the drain current remains more
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stable with changes in the drain voltage, resulting in a lower output conductance and improved

output resistance.

Radio Frequency Analysis

Figure 4.6(b) shows the variation of gate capacitance and unity gain cutoff frequency with the
gate voltage. F, represent the frequency at which unilateral current gain drop to unity (0 dB) and
related by Eq. 4.1. It is visible from the figure that the SM DGNCFET configuration exhibits
higher gate capacitance and cutoff frequency as compared to the DM DGNCFET configuration,
ensuring its capability of better amplification without significant distortion, leading to better overall
signal integrity and fidelity. The SM DGNCFET has also higher gate charge than other designs
which is reflected in its increased gate capacitance, allowing the device to operate efficiently at

higher frequencies.

Finaz represent the frequency at which unilateral power gain drop to unity (0 dB). The Fa,
values for the SM DGNCFET is higher than those for the DM DGNCFET, indicating superior
frequency gain response at a drain voltage of 0.05V as shown in Figure 4.7(a). The higher F, 4.
value reflects increased electron mobility for SM DGNCFET, higher overdrive voltage to enhance

gm, and suitability for minimum gate length applications.

9m
Fo—— 9m 4.1
© T 21(Cla + Cos) (4.1
GFP = (92) x F, (4.2)

gd

The maximum frequency power gain (Fy,q,) is directly proportional to the cutoff frequency (F}).
Finae and Fy represent the frequencies at which unilateral power gain and current gain respectively
drop to unity (0 dB). The F,,,, and F; values for the SM DGNCFET are higher than those for
the DM DGNCFET, indicating superior frequency gain response at a drain voltage of 0.05V as
shown in Figure 4.7(a). The higher F,,,, and F; values reflect increased electron mobility for

SM DGNCFET, higher overdrive voltage to enhance g,,, and suitability for minimum gate length
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applications (BS21).
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Figure 4.7: (a) The curve of maximum frequency vs gate voltage (b) GFP and TFP vs
gate voltage at ferroelectric thickness =7nm, temperature =300K, drain voltage = 0.05V
(PMC23).

Figure 4.7(b) shows the variation of gain frequency product (GFP) and transconductance fre-
quency product (TFP) versus gate voltage for various architectures at T = 300K and Vg5 = 0.05V.
The gain frequency product is a key parameter for high-frequency applications, as defined by Eq.
4.2. As shown in Figure 4.7(b), the GFP increases with rising gate voltage, reaching a peak before
stabilizing at a constant value in the saturation region. The SM DGNCFET design exhibits the
highest GFP value due to its improved output transconductance and transconductance with mini-
mal reduction in cutoff frequency. Conversely, TFP as related by Eq. 4.3, decreases as V, increases
due to the rise in Cy, and once V, reaches a saturation point, it remains at a minimal constant
value. In terms of speed, transconductance, and TFP, the SM DGNCFET is the most suitable

structure.
_ (gm

Linearity Parameter
Figure 4.8(a) displays the second-order and third-order transconductance, (gm2 and gm3) versus
gate voltage for both SM DM DGNCFET and DM DGNCFET at drain voltage of 0.05V. Nonlinear
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characteristics are significant source of distortion and must be carefully examined. To achieve

high linearity, nonlinear parameters should be minimized. The nearly identical values of these
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Figure 4.8: (a) Plot of second and third order transconductance vs gate voltage for SM
DGNCFET and DM DGNCFET at drain voltage =0.05V, (b) The calibration curve be-
tween drain current vs gate voltage curve at drain voltage =0.2V from reference (LFT*16)
(PMC23).

parameters at high gate voltage indicate that increasing gate bias, the SM DGNCFET has minimal
impact on them. Figure 4.8(b) shows the calibration of the NCFET based on experimental data
with a gate length of 20 pm, a ferroelectric thickness of 1.5 nm, and a drain voltage of 0.2V. The
experimental data, referenced from (LFT*16), validates the physical models used in the study. The
close agreement between simulated and experimental results confirms the accuracy of the simulation

models.

Impact of Ferroelectric Thickness, Substrate Thickness, and Temperature

Figure 4.9(a) compares the performance of SM DGNCFET and DM DGNCFET structures with
varying ferroelectric material thickness (T¢.) at 5 nm, 6 nm, and 7 nm. The performance of the SM
DGNCFET improves more significantly than that of the DM DGNCFET as T, increases. At T,
= 7 nm, the SM DGNCFET exhibits lower leakage current and better switching ratio. Figure 4.9(b)
shows the effect of varying substrate thickness (Tf.) at 4 nm, 5 nm, and 6 nm, where the device

performance is optimized at 4 nm. Figure 4.9(c) illustrates the impact of different temperatures
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Figure 4.9: The curve of drain current vs gate voltage for (a) variation of ferroelectric
thickness (b) different substrate thickness (c) variation of temperature (PMC23).

on device performance with drain voltage maintained at 0.05V throughout the simulation. The
temperatures considered are 300K, 350K, and 400K. The SM DGNCFET performs best at 300K,
showing reduced leakage current with higher switching ratio ensuring better gate controllability

and lower power consumption.

4.4.2 DFT Analysis of Ferroelectric HfO, based Crystal

Figure 4.10 illustrates the band structure for (a) Si doping and (b) without doping. It was observed
that 12.5% Si doping significantly altered the band gap of HfOs, reducing the direct band gap to
0.20 eV and the indirect band gap to 0.193 eV, with two-fold degeneracy as shown in Figure 4.10(a)
and (b). The narrowing of the band gap can be attributed to the presence of Si states. Table 4.3
provides the Brillouin zone values, including their coordinates and symmetry K points used for the

DFT analysis.

Figure 4.11(a) shows the Hartree potential versus the length of atom for both the doped and un-
doped samples, revealing the mean field electrostatic interaction between atoms. The electrostatic
potential from the electron density is calculated using the Poisson equation. Additionally, Figure
4.11(b) depicts the electron density versus the length of atom for both the Si-doped and undoped

samples, showing a proportional relationship to the square magnitude of the wave function and the
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Figure 4.10: Band structure for (a) Si doping (b) without doping (PMC23).

probability of electron presence in a given space. Si doping results in a shorter collision time due

to higher electron density.

Table 4.3: Brillouin Zone (BZ) of the specific position of ferroelectric HfOy based crystal

for band stucture

Value Fractional, Cartesian(A™1) Position along bandstructure, x
K, K, K]

Gamma G 0,0,0] [0.0000, 0.0000, | 0.0000e+-00
0.0000]

X [1/2,0,0 | [0.3071, 0.0000, | 1.1142e-01
0.0000]

M [1/2,1/2,0] [0.3071, 0.3071, | 2.2285e-01
0.0000]

G 0,0,0] [0.0000, 0.0000, | 3.8043e-01
0.0000]

R [1/2,1/2,1/2] |10.3071, 0.3071, | 5.7342e-01
0.3071]

X [1/2,0,0 | [0.3071, 0.0000, | 7.3100e-01
0.0000]

R [1/2,1/2,1/2] |]0.3071, 0.3071, | 8.8858e-01
0.3071]

M [1/2,1/2,0] [0.3071, 0.3071, | 1.0000e+-00
0.0000]

Figure 4.12 presents the density of states (DOS) versus energy for (a) Si doping and (b) without

doping. At the Fermi energy (Ef), the enhanced conductivity is associated with increased DOS,
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Figure 4.11: (a) Curve of Hartree potential vs length of atom, (b) Curve of electron density
vs length of atom for without doping and Si doping (PMC23).

indicating that more states are available for occupation. The DOS for all doping levels was examined

to understand the impact of different atomic species on electronic structures as shown in Figure

4.12(a) and (b). In all doped structures, the contribution of different atoms to the valence bands

(VB) is similar to that in pure c-HfO2. However, the Si states in the lower conduction band (CB)

appear between 0 and 0.5 eV. At 0 eV, Si states dominate over Hf and O states, reflecting the extent

of hybridization. As the doping concentration of Si in HfOs increases, the DOS magnitude grows

proportionally due to the increased number of Si atoms.

Figure 4.12: Curve of density of state vs energy for (a) Si doping and (b) without doping

at centre of fermi energy (PMC23).
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4.5 Summary

This paper presents a comparative study of DM DGNCFET and SM DGNCFET. The SM DGNCFET
demonstrates superior performance in terms of analog/RF and linearity parameters, including
DIBL, SS, transconductance, TFP, GFP, g,,2, and g,,3. Atomic modeling advancements in quan-
tum theory are explored using DF'T, which helps in determining the energy, band structure, and
other properties of materials at atomic level. The Tran-Blaha modified Becke-Johnson (TB-mBJ)
approximation accurately predicts the band gap of crystals. The DFT analysis of hafnia (HfO3)-
based simple cubic crystals, for both undoped and with 12.5% Si doping, shows improved results
for Si doping with the band structure approaching zero band gap and enhanced DOS, ensuring

better conductivity.

The present chapter of this thesis has focused on the extensive analysis of DGNCFET with single
and double metal configurations for analog/RF and linearity parameters, following the DFT-based
atomic modeling of silicon doped HfOs, which can be very useful for high performance applications.
Consequently, the proposed device has the potential to be explored for accurate prediction of
device’s characteristics through the application of machine learning techniques involving artificial

neural network based modelling. This will be the main area of emphasis in the next chapter.

70

Delhi Technological University, Delhi-42



Chapter 5

Artificial Neural Network based Modelling for
Variational Effect on Double Metal Double Gate

Negative Capacitance FET

x This chapter investigated the Artificial Neural Network based Modelling for prediction of the
different key analog parameters of negative capacitance FET by using Machine Learning

Approach for Double Metal Double Gate NCFET (DM DGNCFET).

* Analog parameters of DM DGNCFET are analysed for various temperature (T, oxide thickness
(Tos), substrate thickness (Tgyp), and ferroelectric thickness (Tge) and it is found that DM
DGNCFET exhibits higher switching ratio due to reduction in leakage current at T=300K
by 84 times in comparison to T=>500K, at T p.=4nm by 5.4times in comparison to T p,=8nm,
at Tgup=3nm by 81% in comparison to T,,=7nm, at Ty, =0.8nm by 41% in comparison to

Ty=0.4nm.

x  Consequently, All the results analysed reveals that Tp.=4nm, T=300K, T,, =0.8nm, and
Tgup=3nm reflects most improved performance for the DM DGNCFET, and can further

be used for various applications with nanoelectronic devices and IC designing.
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5.1 Introduction

Since the four decades in the semiconductor industry, the size of FET devices has been decreased
to attain better efficiency and performance, in possession with Moore’s law (KLK*19a; WCR™15;
WCB*13; GAAT13). The new trend of VLSI is governing the variability issue, such as global
variability (GV) and local variability (LV) sources for both planar and gate-all-around (GAA)
devices. In the case of LV source, a high-k/metal gate device with various work functions, which
is vital for statistical variability, would be at extreme risk for device performance because of the
random occupied grain orientation of gate material (WBCA11; DEDB10). Additionally, in the case
of the GV source, the impact of critical dimension is variability in varying the device performance,

and as device size is reduced, this effect cannot be ignored.

The power and thermal management of integrated circuits are vital aspects of the transistor
industry. Although with engineering technology and material science advancement, power dissipa-
tion in transistors has been decreased a lot. However, the ICs have millions of transistors on the
chip, which generate huge amounts of heat. Due to its lesser supply voltage, tunnel FETs have
also been cited by many research organizations in the semiconductor world as the ideal FET over
traditional MOSFETs for future low-power applications. But dealing with TFET can lead to low
Ion, so to get the amalgamation of improved I,, and subthreshold swing, the NC technology is an

apt candidate to meet the demand of future electronics. (RTU21).

However, the variability focuses on the accurate prediction of correlation among different
sources. Cogenda Visual TCAD and Python are proven tools for doing complicated analysis.
However, a large number of samples is required for better performance. Hence, a large computa-
tional budget is inevitable for precise prediction. In this study, a method of variability analysis is
proposed for modeling at device level with minimum error (HLCT20; KLK*19b; WG21). Conse-
quently, we propose a new method of machine learning (ML) algorithm with a precise match of the
TCAD simulator for improved efficiency. This article consists of an analysis of analog parameters of
DM DGNCFET for different oxide thicknesses, ferroelectric thickness, temperature, and substrate
thickness, which results in reduced subthreshold swing ensuring low input power consumption,

reduced leakage current, and reduced DIBL, ensuring better controllability of the device.

72

Delhi Technological University, Delhi-42



Chapter 5: Artificial Neural Network based Modelling... Yash Pathak

T, Ts/q

»
v

v

P
«

S

Substrate

DM DGNCFET

Figure 5.1: The 2D schematic diagram of Double Metal Double Gate NCFET (PMC23).

5.2 Device Architecture and Simulation Methodology

Figure 5.1 shows the schematic diagram of the Double Metal Double Gate NCFET (PDAC1S).
The parameters of DM DGNCFET are summarized in Table 5.1. The channel is made with silicon
material and has a length of L, = 60nm. The drain and source are made with aluminium which
has length Lg/; = 50nm. The thickness of the substrate (Tsup), oxide (Toz), top metall /bottom
metall (Tran/Trp1), top metal2/bottom metal2 (Trrare/Trp2) are 5nm, 0.6nm, 10nm, 5nm re-
spectively. The total thickness of channel (T,;) is 10nm as illustrated in Table-5.1. The material
of top metall /bottom metall, top metal2/bottom metal2 is Aluminium. The material taken for
ferroelectric material and gate oxide are silicon doped hafnium oxide (H fO3FE), and SiO; re-
spectively. The work function (¢) of aluminium material is fixed at 4.2eV for the double gate. The

concentration of the doping profile for Source/Drain (N;q) is 1.0 x 10*cm ™.

The entire simulation is done by Cogenda Visual TCAD and Python high-level language. The
gate voltage (V) is varied from 0 — 0.5V, with drain voltage fixed at 0.05V. The various physical

models are used in this work, such as Shockley Read Hall (SRH) which includes generation and
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Table 5.1: The Device parameters for DM DGNCFET are used for the simulation

Parameter Symbol DM
DGNCFET

Substrate thickness Toup Snm
Ferroelectric thickness Tte nm

Oxide Thickness T 0.6nm
Gate length L, 50nm
Concentration of Source/Drain Ny/a 102%e¢m =3
Source/Drain length Lgq 5nm
Top/Bottom Metal thickness Tt/ Tonte 10nm

recombination effects associated with carriers, the Arora model which incorporates the effects on
carrier mobility due to temperature and impurities concentration, complemented by Fermi-Dirac
statistics, Crowell Sze for considering the effects associated with the impact ionization on the

carriers.

5.3 Artificial Neural Network (ANN) Implementation

Input Layer Hidden Layers Output Layer
s
Temperature —— Ny N, N,
5
25
B E < Substrate ——s N, N, N,
o ®
SR
§D. Oxide ——> N3 N3 N3 —— Id
K Ferroelectric ——
= O
8T
B € Vis —>
S @®
O
N; Ny
i =256 k =256
N;
Jj =512

Figure 5.2: The figure shows the DM DGNCFET Artificial Neural Network (ANN) with
one input, one output, and three hidden layers. There are 256 neurons in the first and third
hidden layers, and 512 neurons in the middle layer Vs (KLK"19a)
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We constructed a tensor flow-based ANN model with a Rectified Linear Unit (ReLU) activation
function (HSS15; DST+23; KDM17) for DM DGNCFET. The architecture of the ANN model is
shown in Figure 5.2. The input to the input layer is an array of size 5 for each variable taken such
as temperature, substrate thickness, oxide thickness, ferroelectric thickness, and the drain voltage.
The output layer provides the ANN prediction for the drain current. Further, we consider three
hidden layers in our ANN model. The first and third layers have 256 neurons while there are 512

neurons in the middle layer. The output of each neuron in the Neural Network (NN) is given as:

ald = g (vaﬂ g1 4 bl[g]) (5.1)

where, ¢ represents the layers of the neural network (NN), and p is the node number such that

ag]] is the output of p*" node from ¢** layer. ¢ is the activation function. W and b are the weight

and biasing parameters for each node.

This function is repeated and runs up to the Taylor series to get the precise result. The input
value put in ANN does not exclude work function variation (WFV) due to WFV impact and its

effect on the variability of T, T, Tsyp, and Tr.. The algorithm of the implemented DM DGNCFET
ANN is illustrated in Figure 5.3.

Create
samples by
collating each
input-output
pair from the
simulation

Generatetraining
(60% samples),
cross-validation
(20% samples),
and testing (20%

samples) datasets

from these

Repeat steps 5 to
7 for multiple
iterations (epochs
=6000). Repeat,
ANN is generated

Define ANN
architecture (we
had three layers
with 256 neurons in
the first and third
layer and 512
neurons in the

middle layer.

Back-propagate to
update the weights
and biasesin the
network to
minimize the loss.

Compute loss by
comparing the ANN
output with the
simulation output.

Forward
Propagate
with training
data.

Figure 5.3: Algorithm for DM DGNCFET Artificial Neural Network (ANN) (KLK*19a).
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Figure 5.4: The graph of drain current vs gate voltage for predicted and simulated data
of DM DGNCFET for different variations of temperature, oxide thickness, ferroelectric
thickness, and substrate thickness at V4,=0.05V (KLK*19a; PMC23).

5.4 Result and Discussion

Figure 5.4 represents the drain current (I;) vs gate voltage (Vgs) of the TCAD simulation study
(in red dash line) and predicted data (blue dash line) by ANN model for DM DGNCFET at
Vas = 0.05V. The variation with oxide thickness (7,,) are displayed in subplots (al)-(ad) at
Tpe = Tnm, T = 300K, and Ty, = 5nm. The predicted and simulated data shows a precise
match at T,, = 0.6nm, which reflects the lower error at 0.3V of gate voltage. The variation
with ferroelectric thickness (Tg.) is shown in subplots (b1)-(b4) at Tp, = 0.6nm, T' = 300K, and
Tsup = 5nm. The precise data of predicted and simulated is matched at Tr. = 8nm, reflecting the
lower error after 0.3V of gate voltage. The variation with substrate thickness (Ts,p) is illustrated
in subplots (c1)-(c4) at T,, = 0.6nm, T'= 300K, and Tr. = Tnm. The precise data of predicted
and simulated is matched at Ty, = 4nm, which reflects the lower error at 0.3V of gate voltage.

The variations with temperature is shown in subplots (d1)-(d4) at Tp, = 0.6nm, Tr. = Tnm, and
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Teuwy = dnm. The predicted and simulated data are matched at T = 300K, which reflects the
minimum error at 0.3V of gate voltage. The different variations of all data variables turned out
to coincide at gate voltage at 0.3V. The trainer of predicted data works successfully as a transfer

characteristics start from off current to linear current.

Figure 5.5: The graph of drain current vs gate voltage DM DGNCFET for different
variations of temperature, oxide thickness, ferroelectric thickness, and substrate thickness
at Vgs=0.05V (PMC23).

Figure 5.5 shows the curve of transfer characteristics of DM DGNCFET in linear and log
scales for various temperatures and thicknesses. The device characteristics with variation in oxide
thickness (T,z) are shown in Figure 5.5(a) at fixed Vs = 0.05V, T' = 300K, Tre = Tnm, Ty =
5nm. The better performance of the device is represented at T,, = 0.8nm, which has a lower
leakage current, higher drain current, and better switching ratio, confirming the improved gate
controllability. The improving trend of drain current for DM DGNCFET for higher oxide thickness
is due to the negative capacitance effect provided by the ferroelectric material, which compensates
for the increased gate thickness. It allows for the retention of strong gate control over the channel,
while the increased oxide thickness reduces leakage pathways. Thus, this results in lower leakage
currents, especially in the off-state, and higher drain current. The impact of variation of ferroelectric

thickness(Tr.) is shown in Figure 5.5(b) at fixed Vs = 0.05V, T' = 300K, T,; = 0.6nm, and
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Tsup = 5nm. The better performance of the device is represented at Tr. = 4nm with lower leakage
current and higher drain current, resulting in a better switching ratio with low power consumption.
The drain current of DM DGNCFET is improved with lesser ferroelectric thickness because a
thinner ferroelectric layer facilitates the capacitance matching between the ferroelectric and gate
oxide layer. This helps in maintaining strong gate control over the channel and thus reducing

leakage current in the device.

The effect of variation of substrate thickness (Ts,;) is shown in Figure 5.5(c) at fixed Vys =
0.05V, T = 300K, T,, = 0.6nm, and Tr. = Tnm. The better performance of the device is
exhibited at T,,, = 3nm, which shows higher drain current, and lower leakage current resulting
better switching ratio. It shows that the drain current for DM DGNCFET is improved with lesser
substrate thickness. With a thinner substrate, the double gate design helps to confine the carriers
in the channel more effectively, thus providing tighter control over channel and minimizing the
leakage paths, resulting in a more efficient device. The influence of variation in temperature (7")
is shown in Figure 5.5(d) at fixed Vg5 = 0.05V, Tre = Tnm, Toy = 0.6nm, and Ty, = 5nm with
all the results summarized in Table 5.2. The better performance of the device is represented at
T = 300K, which has a lower leakage current and a higher drain current, thus ensuring a better
switching ratio. The drain current of DM DGNCFET is improved at low temperatures due to the
combination of strong gate control and reduced thermal generation of carriers at low temperature.
Also, drain current is influenced by factors such as mobility and threshold voltage, both of which

improve at lower temperatures, making the device more efficient at low temperature.

The simulation and ANN prediction results are compared in Figure 5.6. The linear relation be-
tween the prediction and the TCAD simulation results signifies the accuracy of our ANN model as
depicted in subplot Figure 5.6(a). We further computed the losses during each epoch of training the

ANN model. The loss reduces by increasing the number of epochs as shown in subplot Figure 5.6(b).

Figure 5.7 shows the plot of transconductance and TGF as a function of gate voltage for var-
ious temperatures, and different thicknesses at Vys = 0.05V. The subplot (a) shows the transcon-
ductance (g,,) and transconductance gain factor (TGF) of DM DGNCFET at T, = 0.8nm is

higher than other oxide thickness, which reflects better gain generated per unit cell at Tr, = Tnm,
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Figure 5.6: The figure shows the comparison of TCAD simulated output and the output
predicted by ANN model. (a) The graph of predicted versus simulated data and (b) model
loss at each epoch during the training of ANN model (KLK"19a).

T = 300K, and Ty, = bnm. With higher oxide thickness, the gate capacitance is optimized for
the negative capacitance effect in the ferroelectric material. This improves the overall gate control
over the channel, allowing for more efficient charge transport and better current modulation. As
a result, g, and TGF increases, leading to higher device performance. The subplot (b) shows the
transconductance and transconductance gain factor of DM DGNCFET at Tr.=4nm is higher than
other thickness of ferroelectric layer, which reveals better gain generated per unit cell at T=300K,
Tor=0.6nm, and Tg,p=5nm. A thinner ferroelectric layer enhances the negative capacitance effect,
which boosts the effective gate voltage amplification. This leads to stronger modulation of the
channel with small changes in gate voltage, increasing g,,. The enhanced coupling between the
gate and the channel due to the reduced ferroelectric thickness ensures that the device is more

responsive, improving the transconductance and TGF significantly.

The subplot (c) The transconductance and transconductance gain factor of DM DGNCFET
at Tgup=3nm is higher than other thickness of substrate, which reflects better gain generated
per unit cell at Tpe=Tnm, T,,=0.6nm, and T=300K. Higher substrate thickness can reduce the
fringing electric fields from the drain, which helps in maintaining strong gate control over the

channel. This improved gate control allows for better current modulation, resulting in higher g,,.
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Table 5.2: DM DGNCFET comparison for different temperature, substrate thickness,

ferroelectric, oxide thickness.

