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ABSTRACT

In our day to day life the use of the latest technologies like machine learning, Artificial
Intelligence are increasing rapidly. This growing demand requires super-fast systems which
should be highly energy efficient and involves high speed memory operation. Currently the
systems are using conventional Von Neumann Architecture, in which the memory and the
processing units are separated and are required to be connected via cables. During operation
the data must be continuously driven across the cable which leads to Data Movement Energy
loss due to cables. To reduce this Data Movement Energy we come with a concept of Non Von
Neumann Architecture in which the processor and the Memory are embedded on the same
board and this type of device known as Embedded Memory device. We have used Ferroelectric
Field Effect Transistor (FeFETSs) as a emerging candidate for Embedded Non Volatile memory
(eNVM) devices. It provides the Non — Volatility and also it is compatible with existing CMOS

fabrication processes, consumes low power, has fast switching characteristics, etc.

This thesis presents a comprehensive TCAD-based investigation of FeFET device
architectures for embedded non-volatile memory applications. In this study the two device
structure like Metal-Ferroelectric-Semiconductor (MFS) and Metal—Ferroelectric—Insulator—
Semiconductor (MFIS), utilizing hafnium zirconium oxide (Hf,5Z1,50,, HZO) as the
ferroelectric material are investigated for NVM. For both the structures, silicon (Si) and

germanium (Ge) are used as channel material to evaluate the impact on Device Performance.

The Working Principles of FeFETS, including Write (Logic ‘0’ and Logic ‘1’ ) and Read
mechanism based on the Polarization Switching are also been discussed. Key performance
metrics like Memory Window (MW), Surface Potential, Threshold Voltage shift and Drain
current characteristics are examined through simulations using Sentaurus TCAD tool.
Simulation incorporating physical models like Preisach Model, SRH model, Mobility models,

etc.

The result demonstrate that Germanium based FeFETS gives better result than Silicon
based FeFETs for both MFS and MFIS structure. Furthermore, the study also investigates the
effect of insulating layer material and thickness on device performance. It is observed that
increasing the thickness of the insulating layer (SizN,/Si0O,) required higher write voltage to
achieve the same memory window. Also Si;N, gives better result than SiO, in terms of
performance. Additionally, the effect of Ferroelectric layer thickness is analysed. The thicker

ferroelectric layer required less write voltage for a given memory window.
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CHAPTER

1

INTRODUCTION

1.1 Background and Motivation

The semiconductor industry has seen an exponential increase in demand for data
generation, storage and processing, driven by the emergence of emerging applications such as
artificial intelligence (Al), machine learning, 10T, autonomous vehicles and edge computing.
These applications require memory systems that are not only fast and dense, but also energy
efficient and can withstand billions of cycles of writing and erasure. The Von Neumann
architecture that has validated computer systems for decades is becoming increasingly
bottlenecked, as data flow between processors and memory becomes dominant and
phenomenon commonly referred to as the Von Neumann bottleneck.

Embedded Non-Volatile Memory (eNVM) has emerged as a strategic solution to the
problem of Von Neumann bottleneck. By integrating memory directly into the same chip as
the logic processor, the eNVM eliminates or drastically reduces the transmission of data from
the chip to the surrounding device, thereby significantly reducing both the latency and power
consumption. This allows for in-memory and near-in memory computing paradigms, which

are essential for edge inference of Al.

As CMOS technology scales beyond the 22 nm node, conventional eNVM technologies,
such as embedded Flash (eFlash), embedded DRAM (eDRAM), and one-time programmable
(OTP) memory, encounter several limitations, including high write voltages (> 10 V), complex
programming circuitry, limited endurance (~10° cycles), and poor scalability. Although
eDRAM is fast, it is volatile and needs to be refreshed with power constantly. SRAM for cache
memory is non-volatile, but it has a large silicon area (6T cell) and leaks a considerable amount

of current in standby[1-2].



Table 1.1: Comparison of Key Memory Technologies

Parameter SRAM DRAM eFlash FeFET eNVM
Non-volatile No No Yes Yes
Write Voltage ~1V ~15V >10V <2V (target)
Write Speed ~1ns ~10 ns ~1lms ~10 ns
Endurance >10%° >10%° ~10% ~ 10"
Cell Size 6T 1T1C ~1T 1T
Scalability Poor Moderate Poor Excellent
CMOS Compatible Yes Yes Limited Yes

Among the emerging eNVM candidates, such as Resistive RAM (ReRAM), Phase-
Change Memory (PCM), Spin-Transfer Torque Magnetic RAM (STT-MRAM), and
Ferroelectric RAM (FeRAM), the Ferroelectric Field Effect Transistor (FeFET) has received
unprecedented attention in recent years. A ferroelectric field effect transistor (FeFET) is a
MOSFET that substitutes (completely or partially) the conventional gate dielectric by a
ferroelectric material, which directly modulates the threshold voltage of the transistor, allowing

for a 1T memory cell without the necessity of a separate storage node or capacitor.

The discovery by Boscke et al. of strong ferroelectricity in thin films based on Hf 0,,
in particular Hf 521,50, (HZ0). In 2011, the FeFET research was at a turning point. Hf O,-
based ferroelectricity is fully compatible with CMQOS, can be deposited using standard atomic
layer deposition (ALD) and exhibits ferroelectric behaviour even at film thicknesses of less
than 10 nm [3]. This makes them ideal candidates for integration in advanced CMOS nodes
where traditional ferro-electric materials are not compatible because of their risk of

contamination and lack of scalability.



1.2 The FeFET as an Embedded Memory Device

A FeFET stores information by polarising the ferroelectric layer in its gate array. When
a positive program voltage (Vpsy) is applied to the gate above the coercive voltage, the
ferroelectric dipoles are aligned to the semiconductor channel, causing a negative surface
charge, which lowers the threshold voltage (Vth). The device is entering a low Vth state, which
is interpreted as logical ‘1°. Conversely, negative pulse (Vzrs) forces the dipoles out of the
channel, causing a positive surface charge, which increases V. This high-Vw state is

interpreted as the logical value of ‘0’.
The difference between the two threshold voltages are defined as the memory window.
MW = Vth,high - Vth,low
MW is a basic measure of the performance of the FeFET memory.

Two essential conditions must be met bythe FeFET for realistic eNVM
applications. First, the necessary write voltage (Vpepand Vggs) must be logic-compatible; for
embedded applications in advanced nodes, this should ideally be less than 1 — 1.5V, and for
near-term implementations, it should be no more than 2 —3V.Second,in
order to guarantee a dependable sensing margin between
the ‘0’ and ‘1’ states throughout the whole operating temperature range and device-to-
device variation, the memory window needs to be large enough (> 0.5 V). The main challenge
in FeFET device engineering is to simultaneously achieve both:a large MW at a low

write voltage.

