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ABSTRACT

1T1C FeERAM memory array with Hfj 5Zr50,.-based
ferroelectric film

Jun Okuno

Since the ferroelectric Hfy 571y 50,-based material was reported in 2011, there has
been much discussion about its application to 1T1C FeRAM. However, the feasi-
bility of practical memory array operation using practical 1T1C memory cell struc-
tures has never been discussed. In this thesis, a novel 64 kbits of Hfj 5Zr, 50,-based
1T1C FeRAM memory array with dedicated CMOS logic circuit was integrated into
130 nm CMOS technology node and demonstrated the memory array operation
for the first time. As aresult, perfect functionalities in 64 kbits arrays and array oper-
ation at 2.0 Vwith sub 10 ns were demonstrated using 8 nm thick Hfy 5Zr, 50,. The
memory window dependence on the ferroelectric capacitance area revealed that
this technology has the potential for future scaling to capacitor areas of 0.1 pm?
toward 40 nm CMOS technology node. Cycling tolerance of hard breakdown of the
1T1C FeRAM memory array was investigated, revealing the 1 ppm Raw-Bit-Error-
Rate at 2.0V, 100 ns, and 85°C operation was predicted to be > 10% cycles, based on
the dependence of time to breakdown on the stress voltage. Considering a degra-
dation of the remanent polarization due to a fatigue, the memory window was
decreased post 102 cycles. This degradation can be recovered by applying higher
stress cycling on the MFM with keeping the distribution of memory window. These
results should encourage the mass production of Hf 5Zr, 50,-based 1T1C FeRAM,

which has been at the research level until now.



1 Introduction

1.1 Background

An edge computing architecture has been gaining attention in recent years
due to its low latency, low data transaction, and high security communications
compared to a cloud computing architecture!®2°, In the edge computing, huge
amount of calculation for inference of image, speech and language is required
at distributed internet-of-things (IoT) edge devices illustrated in Figure 1.1. For
applications where it is difficult to secure a power supply or replace batteries, low-
power consumption and small-footprint edge IoT devices are desired (Figure 1.2).
Such edge IoT devices use various types of memory, such as static random access
memory (SRAM), dynamic random access memory (DRAM), and NAND FLASH
memory, which serve as a storage or working memory. Therefore ultra-low-power

and small-footprint memories are strongly desired.
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Cloud computing Edge computing

¥i\

Cloud
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Figure 1.1. Illustration of cloud computing and edge computing ar-
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Figure 1.2. Use case of the edge IoT device application®.
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Figure 1.3 is illustrating a hierarchical structure of memory showing trade-off
between capacity and latency. Because of the trade-off between capacity and la-
tency, memory system needs to be divided according to the application. SRAM is
commonly used for the highest speed application near Central Processing Unit
(CPU) such as register, layer 1 cache (L1) to last level cache (LL). It has an advan-
tage of high speed operation, but requires large footprint because a memory cell
consists of more than 5 transistors. Since SRAM is a volatile memory, it has the prob-
lem that standby leakage increases power consumption. NAND flash memory is
widely used as a storage memory because of its high density and non-volatility,
although it operates at low speed. It requires high voltage (> 10 V) to store the
data, resulting in large energy consumption during write operation. DRAM is used
as primary working memory to bridge the performance gap between SRAM and
NAND FLASH. Since it is volatile memory, it requires refresh operations at regular
intervals (once every 64 ms), which increases power consumption. Since differ-
ent memories are used for different purposes, the problem is that a lot of power
consumption is generated during data transfer between memories. Therefore, em-
bedded memory that replaces all or part of the memory system is desired to reduce
power consumption.

SRAM

Figure 1.3. Hierarchical structure of memory showing trade-off be-
tween capacity and latency.
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Table 1.1 is a comparison table of performance in embedded memories. Al-
though several emerging or emerged memories such as embeded flash memory
(eFlash), resistive Random Access Memory (RRAM) , spin torque transfer mag-
netic RAM (STT-MRAM) and perovskite-based ferroelectric RAM (barium titanate
(BaTiO3)?! and later in lead zirconate titanate (PZT)?2, have been suggested to
achieve the replacement, but no one accomplish it due to limitation of write en-
ergy, endurance and scaling resulting from high process cost caused by complex

structures.

Table 1.1. Comparison table of performance in embedded memo-

ries.
SRAM eDRAM eFlash eRRAM STTMRAM  Perovskite-
FeRAM

Non-volatile No No Yes Yes Yes Yes
Write voltage > 0.5V >1.0V ~10V 2~3V 2V >1.5V
Write speed <1lns 20~100ns ~10ps 1~ 100 ps 10 ns 10 ~ 100 ns
Endurance 1016 106 10° 106 10° 10™°
Energy Standby Dynamic High High High Low

leak refresh
Scaling 5/7nm 28 nm 28 nm 40 nm <22nm 180 nm

discontinued discontinued discontinued
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1.2 Ferroelectricity of hafnium-oxide-based material

The ferroelectricity of hafnium silicon oxides (HfSiO,) was first reported in
20112, showing the presence of a polar orthorhombic phase in HfSiO, thin films
that contributes to their ferroelectricity. Compared to conventional perovskite fer-
roelectric materials, HfO,-based ferroelectric materials have the advantages that
they can be deposited by an atomic layer deposition (ALD) method and have bet-
ter compatibility with CMOS processes since HfO, is widely used in front-end pro-
cesses. This advantages indicates that HfO,-based ferroelectric materials have po-
tential for application in state-of-the-art CMOS technology nodes.

HfO, exhibits ferroelectricity due to an appearance of the polar orthorhombic
Pca2, phase group, which didn't exist in the conventional classical phase diagram
as described in Figure 1.4. In this lattice configuration, the oxygen atoms can take
two equilibrium positions corresponding to the two opposite directions of polar-
ization. When an external electric field is applied, oxygen atoms move from one

equilibrium position to another by polarization switching.

® Hf atoms

® Oxygen atom
Oxygen atom defining
a polarization state

Figure 1.4. Schematic diagram of a Pca2; unit cell corresponding to
polar-orthorhombic phase with two opposite polarization directions
in hafnium oxide. Picture was taken with permission?®.
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Figure 1.5 shows a polarization (P) vs. electric field (E) for the typical ferroelec-
tric behavior. The electric dipole on the surface of a ferroelectric material is called
"spontaneous polarization" because the centers of gravity changes to positive or
negative spontaneously. The direction of spontaneous polarization is reversed
when an external electric field is applied. The value of the polarization remaining
on the surface at the absences of external electric field is called "remanent polar-
ization (Pr)" and the value of the electric field when the polarization reverses is
called the "coercive field (Ec)". When a sufficiently strong electric field is applied,
all mobile charge is transferred to the surface. This is called the saturated state, and
the value of polarization at this time is called the "saturation polarization value
(Ps)". All of these parameters have a polarity of positive or negative.

Table 1.2 shows ferroelectric properties of Hf; 5Zry 50, comparing with another
ferroelectric materials. The Pr and Ec of Hf; 5Zr, 50, have been reported to be com-

petitive with other materials.

|

I

ov
Figure 1.5. Polarization vs. electric field for ferroelectric behavior.

Table 1.2. Comparison table of ferroelectric properties 2.

PZT SBT AlScN Hfy571950>
Pr [nC/cm?] 40 ~90 10~ 20 80~140 30~60
Ec [MV/cm] 0.05 ~0.05 2~5 0.8~2

k 1300 150 ~ 250 ~25 ~ 30
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1.3 Application of hafnium-oxide-based ferroelectric material

In past two decades, ferroelectric memory application based on Hfy 5Zr( 50,
have been extensively discussed for their low switching current due to the polar-
ization switching, their compatibility with the CMOS process, and their scaling
potential as described in Figure 1.6. Table 1.3 shows a performance comparison ta-
ble between three typical Hfj 5Zr, 50,-based memory application such as ferroelec-
tric field effect transistors (FeFETs) %4, ferroelectric tunnel junctions (FTJs)?>?%, and
one-transistor and one-capacitor ferroelectric random access memories (1T1C
FeRAMs) 2.

FeFETs are capable of non-destructive read schme and multi-bit write oper-
ations and are suitable for higher density devices. However, the dielectric film
formed between the ferroelectric gate oxide film and the Si interface can cause
charge trapping and degradation of reliability and variability of the characteris-
tics. Several studies have been conducted to address these issues. The choice of a
back-gate FeFET structure with a channel-last process flow can achieve the higher
endurance behavior?2,

FTJs have been proposed as two-terminal resistance-change devices with a fer-
roelectric layer and an interface layer between two metal electrodes. The device
has advantages of nondestructive readout with high density, and proposed as po-
tential applications in neuromorphic computing devices. The retention properties
due to depolarizing magnetic fields are controversial. To overcome this challenge,
optimization of the film stack and operating voltage has been proposed?°.

1T1C FeRAM has an excellent interface layer between the metal electrode and
the ferroelectric layer, which enables high endurance, low operating voltage, and
disordered operation despite destructive readout operation. However, from the
discovery of ferroelectric Hfy 5Zr( 50,, FeFETs attracted much attention owing to

single transistor structure. On the other hand, the development of 1T1C FeRAM
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has been delayed from FeFETs due to the complexity of the process to form inte-
grated capacitors and the need for a dedicated circuit to identify minute capaci-
tance changes and read them out destructively. Therefore, research has been lim-

ited to basic evaluation using the MFM structure.

_— e Logic in
) unnel junctions memory
Jast  DRAMike
NCFET
FeFET Ferer ]
2007 | 8 9 10 | 11 12 | 13 14 | 15 | 16 17 | 18 | 19 | 20 | 21 |22 (| 23
FE propeties  First 2011 FE i
found Qimonda First L DRI E::i‘é
65 nm publication Neg. Cap Synaptic FeRAM
FeFET devices (This work)

Figure 1.6. Chronology of semiconductor ferroelectric science and
industry discoveries and advances since first reported. Picture is
adapted from work®.

Table 1.3. Comparison table of performance in Hfy5Zr,50,-based

memory devices'.
FeFET?® FTJ% 1T1C-
FeRAM ?°
Non-destructive read Yes Yes No
2-terminal stucture No Yes No
Write Voltage (< 2V) No No Yes
Endurance (> 10°) No No Yes

Memory array operation  Yes No This thesis
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1.4 Challenges of conventional methods

There have been manyreports on fundamental properties of Hf 571y s0,-based
materials toward 1T1C FeRAM application. In a conventional method, a large area
(larger than 100 pm?) of metal/ferroelectric/metal(MFM) capacitor has been com-
monly used to amplify small displacement currents as shown in Figure 1.7. How-

ever, following matters remains controversial.

(1) CMOS process compatibility

(2) Ferroelectric properties under practical use case (< 100 kHz)
(3) Uniformity of ferroelectric properties at realistic MFM size.
(4) Reliability of small MFM capacitors

First, integration process of MFM is needed to be optimized according to the
CMOS process. In particular, the thermal budgetis limited depending on the CMOS
process, so material optimization is necessary. Second, large capacitor causes large
RC delays during measurement and cannot apply ideal pulses shape, which limits
their operating speed. It has been reported that this issue can be solved by extrap-
olating from the frequency dependence of lower than 100 kHz*°, but for a more
realistic study, direct measurements around 100 MHz are desired. Third, it is es-
sential for 1T1C FeRAM to be able to separate high and low states even at several
megabits, so it is important to investigate the capacitance variation of both states
in a realistic MFM structure. Finally, reliability of ferroelectricity of realistic MFM
capacitors using memory array under practical use case is inevitable for the feasi-
bility study of 1T1C FeRAM application. Recently, process integration of memory
arrays with realistic MFM structures with 110 nm CMOS technology node has been
reported?®. However, memory array operation using dedicated circuits such as ad-
dress decoders and sense amplifiers (SA) in Hfj 5Zry 50,-based 1T1C FeRAM under

actual use conditions has never been reported.
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Top electrode

Ferroelectric film

Bottom electrode

Si substrate

Figure 1.7. Illustration of a conventional test structure for MFM with
larger than 100 pm?.
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1.5 Motivation of this thesis

In this thesis, a feasibility study of 1T1C FeRAM with Hf,, 5Zr, 50,-based ferro-
electric film was experimentally performed to address challenges as mentioned
in Section 1.4. First, Hfj 571, 50,-based ferroelectric film was developed for inte-
grating it into 130 nm CMOS technology node considering the thermal budget in
Chapter 2. Second, a novel 64 kbits 1T1C FeRAM memory array with small MFM
capacitors (0.4 pm?) based on Hfy5Zr, 50, film using a dedicated CMOS logic cir-
cuit was integrated into 130 nm CMOS technology in Chapter 3, and memory array
performance was investigated to verify the ferroelectric properties under practical
use case (100 kHz) in Chapter 4. Third, memory window analysis using the 1T1C
FeRAM memory array was studied to reveal a variability of ferroelectricity of small
MEFM capacitors and predict the scalability toward more advanced CMOS technol-
ogy in Chapter 5. Finally, film thickness scaling to reduce operating voltage and
improve cycling tolerance for hard breakdown was studied and a recovery effect
from the fatigue was comprehensively investigated by applying various operating
condition to verify the reliability of small MFM capacitors.

The target performance was defined as shown in Table 1.4, taking other tech-
nologies into account. This thesis focuses on Hfy 5Zr, 50,-based 1T1C FeRAM as a
slow SRAM replacement for ultra-low power and small area embedded memory
as shown in Figure 1.3. The target of write voltage was defined to be around 2.0V,
assuming a 40nm CMOS technology node as the first stage of scaling. Aiming for a
speed between SRAM and DRAM, the target of write speed was set at about 20 ns.
Since high endurance was required for low-speed SRAM replacement, the target of
write endurance was set to more than 10'° cycles. No any other technologies, such
as conventional FeRAM and Hf, 5Zr,50,-based FeFET have never achieved these
targets. Hfj 571y 50,-based 1T1CFeRAM is included for reference, but as mentioned
in Section 1.3, it is not the result based on memory array operation. To accomplish
this targets, a 64 kbits of 1T1C FeRAM with Hf; 5Zr, 50,-based ferroelectric film was
fabricated with dedicated CMOS logic circuits to demonstrate its memory array

operation for the first time.
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Table 1.4. Target performance comparing with another technology.

SRAM eDRAM perovskite— Hf0,5Zr0,502— Hf0,5ZI'0,502- Target
based based based
FeRAM FeFET#* 1T1C
FeRAM %

Non-volatile No No Yes Yes Yes Yes
Write voltage >0.5V >1.0V 1.0V 4.2V 4.0V ~20V
Write speed <1ns ~20ns 20 ns 20 ns 100 ns ~ 10 ns
Endurance 10™ 10™ 10™ ~10° 10™ ~ 107
Retention Volatile Volatile 125°C no data 125°C 85°C

10 years 10*sec 100 min
Scalability 5/7 nm 28 nm 180 nm 28 nm No data =<40nm
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1.6 Structure of this thesis

In this thesis, feasibility study of Hf; 5Zr,50,-based 1T1C FeRAM was exper-
imentally performed for the first time. Figure 1.8 explains the structure of this
thesis. In Chapter 1, a target characteristics is defined comparing other emerg-
ing technologies. In Chapter 2, materials used in the 1T1C FeRAM are mentioned.
In Chapter 3, experimental of the process integration and design of Hf 5Zr(50,-
based 1T1C FeRAMs are mentioned. In Chapter 4, a memory array operation of
Hfy 5719 50,-based 1T1C FeRAM are discussed . In Chapter 5, an improvement to
reduce the operation voltage is conducted by film thickness scaling of the ferro-
electric layer using 1T1C FeRAM. In Chapter 6, the fatigue characteristics of the
HZO0 based 1T1C FeRAM memory array, which has never been addressed before
is discussed. In Chapter 7, all results on this thesis are summarized and matters

which are not covered in this thesis are mentioned.

|Ch. 1 Introduction

Ch. 2 Material development

|Ch. 3 Fabrication and design of 1T1C FeRAM

Ch. 4 Memory array performance of 1T1C FeRAM

Ch. 5 Memory window analysis with 1T1C FeRAM

Ch. 6 Reliability study on 1T1C FeRAM

Ch. 7 Conclusions

Figure 1.8. Structure of this thesis.



2 Material development

2.1 Introduction

This chapter mentions about ferroelectric materials which was used for 1T1C
FeRAM. To obtain ferroelectricity in Hf; 5Zry s0,-based materials, appropriate ther-
mal budget is required to crystallize the film. Since process conditions depend on
dopants, thickness, and materials for the bottom and top electrodes, itis important
to select dopants and check their thermal stability when incorporating them into
conventional CMOS process flows. In this thesis, an intrinsic material properties
were developed using a single large MFM capacitors prior to install them into a
1T1C FeRAMs. In Section 2.2, a selection of the dopant and optimization method
for the Hf, 571, 50,-based materials are described. In Section 2.3, the thermal sta-
bility emulating the thermal budget in CMOS process are mentioned including

the intrinsic reliability.

2.2 Material selection for ferroelectric films

In the past decade, ferroelectricity has been reported in HfO, thin films doped
with many different elements3! and ZrO, **2. Even un-doped HfO, is known to
emerge ferroelectricity®® . Unlike other dopant species, Zr substitutes Hf atoms
in large amounts. In this case, the term "solid solution" is more appropriate than
"doping". Since both Zr and Hf are IV-valent elements with identical atomic ra-

dius, they are often classified as "sister substances". One of the major advantages

15
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of using Zr as a dopant of Hf is that it has wider concentration window to obtain
ferroelectric properties with more flexible process**. Furthermore, its low ther-
mal budget process allows to fabricate the ferroelectric material by compatible
process with well developed knowledge from DRAM®. Therefore, HZO layers are
widely studied in ferroelectric device applications.

Various factors contributes to the stabilization of the metastable polar orthorhom-
bic phase such as surface and volume effects’, dopant atom incorporation, the
presence of oxygen vacancies®?, and mechanical stress 1°-'?, and rapid cooling!® as
described in Figure 2.1. The layers appear to transition from the monoclinic phase
to the polar orthorhombic phase and then to the tetragonal phase with increasing
content. Previous studies have obtained the dependence of the remanent polar-
ization values as a function of concentration, finding a peak around a Hf:Zr ratio
of 1:1, indicating that the orthorhombic phase is most sufficiently detected !43%3¢,

Therefore, this work focuses on the characterization of Hf, 5Zr, 50, films.