No. | Parameter Losy Ion/Lors | Vi
(1078A) | (10°) (mV)
(al) | T =300k, Ty, = 0.4nm, Tsyp = 5nm, Tpe = Tnm | 1.92 0.273 77.23
(a2) | T =300k, T,, = 0.5nm, Ty = 5nm, Tk, = Tnm | 1.62 0.314 82.278
(a3) | T =300k, T,, = 0.7nm, Ty = 5nm, Tk, = Tnm | 1.25 0.383 89.52
(ad) | T =300k, T,, = 0.8nm, Ty = 5nm, Tr. = Tnm | 1.13 0.412 92.18
(b1) | T = 300k, Ty, = 0.6nm, Ty = 5nm, Tpe = 4nm | 0.382 | 1.52 | 1182
(b2) | T =300k, To = 0.6nm, Tsyp = 5nm, Tre = 5nm | 0.605 0.89 107.77
(b3) | T =300k, T,, = 0.6nm, Tsy = dnm, Trp. = 6nm | 0.935 0.9 97.2
(b4) | T = 300k, T,, = 0.6nm, Ty = 5nm, Tk, = 8nm | 2.08 0.227 76.065
(cl) | T =300k, Top = 0.6nm, Tsyp = 3nm, Tpe = Tnm | 0.523 0.768 115.107
(c2) | T =300k, Toy = 0.6nm, Tsyp = 4nm, Tpe = Tnm | 0.906 0.5 99.462
(¢3) | T =300k, Ty = 0.6nm, Tsyp = 6nm, Tpe = Tnm | 2.06 0.2548 74.58
(c4) | T =300k, T,, = 0.6nm, Tsyp = Tnm, Tr. = Tnm | 2.88 0.192 63.84
(d1) | T =300k, Tsy = 5nm, Tp. = Tnm, T,, = 0.6nm | 1.41 0.347 86.68
(d2) | T = 350k, Tsyp = dnm, Tp, = Tnm, T,, = 0.6nm | 6.96 0.0553 40.23
(d3) | T = 400k, Tgwp = dnm, Tp. = Tnm, T,, = 0.6nm | 0.225 0.0138 —5.21
(d4) | T = 450k, Tgwp = bnm, Tp, = Tnm, T,, = 0.6nm | 0.55 0.0047 | —50.04
(d5) | T =500k, Tswp = 5nm, Tpe = Tnm, T,, = 0.6nm | 0.011 0.0012 —94.86

A thicker substrate also helps in reducing unwanted leakage paths through the bulk, ensuring that

more of the applied gate voltage is used to control the channel, further enhancing g, and TGF.

The subplot (d) The transconductance and transconductance gain factor of DM DGNCFET at

T=300K is higher than the other temperatures, which reflects better gain generated per unit cell

Tpe=Tnm, T,,=0.6nm, and T,,;=5nm. This is due to increased carrier mobility and reduced

phonon interactions (vibrations in the lattice) at lower temperature. The increased carrier mobility

allows for a larger change in drain current with a small change in gate voltage, boosting g, and

TGF.

Figure 5.8 shows the spider chart of leakage current, switching ratio, and threshold voltage for
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Figure 5.7: The plot of transconductance and TGF vs V,, for various temperature and
thicknesses at V4,=0.05V (PMC23).

different temperatures and thicknesses of different variable sets. (a) The oxide thickness of 0.8nm
shows higher switching ratio, lower leakage current, and higher threshold voltage at V; ,=0.05V,
Tpe = Tnm, Tsyp = 5nm, and T = 300K . Oxide thickness plays a key role in controlling gate leakage
current. A thicker oxide increases the distance between the gate and the channel, which reduces
tunneling current. This is crucial for suppressing gate leakage, particularly in ultra-scaled devices
where leakage current is a major concern. (b) The ferroelectric thickness of 4nm results in higher
switching ratio, lower leakage current, and higher threshold voltage at Vs = 0.05V, T,,, = 0.6nm,
Tsup = bnm, and T' = 300K. Since leakage current is typically caused by the inability to properly
control the channel in the off-state, a thinner ferroelectric layer enhances gate modulation and
keeps the leakage current low. (c) The substrate thickness of 3nm showcases higher switching ratio,
lower leakage current, and higher threshold voltage at Vz, = 0.05V, Tpe = Tnm, T,, = 0.6nm,
T = 300K. This occurs due to reduced substrate thickness, which reduces the parasitic resistance in
the device and improves the drive current in the on-state. Also the ferroelectric layer in an NCFET
is responsible for the negative capacitance effect, which enhances the overall device performance by

reducing the effective gate capacitance and improving gate control. A thinner substrate enhances
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Figure 5.8: The spider chart of leakage current, switching ratio, threshold voltage for
different temperature and thicknesses at V4,=0.05V (PMC23).

the ability of the negative capacitance to influence the channel by bringing the channel closer to the
gate. (d) The temperature of 300K reflects higher switching ratio, lower leakage current, and higher
threshold voltage at Vys = 0.05V, Tpe, = Tnm, Ty = dnm, T,, = 0.6nm. In NCFETS, although
the negative capacitance effect in the ferroelectric layer enhances gate control, but leakage current
still depends on thermal effects. Lower temperatures reduce the intrinsic carrier concentration in
the semiconductor, leading to a decrease in off-state leakage currents. This makes the device more

efficient, especially when it comes to switching between the on and off states.

5.5 Summary

In this study, we analyzed the application of ANN-based machine learning to explore the variabil-

ity in the device performance. The Cogenda Visual TCAD simulator and Python programming
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language were employed throughout the process. ANN-based ML significantly reduces the com-
putational cost while providing precise calculations and efficiency. This method of investigating
variability processes aids in better optimization and design, which is beneficial for various appli-
cations. The analog parameters of DM DGNCFET were studied for various oxide thicknesses,
substrate thicknesses, temperatures, and ferroelectric thicknesses. Notable results include a lower
leakage current resulting in higher switching ratio which is, 3000 times better at T" = 300K as
compared at T = 500K, improved by 588% at Tr. = 4nm as compared at Tr. = 8nm, enhanced
by 300% at T, = 3nm as compared at Ty, = 7Tnm, and improved by 50% at T,, = 0.8nm as
compared at T,, = 0.4nm. These results indicate that Tr, = 4nm, T = 300K, T,, = 0.8nm,
and Ty, = 3nm are the optimal variable sets for DM DGNCFET, leading to the most improved
performance. This analysis can aid the engineers in device designing for various applications with

nanoelectronic devices.

After successfully investigating the accurate Machine Learning Approach and Artificial Neu-
ral Network based Modelling for predicting the different key analog and RF parameters for DM
DGNCFET, the device has showcased its potential and its wide usage in the field of Artificial In-
telligence (AI). Further to experimentally explore some work, the research has been further carried
out for pH Sensing as Ion Sensitive Field Effect Transistor (ISFET) based sensor and its imple-
mentation on TCAD simulator for analysing various device’s performance metrics. This will be the

main area of emphasis in the next chapter.
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Chapter 6

Experimental Circuit Design and TCAD Analysis of Ion

Sensitive Field Effect Transistor (ISFET) for pH Sensing

« This chapter describes the impact of analog and RF parameters for Ion Sensitive FET (ISFET)
(added a sensing layer in Double Metal FET by removing ferroelectric layer) to achieve the

better performance.

% It is found that the switching ratio is enhanced for Molybednum ISFET by an order of 10* as
compared to Aluminium. Subsequently, some other analog parameters, such as transconduc-

tance, TGF, etc, are also explored.

x It is also found that the switching ratio is enhanced when AlyOj3 is used as sensing layer in

ISFET, along with improvement in some other analog and electrical parameters.

x In addition, the experimental circuit is designed for a pH sensor consisting of ISFET, capsule
solution, PBS (Phosphate Buffered Saline), and op-amp components for sensing different pH

values.

x Consequently, Molybdenum based ISFETs, which contain molybdenum as gate electrode, show
superior performance for various analog metrics along with AlyOs as sensing layer, giving the

most desirable performance as pH sensor.
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6.1 Introduction

Bergveld first unveiled the Ion Sensitive FET in 1970 (Ber70), which is sometimes referred to
as a solid state device that incorporates the chemical sensitivity displayed by semiconductors, a
membrane and a FET’s field-sensing capacity. The benefits of ISFETs go beyond their small form
factor, resilience, as well as relatively affordable production costs, but enable the implementation of
advanced smart CMOS-based integrated circuit-based sensor systems. However, threshold voltage
instability is also a result of drift, ISFET-based biosensors have not gained popularity and a leading
position in the industry. Drift is distinguished by a unidirectional, slowly changing temporal pattern
in the threshold voltage, and consequently, the concentration of the provided ion does not bring

any change in the drain current of ISFET(EFJ18).

The MOSFET idea provides the foundation of ISFET. The metal gate of the MOSFET is
replaced in the ISFET construction with a pH sensor layer. This film is used to monitor the activity
of ions in the analyte while being in direct contact with the electrolyte. The ion concentration in
the electrolyte controls the current passing through the transistor’s channel (CSS*17). The gate
area and dimensions of the sensor film affect the device’s sensitivity. The study of the ISFET is
more interesting for the researchers, and they have looked at numerous insulators as a sensing layer,
including Silicon Dioxide (SiO32), Tantalum Pentoxide (T'a20s), Silicon Nitride (Si3Ny), and other

dielectrics including Aluminium Oxide (AlpO3) as sensing film (SDLO7).

The chemical interactions between the ISFET gate dielectric on one side and the electrolyte
on the other side creates the surface charge density that makes the ISFET sensitive to pH value
(VHEB96; DZS™19). In a standard ISFET structure, a sensor membrane known as gate oxide is in
direct contact with the solution. This location is relative to the area of the total sensor and alters
the ISFET electrical behavior because the measurements of the ISFET’s sensitivity are hampered
by the presence of the parasitic capacitance feature. The surface charge potential at the surface
of an ISFET is activated by protonation and deprotonation processes between the surface and the
floating gate, to develop the coupling capacitance. The floating gate of ISFET is modulated by
this potential, threshold voltage for chemical and biological sensing (CCCT00). The development

and description of the ISFET’s sensitivity are very well explained by site-dissociation model given
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by Yates (DZS*19).

In the article, initially Si3Ny is used as sensing film to reflect the sensitivity for different
materials of gate electrodes such as Molybdenum, Aluminium, Chromium with its work function
4.75eV, 4.3eV, 4.1eV. Also, the sensing layer of the ISFET is paid more attention by the researchers
because the sensing film monitors the activity of existing ions in the analyte after coming in direct
contact with electrolyte. To further enhance the sensitivity and improve the stability of the device,
an extensive analysis of ISFET with different sensing materials is done. This paper also presents
the comparative study of sensing layer of ISFET with sensing film (AlsOs, SizNy, SiO3) for analog

and electrical performance.

Further, ISFET also used for measuring the ion concentration in solution. The updated value
of pH and the fluid of body indicates the medical issue. The important component for detection
of any disease demands high sensitivity, fast respond, robustness, ability to collect and transmit
data in real time(Kel00; BMK13). For circuit design, the apparatus is utilized, such as ISFET,
op-amp, power supply, resistor, pH value capsule, PBS solution, and multimeter. To create a circuit
design that enables the preservation of constant drain current by giving a feedback voltage to the
electrolyte at room temperature. ISFET drift data was collected in the feedback mode. In the
absence of back bias, the drain current was set at I; = 100 mA using a constant drain to source
voltage. Using a commercial Calomel reference electrode dipped in a phosphate buffer saline with a
pH of 7, the ISFET gate voltage was applied. The validation of observation was done by increasing

the voltage with a higher value of pH 4.67, 5.9, 7.5, 8.57, and 9.3.

6.2 Device Structure and Circuit Designing

6.2.1 Device Structure of ISFET

Figure 6.1 shows the sketch diagram of the ISFET made by using TCAD tool. The drain current
equation is same for both MOSFET and ISFET as exhibited by Eq. 6.1. The structure of ISFET
is designed with bulk silicon region having length of 500nm and thickness of 400nm. Drain/Source
consists of aluminium with length 30nm and thickness 100nm, reference layer consists of aluminium

with length 500nm and thickness 20nm, oxide layer consists of SiO9 with length 180nm and thickness
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Figure 6.1: Sketch diagram for ISFET structure by TCAD tool (PMS*24).

10nm, electrode region consists of aluminium with length 180nm and thickness 40nm, sensing film

consists of SigNy with length 180nm and thickness 10nm (AS15).

_MXCOXXW
N L

xKvg—me—Qgia (6.1)

I
d 2

Here, the threshold voltage is Vyj,, and the width and length of the channel are W and L, respectively.

Table 6.1: ISFET device parameter by TCAD simulation.

Parameter ISFET
Temperature 300k

Channel length (L.) 180nm

Oxide thickness (7,;) 10nm

Length of drain/ source (L) 100nm
Thickness of drain/source (7y/s) 30nm

Doping concentration of drain/source 1 x 10%° em™3
Width of gate (T:) 130nm

The mobility model is used as an analytical tool in the bulk silicon area as described by Shockley-
Read-Hall theory for trap charges (CCC*00). Lombardi surface mobility model is used for account-
ing carriers’s mobility along with Fermi-Dirac models. The gaussian doping concentration is 1 x

10%° ¢m =3 for drain and source with the donor type along with other device parameters as shown

in Table 6.1.

87

Delhi Technological University, Delhi-42



Chapter 6: Ezperimental Circuit Design and TCAD... Yash Pathak

6.2.2 Experimental Circuit Designing of ISFET based pH Sensor

Figure 6.2 (a) shows the circuit diagram of ISFET based pH sensor (b) demonstrating experimental
setup (c) showcasing the MP008v2 ISFET. The apparatus utilized for circuit designing are as fol-
lows: sodium monohydrate phosphate (NayH PO,) and sodium dihydrogen phosphate (NaH2POy)
which were purchased from Sigma Aldrich. ISFET which was purchased from LioniX international
site, three 8 pin operational amplifier, wires, multimeter, 9V power supply, voltage divider, 22uf

capacitor, 3 resistors as R1-100 2, R2-1 K, R3-100 €2, op 07CN (an operational amplifier).

(a)

i ]
Vds %
v ISFET

R, C V,

R, J‘ | -
FA R3 - Vout

Figure 6.2: (a) Circuit digram of ISFET based pH sensor (b) Experimental setup (c)
MP008v2 ISFET (PMS*24).

This section reveals the ISFET drift in context of the inversion layer’s constant, temporal decline
of charge density to support the drift counteraction, depending specifically on the closed shape.
We shall create a relation for the gate voltage drift (SPK21), and change in the charge density at
the insulator interface, which can be used to create a useful gadget for a way of counteracting drift

mobility (EFJ18).
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6.3 Simulation Study of ISFET and Circuit based pH Sensor

6.3.1 Simulation Study of ISFET Device

The Visual TCAD tool is used to make ISFET device. We have optimized the device by doing the
comparison study of different materials of the gate electrode for ISFET such as Molybdenum(Mo),
Chromium(Cr), and Aluminium(Al) with its different work functions 4.75eV, 4.3eV, and 4.1eV
respectively. The drain voltage is maintained constant at 0.5V, the gate voltage varies from 0 to
3V. The temperature (T) is maintained at 300K in all circumstances throughout the process of
the device simulation. SiOg layer is used as gate dielectric in ISFET passivation of silicon, which
reduces the charge recombination, protects semiconductor from chemical corrosion. SiOy as gate
dielectric supports electric field and invert the type of charge carrier in the channel and turn the
device ON. To further enhance the sensitivity and improve the stability of the device, an extensive
analysis of ISFET with different sensing materials (AlaO3, SizNy, SiO2) of sensing film is studied

with Aluminium as gate electrode material.

Although the extent of chemical modification of the AlyO3 surface as determined by the thick-
ness of the modified surface layer can be significantly less than that of the SigNy surface, it is
still thought that chemical modification of the insulator surface is the cause of the drift observed
in SizsNy-gate pH-sensitive ISFETs. The dielectric constant of the changed surface layer will be
different from that of the bulk insulator as a result of chemical alteration of the insulator surface.
As a result, the total insulator capacitance will gradually decrease over time as surface modification
continues. This capacitance is defined by the series combination of the capacitance of the changed

surface layer and that of the underlying insulator (EFJ18; MSD20; UKF*00).

6.3.2 Techniques for Experimental Circuit Designing

When the ISFET is replaced with a equilibrium reference electrode ions mixture, they bind the
passivation or decay charge recombination thus protect semiconductor from chemical corrosion.
This cause an accumulation of charge which in turn bias Vy, of the device (Ber03). Vy, of ISFET

is dependent on pH of the device which shifts as related in Eq. 6.2. Here the term E, is reference
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potential, x4, is potential for dipole moment in existing solution, )y is chemical potential of pH.
All the terms of the chemical reaction grouped in potential (Vi pen.) are represented in Eq. 6.3.
The chemical potential is depicted in Eq. 6.4, v is potential for non chemical grouping, and a range

from 0 to 1 (GT09).

¢
Vin(SFET) = Eret — 0 + Tsoi — 7m + V th(mosfet) (6.2)
_ ®m
Vhem. = Fret — 10 + Tsoi — 7 (63)
2.3akT
V chem. = v+ pH (64)

The apparatus used for this purpose of experimental circuit designing are: pH capsules, PBS
solution for different pH values, wire, operational amplifiers, resistors, capacitors, pH meter, and
multimeter. The Faradaic process on electrochemistry helps the electron transfer across the metal
(electrode) to solution interface. There is also the process of oxidation and reduction occurring
depending on the flow of charge from the electrode. The pH capsule solution is made by applying a
power supply of 9V and 1A while dissolving a capsule with pH 4 in 50ml deionized water to make
the solution pH 4.67 in 5 minutes. Similarly dissolve the second capsule of pH 4 in 50ml deionized
water to make the solution of pH 5.9, dissolve a capsule of pH 7 in 50ml deionized water to make the
solution of pH 7.5. and dissolve a capsule of PH 9 in 50ml deionized water to make the solution of
pH 9.3. For making the phosphate buffer saline solution, mix the solution of sodium monohydrate
phosphate (NagH POy4) and sodium dihydrogen phosphate (NaH2PO,) along with adding Ferro

and Ferri in 100ml solution.

6.3.3 Fabrication Feasibility of ISFET based pH Sensor

Figure 6.3 shows the device fabrication feasibility of ISFET based pH Sensor with step by step
procedure from ISFET to circuit designing for pH sensor. Visual TCAD simulator has reported

on the viability of fabricating ISFET. First, silicon film deposition is thinning out. The atomic
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layer deposition (ALD) on silicon substrate, and AlaO3/Si3Ny layer has been created on the metal
interface layer (CMY20). The gate metal is created by utilizing the electron beam evaporation
method on the gate dielectric. The activation of the spike annealing dopant is inserted in the
source and drain regions by lift-off process. With these steps, ISFET is made and then the circuit

is designed by using the ISFET device.

Silicon film is SiO, deposition by
taken ' ALD

Spike annealing Source/ Drain region Gate dielectric (AL, O3/ Si;N,)
activation of dopant = implanted deposition by ALD
Source/Drain

Metal contact ), ISFET is formed
deposition using e-
beam evaporation /

Electrochemical reaction
made by circuit

Figure 6.3: The flowchart of fabrication feasibility of ISFET based pH Sensor from ISFET
to circuit designing (PMS*24).

6.4 Result and Discussion

Firstly, we have seen the analog and RF parameter of pH-ISFET for various work function (¢) to
improve the performance of leakage current, subthreshold swing, DIBL etc. Then, an extensive
analysis of ISFET with different sensing materials (AlyOg, SigNy, SiO2) of sensing film is done with
Aluminium as gate electrode material. The performance is discussed in terms of various static and

analog parameters to optimized the device for improved performance as pH sensor.

6.4.1 Comparative Study of ISFET for Different Gate Electrode Material

Figure 6.4 (a) reflects the graph of drain current vs gate voltage in linear and log scale for different

materials of gate electrode of ISFET at V4,=0.5V, T=300K. The molybdenum (Mo) with work
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function 4.75e¢V has showed the most improved result in comparison to aluminium, and chromium.
Mo showcased better results with substantial reduction in leakage current (I,¢) on the left side of
the graph and also illustrated in Table 6.2. A higher work function in the gate electrode enhances
the electric field across the electrolyte and semiconductor interface, leading to more efficient ion
modulation in the sensing region. This improves the ability to control charge carriers, resulting in

reduced leakage current (SP22).
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Figure 6.4: (a) Iy -
side (b) g, - V, characteristics on left side and TGF on the right side for different materials
of electrode used in ISFET designing at V4=0.5V and T=300K (PMS*24).

V, characteristics on the left side and log drain current on the right

Table 6.2: Performance comparison of ISFET for different gate electrode materials such

as molybdenum, chromium, and aluminium

Parameter Molybdenum (Mo) | Chromium (Cr) | Aluminium (Al)
Lon (A) 0.00146 0.00179 0.00183
Lsr(pA) 0.000919 1.4911 4.266
Lon/Top7(1010) 158.86 0.12004 0.04289
Vin(mV) 1 0.6 0.5

SS (mV/dec.) 104.8 106.78 107

The transconductance, g, is defined as shift in drain current vs gate voltage (NG18). Transcon-
ductance of Molybdenum as gate electrode is higher than others gate electrodes. Molybdenum is
more chemically stable and less prone to oxidation or corrosion than aluminum and chromium. This

stability ensures consistent device performance in terms of drain current in response to applied gate
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voltage, especially in sensitive environments like biochemical sensing applications, contributing to
better overall transconductance as shown in Figure 6.4 (b). TGF is shown on the right side of
the figure, demonstrating that it is higher for Mo. Molybdenum’s stable interface properties also
helps in reducing leakage current for ISFET. Lower leakage current translates into higher TGF, as

it maintains a better ratio between transconductance and drain current (SDLOT7).
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Figure 6.5: (a) Iz - Vg characteristics in the left side and output conductance on the
right side (b) The plot of switching ratio on the left side and leakage current on the right
side for different materials of electrode used in ISFET designing T=300K (PMS*24).

Figure 6.5 (a) exhibits the graph of drain current vs drain voltage on the left side and output
conductance (gg) on the right side for different materials of gate electrode used in ISFET designing
at V4=0.5V and T=300K. The performance of output conductance for the molybdenum is better in
comparison to others. The rise in drain voltage beyond pinch-off voltage results in high output con-
ductance in the linear region due to channel length modulation. As demonstrated in Figure 6.5(a),
for molybdenum, gy twist is less as compared to Al and Cr, indicating better gate controllability

and capacity to inhibit short direct strikes.

Figure 6.5 (b) reveals the plot of switching ratio on the left side and I,z on the right side for
different materials of gate electrode ISFET design at V4,=0.5V, T=300K. For Molybdenum, the
device gives lower leakage current and higher switching ratio. The higher work function creates
a stronger energy barrier at the gate, reducing unwanted carrier leakage when the device is in its
off state. This minimizes leakage current and improves the device’s drain current, enhances power

efficiency.
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Figure 6.6: (a) The plot of threshold voltage on the left side and subthreshold swing on the
right side (b) V. - V, characteristics on the left side and intrinsic gain on the right side for
different materials of electrode used in ISFET designing at V4,=0.5V, T=300K (PMS*24).

Figure 6.6 (a) reveals the plot of threshold voltage (Vi) on primary axis and subthreshold
swing (SS) on secondary axis for different materials of gate electrode used in ISFET designing at
V4s=0.5V, T=300K. The enhanced threshold voltage and lower SS for Molybdenum in comparison
to other materials, depicting its enhanced gate channel coupling with enhanced gate capacitance
due to increased work function, also shown in Table 6.2. Figure 6.6 (b) reveals the graph of Early
voltage (Ve) vs gate voltage on left side and intrinsic gain (A,) on the right side for different
materials of gate electrode at V5,=0.5V, T=300K. The greater transconductance and lower output
conductance for Molybdenum result in higher intrinsic gain for the device. The previous data of
reference (MMLO05) are compared with present work in term of output voltage and sensitivity. For
sake of briefing, the sensitivity and output voltage of ISFET in present work are improved than the

reference literatures at pH 5, 6 (MMLO05) as presented in Table 6.3.