1.3 Role of Channel Material in FeFET Performance

Although silicon (Si) has been the primary channel material in CMOS technology for
decades, as device dimensions continue to shrink and operating voltages decrease, other
materials with higher carrier mobilities are becoming more attractive. Germanium (Ge) has
high hole mobility (~4x that of Si) and high electron mobility (~2x that of Si), and a narrow
bandgap (0.66 eV vs. 1.12 eV for Si). The narrower bandgap of Ge means that the surface
potential in accumulation is lower than in Si, which has implications for voltage coupling in
FeFET gate stacks [3-5].



In an MFS or MFIS FeFET gate stack, the gate voltage is divided among the
ferroelectric layer, the interfacial oxide (in MFIS), and the semiconductor surface potential,
and because the surface potential in Ge is lower, a greater fraction of the applied gate voltage
is applied across the ferroelectric layer, leading to stronger polarization switching and larger
memory window at the same write voltage. The theoretical prediction and experimental
verification of the fundamental advantage of Ge over Si in FeFET applications reported in

recent literature motivates the comparative TCAD study presented in this thesis.

1.4 Objectives of This Thesis

The objectives of this thesis are:

e Develop and validate TCAD simulation models for MFS and MFIS FeFET structures
using the Preisach ferroelectric model and appropriate physical models for Si and Ge

channel materials.

e Compare the memory performance (memory window, threshold voltage shift, drain
current separation) of Si — channel and Ge — channel FeFETs in both MFS and MFIS

configurations.

e Investigate the impact of surface potential on the voltage coupling efficiency and

memory window of Si — and Ge —based FeFETSs.

e Analyze the effect of the thickness of the interfacial oxide layer on the memory window

and the write voltage in MFIS FeFETs with SiO,and Si; N, as the interfacial materials.

e Investigate the effect of the thickness of the ferroelectric HZO layer on the memory

window and the write voltage,

e Develop design guidelines for optimizing FeFET device parameters to achieve a
memory window of > 0.5V at logic-compatible write voltages for embedded NVM

applications.
1.5 Organization of the Thesis
This Thesis is organised as follows :

e The literature review of FeFET devices, Hf0,- based ferroelectrics, alternative channel

materials, and past work on FeFET-based embedded NVM is summarized in Chapter 2.



Chapter 3 describes the device structures (MFS and MFIS) studied, the
simulation parameters, physical models, and simulation methodology used.

Chapter 4 elaborates the working principle of the FeFET memory device, including write

‘1, write ‘0’ and read operations, and the memory window and voltage balance equations.

Chapter 5 presents and discusses the simulation results, organized by device configuration
and parameter variation: Si vs. Ge channel in MFS, Si vs. Ge channel in MFIS, effect of

interfacial oxide material and thickness, and effect of ferroelectric layer thickness.

Chapter 6 presents the conclusions of the thesis, summarizes the key findings, and outlines

directions for future research.

The References section lists all published works cited in this thesis.






CHAPTER

2

LITERATURE REVIEW

2.1 Ferroelectric Materials for Semiconductor Devices

Ferroelectricity is a type of dielectric behavior in which the spontaneous electric
polarization can be reversed by an applied external electric field. The ferroelectric hysteresis
loop is the basic signature of ferroelectric behavior and is defined by the remanent polarization
(P.) and the coercive field (E.). The history of ferroelectric memory research traces back to the
early 1990s when FeRAM (ferroelectric RAM) based on lead zirconate titanate
(Pb(Zr,Ti)05 or PZT) and strontium bismuth tantalate (SBT) was commercialized, but the
integration of these perovskite-based ferroelectrics with CMOS was severely limited due to the
issues such as silicon contamination by lead, high processing temperatures, and poor scalability

below 100 nm.

In 2011, Boscke et al. reported that thin films of Si-doped Hf0,, a material that is
already widely used as a high-k gate dielectric in CMOS, show robust ferroelectricity when
deposited by ALD and annealed in the correct ambient, triggering intensive research into the
entire family of HfO,-based ferroelectrics, including doping with different elements
(Si, ALY, La,Sr,Gd) and alloying with ZrO,Hf, 521,50, (HZ0) has been the most widely
studied, because it demonstrates the best balance of ferroelectric polarization, coercive field,
CMOS compatibility, and ALD processability [6-7]. The ferroelectric phase in Hf0,-based
films is associated with the orthorhombic crystal phase, which is stabilized in thin films by

appropriate doping, thermal budgets, mechanical stress, and surface energy effects [8].

2.2 FeFET: Historical Development and Key Milestones
Proposals to use a ferroelectric material in the gate stack of a field-effect transistor for

non-volatile memory date back to the 1960s. FeFETs with a perovskite ferroelectric material

had several challenges, such as depolarization, charge injection into the ferroelectric, and

incompatibility with CMOS processing, which caused the data retention of early FeFETS to be



poor, with retention often limited to hours, because of the charge screening effect at the

ferroelectric-semiconductor interface [9].

Some of the first systematic demonstrations of FeFET as a non-volatile memory device
were reported by Hoffman et al. (2010), which established the basic working principles and
demonstrated feasibility for memory applications. The advancements in HfO2-based
ferroelectrics, however, allowed for a new generation of FeFET research that could directly
capitalize on the existing CMOS infrastructure [10]. A landmark demonstration was reported
by Dunkel et al. (2017) from GlobalFoundries/NaMLab, who demonstrated embedded FeFET
memory integrated in a 22 nm FDSOI CMOS process, showing that HfO,- based FeFETS
could be seamlessly integrated into a production-worthy CMOS flow without requiring exotic
materials or process steps, and demonstrating write speeds in the nanosecond range with

endurance exceeding 101° cycles, far beyond conventional eFlash [11].

2.3 Hf Zr0,-Based FeFET: Materials and Electrical
Characterization

Because HfO, variants offer several advantages over other HfO, variants, 50:50
Hf:Zr ratio maximises the stability of the orthorhombic ferroelectric phase, the remanent
polarization of HZO is typically in the range of 5-20 uC/cm?with coercive fields of
0.5- 1.5 MV /cm, which supports low-voltage memory operation, and the relative permittivity
of HZO is approximately 20 - 25, which is higher than pure Hf0, (&, ~18) and this helps
the voltage spread more evenly across the gate layers. In HZO thin films, the ferroelectric
switching does not happen in a simple linear way. Instead, the switching speed depends

strongly on the applied electric field and follows a power-law behavior.

This means that when a high electric field is applied, FeFET memory devices can
switch very fast, within a few nanoseconds. On the other hand, when no electric field is applied,
the stored data can remain stable for many years at room temperature because a large energy

barrier keeps the ferroelectric material in its current state.



2.4 Literature Review Summary

Table 2.1: Summary of Key Literature Reviewed

ratio in MFIS structures.