A

orthorhombic  tetragonal

Thermal budget

amorphas

Dopant content
Film thickness
Oxygen vacancies

Figure 2.1. Schematic illustration of crystal phase of ferroelectric
HZO.™ 3
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There is alot of methods to fabricate the ferroelectric layer such as atomic layer
deposition (ALD), physical vapor deposition (PVD)3?,chemical vapor deposition
(CVD)38, pulsed layer deposition (PLD)3°. chemical solution deposition (CSD)*°.
However ALD is the most widely used for the ferroelectric layers since its mono-
atomic-layer deposition is suitable to deposit thin films with good uniformity and
excellent step coverage. The ALD cycle consists of two self-limiting processes in
Figure 2.2. First, when metal precursors are pulsed into the surface, then they are
absorbed on the available sites of the substrate with a mono-atomic-layer. Next,
the oxidizer such as H,O, O, and O3 are then also introduced into the chamber
reacting with the absorbed metal precursor molecules and creates mono-atomic-
layer. It reacts with the absorbed metal precursor molecules to form a sub-mono-
atomic-layer of metal oxide. In between these two steps, purging is performed to
remove un-reacted molecules and byproducts. If theses precursor reaction and
purging process are not optimized correctly, residual reactants can affect the qual-
ity and homogeneity of the layer.

Metal precursor Purge

i g
Hf ﬁ‘ ’
H
°$ &

Purge ' Oxidizer ‘
H20 !

<
* « 235

Figure 2.2. Schematic illustration of an ALD cycle.
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Since impurities, thermal stability, and dense layers depend on molecules in
precursors, the choice of precursor is important to obtain high residual polariza-
tion. Figure 2.3 shows a remanent polarization as a function of Zr content in HZO
fora different metal precursors, TEMA-Hf (Zr) (Hf[N(CH,) (C,Hs)], Zr[N(CH3z) (C,Hs)]),
TDMA-HTf (Zr) (Hf[N(CHj3)214), Zr[N(CHs),14)), cyclopentane (Cp)-based precur-
sors (Zr-yALD, Hf-yALD). As aresult, the largest remanent polarization is obtained
by TEMAHTf + ZyALD combination. The reason for this could be that ZyALD has
high thermal stability because it belongs to the Cp group. Therefore, the precursor
molecules are transported to the active surface of the substrate surface without
dissociation even at film deposition temperatures, resulting in homogeneous Cp
desorption and oxidation reactions. In addition, the residue of carbon-based reac-
tion products generated by other organic precursors is less likely to be generated,
which is said to reduce leakage paths in the film and provide good film quality. 414>

Process condition of the oxidizer is an important parameter that fluctuates the
amount of oxygen deficiency in the film as described in Figure 2.1. Figure 2.4 shows
a Contour plots report which is depicting the amount of each crystalline phase (m-
phase, polar o-phase, and t-phase) as a function of ozone exposure time (x-axis)
and Zr content (y-axis). The amount of the crystalline phase is calculated from
the de-convolution of the measured grazing incidence X-ray diffraction (GIXRD)
signals using TEMAH{ + ZyALD precursors.

Therefore, TEMAHT + ZyALD precursors were chosen as precursors to deposit

Hfy 571y 50, layers films and the condition of oxidizer were optimized.
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2.3 Thermal stability of the ferroelectric material

Large round MFM capacitors with a diameter of 100 pm were fabricated to
investigate the ferroelectric characteristics dependence on the Rapid Thermal An-
neal (RTA) temperature. Both 10 nm thick TiN electrodes were sputtered using PVD
method. Different RTA temperatures of 450°C and 500°C were used to crystallize
the MFM capacitors. 450°C for 30 s and 500°C for 30 s were performed, and con-
trol samples without RTA treatment were also processed. The existence of polar-
orthorhombic ferroelectric phase in large MFM capacitors of 100 pm diameter
was investigated by grazing incidence X-ray diffraction (GIXRD). Figure 2.5 shows
the GIXRD data for all three variations; the highest intensity was observed when
annealing was performed at 500°C for 30 seconds, but no significant intensity was
detected when no RTA was performed. This indicates that the films can be crys-
tallized by annealing at a temperature of at least 450°C in this experiment. The
remanent polarization of these capacitors with RTA at 450 and 500°C was charac-
terized by polarization versus voltage measurements, as shown in Figure 2.6. Fer-
roelectric hysteresis behavior due to the ferroelectric polar-orthorhombic phase
was obtained for both samples, with the sample annealed at 450°C showing lower
remanent polarization than the sample annealed at 500°C (2Pr, 40 pC/cm?). This
indicates a greater proportion of ferroelectric orthorhombic crystals in the sample
annealed at 500°C, as shown in the GIXRD results in Figure 2.5.
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Figure 2.5. GIXRD spectrum of the TIN/HZO/TiN stack annealed at
450°C, 500°C and without annealing.

As shown in Figure 2.7, the cycling endurance performance was investigated up
to 10° cycles with a cycle frequency of 100 kHz and a rectangular pulse shape. For
the sample RTA at 500°C, stable residual polarization is observed up to 10° cycles,
after which the capacitor begins to fatigue. Considering the difference from the
frequency in actual use conditions (10 MHz), the cycle durability of 10° measured
at 100 kHz is expected to be equivalent to 10! cycles at 10 MHz if the durability
characteristics correspond to the accumulated stress energy. Figure 2.8 shows re-
tention tests of the same state (SS) and opposite state (OS) measured on samples
subjected to RTA at 500°C3?. A smaller change in polarization was observed at
500°C than at 450°C during 1000 min at 85°C . The retention result at 500°C can
be projected to result in a slight degradation, even after 10 years applying a fitting
model of power-law for the result above 10 min, considering charge trapping and

the migration "3,
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Figure 2.6. Polarization vs voltage hysteresis of the MFM capacitors
after RTA at 450 and 500°C and for 30 s after 100 cycles at 1 kHz. The
bottom electrode was fixed to ground and the applied voltage of the
top electrode was swept.
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Figure 2.8. Dataretention up to 1000 min baking time at 85°C for the
same state (SS) and the opposite state (OS) after RTA at (a) 450°C for
30 s and (b) 500°C for 30 s. The lines are prediction to 10 years using
fitting model of previous report!”.
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2.4 Summary

Hfy 571,50, was chosen as a ferroelectric material from large concentration
window and CMOS compatibility point of view. TEMAH(f + ZyALD precursors ma-
terials as precursors to deposit Hfj 571 50, films and the condition of oxidizer were
optimized to obtain higher remanent polarization.The reason for this could be that
ZyALD has high thermal stability because it belongs to the Cp group. Therefore, the
precursor molecules are transported to the active surface of the substrate surface
without dissociation even at film deposition temperatures, resulting in homoge-
neous Cp desorption and oxidation reactions. In addition, the residue of carbon-
based reaction products generated by other organic precursors is less likely to be
generated, which is said to reduce leakage paths in the film and provide good film
quality.

The impact of the RTA temperature on the ferroelectricity was investigated us-
ing single large capacitors. Higher remanent polarization and better endurance
for RTA at temperatures up to 500°C were demonstrated. This thermal budget is
applicable for 1T1C FeRAM process with a capacitor under bit line structure. Cy-
cling endurance on the single capacitor was projected to be more than 10! cycles
considering accumulative energy. Retention characteristics on the single capacitor

was projected to be more than 10 years at 85°C.



3 Fabrication and design of Hfy5Zry50--based
1T1C FeRAM

3.1 Introduction

This chapter mentions about experimental and design of 1T1C FeRAM with
Hf, 571, 50,-based ferroelectric film. A 64 kbits of 1T1C FeRAM with Hfj 5Z1,50,-
based ferroelectric film was fabricated with dedicated CMOS logic circuits to demon-
strate its memory array operation for the first time. As described in Chapter 1, the
conventional characterization method using a large capacitance MFM capacitor
(larger than 100 pm?) is difficult to read and write the state of the ferroelectric ca-
pacitor in the order of 100 ns due to the RC delay. To address the issue, practical size
of MEM capacitors (smaller than 1 pm?) was fabricated to avoid the RC delay, and
dedicated sense amplifier (SA) was design to detect the small capacitance change
derived from the small capacitor.

As mentioned in Chapter 2, since ferroelectric Hf; 5Zr, 50, requires appropriate
thermal budget to obtain ferroelectricity, capacitor under bitline structures are
selected to avoid a degradation of back-end-of-line process. In Section 3.2, the
concept was described followed by the process flow in Section 3.3. In Section 3.4,
design for the 1T1C FeRAM is described which is mainly focus on the read scheme
to overcome a destructive read operation of the 1T1C FeRAM. In Section 3.5, the
thermal stability of the characteristics of the CMOS transistor suffering from the

RTA temperature was confirmed by electrical measurements.
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3.2 Capacitor under bitline structure

There are mainly two MFM structures, capacitor under bit line (CUB) and ca-
pacitor over bitline (COB) described in Figure 3.1. In the case of CUB structure
the MFM capacitors are fabricated prior to the back-end-of-line (BEOL) process
as a middle-of-line (MOL), while MFM are located on top of the wiring layer of
BEOL process for COB structure. The advantage of the COB structure is that the
MEFM is on the top layer, which allows for greater flexibility when creating a three-
dimensional MFM structure. While, CUB structure allows 1T1C FeRAM to avoid
a degradation of BEOL wiring layers from thermal budget during crystallization
anneal on metal/ferroelectric/metal (MFM).

Large area (> 1000 pm?) MFM of ferroelectric materials. Most studies on doped
Hf, 571 50, films employ high rapid thermal annealing (RTA) above 500°C to obtain
large remanent polarization (2Pr > 40 pC/cm?) 314445 However, high thermal bud-
gets affect transistor performance and back-end-of-line (BEOL) reliability when
incorporated into state-of-the-art CMOS manufacturing processes“%, while high
crystallization annealing temperatures contribute to higher density memory appli-
cations with capacitors with thinner ferroelectric layer, resulting in high remanent
polarization.

To date, MFM capacitors made of TiN/HZO/TiN have been incorporated into
the BEOL process with COB structure by applying temperatures below 450°C to
avoid metal layer degradation, demonstrating the functionality of 1T1C FeRAM
arrays without degrading CMOS characteristics®®. In this work, we have applied the
CUB structure to acquire larger remanent polarization by applying higher thermal

budget over 450°C to the ferroelectric capacitors.
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Figure 3.1. Schematic illustration of capacitor under bitline struc-
ture (left) and capacitor over bitline structure (right).
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3.3 Process flow

The ferroelectric material as described in Figure 2.2 was implemented in a
64 kbits one-transistor and one-capacitor (1T1C) FeRAM array fabricated in 130 nm
CMOS technology. Figure 3.2 shows an optical micrograph of the test chip, show-
ing the presence of four mats on the chip with MFM capacitor areas of 0.4, 0.6, 0.8
and 1.0 pm? in the 1T1C memory cells, respectively. Figure 3.3 shows a scanning
electron microscope cross section ofa 1T1C cell containing an MFM capacitor.The
MFM capacitor, consisting of a TiN/HZO/TiN stack, is integrated directly on top
of the transistor in the CUB structure and crystallized before the BEOL metal inter-
connect process at a maximum temperature of 500°C and a holding time of 30 s
annealing was possible. A two-step etching process is used to protect the sides
of the HZO film from processing damage (ion, electron, UV, etc.). Direct pattern-
ing process could allow to reduce a MFM capacitance area, but it is necessary to
consider increased leakage current and mechanical stress fluctuations due to the
etching damage.

== == = = — — — —

Figure 3.2. Optical microscope image of the 64 kbits 1'T1C FeRAM
test chip.
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Figure 3.3. Scanning Electron Microscope cross section of one 1T1C
cell.

The process flow of the fabricated CUB-structured 1T1C FeRAM is schemati-
cally shown in Figure 3.4. After the traditional CMOS front end of line (FEOL) fab-
rication process, a 50 nm thick of PVD-TiN bottom electode was deposited and
patterned, as illustrated in Figure 3.4 (a). Next, Hfy 571,50, and CVD-TiN top elec-
trode were deposited with thicknesses of 10 and 50 nm, respectively, as shown in
Figure 3.4 (b). Subsequently, RTA at 500°C was applied for 30 s using a rapid thermal
process, as shown in Figure 3.4 (c), and the MFM was patterned using a reactive ion
etching process (Figure 3.4 (d)). Finally, a passivation film was deposited by CVD
method and, the contacts between the first metal layers (M1) to both the substrate
and top electrode TiN were fabricated simultaneously, as shown in Figure 3.4 (e)
and Figure 3.4 (f). Therefore, this CUB-structured 1T1C FeRAM facilitated flexible

RTA engineering at a low process cost.
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3.4 Design of 1TT1C FeRAM memory array

Ferroelectric switchingin a 1T1C FeRAM array with CUB structure was verified
by integrating a dedicated sense amplifier (SA) in a CMOS integration process. Fig-
ure 3.5 shows the schematic design of the SA. 1T1C cells are connected to bit lines
(BL), word lines (WL), and plate lines (PL). In this figure, 1T1C cell for read is con-
nected to bit lines true (BLT), while that for reference is connected to bit lines bar
(BLB). A transient switching or non-switching of the MFM (Cgg) depending on the
state of the MFM capacitor, generates voltage changes in the bit line voltage (AVp)
when the PL voltage is applied to the MFM capacitor. Furthermore, two states of
the capacitor are defined as data0 and datal in Figure 3.6. Data0 is corresponding
to the downward polarity when a positive PL voltage is applied to the capacitor.
On the other hand, datal is corresponding upward polarity when the positive BL
voltage is applied. The change in bit line voltage AVy;, that occurs during read is
compared to areference voltage (Vrgr) generated from a reference capacitor (Crgr)

or an externally applied voltage.

BLB for reference Vier SENSEOUT

L2 4
BLT for read SA
R, G T o v e

: : BLT: bit line true
4o HED
(word line)

ECFE —< ECREF —

PL
(plate line)

Figure 3.5. Schematic design of SA for read-out operation.
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1T1C FeRAM is a destructive read method, and once datal is read, it is con-
verted to data0. Therefore, a step-pulse detection method is used to write the
state back to the initial state*’. Figure 3.7 shows a timing diagram of the proposed
method simulated using Spectre, which is commercially available from Cadence.

The ferroelectric capacitor is modeled using the following equation:

Crr
AVg, = Vpp———7— 3.1
BL PL(CFE+CBL) 3.1)

In this scheme, the read operation is divided into four periods from At0 to At3.
In the At0 period, AVp, is pre-charged to ground. In the Atl period, PLis activated,
and AVg, is generated. The amount of the AVp is determined resulting from the
voltage divider between the Cg; and Cgg. The Cgg is defined as Cgglow and Cgg
high as described in Figure 3.6. Cgglow is the linear dielectric capacitance of the
ferroelectric capacitor, while in Cgshigh, the effect of the switched polarization
Psw = 2 Pr in charging the bitline needs to be added. In the period At2, the SA
is activated by a sense enable (SE) pulse that turns on the power supply of the
cross-coupled SA. If AVy, is larger than Vggr, the SA destructively amplifies Vg, to
VDD, turning the state of the ferroelectric capacitor from Cgghigh to Cgglow. In this
case, the original state is written back to datal during At3 by the PL voltage Vp;.
In contrast, if AVp is smaller than Vggg, Vg, is discharged to the ground, keeping

Crelow during periods At2 and At3
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Polarization

Electric Field

Figure 3.6. Definition of two different polarity states, data0 and
datal. Data0 is defined as the polarization up state, whereas datal is
defined as the polarization down state.
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Figure 3.7. Schematic illustration of a step pulse sensing scheme us-
ing SA.
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3.5 CMOS characteristics

The thermal stability of the characteristics of the CMOS transistor by the RTA
temperature was confirmed by electrical measurements. Figure 3.8 shows the drain
current versus gate voltage (Id-Vg) characteristics of both P-channel metal oxide
semiconductor (PMOS) and N-channel metal oxide semiconductor (NMOS) tran-
sistors with or without RTA at 500°C for 30 s. Neither threshold voltage shift nor
current reduction caused by the RTA was observed, indicating that the capacitor
under bitline (CUB) structure endures thermal stress without degradation of the
transistor characteristics. This occurs as the thermal budget, which is significantly
higher than 500°C, was already processed at FEOL in 130 nm CMOS technology.
Even if the PMOS and NMOS transistors were fabricated by cutting edge technol-
ogy, the RTA of 500°C would not significantly affect the CMOS characteristics“®.

(a) (b)
le-3| jaid ——
— fe-q e £ 1ed P i
3: te-5} / ..?: te-9f ///
S le-6 // ‘<_C‘ o f.;
o led} ’f E - ‘f
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5 le f’ 5 1e-9 ﬁ'
O te1g .‘! ; te-10 f‘
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O / . el [ .
’Q‘ te- 1 4smand = = With RTA =) 1(,,,)\\f.ﬁw_w/ — — With RTA
le-1 - le-17
1 0 -1 -2 -3 -1 0 1 2 3
Vgs [V] Vgs [V]

Figure 3.8. Id-Vg transfer characteristics of CMOS transistors for
(a) PMOS and (b) NMOS with and without 500°C RTA.
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3.6 Summary

The 64 kbits of Hfj 571, 50,-based 1T1C FeERAM memory array was experimen-
tally implemented into a 130 nm CMOS technology with capacitor under bit line
structure for the first time. It allows 1T1C FeRAM to apply higher thermal budget
to obtain higher remanent polarization of Hf, 5Zr, 50,-based materials than a ca-
pacitor over bit line structure. Four mats on the chip with MFM capacitor areas of
0.4, 0.6, 0.8 and 1.0 pm? in the 1T1C memory cells were prepared to investigate a
scalability. Dedicated sense amplifier for destructive read scheme was designed in
a circuit. The change in bit line voltage AVy that occurs during read is compared
to a reference voltage (Vrgr) generated from a reference capacitor (Crgg) or an ex-
ternally applied voltage. Finally, the thermal stability of the characteristics of the
CMOS transistor suffering from the RTA temperature was confirmed by electrical
measurements, and neither threshold voltage shift nor current reduction caused
by the RTA was observed.