The calibration of ISFET is validated in Figure 6.7 (a) and 6.7 (b). Figure 6.7 (a) exhibits the
validation of ISFET between TCAD simulation study and reference (KZH07). The drain current of
this validation is -1.5V at gate length 10 um and width 100um. It is an p-type ISFET and observed
with gate voltage range varying from 0 to -8V. Figure 6.7 (b) reveals the calibration study of ISFET
between TCAD simulation and reference (KZP115). The drain voltage of this validation is 0.1V

at temperature of 300K. It is an n-type ISFET and observed with gate voltage range varying from
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Table 6.3: Comparison of output voltage and sensitivity of this ISFET device with previ-

ously reported results

Reference Year Device platform pH Vout Sensitivity
(MMLO05) 2005 ISFET based Microsystem 6 0.042 14
(MMLO05) 2005 Aluminium-gate-FET 5 1.25 Na
(ALUFET) ISFET
(VSL197) 1997 Diamond like carbon (DLC) | 5 0.035 Na
gate ISFET
(PLOS) 2008 Electrolyte insulator semi- | 4 -0.4 Na
conductor (EIS) device
This work Present | Silicon Nitride ISFET 6 0.051 1.7
This work Present | Silicon Nitride ISFET 5 0.045 1.5
0 to 2.5V.
1E-3 4 (a) (b)
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Figure 6.7: The calibration of ISFET from (a) reference (KZHO07) (b) reference (KZP*15).

6.4.2 Experimental Circuit Design Result of ISFET

The Levenburg-Marquardt nonlinear extraction procedure was used to determine the parameter’s
extracted values, which offer a very excellent match to the recorded drift data and are contained
within their physically appropriate ranges. But some of these characteristics must be determined
independently through experiments for a more thorough validation of the drift model. Modern
surface characterization methods, for instance, may be used to determine the ultimate thickness of

the changed surface layer after exposing the pH-sensitive insulator to an electrolyte for a sizable
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amount of time. The unique circuit architecture involving the ISFET were also provides the counter
drift through simple adjustment of voltage and reduce flicker noise (MAR'23). A flicker noise is

charge carrier trapped and released between the interface of materials.
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Figure 6.8: The graph of (a) pH value vs output voltage in pH capsule solution (b)

Sensitivity vs pH value in pH capsule solution (¢) pH value vs output voltage in PBS
solution (d) Sensitivity vs pH value in PBS solution for pH based ISFET device (PMS*24).

Figure 6.8 (a) reflects the curve of pH value vs output voltage in pH capsule solution done for
pH based ISFET. Voltage is improved with increasing pH value. The different value of pH capsule
solution taken are pH 4.67, 5.9, 7.5, 8.57, 9.3. Figure 6.8(b) exhibits the curve of sensitivity vs
pH value in pH capsule solution for pH based ISFET. The unit of sensitivity is dimensionless. In
this work, a typical ISFET device’s electrostatic behavior (transfer characteristics) is modeled. To
provide the 9V voltage, initially convert it into 7V and 2V by using voltage divider. 2V voltage was
supplied to make the current in 3mA by using 10uf capacitor and resistor. The operational amplifier

is used to amplify the signal from 3mV to 1V. Drain to source current I; vs reference gate voltage
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V gey. for sensing film gate oxide layer has been measured at varied pH values (YLW22; NSTK21;
SMS*19). It is noted that sensitivity is improved at higher pH value. As pH value increases, the
shift in surface potential becomes larger. This results in stronger modulation of the source-drain

current in the channel, enhancing the device’s overall sensitivity (MPM*23).

Figure 6.8 (c) exhibits the variation of pH value vs output voltage in PBS (phosphate buffer
saline) solution for pH based ISFET device. The applied voltage is 9V and the current is 1A in the
circuit, it lead to divide the voltage by voltage divider and stored some current in 10uF capacitor
to further pass the current operational amplifier. At higher pH, the concentration of hydrogen ions
(H™) decreases, which alters the surface charge at the gate insulator of the ISFET. This change
shifts the threshold voltage, resulting in an increase in the output voltage of the device at higher
pH value as shown in Figure 6.8 (¢). The PBS solution enhanced the sensitivity at higher pH value
as shown in Figure 6.8 (d), which illustrated the sensitivity of different pH value for PBS solution.
ISFETSs exhibit greater sensitivity to ion concentration variations at higher pH values. The circuit
responds more effectively to small changes in ion concentration, enhancing the overall sensitivity

of the device.

6.4.3 Effect of Variation of Sensing Layer on ISFET performance

(b)

GV

Figure 6.9: The curve of (a) drain current vs gate voltage for different sensing layer (b)

sensitivity and leakage current for various sensing layer (PMS*24).

Firstly, we have seen analog performance of ISFET for different sensing layer to obtain better
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(b)
(&)

Figure 6.10: The variation of (a) limit of detection and SS for varous sensing layer (b)

transconductance and device efficiency vs gate voltage (PMS*24).
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Figure 6.11: Contour plot of electric field for various sensing layer (a) Al,O3 (b) SigNy (c)
SiOy (d) variation of electric field along the channel for various sensing layer (PMS*24).

results for short channel effect, SS, leakage current etc. Figure 6.9 (a) reflects the drain current (Iy)
vs gate voltage (V) of ISFET for different sensing layer at T=300K, V;4=0.5V. The drain current of
aluminium oxide is better than silicon oxide and silicon nitrite with the lower I,7;, depicts its better

sensitivity to sense any change in the analyte. AlyOj offers better surface properties with higher
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surface charge density due to its ability to interact more effectively with ions in the electrolyte.

This results in stronger modulation of the channel and allowing for higher drain current (CR15).

Figure 6.9 (b) illustrates sensitivity and leakage current on the left side and right side of graph
respectively for different sensing layers of ISFET at T=300K and V;=0.5V. Al,O3 has superior
sensitivity to pH changes compared to SiOs and SigNy, which contributes to an increased ion
interaction and enhanced drain current in ISFET devices. Also AlyOgs as sensing layer creates a
stronger energy barrier at the gate. This reduces unwanted carrier leakage when the device is in
off state and resulting in lower leakage current. Figure 6.10 (a) exhibit the limit of detection and
SS for different sensing layer of ISFET at T=300K, V;=0.5V. The limit of detection is higher for
AlyOg3, that showcases improved detection of any variation in the solution thus better sensitivity.
The SS of AlsO3 is also lower as compared to other two sensing layers (PMC22b). Al;O3 tends to
have a lower interface trap density compared to SiO2, and SizNy, resulting in reduced scattering

and recombination at the interface. This further contributes to the lowering of SS.

Figure 6.10 (b) shows variation of g,, with variation in gate voltage and the result showcases that
gm of AlsOg is improved as compared to SiO9 and SizNy layer, depicting lower short channel effects
and better gate controllability with AlsOg as sensing layer. AloO3 has a higher dielectric constant
compared to SiO9, and SigNy4, which results in a stronger capacitive coupling between the gate and
the channel. This enhances the transconductance and making the device more sensitive to variations
in ion concentrations. Effective performance of the device is also reflected by transconductance
generation factor on right side of Figure 6.10 (b). TGF of the device with AloO3 as sensing layer is
better than as compared to other two layers. AlyOs has a higher dielectric constant compared to
SiO9 and SizNy. A higher dielectric constant enhances the electric field coupling between the gate
and the channel, thus improving the TGF of the device and its efficiency of detecting any change

in the analyte.

Figure 6.11 reflects the contour plot of electric field for (a) AlaOs, (b) SisNy4, (c) SiO2 (d)
comparison of electric field along the channel for all the three sensing layers at T=300K and
V4=0.5V. The electric field of Al,O3 is enhanced at drain side as compared to other layers. This
leads to stronger capacitive coupling between the gate and the channel, generating a more intense

electric field within the device. A stronger electric field enhances the control of the gate over the

99

Delhi Technological University, Delhi-42



Chapter 6: Experimental Circuit Design and TCAD... Yash Pathak

channel, leading to better current modulation and improving the performance of the device.

6.5 Summary

This work addresses the comparative study of various materials for gate electrode of ISFET with
their varying work function and subsequently a circuit is designed experimentally for ISFET based
sensor. Molybdenum with work function 4.75eV shows the most improved results than the other
gate electrodes like aluminium and chromium. Molybdenum has reduced the leakage current by
1073 times in comparison to aluminium. It also enhanced the switching ratio, improved the sub-
threshold swing along with some others enhanced analog parameters like transconductance, TGF
and g4. Theoretically, we concluded that molybdenum has proved to be an efficient material for

gate electrode in the fabrication of ISFET using silicon nitride as sensing layer.

Subsequently comparative study for sensing layer of ISFET with sensing film (AloOs, SizNy,
SiOg) for analog and electrical performance is also investigated. The dependent parameters are
evaluated with variation in sensing material such as switching ratio that is enhanced by 3.5 times
and leakage current which is reduced by 63% for Al;O3 in comparison to SiOy as sensing layer in
ISFET. Consequently, the findings of this research can assist engineers in designing ISFET based

sensors to meet their requirements in various fields of applications.

Now, the subsequent chapter represents the conclusion of the study conducted in the thesis and

offers a perspective on prospective future advancements that can be explored for further research.
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Chapter 7

Summary and Future Scope

* The summary of the research done for this thesis is given in this chapter.

* In addition, a brief discussion of specific conclusions drawn from the given findings is also

included.

x The chapter then describes potential future research that could be conducted to further explore

the current study.

7.1 Summary

This thesis primarily focuses on the double metal negative capacitance field-effect transistor (DM-
NCFET) architecture, developed to overcome the limitations of conventional NCFETs. The DM-
NCFET offers significant improvements in packing density, sub-threshold properties, off-state leak-
age current, and reduced manufacturing cost and complexity. This study thoroughly investigates
and compares the scalability and reliability of the DM-NCFET with other designs. Additionally,
methods such as double metal double gate NCFET spacer engineering have been implemented to
enhance the performance of DM-NCFET with the indepth TCAD analysis along with DFT and
Machine Learning based Artificial Neural Network Modelling for various applications as already

discussed in detail.
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Chapter 2 provides an in-depth study of DM-NCFET for analog and RF performance. The
DM-NCFET (spacer) configuration demonstrates significantly improved analog performance com-
pared to other DM-NCFET configurations. It shows a switching ratio approximately twice that of
the standard DM-NCFET, a subthreshold swing reduced by 1.06 times, and a DIBL decreased by
1.21 times, indicating better short-channel effects and reduced leakage current. The DM-NCFET
(spacer) structure enhances other analog properties such as transconductance (g,,), transit fre-
quency gain (TGF), voltage gain (A, ), and early voltage (V¢,). Furthermore, RF applications also
see improvements, with a reduced transit frequency (F;), and better performance in terms of gate
capacitance (Cgyq), gain frequency product (GFP), and gain transit frequency product (GTFP).
When examining the temperature effects on DM-NCFET (spacer) at T=300K, the results are su-
perior compared to T=400K and T=500K, showing enhanced performance in terms of leakage cur-
rent, switching ratio, and transconductance. Thus, the study suggests that DM-NCFET (spacer)
at T=300K is an improved variant for analog and RF parameters compared to its conventional
counterpart, making it highly suitable for high-speed IC applications. A comparative study of
DM-NCFET (spacer) with different gate electrodes reveals that palladium with a work function of
5.3 eV provides better results than other materials like chromium and tungsten. Palladium shows
a leakage current lower by a factor of 1078 compared to chromium, a higher switching ratio, and
a reduced subthreshold swing. The increasing work function (1) correlates with improved device
performance. The electric field across the channel has also been studied for various work func-
tions, with palladium showing an enhanced electric field compared to other gate electrodes. The
DM-NCFET (spacer) design has already achieved significant advancements in accuracy, compo-
nent count reduction, downsizing, cost reduction, and efficiency. Consequently, the findings of this

research can assist engineers in designing nanoelectronic devices that meet these requirements.

Chapter 3 investigates the use of DM-NCFET for high-sensitivity biomolecule detection,
specifically for medical diagnostics. The biosensing application of DM-NCFET has been explored
for recognizing various biomolecules. The electrical performance was evaluated, showing a 0.28%
shift in threshold voltage for protein compared to without a biomolecule. The sensitivity of protein
detection improved by a factor of 1.167 over K=1, and the switching ratio increased by 177% com-
pared to without a biomolecule. The surface potential at a cavity length of 10 nm was measured,

and the lower limit of detection for protein improved by approximately 13% compared to without
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molecules. The DM-NCFET device showed significant enhancements, indicating better sensitivity
for biomolecules with a higher value of K. The proposed device demonstrated that sensitivity was
greater for protein recognition (K=8) compared to various other biomolecules. Additionally, the
impact of cavity length on threshold voltage (Vy), sensitivity, and the switching ratio (Ion/Iofs)
of the DM-NCFET biosensor was analyzed. The results revealed that sensitivity increased with
the rise in cavity length, although the overall biosensor operation was slightly reduced. Thus, op-
timizing the cavity length to 8 nm enhances performance, making it suitable for high-sensitivity,

high-speed biosensors for detecting various associated diseases.

Now, it is vital to further improve the performance of the DM-NCFET device through density
functional theory (DFT) atomic modeling, as detailed in Chapter 4. A comparative study was con-
ducted on the double metal double gate negative capacitance FET (DM-DGNCFET) and the single
metal double gate negative capacitance FET (SM-DGNCFET). The SM-DGNCFET demonstrated
superior performance in analog/RF and linearity parameters, such as reduced DIBL and subthresh-
old swing (SS), enhanced transconductance (g,,), improved transit frequency product (TFP) and
gain frequency product (GFP), and higher second and third order transconductance (g2, gm3). In
the realm of atomic modeling for quantum theory advancements, density functional theory (DFT)
is pivotal for determining the energy, structure, and characteristics of materials, nanosystems, and
molecules. The Tran-Blaha modified Becke-Johnson (TB-mBJ) approximation provides accurate
band gap calculations for crystals. A DFT study was performed on hafnia (HfO2) based simple cu-
bic crystals, both undoped and with 12.5% silicon doping. The results indicated that silicon doping
improves the band structure by reducing the band gap to near zero and enhancing the density of

states (DOS), leading to better conductivity.

Chapter 5 investigates a machine learning-based approach for accurate prediction of DM-
NCFET performance. ANN-based machine learning techniques are explored to enhance variabil-
ity in the ULSI domain. The Cogenda Visual TCAD simulator and Python high-level language
were employed throughout the process. The computational cost is substantially reduced by using
ANN-based ML, providing precise calculations and efficiency. This method aids in optimizing and
designing applications for ULSI technology. The analog parameters of DM DGNCFET were stud-
ied for various oxide thicknesses, substrate thicknesses, temperatures, and ferroelectric thicknesses,

revealing improvements such as lower leakage current and higher switching ratios. Specifically, at
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T = 300K, the switching ratio increased by 3000 times compared to T' = 500K, at Tr. = 4nm,
the switching ratio improved by 588% compared to Tp. = 8nm, at Ty, = 3nm, the switching
ratio increased by 300% compared to Ty, = 7nm, and at T,, = 0.8nm, the switching ratio im-
proved by 50% compared to T, = 0.4nm. These findings suggest that Tr. = 4nm, T = 300K,
Tor = 0.8nm, and Ty, = 3nm are the most optimal parameters for DM DGNCFET, leading to

enhanced performance and suitability for various nanoelectronic devices and IC designs.

Chapter 6 delves into the experimental circuit design based on the basic structure of ion-
sensitive FET (ISFET). A comparative study of materials for various gate electrification of IS-
FETs, focusing on their work functions and circuit design, was conducted. Molybdenum, with a
work function of 4.75 eV, demonstrated superior performance compared to other materials such
as aluminum and chromium. Molybdenum reduced leakage current by 10~3 times compared to
aluminum, increased the switching ratio, decreased the subthreshold swing, and enhanced analog
parameters like transconductance, TGF, and g4. Theoretically, it was concluded that molybde-
num is an efficient material for fabricating ISFETs using silicon nitride as a sensing layer with
different gate electrodes. The ISFET design showed significant progress in accuracy, component
count reduction, size reduction, cost efficiency, and overall performance. Additionally, a compara-
tive study of ISFET sensing layers (AloOs, SizNy, SiO2) for analog and electrical performance was
conducted. The results showed that the switching ratio was enhanced by 3.5 times, and leakage
current decreased by 63% for AloO3 compared to other materials. A 6-pin ISFET was successfully
manufactured to enhance voltage at various pH levels (4.67, 5.9, 7.5, 8.57, 9.3) as measured by a

pH meter.

7.2 Future Work

The main goal of this thesis is to create a double metal NCFET device that can overcome the
constraints of conventional MOSFETs. Yet all goals are largely achieved through the use of so-
phisticated numerical simulations. Nevertheless, given the existing work, it may be worthwhile to

explore and refine the following elements as future directions.

1. It is possible to investigate the double metal NCFETs circuit behavior to optimize the sug-

gested device for digital circuit applications such as gated logic circuits, CMOS inverters, and
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SRAM.

2. Further research into other materials, such as III-V compounds, GaAs and 2D materials like
graphene, may be explored. It is possible to make the suggested device suitable for high-speed

and high-frequency communication devices.

3. The study conducted for this thesis have not taken interface trap charges (ITCs) into account.
Therefore, in order to understand the reliability implications associated with the device, it is

necessary to analyze the suggested device for both mobile and stationary I'TCs.

4. In particular, noise performance measures like noise figures, cross-correlation, auto-correlation,
and others are useful in examining the noise characteristics of the double metal NCFET. This
investigation demonstrates how the double metal NCFET presents itself as a strong contender
for the current analogue and digital design technology integration process as well as for the

development of low-noise amplifier designs, thus can be explored further.

5. Various environmental based sensors such as hydrogen, oxygen and various gas sensor may
also be made to measure and identify potentially dangerous substances floating in the envi-

ronment.
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Abstract

In this article, we investigated the analog performance and RF(Radio Frequency) performance of ferroelectric layer
improved Field Effect Transistor device that is metal ferroelectric metal insulator metal oxide transistor (MFMIMOS) with
spacer and without spacer. A proposed device MFMIMOS (spacer) with spacer enhances the ON-gurtnP8% as
compared to a without spacer device MFMIMOS, leakage currggi)(feduces by almost 37%, switching ratig,{l,)

enhanced by 99%, threshold voltaggMncreased by 0.29%, subthreshold swing (SS) reduced by almost 5.6% and drain
induced barrier lowering (DIBL) lowed by 17.6% over MFMIMOS. We also examined the analog parameters for improving
the performance of the proposed device MFMIMOS with a spacer at temperature (T) 300K such as a transconductance
generation factor (TGF), transconductancg)(dntrinsic gain (A), early voltage (V,), intrinsic delay (F), and some RF
parameters gain transconductance frequency product (GTFP), cut off frequehcgn@d gain frequency product(GFP).

In the variation of temperature on MFMIMOS(spacer) we observed improved assessment at room temperature rather than
other temperatures T=400K and T=500K such as threshold voltage higher by 2.4 times over temperature T=500K, switching
ratio (l,./l,r¢), transconductance g, transconductance generation factor (TGF). All the simulated result is taken by
Visual TCAD simulator with high compatibility of MFMIMOS (spacer) with spacer. Thus, the proposed device MFMIMOS
(spacer) with spacer shows significantly improved analog performance than its conventional counterpart and improved
performance at room temperature (T=300K) rather than other temperatures T=400K and T=500K.

Keywords MFMIMOS(spacer) Subthreshold swing (SS)ntrinsic Delay (T;) - Visual TCAD -
Short channel effects (SCES)

1 Introduction inventory voltage(PV2 D), with V; generally restricted
by the base subthreshold swing (SS = 60mV/dec) of an
Accomplishing better speed of objective of Moore’s law obstruction monitored Boltzmann switch]{ As indicated
of transistor scaling has been the stabled at small powdry Gordon E.Moore, at almost every one of eighteen months
dissipation. The power dissipation (P) ranges with thewill being twice the number of transistors in a presented
unit of space2-4] . As of late, ferroelectric (Fe-FETS) have
pulled in improved consideration because of their guarantee
52 Rishu Chaujar in both memory and exchanging applicatiords §]. Size
chaujar.rishu@dtu.ac.in and power consumption are the main figures of value of
any advanced electronic device and the objective of past
and present research endeavors is to devise forcefully scaled
devices that consume ultralow powéf.[To conquer this