Author(s) Year Key Contribution Relevance to This Work
Hoffman 2010 Early demonstration of FeFET as Foundational understanding of
et al. NVM; established basic working FeFET memory operation and
principles and feasibility. challenges.
Dunkel et 2017 FeFET-based super-low-power Validates CMOS integration;
al. embedded NVM in 22 nm FDSOI, provides benchmark for write
demonstrated low power, high speed, voltage and endurance targets.
scalability.
Zacharaki 2022 HZ0-based Ge ferroelectric p-FETs; | Directly motivates Ge —channel
etal. demonstrated improved MW and investigation in this study.
stability with Ge channel.
Liuetal. 2019 Zr0,-based FeFET for NVM; Validates Hf O,-family materials
demonstrated non-volatile switching for FeFET applications.
and ferroelectric hafnium oxide
feasibility.
D. Das et 2023 Ge-channel FeFET achieving logic- Primary inspiration for Ge vs. Si
al. compatible write voltage (~ + comparison and low-voltage write
1.4V); improved MW and goal.
endurance.
Kumar et 2025 Impact of interface traps and fixed Highlights interfacial layer
al. charges on polarization and TER engineering importance; motivates

Si0, vs. Siz N, study.




2.5 Role of Interfacial Layer in MFIS FeFETSs

In a metal-ferroelectric-insulator-semiconductor (MFIS) structure, a thin interfacial oxide layer

is inserted between the ferroelectric film and the semiconductor channel. This

interfacial oxide layer serves several important functions: (i) it provides a passivation layer to
reduce the density of interface traps at the ferroelectric-semiconductor interface that would
otherwise screen the ferroelectric polarization and decrease the memory window; (ii) it
prevents direct contact between the ferroelectric HZO and the semiconductor, thus avoiding
chemical intermixing and the injection of charge into the ferroelectric from the channel; (iii)
the voltage drop across the interfacial layer partially reduces the voltage appearing across the
ferroelectric layer, resulting in a trade-off between reliability and write voltage.

Device performance is sensitive to the choice of the interfacial oxide material, which
can be either Si0,or Si;N,. SiO, is the conventional interfacial dielectric in Si-based CMOS
and provides superior interface quality but has a relatively low dielectric constant (e, ~ 3.9).
SizN4 has a higher dielectric constant (e, ~ 7.5) compared to SiO,, and thus for the same
physical thickness, a smaller voltage drop across the interfacial layer, and more voltage for
switching the ferroelectric, which implies that MFIS FeFETs with Si;N,interfacial layers
should need lower write voltages to achieve a given memory window, as also confirmed by the

simulation results in Chapter 5.

2.6 Germanium as Channel Material for FeFETSs

Ge has better carrier mobility than Si and has been used for p-channel (pFET) and n-
channel (NFET) MOSFET devices at advanced technology nodes. For FeFET applications, the
lower bandgap of Ge (Eg = 0.66 eV vs.1.12 eV for Si) is also important: the surface
potential of Ge in strong inversion is smaller in magnitude than that of Si for the same gate-
induced inversion charge, which means that, in an MFIS or MFS gate stack, more of the applied
gate voltage is available to drive the ferroelectric polarization, resulting in better voltage

coupling efficiency.

Das et al. (2023) experimentally showed that a Ge —channel FeFET with HZO gate
dielectric can achieve logic-compatible write voltages (~ + 1.4 V) with a memory window
greater than 0.5V, which is in good agreement with the theoretical voltage balance

equation (V; = Vg + V1 + ) and improved surface potential in Ge was the main
10



mechanism for the write voltage reduction. The study was further supported by experimental
relsults of HZ0 —based Ge p-FETs for NVM applications with improved memory window and
device stability. Based on these experimental results, a systematic TCAD study of Si vs. Ge

channel FeFETSs is presented in this thesis.

2.7 Research Gaps and Motivation for This Work

To date, although there has been extensive experimental work reported on individual
FeFET configurations, there has not been a systematic TCAD simulation study comparing Si
and Ge channel FeFETs in both MFS and MFIS structures, with a controlled variation of
interfacial layer material, interfacial layer thickness, and ferroelectric layer thickness, which
would provide important design guidelines for FeFET devices to be optimized for eNVM
applications. In addition, the comparison of SiO,and Si;N,as interfacial layer materials, as
well as the variation of HZO thickness and its impact on the write voltage for a target

MW of 0.5V, has not been extensively reported in the literature.

The purpose of this thesis is to fill these gaps with a comprehensive TCAD simulation
study that provides design insights that can guide the experimental development of optimized
FeFET-based eNVM devices for next-generation CMOS platforms.

11
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CHAPTER

3

DEVICE STRUCTURE AND SIMULATION
METHODOLOGY
3.1 Overview of Simulated Devices

This thesis investigates two main FeFET device architectures: the Metal-Ferroelectric-
Semiconductor (MFS) structure and the Metal-Ferroelectric-Insulator-Semiconductor (MFIS)
structure, with both structures implemented with either Silicon (Si) or Germanium (Ge) as the
semiconductor channel and substrate material, and with HfZr0,(HZO) as the ferroelectric
gate dielectric. In the MFIS structure, a thin interfacial oxide layer (SiO,or Si;N,) is inserted
between the HZO and the semiconductor to enhance interface quality and reliability. A
standard CMOS-compatible gate electrode material, Titanium Nitride (TiN), is used as the gate

metal in all structures.

3.2 MFS FeFET Device Structure

The MFS structure consists of the layers (from top to bottom) of a (1) TiN gate metal
electrode of 10 nm in thickness and with a work function of 4.1 eV, (2) an HZO ferroelectric
layer of 6 nm in thickness, and (3) a p-type Si or Ge semiconductor substrate (as the channel)
of 0.5 um in thickness with doping concentration N, = 1 x 10%5c¢m™3. The channel is located
between the n* source and drain regions with a channel length of 0.3 um, junction depth of
50 nm, and source-drain width of 0.2 um. For writing data, a program voltage Vp,, is applied

to the gate terminal and for erasing an erase voltage (Vzrs) is applied.

Since there is no interfacial dielectric that will consume part of the gate voltage, MFS
structure provides maximum voltage coupling to the ferroelectric layer. However, the HZO is
directly in contact with the semiconductor and may result in the generation of interface traps
and charge injection into the ferroelectric, which can degrade retention and endurance. The
MFS structure is mainly investigated to characterize the intrinsic polarization-switching

behavior and to provide a baseline for comparison with the MFIS structure.
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Fig. 3.1: MFS FeFET structure with gate metal (TiN), HZO ferroelectric, and semiconductor

channel/substrate

3.3 MFIS FeFET Device Structure

In the MFIS (Metal-Ferroelectric-Insulator-Semiconductor) structure, a thin interfacial
oxide layer is introduced between the HZO and the semiconductor. The layer stack is as
follows: (1) TiN gate electrode (10 nm); (2) HZO ferroelectric layer (6 nm); (3) interfacial
oxide (Si0,or SizN,, 1 nm baseline); and (4) p-type Si or Ge semiconductor (0.5 um). The
rest of the geometric parameters (channel length, junction depth, source-drain width) are the
same as for the MFS structure described above.