4 Memory array performance of Hfg 5Zrg 50.-based
1T1C FeRAM

4.1 Introduction

This chapter describes the results of memory array operation of Hf; 571y 50,-
based 1T1C FeERAM. A memory array operation of the 1T1C FeRAM fabricated as
described in Chapter 3 is revealed for the first time. The practical size of MFM
capacitors (smaller than 1 pm?) with the dedicated sense amplifier (SA) was ex-
pected to allow 1T1C FeERAM memory array to be operated under the practical
operating speed in the order of 10 ns. First, the waveforms during read operation
by the SA circuit were simulated by extracting resistance and capacitance from
designed circuit to verify whether operation speeds in the order of ns are possible.
And then, the behavior of bitline voltage shift (AVyy) for reading data0 and datal
were experimentally confirmed in Section 4.2. Second, a practical operating per-
formance of 64 kbits 1T1C FeRAM with Hf, 5Zr,50,-based ferroelectric film was
comprehensively investigated by obtain a shmoo plot by changing operating volt-
age and operating speed in Section 4.3. Finally, a switching kinetics were discussed

by comparing the result of shmoo plot and switching model in Section 4.4.
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4.2 Validation of read operation

The waveforms during read operation by the sense amplifier (SA) circuit were
simulated by Spectre commercialized by Cadence. Characteristics of CMOS tran-
sistor, resistance and capacitance (RC) of designed circuit were extracted using pro-
cess design kitof 130 nm CMOS technology. A behavior of metal/ferroelectric/metal
(MFM) capacitor was prepared based on the polarization vs. voltage characteris-
tics of MFM with 500°C rapid thermal anneal (RTA) in Figure 2.6.In this simulation,
transient response of switching current was not take into account and only RC ex-
traction from circuit components was simulated. Figure 4.1 (a) shows a simulation
result at the sensing speed of 10 ns for both reading data0 and datal. Ideal read out
behaviour as designed was observed. In the case of reading data0, AVg; which is
smaller than AVggr was observed, and the AVg, was discharged to ground, while
in the case of reading datal, AVy;, which is larger than Vggr was observed, and the
AVpg was activated to VDD. Figure 4.2 is an enlarged image of the simulated wave-
form during the sense period during 10ns in Figure 4.1(a). The waveform rounded
off at the beginning of 5ns, but AVg; could be detected between whole 10 ns. Fig-
ure 4.1 (b) shows an experimental waveforms obtained on the 1T1C FeRAM array
with a MFM size of 1.0 pm? by CX1000D on CM300 (FormFactor Inc.). It should be
noted the time scale of the experimental resultis limited to 1 MHz due to the testen-
vironmental restriction. Comparing with simulation result, ideal waveforms were
detected for reading data0 and datal described in Figure 3.6, indicating that the
SA and step sensing approach for the FeRAM successfully separated both memory
states as described in Section 3.4. Therefore these result indicates that the 1T1C
FeRAM memory array allows to be operated under the practical operating speed

in the order of 10 ns.
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Figure 4.1. Timing diagrams for the read operation scheme of the
1T1C FeRAM cell for data0 and datal: (a) simulation results and
(b) experimental waveforms. The time scale of the experimental re-
sult was limited to 1 MHz due to the test environmental restriction.
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Figure 4.2. Enlarged image of the simulated waveform during the
sense period in the Figure 4.1(a).
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4.3 Shmoo plots

In this section, a practical operating performance of 1T1C FeERAM memory
array were investigated for the first time. Furthermore, switching kinetics of ferro-
electricity was discussed from a dependence of operating voltage and operating
speed.

Operating performance of the 1T1C FeRAM were investigated using shmoo
plots for write operation and sense operation described in Section 3.4. Figure 4.3 (a)
shows a shmoo plot for the write operation in the CUB-structured test chip with
a capacitor size of 0.4 pm? for an operating time ranging from 1 to 50 ns and an
plate line (PL) operation voltage from 2.0 to 3.5 V. No fail bits were observed for
10 ns write operation at 2.5 V. A lower operating voltage can be allowed by relaxing
the operating speed, demonstrating 2.1 V operation at 46 ns speed. Figure 4.3 (b)
shows a shmoo plot for the sense operation. It is not certain that the operating
performance of write was worse than that of sense, one possible reason is that,
remanent polarization could be slightly reduced right after write operation, and
need more time to detect by sense operation. Therefore, the worse one should be
defined as the true performance of 1T1C FeRAM memory array, resulting in 10 ns

operation speed and 2.5 V operation voltage.
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Figure 4.3. Shmoo plot of time ranging from 1 to 50 ns and opera-
tion voltage ranging from 2.0 to 3.5 V obtained on the 64 kbits CUB-
structured 1T1C FeRAM memory array with the capacitor size of 0.4
nm? for (a) write and (b) sense (green: pass, red: fail).
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4.4 Switching kinetic analysis

The trade-off between the operation speed and operating voltage was inves-
tigated with reference to the switching model. Switching kinetics model of the
Hfy 571y 50,-based material have been widely discussed 3. The polarization rever-
sal is widely discussed based on the following three mechanisms as described in

Figure 4.4:

1)Landau Switching (LS)

el AL 2R

2) Kolmogorov-Avrami-Ishibashi (KAI)

(P (7011w (0L

3) Nucleation limited switching (NLS)

(DI} > (0S| o D

Figure 4.4. Switching models.

(1) Landau Switching (LS) model
(2) Domain Growth (KAI) model
(3) Nucleation Limited Switching (NLS) model

LS model is a thermodynamic model*®. A coercive field (Ec) of the ferroelectrc
material is discussed from the Landau expansion of the free energy. Although it
illustrates the general theory that materials with smaller dielectric constants have
larger Ec, it didn’t explain the film thickness dependence on Ec. The KAI model

explains that the domain wall coalescence process due to domain sidewall growth
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defines the switching speed**°. In this case, switching speed is limited by growth
time. It is comparable with thick perovskite-based materials films but not for thin
Hfy 5710 50,-based materials. NLS model is commonly used for thin Hf, 5Zr 50,-
based ferroelectric materials,3*°!°2, In this case, domain nucleation is taken to
be account as the rate-limiting process for polarization reversal and introduces a
latency period before nucleation. The Du-Chen model® has introduced the delay

time t and the required voltage to switching using following equation:

a 1

T =17p - exp(

where 7 is the constant parameter corresponding to the delay time for the do-
main nucleation, and « corresponds to the thermodynamic contribution associ-
ated with the domain wall energy in the layer. kb is the Boltzmann constant. T is the
temperature. Although there were initial concerns that the switching speed would
be slow due to domain pinning caused by oxygen vacancy defects in Hfy 5Zr, 50,,
switching speeds of 10 to 100 ns have been demonstrated using ferroelectric field
effect transistors (FeFET)>. In the case of 1T1C FeRAM, it is difficult for a single
large capacitor to confirm sub-ns switching speed directly due to larger RC delay
resulting from large capacitance area than FeFET.

Figure 4.5 shows the switching analysis as a function of operating voltage and
speed for CUB-structured FeRAM extracted from the Shmoo plotin the Figure 4.3 (a)
using the Equation 4.4.Good compatibility with the NLS model was confirmed up
to operating speeds of 10 ns or less.On the other hand, the operating speed is lim-
ited at speeds exceeding 10 ns. A possible reason for this limitation is not material
related switching but RC delay from circuit components described in Figure 4.2.
This RC delay is assumed to be about 5 ns based on the simulation results, which

is in good agreement with the hypothesis.
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Figure 4.5. Reciprocal switching time versus 1/V? for the CUB-
structured FeRAM. Switching time and voltage are extracted from
the shmoo plot. The line in the Figure is a least-squares fitting using
data over 10 ns.

4.5 Summary

The performance of 64 kbits 1T1C FeRAM memory array with ferroelectric
Hfy 571y 50,-based ferroelectric film with CUB structure implemented in 130 nm
CMOS technology was experimentally demonstrated for the first time. The practi-
cal size of MFM capacitors (smaller than 1 pm?) with the dedicated SA was demon-
strated to allow 1T1C FeERAM memory array to be operated under the practical op-
erating speed in the order of 10 ns. First, we extracted the RC from the designed cir-
cuit and simulated the waveform during readout by the SA circuit, and confirmed

that it can be driven at an operating speed of 10 ns but with a rounded waveform
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of 5 ns at the beginning. And then, the behavior of AVg; during reading data0 and
datal were experimentally confirmed. Finally, Operation performance for a write
and sense voltages of 2.5 V and operating speed of sub-10 ns were obtained by in-
vestigating a shmoo plots. Furthermore, switching kinetics of ferroelectricity was
discussed from a dependence of operating voltage and operating speed, and the
trad-off was in good agreement with NLS model considering the RC delay around
5 ns. A possible reason for this limitation is not material related switching but RC
delay from circuit components described in Figure 4.2. This RC delay is assumed
to be about 5 ns based on the simulation results, which is in good agreement with
the hypothesis. From these results, it can be said that 1T1C FeRAM memory arrays
with Hfj 571,50, was proved to operate at 2.5 V with an operation speed of less
than 10 ns.



5 Memory window analysis of Hfp 5Zrg 50»-based
1T1C FeRAM

5.1 Introduction

This chapter describes the results of memory window analys with Hfj 571 50,-
based 1T1C FeERAM memory array to reveal the uniformity of Hfy 5Zr, 50, film by
obtaining distribution of bitline voltage shift (AVg;) in 64 kbits 1T1C FeRAM under
a practical measurement condition in Chapter 4 for the first time.

First, distribution of AV on the 64 kbits 1T1C FeERAM memory array for both
data0 and datal were investigated with different MFM capacitor sizes to verify
the uniformity of ferroelectricity for small MFM capacitor (smaller than 1 pm?) in
Section 5.2. Second, memory window at median value in the 64 kbits 1T1C FeRAM
memory array was discussed by the size dependence of metal/ferroelectric/metal
(MFM) capacitors in Section 5.3. Finally, in Section 5.4, feasibility study of memory
window considering distribution of MFM capacitance was discussed. Variability
of capacitance of MFM for both data0 and datal was extracted from the variability
of AVg. by combining the experimental result with Monte Carlo simulation to
estimate a memory window of 1M bits for advanced CMOS technology node such

as 40 nm.
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5.2 Distribution of bitline voltage difference

For the practical application of 1T1C FeRAM, it is important to evaluate the
variation of bitline voltage (AVg;) of each memory cell. Major root cause of the

variability in MFM capacitors are;

(1) Number of switchable domains (edge dead domain)
(2) Size of capacitors (area, thickness)
(3) Randomly induced defects

(4) Variation of parasitic capacitance of bitlines (BL)

It is said that domains located in the edge region of ferroelectric layer cause
degradation due to process damage of nucleation or inhibition of nucleation and
growth of polar-ortholombic phase during rapid thermal annealing®>°¢, resulting
in reduction of switchable domains. In the scaled device, the impact is expected to
be significant and increase the variability of remanent polarization, since the edge
region occupies a larger percentage of the total area. With reference to the area of
capacitors, variability of MFM area and its thickness caused by process variability
directly affects on the capacitance®’. If there is a fatal or systematic defect in the
ferroelectric layer, the variation will not follow a normal distribution. HZO is poly-
crystalline, and its grain size is known to be distributed in the range of 5 to 40 nm,
with the distribution converging to about 15 nm after wake-up 8. In FeFETs, it is
known that when the device size is scaled down to the 28 nm technology node, the
number of grains in the device drops below 10, resulting in a quantization of Vth®°.
On the other hand, in 1T1C-type FeRAM, the area of the element can be obtained
by 3D structure even as miniaturization progresses. For example, assuming that
the MFM area can be within 0.1 ym? regardless of the technology nodes, about
400-500 grains can exist in a capacitor, resulting in no quantization could occur.

As described in Equation 5.4, in 1T1C FeRAM memory array operation, not only
material-induced variations but also circuit-induced variations must be consid-

ered.
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Figure 5.1. Root causes of variation in ferroelectric materials.

The distribution of AVg;, for each MFM capacitor area in the 1T1C FeRAM was
further investigated. AVy;, was extracted by sweeping an externally applied Vggr
(see Figure 3.5). Normal probability plots of AVy, for data0 and datal were ob-
tained at an operating voltage of 2.5 V with an operation time of 100 ns, as shown
for each MFM capacitor area in Figure 5.2. During the measurement, a fixed de-
lay time was applied to the devices, ignoring the influence of a fluid imprint®. A
perfect bit functionality in the 64 kbits was confirmed in every capacitor area. The
memory window at median value was extracted to be above 0.41 V for a capacitor
with an area as small as 0.4 pm?.

It is important to verify that the value of AVgy, which is extracted from a single
capacitor measurement. Figure 5.3 shows the results of AVg; comparison between
a single capacitor and 1T1C FeRAM for datal and data0. The AVy, of the single
capacitor was calculated using the capacitance using Cg; with 250 fF and capac-
itance extracted from Figure 2.6 at 500°C. Howeever, similar AVygy, for data0 was
obtained, while smaller AVg; for datal. Furthermore, the difference is decreased
with smaller capacitance area. This suggests that 1'T1C FeRAM does not fully repro-

duce the ferroelectric properties obtained in a single capacitor. The cause of this
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difference is that the amount of oxygen vacancy in the film due to the quality of
interfacial layer of the bottom electrode®?, the presence of a passivisation film>®,
the thermal history of the BEOL process’, and mechanical stress caused by MFM
device structure®® and orientation of domain?®, etc, require further analysis in the
future.

Figure 5.4 shows a variability of AVyy extracted from slopes of Figure 5.2 for
data0 and datal on each MFM capacitor area. Larger variability number of AVy
around 15 mV/sigma for datal (0 VBLofdata1) than that of data0 (o V3L of datao) @around
10 mV/sigma was obtained. It is assumed that the variation in data0 is due to the
dielectric component (DE) and the variation in datal is due to both the dielectric
and ferroelectric components (DE + FE). Assuming that the variability of DE and
FE are independent components each other, the variability of FE (o VgL ofre) Was
extracted using the following equation. Figure 5.5 shows that the variation due to
the FE is almost equivalent to the variation due to DE. This result indicates that
there are large amount of grains in the HZO film and variability of switching of

domains is not dominant factor.

2 2 2
Vilofdatal = VBLofFE T O VBL of datao (5.1)

Furthermore, the variability increased with smaller capacitance area due to
the variation described in Figure 5.1. The impact of this dependency on future

miniaturization will be investigated in the next section.
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Figure 5.2. Normal distribution plot of AVg; for the CUB-structured
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Figure 5.3. Comparison of AV between single large capacitor and
1T1C FeRAM at 0.4, 0.6, 0.8 and 1.0 ym? capacitor area for (a) data0
and (b) datal. The AVg of the single capacitor was calculated using
the capacitance using Cg;, with 250 fF and capacitance extracted from
Figure 2.6 at 500°C.
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5.3 MFM memory window capacitance area dependency

Scalability of memory window of Hfy 5Zr, s0,-based 1T1C FeRAM memory ar-
ray was investigated. Required MFM capacitance area at 40 nm technology node
was estimated by referring to the Front End Process (FEP) of the 2013 International
Technology Roadmap for Semiconductors (ITRS) roadmap?. In 2013, FeRAM was
already being manufactured using older materials (perevskite-based), but ITRS sur-
veyed FeRAM manufacturers to determine their requirements for future FeRAM
performance. The roadmap is shown in Table 5.1. According to the Table 5.1, it is

expected that;

(1) Since 2013, processing dimensions will be scaled by 0.8 every 4 years.
(2) Parasitic capacitance of BL will be scaled by F2/3 starting from 320 fF in the
180 nm generation®.

(3) AVg, must be 140 mV (ITRS assumes no change (improvement))

Conventional materials (perevskite-based) will face manufacturing technology
challenges (yellow) and limitations (red - Redbrick Wall) in the roadmap because
of scaling limitations due to ferroelectric size effects and difficulties in creating 3D
capacitors (cylinder and pillar structures) due to limitations in deposition meth-
ods.

Table 5.2 shows the characteristics and capacitance area of MFM required for
the 40nm technology node, assumed from the Table 5.1.Two cases of remanent
polarization (2Pr) were calculated as 30 pC/cm? as casel and 40 pnC/cm? as case2
according to a realistic 2Pr of Hfj 5Zr,50,-based ferroelectric material. Parasitic
capacitance of BL (Cp) was estimated to be 120 fF/BL based on the®. As a result,
the required MFM capacitance area were 0.055 and 0.041 in the casel and case2

accordingly.
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Table 5.1. FeRAM technology roadmap from ITRS road map 20133.

Table FEP§ FeRAM Technology Requirements

Tear of Production 20l3 2014 2015 2016 207 2018

FaR A\ sachnology node 130 13 13 ) % 9

\ET] 172 Pach - Frnm){d] 175 175 175 135 135 135

FaRAM cel :0 - area factor & m mudsiple: of F2 [B] ni n2 n2 na na na

FaRAM ceil s | m: ic] 0110 0710 0110 0400 0400 0400

FeRAM ceil sirucawre [D] T1C 1T1C 1TIC TIC 1TIC TiC

FeRAM egpacior srucnwe [E] stack stack stack stack stack stack

FaRAM capacitor fooqprimt fim’) 3] 048 048 0423 04 0234 024

FeRAM capacisor acmrve area ) 6 0423 0483 0423 04 024 [ Fi]

FelRAM cap actve area footprmt rano 1 1 1 1 1 1

Farvo capacitor volage (T) [T] 15 15 15 12 12 12

FeRAM mirimm ociiching charge dewciny ‘;fm: M 85 45 85 120 124 124

FeRAM ndwames (raad'vre yee) [K)] 100615 | 100615 | 1006415 | 1006415 | 1.006+15 | 1.006415 MBI L0EE  SLDEN
FeR AN momolanie doza resansion (vearz) [L] 10 Years | 10 Years | 10Years | 10 Years | 10 Years | 10Years

Tear of Producsion | 2025 026 2027 025

FeR AN sechnology node | & 45 4 45

LET] 112 Pich - Finm)f4] | s 30 80 80 80

FaRAM call 22 - avea facsor o in multiple: of F2 [B] 00 8 3 8 88

FRiM cel 22 sm”) [C) un I

E‘R'Wm.; aracawr (D] : Megfacurable solutions exist, and are being optimized
FeldM copacior sructoe [E] 4 stack stack stack stack stack Mannfacturable solution: are knowm
FeRAM capacitor footprint (am ") [F] 1 015 0 5 b Interim solutionz are known | ¢
- b Manufacturable solution: are NOT known -
FeRAM capacitor astive area (sm ) [G] 0125 0 0.0

FeRAM eap acme area fooprom rano | 1 1 1 1 1

Fervo capacitor volage (T) [1]

FeR AN mirimum reitching charge devciny \:f::l: my 184 § 6
FaRAM endurance fread'eroe cycles) [K) 0

FeRAM nomvolanie dasa resension (vearz) [L] | 10Years | 10Years | 10Years | 10Years | 10Years

Table 5.2. Estimated MFM specification for 40 nm technology node.