Yash Pathak
yash2k19phdap505@dtu.ac.in

Bansi Dhar Malhotra drawback, there has been extraordinary interest in elective
bansi.malhotra@dce.ac.in devices dependent on a very basic level diverse activity
systems that bring about a change between the off and on
1 Department of Applied Physics, Delhi Technological condition of an electronic switct].
University, 110042, New Delhi, India Ferroelectric layer improved Field Effect Transistor
2 Dpepartment of Biotechnology, Delhi Technological device that is metal ferroelectric metal insulator metal oxide
University, 110042, New Delhi, India transistor (MFMIMOS) with spacer and without spacer is
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known as NEGATIVE capacitance FETs (NCFETS) could(K=33.5) has been introduced. The matrix of device
work at a sub-60-mV/decade subthreshold swing and a higberformance has been extracted by using visual TCAD
ON-current. Presently a day/[ 8], negative capacitance simulator. In this MEMIMOS (spacer), thgg is lying in
marvels have been experimentally shown in varioughe request for 10° A and thus has less releasing capacity
frameworks:1) isolated ferroelectric images 2) ferroelectricfrom a battery point of view, which is useful for superior
dielectric bilayers 3) superlattices and ferroelectric gategherformance. The MFMIMOS has upgraded the sum of
transistors [9,10]. MFMIMOS did exclude the effect of lon and great depletion channel at off-state (i.e., at V
channel length scaling. Additionally, the last utilizes the= 0). From this examination, we become more acquainted
Landau model just in the outside-of-plane polarization partwith the device that has phenomenal execution of analog
The Landau’s parameters for the FE material are=  and power amplification at the point when having an
—1.0 x 107 andp = 8.9 x 10%® [11], which is not analogy and RF of simulation between MFMIMOS(spacer),
reasonable for huge ferroelectric thicknesse®].[In our MFMIMOS.
previous works, we examined and analyzed the execution In this article, We have also observed ferroelectric
of the MFMIMOS with lengthy channels, utilizing logical layer improved Field Effect Transistor device that is
displaying [L3]. MFMIMOS gives a higher ON-state flow metal ferroelectric metal insulator metal oxide transistor
contrasted and MFMIMOS; be that as it may, we discovemwith spacer (MFMIMOS (spacer)) at temperature T=300K
this not to be the case for all the ferroelectric materialsenhanced the performance of the device in comparison
Moreover, a definite actual understanding of the conduct ofo other temperatures such as T=400K and T=500K of
the two constructions and general performance analysis MFMIMOS (spacer) devices such as lower subthreshold
yet missing in the writing. swing, lower leakage current.
In this essay, we perform a broad coordinated correla-
tion between MFMIMOS (spacer) and MFMIMOS con-
structions of NCFET utilizing a conservative demonstrating2 Device Architecture
approach [12]. In the MFMIMOS structure, the metal layer
insert between the ferroelectric layer and the gate insuldn Fig. 1(a) shows the proposed device MFMIMOS (spacer)
tor gives an equipotential side at the interior gate [3], with spacer. There are also two schematics represented by
consequently empowering the management of the ferroelethe names as Fid.(a) represents metal insulator metal oxide
tric and the fundamental MOSFET as two separate circuitransistor with spacer (MFMIMOS (spacer)), Fig.(b)
elements associated by a wit[18]. shows metal insulator metal oxide transistor without spacer
Further, ferroelectric field effect transistors (FeFETs)(MFMIMOS).
stand out for new era of FET devices in view of low power The Body’s Gate length (}) is 60nm, Drain’s / Source’s
loss, non-volatile read ability as a memory device, and quickength (L;/) is 10nm, the Spacerl’s /Spacer2’s length
operation speed1p-21]. The utilization of ferroelectric (Lyp1/5p2) is 10nm, Body’s thickness ¢J is 50nm, Drain’s/
material in the gatestack of MOSFET gives better resistancBource’s thickness (T;) is 3nm, Oxide’s thickness (f)
to the device execution since FE material shows the condue 1nm, Ferroelectric’s thickness (J) is 1nm, Gate’s /
of negative capacitance which can be seen from their chargdetal2’s (T,,,,2) thickness is 2nm, Insulator’s thickness
energy bend [22-24]. So we can utilize the ferroelectriqT;,s) is 2.2nm. As depicted in Tablk the total gate length
materials in numerous potential ways to reclassify thgl,) is 20nm for MFMIMOS (spacer) and MFMIMOS.
engineering of existing MOSFET structures. For that, arThe thickness of the total gate {J is 10nm MFMIMOS
appropriate illustration of FE materials is HfCbased (spacer) and MFMIMOS. Numerous classical models are
FE (HfO.FE). Essentially, we know that the H$Ois utilized to clarify various ideas in the simulation work like
high-k dielectric material however when it is depositedShockley-Read-Hall (SRH) model briefs the trap charges
with chemical vapor deposition, its properties show thepresence at the point of interaction, recombination impacts.
ferroelectric conducti[1]. The Fermi-Dirac insights are utilized for precision in the
In this article, Ferroelectric layer improved Field Effect outcomes. Arora model characterized the concentration
Transistor device that is metal ferroelectric metal insulatodependent mobility.
metal oxide transistor with spacer (MFMIMOS (spacer)) The material of nitride is used silicon nitrid&igNa).
at room temperature (T=300K) enhanced the performancéhese compounds have high melting points, are extremely
of the device in comparison to other MFMIMOS deviceshard, and are usually opaque materials that have metallic
such as lower subthreshold swing, lower leakage currentustre and high conductivities. Silicon nitride offers a
lower drain induced barrier lowering, low input power number of benefits, such as high temperature capability,
consumption and control over gate channel device. A newow friction, high wear and chemical resistance, and high
concept of a ferroelectric layer with dielectric constantelectrical resistivity. It is nonmagnetic, has low specific
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Fig. 1 The two different MFMIMOS schematics structure with using new concept of ferroelectric layer (a) MFMIMOS (spacer) with spacer (b)
MFMIMOS

weight, and offers long service life. Detection of nitride 3 Method of Simulation

is vital for human and environmental protectio2b]. As

shown in Fig.1, the material of the Body is Si (silicon), the All the simulations are taken by Visual TCAD simulator.
material of Drain / Source /Substrate/Gate is Al (aluminum)Comparison of two devices i.e MFMIMOS (spacer), and
the material of Spacerl /Spacer2 is Nitride, the material 0MFMIMOS have been carried out. Drain voltagey V
Oxide isSi O (silicon dioxide), Material of Ferroelectricis (V) is fixed in the entire process at 0.3V. Gate voltage,
Hf O>FE (a new idea of a ferroelectric layer with hafnium V is different from 0V to 3V. temperature (T) is fixed
dioxide), and material used for Metall, Metal2 and Insulatoduring the the first case device simulation at 300K (room
is Au, NPoly Si and Hf O, respectively. A proposed temperature). Inthe second case variation of temperature on
device MFMIMOS (spacer) involve of gate, ferroelectric, MFMIMOS (spacer). We have disregarded the connection
metal, insulator, metal, silicon dioxide, silicon from top among ferroelectric dipoles, which is a sensible suspicion
to bottom. The doping concentration of Body ,)Nand for g,;: HfO, material [26,27]. Distinctive limit conditions
silicon substrate is ¥ 10'® cm~3 with Uniform profile and  are applied to carry out the MFMIMOS and MFMIMOS
acceptor type, the doping concentrating of Drain /Sourceesigns. In the MFMIMOS structure, congruity of typical
(Nays) is 1 x 1070 cm~3 with Gaussian profile and type parts of displacement vectors is utilized at the oxide/spacer
of donor and the doping concentration of threshold voltagéerroelectric limits. For the MFMIMOS structure, the
(Ny) is 1 x 10 cm~3 with Gaussian profile and acceptor inside metal gate goes about as a coasting terminal. We
type. The work function is retained at 4.546r a gate of utilize visual TCAD Multiphysics to play out every single
metal. mathematical reproduction.

Table 1 These parameters are
used for the simulation of Parameter MFMIMOS (spacer) MFMIMOS

MFMIMOS (spacer)

Gate length L) 20 nm 20 nm

Oxide Thickness (#) 1nm 1nm
Drain/Source length (£;s) 10 nm 10 nm

Drain/ Source thicknesgy/;) 3nm 3nm

Body thickness (7) 50 nm 50 nm
Ferroelectric thickness (T) 1nm 1nm
Insulator thicknessT(,;s) 2.2nm 2.2nm
Concentration of Body () 1x10% cm3 1x10% cm3
Concentration of Drain/ SourceVg) 1x10%%cm™3 1x1%cm3
Concentration of threshold voltage {/ 1x108 cm~3 1x10'8 cm3
Length of Spacerl/Spacer.,1/s,2) 10nm 10nm
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Fig.2 The curve of drain

current vs gate voltage on the left
side of the graph and right side
of the y-axis is log scale drain
current for MFMIMOS (spacer),
MFMIMOS atV,; = 0.3V

4 Result & Discussion The log current for measuring of,;, (I;;) is fixed 1 x
107 A. The formula is used for calculatirig; here,Vy, I,
4.1 Device Scalability I1, Vo is log(v) , log(ia x W/L), log(i1 x W/L), log(vy).

The expressiol, = vo——(I2—log(I;4)) x (v2—v1)/(I2—

Figure2 reveals the curve between drain currept(A) in I).
linear scale and drain current [289], Iz (A) in log scale vs
gate voltage, V; (V) for ferroelectric layer improved Field 4.2 Analog Analysis
Effect Transistor device that is metal ferroelectric metal
insulator metal oxide transistor with spacer (MFMIMOS In this subsection, analog performance metrics are discussed
(spacer)) at temperature T=300K, and MFMIMOS atin terms of transconductance,(g transconductance gener-
V4=0.3V, channel length, |=20nm, T=300K, and oxide ation factor (TGF), output conductance [30], early voltage
thickness Ty=1nm. It reveals thet Off state current lower (V,,), intrinsic gain (A). Transconductance, transconduc-
for MFMIMOS (spacer) in the log drain current in negative tance generation factors are higher for MFMIMOS (spacer).
bias also. The drain current of MEMIMOS (spacer) is better Figure4 reveals that transconductance is a parameter of
than the MFMIMOS configurations with increase in gatethe shift in drain current () to shift in gate voltage (V;)
voltage Vs (V) that reflects the Superior gate coupling at drain voltage (0.3V) at T=300KThe transconductance
capacitance and reduced leakage currgntih the left side  curve of MFMIMOS (spacer) is higher than the MFMIMOS
of the graph. structures. Thus,,ghas taken from the curve drain current

Figure 3 shows that the threshold voltag®,, (V) of vs gate voltage that reflects enhanced gate control and
MFMIMOS (spacer) is enhanced than other MFMIMOS lowered short channel effects (SCEs) and also increases
device configurations at drain voltage,;V=0.3V due average carrier velocity, upgraded electron mobility with
to increased gate control over the channel and structuiecrease transconductance [31].

MFEMIMOS (spacer) is the better shield of drain-side alq4

potential so that improved the character of the thresholdm = Wgs )
voltage. The switching ratioJ,,/l,ry of MFMIMOS

(spacer) is higher than the other MEMIMOS structures atr; g — 9gm )
L, = 20nm, T,y = 1nm, T = 300K, andV; = 0.3V, a1y

decreased leakage curred};; (A), and high switching alg

speed for MFMIMOS (spacer) structure is also obtained®d = a_vd (3)
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Fig.3 The bar graph indicates
for two configurations at
V;=0.3V (a) threshold voltage,
Vi (V) (b) switching ratio

alg reflects the output characteristics for different drain current
) at constant gate voltage= 0.7V it gives us better than other
gate voltage such a¥,;=0.75V and 0.8V. The changes
_ 3g_m (5) of TGF occur in the subthreshold region. The region for
9gd high TGF and g due to high drain current. Figurg
Transconductance generation factor (TGF) is gairfepresents the graph of drain current, (A) and output
generated per unit power loss. TGF of MFMIMOS (spacer)conductance, g (nS) vs drain voltage, ¥ (V) at gate
is increased than MFMIMOS configurations, close tovoltage V,s (0.8) oxide thickness 1nm and channel length
ideally 50v1 and subthreshold swing ideally close to 20nm. Output conductance is the driving capacity of the
60mV/decade. The device operation at low supply voltagélevice as characterized i8)([32] mirrors the locale of
performs more efficiency for a high value of TGF. (b) device activity.

ea— 8gd

\"

Fig.4 The curve of different
structures at ¥=0.3V (a)
transconductance and gate
voltage (b) transconductance
generation factor vs gate voltage
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Fig.5 (a)The curve of drain current and output conductance vs drain current for different structuggs@sV.(b) Plot for various constant gate
voltage

At first, a high output conductance in the linear regionfrom source to drain. DIBL of MFMIMOS (spacer) is
is observed with increasing drain voltage beyond pinchiower than MFMIMOS structure that reflects reduced
off voltage owing to drain induced barrier lowering (DIBL) leakage current, improved SCEs. Subthreshold swing (SS)
as well as channel length modulation (CLMJ3]. The ¢  is also a vital parameter of SCEs, ideally SS 60mV/decade.
twist of MFMIMOS (spacer) is lower than MFMIMOS that SS of MFMIMOS (spacer) is lowering than MFMIMOS
shows upgraded gate controllability and stifle short directhat reflect enhanced gate coupling capacitance with high
impacts as portrayed in Fi§.that reflects improved output permittivity (K), increase gate control over the channel.
obstruction. Figure 7(a) reveals that the curve of early voltage and
Figure 6 shows that the bar graph of drain inducedintrinsic gain vs gate voltage for different configurations at
barrier lowering (DIBL) for a different configuration at V;=0.8, oxide thickness 1nm, channel length 20nm [34—
T=300K. It is a short channel effect (SCESs), the length37]. These formulae are evaluated by using (4) &dThe
of the channel decreasing means electrons easily moywoposed device MFMIMOS (spacer) metrics are higher

Fig.6 Graph of different
structures at Y=0.3V (a) drain
induced barrier lowering, DIBL
in the left side (b) Subthreshold
swing in right side
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Fig.7 Graph for different
structures at Y=0.8v (a)
Variation of early voltage and
intrinsic gain vs gate voltage at
T=300K

than other conventional devices that indicate short channéh (6). Intrinsic delay of MFMIMOS (spacer) is lower
effects (SCESs). The higher value of intrinsic gain is obtainedhan other structures by using the (7) on the right side
from the high value of transconductance, and lower outpudf the graph [32]. It is the time interval carried by the

conductance as depicted in TaBle device to gives output after applying input that reflects
less input power consumption [32—-39]. The gate charge

4.3 RF Analysis of MFMIMOS (spacer) is higher than other structures that
reflects high gate capacitance.

In the RF (Radio Frequency) application, the parameter gm

of RF is gate capacitance ), gate charge (Q, unity Fr= m 6

gain cutoff frequency (f, gain frequency product (GFP),

and gain transconductance frequency product (GTFP). etg: — Cgg x Vd )
Fig. 8(a). represents the variation of gate capacitangg, C (Ton)
(F/um) vs gate voltage for all configurations at drain voltage gm
(0.3V), channel length (20nm), and oxide thickness (1nm)GF P = (g) x Ft (8)

The gate capacitance curve of MFMIMOS (spacer) is higher

than other structures that reflect an enhanced number 8m 8m

stored charges. Urrp = <gd) 8 <Id) xFi ®)
Figure 8 indicates that gate capacitance and cutoff Figure 9 shows that the electric field | contour

frequency [21, 29] of MFMIMOS (spacer) is lower Electric field contour with MFMIMOS (spacer) from 0 to

than MFMIMOS configuration that reveals enhanced gat&8.661E+06 and MFMIMOS from O to 8.404E+06 &f =

capacitance and increased transconductance as depict®8V, T=300K, channel length 20nm, oxide thickness 1nm.

Table2 Parameter and value

of leakage current, SS, DIBL Parameter MFMIMOS (spacer) MFMIMOS
for different configuration,
T,x=1nm, T=300K and lon (A) 0.001421 0.001135
Lg=20nm Logr (A)(10%0) 1.18 1.88
DIBL 0.248673 0.30171177
SS (mV/ded 165.607 175.606
Lon/lof £ (10P) 12.0424 6.0372
Vi (mV) 661.929 660.0196
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Fig.8 Variation for different structures with 3+0.3V and L, = 1GHz (a) Curve of gate capacitance vs gate voltage and Curve of cutoff frequency
vs gate voltage (b) Curve of intrinsic delay vs gate voltage at T=300K

The electric field is high in the area of contour from gateworth of g,, TGF, and decreased worth @f; with

to drain. Area of electric field contour is higher than otherpractically comparableF;. In this manner, MFMIMOS

structure that reflects reduced leakage curigpt. (spacer) is the best appropriate design as far as speed,
Figure 10 reflects the graph for different structures attransconductance, and gain.

V;4=0.8 (a) Variation of gain frequency product and gain

transconductance frequency gain product vs gate voltagk4 Effect of temperature on MFMIMOS (spacer)

at T=300K. Gain frequency Product is a fundamental

boundary utilized in high-recurrence applications, adn this section, we observed the variation of temperature

determined in (8) 40, 41]. It is seen from Fig.10, on MFMIMOS (spacer) such as T=300K, 400K and 500K

GFP increments as the gate voltage higher and afterwartain voltage 0.3V, gate length 20nm and oxide thickness

accomplishes a greatest top prior to tumbling to a consisterdnm. In Fig. 11 exhibits graph for different temperature

worth in the saturation locale. MFMIMOS (spacer) designsuch that T=300K, 400K and 500K at;¥0.3 (a) Drain

records the most elevated worth of GFP because of theurrent and log drain current vs gate voltage for MFMIMOS

further developed worth of output transconductance an¢spacer). The drain current of MFMIMOS (spacer) at

transconductance with an insignificant abatement in cuttemperature T=300K is higher than the other temperature

off frequency. GTFP most noteworthy worth is acquiredwith increase in gate voltage vV (V) that reflects the

for MFMIMOS (spacer) structure because of the upgradedmproved gate coupling capacitance and less leakage current

Fig.9 Electric field contour with MFMIMOS (spacer) from O to 8.661E+06 and MFMIMOS from O to 8.404E+0G=0\8V and T=300K. (a)
MFMIMOS (spacer) (b) MFMIMOS
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Fig. 10 Graph for different
structures at Y=0.8v (a)
Variation of gain frequency
product and gain
transconductance frequency
gain product vs gate voltage at
T=300K

lors in the left side of the graph. Figurgé2 shows that MFMIMOS (spacer) structure is also obtained as depicted
the threshold voltage, ;¥ (V) of MFMIMOS (spacer) at in Table3.

temperature T=300K is enhanced than other temperature Figure 13 reveals that transconductance is a parameter
T=400K and T=500K configurations at drain voltage; V of the shift in drain current {l) to shift in gate voltage
=0.3V due to increased gate control over the channel anfV/,;) at drain voltage (0.3V). The transconductance curve
structure MFMIMOS (spacer) at temperature T=300K isof MFMIMOS (spacer) at temperature T=300K is higher
the better shield of drain-side potential so that improvedhan other temperature T=400K and T=500K structures.
the character of the threshold voltage. The switching ratioThus, ¢, has taken from the curve drain current vs gate
lonflorr Oof MEMIMOS (spacer) temperature T=300K is voltage that reflects enhanced gate control and lowered
higher than the other temperature T=400K and T=500kshort channel effects (SCEs) and also increases average
structures at L.=20nm, T,,=1nm, and V,=0.3V, decreased carrier velocity, upgraded electron mobility with increase
leakage current,,} (A), and high switching speed for transconductancedl]. Transconductance generation factor

Fig. 11 Graph for different
temperature such that T=300K,
400K and 500K at Y=0.3 (a)
Drain current and log drain
current vs gate voltage for
MFMIMOS (spacer)
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Fig. 12 Graph for different
temperature such that T=300K,
400K and 500K at Y=0.3 (a)
threshold voltage and switching
ratio vs gate voltage for
MFMIMOS (spacer)

Table 3 Parameter and value

of leakage current for different ~ Parameter T=300K T=400K T=500K

temperature at MFMIMOS

(spacer) Tx=1nm, and lon (A) 0.001421 0.001383 0.001309

L,=20nm losr (A)(1019) 118 220 5040
lonlof (10P) 12.0424 00.0629 0.002597
Vin(mV) 661.929 502.534 268.78

Fig. 13 Graph for different
temperature such that T=300K,
400K and 500K at Y=0.3 (a)
transconductance and
transconductance generation
factor vs gate voltage for
MFMIMOS (spacer)
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(TGF) is gain generated per unit power loss. TGF ofConsentforPublication Since the related research document s created
MFMIMOS (spacer) at temperature T=300K is increasedn the ‘no-life science journal.” Therefore, ‘Non Applicable’ at this
than temperature T=400K and T=500K configurations point. Still, the authors have turned over all journal guidelines and

close to ideally 50v! and subthreshold swing ideally
close to 60mV/decade. The device operation at less supply

consent to the agencies for additional processing.

voltage performs high efficiency for a high value of TGF. Conflict of Interests The writers broadcast that they have no known

The changes of TGF occur in the subthreshold region. Th
region for high TGF and,g due to high drain current.

ispute of individual connections or interests that might have arisen to
Impact the work depicted in this article.
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5 Conclusion

In this work, we proposed ferroelectric layer improved Field L
Effect Transistor device that is metal ferroelectric metal
insulator metal oxide transistor (MFMIMOS) with spacer
and without spacer. All the simulations are brought by 2-
a visual TCAD simulator. MFMIMOS (spacer) indicates
significantly improved analog results than MFMIMOS 5
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2 times of MFMIMOS, subthreshold swing reduced by 4.
1.06 times of MFMIMOS, DIBL decreased by 1.21 times

of MFMIMOS that parameters reflect a short channel
effect and reduced leakage current. The structure of5 '
MFMIMOS (spacer) enhanced the properties of other
analog application such as, g TGF, A,, and \,,
increases, respectively. Furthermore. RF application is also
improved such as [Freduces, G,, GFP and GTFP. In

the case of effect on temperature of MFMIMOS (spacer)
at T=300K reveals more improved result than other
temperature such that T=400K and T=500K. At temperature
T=300K enhanced performance such as leakage currenf/-
switching ratio, transconductance TGF. Thus, this article
indicates MFMIMOS (spacer) at temperature T=300K can
be considered as an improved variant of analog and RF
parameters in analogy to its conventional counterpart. Thes.
device has a wide variety of applications to high speed ICs.
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ABSTRACT

In this work, we examined the double metal below ferroelectric layer FET that is
double metal below negative capacitance field-effect transistor (DM-below-
NCFET) for biosensing application and change in nanocavity gap with biomo-
lecules as protein, ChO, (cholesterol oxidase), streptavidin, and uricase. For
measuring the electrical characteristic and neutral biosensing such as threshold
voltage, switching ratio (Ion/Iofr) of the device which is higher than one without
molecules by 1.52 times, sensitivity of protein enhanced by 1.11 over without
biomolecule, limit of detection of protein is higher by 1.012 times over without
molecule, shift in potential have been researched for cavity length 10 nm. The
biosensor indicated improved sensitivity for biomolecules with the rise in their
dielectric parameter. Moreover, modulation of the length of the gap of cavity
was too examined, exposing that its increment (from 8 to 12 nm) altogether
upgraded the sensitivity of the proposed biosensor. Visual TCAD (Technology
Computer-Aided Design) software is used for simulating all results. In general,
the consequences of this examination represent that such DM-below-NCFET
biosensors can display extreme sensitivity (1.11) at small drain voltage (0.4 V),
empowering their utilization for biosensor applications to analyze different
infections which involve low power, extreme density, and enhanced speed.
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observing inflight biomolecules in conveyance con-
texts like airplanes and metro rail and midway

1 Introduction

The new COVID-19 epidemic has once more gained a
bleeding edge on the impact of microelectronic
biosensors in recognition of biomolecules and bio-
logical fighting specialists. The applications might be
discovered by electronic biosensors uninterruptedly
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cooled structures like hospitals, schools, clinics, and
so forth. Consequently, the requirement of great
importance is to plan and foster quick and precise
biosensors. Biosensors utilize chemical responses to
distinguish the biochemical mixtures like antibodies,

@ Springer



enzymes, nucleic acids, proteins, and so forth. So they
are broadly utilized in numerous applications like
checking of infections, food investigation, crime
detection, ecological field observing, and for the
investigation of biomolecules cooperation [1, 2].

Various strategies have been created for recogniz-
ing of biomolecules such that the chemical connected
immunosorbent measure [3], for Alzheimer’s illness,
coronary vein infection, and ovarian cancer. In any
case, numerous of these methodologies are convo-
luted and tedious caused by the necessity for mod-
eling procedures [4]. Field-effect transistor (FET)
constructed biosensors have drawn in much consid-
eration from late years inferable from their great
versatility, extreme sensitivity, quick electrical iden-
tification, small force utilization, straight electrical
display, and minimal expense large-scale manufac-
turing in correlation with different strategies, for
example, surface plasmon resonance [5], microcan-
tilevers [5], and varieties of fluorescence devices
[6, 7]. Minimal expense, profoundly touchy,
dependable, easy to use, and speedy symptomatic
biosensing gadgets are fundamental for various
organic and biomedical applications [8]. For
biosensing functions, the main component of key for
a MOSFET is sensitivity [9].

Ferroelectric FETs (Fe-FETs) have pulled in
improved consideration because of their guarantee in
both memory and exchanging applications [10]. Size
and power consumption are the main figures of value
of any advanced electronic device and the objective of
past and present research endeavors is to devise
forcefully scaled devices that consume ultralow
power [11]. The effect of channel length scaling was
excluded by NCFET. Additionally, the last utilizes
the Landau model just in the outside-of-plane
polarization part, which is not reasonable for huge
ferroelectric thicknesses [12]. In our previous works,
we examined and analyzed the execution of the
double NCFETs with lengthy channels, utilizing
logical displaying [13]. The Landau’s parameters for
the FE material is « = —1.0 x 1077 and f = 8.9 x 10*8
[14]. Double metal below negative capacitance FET
(DM-below-NCFET) for protein biomolecule gives a
higher ON-state flow contrasted to other biomole-
cule; be that as it may, we discover this not to be the
case for all the ferroelectric materials. Moreover, a

@ Springer

definite actual understanding of the conduct of the
dual constructions and general execution analysis is
yet disappeared in the writing [15-20].