The interfacial layer in the MFIS structure passivates the ferroelectric-semiconductor
interface to reduce the interface trap density and enhance the reliability, while the extra
dielectric layer adds a voltage drop V;;, which reduces the effective voltage across the
ferroelectric and thus demands a larger total gate voltage to switch polarization in the same
amount. The parametric study in Chapter 5 is centered on the interplay between interfacial
layer thickness, material permittivity, and ferroelectric layer thickness to determine the

memory window and write voltage.
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Fig. 3.2: MFIS FeFET structure with gate metal (TiN), HZO ferroelectric, SiO2/Si3N4 interfacial
layer, and semiconductor channel/substrate

3.4 Simulation Parameters

All simulations were performed using a commercial TCAD simulator (Sentaurus TCAD). The Preisach
model was employed to describe the ferroelectric hysteresis behaviour of the HZO layer. The key

simulation parameters are summarized in Table 3.1.

Table 3.1: Simulation Parameters for MFS and MFIS FeFET

Symbol Parameter Value Unit
trin Thickness of TiN gate electrode 10 nm
tyzo Thickness of HZO ferroelectric layer 6 (baseline) nm
tsio, Thickness of Si0, interfacial layer 1 (baseline) nm

(MFIS)
teub Thickness of Si/Ge substrate 0.5 um
N, Si/Ge substrate doping concentration 1x10%° cm™3
WFprin Work function of TiN gate metal 4.1 eV
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€470 Relative permittivity of HZO 21 —
&sio, Relative permittivity of Si0, 3.9 —
EsisN, Relative permittivity of Si3N, 7.5 —
P. Remanent polarization of HZ0 9 uC /cm?
E. Coercive electric field of HZO 1.12 MV /cm
E; s Bandgap of Silicon 1.12 eV
E¢ ce Bandgap of Germanium 0.66 eV
nsi Hole mobility of Silicon 450 cm?/V - s
Lh Ge Hole mobility of Germanium 1900 cm?/V - s
EHZO Relative permittivity of HZO 21 —

3.5 Physical Models Used in Simulation

The accuracy of TCAD-based simulation results depends critically on the choice and

calibration of physical models. The following models were used in this study:

3.5.1 Preisach Ferroelectric Model

The Preisach model is a phenomenological model for ferroelectric hysteresis, which
models the ferroelectric material as a weighted sum of elementary bistable switching units
(hysterons) characterised by a switching up-field («) and switching down-field (8) (a = B).
We directly use the parameters P. and E, of HZO, P. = 9 uC/cm? and E, = 1.12 MV /cm, to
calibrate the Preisach distribution function. The Preisach model accurately describes major
hysteresis loop behaviour as well as minor loop behaviour, which is required to predict the

memory window under different write voltage conditions.
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3.5.2 Fermi Statistics

Since Ge has a smaller bandgap and can be degenerate at high carrier concentrations or
temperatures, Boltzmann (Maxwell-Boltzmann) statistics were replaced by the Fermi model
to calculate the carrier concentrations. In particular, Fermi statistics are essential to

accurately model the surface potential and inversion charge density for Ge.

3.5.3 Effective Intrinsic Density

The effective intrinsic density model incorporates bandgap narrowing from heavy
doping and quantum mechanical effects at the semiconductor surface, which is necessary to

accurately calculate the threshold voltage and subthreshold slope.

3.5.4 Mobility Models

We turned on the following mobility models: (a) doping dependence, which accounts
for the mobility reduction caused by ionized impurity scattering, (b) high field saturation,
which models the saturation of the carrier velocity at high lateral electric fields, and (c)
enormal, which models the degradation of mobility by the transverse electric field at the
Si/Si0, or Ge/IL interface. The effective carrier mobility in the channel is obtained by

applying Matthiessen's rule to these three mobility components.

3.5.5 Recombination: Shockley-Read-Hall (SRH)

To account for the off-state leakage current due to trap-assisted recombination-
generation, the SRH recombination model was activated as it is crucial for Ge, which has a
higher intrinsic carrier concentration than Si (due to its narrower bandgap) and therefore results
in larger junction leakage in the off-state.

3.6 Simulation Methodology

The simulation steps are: (1) Geometry definition and meshing of the FeFET structure;
(2) Doping profile assignment for the source, drain, and channel regions; (3) Material
parameter assignment (bandgap, permittivity, mobility, work function) for each region; (4)
Preisach model parameters assignment for the HZO region; (5) Write operation simulation:
apply a gate voltage pulse (from 0V to Vpgy and back to 0 V) to sweep the polarization
through a full hysteresis loop; (6) Read operation simulation: measure the drain current as a

function of gate voltage (read voltage sweep from —0.5V to + 1.0 V)at VDS = 0.05V for

17



the programmed (‘1) and erased (‘0’) states; (7) Extract threshold voltages
(Vth, high and Vth, low) from the transfer characteristics using the constant-current method

and compute the memory window
MW = Vip high — Vinjow-

For the parametric study, the write voltage Vpgp/Vers 1S Swept from +1.0V to +
4.0V (or £6.0 V for MFIS), and the MW vs.write voltage characteristics are extracted. The
channel material (Si or Ge), the interfacial layer material (Si0, or Si3N,), the interfacial layer
thickness (0.5,1,2 nm), and the HZO thickness (4,6,8 nm) are independently varied to

isolate the effect of each parameter on device performance.
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CHAPTER

A

WORKING PRINCIPLE OF FEFET MEMORY

4.1 Ferroelectric Polarization and Hysteresis

The operating principle of FeFET memory is fundamentally based on the bistable
polarization states of the ferroelectric gate dielectric. A ferroelectric material has a spontaneous
electric polarization that can be oriented in one of two stable directions by an electric field
larger than the coercive field (E,). This remanent polarization (B.) persists after the external
field is removed and is the basis for non-volatile data storage. The ferroelectric hysteresis loop
describes the relationship between P and E and shows two stable remanent states: +P.
(polarization pointing toward the channel) and —PB. (polarization pointing away from the

channel).

For the FeFET gate stack, the direction of the ferroelectric polarization creates a surface
charge at the ferroelectric-semiconductor interface: for the down direction (positive B,.),
negative bound charge accumulates at the bottom of the ferroelectric (at the semiconductor
interface), attracting holes in the p-type semiconductor and decreasing the threshold voltage
(low — Vth, Logic ‘1’); for the up direction (negative B,), positive bound charge accumulates
at the top of the ferroelectric (at the semiconductor interface), repelling holes in the p-type

semiconductor and increasing the threshold voltage (high — Vth, Logic ‘0’).

4.2 Write ‘1’ Operation (Programming)

The write ‘1’ (programming) operation is performed by applying a positive gate voltage
pulse of amplitude Vps,, to the gate terminal with the source, drain, and bulk terminals
grounded. When the applied gate voltage exceeds the positive coercive voltage (V. =
E. X tpg), the electric field in the ferroelectric layer exceeds the coercive field, and the

ferroelectric dipoles switch to the direction of the applied field (downward orientation).