Parameter Unit Perevskite- Hf0.52r0.502 Hf0,5Zr0_502
based -based -based
FeRAM FeRAM FeRAM
ITRS2013 Casel Case 2

Node pm 0.13 0.04 0.04
Memory cell area pm? 0.71 0.12 0.12
Capacitance of BL {F 0.26 0.12 0.12
Sensing voltage  V 0.14 0.14 0.14
Q pC 0.036 0.016 0.016
2Pr nC/cm? 8.7 30 40

Capacitance area  jm? 0.42 0.055 0.041
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Figure 5.6 shows a comparison of the capacitance area dependence on the
memory window for simulation and experimental result.The capacitor area depen-
dence on the memory window of experimental result were obtained by the differ-
ence in the median value of AVy; for both data0 and datal on the CUB-structured
1T1C FeRAM memory array. Black line was calculated by Equation 5.4 considering
the capacitance area. The memory window obtained from the experimental re-
sults agreed with the simulation results, demonstrating that a significant memory
window above 100 mV is expected at a capacitor size of 0.10 pm?. Figure 5.7 shows
a simulation result ranging from 0 to 0.1 pm? capacitance area, assuming 40 nm
technology node. More than 140 mV will be obtained over 0.065 pm? capacitor area,
which is good agreement with the estimation in Table 5.2. However, distribution
of the AVy. must be considered for practical memory array operation, and will be

discussed in Section 5.4.
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Figure 5.6. Read margin of the test chip for 2.5V, 100 ns operation as
a function of the capacitor area. The values of Cg; were determined
as 250 fF for the 130 nm technology.
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Figure 5.7. Read margin of the test chip for 2.5V, 100 ns operation as
a function of the capacitor area. The values of Cg; were determined
as 250 fF for the 130 nm technology and 120 {F for 40 nm technology.
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5.4 Memory window prediction for future technology node

Feasibility study of memory window considering distribution of MFM capac-
itance for 40 nm technology node was investigated by using variability result in
Section 5.2. As discussed in Chapter 3, ferroelectric capacitor is modeled using the

following equation:

AV = Vpp ——mM8Mm— (5.2)
BL o (Crg + Cpr)

Since the smaller the area of the MFM, the larger variability of Cgp (0Crg) is
expected, it is required to estimate the oCgg in 40 nm CMOS technology node. Fur-
thermore, scaling of (. is needed to be considered as well. Since the 1T1C FeERAM
results only provide the variation of AVgs (0 AVjgy), it is necessary to consider area
dependence separately for cCgg and 0Cy. when estimating memory windows at
40 nm technology.

The method is schematicallyillustrated in Figure 5.8. First, c AVj;, with different
variability of o Crg was simulated by Monte Carlo Simulation. Then oCgg of each
MFM area were extracted comparing the simulation data and experimental data
from Figure 5.4. Second, size effect of the variability was calculated using extracted
oCgg to predict a 0 Cgg in for 40 nm technology node. Target MFM area was defined
as 0.1 pm? considering the ITRS road map in Section 5.2. Finally, a c AV5;, at 40 nm
CMOS technology node was simulated again by Monte Carlo Simulation using
extracted o Cgg.
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Figure 5.8. Schematic illustration of method for predicting memory

window combining Monte Carlo simulation.

58



Memory window analysis of Hfy 521 50.-based 1T1C FeRAM 59

Figure 5.9 shows a Monte Carlo Simulation result for c AVj with different vari-
ability of cCgg for MFM area of 1.0, 0.8, 0.6 and 0.4 pm?. Table 5.3 shows the in-
put parameters for the simulation and 1000 times trial were conducted by using
VBA script. In this simulation, fixed c AV, at 2%sigma was used referring to well
known experimental data (not shown in this thesis). The smaller variability was
obtained with smaller o Cgg for every capacitance area. Furthermore, a MFM area
dependence on the o AVg;, became smaller with smaller o Crg, indicating that cCyp.
becomes dominant comparing with ¢Cgg. Then, oCgg of each MFM area were ex-

tracted comparing the simulation data and experimental data from Figure 5.4.

Table 5.3. Input parameters for Monte Carlo simulation.

Parameter =~ Median valuelfF] Variability
[Yosigmal
CpL 250 2
Cry for datal 120, 96, 72, 48 0,1,2,4,8
Cry for data0 40, 32, 23, 16 0,1,2,4,8
(a) (b)
50 50
45  Datal a5 } Data0 ——1.0 pm2
40 40 0.8 l,lm2
;' 35 ';' 35 =—0.6 pm2
E 30 E 10 0.4 pm2
B 25 @o5 |
% 20 % 20 F
Il e T | 15
10 ~ Experiment | 10 e oz
5 5  Experiment
0 - : - : 0 : . - -
0 2 4 6 8 11 0 o 4 6 8 1
Cfe[%/sigma] Cfe[%/sigma]

Figure 5.9. Monte Carlo simulation result for c AVp, with different
variability of ¢Crg for MFM area of 1.0, 0.8, 0.6 and 0.4 ym? for datal
(left) and dataO (right).
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Figure 5.10 shows size effect of the variability was calculated using extracted
oCrg to predict oCyg at 0.1 pm?. There are no model for size effect of the variability
for the ferroelectric capacitance and two different trends were plotted as linear
plot and Pelgrom plots®’. In both case, 0 Cyg increases with smaller memory area
and worse variation was predicted at Pelgrom than Linear fitting. Table 5.4 shows
output parameters when extrapolating to 0.1 pm? using Figure 5.10.

In the case of dealing with Vth variation of Tr, it is known that the Pelgrom
plot passes through the origin. On the other hand, there are cases where it does
not pass through the origin when applied to a paraelectric capacitor, and it has
been reported that the model is followed by considering the dependence of the
fringe capacitance of the capacitor® %, In this study, the Pelgrom plot does not
pass through the origin in the right Figure of Figure 5.10 (b). This suggests that the
variation component of the fringe capacitance component may have to be taken

into account, which is an issue for future work.

... (a)linear (b) Pelgrom
0.1 pm? :
250 pm 5. 0.1 pm
200 | Data0 200 patag
Datal Datal
© 15.0 o 150 |
c £
=} 2
0 2]
®10.0 =100
5.0 R o, 50 s
L ’S :o
0.0 1 . . L . 0.0 A : *
00 02 04 06 08 1.0 12 0.0 1.0 2.0 3.0 4.0
S [um3 1/S 95 [1/um]

Figure 5.10. oCgg as a function of MFM area for (a) Linear fitting plot
and (b) Pelgrom plot.

Table 5.4. Output parameters for MFM area of 0.1 pm?.

Parameter  Linear plot[%sigma] Pelgrom plot [%sigmal]

Cy. for datal 5.8 12
Crr, for data0 13 21
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Distributions of c AV for both datal and data0 were simulated by Monte Carlo
Simulation using parameters in Table 5.5 to predict a memory window of 1 Mbits
distribution at MFM area of 1.0 pm?. Figure 5.11 shows distributions of AV for
both datal and data0 with two types of area dependence, Linear plot and Pelgrom
plot. In the case of Linear plot, a memory window of 100 mV was achieved at -5 o
(around 1 Mbits), while no window for Pelgrom plot. As aresult, a 10% increase in
remanent polarization is required for Linear plot case and 40% for Pelgrom plot
case. Since sense amplifier circuits capable of detecting potential fluctuations of a
few mV have been put to practical use, the value would be acceptable for planer

type MFM capacitors in 40 nm technology nodes.

Table 5.5. Input parameters for Monte Carlo Simulation for 40 nm

CMOS technology.
Parameter =~ Median value[fF] Linear[%sigmal] Pelgrom [%sigma]
ChL 120 2 2
Cp fordatal 14 5.8 12
Cp for data0 4 13 21
- (a) Linear . (b) Pelgrom
4t 4t
3 Data0 5 | Data0
Datal Datal
2t 2t
o 1 F o 1}
oy o
o -1} O -1}
2t 2t
3t 3k
4 100 m 4 {5
-5 M e L -5 1 L L L
0 100 200 300 400 500 0 100 200 300 400 500
AVg [MV] AVpg [mV]

Figure 5.11. Memory window of 1 Mbits distribution at MFM area of
1.0 pm? for (a) Linear fitting plot and (b) Pelgrom plot.
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5.5 Summary

The practical memory window analysis of the ferroelectric Hfj 5Zry50,-based
64 kbits 1T1C FeRAM memory array with CUB structure implemented in 130 nm
CMOS technology was experimentally demonstrated for the first time. A perfect
yield and a large memory window above 400 mV were obtained for a capacitor area
of 0.4 ym?, revealing good uniformity or the film. Comparing the AVg; with what
predicted from single capacitor results in Chapter 2, similar AVy,, for data0 was
obtained while smaller AVg; for datal. the difference is decreased with smaller
capacitance area.This suggests that 1T1C FeRAM does not fully reproduce the fer-
roelectric properties obtained in a single capacitor described in Chapter 2. The
cause of this difference is that the amount of oxygen vacancy in the film due to the
quality of interfacial layer of the bottom electrode, the presence of a passivisation
film, the thermal history of the BEOL process, and mechanical stress caused by
MEFM device structure and orientation of domain, etc, require further analysis in
the future. The variability of AV due to ferroelectric and dielectric components
were calculated, resulting in the variation due to the ferroelectric is almost equiva-
lent to that of dielectric. This result indicates that there are large amount of grains
in the HZO film and variability of switching of domains is not dominant factor.

Memory window at median value in the 64 kbits 1T1C FeERAM memory array
was discussed by the size dependence of MFM, and more than 140 mV will be
obtained over 0.10 pm? capacitor area, which is good agreement with the estima-
tion.Finally, to investigate the feasibility of a memory window that accounts for
the capacitance distribution of the MFM, Monte Carlo simulation was applied
for the experimental results to estimate a 1 Mbit memory window in the 40 nm
CMOS technology node. As a result, memory window can be achieved by MFM
area between 0.11 to 0.14 pm? to achieve the memory window.

Table 5.6 shows a comparison table with a target properties toward 1T1C FeRAM
under 40 nm CMOS technology node. In summary, the target for write speed was
achieved, but that for write voltage was not reached, and further study is required

to achieve the target value.Furthermore, the endurance and retention results are
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predicted from the single-capacitor results, and further research is needed to clar-

ify them.
Table 5.6. Comparison table with target.
SRAM eDRAM Hfo5Zr050,-based Hfo5Zr050,-based

FeRAM FeRAM
Target This work

Write voltage ~05V ~1.0V 2.0V 25V

Write speed <1ns 20 ~ 100 ns ~ 10ns ~ 20 ns

Endurance 10'¢ 10'° ~10% ~ 101 ®

Retention No No 85°C, 10 min 85°C, 100 min®

Scalability 5/7nm 28 nm 40 nm 40 nm®

(a) Result using a single capacitor
(b) prediction



6 Reliability study on Hfy5Zrg50.-based 1T1C
FeRAM

6.1 Introduction

This chapter discusses a reliability of the Hf; 571, 50,-based 1T1C FeRAM mem-
oryarray,which has neverbeen addressed before. In Hf 5Zr, 50,-based 1T1C FeRAM,
the polarization vs. electric field characteristics change gradually with cycling
stress as described in Figure 6.1 (a) and Figure 6.1 (b). There are following major

stages during the cycling.

e Pristine : In this stage, a remanent polarization is smaller than wake-up
state (see below). Uneven charge distribution atbottom and top electrodes
or the presence of an interface dead layer due to oxidation of the electrode
surface can cause non-polar dipoles, resulting in lower 2Pr. In addition,
charges in the layer could cause domain pinning and inhibit its switching,
reducing the switchable polarization as well -6,

e Wake-up : In this stage, 2Pr is increased with applying external electric
field. In generally, by applying bipolar external electric field, the internal
bias electric field can be decreased due to charge of oxygen vacancy redis-
tribution, resulting phase transition from tetragonal phase to ortholombic
phase. Furthermore, reorientation from in-plane to out-of-plane domains
also contributes to increased involvement in the switching domain®’.

e Fatigue :During the fatigue phase, new charging defects are generated that

pin the switching domain, often reducing the observed polarization again.
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The charged defects are trapped at the interfacial layer between ferroelec-
tric layer and electrode, and the increase in the trap density near the elec-
trodes results in the domain pinning of dipoles®. This fatigue occurs with
hard breakdown (HBD) of the film at the same time.

e Hard breakdown : As mentioned in fatigue phenomena, if charge defects
are accumulated in the film, it creates leakage paths are created resulting
in a short between top electrodes and bottom electrodes. Whether hard
breakdown or fatigue occurs first is determined by the intensity of the ap-
plied stress voltage, and in the case of high voltage stress, hard breakdown
occurs before fatigue®.

e Recovery: When a higher cycling stress was applied to the fatigued capac-
itor, the pinned domain started to flip via neutralization of the positively
charged oxygen vacancy accompanied by electron de-trapping at the in-

terfacial layer®°.

When discussing the cycling endurance of 1T1C FeRAM under realistic opera-
tion, it is necessary to consider cycling tolerance for hard breakdown but also the
impact of the fatigue and its recovery.

In this chapter, the dependence of reliability on the Hf, 5Zr, 50, thickness was
investigated to improve the cycling tolerance for hard breakdown and reduce an
operating voltage. First, the experimental method is described in Section 6.2 for the
thinner 1T1C FeRAM memory array. Second, the fundamental ferroelectric prop-
erties with thinner Hf, 5Zr, 50, is verified with single capacitor and 1T1C FeRAM
memory array in Section 6.3.1. Third, cycling tolerance for hard breakdown was
investigated to verify the impact of film thickness scaling in Section 6.4. Finally, fa-
tigue and its recovery was investigated in these stage to confirm the characteristic
under realistic operating condition and reveal the uniformity for the first time in
Section 6.5.
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Figure 6.1. Schematic illustration of ferroelectricity in 4 stages; pris-
tine, Wake-up, fatigue and recovery (a) Polarization during cycling
stress for operation stress and recovery stress. The recovery stress
should higher stress than operation stress. (b) Example of ferroelec-
tric behaviour of polarization vs. electric field plots for the 4 stages.
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6.2 Experiments

To improve a cycling tolerance for hard breakdown and reduce a write voltage
of 1T1C FeRAM memory array, film thickness scaling of the HZO was conducted.
Film thickness scaling has been a widely used technique in scaling of CMOS transis-
tors, and also be used in ferroelectric memory development to obtain lower write
voltages. The voltage can be controlled, resulting from film thickness dependency
of the effective electric field between both conductive layers such as metal or Si by

the following equation.

V=FE-d (6.1)

where Vis the applied voltage, E is the electric field between the electrodes, and
d is the thickness of the ferroelectric film. Furthermore, by applying the film thick-
ness scaling, cycling endurance tolerance is also expected as well. This effect can
be explained by the same theory for metal/oxide/silicon (MOS) structures, with
lower electron energy for a given field on thinner SiO,, indicating better breakdown

resistance’® as described in the Figure 6.2.

word-line word-line

Figure 6.2. Schematic illustration of a motivation of film thickness
scaling of HZO and band diagram in the HZO in this thesis.

Taking for example the three devices mentioned in the Chapter 1; FeFET, FT]
and 1T1C FeRAM, 1T1C FeRAM has an advantage of using this technology due to
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the better interfacial layer.In terms of FeFET, the ferroelectric film thickness need
to be optimized considering the ferroelectricity of the ferroelectric layer and di-
electric breakdown of the insulator caused by divided voltage'. In the case of FT]J,
the thickness of the ferroelectric film must be optimized to control the modula-
tion of the barrier height through the ferroelectric material and the intermediate
interface layer while taking into account the tunneling current. On the other hand,
1T1C FeRAM does not require the intentional deposition of an insulator layer, al-
lowing for more flexibility in lowering the voltage compared to FeFETs and FT]Js.
The strategy for low-voltage operation with thickness scaling was comprehensively
reported, revealing that 1.2 V operation is possible with a large single capacitor in
4 nm thick Hf, 5Zr, 50, (HZO) 7.

In this thesis, dependence of reliability on film thickness was investigated us-
ing single large MFM capacitor of 1,000 ym? area with 1,000 capacitors (1 pm?
each) connected in parallel were integrated for an intrinsic study of ferroelectric-
ity and dielectric behavior of MFM capacitor with Hfy 5Zr, 50,. This capacitor was
fabricated at the same time of the 64 kbits 1T1C FeRAM. For the study using 1T1C
FeRAM array, 64 kbits Hfy 5Zr;50,-based 1T1C FeRAM was integrated in 130 nm
CMOS technology as described in Section 3.3. A capacitor under bitline (CUB)
structure was used for the memory array. Planar MFM capacitors made of PVD-
TiN/ALD-Hf, 571, 50,/CVD-TiN were stacked on the planar transistor contact plug.
To investigate array-level thickness scaling, tree types of HZO samples with thick-
ness values of 5 nm, 8 nm and 10 nm were prepared by similar process in Sec-
tion 2.2.The HZO film thickness was confirmed by ellipsometer measurements.
Rapid thermal annealing (RTA) at 600°C was performed on both HZO samples
to obtain significant ferroelectric properties with high remanent polarization in
terms of memory window. If insufficient thermal budget is applied to the capaci-
tors, the film would contain more anti-ferroelectric oramorphous domains, result-
ing in lower remanent polarization. The RTA did not degrade the characteristics
of the CMOS transistors post back-end-of-line (BEOL) process.
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6.3 Validation of ferroelectric performance on thinner HZO
6.3.1 Fundamental analysis with single capacitor

The impact of film thickness scaling effect from 10 nm thick to 5 nm thick on the
ferroelectric performance was verified using a single large capacitor.The ferroelec-
tricity and its reliability were investigated. Figure 6.3 shows the presence of ferro-
electric orthorhombic phase for 5, 8 and 10 nm samples by grazing incidence X-ray
diffraction (GIXRD). The intensity associated with the tetragonal or orthorhom-
bic phase at around 30 deg was almost same between 8 nm and 10 nm samples
but slightly increased at 5 nm sample. Furthermore, the intensity around 35 deg
was decreased with thinner film, indicating that less monoclinic phase should be

contained in thinner film.
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Figure 6.3. GIXRD spectra on 5, 8 and 10 nm thick HZO MFM capac-
itors.
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Figure 6.4 shows the polarization vs electric filed for MFM capacitors with 5,
8 and 10 nm thick HZO at maximum applied electric field of 3 MV/cm at 1 kHz.
Almost similar remanent polarization (2Pr) was observed between 8 nm and 10 nm
thick HZO samples, while smaller 2Pr for 5 nm sample. Taking into account the
GIXRD result in Figure 6.3, more tetragonal phase could exist at 5 nm thick HZO
than polar-orthorhombic phase. The more difficultitis to obtain ferroelectric prop-
erties derived from polar-ortholombic phase, and more higher crystallization an-

neal would be required 2.
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Figure 6.4. Polarization vs electric filed for MFM capacitors with 5, 8
and 10 nm thick HZO at maximum applied electric field of 3 MV/cm
at 1 kHz.The bottom electrode was fixed to ground and the applied
voltage of the top electrode was swept.