In this article, double metal below negative capac-
itance FETs (DM-below-NCFETs) for protein biomo-
lecule enhanced the performance of the device in
comparison with uricase, streptavidin, ChO,
(Cholesterol oxidase), without biomolecules such as
higher sensitivity, lower leakage current, low input
power consumption, and control over gate channel
device. A new concept of a ferroelectric layer with a
dielectric constant (K = 33.5) has been introduced.
The matrix of device performance has been extracted
by using visual TCAD (Technology Computer-Aided
Design) software. In this DM-below-NCFET, the Lo is
lying in the request for 1072 A and thus has less
releasing capacity from a battery point of view, which
is useful for superior performance. The DM-below-
NCFET has upgraded the sum of I,, and great
depletion channel at off-state (i.e., at Vg = 0). From
this examination, we become more acquainted with
the device that has phenomenal execution of analog
and power amplification at the point when having an
analogy and electrical stimulation between various
biomolecules.

A proposed device has been utilized as a biosensor
for detecting different biomolecules. The main use of
the device is to comprehend different biomolecules,
which is done when biomolecule ties to the gate of
the device and modifies its surface charge. In the
proposed DM-below-NCFET device (biosensor), the
device’s channel limit gets improved with the elec-
trical curve of biomolecules from which they can be
distinguished. In the traditional MOSFET, the current
through channel flow when the gate voltage tran-
scends the threshold voltage (Vru) [2, 21, 22]. With a
general high doping concentration, the DM-below-
NCFET acts as a resistor. At the point when the
quantity of charged analyte changes on the sensor
surface, the conductance of the resistor changes
likewise. Following recently talked about detecting
instruments, the charges from analytes influence the
conductivity of the device channel due to attractive or
repulsion electrostatic force. All in all, the level of
depletion inside channel changes because of charges
from analytes in the arrangement [23].



2 Structure of device and method
of simulation

Figure 1a reveals the structure of Double Metal below
ferroelectric layer FET that is double metal below
negative capacitance FET and Fig. 1b represent the
spacer has biomolecules. For immobilization of bio-
molecules in the area of Biol and Bio2, the region
between area source and gate (Ly,;) or drain and gate
(Lbio2) is the same as cavity gap. Since the determining
region is the most important characteristic and
behavior of DM-below-NCFET, rhe channel’s length
(Lc) is 20 nm, body’s length (Ly) is 60 nm, drain’s/-
source’s length (Ly/,) is 10 nm, the Biol/Bio2 length
(Loio1 bio2) is 10 nm, body’s thickness (T},) is 50 nm,
drain’s/source’s thickness (Ty;) is 3 nm, oxide’s
thickness (T,) is 1 nm, Ferroelectric’s thickness (T}) is
1 nm, Metall’s (T,;) thickness is 2nm, insulator’s
thickness (T;) is 2.3 nm, Metal2’s thickness (T,) is 1.7
nm, the thickness of Biol/Bio2 is 2 nm, and the
thickness of gate is 2 nm. The total gate thickness (Tg)
is the addition of thickness oxide, Metal2, insulator,
Metall, ferroelectric layer, and gate. The material of
the body 1is Si (silicon), the material of
drain/source/substrate/gate is Al (aluminum), the
material of Insulator is nitrite, the material of oxide is

T=+ Tt T+ T

(@
| T

Insulator
Metall

4
* @ *
*A.A

‘ Biomolecules

® *x

) A @

Fig. 1 Schematic diagram of double metal below ferroelectric
layer FET (DM-below-NCFET) for biomolecules

Si0O, (silicon dioxide), the material of Metall is Au
and Material of ferroelectric is HfOyrg (an innovative
idea of a ferroelectric layer with hafnium dioxide). A
proposed device DM-below-NCFET contains metal,
insulator, metal, ferroelectric, intermediate gate, sili-
con dioxide, and silicon from top to bottom. The
doping concentration of body (Np) is 1 x 10" cm™
with uniform profile and acceptor type, the doping
concentrating of drain/source (Ny) is 1 x 10° cm ™
with Gaussian profile and type of donor and the
doping concentration of threshold voltage (Ny) is 1 x
10 cm™ with Gaussian profile and acceptor type.
The work function is very high kept at 5.4 eV for a
Metall gate.

3 Simulation methodology

Visual TCAD system is used for simulating all
results. This region is confined to Biol and Bio2 to
introduce and identify biomolecules. In this work,
impartial(neutral) biomolecules, for example, strep-
tavidin, protein, uricase, and ChO; are created in the
gap of the cavity. Drain voltage, Vg4 (V) is fixed in the
entire process at 0.4 V. Gate voltage, V,, is different
from 0 to 4 V. temperature (T) is fixed during the
entire device simulation at 300 K (room temperature).
So, the existence of impartial biomolecules can be
patterned by initiating substance with a dielectric
constant related to impartial biomolecules. This
method has been calibrated with the outcomes of the
experiments [6, 21].

The design is used in concentration-dependent
mobility (CONMOB), field-dependent drift velocity
(FLDMOB) model, Shockley-Read-Hall (SRH)
recombination model, and polarization model. We
utilize visual TCAD multiphysics to play out every
single mathematical reproduction. Bioelectronics is
focused on straightforwardly coupling biomolecular
work units of high-atomic weight and incredibly
confounded subatomic construction (chemicals,
receptors, or entire, cells, and so on just as tissues, cell
clusters, and organisms) with electronic or optical
transducer device. Elective and new ideas are con-
stantly emerged and proposed for future data
advancements to address, control, read, and use data,
requiring the improvement of constructions for signal
take-up, transduction, enhancement, handling, and
change [24, 25].
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The absorption of various biomolecules is pat-
terned by the initiation of an non-conductor having
the identical dielectric constant such as a specific
biomolecule into the cavity’s gap. The void cavity
(i.e., without biomolecules present) is demonstrated
by applying an insulator with dielectric constant (K =
1), although the dielectric constant of the diverse
studied biomolecules is like this as shown in Table 1:
protein (K = 8) [26], uricase (K = 1.5), ChO, (K = 3.5),
and streptavidin (K = 2.1) [27]. Streptavidin is utilized
to distinguish Marek’s disease virus (MDV) applying
an enzyme-linked immunosorbent assay (ELISA)
method [28, 29].

The essential thought behind a MD simulation is
clear. Given the places of the multitude of atom in a
biomolecular framework (e.g., a protein encom-
passed by water and maybe a liquid bilayer), one can
compute the force applied on every particle by the
wide range of various molecules. One can hence
utilize Newton’s laws of movement to foresee the
spatial place of every molecule as an element of time.
Specifically, one stages through time, more than once
ascertaining the force on every iota and afterward
utilizing those force to refresh the position and speed
of every particle. The subsequent direction is, basi-
cally, a three-layered film that depicts the nuclear
level setup of the framework at each point during the
simulated time interval [30].

4 Results and discussion

4.1 Impact of dielectric modulation
for cavity gap 10 nm

Figure 2 shows the curve between drain current, Iy
(A) in linear scale and log scale vs gate voltage, Vg,
(V) of different biomolecules for double metal below
negative capacitance field-effect transistor (DM-be-
low-NCFET) at V4 = 0.4 V, channel length, L. = 20

Table 1 The value of dielectric constant for biomolecule

Biomolecules Dielectric constant
Uricase 1.5

Streptavidin 2.1

ChO, 3.5

Protein 8
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Fig. 2 Transfer characteristic of DM-below-NCFET for different
biomolecules at drain voltage 0.4 V

nm, and oxide thickness T, = 1 nm. The drain current
of protein (K = 8) is higher than the others biomole-
cules, as enhanced drain current with an increase in
dielectric constant that reflects the improved gate
coupling capacitance and lowered leakage current I,
in the left side of the graph.

Figure 3 reveals that transconductance is a factor of
the shift in drain current (I3) to shift in gate voltage
(V) at drain voltage (0.4 V). The transconductance
curve of protein is higher than the streptavidin, uri-
case, ChO,, without molecules. Thus, the g,, has
taken from the curve drain current vs gate voltage
that reflects enhanced gate control and lowered short
channel effects (SCEs) and also increases average
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Fig. 3 Transconductance (gy,) of DM-below-NCFET for different
biomolecules at V3 0.4 V



carrier velocity, upgraded electron mobility with
increase transconductance [31].

Figure 4 shows the threshold voltage, Vi (V) of
protein is enhanced than other biomolecules config-
uration at drain voltage, V4 = 0.4 V because of
enlarged gate control over the channel and biomole-
cule of protein is the better shield of drain-side
potential so that improved the character of the
threshold voltage. The threshold voltage is directly
related to the dielectric constant was applied as a
sensing application for recognition. Figure 5a shows
the switching ratio, I, /Ioir Of protein is higher than
the different biomolecules at L, = 20 nm, T, = 1 nm,
Lyio = 10 nm, and V4 = 0.4 V, decreased leakage cur-
rent, I (A/um), and high switching speed for pro-
tein molecules (K = 8) is also obtained. Figure 5b
implies the sensitivity of various biomolecules for
instance protein, streptavidin, uricase, ChO,, and
without biomolecules at drain voltage 0.4 V as shown
in Table 2. The cavity gap is completely filled with
dielectric constant. The formula for sensitivity is
given in Eq. (1).

5_ In(K > 1) (1)
Ion (K = 1)

Figure 6a—e represents the contour plot of elec-
tronic concentration of channel from source to drain
for various dielectric constant Fig. 6a implies bio-
molecule is created, the extra charges become caused
in the channel from source to drain in the region
beneath the cavity. Charge quantity caused hangs on

the various biomolecules. The electronic
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Vg=0.4V
1.0370 - _
2 | TbiD-an
> 1.0368- Lg=20nm
g To=1nm
S 1.0366 Lpjo=10nm
[=]
S ]
T 1.0364 -
S ] 1.0363
w
o 1.0362-
£ | 1.0361
1.0360 -
1.0358 -

VAP C R S
Fig. 4 The threshold voltage (Vy,) of DM-below-NCFET for
different biomolecules at V4 0.4 V
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Fig. 5 a Switching ratio (Io,/Ioff), b sensitivity of DM-below-
NCFET for different biomolecules at drain voltage 0.4 V

Table 2 Value and parameter of DM-Below-NCFET for different
biomolecules at T, = 1 nm and cavity length 10 nm

Parameter K=8 K=35 K=21 K=15 K=1
Ion (MA) 331 312 3.04 3.01 2.97
Lot (pA) 876 103 11.1 11.6 12
Ion/Loge (10%)  3.77  3.03 2.74 2.59 248
Vi (V) 1.037 1.0365 1.0363  1.0362  1.0361
Sm (mS) 227 223 221 22 2.19
ga (nS) 0.662  0.698 0.718 0.731 0.744

concentration of protein at drain is worked at lower
concentration. Due to the smallest value of the
dielectric constant of without molecules, extra char-
ges are created in the channel as shown in Fig. 6f that
is deducted from the increase of drain current.
Figure 7a—e reflects the contour plot of the poten-
tial of the channel for diverse biomolecules. It is also
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Fig. 6 a—e Electronic concentration contour plot of DM-below-
NCFET at V4 0.4 V for different biomolecules, for example, a K =
8, b K=35 cK=21,d K=15,e K=1, and f graph of
electronic concentration vs distance along channel

the electrical performance of DM-below-NCFET.
Changes of the potential occur (at the drain side)
under the cavity region. When the cavity gap is
immobilized by biomolecules [32], a deformation in
potential is detected because of the shift in the
dielectric constant caused by the biomolecules as
shown in Fig. 7f. This change in potential can as well
be applied to identify the existence of biomolecules in
the cavity gap area.

Figure 8 signifies the plot of drain current, Iy (A) vs
drain voltage, V4 (V) at gate voltage Vg (0.4) oxide
thickness of 1 nm, cavity gap of 10 nm, and channel
length of 20 nm. Output conductance is the driving
capacity of the device as characterized mirrors the
locale of device activity as shown in Fig. 9. At first, a
high-output conductance in the linear region is
observed with increasing drain voltage beyond
pinch-off voltage owing to drain-induced barrier
lowering (DIBL) as well as channel length modula-
tion (CLM) [33]. The gq
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4.2 Effect of length modulation in cavity
gap

Figure 10 shows graph of drain current vs gate volt-
age for various cavity length Ly, = 8 nm, 10 nm, and
12 nm with various biomolecules for instance ChO,,
protein, streptavidin, uricase, and without biomole-
cules. The drain current of protein with cavity length
(Lpio = 8 nm) is enhanced over others as the dielectric
constant increases with lower cavity reflects to
improve drain current.

Figure 11 implies that the switching ratio was
obviously lowered due to a rise in the leakage current
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Fig. 10 Plot of drain current vs gate voltage of DM-below-
NCFET at drain voltage 0.4 V for various biomolecules with
different cavity length Ly, = 8 nm, 10 nm, and 12 nm
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Fig. 11 Sensitivity of DM-below-NCFET at drain voltage 0.4 V
for various biomolecules with different cavity length Ly, = 8 nm,
10 nm, and 12 nm

subsequent from greater capacitance with the rise in
the cavity gap length. Furthermore, the sensitivity of
the DM-below-NCFET biosensor with distinct cavity
gap lengths was too calculated, exposing that it
improved meaningfully with the rise in Ly, (Fig. 12).
Since this figure, it is stated that the sensitivity
enhanced with a dielectric constant for offered Ly,.
Thus, for Ly, = 12 nm, the nanogap-inserted DM-
below-NCFET biosensor indicated improved sensi-
tivity for protein (K = 8) in analogy with the addi-
tional biomolecules.

Figure 13 gives the plot of limit of detection (LOD)
vs different K values with standard deviation
0.000719 for K =1, 0.000719 for K = 1.5, 0.00072 for K =

:2 Vg=0.4V e )
. * Lpio=10nm
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4.0‘_ Lg=20nm ///
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Fig. 12 Switching ratio of DM-below-NCFET at drain voltage
0.4 V for various biomolecules with various cavity length Ly, = 8
nm, 10 nm, and 12 nm
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2.1, 0.000722 for K = 3.5, and 0.000727 for K = 8. LOD
of protein is higher than without molecule that
indicating higher concentration of analyte in the
sample that can be detected but not necessarily
quantified [34]. It is determined by the response of
standard deviation and slope. At the lower limit of
detection in COVID-19 reflects it can miss more
infected cases. These outcomes give understanding
into the significance of controlling properties for
amplifying sensitivity and limiting execution variety
across device when planning and manufacturing
nano-FET biosensors [35, 36].

Figure 14 shows the experimental data and simu-
lated result with some parameters and reveals the
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Fig. 14 Calibration results of experimental data and simulated

data curve of drain current vs gate voltage at V4 = 0.1 and the
channel length is 30 um
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curve of drain current and gate voltage at drain
voltage is 0.1 V, ferroelectric thickness is 5 nm, and
the channel length is 30 um for negative capacitance
field-effect transistor (NCFET), and data of experi-
ment are taken from reference [7].

Organic FETs have formed into an astonishing area
of examination and innovation to supplant exem-
plary inorganic semiconductors. Light-emitting
diodes, organic photovoltaics, and thin-film transis-
tors are as of now very much evolved and are at
present being marketed an assortment of application
for DM-below-NCFET. All the more as of late,
organic FET has tracked down new applications in
the field of biosensors [37, 38]. The FET-based
biosensor turns into a promising contender for
applications requiring ultra-sensitivity and fast reac-
tion time. Moreover, new era complementary metal-
oxide semiconductor (CMOS)-producing methods
give advantages of scaling down, parallel detecting
(for example, detecting clusters), and abilities to be
coordinated with electronic circuits and frameworks.
This would be a significant benefit for strong state-
based biosensors to compete with other bio-detecting
mechanism later on [23].

5 Conclusion

In this work, we examined the biosensing application
of a double metal below negative capacitance FET
(DM-below-NCFET). For the recognition of different
biomolecules, the electrical performance was calcu-
lated in conditions of the shift of threshold voltage for
protein enhanced by 0.09% over without biomole-
cule, the sensitivity of protein improved by 1.11 by
times over K = 1, switching ratio of protein higher by
52% over to without biomolecule, the surface poten-
tial at cavity length of 10nm, as shown in Table 2, and
measured higher limit of detection for protein by
around 1.18% over without molecules. The DM-be-
low-NCFET device was significantly improved,
indicating better sensitivity for biomolecules with a
large value of K. The proposed device realized that
the sensitivity was greater for the recognition of
protein (K = 8) in analogy with the various biomo-
lecules. Moreover, the impacts of the gap of cavity
length on the Vy,, sensitivity, and switching ratio(Io,/
Iogr) of the DM-below-NCFET biosensor were too
analyzed, exposing that the sensitivity enhanced with
the rise in the gap size although the whole biosensor



operation was marginally reduced. So, the gap of
cavity length is well improved for improved execu-
tion, which will authorize the utilization of such
cavity length of 8 nm high sensitivity, high-speed
biosensors for recognition of several associated
diseases.
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Abstract

In this study, we systematically investigated the Analog/RF and linearity parameter of SM DGNCFET
(single metal double gate negative capacitance field effect transistor) and DM DGNCEFET (double
metal double gate negative capacitance Field effect transistor) with the help of Cogenda Visual TCAD
simulator, and also demonstrated the enhancement in the electronic and optical properties of Si-
doping bulk structure by using the Quantum ATK. The analog parameters are enhanced for SM
DGNCEET such better performance of switching ratio 279 times better, DIBL 54% lower, SS decay,
and some other improved parameter transconductance, TGF and Radio frequency parameter is also
enhanced, transconductance frequency product (TFP) for improving reliability and stability of device.
Linearity parameters like that second and third order transconductance (g,,,, g,.3), voltage intercept
point for 2nd, 3rd. Tran Blaha modified Becke Johnson (TB-mBJ) approxiamation gives the accurate
band gap of crystal. In DFT based atomic study, 12.5% of Si doping in bulk structure reveals better
results for ferroelectric HfO, based crystal in the direct band gap of bandstructure is zero, Density of
state (DOS) is also improved conductivity for Si doping crystal. Hence, Si doping in crystal structure is
also better for conductivity.

1. Introduction

The power dissipation (P) varies with the inventory voltage (P ~ V3), Vo Itis typically controlled by the obstacle
monitored Boltzmann switch’s base subthreshold swing (SS = 60 mV /dec) [1]. Ferroelectric (Fe-FETs)
transistors have recently gotten plenty of attention due to their reliability in memory and switching applications
[2—4]. The key factors of any sophisticated electronic device are power, size utilisation, the goal of previous and
current research attempts, which has been to create aggressively updated devices that utilize ultralow power [5].
Towards conquer this constraint, there has been a lot of concern in selective devices that are based on a variety of
activity systems that alter the state of an electrical switch from off to on device [4].

Improvements of the ferroelectric layer device with a Negative capacitance FET in single metal double gate
and double metal double gate negative capacitance field effect transistor (DM DGNCFET) [6, 7]. NEGATIVE
capacitance FETs (NCFETs) are field effect transistors with a sub-60mV /decade subthreshold swing and a large
ON-current. Negative capacitance wonders have recently demonstrated experimentally in a variety of contexts
[5]: (1) ferroelectric pictures separated from the rest of the world (2) Bilayers of ferroelectric and dielectric (3)
Ferroelectric gated transistors using superlattices [8, 9]. Channel length scaling was not taken into account by
SM DGNCEFET [7, 10, 11]. Furthermore, the Landau model is merely used in the knocked out polarisation
section of the last. The Landau factors for the FE substance are 3= 8.9 x 10* and av= 1.0 x 107 [12], which are
insufficient for large ferroelectric thicknesses [ 13]. By using logical displaying, we evaluated the implementation
of the SM DGNCFET with long channels in prior work [6]. SM DGNCFET has a larger ON-state flow than DM
DGNCEFET; however, we found that it is not the case for all ferroelectric materials.

©2023 IOP Publishing Ltd
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Furthermore, due to their capacity requirements down, non-destructive read capabilities as rapid operating
speed, and memory device in ferroelectric field effect transistors (FeFETs) hold out for a modern age of FET
devices [14, 15]. FE substance displays the supervise of negative capacitance, which can be detected from their
charge energy bend [16], ferroelectric substance in the gatestack of MOSFET's provides superior endurance to
device accomplishment.

The SM DGNCEFET device has lowered the leakage current, higher switch ratio, low power consumption,
better device controllability over channel than DM DGNCEFET. The impact of ferroelectric thickness and
temperature has been studied. The impact of ferroelectric thickness and temperature of device has been also
studied for improving the performance of SM DGNCEFET as increases the ferroelectric thickness, decreases
substrate thickness and decreases temperature [17, 18].

DFT (density functional theory) is a quantum-mechanical atomistic modelling approach for computing
features of nearly any atomic system, including surfaces, crystals, molecules, and even electrical devices when
linked with non-equilibrium Green’s functions (NEGF). Atomic modeling of the significant developments in
quantum theory is the density functional theory (DFT), which aids in verifying the energy, structure, and
characteristics of materials, nanosystems, and molecules. The interface engineering in HfO2-based gate stacks,
atomic dopants have been demonstrated to alter the work function [19]. At 2800 degrees Celsius of HfO, is in the
cubic phase [20, 21]. Atlower temperatures of yttrium doping affords HfO, cubic phase stability [22]. Random
access memory devices, fuel cells, sensors, optical and protective coatings, laser mirrors, and other industrial
applications all utilise the cubic HfO, phase. Low lattice thermal conductivity results from the high density of
Hafnium in HfO,. The lattice thermal conductivity of HfO, thin films has been measured in the range 0f 0.49 to
0.95W/m-K[21].

The possible technology uses, such as ferroelectric field effect transistors (FEFET) and ferroelectric random-
access memory(FERAM), achieving ferroelectricity in thin films has been a decades-long research quest [23-25].
Low power consumption, controllability over variability, and high switching speed are all benefits of
ferroelectric-based technology over the current non-volatile memory technology. However, due to a dearth of
ferroelectric materials that meet all of the conditions for a practical memory technology: scalability, CMOS
compatibility, and memory retention, this promising technology has not been extensively applied [26]. In
today’s field effect transistor devices, HfO, is one of the most extensively utilised dielectric gate oxides [27, 28].

2. Design for device and atom

2.1. Structure of device

Figure 1 reveals two device structures (a) Double metal double gate negative capacitance Field effect transistor
(DM DGNCFET) and (b) single metal double gate negative capacitance FET (SM DGNCFET). The dimension of
these two devices almost same except Metal2-Top and Metal2-bottom (T2 7/m25) are varing from SM
DGNCEFET. The thickness of T ,,7/,25 is 5 nm with aluminum metal for DM DGNCFET.

The length of the channel(L,) is 60 nm, the Drain/Source length (L;/,) is 50 nm, the Drain/Source thickness
(T4/5) is 5 nm, and the Oxide thickness(T,,) is 0.6 nm. T, is 7 nm, and Metal1 has a top and bottom thickness of
10 nm as illustrates table 1. SM DGNCFET and DM DGNCFET have 50 nm length of total gate channel size (L).
The entire gate channel thickness (T,) of an SM DGNCFET is 10 nm. To explain key concepts in the book, a
variety of classical models are used. Shockley-Read-Hall (SRH) classical describes the trap charges, while
Lombardi model surface mobility model for electron mobility in a basic MOSFET Recombination influences,
presence at the site of contact Fermi—Dirac equation is a mathematical formula that describes the relationship
between two particles. Precision is achieved by the use of insights. The Arora model mobility is influenced by
focus. The material for metall Top and bottom, metal2 Top and metal2 bottom is aluminium. Gate oxide
material is used SiO,, Material of ferroelectric is HfO,FE (a latest thought of a ferroelectric coating with hafnium
dioxide), substrate substance is Silicon easily available in anywhere. The doping concentrating of Drain/Source
(Ngys)is1 x 10%° cm with Gaussian profile. The workfunction of aluminium metal is 4.2 eV for dual gate.