The aligned dipoles have bound charge (ob) that is net negative (—B.) at the bottom of
the HZO layer, decreasing the potential at the semiconductor surface, which decreases the
19



threshold voltage of the FET, making it low — Vth. During a read operation (with a read
voltage between the low and high — Vth values), the low — Vth device will conduct more

drain current, which is detected as Logic ‘1" .
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Fig. 4.1: Write '1' operation — positive gate pulse aligns ferroelectric dipoles toward semiconductor,

reducing Vth

4.3 Write ‘0’ Operation (Erasing)

A write ‘0’ (erase) operation is performed by applying a negative gate voltage pulse of
amplitude Vs to the gate terminal. A sufficiently negative gate voltage pulse (Vgrs > —Vc)
inverts the electric field in the ferroelectric and the dipoles align away from the semiconductor
channel (upward), resulting in a higher threshold voltage (high — Vth). If, in a subsequent
read operation, the read voltage is between the two Vth values, then the device in the high —
Vth state will have a much lower drain current (or is effectively in the of f — state), which is
read as Logic ‘0’. The ferroelectric non-volatilely stores binary information in the device by

having two remanent polarization states.
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Fig. 4.2: Write '0' operation — negative gate pulse aligns ferroelectric dipoles away from

semiconductor, increasing Vth

4.4 Read Operation

The read is accomplished by applying a small read voltage (V,..q4) to the gate terminal
(chosen to be between the two threshold voltages (Vth,low < V,eqq < Vth,high) and
measuring the resulting drain current, with a small drain voltage (Vps = 50 mV) applied to
induce a measurable current flow without disturbing the ferroelectric polarization state. The
most important criterion for a non-destructive read is that the read voltage must be much
smaller than the coercive voltage so that the read does not induce partial polarization switching

and alter the data.

If the device is in the low — Vth state (Logic '1’), the applied V,.q,q > Vth, low places
the device in the on — state, resulting in a high drain current (on — state current, lpy). If
the device is in the high — Vth state (Logic '0’), the applied V,.,qs < Vth, high keeps the
device in the sub-threshold or off-state, resulting in a low drain current (off-state current, I,zr).
The sensing margin of the memory cell depends on the ratio I,y /Iorr, Which is a function of

the memory window and the sub-threshold slope.
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Fig. 4.3: Read operation — drain current is high for Logic '1" (low Vth)

read

VERS

Fig. 4.4: Read operation — drain current is low for Logic '0" (high Vth)

4.5 Memory Window and Voltage Balance

The figure of merit for FeFET memory performance is the memory window (MW),
which is defined as:

22



MW = Vth,high — Vth, low

A larger memory window gives a larger sensing margin between the two logic states,
making the memory more robust against noise, device-to-device variation, and temperature
fluctuations. A minimum memory window of 0.5V is generally needed for reliable read

discrimination for practical embedded NVM applications.

The voltage balance equation that governs the distribution of the applied gate voltage

(V) across the gate stack of an MFIS FeFET is given by
Ve = Veg + Vip + s
Where Vggis the voltage drop across the ferroelectric layer,
V., is the voltage drop across the interfacial oxide layer, and
s is the surface potential of the semiconductor.

In the case of the MFS structure, the V;; term is missing V; = Vpg + Ys. The
magnitude of the polarization switching is determined by the voltage across the ferroelectric
layer, and thus the threshold voltage shift and memory window, while any voltage consumed
by the semiconductor () or the interfacial layer (V;,) reduces the voltage available for
ferroelectric switching. As such, minimizing both s (e. g., by using Ge instead of Si) and V;;,
(e.g., by using thinner or higher-permittivity interfacial layers) are essential to achieving large

memory windows at low write voltages.
In a given polarization state, the threshold voltage of the FEFET can be expressed as:

QD Pr
Ven = Vg — — = =

~

where Vg is the flat-band voltage,
Q) is the depletion charge density,

C; is the effective gate capacitance per unit area, and the

+ % term represents the threshold voltage shift due to the two polarization states.

The memory window is thus:
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This equation indicates that the memory window increases with the remanent polarization (2,)

and with the ferroelectric layer thickness ( :ﬂ), and decreases as the interfacial layer
FE

capacitance (‘:’—L) increases — in agreement with the simulation results in Chapter 5.
IL

4.6 Non-Volatility and Retention

The energy barrier between the two polarization states of the ferroelectric causes the
ferroelectric to remain in its last programmed state when the applied field is zero, giving rise
to the non-volatility of FeFET memory. The stability of this energy barrier against thermal
fluctuations, depolarization fields, and charge injection determines the data retention of FeFET
devices, and with optimised gate stacks, HZ0-based FeFETs have been shown to retain data
for over 10 years at room temperature, making them appropriate for non-volatile memory

applications.
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CHAPTER

S

RESULTS AND DISCUSSION

This chapter presents the TCAD simulation results for FeFET devices in MFS and
MFIS configurations with Si and Ge channel materials. The results are organized as follows:
Section 5.1 covers the Si-MFS FeFET, Section 5.2 the Ge-MFS FeFET, Section 5.3 the
comparative analysis of Si vs.Ge in the MFS structure, Section 5.4 the Si-MFIS FeFET,
Section 5.5 the Ge-MFIS FeFET, Section 5.6 the comparative analysis of Si vs. Ge in the MFIS
structure, Section 5.7 the cross-comparison of best-performing structures, Section 5.8 the
effect of interfacial oxide material and thickness, and Section 5.9 the effect of ferroelectric
HZO0 thickness.

5.1 MFS FeFET with Silicon Substrate

The Si-MFS FeFET represents the simplest gate stack configuration: TiN/HZ0/Si. The
transfer characteristics (drain current vs. read voltage) were simulated for write voltages
(Vpem = Vggrs) ranging from + 1.0 V to + 4.0 V. Figure 5.2 shows the drain current vs. read
voltage characteristics for different write voltages. Solid lines represent the programmed state
("1",low — Vth) and dashed lines represent the erased state ('0’, high — Vth).

Fig. 5.1: MFS FeFET with Silicon substrate — TiN / HZO (6 nm) / p-Si gate stack
25



10+

-y

1078 u

10°%F

107

Drain Current (A)

1078

10°F

]O—Iﬂ

0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Read Voltage (V)

Fig. 5.2: Drain Current vs. Read Voltage for Si-MFS FeFET at write voltages from+1Vto +4V

The results show that even at a relatively low write voltage of +1.5 V, a measurable
current separation between the ‘1’ and ‘0’ states is observed. The memory window
progressively increases with increasing write voltage as the ferroelectric polarization becomes
more fully switched. At +£1.5 V/, the memory window reaches approximately 0.5 V, which is
the practical minimum for reliable sensing. The current on/off ratio between the two states

exceeds four orders of magnitude at write voltages above +2 V.

The Si-MFS FeFET achieves a memory window of approximately 0.5V at a write
voltage of +1.4 V (interpolated) and approaches saturation above +3.5V at approximately
1.3 V. The saturation behavior is attributed to the complete polarization switching of the HZ0O
layer — once all ferroelectric domains have switched, further increase in write voltage does

not increase the remanent polarization and thus does not improve the memory window.