Figure 6.5 shows the remanent polarization of the MFM for 8 and 10 nm thick
HZO samples characterized by polarization vs. voltage measurements at a maxi-
mum applied voltage of 3 V. 5 nm thick HZO sample has been broken during mea-
surement and not shown in the figure. Ferroelectric hysteresis indicates the pres-
ence of a ferroelectric polar-orthorhombic phase in both cases. A slightly higher

remanent polarization (2Pr ~ 32 nC/cm?) was observed for the 8 nm sample than
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for the 10 nm sample (2Pr ~ 27 nC/cm?), which was consistent with GIXRD re-
sults.Figure 6.6 shows the polarization vs. voltage hysteresis when a low applied
voltage is applied to an 8 nm thick sample. The hysteresis maintains the main loop
at 1.8V, indicating that this capacitor may operate at an operating voltage of 2.0V,
which is lower than 10 nm sample. Figure 6.7 shows applied voltage dependence
of capacitance and remanent polarization (2Pr) for data0 and datal. The capaci-
tance were extracted by the definition in Figure 3.6. The capacitance was gradually
increased with small applied voltage owing to sub-loop like behavior. The impact

of this capacitance shift will be further investigated in next Chapter.
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Figure 6.5. Polarization vs voltage hysteresis of a MFM capacitor for
8 and 10 nm thick HZO samples with applied voltage of 3 V at 1 kHz.
5 nm thick HZO sample has been broken during measurement and
not shown in this figure.The bottom electrode was fixed to ground
and the applied voltage of the top electrode was swept.
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Figure 6.6. Dependence on applied voltage ranging from 1.8 to 3.0 V
for the 8 nm sample. The bottom electrode was fixed to ground and
the applied voltage of the top electrode was swept.
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Figure 6.7. Applied voltage dependence of capacitance and rema-
nent polarization (2Pr) for data0 and datal extracted by definition in

Figure 3.6.
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The endurance property of HZO with a thickness of 8 nm was examined up to
109 cycles at a stress voltage of 2.0 V; as shown in Figure 6.8. The remanent polariza-
tion decreased by 30% from 10° cycles to 10° cycles owing to the fatigue phenome-
non of the MFM structure, and hard breakdown was not observed. Considering the
cycling frequency of the practical use case at 10 MHz, the cycling endurance was
projected to be higher than 10'!cycles. The impact of this fatigue will be further

investigated in next Chapter.
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Figure 6.8. Reliability result for endurance at 2.0 V stress voltage and

at 100 kHz Dynamic Hysteresis Measurement post wake-up cycling
for the 8 nm thick sample. Measurement was stopped at 10° cycles.

The data retention test at 85°C for 60 min was measured, revealing that the
change in the polarization value of the sample at 500°C was negligible, and a slight
degradation up to 10 years was expected as shown in Figure 6.9. These results
indicate that this MFM structure is suitable for fabricating integrated 1T1C FeRAM

with high reliability and excellent performance.
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Figure6.9. Retention testshave been performed on HZO with a thick-
ness of 8 nm for firing times up to 60 min at 85°C and prediction up to
10 years under the same conditions. The line in the Figure is a least-
squares fitting using data.
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6.3.2 Memory array performance of thinner HZO

Figure 6.10 shows a comparison of shmoo plots about array performance be-
tween 10 nm thick HZO and 8 nm thick HZO samples. Shmoo plot for the write
operation and sense operation were merged as described. 8 nm sample enables
lower voltage operation at 2.0 Vwith 14 ns operating speed, which is in good agree-
ment with a single capacitor result in Figure 6.5.

The distributions of AVg; for the 8 nm thick HZO for both C0 and C1, described
in Figure 3.6, were detected by the SA. Figure 6.11 shows the normal probability
plot of AVg; for each capacitor area of 0.06, 0.20, 0.40 and 1.00 pm? at an operation
voltage 2.0 V for both polarization states of data0 (up state) and datal (down state).
A Perfect bit functionality in the 64 kbits array was observed for each capacitor
area, demonstrating no degradation of the variability even if the smallest capac-
itor area was 0.06 pm?. The dependence of the memory window at the median
value of AV on each capacitor area was compared with the simulation result, as
shown in Figure 6.12. The obtained memory window margins corresponded with

the estimation for the 130 nm technology.
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Figure 6.10. Shmoo plot of time ranging from 1 to 50 ns and opera-
tion voltage ranging from 1.6 to 2.8 V obtained (green: pass, red: fail)
on the 64 kbits 1T1C FeRAM memory array for (a) 8 nm thick HZO at
0.2 pm? and (b) 10 nm thick HZO at 0.4 pm?.
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Figure 6.11. AVpg distribution ofthe 1T1C FeRAM for 64 kbitsat2.0V
with 100 ns operation at 0.06, 0.20, 0.40 and 1.0 pm? capacitor areas
using the 8 nm sample.

Memory window [V]@ 50%

05

04

03

® Experiment
------- Simulation @ Cy 250 fF
------- Simulation @ Cy 120 fF

00 02 04 06 08 10 12

Capacitor area [pm?]

Figure 6.12. Read margin of test chip 2.0V, 100 ns operation as a func-
tion of capacitor area. Values of Cg, were determined as 250 fF for the
130 nm technology and 120 fF for the 40 nm technology.
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The capacitance change during low-voltage operation, which was confirmed in
the single capacitor evaluation in Figure 6.7, was investigated using 1T1C FeRAM.
The rate of capacitance change due to lower voltage operation from 2.8 to 2.0 V
for single capacitor and 1T1C FeRAM were compared. The parameter of single ca-
pacitor was calculated using Figure 6.7. The capacitance of 2.0 V for 1'T1C FeRAM
was calculated by Figure 6.11 and 2.8 V by Figure 6.31, respectively using the Equa-
tion 5.4. The capacitance of both data0 and datal increased more than 10% in
single capacitor, while the capacity change estimated from 1T1C FeRAM were be-
low 3%. This indicates that the capacitance definition based on the Equation 5.4
is not realistic for near-sub-loop operation, and correct capacitance estimation
requires estimation by further transient analysis, such as measuring the frequency
and duty dependence of capacitance.

120%

8V

m Single

115% 1.14
1 1™ 1T1C FeRAM

110% F

105% |

100% F

95%

90%

Capacitance at 2.0 V / Capacitance at 2

85%

data0 datat

Figure 6.13. The rate of capacitance change due to lower voltage op-
eration from 2.8 to 2.0 V for single capacitor and 1T1C FeRAM. The
parameter of single capacitor was calculated using Figure 6.7. The
capacitance of 2.0 V for 1T1C FeRAM was calculated by Figure 6.11
and 2.8 V by Figure 6.31 using Equation 5.4.

These results indicates that lower voltage operation of 2.0 V was achieved by
thinner 8 nm sample without degradation of uniformity of HZO material and scal-

ing capability, comparing 10 nm sample described in Section 4.
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6.4 Cycling tolerance for hard breakdown

In this section, cycling tolerance for hard breakdown was investigated using
5, 8 and 10 nm thick HZO films. First, fundamental analysis on cycling tolerance
for hard breakdown was evaluated using the samples in Subsection 6.4.1. Then,
cycling tolerance for hard breakdown for memory array was discussed in Subsec-
tion 6.4.2 .

6.4.1 Fundamental analysis with single capacitor

Fundamental analysis on cycling tolerance for hard breakdown was evaluated
using the single capacitor with 5, 8 and 10 nm thick HZO films at a total area of
1,000 pm? MFM capacitor.

Figure 6.14 shows the current density as a function of electric field on the sam-
ples. The higher breakdown electric field (EBD) was observed with thinner HZO at
5.5MV/cm for 5nm, 4.8 MV/cm for 8 nm, and 4.2 MV/cm for 10 nm thick HZO. It is
consistent result with a similar theory according to the metal/oxide/silicon (MOS)
described in Section 6.1. However current density of 5 nm thick HZO shows dra-
matically larger than others. There are two possible causes for the sudden increase
in leakage current at 5 nm. One is due to the direct tunnel current flowing between
the electrodes™, and the other is the increase in leakage due to the dispersion of
oxygen defects®. As mentioned in Figure 6.4, the crystal phase of 5 nm thick HZO
is clearly different from others, suggesting that the significantly larger number of
oxygen vacancy (Vo) or charge defects in the film may have increased the leakage
path formation. In that case, this leakage current can be suppressed by increas-
ing the thermal history or optimizing the HZO deposition process to improve the

crystallization phase.
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Figure 6.14. J-E characteristics of 5 (blue), 8 (red) and 10 nm (black)
samples consisting of one large MFM capacitor at 1,000 pm? with
1,000 capacitors connected in parallel (1 pm? each). The bottom elec-

trode was fixed to ground and the applied voltage of the top electrode
was sweptat 2 V/s.



Reliability study on Hfy 521 50.-based 1T1C FeRAM 81

The TDDB characteristics of the MFM capacitors were obtained by current-
time trace tests, where constant voltage stresses of 3.3, 3.4, 3.5 and 3.6 MV/cm
were applied to the 10-nm samples (Figure 6.15 (b)). While, stress voltage of 3.9,
4.0,4.1 and 4.3 MV/cm were applied to the 8 nm sample (Figure 6.15 (a)). The 5 nm
thick HZO was excluded from the TDDB measurement because of its large leakage
current and inability to detect clear breakdowns. In both 8 nm thick and 10 nm
thick case, the current through MFM capacitors gradually decreased with time,
and soft breakdown was observed before hard breakdown. This phenomenon can
be explained by the formation of trap sites in the film and the generated defects
forming percolation paths along the trap sites’*. The P-V characteristics during
soft breakdown at 8 nm thick HZO sample were confirmed, resulting in clear re-
manent polarization was obtained described in Figure 6.16. Therefore, the hard
breakdown time (tBD) of the film was extracted as the lifetime at which the current
flow exceeds 10 A/cm?, resulting in lower tBD at higher applied voltages. The tBD
at 63% (T63) versus electric field for samples of both thicknesses were plotted in a
log-log graph (Figure 6.17).
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Figure 6.15. Results of current trace measurements for (a) 8 nm and
(b) 10 nm thick samples with one large MFM capacitor of 1,000 pm?
area and 1,000 capacitors (1 pm? each) connected in parallel. The
5nm thick HZO was excluded from the TDDB measurement because
of its large leakage current and inability to detect clear breakdowns.
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Figure 6.16. P-E characteristics post soft breakdown during the cur-
rent-time trace measurement on another device under the same test
conditions. The bottom electrode was fixed to ground and the ap-
plied voltage of the top electrode was swept.
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The tBD follows a power-law fit (tBD « V™) for both samples, as commonly
accepted ™. The tBD of the 8 nm thick HZO sample was longer than that of the
10 nm sample, which is in good agreement with the value of EBD in Figure 6.14
while maintaining parallelism. The accelerated factor of the tBD from 4.4 MV/cm
to 2.5 MV/cm for the 8 nm sample was extracted at approximately 102 cycles, as
shown in Figure 6.17. Considering these effects, film thickness scaling should result

in a reliable hard breakdown when operating at 2.0 V using a 1T1C FeRAM array.

£ 10"} :

© 1015} 10 nm

E) 1013 I 8 nm

E 10M | .. |

=

g 109 P

E 107 ™

© 10° +  Accelerated

a8 103 L factor ~1012 [ s

9 L

5 10" F .-

£ 107

= 10‘3 1 1 L i
1 ) 3 4 5

Applied electric field [MV/cm]

Figure 6.17. The tBD at 63% (T63) versus electric field in a log-log
graph for both 8 nm (red) and 10 nm (blue) samples. A total of 22 de-
vices were tested for stress for each sample. Weibull slopes of 1.01
and 1.00 were used for the 8 nm and 10 nm samples plots, respec-
tively.
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6.4.2 Cycling tolerance for hard breakdown with 17T1C FeRAM

The cycling tolerance for hard breakdown using 1T1C FeRAM memory array
under realistic operating condition was firstly measured. Figure 6.18 shows a Raw-
Bit-Error-Rates (RBERs) due to hard breakdown investigated on both 8 nm and
10 nm samples with 4 kbits for MFM capacitors in 1T1C FeRAM memory array
with capacitance areas of 0.20, 0.40 and 1.00 pm?. The measurement for 5 nm thick
HZO has not been performed due to extremely high leakage.

Bipolar pulse cycling stress with 4.4 MV/cm, 100 ns was applied at 85°C as an
accelerated condition. The cycle to failure of the earliest bit on the 8 nm sample
was longer than that of the 10-nm sample in any capacitor size, which is in good
agreement with the TDDB results in Figure 6.17. Five readouts were performed
within a digit, and the fail bits were counted at that time. The area dependence on
the cycle to failure was clearly observed following the Poisson distribution ’®. The
area dependence converged as the number of cycles increased, implying that the
failure mechanism changed with increased cycling. One possible explanation for
this phenomenon is that as the number of cycles increased, too many trap sites
were generated in the film, obscuring the dependence on the area.

The cycling tolerance for hard breakdown at an RBER of 1 ppm on the 8 nm
sample was predicted under the operating conditions of 2.0 Vand 100 ns at 85°C at
a capacitor area of 0.20 pm? in the memory cell, as shown in Figure 6.19. Consider-
ing the accelerated factor extracted from the TDDB results in Figure 6.19, the value
was projected to be 3.2 x 10'8 cycles. Lower cycling tolerance for hard breakdown
was obviously predicted for the 10 nm sample using the data on Figure 6.17 and

Figure 6.18 with a same method. (Not shown)
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Figure 6.18. Weibull plot as a function of the number of cycles to
failure for 4 kbits of the 8 nm and 10 nm samples at a capacitance area
in amemory cell 0f 0.20, 0.40 and 1.00 pm? with a same bipolar stress
electric field of 4.4 MV/cm on both samples. The detection limit was
obtained by substituting 1/4000 for the probability of failure F in the
Weibull formula. The measurement for 5 nm thick HZO has not been
performed due to extremely high leakage.
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Figure 6.19. Weibull fitting plot as a function of the number of cycles
to failure for the 8 nm sample at a capacitance area in a memory
cell of 0.20 pym?. The black line shows a fitting curve based on the
experimental results at an operating voltage of 3.5 V. The red line
shows a prediction at 2.0 V using accelerated factor extracted from
Figure 6.17. The detection limit was obtained by substituting 1 ppm
for the probability of failure F in the Weibull formula.
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6.5 Fatigue and its recovery

This section discusses the fatigue and recovery characteristics of 1'T1C FeRAM
memory array with 8 nm thick HZO sample, which has never been addressed be-
fore. In Subsection 6.5.1, mechanism study of the recovery effect was investigated
using single capacitor from switching current peak split point of view. And then, in
Subsection 6.5.2, recovery effect was firstly qualified by applying various recovery
condition using single capacitor. Finally, the fatigue and its recovery effect was
confirmed and investigated the uniformity using the 1T1C FeRAM memory array

for the first time in Subsection 6.5.3.

6.5.1 Fundamental analysis with single capacitor

Figure 6.20 demonstrates the measurement sequences during the fatigue, re-
covery and re-fatigue phases with 8 nm sample at 1,000 pm? area with 1,000 capaci-
tors (1 pm? each) connected in parallel. To investigate current peak and its intensity,
Positive-Up-Negative-Down (PUND) pulses were applied as aread sequence using
voltages ranging from -2.8 to 2.8 V,which were higher than the cycling stress during
the fatigue phase to investigate a current peak split clearly. A PUND measurment
ranging from -2.4 to 2.4 V was applied to exclude the remanent polarization with-
out current peak split. Figure 6.21 shows the P-V and I-V curves during the fatigue,
recovery and re-fatigue phases. The current peak split at a cycling stress voltage of
2.0 Vwas observed during the fatigue and re-fatigue phases. During the recovery
phase, the split current peak first merged, and then the current peak intensity in-
creased. A remanent polarization (2Pr) as a function of cycling stress during each
phase in Figure 6.20 was described in Figure 6.22 using red lines. An internal field

(Eint) was derived by following equation.

Eine = 1/2(|Ep| — [Enl) 6.2)

where Ecp and Ecn represent positive and negative coercive fields described
in Figure 3.6, respectively.The coercive fields were extracted from the voltage with

peak current in Figure 6.20 bottom I-V curves. It is known that TiOxNy or TiOy could
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be formed by N diffusing out the oxygen in HZO and top electrode during depo-
sition, respectively. These interfacal layer should cause work function differences
between the top and bottom electrodes and charge trapping at the interface, re-
sulting in an internal electric field®®"" 78, The E;, is represented by the blue lines
shown in Figure 6.22. The E;,; increased with cycling stress in the fatigue phase,
whereas in the recovery phase it decreased. This result implies that that a positively
charged oxygen vacancy generated by electron detrapping at bottom electrodes
could cause domain pinning during the fatigue phase and can be neutralized in

the recovery phase®, represented by Figure 6.23.

(a) Fatigue (b) Recovery (c) Re-fatigue

Pulse Width

j=)]

8

= 1

= Delay time U

= Pulse width

Cycling Stress  Read by PUND Cycling Stress Read by PUND Cycling Stress  Read by PUND
2.0V,100ns 2.8V, 100 kHz 2.8V,100ns 2.8V, 100 kHz 2.0V,100ns 2.8V, 100 kHz
108 cycles 108 cycles 108 cycles

Figure 6.20. Measurement sequence during (a) Fatigue up to 108 cy-
cles with a cycling stress voltage of 2.0 V and the pulse width of 100 ns
(b) Recovery up to 108 cycles with a cycling stress voltage of 2.8 Vand
the pulse width of 100 ns, and (c) Re-fatigue up to 10® cycles with a
cycling stress voltage of 2.0 V and the pulse width of 100 ns. PUND
ranging from -2.4 to 2.4 Vwas applied to exclude the 2Pr without cur-
rent peak split.
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Figure 6.21. P-V curve and I-V curve obtained from PUND results
during (a) Fatigue, (b) Recovery, and (c) Re-fatigue phases with 8 nm
thick HZO at 1,000 pym? area with 1,000 capacitors (1 pm? each) con-
nected in parallel. Positive bias was applied from top electrodes.
PUND ranging from -2.4 to 2.4 V was applied to exclude the 2Pr with-

out current peak split.
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Figure 6.22. Remanent polarization and E;, as a function of cycling
stress during (a) Fatigue, (b) Recovery, and (c) Re-fatigue phases. 2Pr
was extracted by PUND pulse subscribing dielectric contribution in
the left vertical axis. Ej, was extracted by a formula of %2(|Ecp|-|Ecn|)
in the right vertical axis.The coercive fields were extracted from the
voltage with peak current in Figure 6.21 bottom I-V curves.
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Figure 6.23. Schematic illustrations for E;, shift during (a) fatigue
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From the result of current peak splitting behavior and decrement of E;,, the
recovery mechanism can be explained as shown in Figure 6.24. In the initial state,
there could be pinned domains that were not flipped by a stress voltage during
the fatigued phase (Figure 6.24(a)). When a higher cycling stress was applied to
the fatigued capacitor, the pinned domain started to flip via neutralization of the
positively charged oxygen vacancy accompanied by electron de-trapping at the
interfacial layer (Figure 6.24(b)) resulting in merged current peak splits. Applying
further recovery stressed cycling, redistribution or generation of oxygen vacancy
occurs resulting in more switching domains that can participate in remanent polar-
ization owing to similar factors during wake-up behavior such as, phase change”
or reorientation of domains?® (Figure 6.24(c)).