2.2. Structure of ferroelectric HfO, based crystal

The ferroelectric HfO, based structure is created in crystal Simple cubic structure with dimension a = 10.23A,
b=10.23A,c=10.23A, a =90, =90, v = 90. The structure of crystal atoms have eight Hf (hafnium) and
sixteen Oxygen(O) for without doping. For Si doping, 12.5% of Siis added in crystal structure as shown in

figure 2. The cartesian coordinate for Si dopingis [0.7677,2.621, 3.128] A. This research have revealed that HfO,
films doped with a few percent of a variety of dopants or 12.5 per cent Si, grown to be 7 nm thick between dual
gate metal electrodes, and annealed may exhibit ferro-electricity. The ferroelectric behavior of TiN/HfO, /TiN
stacks is dramatically inhibited when the film is annealed before the top electrode is deposited, according to

2
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Figure 1. Sketch diagram of (a) Double metal double gate negative capacitance fet(DM DGNCFET) (b) single metal single gate
negative capacitance fet is proposed device (SM DGNCEFET).

Table 1. The Device parameters for SM DGNCFET and DM DGNCEFET are used for the

simulation.

Parameter SM DGNCFET DM DGNCFET
Oxide Thickness (T,,) 0.6 nm 0.6 nm
Gatelength (L) 50 nm 50 nm
Substrate thickness (T,;) 05 nm 05 nm
Ferroelectric thickness (Tj) 07 nm 07 nm
Source/Drain length (L) 05nm 05 nm
Metall Top/Metall bottom thickness (T,,17/m15) 10 nm 10 nm
Concentration of Drain/Source (N/,) 1%x10*°cm™? 1x10*cm™

certain investigations, indicating that the confinement provided by the top electrode during annealing is critical
for ferroelectricity [23, 29].

3. Methodology and theoretical details

3.1. Device methods

Cogenda Visual TCAD simulator is used for all simulations. A comparison of two devices the DM DGNCFET
and the SM DGNCFET was performed. Throughout the operation the drain voltage, V 4 (V) is kept constant at
0.05 V. The gate voltage, V, (V) varies between 0 and 0.5 volts. During the device simulation, the temperature (T)
is kept constant at 300 K in all scenarios (room temperature). We ignored the ferroelectric dipole connection,
depolarization fields in HfO,-based ferroelectrics, on the other hand, we can reach the coercive field’s order of
magnitude and so cannot be ignored [30, 31]. To carry out the SM DGNCFET and DM DGNCFET designs,
distinct limit conditions are used. Congruency of usual sections of translation vectors is used at the oxide
ferroelectric restrictions in the SM DGNCEFET structure. The interior metal gate serves as a coating terminal for
the DGNCFET structure. Every mathematical recreation is performed using Cogenda visual TCAD
Multiphysics [32].
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A\'c

Figure 2. Sketch diagram of hfO, ferroeclectric based Simple cubic crystal (a) without doping (b) Si doping.

3.2. Method for HfO, crystal

Quantum ATK (Atomic tool kit) simulator is used for atomic study of density function theory. We use DFT in
the Perdew—Burke—Ernzerhof Generalized Gradient Approximation (PBE GGA) [33] with ultrasoft
pseudopotentials to compute minimal energy structures. Tran Blaha modified Becke Johnson (TB-mBJ)
approxiamation gives the accurate band gap of crystal. This effect is eliminated by placing a fictional dipole in the
cell’s vacuum area, which cancels out the electric field in vacuum. The forces on all atoms are loosened until they
are less than 104 Ry/Bohr in magnitude in all axial directions [23, 34].

3.3. The flowchart from atomic modelling to device fabrication feasibility

The framework modelling from atomic to device has been synopsized in figure 3. We start with atomic model for
band energy in Vander wall heterostructure (vdWH) at interfacial charge. 1st principal calculation gives the
carrier mobility and dielectric constant value of material [35]. The material attributes are used for physics based
device models to obtain the knowledge of FET and MOS properties by Quantum ATK simulator. The feasibility
fabrication of SM DGNCEFET has been reported by Visual TCAD simulator. The deposition of silicon film is
thinning first. The deposition of Al,O5/HfO, layer has developed on silicon interfacing layer by using atomic
layer deposition (ALD) [36]. The metal gate is fabricated on gate dielectric using electron beam evaporation
process. The dopant of source and drain region implanted by spike annealing activation. Evaporation of the
electron beam is made on the surface of the source and drain. SM DGNCFET has been formed.

4. Result and discussion

4.1. Comparative study of FET device

4.1.1. Analog performance

Figure 4 shows the drain current, I; (A) in linear scale and log drain current scale versus gate voltage, V, (V) fora
ferroelectric film better Field Effect Transistor device that is a single metal double gate negative capacitance
FET SM DGNCEFET at constant room temperature T = 300 K, DM DGNCFET at V 4= 0.05 V, channel length,

4
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Figure 3. The flowchart of atomic modelling to device fabrication.
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Figure 4. Plot of drain current and log drain current versus gate voltage for SM DGNCFET and DM DGNCFET at drain voltage
0.05V.

Ly=>50nm, T = 300 K It also shows that under negative bias, the off state current for SM DGNCFET is smaller.
With increased gate voltage V, (V), the drain current of SM DGNCFET designs is better than DM DGNCFET
configurations, indicating superior gate coupling capacitance and lower leakage current I,on the left side of the
graph.

Transconductance is a measure of the ratio of drain current (I;) to gate voltage (V) at drain voltage (0.05 V),
T =300K, as shown in figure 5 SM DGNCFET has a greater transconductance curve than DM DGNCFET. As a
result, g, has adopted the shift in drain current versus gate voltage [37], which indicates improved gate control
and reduced short channel effects (SCEs) [38, 39], as well as increased average carrier velocity and improved

electron mobility with increased transconductance. Transcoductance generation factor (TGF) is also improved
for SM DGNCEFET because of g,,, enhanced.

Ol4
— 1
&m v, (1)
TGF = % (2)
0l

The plot of drain induced barrier lowering (DIBL) for a different setup is shown in figure 6. It’s a short
channel effect (SCE), which implies electrons may readily travel from source to drain when the channel length
decreases. The DIBL of the SM DGNCFET structure is lower than that of the DM DGNCFET structure,
indicating lower leakage current and enhanced SCEs. The subthreshold swing (SS) of SCEs is also important,

5
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Figure 5. Plot of transconductance and TGF versus gate voltage for SM DGNCFET and DM DGNCEFET at drain voltage 0.05 V.
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Figure 6. Plot of DIBL and SS current versus gate voltage for SM DGNCFET and DM DGNCFET at drain voltage 0.05 V.

with an optimum SS of 60 mV/decade. SM DGNCFET has alower SS than DM DGNCFET, which is due to
increased gate coupling capacitance with high permittivity (K), which improves gate control over the channel.

The threshold voltage, V, (V) of SM DGNCEFET at drain voltage, V ;= 0.05 V is better than other DM
DGNCEFET device designs as illustrated in figure 7.

due to greater drain-side potential shielding and higher gate control over the channel. The threshold
voltage’s nature at L, = 50 nm, T, = 0, the switching ratio I,,,/1,;0f SM DGNCEFET is larger than the other DM
DGNCEFET structures. Reduced leakage current I,;(A), and rapid switching speed for the SM DGNCFET
structure are also achieved at T = 300 K, and V 4, = 0.05 V as depicted in table 2.

Due to drain induced barrier lowering (DIBL) and channel length modulation (CLM), a high output
conductance in the linear area is initially noticed with rising drain voltage beyond pinch-off voltage [40]. The g,
twist of the SM DGNCFET is smaller than that of the DM DGNCFET, indicating superior gate controllability
and the ability to suppress brief direct hits, as shown in figure 8, indicating improved output obstruction.

0l

= 3
84 V. 3)
g
F=—_°m (4)
" 2m(Cga + Cy)
GFP = (g—m) x F, (5)
84
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Table 2. The data point of Leakage current, Subthreshold

swing, Drain barrier induced lower for SM DGNCFET

and DM DGNCFET.

Parameter SM DGNCFET DM DGNCFET
L. (A)(107%) 1.37 0.493
Vu(mV) 180.72 86.687

SS (mV/dec) 57.322 59.6
Ly(A)(107'0) 1.4 1.41
DIBL 0.0462 0.2187
Lon/Lop(10°) 97.85 0.3496

4.1.2. Radio frequency analysis
According to figure 9, the SM DGNCFET configuration has a greater gate capacitance and cutoff frequency

[41-43] than the DM DGNCEFET configuration, revealing enhanced gate capacitance and increased

transconductance as shown in equation (4) The device’s time interval for producing output after receiving input
shows lower input power consumption [44, 45]. The SM DGNCFET has a greater gate charge than other
architectures, which reflects the high gate capacitance.

7



10P Publishing Phys. Scr. 98 (2023) 085933 Y Pathak et al

L
o

1.50

—=— SM DGNCFET
e DM DGNCFET

»
o
1

1.256

i) T=300K
’ L g=50nm 1.00
1.0 Vds=0.05V

Tox=0.6nm 0.75

0.50

Gate Capacitance, C (fF)

Unity Gain cuttoff frequency, Fy(THz)

0.0 0.1 0.2 0.3 0.4 0.5
Gate Voltage, V (V)

Figure 9. Plot of gate capacitance and unity gain cutoff frequency versus gate voltage for SM DGNCFET and DM DGNCFET at drain
voltage 0.05 V.

~N 2504

XL

0} —=— SM DGNCFET

~; 200 - —e— DM DGNCFET
©
=

L; 1504 T=300K

g Lg_50nm

g 1004 V,=0.05V

o T°x=0.6nm

()

¢ 50

x

©

S  0- r

0.1 0.2 0.3 0.4 0.5
Gate Volatge, Vg(V)

o
o

Figure 10. The curve of maximum frequency versus gate voltage at ferroelectric thickness 7 nm, temperature 300k, drain voltage 0.05
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The maximum frequency power gain (F max.) is proportional to cut off frequency (F,) as shown in figure 10.
The E;.x. and F, of SM DGNCEFET is higher than DM DGNCEFET which reveals the frequency gain and response
at drain voltage 0.05 V. The E,.x. and F, are the frequency of unilateral power gain and current gain becomes
unity (0 dB). The F,and E,,,x is higher which reflects the higher electron mobility in nmos than pmos, higher
overdrive voltage to boost g,,,, and use for minimum gate length [46, 47].

Variation of gain frequency product and transconductance frequency product versus gate voltage at T = 300
Kand V4= 0.05V is depicted in figure 10 for various architectures. The boost frequency productis a
fundamental boundary used in high-recurrence applications as defined by equation (5). As we can be observed
in figure 11, GFP increases as the gate voltage rises, reaching a maximum peak before dropping to a constant
value in the saturation region. Because of the further developed worth of output transconductance and
transconductance with a negligible reduction in cut-off frequency, the SM DGNCFET design has the highest
GFP value. TFP reduces as Vincreases due to arise in Cg, and when V, reaches a saturation point, it maintains a
minimal constant value. In terms of speed, transconductance, and gain, the SM DMNCFET is the best
appropriate structure for TFP.

TFP = (g—m) % F, 6)
Iy
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4.1.3. Linearity parameter

Figure 12 exhibits second and third order transconductance versus gate voltage for SM and DM DGNCFETs at
0.05V drain voltage. Nonlinear characteristics are the major source of distortion, hence they must be
investigated thoroughly. Nonlinear parameters should be kept to a minimum to attain high linearity. The
nonlinear parameters (g2, g,3) are for second- and third-order transconductance. The nonlinear parameters
are nearly identical, indicating that increasing SM DGNCEFET has little effect on them [31, 44]. The extrapolated
gate voltage amplitude at which second- and third-order harmonics match the fundamental tone in device
current is designated as VIP2 and VIP3 (I;,). The distortion features of these FOMs may be precisely investigated
using DC parameters. These values should be as high as feasible in order to achieve excellent linearity and
minimum distortion.
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Figure 13. The curve of drain current versus gate voltage for (a) The variation of ferroelectric thickness (b) different substrate thickness
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Figure 14. The calibration curve between drain current versus gate voltage curve at drain voltage 0.2 V.

4.1.4. Impact of variation of ferroelectric thickness, substrate thickness, and temperature

The comparison of two structures that is SM DGNCFET and DM DGNCFET. The variation of ferroelectric
material thickness (Tf,) has been exhibits in figure 13 (a). The SM DGNCFET performance is higher improved
than DM DGNCEFET as increases the Tj. The leakage current, switching ratio is better for SM DGNCFET at T,
=7 nm. The various substrate thickness (Tj,;) is 6 nm, 5 nm, 4 nm where the leakage current lowered, switching
ratio enhanced with decreases the substrate thickness(Ts,;, = 4 nm). The varing ferroelectric thickness Ty, is 5
nm, 6 nm, 7 nm where the performance of proposed device is improved at 7 nm. The various temperature has
been exhibited in figure 13 (b). The drain voltage is same in entire simulation which is 0.05 V. The varying
temperature (T) is 300 K, 350 K, 400 K where as the device performance of the SM DGNCFET is improved at 300
K due to reduced leakage current, increased gate controllability, low power consumption, higher switching

ratio [17, 18].

Figure 14, represents the calibration of NCFET from the experimental data at gate length 20 um, ferroelctric
thickness 1.5 nm and drain voltage 0.2 V. The experimental data extraction has taken from reference [5] to
validate the physical model. The simulation models is validated due to the nearly agreement between the
simulated and experimental results.

4.2. Impact of ferroelectric HfO, based crystal

In figure 15 exhibits the band structure for (a) Si doping (b) without doping. In the instance of HfO,, it was
discovered that 12.5% Si doping significantly altered the band gap along the direction, reducing the direct band
gap to 0.20 eV and the indirect band gap to 0.193 eV with two-fold degeneracy (figure 15). The Si states may be
blamed for the narrowing of the band gap. For all lower concentrations of Si, a comparable band gap changes
along the direction, and the amplitude of the band gap grows monotonically as we proceed from x = 0.125 to
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Table 3. Brillouin Zone (BZ) of specific path of ferroelectric HfO, based crystal for band stucture.

Value Fractional, [K,, K, K] Cartesian(A™") Position along bandstructure, x
Gamma G [0,0,0] [0.0000, 0.0000, 0.0000] 0.0000e+00
X [1/2,0,0] [0.3071, 0.0000, 0.0000] 1.1142e-01
M [1/2,1/2,0] [0.3071,0.3071, 0.0000] 2.2285e-01
G [0,0,0] [0.0000, 0.0000, 0.0000] 3.8043e-01
R [1/2,1/2,1/2] [0.3071,0.3071,0.3071] 5.7342e-01
X [1/2,0,0] [0.3071, 0.0000, 0.0000] 7.3100e-01
R [1/2,1/2,1/2] [0.3071,0.3071,0.3071] 8.8858e-01
M [1/2,1/2,0] [0.3071,0.3071, 0.0000] 1.0000e+00

lower doping concentrations. Table 3 lists the Brillouin zone values along with their coordinates and symmetry

K points for density function theory(DFT) study.
Figure 16 shows the curve examining the Hartree potential versus length for without doping and Si doping

that revealed mean field electrostatic interaction between atoms. Electrostatic potential from electron density
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Figure 18. Curve of Density of state versus energy for without doping and Si doping at centre of fermi energy.

must be calculated using Poisson equation. Further, figure 17 exhibits the curve of electron density versus length
for without doping and Si doping reflects proportional to square magnitude of wavefunction and the probability
of electron or electron density being present at infinitesimal element of space. The collision time of Si doping is
less for higher electron density.

In figure 18 reveals the curve examined the DOS(density of state) versus energy for without doping and Si
doping at Fermi energy(E,) reflects the conductivity enhanced with DOS increases and dispersion relation of
properties of many system is available for occupation. We also examined the DOS(density of state) for all values
of x to determine the influence of distinct atomic species on electronic structures (figure 18). In all doped
structures, the contribution of different atoms in VBs(Valence bands) is found to be the same as in the pure
c-HfO, phase, but the induced Si-states in lower CB occur between 0 and 0.5 eV. Si-states dominate over Hf and
O-states at 0 eV, indicating the amount of hybridization. Because the number of atoms in the cell is exactly
proportional to the doping concentration of Si in HfO,, the magnitude of DOS grows as the doping
concentration of Siin HfO, increases.

5. Conclusion

This paper addresses a comparative study of double metal double gate negative capacitance FET (DM
DGNCEFET) and single metal double gate negative capacitance FET (SM DGNCFET). SM DGNCFET reveals the
better performance of Analog/RF and linearity such that DIBL, SS, transconductance, TFP, GFP, second and
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third order of tranconductance (g, g,,3)- Atomic modeling for developments in quantum theory is the density
functional theory (DFT), which aids to determine the energy, structure, and characteristics of materials,
nanosystems, and molecules. Tran Blaha modified Becke Johnson (TB-mBJ) approxiamation gives the accurate
band gap of crystal. The DFT study of hafnia(HfO,) based Simple cubic crystal for without doping and 12.5% of
Sidoping. For improved results of Si the bandstructure better with band gap tends to zero, DOS enhanced for
better conductivity.
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ARTICLE INFO ABSTRACT

Keywords: In this work, we have investigated, both theoretically and experimentally, the analog study of the ion-sensitive
PBS field effect transistor (ISFET) and the circuit design for pH sensing. The gate electrode work function engineered
ISFET on ISFET has been rigorously investigated for the analog/RF applications by using the Cogenda Visual TCAD
?IC{AD tool. Based on its I-V characteristics, we may deduce that molybdenum, with a work function of 4.75 eV, has
Flectrode a larger threshold voltage, switching ratio (10*) and lower leakage current (10~*) than aluminum at 300 K.

In addition, we experimentally investigated the enhancement in pH sensing. ISFET display instability, often
referred to as drift, in the form of a gradual, monotonic, temporal increase in the device’s threshold voltage.
The validation of the observations was done by increasing the value of the pH as follows: 4.67, 5.9, 7.5, 8.57,
and 9.3 which was checked by pH meter.

1. Introduction

Bergveld first unveiled the Ion Sensitive FET in 1970 [1], which
is sometimes referred to as a solid state device that incorporates the
chemical sensitivity displayed by semiconductors, a membrane and a
FET’s field-sensing capacity. The benefits of ISFETs go beyond their
small form factor, resilience, as well as relatively affordable production
costs, but enable the implementation of advanced smart CMOS-based
integrated circuit-based sensor systems. However, threshold voltage in-
stability is also a result of drift, ISFET-based biosensors have not gained
popularity and a leading position in the industry. Drift is distinguished
by a unidirectional, slowly changing temporal pattern in the threshold
voltage, and consequently, the concentration of the provided ion does
not change in the drain current of ISFET [2].

The MOSFET idea provides the foundation of ISFET. The metal
gate of the MOSFET is replaced by the ISFET construction with a
pH sensor layer. This film is used to monitor the activity of ions in
the analyte while being in direct contact with the electrolyte. The
ion concentration in the electrolyte modulates the current that passes
through the transistor’s channel [3]. The gate area dimensions and the
sensor film both affect the device’s sensitivity. The sensing layer of the
ISFET is more interesting for the researchers, and they have looked at

* Corresponding author.

numerous insulators including Silicon Dioxide (SiO,), Tantalum Pen-
toxide (Ta,Os), Silicon Nitride (Si;N,), and other dielectrics including
Aluminum Oxide (Al,03) as sensing film [4].

The chemical interactions between the ISFET gate dielectric on one
side and the electrolyte on the other side which creates the surface
charge density that makes the ISFET sensitive to pH value [5,6]. In a
standard ISFET structure, a sensor membrane known as gate oxide is
in direct contact with the solution. This location is relative to the area
of the total sensor and alters the ISFET electrical behavior because the
measurements of the ISFET’s sensitivity are hampered by the presence
of the parasitic capacitance feature. The surface charge potential at
the surface of an ISFET is activated by protonation and deprotonation
processes between the surface and the floating gate, to develop the
coupling capacitance. The floating gate of ISFET is modulated by this
potential, threshold voltage V- for chemical, biological sensing [7]. The
development and description of the ISFET sensitivity are on website
dissociation models by Yates [6].

In the article, the silicon nitride is used as sensing film to reflect
the sensitivity for different materials of gate electrode such as Molybde-
num, Aluminum, Chromium with their work function 4.75 eV, 4.3 eV,
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Fig. 1. Sketch diagram for TCAD design of ISFET structure.

4.1 eV as given in Table 2. The work function (4.75 eV) electrode,
the smaller leakage current, lower subthreshold swing [8], lower input
power, decreased drain-induced barrier lowering usage, and manage-
ment of the gate channel device [9-12]. The transistor channel’s source
and drain diffusion’s extended 100 nm. The double-layer insulator was
made up of a film of thermally generated SiO, that was 10 nm thick,
on top of which a layer of 65 nm thick, Si;N, was produced using the
usual chemical vapour deposition process, which relied on the reaction
between aluminum bromide and water vapour. There was no threshold-
setting ion implantation. The drift characteristics of n-channel were
measured on gate pH sensitive ISFETs creating a technique described
above.

ISFET is FET to apply for measuring the ion concentration in solu-
tion. The updated value of pH, the fluid of body indicates the medical
issue. The important component for detection of pH disease such as
high sensitivity, fast respond, robustness, very small disease, ability to
collect & transmit data in real time [13,14]. For circuit design, the
apparatus is utilized such as ISFET, op amp, power supply, resistor,
pH value capsule, PBS solution, multimeter. By using the circuit design
as shown in Fig. 2, which enables the preservation of a constant
drain current by delivering a feedback voltage to the electrolyte, room
temperature. ISFET drift data was gathered in the feedback mode. In
the absence of back bias, the drain current was set at I, = 100 mA
using a constant drain to-source voltage. Using a commercial Calomel
reference electrode dipped in a phosphate buffer saline with a pH of 7,
the ISFET gate voltage was applied. The validation of observation was
done by increasing the voltage with a higher value of pH 4.67, 5.9, 7.5,
8.57, and 9.3.

2. Design for device and circuit
2.1. Device architecture of ISFET

Fig. 1 shows the sketch diagram of the ISFET by using the TCAD
tool. The drain current equation is same for both MOSFET and ISFET
as exhibited in (1).

_ ﬂXC?XW XVdSX[(Vg—Vt)— (V;s)
Here, the threshold voltage is V,, width, and length of the channel are
W, L respectively (see Table 2).

The dimension of ISFET is designed in Fig. 1, bulk silicon region
consists of silicon with a length of 500 nm and thickness of 400 nm.
Drain/ Source consists of aluminum with length 30 nm and thickness
100 nm, reference consists of aluminum with length 500 nm and
thickness 20 nm, oxide layer consists of SiO, with length 180 nm and

Iq

1 (€Y
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Fig. 2. (a) The experimental Circuit diagram of pH sensor-based structure by using 3
op amp Al, A2, A3. (b) experimental setup (c) MPOO8v2 ISFET.

Table 1

ISFET device parameter for TCAD simulation.
Parameter ISFET
Temperature 300 K
Channel length (L,) 180 nm
Oxide thickness (7,,) 10 nm
Length of drain/ source (L,/,) 100 nm
Thickness of drain/source (7} /Y) 30 nm
Doping concentration of drainsource 1 x 10 cm™
Width of gate (7,,) 130 nm

Table 2
The table used for the work function of different materials on electrode.

Material Work function ¢ (eV)
Molybdenum 4.75

Chromium 4.3

Aluminum 4.1

thickness 10 nm, electrode consists of aluminum with length 180 nm
and thickness 40 nm, sensing film consists of Si3N, with length 180 nm
and thickness 10 nm [15]. The mobility model is used as an analytical
tool in the bulk silicon area as described by Shockley—Read-Hall (SRH)
theory for trap charge [7,16-19]. MOSFET’s Lombardi surface mobility
model for electron mobility influences recombination and it is presence
at the point of contact and the connection between two particles
is described by the Fermi-Dirac mathematical formula. The usage of
insights leads to precision. Focus affects the mobility of the Arora
model. The gaussian doping concentration is 1 x 10?° c¢m™> for drain
and source with the donor as shown in Table 1.