5.2 MFS FeFET with Germanium Substrate

The Ge-MFS FeFET uses an identical gate stack to the Si device (TiN/HZO0/Ge) but replaces
the Si substrate with a p-type Ge substrate. The transfer characteristics exhibit a fundamentally
similar shape to the Si device, but with notable quantitative differences attributable to the

different surface potential and bandgap of Ge.
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Fig. 5.3: MFS FeFET with Germanium substrate — TiN / HZO (6 nm) / p-Ge gate stack
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Fig. 5.4: Drain Current vs. Read Voltage for Ge-MFS FeFET at write voltages from +1 V to 4 V

The Ge-MFS FeFET shows a significantly larger memory window at lower write
voltages compared to the Si device. At 1.0 VV write voltage, the Ge device already exhibits a
memory window of approximately 0.2 V, compared to essentially zero for Si. At +1.5V, the
Ge MW reaches approximately 0.8 V, while the Si device achieves only about 0.5 V. The
current levels in the Ge device are also higher due to its higher hole mobility, resulting in a
larger on-state current at the same read voltage.
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The memory window of 0.5 V is achieved at a write voltage of about +1.2V,0.2V
lower than that of the Si-MFS device. In addition, the Ge device saturates at a higher maximum
memory window (~1.34 V vs.~1.30V for Si) at a lower write voltage (~ + 2.8V vs.~ +
3.0V for Si), which is consistent with the lower surface potential of Ge as discussed in the

following section.

5.3 Comparative Analysis: Si vs. Ge in MFS Structure

We systematically compare the MFS FeFETSs using Ge and Si in two key aspects: the memory
window vs. gate voltage characteristic (Fig. 5.5) and the surface potential vs. gate voltage

characteristic.
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Fig. 5.5: Memory Window vs. Gate Voltage — comparison of Si and Ge substrates in MFS FeFET

structure (MW = 0.5 V reference marked)

As shown in Fig. 5.5, Ge has a larger memory window at all gate voltages and the 0.5 V
target is achieved at approximately +1.2 V for Ge and + 1.5V for Si. Both devices show
saturation behavior, but Ge saturates at a higher memory window value and at a lower gate

voltage, which means that Ge reaches full polarization switching more efficiently.
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Fig. 5.6: Surface Potential vs. Gate Voltage — comparison of Si and Ge substrates in MFS FeFET
(solid = positive Pr state, dashed = negative Pr state)

This behavior can be explained by the magnitude of surface potential difference (Fig.
5.6) in Si and Ge, where at a gate voltage of +2 V, the magnitude of Si surface potential is
0.62 V (positive B. state) and 0.64 V (negative B. state), and that for Ge are 0.33 V and 0.35V
respectively, which means that for the same applied gate voltage, ~0.28 V' more voltage
appears across the ferroelectric layer in Ge than Si, resulting in stronger polarization switching

and larger memory window.

5.4 MFIS FeFET with Silicon Substrate

The MFIS structure introduces a 1 nm SiO, interfacial layer between the HZ0 and the
Si semiconductor. The addition of this interfacial layer reduces the effective voltage across the
HZO ferroelectric layer for a given applied gate voltage, thereby requiring higher write

voltages to achieve the same degree of polarization switching compared to the MFS structure.

The transfer characteristics of the Si-MFIS FeFET show that measurable memory
window begins to appear at write voltages around +2 V. A memory window of 0.6 V is
achieved at approximately +3 V write voltage, and 0.8 V at + 4 V. The drain current levels
are slightly lower than the MFS structure due to the additional SiO,capacitance in series with

the HZ0, which slightly reduces the effective gate coupling to the channel.
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Fig. 5.7: MFIS FeFET with Silicon substrate — TiN / HZO (6 nm) / SiO, (1 nm) / p-Si gate stack
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Fig. 5.8: Drain Current vs. Read Voltage for Si-MFIS FeFET at write voltages from+1Vto + 6V

The Si-MFIS FeFET requires approximately +2.6 V write voltage to achieve the 0.5V
memory window target. This is significantly higher than the +1.4 V required for the Si-MFS

structure, highlighting the voltage penalty associated with the interfacial SiO, layer. The

interfacial layer consumes a portion of the applied gate voltage (V;, = V; X c Z’LC ), and for
IL FE

a 1 nm Si0, layer in series with a 6 nm HZO layer, approximately 47% of the gate voltage is

consumed by the SiO, layer — a significant voltage penalty.
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5.5 MFIS FeFET with Germanium Substrate

The Ge-MFIS FeFET uses the same gate stack as the Si-MFIS (TiN/HZ0/Si0,/Ge)
but with a Ge semiconductor. Despite the voltage penalty of the SiO,interfacial layer, the Ge

channel provides a substantial improvement in write voltage efficiency due to its lower surface
potential.
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Fig. 5.9: MFIS FeFET with Germanium substrate — TiN / HZO (6 nm) / Si0O, (1 nm) / p — Ge

gate stack
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Fig. 5.10: Drain Current vs. Read Voltage for Ge-MFIS FeFET at write voltages from + 1V to +
6V
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The Ge-MFIS FeFET shows a memory window of approximately 0.7 V at + 2 V write
voltage and 1.0 V at + 3 V write voltage. The drain current in the on-state is approximately
one order of magnitude higher than the Si-MFIS device at the same read voltage, reflecting the
higher hole mobility of Ge. The threshold voltage separation is clearly visible even at low write
voltages (£1.5 V), making the Ge-MFIS device far superior to the Si-MFIS device for low-
voltage embedded NVM applications.

The Ge-MFIS FeFET achieves the 0.5 V memory window target at approximately 1.7
V write voltage — 0.9 V lower than the Si-MFIS device (£2.6 V). This ~35% reduction in
required write voltage represents a very significant improvement for embedded NVM
applications where operating voltage is constrained by the CMOS supply voltage. The
improvement is driven by the lower surface potential of Ge, which directs more of the applied

gate voltage across the ferroelectric layer despite the same Si0O, interfacial layer penalty.

5.6 Comparative Analysis: Si vs. Ge in MFIS Structure

|[—@— silican

== Germanium

o
T

=
T

ot
%
T

=
=
T

MW = 0.5V

Memory Window (V)

e
Fs
T

2
(9

e
=
T

L

1 2 3 4 s
Gate Voltage (V)

Fig. 5.11: Memory Window vs. Gate Voltage — comparison of Si and Ge substrates in MFIS FeFET

structure (MW = 0.5 V reference marked)

The comparison of memory window vs. gate voltage (Fig. 5.11) also further highlights
the benefit of Ge over Si. Ge consistently exhibits a larger memory window at all gate voltages,
and the gap between the two curves is larger in the MFIS structure than in the MFS structure,

because the Si0, interfacial layer penalizes both devices by the same amount of voltage
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dropped across the IL, but the lower surface potential of Ge provides a proportionally larger
benefit.
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Fig. 5.12: Surface Potential vs. Gate Voltage — comparison of Si and Ge substrates in MFIS FeFET

The comparison of surface potential (Fig. 5.12) confirms the same trend as in the MFS
structure: Si has a higher magnitude of surface potential than Ge, and in the MFIS structure,
the magnitude of the surface potential for both materials is slightly lower than that in the MFS
structure (at the same gate voltage) because the SiO,layer decreases the effective gate field
reaching the semiconductor; however, the advantage of Ge over Si in the magnitude of the
surface potential is retained.