In summary, a recovery mechanism was studied by in this section.First, a peak
splitting behavior and its intensity were monitored during the fatigue, recovery,
and re-fatigue phases. The E;, decreased with cycling stress during the fatigue
phase and increased during the recovery phase. During the recovery phase, the
current peak splits first merged, and then the current peak intensity increased.
These results suggest a recovery mechanism in which positively charged oxygen
vacancies are neutralized, resulting in domain pinning, followed by redistributed

oxygen vacancies forming new switching domains.
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Figure 6.24. Recovery model during (a) fatigue, (b) recovery, and
(c) further-recovery phases. I-V image extracted from Positive pulse

in PUND sequence at upper row. Image of switching behavior of do-
mains at bottom row.
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6.5.2 Stress condition dependence of the recovery effect

A recovery effect was qualified by investigating various recovery stress pulses.
Different recovery voltages and pulse widths shown in Figure 6.20 (b) were applied
post fatigue stress shown in Figure 6.20 (a). Figure 6.1 (a) shows a qualification
of the recovery effect obtained from the recovery voltage and pulse width depen-

dence. The recovery ratio was determined by following equation.

Recoveryratio = Prrecover/ PTioss (6.3)

where Pros is the remanent polarization degradation post 102 cycles with a
cycling stress voltage of 2.0 V, and Priecover is the amount of Pr recovered from the
fatigue post 10° recovery cycles. Higher recovery ratio was obtained with higher
cycling voltage and longer pulse width as described in Figure 6.1 (b). There was
no recovery effect observed at 2.0 V, and this was similar to that observed for fa-
tigued stress voltage including when the pulse width was longer. Moreover, a large
recovery ratio was obtained at recovery stresses higher than 2.4V, indicating that
a higher recovery voltage was required for the recovery phase, contrary to a higher
fatigue stress voltage. Furthermore, the recovery ratio increased above 100 % when
the recovery stresses and pulse widths where 2.8 Vwith 100 ps and 3.2 Vwith 10 s,
respectively. An impact of newly wake-up domains due to the recovery stress was
investigated in Figure 6.27. The 2Pr of recovery stage under the condition of 3.2V
with 100 ps was saturated to the value of fatigue stage under the same condition
of fatigue phase. This indicates that domains, which was not involved in switch-
ing during fatigue (Prye\), contribute to enhance the recovery rate above 100% as

shown in Figure 6.24 (c).
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Figure 6.27. Remanent polarization as a function of cycling number
during (a) fatigue with different conditions as 3.2 Vwith 100 pis in red
and 2.0 Vwith 100 ns in blue and (b) recovery at 3.2 V with 100 ps.
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The recovery cycling voltage dependence on the switching current with a fixed
pulse width of 1 ps is shown in Figure 6.28. It can be observed that when the recov-
ery stress voltage was 2.4 V, the current peak split was emerged, and the current
peak intensity was saturated, indicating that the current peak split should be sup-
pressed first by applying a higher recovery stress voltage. Figure 6.29 shows the re-
covery cycling pulse width dependence on the switching current with a fixed stress
voltage of 3.2 V. The current peak split was merged including when the pulse width
was 100 ns, and a higher current peak was obtained post 10° cycles with a longer
recovery pulse width. These results summarized that the domain de-pinning and
generation of polar domains can occur simultaneously under higher recovery volt-
age or longer recovery pulse conditions. These results is in good agreement with
the assumed mechanism described in Figure 6.24.

In this section, the recovery effect was qualified by investigating the recovery
voltage and pulse width dependence on the recovery ratio. A recovery ratio above
100% was obtained at a higher recovery voltage and longer recovery pulse width,
which is in good agreement with the mechanism that domain de-pinning and new
domains contribute to remanent polarization increment. A higher recovery ratio
was obtained at a higher recovery voltage or longer pulse width in contrast to the
stress condition of the fatigue phase, and the recovery voltage can be reduced by

applying longer recovery pulse widths.
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Figure 6.28. I-V curve during recovery cycling post fatigue stress with
a different voltage condition of (a) 2.0V, (b) 2.4V, (c) 2.8 Vand (d) 3.2V,
respectively. Only positive pulse during PUND pulse subscribing was
described for simplicity.
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Figure 6.29. I-V curve duringrecovery cycling post fatigue stress with
a pulse width condition of (a) 100 ns, (b) 1 ps, (c) 10 ps and (d) 100 ps,
respectively. Voltage of the pulses were fixed as 3.2 V among these
conditions. Only positive pulse during PUND pulse subscribing was
described for simplicity.
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6.5.3 Validation of fatigue and its recovery with 17T1C FeRAM

Figure 6.30 (a) shows the fatigue test result on the 1T1C FeRAM memory array
post wake-up cycling under a stress voltage of 2.0 V at 10 MHz for up to 10'° cycles.
AVg; of datal gradually decreases post 108 because of polarization fatigue, result-
ing in memory window degradation. Figure 6.30 (b) illustrates the recovery perfor-
mance from fatigued bits under a stress voltage of 2.8 V at 10 MHz for up to 10'° cy-
cles. The AVy,, of datal increases with cycling and fully recovers to its initial value.
The suggested fatigue and subsequent recovery mechanisms are charge trapping
and de-pinning of domains in ferroelectric HZO, respectively. Trapped charges
could pin domains, hindering their polarization reversal. Applying a higher electric
field could resultin charge de-trapping and subsequent domain de-pinning, allow-
ing pinned domains to take part in the switching again. Figure 6.30 (c) shows the
re-fatigue test result under a stress voltage of 2.0 V at 10 MHz for up to 10'° cycles.
Degradation of AVy; is only observed after 102 cycles, indicating that the recovery
procedure prolongs the endurance performance. In contrast, minor changes were
observed in AVy,, for data0 during fatigue, recovery, and re-fatigue, supporting the
idea that a phase change in HZO could not cause this phenomenon.

Figure 6.32 depicts the normal probability distribution sigma plots of data0 and
datal for the initial, fatigued, and recovered samples described in Figure 6.30(a)
and (b). Although memory window at -3 sigma was diminished at fatigued state,
but clearly recovered at recovery state. Figure 6.33 shows variability of AVygy in
4 kbits of 1.0 pm? capacitor area during initial, fatigue and recovery phase extracted
from Figure 6.32 The distribution of data 0 is not deteriorated by the fatigue and
recovery stress, supposedly indicating uniform charge trapping and domain de-
pinning within the deployed HZO.

The distribution of data 1 was slightly improved from initial to fatigue and not
changed from fatigue to recovery phase. It indicats that at initial stage charges
were distributed in whole film resulting in higher variability of coercive field. In

the fatigue and recovery stage, the distributed charges were collected to localized
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locations such as grain boundaries, and would cause uniform charge trapping and

detrapping.
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Figure 6.30. (a) Fatigue test result for 10'° cycles under a stress volt-
age of 2.0 V at 10 MHz, (b) Recovery test result of 10'° cycles under a
stress voltage of 2.8 Vat 10 MHz, (c) Re-fatigue test results for 10'° cy-
cles post recovery under the same stress condition as (a). Median
value of AVy, in 4 kbits 1T1C memory cells with 1.0 pm? capacitor

(a) Fatigue

LI 2.0V, 100 ns J-L|_I_ 2.8V, 100 ns _I_L|_|_ 2.0V, 100 ns

(b) Recovery

(c) Re-Fatigue

Data 1

Data O

T R

 Data'1 - Data 0

[ 4 kbits at 1.0 pm?

J

——————

—_/

10° 102 10* 108 108

Number of stress cycles

areas are extracted at each cycling phase.

100 102 10* 108 10® 10° 102 10* 106 108



Reliability study on Hfy 521 50.-based 1T1C FeRAM 101

10
0.9
0.8
0.7
06
0.5
0.4
03
0.2
0.1

AVpg, at median [V]

(a) Fatigue

—rL|_|— 2.0V, 100 ns

Initial Fatigue Recovery

(b) Recovery

2.8V, 100 ns

Data 1

Data 0

Data 1 - Data GJ

00 H H )
100 102 104 10° 108 10° 102 10% 10° 10°

Number of stress cycles

Figure 6.31. Definition of a data which was extracted in Figure 6.32.
post 10° cycles and blue lines for 10'° cycles are extracted from Fig-
ure 6.30 (a). Red line shows a distribution post recovery stress at
108 cycles extracted from Figure 6.30 (b).
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Figure 6.32. AVy, distribution of data0 and datal during endurance
test. Black lines show an initial distribution, blue lines for 10'° cycles
and red line shows a distribution post recovery stress.
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6.6 Summary

This chapter discusses a reliability of the Hfj 571y s0,-based 1T1C FeERAM mem-
ory array by applying film thickness scaling of HZO from 10 to 8 nm, which has
never been addressed before. First, ferroelectric performance of the thinner HZO
material was verified in Subsection 6.3.1, demonstrating perfect functionalities
in 64 kbits array with 2.0 V and 16 ns operating performance. The capacitance
change during low-voltage operation was investigated comparing single capacitor
evaluation and 1T1C FeRAM, resulting in larger capacitance change was obtained
by single capacitor.This indicates that the capacitance definition based on the
Equation 5.4 is not realistic for near-subloop operation, and correct capacitance
estimation requires estimation by further transient analysis, such as measuring
the frequency and duty dependence of capacitance.

Second, cycling tolerance for hard breakdown of the 1T1C FeRAM memory ar-
ray with 8 nm thick HZO was investigated in Section 6.4, revealing no bit error
count during 108 cycles at an accelerated operating voltage of 3.5 V and an operat-
ing speed of 100 ns, which was better than that of 10 nm thick HZO. This is because
higher electric field was able to applied by thinner HZO. The 1 ppm RBER at 2.0V,
100 ns, and 85°C operation was predicted to be > 10'° cycles, based on the depen-
dence of time to breakdown on the stress voltage. This effect can be explained
by the same theory for metal/oxide/silicon (MOS) structures, with lower electron
energy for a given field on thinner SiO,.The operating voltage is predicted to be
reduced by further film thickness scaling. Under 1.2 V operation was reported by
using 4 nm thick HZO 2. However, it requires much higher crystallization anneal
temperature (more than 600°C) to obtain a significant remanent polarization and
the leakage current through the film becomes not negligible. Therefore, another
approachis also required to achieve under 1.2 V operation voltage for cutting-edge-
technology node.

Finally, fatigue and its recovery were investigated in Section 6.5. The AVy, of
datal and data0 were extracted during fatigue and recovery cycling up to 10'° cy-
cles, under a stress voltage of 2.0 Vat 10 MHz and 2.8 V at 10 MHz, respectively. The
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AVyg, for datal was decreased post 108 cycles owing to a fatigue effect. However,
the AVy for datal significantly was recovered under stress, whereas slight changes
were observed for data0. Furthermore, no degradation of the The AVy distribu-
tions was noted during fatigue and recovery measurements, indicating that charge
trapping and domain de-pinning in HZO was uniform within the test chip. These
results suggest that the HZO-based 1T1C FeRAM array is a good high-density and
high-reliability replacement candidate for existing embedded memories.

Table 6.1 shows a comparison table with a target properties toward 1T1C FeRAM
under 40 nm CMOS technology node. Perfect functionalities in 64 kbits array and
array operation at 2.0 V and 16 ns were demonstrated experimentally. Cycling tol-
erance of hard breakdown was predicted to be > 10 cycles under practical operat-
ing condition of 2.0 V and 100 ns. Although the AVyg, for datal was decreased post
108 cycles owing to a fatigue effect, the AVy; for datal significantly was recovered
under stress, whereas slight changes were observed for data0. Furthermore, no
degradation of the The AVy, distributions was noted during fatigue and recovery
measurements, indicating that charge trapping and domain de-pinning in HZO

was uniform within the test chip.

Table 6.1. Comparison table with target.

SRAM eDRAM Target Hfy5Z1950,-based FeERAM
HZ0O 8 nm

Write voltage ~ 0.5V ~1.0V 20V 20V

Write speed <1ns 20 ~ 100 ns ~201ns ~ 16 ns
1015 B

Endurance 10'6 10'6 10 108 for Hard Breakdown
~ 10° for Fatigue

Retention No No 85°C, 10 min 85°C, 100 min®@

Scalability 5/7 nm 28 nm 40 nm 40 nm®

(a) Result using a single capacitor
(b) prediction



7 Conclusions

7.1 Summary of this thesis

Since ferroelectric Hfy 5Zr, 50,-based material was reported in 2011, there has
been much discussion about its application to 1T1C FeRAM. However, the feasi-
bility with practical memory array operation using 1T1C memory cell structures
has never been discussed. In the conventional method, a large area (larger than
100 pm?) of metal/ferroelectric/metal (MFM) capacitor has been commonly used
to amplify small displacement currents, resulting in unrealistic memory cell struc-
ture with limitation of operating condition due to RC delay. In this thesis, a novel
1T1C FeRAM memory array with Hf, 5Zry50,-based ferroelectric film using dedi-
cated CMOS logic circuits was integrated into 130 nm CMOS technology node and
demonstrated the memory array operation for the first time.

In Chapter 2, materials used in the 1T1C FeRAM were mentioned. Hfy 571,50,
was chosen as a ferroelectric material from large concentration window and CMOS
process compatibility point of view. The atomic layer deposition process using
TEMAH( + ZyALD as metal precursors and oxidizer were optimized to obtain higher
remanent polarization considering limitation of thermal budget. The reason for
this could be that ZyALD has high thermal stability and the residue of carbon-based
reaction products generated by other organic precursors is less likely to be gener-
ated, which is said to reduce leakage paths in the film and provide good film quality.

In Chapter 3, experimental of the process integration and design of 1T1C FeRAM

memory array with Hfy 5Zr, 50,-based ferroelectric film were mentioned. 64 kbits
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of MFM capacitors with Hfy 571y 50,-based material were implemented to 130 nm
CMOS technology with capacitor under bitline structure. A dedicated sense ampli-
fier for destructive read scheme was designed in the circuit. The change in bitline
voltage (AVpy) that occurs during read operation can be compared to a reference
voltage (Vggr) generated from a reference capacitor (Cggr) or an externally applied
voltage.

In Chapter 4, the memory array operation of 64 kbits Hf, 5Zr, 50,-based 1T1C
FeRAM were investigated. First, the simulation result of the designed circuit re-
vealed that it allows the 1T1C FeRAM to apply pulse width with less than 10 ns
and the behavior of AVy, during read operation for data0 and datal were exper-
imentally confirmed. A possible reason for this limitation is not material related
switching but RC delay from circuit and it is assumed to be about 5 ns based on the
simulation results. The memory array performance with write and sense voltages
of 2.5 Vand operation speed of 10 ns or less were verified by investigating a shmoo
plot, and found to be in good agreement with the ferroelectric switching kinetics
of the Nucleation Limited Switching model.

In Chapter 5, memory window analysis of the 64 kbits Hfy 5Zr, 50,-based 1T1C
FeRAM were performed. A perfectyield and alarge memory window were obtained
at the capacitor area of 0.4 pm?, revealing good uniformity of the film. Comparing
the AVpgp with what predicted from single capacitor results in Chapter 2, similar
AVp, for data0 was obtained while smaller AV, for datal. This suggests that 1T1C
FeRAM does not fully reproduce the ferroelectric properties obtained in a single
capacitor described in Chapter 2. The cause of this difference is considered to be
the amount of oxygen vacancy in the film due to the quality of interfacial layer
of the bottom electrode, the presence of a passivisation film, the thermal history
of the BEOL process, and mechanical stress caused by MFM device structure and
orientation of domain, etc, and further analysis is required in the future study. The
variability of AVg, due to ferroelectric and dielectric components were calculated,
resulting in the variation due to the ferroelectric is almost equivalent to that of
dielectric. This result indicates that there are large amount of grains in the HZO

film and variability of switching of domains is not dominant factor. To investigate
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the feasibility of a memory window that accounts for the capacitance distribution
of the MFM, Monte Carlo simulations was applied for the experimental results
to estimate a memory window in Mbits at the 40 nm CMOS technology node. As
a result, more than 140 mV of memory window can be achieved by MFM area
between 0.11 to 0.14 pm?.

In Chapter 6, the dependence of reliability on the Hf 5Zr, 50, thickness was
investigated to improve the cycling tolerance of hard breakdown and reduce an
operating voltage using 1T1C FeRAM for the first time. Furthermore, fatigue and
its recovery of the 1T1C FeERAM memory were investigated to confirm the unifor-
mity under practical memory array operation. Fundamental study for ferroelectric
and dielectric properties between 5, 8 and 10 nm thick Hf, 5Zry 50, were investi-
gated usinglarge single capacitor, indicating that 8 nm thick sample had the largest
remanent polarization and higher break down voltage with low leakage in the sam-
ples. Memory array performance of the 64 kbits 1T1C FeRAM with 8 nm thick
Hfy 57150, was confirmed that array operation at 2.0 V and 16 ns were demon-
strated experimentally, which was lower than 10 nm thick HZO. The capacitance
change during low-voltage operation was investigated comparing single capacitor
evaluation and 1T1C FeRAM, resulting in larger capacitance change was obtained
by single capacitor.This indicates that the capacitance definition based on the
Equation 5.4 is not realistic for near-subloop operation, and correct capacitance
estimation requires estimation by further transient analysis, such as measuring
the frequency and duty dependence of capacitance.

Cycling tolerance of hard breakdown of the 1T1C FeRAM memory array re-
vealed no bit error count during 108 cycles at an accelerated operating voltage
of 3.5 V and an operating speed of 100 ns. The 1 ppm raw bit error rate at 2.0 V
with 100 ns, and 85°C operation was predicted to be >10'° cycles, based on the
dependence of time to breakdown on the applied voltage.

Fatigue and recovery operations of the 1T1C FeRAM memory array were inves-
tigated for the first time. The memory window of median value was decreased post
2.0 Vwith 100 ns for 102 cycles, but recovered by applying higher stress at 2.8 Vwith

100 ns for 102 cycles. During fatigue and recovery phases, no degradation of the
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AVy, distributions was obtained, indicating that charge trapping and domain de-
pinning in HZO was uniformly occurred. The mechanism of the recovery effect was
investigated by polarization vs voltage measurement on single large MFM capaci-
tor. As a result, in the recovery period, positively charged oxygen vacancies were
neutralized by applying higher stress voltage, resulting in domain depinning fol-
lowed by redistributed oxygen vacancies forming new switching domains, phase
change or reorientation of domains (in-plane to out-of-plane) which are similar
to wake-up mechanism. A higher recovery ratio was obtained at a higher recov-
ery voltage or longer pulse width in contrast to the stress condition of the fatigue
phase, and the recovery voltage can be reduced by applying longer recovery pulse
widths.