2.2. Structure for experimental circuit design

The apparatus utilized for circuit design is as follow: sodium mono-
hydrate phosphate (Na,HPO,) and sodium dihydrogen phosphate
(NaH,PO,) were purchased from Sigma Aldrich. ISFET was purchased
from LioniX international site, three 8 pin operational amplifier, wires,
3 resistors, capacitor, multimeter, 9 V power supply, a voltage divider.
MPO008v2 ISFET as shown in Fig. 2(c), 22uf capacitor, R1 100 Q,R2 1
KQ, R3 100 Q, op 07CN an operational amplifier as shown in Fig. 2.

This section reveals the ISFET drift in context of the inversion
layer’s constant, temporal decline charge density to support the drift
counteraction, depending specifically on the closed shape. We shall
create an equation for the gate voltage drift [20-22], changing the
charge density at the insulator interface, which can be used to create a
useful gadget for way of counteracting drift [2].
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3. Simulation study of ISFET and circuit design
3.1. Simulation study of ISFET device

The Visual TCAD tool is used to make ISFET device theoretically. We
have optimized the comparison study of different materials of the gate
electrode for ISFET such as Molybdenum, Chromium, and Aluminum
with their different work functions 4.75 eV, 4.3 eV, 4.1 eV respectively.
The drain voltage, V,,(V), is maintained constant at 0.5 V, the gate
voltage, Vg(V) ranges from O to 3 V. The temperature (T) is maintained
at 300 K in all circumstances throughout the process for the device
simulation. SiO, is used as gate dielectric in ISFET passivation of sili-
con, which reduces the charge recombination, increase water oxidation,
protects semiconductor from chemical corrosion. Gate dielectric as SiO,
supports electric field invert the type of charge carrier in MOSFET
channel and turn the device ON.

Although the extent of chemical modification of the aluminum oxide
surface as determined by the thickness of the modified surface layer
can be significantly less than that of the silicon nitride surface, it is
still thought that chemical modification of the insulator surface is the
cause of the drift observed in Si;N,-gate pH-sensitive ISFETs [16,17].
The dielectric constant of the changed surface layer will be different
from that of the bulk insulator as a result of chemical alteration of
the insulator surface. As a result, the total insulator capacitance will
gradually decrease over time as surface modification continues. This
capacitance is defined by the series combination of the capacitance of
the changed surface layer and that of the underlying insulator [2,23].

Interface trap affects the device performance. It is a trap between
oxide layer and semiconductor (e.g. silicon). This effect is a defect
and imperfection at the interface. It may release and capture the
charge carrier and cause changes in the transistor behavior. The trap at
interface is localized at oxide and semiconductor interface. It is nearly
mid gap area of energy band structure of Si. The energy level may be at
edge of band gap and within band gap that affects the threshold voltage
control and the carrier transport. During semiconductor manufacturing
and device design, strategies are used to minimize the negative con-
sequences of traps in MOSFETs. To reduce mesh density and energy
levels, they include process passivation layers, optimization, and the
use of premium materials [24].

3.2. Technique for experimental circuit design

When the ISFET is replaced with a equilibrium reference electrode
ions mixture, they bind the passivation or decay charge recombi-
nation, protect semiconductor from chemical corrosion, causing an
accumulation of charge which in turn bais the threshold voltage of the
device [25]. ISFET threshold voltage is dependent on pH of the device
which shifts as manifested in Eq. (2). Here the term E,, ’ is reference
potential, x,,, is potential for dipole moment in existing solution, v,
is chemical potential of pH. All the terms of the chemical reaction
grouped in potential are represented in Eq. (3). In Eq. (4), y is potential
for non chemical grouping, and a range from 0 to 1 [26].

[
Vr_h(ISFET) = Eref — Yot Xgoi — 71-“ + Vth(mosfet) (2)
Pm
Vchem. = Eref = Wo + X501 — T 3
2.3akT
Vchem. =Y + —pH 4

q

The apparatus used for this purpose of experimental circuit design
is: pH capsules, PBS solution for different pH values, wire, operational
amplifier, resistor, capacitor, pH meter, and multimeter. The Faradaic
process on electrochemistry helps the electron transfer across the metal
(electrode) to solution interface. There is also the process of oxidation
and reduction occurring as per which charge will flow from the elec-
trode. The procedure for making the pH capsule solution, is applied
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Silicon film is Si0, deposition by
taken ALD [27]

Spike annealing Source/ Drain region Gate dielectric (Al, O3/ Si,N3)
activation of dopant — implanted deposition by ALD [27]
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|

Metal contact
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deposition using e-
beam evaporation /

Electrochemical reaction
made by circuit

—_—

Fig. 3. The flowchart of device feasibility from ISFET to circuit design.

a power supply of 9 V and 1 A, and dissolving a capsule with pH
4 in 50 ml deionized water to make the solution pH 4.67 at 5 min.
Dissolve the second capsule of pH 4 in 50 ml deionized water to
make the solution of pH 5.9. Dissolve a capsule of pH 7 in 50 ml
deionized water to make the solution of pH 7.5. Dissolve a capsule of
PH 9 in 50 ml deionized water to make the solution of pH 9.3. For
making the phosphate buffer saline solution, mix the solution of sodium
monohydrate phosphate (Na,HPO,) and sodium dihydrogen phosphate
(NaH,PO,) for making the solution, add Ferro and Ferri in 100 ml
solution as reflected in Fig. 2.

3.3. Fabrication feasibility from ISFET to circuit design

Fig. 3 shows the device fabrication feasibility from ISFET to cir-
cuit design. Visual TCAD simulator has reported on the viability of
fabricating ISFET. First, silicon film deposition is thinning out. The
atomic layer deposition (ALD) on silicon substrate, and Al,03/SizN,
layer has been created on the metal interface layer [27]. The gate metal
is created by utilizing the electron beam evaporation method on the
gate dielectric. The activation of the spike annealing dopant is inserted
in the source and drain regions by lift-off process. Hence, defines the
ISFET fabrication process. The circuit is designed by using the ISFET
device.

4. Result and discussion

Firstly, we have seen the analog and RF parameter of pH-ISFET for
various work function (¢) to improve the performance of leakage cur-
rent, subthreshold swing, DIBL etc. ISFET is used for pH sensing circuit
enhanced compatible CMOS technology. ISFET circuit for biosensing at
low power supply when brought in weak inversion. ISFET circuit can
merge with MOSFET and standard transistor of integrated circuits.

4.1. Comparative study of ISFET for different work function

Fig. 4 reflects the graph of gate voltage vs. drain current on primary
axis and log drain current on secondary axis for different materi-
als of gate electrode with their work function of ISFET design at
drain voltage, V,;, = 0.5 V, temperature T = 300 K. The molybdenum
with work function 4.75 eV has improved result than aluminum, and
chromium. Mo has better results which indicated superior gate coupling
capacitance and lower leakage current (I, Y f) on the left side of the
graph.

The transconductance is a ratio of drain current vs. gate voltage,
V, as shown in Fig. 5 to show the better performance of transconduc-
tance for molybdenum. The g,, is defined as shift in drain current vs.
gate voltage [28], which indicates improved gate control and reduced
short channel effects, as well as increased average carrier velocity and
improved electron mobility with increased transconductance. TGF is
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for different materials of electrode ISFET design at Vds = 0.5 V, T = 300 K.
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Table 3
ISFET comparison for different work function materials such as molybdenum,
chromium, and aluminum.

Parameter Molybdenum (Mo) Chromium (Cr) Aluminum (Al)
1,, (A) 0.00146 0.00179 0.00183

L, ,(pA) 0.000919 1.4911 4.266
L,/1,7£(1019) 158.86 0.12004 0.04289

V,, (mV) 1 0.6 0.5

SS (mV/dec.) 104.8 106.78 107

shown on the right side of figure which is ratio of g,, and I,,, It also
shows better effective performance of device in case of molybdenum.

a[ds
= 5
&m an 5)
ol gy
= 6
8d WV (6)

Fig. 6 exhibits the graph of drain voltage vs. drains current on the
left side and output conductance (g,) on the right side for different
materials of gate electrode ISFET design at V, = 0.5V, and T = 300 K.
The performance of output conductance for the molybdenum is better
than others such as aluminum, chromium. The rise at drain voltage
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beyond pinch-off voltage, a high output conductance in the linear
region is first seen due to drain induced barrier lowering (DIBL) and
channel length modulation (CLM) [15,29]. As demonstrated in Fig. 6,
the molybdenum’s g, twist is less than Al and Cr, indicating better gate
controllability and the capacity to inhibit short direct strikes.

1

Vo= ™
8d

4, =5m ®
8d

Fig. 7 reveals the plot of switching ratio (1,,/1,,,) on the left side and
leakage current (I,,,) on the right side for different materials of gate
electrode ISFET design at V,, = 0.5 V, T = 300 K. For Molybdenum
lower leakage current and higher switching ratio, which is inversely
proportional to leakage current gives better performance of the short
channel effect and is directly proportional to ON current.

Fig. 8 reveals the plot of threshold voltage (V,,) on primary axis
and subthreshold swing (SS) on secondary axis for different materials
of gate electrode ISFET design at V,, = 0.5 V, T = 300 K. The
enhanced threshold voltage and lower SS for Molybdenum than other
materials such as Aluminum, Chromium which means to enhance gate
controllability and reduce short channel effect, which suggests that
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Table 4
Comparison of output voltage and sensitivity from previous data.

Reference Year Device platform pH Vour Sensitivity
[30]1 2005 ISFET based Microsystem 6 0.042 1.4
[30] 2005 Aluminum-gate-FET (ALUFET) ISFET 5 1.25 Na
[31] 1997 Diamond like carbon (DLC) gate ISFET 5 0.035 Na
[32] 2008 Electrolyte insulator semiconductor (EIS) device 4 -0.4 Na
This work Present Silicon nitride ISFET 6 0.051 1.7
This work Present Silicon nitride ISFET 5 0.045 1.5

1.1 107.5 molybdenum with work function 4.75 eV structure similarly achieves
- reduced leakage current I, (A) and quick switching speed, as shown
> 104 PY | 107.0 in Table 3. The previous data of reference [30-32] are compared with
‘:.:_, K present work in term of output voltage and sensitivity. For sake of
> @ briefing, the sensitivity and output voltage of ISFET in present work
Iy 0.9+ -106.5 —~ is improved than reference at pH 5, 6 [30] as presented in Table 4.
g T=300K 8 The calibration of ISFET is validated in Fig. 10(a), (b). Fig. 10(a)
* 0.8 Vds=0'5V 1 106.0 E exhibits the validation of ISFET between TCAD simulation study and
g _ > reference [33] . The drain current of this validation is —1.5 V at
S 0.7- Tox-10nm 105. S‘E’ gate length 10 um and width 100um. It is an p-type ISFET at gate
° |_c=1 80nm g voltage range 0-(—8)V. Fig. 10(b) reveals the calibration study of ISFET
~ between TCAD simulation and reference [34]. The drain voltage of this
8 0.6+ -105.0 validation is 0.1 V at temperature of 300 K. It is an N-type ISFET with
E ([ J L gate voltage range 0-2.5 V
F o5 --104.5

N\o\ybdenum(N\O) Chrom\umkcr) A pium(A)

Fig. 8. The plot of threshold voltage on the left side and subthreshold swing on the
right side for different materials of electrode ISFET design at Vds = 0.5 V, T = 300 K.
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Fig. 9. V,, - V, characteristics on the left side and intrinsic gain on the right side for
different materials of electrode ISFET design at Vds = 0.5 V, T = 300 K.

when the channel length is reduced, electrons can move easily from
source to drain. For lower SS, it shows a result of an improved gate
control over the channel and enhanced gate coupling capacitance with
work function (¢). Fig. 9 reveals the graph of gate voltage vs. Early
voltage (V,) on left side and intrinsic gain (A,) on the right side for
different materials of gate electrode ISFET design at V,, = 0.5V, T =
300 K. Molybdenum material reflects the which show declined short
channel effects. The greater transconductance values and lower output
conductance result in higher intrinsic gain values.

Gate control over the channel has enhanced drain-side potential
barrier. The switching ratio 1,,/1,,, of molybdenum is greater than
that of the other structures due to the nature of the threshold voltage
at L, = 180 nm, T,, = 10 nm. At T = 300 K and V,, = 0.5 V, the

4.2. Experimental circuit of ISFET

The Levenberg-Marquardt nonlinear extraction procedure was used
to determine the parameters’ extracted values, which offer a very
excellent match to the recorded drift data and are contained within
their physically appropriate ranges. But some of these characteristics
must be determined independently through experiments for a more
thorough validation of the drift model. Modern surface characterization
methods, for instance, may be used to determine the ultimate thickness
of the changed surface layer after exposing the pH-sensitive insulator
to an electrolyte for a sizable amount of time. The unique circuit ar-
chitecture involving the ISFET is also provide the counter drift through
simple adjustment of voltage and reduce flicker noise [35-37]. A flicker
noise is charge carrier trapped and released between the interface of
materials.

Fig. 11(a) reflects the curve of pH value vs. output voltage in
pH capsule solution for pH based ISFET. Voltage is improved with
increasing pH value, the different value of pH capsule solution pH
4.67, 5.9, 7.5, 8.57, 9.3. Fig. 11(b) exhibits the curve of sensitivity vs.
output voltage in pH capsule solution for pH based ISFET. The unit
of sensitivity is dimensionless. A typical ISFET device’s electrostatic
behavior (transfer characteristics) is modeled. To provide the 9 V
voltage convert into 7 V and 2 V by using voltage divider. 2 V voltage
was supplied to make the current in 3 mA by using 10 pf capacitor and
resistor. The operational amplifier is used to amplify the signal 3 mV to
1 V. Draining to source current I, vs. reference gate voltage Vg, for
sensing film gate oxide layer has been measured at varied pH values.
Sensitivity is improved at higher pH value [38-40].

Fig. 12(a) exhibits the variation of pH value vs. output voltage
in PBS (phosphate buffer saline) solution for pH based ISFET device.
Applied voltage 9 V and current 1 A cross through the breadboard
circuit, it lead to divide the voltage by voltage divider and stored some
current in 10 pF capacitor to pass the current operational amplifier as
shown in Fig. 3. The phosphate buffer saline solution enhanced the
sensitivity at higher pH value shown in Fig. 12(b).

5. Conclusion
This work addresses the comparative study of materials for various

gate electrification progress of ISFET with their work function and
circuit design experimentally. Molybdenum with work function 4.75 eV
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Fig. 10. The calibration of ISFET from references.

Fig. 11. (a) The graph of pH value vs. output voltage in pH capsule solution for pH
based ISFET (b) The curve of sensitivity vs. output voltage in pH capsule solution for
pH based ISFET.

shows improved results than others like aluminum, chromium. Molyb-
denum has reduced the leakage current 10~3 times from aluminum,
higher the switching ratio, decayed the subthreshold swing, and en-
hanced some analog parameters found in ISFET like transconductance,
TGF, g,. Theoretically, we concluded that molybdenum has proved to
be an efficient material for fabrication of ISFET using silicon nitride as
sensing layer at different gate electrode. ISFET design has shown signif-
icant progress in terms of accuracy, and reduction in component count
in size, lower cost, more efficiency. 6-pin ISFET is being successfully
manufactured for enhancing voltage at high pH 4.67, 5.9, 7.5, 8.57,
9.3 checked by pH meter. Consequently, the findings of this research
can assist engineers in designing nanoelectronic devices that meet their
requirements.

Fig. 12. (a). The variation of pH value vs. output voltage in PBS(phosphate buffer
saline) solution for pH based ISFET device (b) The variation of Sensitivity vs. output
voltage in PBS (phosphate buffer saline) solution for pH based ISFET device.
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Abstract

This work examines various materials for gate electrode for enhancing the performance of M-Fe-
MIMOS (Metal Ferroelectric Metal Insulator Metal Oxide Semiconductor Field Effect Transistor
(MOSEFET)). The device is analysed for different analog, electrical and RF parameters with gate
materials such as chromium, tungsten and palladium. The gate stacked attached to MOSFET device
consists ferroelectric layer sandwiched with insulator for focusing on reliability and stability of M-Fe-
MIMOS. The palladium gate material for M-Fe-MIMOS(spacer) shows better analog parameters such
asimprovement in leakage current by 106 times that results 107 times higher switching ratio as
compare to chromium. Also with higher threshold voltage by 428% and lower subthreshold swing by
340% as compare to chromium, M-Fe-MIMOS(spacer) shows better immunity towards various noise
distortions. The electrical properties of the device are analysed in terms of electric field , electric
potential and energy band structure.All the analysed results indicate that palladium as a gate material
for the M-Fe-MIMOS shows most improved electrical performance and can further be used for
various applications in nanoelectronic devices and integrated circuit (IC) design.

1. Introduction

The power and thermal management of integrated circuits (ICs) are more vital aftercare for transistor industry.
Although with engineering technology and material science advancement transistor generates the low amount
of heat. However, the ICs have millions of transistors on chip which generate huge amount of heat. Thus, the
reduction of supply voltage (V4,) is vital technique to solve the problem. Power factor depends upon square of
supply voltage (P4, & V3,). The scaling of supply voltage for conventional MOSFET reached 60mV /dec.
(fundamental limit) and cannot be lowred using methods that is known as Boltzmann Tyranny [1]. The negative
capacitance might work to provide high on current and subthreshold swing lower than 60mV /dec. Recently the
phenomena of negative capacitance has been demonstrated in different systems experimentally such as (i)
superlattice (ii) ferroelectric dielectric bilayer (iii) isolated ferroelectric film [2, 3].

Due to its lower supply voltage, tunnel FETs have also been cited by many research organizations in the
semiconductor world as the ideal replacement for traditional MOSFETs for future low-power applications. In
order to fulfill the needs of ultra-low power ICs, the idea of NC has been adopted and used in MOS devices [4, 5].
According to the literature available , NCFET technology has the ability to address the drawbacks of traditional
MOS technology. Additionally, it offers superior characteristics particularly SS in compare to other devices like
TFET and IMOS. Because NCFET devices operate at lower supply voltage than IMOS and do not suffer from low
on-state drain current [6, 7].

Channel length scaling does not cause much degration M-Fe-MIMOS due to negative capacitance
phenomena well accommodated in the ferroelectric layer of device. Furthermore, the final model merely applies
the Landau parameters to the outside-of-plane polarisation component, which is unreasonable for materials

© 2024 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Figure 1. Schematic design for M-Fe-MIMOS(spacer) and M-Fe-MIMOS.

with large ferroelectric thicknesses [8], & =1.0 x 1077, 3=8.9 x 107 and v = 0[9]. The L-K and Miller models
are often used to elucidate the polarisation (P) and voltage across ferroelectric (FE) materials. However, L-K has
received greater recognition. This section has focused on the L-K model. The LandauKhalatnikov (LK) equation
is a dynamic formulation of the LandauDevonshire theory as shown in equation (1). The LK equation is a very
useful tool for comprehending the ferroelectric switching features in the development of NCFET technology.
Thelandau theory of non linear dielectric is given below in equation (1):

G = aP? + 3P* + AP® — EP, a = ay[T — T] 1)

Here, G is free energy density, o, 3, y are landau coefficients, P is polarisation, E is electric field [ 10, 11].

In our earlier studies, we have done extensive investigation to analyse how the M-Fe-MIMOS with long
channels work [12, 13], giving the degradation of the device in terms of low switching speed, high leakage
current, high power consumption. M-Fe-MIMOS(spacer) provides a greater ON-state flow compared to M-Fe-
MIMOS, however we have found that it is not true for all ferroelectric materials. Additionally, the text still lacks
for clear explanation of the real conduct of the two structures and a general performance analysis.

The energy required to transfer an electron from the Fermi level to the vacuum is known as the work
function. In FETs, the work function of the gate material influences the threshold voltage, thereby improving
channel control. A double metal NCFET device uses two distinct metals for the gate electrode. This structure
allows for more accurate fine-tuning of the work function and optimization of the threshold voltage for
enhanced performance [14]. Optimizing the performance of double metal NCFETs for both analog and digital
applications necessitates an understanding of the variations in work function. By carefully selecting materials
and designing the gate stack, it is possible to significantly enhance transconductance, threshold voltage,
subthreshold slope, and overall device efficiency [15, 16].

This article describes an improved field effect transistor with a ferroelectric layer that operates at room
temperature (T = 300 K) with several performance advantages over other MFMIMOS transistors, including low
input power consumption, reduced drain induced barrier lowering, reduced subthreshold swing, reduced
leakage current, and better control over gate channel device[17]. Visual TCAD simulator was used to derive the
device performance matrix. The I,5in this M-Fe-MIMOS (spacer) is lying in the realm of 107 "'A, means less
leakage and more working life of device, which is the requirement for better performance. At off-state (i.e., at
Vs = 0), the M-Fe-MIMOS has improved both Ion and depletion channel width. Through this investigation,
we learn more about the device for better analog execution and power amplification performance, when
M-Fe-MIMOS(spacer) and M-Fe-MIMOS are compared analogically and virtually.

2. Device Structure

Figure 1 shows schematic diagram of the proposed device, metal ferroelectric metal insulator mosfet with spacer
(M-Fe-MIMOS (spacer)) and conventional device, M-Fe-MIMOS. The length of bulk silicon (L), Drain/Source
(Lays), Spacer1/Spacer2 (Ly,) are 60 nm, 10 nm, 8 nm respectively. The thickness of Drain/Source (T 4/5), Bulk
Silicon (Ty;), oxide layer (T,), ferroelectric layer, metall, metal2, insulator layer are 3 nm, 50 nm, 1 nm, 1 nm,

2 nm, 1.7 nm, 2.3 nm respectively. The total gate thickness is denoted by T,. The material of bulk silicon,
source/drain/gate, metall, oxide layer, ferroelectric layer is Silicon (Si), Aluminum (Al), Au, Silicon dioxide
(Si0,), HfO,FE, respectively. M-Fe-MIMOS (spacer) and M-Fe-MIMOS have similar architecture except 2
layers of spacers. The material of spacer1/spacer2 is NpolySi. The uniform doping concentration of bulk silicon
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Figure 2. Fabrication process of M-Fe-MIMOS [18].

Table 1. M-Fe-MIMOS device parameter for TCAD simulation.

Parameter M-Fe-MIMOS (Spacer)
Temperature 300k
Channellength (L) 20 nm

Oxide thickness (T,) 1 nm

Length of drain/ source (Ly/;) 12 nm
Thickness of drain/source (T,/5) 3 nm

Doping concentration of drainsource 1x10%cm >
Total width of gate (Tg,) 130 nm

Table 2. The various material with its

work function.

Material Work function ¢ (eV)
Chromium 4.3
Tungsten 4.55
Paladium 5.3

is 1 x 10" cm ™ with acceptor type. The gaussian doping concentration of drain/source (N,/,) and threshold
voltage (N,)is 1 x 10*' cm ™ with donor type, 1 x 10'® cm ™ with acceptor type correspondingly as shown in
table 1. The metall work function is maintained at 5.3 eV.

The equation of drain current equation of MOSFET is exhibited in equation (2).

:,uxCOXxWX[(Vg_vt)_(Vds)X(Vds)

I
d I 2

1 (2)
Here, the threshold voltage is V;, and width, length of the channel are W, L respectively, p is mobility of n type,
C,x is capacitance of oxide, V,, V,, Vs are the gate, threshold, drain voltage [19, 20].