5.7 Cross-Configuration Comparison

A particularly important comparison is between the best-performing simple structure (Ge-
MFES) and the worst-performing complex structure (Si-MFIS). The cross-comparison reveals
that the Ge-MFS structure requires only ~ + 1.2V to achieve MW = 0.5V, while the Si-
MFIS structure requires ~ + 2.6 V — a difference of 1.4 V. This dramatic contrast underscores
that the combination of channel material choice (Ge vs. Si) and gate stack architecture (MFS

vs. MFIS) together determine the write voltage requirement.
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Fig. 5.13: Memory Window vs. Gate Voltage comparing Ge-MFS and Si-MFIS structures —
highlighting the write voltage advantage of Ge-MFS

As illustrated in the figure, at any gate voltage, the Ge-MFS structure exhibits a larger
memory window than the Si-MFIS structure, with the crossover point at the MW = 0.5V
reference line clearly indicating a +1.4 V advantage of Ge-MFS over Si-MFIS. This result
strongly encourages the use of Ge channel material for FeFET-based embedded NVM

applications, especially when logic-compatible write voltages (< 1.5 V) are desired.

5.8 Effect of Interfacial Layer on Memory Window

In the case of the MFIS structure, the interfacial oxide layer is a key design parameter that
controls the trade-off between reliability (interface quality) and write voltage efficiency. In this
section, the effect of varying the interfacial layer thickness (0.5, 1, 2 nm) and material (SiO,
vs.SizN,) is systematically investigated on the memory window and write voltage for the Ge-
MFIS FeFET.

5.8.1 Effect of Si0, Interfacial Layer Thickness

From the simulation results, it is evident that increasing the SiO, interfacial layer
thickness reduces the memory window at a given write voltage, and a higher write voltage is
required to achieve the same memory window target. For the MW = 0.5V reference, the
required write voltages are 2.0 V (ts;0, = 0.5nm), 2.6 V (tsi0, = 1nm), and 3.8V (ts;0, =
2 nm).The degradation in memory window with increasing SiO2 thickness is consistent with
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the voltage balance equation: a thicker SiO, layer (lower capacitance) drops a larger fraction

of the applied gate voltage across the interfacial layer, leaving less voltage for ferroelectric
switching.
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Fig. 5.14: Memory Window vs. Write Voltage for different SiO2 interfacial layer thicknesses
(0.5 nm, 1 nm, 2 nm) in Ge-MFIS FeFET

5.8.2 Effect of Si; N, Interfacial Layer Thickness
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Fig. 5.15: Memory Window vs. Write Voltage for different Si3N4 interfacial layer thicknesses
(0.5 nm, 1 nm, 2 nm) in Ge-MFIS FeFET
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A similar trend is observed with Si;N, interfacial layers: increasing thickness reduces
the memory window. However, the magnitude of the degradation is smaller for Si3N,
compared to Si0, at the same physical thickness. For MW = 0.5V, the required write
voltages with Si;N, are: 1.7V (0.5 nm), 2.0V (1 nm),and 2.6 V (2 nm). Comparing with
the Si0, results, Si; N, achieves the same target with approximately 0.3 V to 1.2 V lower write

voltage for the same thickness, reflecting the benefit of the higher permittivity of Si;N, (&, =
7.5vs.3.9 for Si0,).

5.8.3 Comparative Analysis of Sio, vs. Si;N,
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Fig. 5.16: Memory Window vs. Write Voltage comparing Si0, and Si;N, interfacial layers at same
thickness (0.5,1, 2 nm)

Table 5.7: Write Voltage Required for MW = 0.5V — SiO, vs. Si;N, at Different Thicknesses

Interfacial Layer Thickness 0.5nm Thickness1nm Thickness2nm
Sio, (&,=3.9) 20V 26V 3.8V
SisN, (g, =7.5) 1.7V 20V 26V
Reduction (SizN, vs -03V -0.6V -1.2V
Si0, )
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The advantage of Si;N, over Si0, increases with interfacial layer thickness, as

expected from the voltage divider model. The physical reason is that the voltage dropped across

the interfacial layer scales as V;; « :’—L So a material with higher g;;, drops proportionally less
IL

voltage. For a given target memory window, Si;N, consistently outperforms Si0,, making it

the preferred interfacial layer material for low-voltage FeFET operation.

5.9 Effect of HZO Ferroelectric Layer Thickness

Another important design parameter is the thickness of the ferroelectric layer: the total
polarization charge per unit area is proportional to the thickness of the HZO film, thus a thicker
HZO0 film would have a stronger threshold voltage shift and thus a larger memory window for
the same polarization state; however, thicker films would need higher voltage to generate the
same electric field across the ferroelectric (since E. is a field quantity, the required voltage
scales with thickness as (V. = E. X tgg), and the question is whether the increased memory

window from increased polarization outweighs the increased required write voltage.
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Fig. 5.17: Memory Window vs. Write Voltage for HZO thickness = 4 nm, 6 nm,8 nm in
Ge-MFIS FeFET with Si0, (1 nm)
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Table 5.8: Write Voltage for MW = 0.5 V at Different HZO Thicknesses

HZO Thickness Write Voltage for MW = 0.5V
4nm ~33V

6 nm (baseline) ~2.6V
8 nm ~24V

The simulation results reveal an important and somewhat counterintuitive finding:
while the 4 nm HZO device requires ~3.3 V write voltage for the MW = 0.5V target, both
the 6 nm and 8 nm devices achieve this target at approximately 2.5-2.4 V. The 8 nm device
achieves the target at a slightly lower voltage than the 6 nm device. This indicates that
increasing HZO thickness is beneficial for write voltage reduction up to a point, after which

the return diminishes.

This physical explanation is as follows. The memory window MW is linearly

proportional to tz; according to the memory window equation MW = 2Pr(f—E + Z’—L). The
FE IL

write voltage to achieve complete polarization switching is Vs,itcn, = Ec X tgg. The fraction

of the applied voltage V that appears across the ferroelectric is Ve = V; X % ,which
FE,total

also increases with ty as the IL capacitance becomes more of the total series impedance. The
net effect is that thicker films achieve the same MW at a lower write voltage at the expense of
higher coercive voltage for complete switching — a trade-off that must be optimised for a

target voltage specification.

5.10 Summary of Key Results

The main quantitative results of the simulation study are as follows:

e The Ge-MFS FeFET exhibits the MW of 0.5V at + 1.2V lowest write voltage
among all the configurations studied.

e The Ge-MFIS FeFET with 1 nm SiO, achieves MW = 0.5V at + 1.7V, which is
0.9 V lower than that of the Si-MFIS.
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The Si;N, interfacial layer outperforms SiO, at all thicknesses, reducing the write
voltage by 0.3V to 1.2 V.

Increasing HZO thickness from 4 nm to 8 nm reduces the write voltage for MW = 0.5 V from
~3.3Vto~24V.