Table 7.1 shows a table comparing this technology with target which was de-
fined at Chapter 1. The target of writing voltage was achieved by the film thickness
scaling technology without degradation of the write speed. Furthermore, cycling
tolerance due to hard breakdown (HBD) was predicted to be more than >10'° cycles
by precise prediction using memory array operation. However, considering fatigue,
the cycling endurance is only 108 cycles, which needs to be improved. Recovery
schemes are a possible solution to this problem, but they require extra circuit and
complicated sequences of operation, which may limit applications. Considering
the 2Pr degradation due to fatigue, a more realistic solution would be to increase
the 2Pr in advance by increasing capacitance area or improving the MFM fabrica-
tion process, such as initial thermal quenching® or stacking laminated ferroelec-
tric layers® and so on. In terms of a retention, this thesis didn’t cover a retention
result using 1T1C FeRAM array, and further investigation is required to discover
the performance. Finally, based on a capacitor area dependence on the memory
window, it can be said that 40 nm is barely practical, considering a reduction of
parasitic capacitance of bitlines.

In conclusion, this technology with planer-type capacitor under bitline struc-
tured 1T1C FeRAM can be a candidates for edge IoT application for advance tech-

nology node. and should encourage the mass production of Hf, 5Zr,50,-based
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1T1C FeRAM, which has been at the research level until now. For further miniatur-

ization, a different approach is needed and will be discussed in the next chapter.

Table 7.1. Comparison table with this technology.

SRAM eDRAM perovskite-  Hfy5Zrg502- Hfy5Zrg502- Target This thesis
based based based 1T1C
FeRAM FeFET %4 FeRAM 2°
Non-volatile No No Yes Yes Yes Yes Yes
Write voltage >05V >1.0V 1.0V 4.2V 4.0V ~2.0V 20V
Write speed <Ins ~ 20 ns 20 ns 20 ns 100 ns ~10ns ~ 10ns

~ 101°® for HBD

16 16 15 5 11 15
Endurance 10 10 10 ~ 10 1011® ~ 10 ~ 108 for Fatigue
Retention Volatile Volatile 125°C no data 125°C 85°C 85°C

10 years 10% sec 100 min > 100 min®
Scalability 5/7 nm 28 nm 180 nm 28 nm no data =<40nm  40nm®

(a) Result using a single capacitor
(b) prediction
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7.2 Future technologies and directions

This thesis has revealed that a planer-type capacitor under bitline structured
1T1C FeRAM can be a candidates for edge IoT application as long as 40 nm tech-
nology node. To achieve 1T1C FeRAM with more advanced technology node, a
different approach is needed to obtain a large memory window and low-voltage
operation. In this section, feasibility study for more advanced technology node are

conducted.

7.2.1 Three dimensional cylinder capacitor

Figure 7.1 describes a relationship between technology node and cell size. Blue
line is corresponding to a proximal line of SRAM which was extracted from litera-
ture. The memory cell area is decreasing with an advances of the technology nodes.
To show that FeRAM has an advantage over SRAM in terms of cell size, it is neces-
sary to achieve smaller memory cells. Red lines shows describes a proximal line
of 1T1C FeRAM with planer type metal/ferroelectric/ metal MFM) structure. The
memory cell area was estimated based on a layout described in Figure 7.2, which
refers to the layout of DRAM. As discussed in Section 5.3, an MFM area larger than
0.1 pm? is required to obtain sufficient read voltage for a sense amplifier. In the
case of planer type MFM, even if the technology node advances and transistors
become smaller, memory cell size is not able to be reduced due to the limitation of
the size of MFM capacitor. According to this estimation, it is difficult to maintain an
advantage over SRAM at technology nodes below 28 nm technology node. Green
lines shows a proximal line of 1T1C FeRAM with three dimension (3D) cylinder,
indicating that it is possible to break through the barrier of scaling limit.

To address the limitation of memory cell area, 3D cylinder MFM is required for
enlarge a effective capacitance area without increasing memory cell area owing
to the capability of atomic layer deposition for MFM materials®>#3, In embedded
memory, it is desirable to fabricate the 3D capacitor without changing the CMOS
process or CMOS structure from the viewpoint of the fabrication cost. Figure 7.3

shows an schematic illustration of the 3D cylinder MFM for capacitor under bitline
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(CUB) stricture and capacitor over bitline (COB) stricture. The advantage of the
CUB allows 1T1C FeRAM to apply higher crystallization anneal for HZO as shown
in Section 3.2 without degradation of a reliability of BEOL, but the effective area
contributed from side area of the capacitor is limited by a height of front-end-of-
line process when it is integrated to 3D cylinder MFM. On the other hand, COB
structure has an advantage of earning the height of inter mediate layers in back-
end-of-line (BEOL) process. The concern about the thermal budget on the BEOL
lines could be overcome by reducing the crystallization anneal temperature using
material engineering®# or applying extremely fast (nano second order) annealing

using laser anneal method to the capacitors.
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Figure7.1. Relationship between technology node and cell size. Blue
line describes a trend of SRAM. Red line describes a that of 1T1C
FeRAM with planer type MFM structure and green line for 3D MFM
structure.
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Figure 7.3. Schematic illustration of capacitor under bitline struc-
ture (left) and capacitor over bitline structure (right) for 3D cylinder
MFM.
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The memory cell size using COB structured 3D cylinder MFM was estimated
for each technology node. Ideally, the memory cell size is independent on the the
site area of the MFM cylinder, since the effective capacitance area is determined by
the sidewall of the capacitor. However, it could be difficult to achieve the structure
because the aspect ratio is too high or the capacitor diameter is too small to allow
the MFM layers to be filled in. Therefore, the aspect ratio and the diameter of the
3D cylinder was estimated to ensure a total area of 1 pm? at each technology node
and verified its feasibility.

The sidewall area was calculated by using schematic illustration in Figure 7.4.
The Bottom electrode film thickness was assumed to be 3 nm, referring to the
DRAM and FeRAM capacitor structures that have been commercialized and pre-
sented at academic conferences®. Same HZO thickness of 8 nm as this thesis was

used for it. The capacitance area was calculated by following equation.

S = 27hd ln% + 7a? (7.1)

where S is an equivalent total area of the cylindrical capacitor including bot-
tom area. Parameters of "a" and "b" in Equation 7.2.1 are defined as Figure 7.4 and
calculated by using a parameter in Table 7.2. The diameter of the cylinder for the
each technology node was assumed with reference to the design rule and contact
diameter at each technology node. A parameter of "h" in Equation 7.2.1 is corre-
sponding to the height of a cylinder and extracted by using Table 7.3. The height
depends on how many intermediate layers in BEOL was contributed.

Figure 7.5 (a) shows a capacitor area dependence on cylinder diameter which
was calculated using the Equation 7.2.1. The number of intermediate layers re-
quired to achieve a capacitance area of over 0.1 pm? depends on the technology
node. One layer is sufficient for technology nodes later than 22 nm, but 14 nm re-
quires two or more layers, tree layers for 7 nm technologies and more than 4 layers
are required for more advanced than 5 nm technology node. Figure 7.5 (b) shows
an aspect ratio dependence on the cylinder diameter. As the cylinder diameter

decreases, the aspect ratio increases.
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HZO 8 nm

Figure 7.4. Schematic illustration of 3D cylinder MFM for the capac-
itance area calculation.

Table 7.2. Diameter of the cylinder for each technology nodes.

Technology node [nm] 40/45 28/22 16/14/12 7 5/3
Diameter [nm] 150 107 77 47 38

Table 7.3. Height of the cylinder for the numbers of metal layer.

Number of metal layer 1 2 3 4
Height [nm] 240 480 720 960
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Figure 7.5. Capacitor area dependence on the cylinder diameter (a)

Capacitance area [um2]

Aspect ratio

—————————-(p-
~
ai
~

0.10 p

1
1
005 b
I
!

0.00
30 40 50 60 70 80 90 100110120130
Diameter [um]

—1 layer height —2 layers height
3 layers height—4 layers height

(@)
35.00

30.00 F

25.00 F

20.00 r

15.00

10.00
/517
500 | !

o !
0.00 I :I 1 1 !l 1 1 Il 1

30 40 50 60 70 80 90 100110120130
Diameter [um]

—1 layer height —2 layers height
3 layers height—4 layers height

(b)

and aspect ratio dependence on cylinder diameter (b).

116



Conclusions 117

As aresult, Table 7.4 describes a summary of memory cell area and aspect ratio
for each technology node. The memory cell cylinder can be integrated without
impact on the memory cell, and the memory cell size can be calculated by only

gate pitch and metal pitch. Therefore this result was plotted on Figure 7.4.

Table 7.4. Summary of memory cell area and aspect ratio for each

technology node.
Technology Gate Metal Cell area Diameter Inter Height Capacitance Aspect
node pitch [nm] [nm?] [nm] mediate [nm] area [pm?] ratio
[nm] [nm] layers
40/45 162 126 0.0306 150 1 240 0.193 1.6
22/28 120 90 0.0162 107 2 480 0.250 4.5
12/14/16 90 70 0.0095 7 2 480 0.170 6.2
7 66 46 0.0046 47 3 720 0.134 15.3
3/5 56 40 0.0034 38 4 960 0.130 25.3

7.2.2 Anti-ferroelectric material

As discussed in Chapter 6, the operating voltage is predicted to be reduced
by further film thickness scaling and 1.2 V operation was reported by using 4 nm
thick HZO 7. However, another approach is also required to achieve under 1.2 V
operation voltage for cutting-edge-technology node. Some studies have demon-
strated that anti-ferroelectric-typed (AFE) 1T1C FeRAMs have lower voltage op-
eration than ferroelectric-typed (FE) 1T1C FeERAM®"#_ Anti-ferroelectricity can
be obtained by controlling the oxygen vacancies in the HZO film and including
tetragonal phase in the Hf;Zr; ,O, film”’. If the top and bottom electrodes have
the same material, the anti-ferroelectric does not show remanent polarization in
the absence of an electric field as described in Figure 7.6 in blue. By applying built
in bias through the capacitor with different work function between top and bot-
tom electrodes, the P-E curve can be shifted and emerge an remanent polarization
in red. The Operating voltage can be reduces in the amount of the voltage shift
and better endurance can be obtained than FE-type 1T1C FeRAM. Compared to
FE type 1T1C FeRAM, AFE type 1T1C FeRAM has half the remanent polarization
and worse retention characteristics, but can be used for applications that do not

require retention characteristics since its capability of low voltage operation.
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for anti-ferroelectric material with same work function electrodes
among top and bottom electrodes in blue and different work func-

tion in red.

data0

data1

Electric field [MV/cm]

118



[1]

References

T. Mikolajick, U. Schroeder, andS. Slesazeck, “The past, the present, and the fu-
ture of ferroelectric memories,” IEEE Transactions on Electron Devices, vol. 67,
no. 4, pp. 1434-1443, 2020.

S.Yasuoka, T. Shimizu, A. Tateyama, M. Uehara, H. Yamada, M. Akiyama, Y. Hi-
ranaga, Y. Cho, and H. Funakubo, “Effects of deposition conditions on the
ferroelectric properties of (Al; _, Sc,) N thin films,” Journal of Applied Physics,
vol. 128, no. 11, p. 114103, 2020.

“2013 international technology roadmap for semiconductors (ITRS),”
2013, https://www.semiconductors.org/resources/2013-international-
technology-roadmap-for-semiconductors-itrs.

“Research center for the earth inclusive sensing empathizing with silent
voices,” 2018, https://www.coi.titech.ac.jp/eng/project-e.html.

R. Materlik, C. Kiinneth, and A. Kersch, “The origin of ferroelectricity in
Hf,_,Zr,0, a computational investigation and a surface energy model,” Jour-
nal of Applied Physics, vol. 117, no. 13, p. 134109, 2015.

T. Mikolajick, S. Slesazeck, H. Mulaosmanovic, M. Park, S. Fichtner,
P. Lomenzo, M. Hoffmann, and U. Schroeder, “Next generation ferroelectric
materials for semiconductor process integration and their applications,”
Journal of Applied Physics, vol. 129, no. 10, p. 100901, 2021.

M. H. Park, Y. H. Lee, H. J. Kim, T. Schenk, W. Lee, K. Do Kim, E P. Fengler,
T. Mikolajick, U. Schroeder, and C. S. Hwang, “Surface and grain boundary
energy as the key enabler of ferroelectricity in nanoscale hafnia-zirconia: a
comparison of model and experiment,” Nanoscale, vol. 9, no. 28, pp. 9973—
9986, 2017.

T. Mittmann, M. Materano, S. Chang, I. Karpov, T. Mikolajick, and U. Schroeder,
“Impact of oxygen vacancy content in ferroelectric HZO films on the de-
vice performance,” 2020 IEEE International Electron Devices Meeting (IEDM),
IEEE, 18-4, 2020.

M. Materano, T. Mittmann, P. D. Lomenzo, C. Zhou, J. L. Jones, M. Falkowski,
A. Kersch, T. Mikolajick, and U. Schroeder, “Influence of Oxygen Content on
the Structure and reliability of ferroelectric Hf; _,Zr, O, layers,” ACS Applied
Electronic Materials, vol. 2, no. 11, 2020.

119



[10]

[17]

120

T. Schenk, C. M. Fancher, M. H. Park, C. Richter, C. Kiinneth, A. Kersch, J. L.
Jones, T. Mikolajick, and U. Schroeder, “On the origin of the large remanent

polarization in La: HfO,,” Advanced Electronic Materials, vol. 5, no. 12, pp.
190-303, 2019.

R. Athle, A. E. Persson, A. Irish, H. Menon, R. Timm, and M. Borg, “Effects of
TiN top electrode texturing on ferroelectricity in Hf; ,Zr,0,,” ACS applied
materials & interfaces, vol. 13, no. 9, pp. 11 089-11 095, 2021.

B. Buyantogtokh, V. Gaddam, and S. Jeon, “Effect of high pressure anneal
on switching dynamics of ferroelectric hafnium zirconium oxide capacitors,”
Journal of Applied Physics, vol. 129, no. 24, p. 244106, 2021.

A. Toriumi, L. Xu, Y. Mori, X. Tian, P. D. Lomenzo, H. Mulaosmanovic, M. Mat-
erano, T. Mikolajick, and U. Schroeder, “Material perspectives of HfO,-based
ferroelectric films for device applications,” 2019 IEEE International Electron
Devices Meeting (IEDM), IEEE, 15-1, 2019.

M. Materano, C. Richter, T. Mikolajick, and U. Schroeder, “Hf; ,Zr,O, thin
films for semiconductor applications: An Hf-and Zr-ald precursor compari-
son,” Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
vol. 38, no. 2, p. 022402, 2020.

S. Smith, A. Kitahara, a. M. Rodriguez, M. Henry, M. Brumbach, and J. Thlefeld,
“Pyroelectric response in crystalline hafnium zirconium oxide (Hf;_,Zr,05)
thin films,” Applied Physics Letters, vol. 110, no. 7, p. 072901, 2017.

M. Materano, “Optimization of performance and reliability of HZO-basedc
apacitors for ferroelectric memory applications,” 2022, phD Thesis, Technis-
che Universitaet Dresden, Dresden, 2022.

J. A. Rodriguez, K. Remack, K. Boku, K. Udayakumar, S. Aggarwal, S. R. Sum-
merfelt, E G. Celii, S. Martin, L. Hall, K. Taylor et al., “Reliability properties of
low-voltage ferroelectric capacitors and memory arrays,” IEEE Transactions
on Device and Materials Reliability, vol. 4, no. 3, pp. 436-449, 2004.

M. De Donno, K. Tange, and N. Dragoni, “Foundations and evolution of mod-
ern computing paradigms: Cloud, [oT, Edge, and Fog,” IEEE Access, vol. 7, pp.
150936-150948, 2019.

Q. Liang, P. Shenoy, and D. Irwin, “Al on the edge: Characterizing ai-based
IOT applications using specialized edge architectures,” 2020 IEEE Interna-
tional Symposium on Workload Characterization (IISWC), pp. 145-156, IEEE,
pp. 145-156, 2020.



[20]

[25]

[27]

[29]

121

D. C. H. Yu, “Advanced heterogeneous integration technology trend for cloud
and edge,” 2017 IEEE Electron Devices Technology and Manufacturing Con-
ference (EDTM), pp. 4-5, 2017.

A. Von Hippel, R. Breckenridge, E Chesley, and L. Tisza, “High dielectric con-
stant ceramics,” Industrial & Engineering Chemistry, vol. 38, no. 11, pp. 1097-
1109, 1946.

G. Shirane and A. Takeda, “Phase transitions in solid solutions of PbZrO; and
PbTiOj; (i) small concentrations of PbTiOs,” Journal of the Physical Society of
Japan, vol. 7, no. 1, pp. 5-11, 1952.

T. Boscke, J. Miiller, D. Brauhaus, U. Schréder, and U. Bottger, “Ferroelectricity
in hafnium oxide thin films,” Applied Physics Letters, vol. 99, no. 10, p. 102903,
2011.

S. Diinkel, M. Trentzsch, R. Richter, P. Moll, C. Fuchs, O. Gehring, M. Majer,
S. Wittek, B. Miiller, T. Melde et al., “A FeFETs based super-low-power ultra-
fast embedded NVM technology for 22nm FDSOI and beyond,” 2017 IEEE
International Electron Devices Meeting (IEDM), IEEE, 19-7, 2017.

S. Fujii, Y. Kamimuta, T. Ino, Y. Nakasaki, R. Takaishi, and M. Saitoh, “First
demonstration and performance improvement of ferroelectric HfO,-based
resistive switch with low operation current and intrinsic diode property,” 2016
IEEE Symposium on VLSI Technology, IEEE, T14-3, 2016.

B. Max, M. Hoffmann, H. Mulaosmanovic, S. Slesazeck, and T. Mikola-
jick, “Hafnia-based double-layer ferroelectric tunnel junctions as artificial
synapses for neuromorphic computing,” ACS Applied Electronic Materials,
vol. 2, no. 12, pp. 4023-4033, 2020.

J. Okuno, T. Kunihiro, K. Konishi, H. Maemura, Y. Shuto, E Sugaya, M. Mater-
ano, T. Alj, K. Kuehnel, K. Seidel et al., “SoC compatible 1tlc feram memory
array based on ferroelectric Hfy 5Zr, 502,” 2020 IEEE Symposium on VLSI Tech-
nology, IEEE, TF2-1, 2020.