3. Simulation study of M-Fe-MIMOS(spacer)

Cogenda Visual TCAD(Technology Computer Aided Design) system is used for entire validation. In this study,
the variation of work function for palladium, chromium, tungsten has been analyzed in gate material. The
voltage of drain (V) and temperature (T) is secured at 0.4V and 300 K. The range of gate voltage (V) is different
from 0to 4V. he L-K and Miller models are often used to elucidate the polar- isation (P) and voltage across
ferroelectric (FE) materials [10, 11]. The field dependent mobility model (FLDMOB) is used for computing the
mobility, concentration-dependent mobility (CONMOB) [21, 22], polarization model, Shockley-ReadHall
(SRH) recombination model [23, 24]. We have explored the various work function (¢) such as 4.3 eV for
aluminum, 4.55 eV for Chromium, 5.3 eV for palladium as shown table 2.

The fabrication process is shown in figure 2. The visual TCAD simulator has reported the feasibility of
fabricating M-Fe-MIMOS. Firstly, the silicon film is thinned. Next, the Al,O;/HfO, layer is deposited on the
silicon interfacing layer via atomic layer deposition (ALD) [ 18]. Finally, the metal gate is formed on the gate
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dielectric via electron beam evaporation process. The dopants of the source and drain region are implanted by
spike annealing activation. Finally, the electron beam is evaporated on the surface of the source and drain,
resulting in the formation of M-Fe-MIMOS.

4. Result and discussion

4.1. Effect of electrical performance on M-Fe-MIMOS

We have explored the electrical parameter of M-Fe-MIMOS such as electric field distribution over the channel,
max. electric field, potential across channel, quasi fermi potential, band structure for all gate electrodes. We
studied the electric field distribution over channel means the electric field is in vertical direction. The drain
voltage is fixed at 0.4V with variation in gate voltage. The electric field distribution across channel exhibits
almost homogeneous distribution, when device is in linear region. The device is in saturation region, when the
electric field took M-shape. The electric field (E) at drain side is higher for palladium as depicted in figure 3 than
source area, which reflect the better control at channel in linear region[17]. The curve of E near source is better
than channel due to the electron collected under oxide layer to make the reverse bais, leads the potential
difference higher thus, increases the electric field (E). The peak of E is higher at drain side for better voltage stress
as shown in figure 4. The plot of potential versus position along channel are shown in figure 5 for various gate
layer of M-Fe-MIMOS at Vo, = V; = 0.4 V. The potential and electric field of palladium is higher than other gate
electrode at drain side as shown in figure 5(b), when device is in biased or active condition. The max. electric field
and potential for palladium gate electrode are improved by 141% and 0.002% as compared to chromium gate
electrode. The potential is higher at drain side, which reveals better flow of current and smooth amplification of
signal in ON state (conducting).

The maximum and ‘M’ shaped electric field profile in M-Fe-MIMOS (spacer) devices for the palladium gate
electrode arises from the combined effects of gate-channel interactions, channel potential variations,
ferroelectric material mobility, short channel effects, and design/material heterogeneities. These factors create a
complex electric field distribution that enhances device performance by optimizing control over the channel and
improving transconductance [25-28]. Figure 6 reflects the quasi fermi potential versus position along channel
for different gate electrode at Vo=V, = 0.4 Vand T = 300 K. The quasi fermi potential of palladium is higher
than others electrode, when FET is in non equilibrium and biased condition. The quasi fermi potential for hole
and electron may shift from equilibrium position on applying the external bias. The ntype FET is observed for
rising the electrons by applying quasi fermi level [29, 30]. Figure 7 exhibits the energy band structure versus
position along channel at Vo, =V,; = 0.4 Vand T = 300 K for various gate electrode. The band gap of palladium
is 1.1 eV, which is lower than chromium 1.12 eV. Valence band gap (E,) and conduction band gap (E,) are
extracted along channel as depicted in figure 7. The device performance and static parameter is improved for
palladium.

4.2. Analog and switching parameter

Figure 8 reflects the drain current, I; versus gate voltage, V at constant V; = 0.4 V for various work function of
M-Fe-MIMOS (spacer) and M-Fe-MIMOS. The drain current for M-Fe-MIMOS (spacer) with palladium is
higher than others such as chromium, tungsten. The M-Fe-MIMOS (spacer) represents decreased leakage
current than M-Fe-MIMOS in linear drain current graph, that reveals enhanced the gate effect to control the
channel. Figure 9 shows the gate voltage versus transconductance on left side of graph and device efficiency on
right side of graph at V; = 0.4 V. Transconductance (g,,,) is ratio of drain current and gate voltage. The g,,, of
M-Fe-MIMOS (spacer) for palladium is improved than chromium, tungsten. Also, the g,,, of M-Fe-MIMOS
(spacer) is higher than M-Fe-MIMOS, which reveals upgraded electron mobility, better gate controllability,
increase average carrier velocity, reduced short channel effect (SCEs). TGF is gain generated by power loss.
Transconductance Generation factor (TGF) of M-Fe-MIMOS (spacer) for palladium is enhanced as compare to
other work functions (¢) [31-33], which reflects improved device efficiency tht is close to ideally 50 V"', The
TGFis higher that shows the more g,,, [34]. The high transconductance and device efficiency of M-Fe-MIMOS
arise from their strong gate control over the channel, high carrier mobility, and material /structural
enhancements. These factors collectively enable NCFET to achieve significant changes in drain current with
small changes in gate voltage, making them highly efficient and effective for a wide range of electronic
applications [35, 36].

For digital circuit, the operation of transistor takes place in linear region, while for analog circuit, the
operation of transistor is in saturation region (V4 = Vg, = 0.4 V) [37, 38]. The electric field distribution is studied
by tuning V,, for different operating situation. The breakdown time of channel is lower at higher electric field.
The breakdown of time dependent equation (t;) is given below in equation (3):

4
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channel for various gate electrode of M-Fe-MIMOS(spacer) at V= 0.4 V, Vo, = 0.4V, T = 300 k.
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Figure 4. The impact of electric field versus position along channel for various gate voltage of M-Fe-MIMOS(spacer) at V,; = 0.4V,
T =300k.
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ty, = Aexp(—~E,) (3)

Here, A is electric field acceration, «yis proportionality constant, T is absolute temperature, E, is thermal
activation energy, E, is oxide electric field, K, is Boltzmann constant [17, 39].

Figure 10 shows the gate voltage versus leakage current (I,) on left side of graph and switching ratio (I,,,/Iof)
on right side of graph at V; = 0.4 V for various work function.The I, ;of M-Fe-MIMOS (spacer) for palladium is
lower than chromium, tungsten. The I,;-of M-Fe-MIMOS (spacer) is also decreased as compare to M-Fe-
MIMOS, that exhibits the lower leakage current. The Y axis has two sides of the plot. The left part of the arrow
represents the leakage current and the right part of the arrow represents the switching ratio. The I,,,,/I,50f M-Fe-
MIMOS (spacer) for palladium is better than chromium, tungsten. The I,,,/1,50f M-Fe-MIMOS (spacer) is
higher than M-Fe-MIMOS, that affect the switching speed of device and lower leakage current as shown in
table 3. Figure 11 shows the gate voltage versus threshold voltage (V) on left side of plot and subthreshold swing
(SS) on right side of plotat T = 300K, V; = 0.4 V for different work function. The threshold voltage (V) of
M-Fe-MIMOS (spacer) for palladium is better than chromium, tungsten. The V, of M-Fe-MIMOS (spacer) is
also higher than M-Fe-MIMOS, which reveals better potential shield at drain side better potential shield,
increased gate controllability over channel. The subthreshold swing (SS) of M-Fe-MIMOS (spacer) for
palladium is less than chromium, tungsten. The SS of M-Fe-MIMOS also reflects decrement as compare to
M-Fe-MIMOS, which shows lower short channel effect i.e. drain barrier induced lowering (DIBL).
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Table 3. M-Fe-MIMOS comparison for different work function materials such as palladium, chromium, and tungsten.

M-Fe-MIMOS (spacer) M-Fe-MIMOS (spacer) M-Fe-MIMOS (spacer) M-Fe-MIMOS M-Fe-MIMOS M-Fe-MIMOS

Parameter Chromium (Cr) Tungsten (T) Palladium (Pd) Chromium (Cr) Tungsten(T) Palladium (Pd)
L4(nA) 12200 169.0 0.013 14 800 240.0 0.0338
Lo /1o (10%) 0.000 394 0.0281 348 0.000 212 0.013 91.8
Va(V) —0.28 0.201 0.9504 —0.324 0.188 0.938
SS(mV/dec. ) 775.5 257.1 176.4 800.24 279 187.3
TGF (Wl) 42.89 49.5 50.6 39.9 46.2 47.3
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Figure 13. The Curve of drain voltage versus drain current for different work function of M-Fe-MIMOS(spacer) at V; = 0.4V,
T =300k.
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Figure 12 exhibits the gate voltage versus intrinsic gain (A,) plotat T = 300 K, V; = 0.4 V for different work
function. The intrinsic gain (A,) of M-Fe-MIMOS (spacer) for palladium is better than chromium, tungsten.
The A, of M-Fe-MIMOS (spacer) is higher than M-Fe-MIMOS, which indicates lower output conductance and
higher transconductance. It is ratio of transconductance and output conductance [40, 41]. Figure 13 exhibits the
drain voltage versus drain current (I) of plotat T = 300 K, V,=0.4V for different work function. The drain
current (I;) of M-Fe-MIMOS (spacer) for palladium is better than chromium, tungsten. The drain current (I;) of
M-Fe-MIMOS (spacer) is less than M-Fe-MIMOS, which shows the lower output conductance (g;), lower DIBL
as well as channel length modulation (CLM), thus, upgraded the control on gate.

The experiment data is taken from [42]. Figure 14 shows the drain current and gate voltage curves at a drain
voltage of 0.1V, a ferroelectric thickness of 5nm and a channel length of 30um for a negative capacitance field
effect transistor INCFET). To verify the physical model, experimental data extraction was taken from [42]. The
approximate match between the simulated and experimental data validates the simulation model.
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5. Conclusion

This work addresses the comparative study of M-Fe-MIMOS (spacer) and M-Fe-MIMOS for different gate
electrodes, and reveals that the palladium with work function 5.3 eV reflects improved result than others like
chromium, tungsten. The palladium reveals 10~° times lower the leakage current as compare to chromium,
higher switching ratio, decayed the subthreshold swing. Also, some analog parameters found in M-Fe-MIMOS
like transconductance, TGF, g;. Theoretically, we concluded that palladium proved to be a potential material for
fabrication of M-Fe-MIMOS with palladium as gate electrode. The increasing work function (¢) indicates
improved performance of the device. The electric field across channel has also been studied for various work
function thus, electric field of palladium is enhanced than other gate electrodes. The M-Fe-MIMOS (spacer)
design has already seen significant advances in terms of accuracy, and component count reduction leading to
downsizing, lower cost, and greater efficiency. Consequently, the findings of this research can assist engineers in
designing such nanoelectronic devices that meet their requirements.

Acknowledgments
The authors thank to Vinod Dham Centre of Excellence for Semiconductor and Microelectronics

(VDCOE4SM), SERB POWER GRANT, C2S Programme: Meity, Nano Bioelectronics and Microelectronics
Lab, Delhi Technological University for giving essential facilities.

Data availability statement

The data cannot be made publicly available upon publication because the data can be misused by the third party.
The data that support the findings of this study are available upon reasonable request from the authors. The data
cannot be made publicly available upon publication because no suitable repository exists for hosting data in this

field of study. The data that support the findings of this study are available upon reasonable request from the
authors.

Declarations

Funding statement

Yash thanks the C.S.L.R. for the CSIR-JRF award (08,/133(0050),/2020-EMR-I).

Conflict of interests

The authors declare that they are not aware of any disagreements regarding personal ties or interests that might
have impacted the work represented in this publication.

Availability of data and material

The creators mentioned above possess the necessary information related to this examination work, and they are
committed to revealing it in the event that they are asked to do so in the future.

Authors’ contribution

The comprehension and design of the study were improved by all writers.

Compliance with ethical standard

The authors have located all of the moral standards and intend to adhere to them going forward.

10



I0P Publishing

Phys. Scr. 100 (2025) 015028 Y Pathak et al

Consent to participate and for publication

Since that the relevant study paper was produced in the ‘no-life science magazine.” Therefore, at this time, it is
‘Non Applicable.” However, the authors have provided the agencies with all journal policies and their permission
for additional processing.

ORCIDiDs

Rishu Chaujar ® https:/orcid.org/0000-0002-0161-8449

References

[1] RahiSB, Tayal Sand Upadhyay A K 2021 A review on emerging negative capacitance field effect transistor for low power electronics
Microelectron. J. 116 105242
[2] Lin C-1, Khan A1, Salahuddin S and Hu C 2016 Effects of the variation of ferroelectric properties on negative capacitance fet
characteristics IEEE Trans. Electron Devices 63 2197-9
[3] MannR, PathakY and Chaujar R 2022 Temperature analysis on short channel effects of modified ncfet: A simulation study 2022 IEEE
International Conference on Electronics, Computing and Communication Technologies (CONECCT). IEEE pp 1-5
[4] Appleby DJ, Ponon N K, KwaK§, Zou B, Petrov P K, Wang T, Alford N M and O’Neill A 2014 Experimental observation of negative
capacitance in ferroelectrics at room temperature Nano Lett. 14 38648
[5] Kumar S, Chatterjee A K and Pandey R 2021 Performance analysis of gate electrode work function variations in double-gate
junctionless fet Silicon 13 3447-59
[6] Huang X and Caron M 2012 A type-based equalization technique for frequency response distortion compensation 2012 IEEE Radio
and Wireless Symposium pp 187-90
[7] ChoiKM and Choi WY 2013 Work-function variation effects of tunneling field-effect transistors (tfets) IEEE Electron Device Lett. 34
9424
[8] Pahwa G, Dutta T, Agarwal A and Chauhan Y S 2018 Physical insights on negative capacitance transistors in nonhysteresis and
hysteresis regimes: Mfmis versus mfis structures IEEE Trans. Electron Devices 65 86773
[9] Awadhiya B, Kondekar PN, Yadav S and Upadhyay P 2021 Insight into threshold voltage and drain induced barrier lowering in
negative capacitance field effect transistor Transactions on Electrical and Electronic Materials 22 26773
[10] Saha AK, DattaSand Gupta S K 2018 negative capacitance in resistor-ferroelectric and ferroelectric-dielectric networks: apparent or
intrinsic? J. Appl. Phys. 123
[11] SongT K 2005 Landau-khalatnikov simulations for ferroelectric switching in ferroelectric random access memory application
J. Korean Phys. Soc. 46 5
[12] Pahwa G, Agarwal A and ChauhanY S 2018 Numerical investigation of short-channel effects in negative capacitance mfis and mfmis
transistors: subthreshold behavior IEEE Trans. Electron Devices 65 5130—6
[13] Singh P and Yadav D S 2022 Impact of work function variation for enhanced electrostatic control with suppressed ambipolar behavior
for dual gate I-tfet Curr. Appl Phys. 44 90-101
[14] Rassekh A, Sallese J-M, Jazaeri F, Fathipour M and Ionescu A M 2020 Negative capacitance double-gate junctionless fets: a charge-
based modeling investigation of swing, overdrive and short channel effect IEEE Journal of the Electron Devices Society 8 939—47
[15] LiY, Hwang C-H, Li T-Y and Han M-H 2009 Process-variation effect, metal-gate work-function fluctuation, and random-dopant
fluctuation in emerging cmos technologies IEEE Trans. Electron Devices 57 437—47
[16] LeeY,Nam H, Park J-D and Shin C 2015 Study of work-function variation for high-backslash kappa metal-gate ge-source tunnel field-
effect transistors IEEE Trans. Electron Devices 62 21437
[17] LiuB, Sun H, Huan C, Jia R, Cai Y and Ke Q 2023 Investigating the reliability of a negative capacitance field effect transistor regarding
the electric field across the oxide layer J. Electron. Mater. 52 3180-7
[18] ChoiS-N, Moon S-E and Yoon S-M 2020 Impact of oxide gate electrode for ferroelectric field-effect transistors with metal-
ferroelectric-metal-insulator-semiconductor gate stack using undoped hfo2 thin films prepared by atomic layer deposition
Nanotechnology 32 085709
[19] Shur M, Fjeldly T A, Ytterdal T and Lee K 1992 Unified mosfet model Solid-State Electron. 35 1795-802
[20] Anshul A and Chaujar R 2024 Semi-empirical dft based investigation of electronic and quantum transport properties of novel gs-agnr
(n) fet IEEE Trans. Nanotechnol. (https://doi.org/10.1109/TNANO.2024.3394547)
[21] Agrwal P and Kumar A 2024 Performance assessment of ingaas-soi-finfet for enhancing switching capability using high-k dielectric
Memories-Materials, Devices, Circuits and Systems 8 100117
[22] Kumar A, Gupta N, Jain A, Gupta R, Choudhary B, Kumar K, Goyal A K and Massoud Y 2023 Digital-logic assessment of junctionless
twin gate trench channel (jl-tgtc) mosfet for memory circuit applications Memories-Materials, Devices, Circuits and Systems 6 100087
[23] PathakY, Verma K, Malhotra B D and Chaujar R 2024 Tcad analysis of linearity performance on modified ferroelectric layer in fet
device with spacer Advanced Nanoscale MOSFET Architectures: Current Trends and Future Perspectives 113-23
[24] Raj A and Sharma S K 2024 Investigation on palladium gate electrode-based soi junctionless fet for hydrogen gas sensing Microelectron.
J. 151106312
[25] SongQ, Yang$, Tang G, Han C, Zhang Y, Tang X, Zhang Y and Zhang Y 2016 4h-sic trench mosfet with 1-shaped gate IEEE Electron
Device Lett. 37 463—6
[26] DungaMV,XiX, HeJ, Liu W, Cao KM, Jin X, OuJJ, Chan M, Niknejad A M and Hu C 2006 Bsim4. 6.0 Mosfet Model (University of
California)
[27] PathakY, Malhotra B D and Chaujar R 2021 Tcad analysis and simulation of double metal negative capacitance fet (dm ncfet) 2021
Devices for Integrated Circuit (DevIC) pp 2248
[28] Sudarsanan A, Venkateswarlu S and Nayak K 2020 Superior work function variability performance of horizontally stacked nanosheet
fets for sub-7-nm technology and beyond 2020 IV IEEE Electron Devices Technology ¢ Manufacturing Conference (EDTM) pp 1-4
[29] Ponse F, Masselink W and Morkog¢ H 1985 Quasi-fermi level bending in modfet’s and its effect on fet transfer characteristics IEEE
Trans. Electron Devices 32 1017-23

11



I0P Publishing

Phys. Scr. 100 (2025) 015028 Y Pathak et al

[30] ChandaM, De S and Sarkar C K 2015 Modeling of characteristic parameters for nano-scale junctionless double gate mosfet considering
quantum mechanical effect J. Comput. Electron. 14 262—9

[31] PathakY, Malhotra BD and Chaujar R 2021 TCAD analysis and simulation of double metal negative capacitance FET (DM NCFET)
2021 Devices for Integrated Circuit (DevIC). IEEE

[32] BagA, Pandey R, Kashyap S, Madan J and Ramanujam J 2022 The influence of top electrode work function on the performance of
methylammonium lead iodide based perovskite solar cells having various electron transport layers Chem. Phys. Lett. 806 140009

[33] PathakY, Malhotra B D and Chaujar R 2021 A numerical study of analog parameter of negative capacitance field effect transistor with
spacer 2021 VII International Conference on Signal Processing and Communication (ICSC) pp 277-81

[34] Kumar B, Sharma M and Chaujar R 2023 Gate electrode work function engineered jam-gs-gaa finfet for analog/rf applications:
Performance estimation and optimization Microelectron. J. 135 105766

[35] Sai-Halasz G A, Wordeman M R, Kern D, Rishton S and Ganin E 1988 High transconductance and velocity overshoot in nmos devices
at the 0.1-mu m gate-length level IEEE Electron Device Lett. 9 464—6

[36] Do Q-T, Blekker K, Regolin I, Prost W and Tegude F 2007 High transconductance misfet with a single inas nanowire channel IEEE
Electron Device Lett. 28 682—4

[37] RazaviB 2005 Design of Analog Cmos Integrated Circuits (University of California)

[38] Schneider M C and Galup-Montoro C 2010 Cmos Analog Design Using All-Region Mosfet Modeling (Cambridge University Press)

[39] McPherson ] and Baglee D 1985 Acceleration factors for thin gate oxide stressing XXIII International Reliability Physics Symposium
ppl1-5

[40] Khan A1, Radhakrishna U, Salahuddin S and Antoniadis D 2017 Work function engineering for performance improvement in leaky
negative capacitance fets IEEE Electron Device Lett. 38 1335-8

[41] HuV P-H, Chiu P-C and Lu Y-C 2019 Impact of work function variation, line-edge roughness, and ferroelectric properties variation
on negative capacitance fets IEEE Journal of the Electron Devices Society 7 295-302

[42] Lee M etal2015 Prospects for ferroelectric hfzrox fets with experimentally cet=0.98 nm, ssfor=42mv//dec, ssrev=28mv/dec, switch-
off< 0.2 v, and hysteresis-free strategies 2015 IEEE International Electron Devices Meeting (IEDM) pp 22-5

12



	DELARATION
	CERTIFICATE
	ACKNOWLEDGEMENTS
	ABSTRACT
	List of figures
	List of tables
	List of publications
	Introduction
	Background
	Theory of NCFET
	Basic Structure of NCFET
	Ferroelectric Material
	Operation of NCFET
	NCFET Device Engineering

	Advantages of NCFET
	Challenges Confronted by NCFET
	Proposed Device
	Research Objectives
	Thesis Organisation

	Effect of Temperature and Work Function Variation on Double Metal NCFET with Spacer Engineering
	Introduction
	Device Architecture
	 Method of Simulation
	Result & Discussion
	Device Scalability
	Analog Analysis
	RF (Radio Frequency) Analysis
	Effect of Variation of Temperature on the performance of DM-NCFET
	Effect of Variation of Work Function on the performance of DM-NCFET

	Summary

	Detection of Biomolecules in Dielectric Modulated Double Metal NCFET with Improved Sensitivity
	Introduction
	Device Structure 
	Simulation Methodology
	Result and Discussion
	Impact of Various Biomolecules on DM-NCFET
	Effect of Length Modulation in Cavity Gap

	Summary

	DFT Based Atomic Modeling and Optimization of Double Metal Double Gate NCFET
	Introduction
	Device Design and Atomic Study
	Device Structure
	Structure of Ferroelectric HfO2-Based Crystal

	Methodology and Theoretical Details
	Device Methods
	Method for HfO2 Crystal
	Flowchart for Fabrication Feasibility from Atomic Modeling to Device Fabrication

	Result and Discussion
	Comparative Study of NCFET Device
	DFT Analysis of Ferroelectric HfO2 based Crystal

	Summary

	Artificial Neural Network based Modelling for Variational Effect on Double Metal Double Gate Negative Capacitance FET
	Introduction
	Device Architecture and Simulation Methodology
	Artificial Neural Network (ANN) Implementation
	Result and Discussion
	Summary

	Experimental Circuit Design and TCAD Analysis of Ion Sensitive Field Effect Transistor (ISFET) for pH Sensing
	Introduction
	Device Structure and Circuit Designing
	Device Structure of ISFET
	Experimental Circuit Designing of ISFET based pH Sensor 

	Simulation Study of ISFET and Circuit based pH Sensor
	Simulation Study of ISFET Device
	Techniques for Experimental Circuit Designing
	Fabrication Feasibility of ISFET based pH Sensor

	Result and Discussion
	Comparative Study of ISFET for Different Gate Electrode Material 
	Experimental Circuit Design Result of ISFET
	Effect of Variation of Sensing Layer on ISFET performance

	Summary

	Summary and Future Scope
	Summary
	Future Work

	References
	Reprints of Journal Publication