The Ge advantage over Si is consistently attributed to the lower surface potential of Ge,

enhancing the voltage coupling to the ferroelectric layer.

The best configuration, Ge-MFS or Ge-MFIS with Si; N, and the optimal HZO thickness, can
reach logic-compatible write voltages below 2 V with MW > 0.5V,

39



40



CHAPTER

0

CoNcLUSsION AND FUTURE WORK

6.1 Summary of the Thesis

In this thesis, a systematic TCAD simulation study of Ferroelectric Field Effect
Transistors (FeFETs) based on HZO for embedded non-volatile memory applications is
presented. Four device configurations are analyzed: Si-MFS, Ge-MFS, Si-MFIS, and Ge-
MFIS. The device performance metrics, such as the Memory Window (MW) and the required
write voltage, are discussed as functions of channel material, interfacial layer material and

thickness, and ferroelectric HZO layer thickness.

6.2 Key Conclusions

6.2.1 Channel Material (Si vs. Ge)

In both MFS and MFIS configurations, the Germanium-channel FeFET always performs better
than the Silicon-channel FeFET, with the primary physical mechanism being the lower surface
potential of Ge due to its narrower bandgap (0.66 eV vs. 1.12 eV for Si), which causes a larger
fraction of the applied gate voltage to appear across the ferroelectric HZO layer and thus leads
to stronger polarization switching and a larger memory window at a given write voltage. The

relative improvements are:

e MFS structure: Ge requires +1.2V ws.+1.4V for Si to achieve MW =
0.5V (14% reduction).

e MFIS structure: Ge requires +1.7 V vs. £2.6 V for Si to achieve MW = 0.5V (35%

reduction).

The larger relative improvement of Ge in the MFIS structure reflects that the benefit of Ge
(reduced y5) is more pronounced when the total gate voltage budget is further constrained by

the additional voltage drop across the interfacial oxide.
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6.2.2 Device Architecture (MFS vs. MFIS)

Since the interfacial oxide voltage penalty is not present in the MFS structure, it results
in better voltage efficiency (lower write voltage for a given MW), while the MFIS structure
offers superior interface quality, leading to better reliability (endurance and retention) in
practice. The MFS structure with a Ge channel is preferred for ultra-low-voltage applications,
and the Ge-MFIS with a thin Siz;N, interfacial layer is preferred for applications where

reliability is key and slightly higher write voltages are acceptable.

6.2.3 Interfacial Layer Material

Since Si;N, has a higher dielectric constant (e, = 7.5) than SiO,(s, = 3.9), the
voltage drop across the interfacial layer is reduced, and therefore, the write voltage advantage
of Si3N, over Si0O, is greater: 0.3V at 0.5nm,0.6V at 1 nm,and 1.2V at 2 nm.
Therefore, Si;N, is the preferred interfacial layer material for FeFETs for low-voltage

embedded NVM applications.

6.2.4 Ferroelectric HZO Thickness

Increasing the ferroelectric HZO thickness is advantageous for larger memory windows at
lower write voltages, and the required write voltage for MW = 0.5V decreases from
~3.3V (4nm) to ~2.4V (8 nm), but the improvement saturates and thicker films can present
integration challenges (step coverage, uniformity in scaled devices). A ferroelectric HZO

thickness of 6- 8 nm is a practical optimum for the device parameters studied in this work.

6.2.5 Overall Design Guidelines

The thesis establishes the following design guidelines for optimizing FeFET-based embedded
NVM:

» Use Ge as the channel material to maximize write voltage efficiency.

» Prefer the MFS structure for ultra-low-voltage operation (< 1.5 V); use MFIS with

thin Si; N, for improved reliability with moderate write voltage (< 2 V).

« Use Si;N,instead of Si0O, as the interfacial layer material to reduce write voltage by

0.3-1.2 V depending on thickness.

» Optimize HZO thickness in the 6-8 nm range for maximum memory window at

minimum write voltage.
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« Combine Ge channel, thin Si;N, interfacial layer, and optimized HZO thickness for the

best overall performance.
6.3 Significance of This Work

The findings of this thesis have important implications for the design and optimization
of FeFET-based embedded non-volatile memory in advanced CMOS nodes. The systematic
demonstration that Ge-channel FeFETSs can achieve logic-compatible write voltages (< 2 V)
with memory windows well above the 0.5 V target — using CMOS-compatible HZO gate
dielectrics and standard TiN gate electrodes — validates the promise of FeFET as a next-
generation eNVM technology. The write voltage and memory window values achieved in this
simulation study are consistent with the experimental results reported by Das et al. (2023) and
Zacharaki et al. (2022), validating the simulation methodology and lending confidence to the

design guidelines presented here.

The confirmation that Si; N, outperforms Si0O, as an interfacial layer material provides
a practical and immediately actionable design guideline, since Si;N, is a standard dielectric
in CMOS processing and can be deposited by ALD or LPCVD using well-established
processes. This finding, combined with the HZO thickness optimization study, provides a
comprehensive parameter space for device engineers to target specific write voltage and

memory window specifications.

6.4 Limitations of This Study

While this thesis provides valuable design insights through TCAD simulation, several
limitations should be acknowledged. First, the simulation assumes ideal ferroelectric behavior
described by the Preisach model with fixed P. and E. values; in practice, HZO films exhibit
variability in these parameters due to grain-to-grain crystallographic phase variation, wake-up
and fatigue effects, and temperature dependence. Second, interface trap density was not
explicitly included in the simulations; interface traps are known to screen the ferroelectric
polarization and reduce the effective memory window, particularly in the MFIS structure.
Third, the simulations are two-dimensional and do not capture three-dimensional effects such
as edge leakage, fringe fields, and variability from random dopant fluctuations. Fourth, the
temperature dependence of device parameters was not systematically studied, which is

important for assessing the operating temperature window of the memory.
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6.5 Directions for Future Work

Based on the findings and limitations of this study, the following directions for future research

are recommended:

» Experimental fabrication and characterization of Ge-channel FeFETs with HZO and
Si; N, interfacial layers, to validate the simulation predictions and quantify the effect

of process variations.

« TCAD study incorporating interface trap density (D;;) atthe HZ0 /SizN,/Ge interface,
to assess the impact of traps on memory window and retention, as investigated for MFIS
tunnel junctions by Kumar et al. (2025).

» Three-dimensional device simulations to capture edge effects, variability from random
dopant fluctuations, and grain boundary effects in polycrystalline HZO.

» Temperature-dependent simulation study (—40°C to 125°C) to assess the thermal
stability of the memory window and threshold voltage states for automotive and
industrial embedded applications.

» Investigation of FeFET-based multi-level cell (MLC) operation with Ge channels,

enabling storage of 2 or more bits per cell through intermediate polarization states.

« Extension of the study to SOI (Silicon —on — Insulator) and Ge —on —
Insulator (GOI) substrates, which are relevant for fully-depleted CMOS architectures

at advanced technology nodes.

 Circuit-level simulation of FeFET memory arrays to assess the impact of cell-to-cell
interference, programming disturb, and sensing circuit requirements for the optimized

device configurations.
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