A. A. Sharma, B. Doyle, H. J. Yoo, I.-C. Tung, J. Kavalieros, M. V. Metz,
M. Reshotko, P. Majhi, T. Brown-Heft, Y.-J. Chen et al., “High speed memory
operation in channel-last, back-gated ferroelectric transistors,” 2020 IEEE In-
ternational Electron Devices Meeting (IEDM), IEEE, 18-5, 2020.

T. Francois, L. Grenouillet, J. Coignus, P. Blaise, C. Carabasse, N. Vaxelaire,
T. Magis, E Aussenac, V. Loup, C. Pellissier et al., “Demonstration of beol-
compatible ferroelectric Hf, 5Zr, 50, scaled FeRAM co-integrated with 130nm



[33]

122

CMOS for embedded NVM applications,” 2019 IEEE International Electron
Devices Meeting (IEDM), 1EEE, 15-7, 2019.

M. Materano, P. D. Lomenzo, H. Mulaosmanovic, M. Hoffmann, A. Toriumi,
T. Mikolajick, and U. Schroeder, “Polarization switching in thin doped HfO,
ferroelectric layers,” Applied Physics Letters, vol. 117, no. 26, p. 262904, 2020.

U. Schroeder, E. Yurchuk, J. Miiller, D. Martin, T. Schenk, P. Polakowski, C. Adel-
mann, M. 1. Popovici, S. V. Kalinin, and T. Mikolajick, “Impact of different
dopants on the switching properties of ferroelectric hafniumoxide,” Japanese
Journal of Applied Physics, vol. 53, no. 851, 2014.

S. Mueller, J. Muller, U. Schroeder, and T. Mikolajick, “Reliability characteris-
tics of ferroelectric Si: HfO, thin films for memory applications,” IEEE Trans-
actions on Device and Materials Reliability, vol. 13, no. 1, pp. 93-97, 2012.

A. Pal, V. K. Narasimhan, S. Weeks, K. Littau, D. Pramanik, and T. Chiang, “En-
hancing ferroelectricity in dopant-free hafnium oxide,” Applied Physics Let-
ters, vol. 110, no. 2, p. 022903, 2017.

M. H. Park, H.]J. Kim, K. DoKim, Y. H. Lee, S. D. Hyun, and C. S. Hwang, “Impact
of Zr content in atomic layer deposited Hf; _,Zr,O,thin films,” Ferroelectricity
in Doped Hafnium Oxide: Materials, Properties and Devices, Elsevier, pp. 75—
101, 2019.

C. S. Hwang, S. K. Kim, and S. W. Lee, “Mass-production memories (DRAM
and Flash),” Atomic Layer Deposition for Semiconductors, Springer, pp. 73-122,
2014.

M. H. Park, H. ]. Kim, Y. J. Kim, W. Jeon, T. Moon, and C. S. Hwang, “Ferroelec-
tric properties and switching endurance of Hf,, 5Zr; 50, films on TiN bottom
and TiN or RuO, top electrodes,” physica status solidi (RRL)-Rapid Research
Letters, vol. 8, no. 6, pp. 532-535, 2014.

Y. H. Lee, H. J. Kim, T. Moon, K. Do Kim, S. D. Hyun, H. W. Park, Y. B. Lee,
M. H. Park, and C. S. Hwang, “Preparation and characterization of ferroelec-
tric Hfy5Zry 50, thin films grown by reactive sputtering,” Nanotechnology,
vol. 28, no. 30, p. 305703, 2017.

T. Shimizu, T. Yokouchi, T. Oikawa, T. Shiraishi, T. Kiguchi, A. Akama, T. J.
Konno, A. Gruverman, and H. Funakubo, “Contribution of oxygen vacancies
to the ferroelectric behavior of Hfj 5Zr, 50 thin films,” Applied Physics Letters,
vol. 106, no. 11, p. 112904, 2015.



[39]

[46]

[48]

123

T. Shimizu, K. Katayama, T. Kiguchi, A. Akama, T. J. Konno, and H. Funakubo,
“Growth of epitaxial orthorhombic yo1. 5-substituted HfO, thin film,” Applied
Physics Letters, vol. 107, no. 3, p. 032910, 2015.

U. Bottger, S. Starschich, D. Griesche, and T. Schneller, “Dopants in chemi-
cal solution-deposited HfO, films,” Ferroelectricity in Doped Hafnium Oxide:
Materials, Properties and Devices, Elsevier, pp. 127-143, 2019.

M. Cho, J. H. Kim, C. S. Hwang, H.-S. Ahn, S. Han, and J. Y. Won, “Effects of car-
bon residue in atomic layer deposited HfO, films on their time-dependent di-
electric breakdown reliability,” Applied physics letters, vol. 90, no. 18, p. 182907,
2007.

J. Niinisto, K. Kukli, M. Kariniemi, M. Ritala, M. Leskel4d, N. Blasco, A. Pin-
chart, C. Lachaud, N. Laaroussi, Z. Wang et al., “Novel mixed alkylamido-
cyclopentadienyl precursors for ALD of ZrO, thin films,” Journal of Materials
Chemistry, vol. 18, no. 43, pp. 5243-5247, 2008.

A. Chouprik, E. Kondratyuk, V. Mikheev, Y. Matveyev, M. Spiridonov,
A. Chernikova, M. G. Kozodaev, A. M. Markeev, A. Zenkevich, and D. Negrov,
“Origin of the retention loss in ferroelectric Hf, ;Zr;50,-based memory
devices,” Acta Materialia, vol. 204, p. 116515, 2021.

J. Muller, T. S. Boscke, U. Schroder, S. Mueller, D. Brauhaus, U. Bottger, L. Frey,
and T. Mikolajick, “Ferroelectricity in simple binary ZrO, and HfO,,” Nano
letters, vol. 12, no. 8, pp. 4318-4323, 2012.

U. Schroeder, C. S. Hwang, and H. Funakubo, Ferroelectricity in Doped
Hafnium Oxide: Materials, Properties and Devices. 'Woodhead Publishing,
2019.

C. Cavalcante, C. Fenouillet-Beranger, P. Batude, X. Garros, X. Federspiel, J. La-
cord, S. Kerdiles, A. Royet, P. Acosta-Alba, O. Rozeau et al., “28nm FDSOI CMOS
technology (FEOL and BEOL) thermal stability for 3D sequential integration:
Yield and reliability analysis,” 2020 IEEE Symposium on VLSI Technology, IEEE,
TH3-3, 2020.

A. Sheikholeslami and P. G. Gulak, “A survey of circuit innovations in ferro-
electric random-access memories,” Proceedings of the IEEE, vol. 88, no. 5, pp.
667-689, 2000.

D. Ricinschi, C. Harnagea, C. Papusoi, L. Mitoseriu, V. Tura, and M. Okuyama,
“Analysis of ferroelectric switching in finite media as alandau-type phase tran-
sition,” Journal of Physics: Condensed Matter, vol. 10, no. 2, p. 477, 1998.



[49]

[50]

[51]

[56]

124

Y. Ishibashi and Y. Takagi, “Note on ferroelectric domain switching,” Journal
of the Physical Society of Japan, vol. 31, no. 2, pp. 506-510, 1971.

M. Avrami, “Kinetics of phase change. i general theory,” The Journal of chem-
ical physics, vol. 7,no. 12, pp. 1103-1112, 1939.

S. Mueller, S. R. Summerfelt, J. Muller, U. Schroeder, and T. Mikolajick, “Ten-
nanometer ferroelectric SiHfO films for next-generation fram capacitors,”
IEEE Electron Device Letters, vol. 33, no. 9, pp. 1300-1302, 2012.

A. K. Tagantsey, 1. Stolichnov, N. Setter, J. S. Cross, and M. Tsukada, “Non-
Kolmogorov-Avrami switching kinetics in ferroelectric thin films,” Physical
Review B, vol. 66, no. 21, p. 214109, 2002.

X.DuandI.-W. Chen, “Frequency spectra of fatigue of PZT and other ferroelec-
tric thin films,” MRS Online Proceedings Library (OPL), vol. 493, pp. 311-316,
1997.

J. Muller, T. S. Boscke, U. Schroder, R. Hoffmann, T. Mikolajick, and L. Frey,
“Nanosecond polarization switching and long retention in a novel MFIS-FET
based on ferroelectricHfO,,” IEEE Electron Device Letters, vol. 33, no. 2, pp.
185-187, 2012.

Y. Lin, H. Lee, Y. Tang, P. Yeh, H. Yang, P. Yeh, C. Wang, J. Su, S. Li, S. Sheu
etal., “3D scalable, wake-up free, and highly reliable FRAM technology with
stress-engineered HfZrO,,” 2019 IEEE International Electron Devices Meeting
(IEDM), IEEE, 15-3, 2019.

Y. Lin, P. Yeh, Y. Tang, J. Su, H. Yang, Y. Chen, C. Lin, P. Yeh, J. Chen, P. Tzeng
etal., “Improving edge dead domain and endurance in scaled HfZO, FeRAM,”
2021 IEEE International Electron Devices Meeting (IEDM), IEEE, 6-6, 2021.

M. J. Pelgrom, A. C. Duinmaijer, and A. P. Welbers, “Matching properties of
MOS transistors,” IEEE Journal of solid-state circuits, vol. 24, no. 5, pp. 1433-
1439, 1989.

Y. Zheng, Y. Zheng, Z. Gao, J. Yuan, Y. Cheng, Q. Zhong, T. Xin, Y. Wang, C. Liu,
Y. Huang et al., “Atomic-scale characterization of defects generation during
fatigue in ferroelectricHf 5Zr, 5O, films: Vacancy generation and lattice dislo-
cation,” 2021 IEEE International Electron Devices Meeting (IEDM), IEEE, 33-5,
2021.

H. Mulaosmanovic, S. Slesazeck, J. Ocker, M. Pesic, S. Muller, S. Flachowsky,
J. Miiller, P. Polakowski, J. Paul, S. Jansen et al., “Evidence of single domain



[66]

125

switching in hafnium oxide based FeFETs: Enabler for multi-level FeFET mem-
ory cells,” 2015 IEEE International Electron Devices Meeting (IEDM), IEEE, 26-
8, 2015.

P. Buragohain, A. Erickson, P. Kariuki, T. Mittmann, C. Richter, P. D. Lomenzo,
H. Ly, T. Schenk, T. Mikolajick, U. Schroeder et al., “Fluid imprint and iner-
tial switching in ferroelectric La: HfO, capacitors,” ACS applied materials &
interfaces, vol. 11, no. 38, pp. 35115-35 121, 2019.

P. D. Lomenzo, C. Richter, T. Mikolajick, and U. Schroeder, “Depolarization
as driving force in antiferroelectric hafnia and ferroelectric wake-up,” ACS
Applied Electronic Materials, vol. 2, no. 6, pp. 1583-1595, 2020.

P. D. Lomenzo, S. Slesazeck, M. Hoffmann, T. Mikolajick, U. Schroeder, and
B. Max, “Ferroelectric Hf; _,Zr,O, memories: device reliability and depolariza-
tion fields,” 2019 19th Non-Volatile Memory Technology Symposium (NVMTS),
pp. 1-8, 2019.

A. Nitayama, Y. Kohyama, and K. Hieda, “Future directions for DRAM mem-
ory cell technology,” International Electron Devices Meeting 1998. Technical
Digest (Cat. No. 98CH36217), pp. 355-358, 1998.

M. Marin, S. Cremer, J. Giraudin, and B. Martinet, “Modeling the mismatch
of high-k MIM capacitors,” 2007 IEEE International Conference on Microelec-
tronic Test Structures, pp. 115-119, 2007.

V. Tripathi and B. Murmann, “Mismatch characterization of small metal fringe
capacitors,” IEEE Transactions on Circuits and Systems I: Regular Papers,
vol. 61, no. 8, pp. 2236-2242, 2014.

T. Schenk, U. Schroeder, M. Pesic, M. Popovici, Y. V. Pershin, and T. Mikolajick,
“Electric field cycling behavior of ferroelectric hafnium oxide,” ACS applied
materials & interfaces, vol. 6, no. 22, pp. 19 744-19 751, 2014.

M. Lederer, T. Kdmpfe, N. Vogel, D. Utess, B. Volkmann, T. Ali, R. Olivo, J. Miiller,
S. Beyer, M. Trentzsch et al., “Structural and electrical comparison of Si and Zr
doped hafnium oxide thin films and integrated FeFETs utilizing transmission
kikuchi diffraction,” Nanomaterials, vol. 10, no. 2, p. 384, 2020.

M. Pesic, E P. Fengler, S. Slesazeck, U. Schroeder, T. Mikolajick, L. Larcher, and
A. Padovani, “Root cause of degradation in novel HfO,-based ferroelectric
memories,” 2016 IEEE International Reliability Physics Symposium (IRPS),
IEEE, MY-3, 2016.



[69]

[71]

[74]

[76]

126

P Liao, Y. Chang, Y. Lee, Y. Lin, S. Yeong, R. Hwang, V. Hou, C. Nien, R. Lu, and
C. Lin, “Characterization of fatigue and its recovery behavior in ferroelectric
HfZrO,” 2021 Symposium on VLSI Technology, IEEE, T6-3, 2021.

K. E Schuegraf and C. Hu, “Effects of temperature and defects on breakdown
lifetime of thin SiO, at very low voltages,” Proceedings of 1994 IEEE Interna-
tional Reliability Physics Symposium, pp. 126-135, 1994.

A.].Tan, Y. Liao, L. Wang, N. Shanker, J. Bae, C. Hu, and S. Salahuddin, “Fer-
roelectric HfO, memory transistors with high-« interfacial layer and write
endurance exceeding 10'° cycles,” IEEE Electron Device Letters, vol. 42, no. 7,
pp. 994-997, 2021.

K. Tahara, K. Toprasertpong, Y. Hikosaka, K. Nakamura, H. Saito, M. Takenaka,
and S. Takagi, “Strategy toward HZO beol-feram with low-voltage operation,
low process temperature, and high endurance by thickness scaling,” 2021
Symposium on VLSI Technology, IEEE, T7-3, 2021.

K. Toprasertpong, K. Tahara, Y. Hikosaka, K. Nakamura, H. Saito, M. Takenaka,
and S. Takagi, “Low operating voltage, improved breakdown tolerance, and
high endurance in Hf,, 5Zr, 50, ferroelectric capacitors achieved by thickness
scaling down to 4 nm for embedded ferroelectric memory,” ACS Applied Ma-
terials & Interfaces, vol. 14, no. 45, pp. 51 137-51 148, 2022.

K. Florent, A. Subirats, S. Lavizzari, R. Degraeve, U. Celano, B. Kaczer, L. Di Pi-
azza, M. Popovici, G. Groeseneken, and J. Van Houdt, “Investigation of the
endurance of FE-HfO, devices by means of TDDB studies,” 2018 IEEE Inter-
national Reliability Physics Symposium (IRPS), IEEE, 6D-3, 2018.

E. Y. Wy, A. Vayshenker, E. Nowak, J. Sune, R.-P. Vollertsen, W. Lai, and D. Har-
mon, “Experimental evidence of T/sub BD/power-law for voltage depen-
dence of oxide breakdown in ultrathin gate oxides,” IEEE Transactions on
Electron Devices, vol. 49, no. 12, pp. 2244-2253, 2002.

L. Grenouillet, T. Francois, J. Coignus, S. Kerdiles, N. Vaxelaire, C. Carabasse,
E Mehmood, S. Chevalliez, C. Pellissier, E Triozon et al., “Nanosecond laser an-
neal (NLA) for Si-implanted HfO, ferroelectric memories integrated in back-
end of line (BEOL),” 2020 IEEE Symposium on VLSI Technology, IEEE, TF2-4,
2020.

M. Pesi¢, T. Li, V. Di Lecce, M. Hoffmann, M. Materano, C. Richter, B. Max,
S. Slesazeck, U. Schroeder, L. Larcher et al., “Built-in bias generation in anti-
ferroelectric stacks: Methods and device applications,” IEEE Journal of the
Electron Devices Society, vol. 6, pp. 1019-1025, 2018.



[78]

[81]

[85]

127

M. Pesic, M. Hoffmann, C. Richter, S. Slesazeck, T. Kimpfe, L. Eng, T. Miko-
lajick, and U. Schroeder, “Anti-ferroelectric ZrO,, an enabler for low power
non-volatile 1T-1C and 1T random access memories,” 2017 47th European
Solid-State Device Research Conference (ESSDERC), pp. 160-163, 2017.

S.S. Fields, S. W. Smith, P. J. Ryan, S. T. Jaszewski, I. A. Brummel, A. Salanova,
G. Esteves, S. L. Wolfley, M. D. Henry, P. S. Davids et al., “Phase-exchange-
driven wake-up and fatigue in ferroelectric hafnium zirconium oxide films,”
ACS applied materials & interfaces, vol. 12, no. 23, pp. 26 577-26 585, 2020.

B. Ku, S. Choi, Y. Song, and C. Choi, “Fast thermal quenching on the ferro-
electric al: HfO, thin film with record polarization density and flash memory
application,” 2020 IEEE Symposium on VLSI Technology, IEEE, TF2-5, 2020.

T. Ali, K. Mertens, R. Olivo, D. Lehninger, M. Lederer, E Miiller, M. Rudolph,
S. Oehler, K. Kiihnel, R. Hoffmann et al., “Impact of stack structure control and
ferroelectric material optimization in novel laminate HSO and HZO MFMIS
FeFETs,” 2022 International Symposium on VLSI Technology, Systems and Ap-
plications (VLSI-TSA), IEEE, T4-3, 2022.

P. Polakowski, S. Riedel, W. Weinreich, M. Rudolf, J. Sundqvist, K. Seidel, and
J. Muller, “Ferroelectric deep trench capacitors based on Al: HfO, for 3D non-

volatile memory applications,” 2014 IEEE 6th International Memory Work-
shop (IMW), IEEE, 1-4, 2014.

S. Riedel, P. Polakowski, and J. Miiller, “A thermally robust and thickness in-
dependent ferroelectric phase in laminated hafnium zirconium oxide,” Aip
Advances, vol. 6, no. 9, p. 095123, 2016.

A. E. Persson, R. Athle, P. Littow, K.-M. Persson, J. Svensson, M. Borg, and
L. Wernersson, “Reduced annealing temperature for ferroelectric HZO on
InAs with enhanced polarization,” Applied Physics Letters, vol. 116, no. 6, p.
062902, 2020.

S. Tsai, C. Chen, X. Wang, U. Chand, S. Hooda, E. Zamburg, and A. V. Thean,
“Anneal-free HZO-based ferroelectric field-effect transistor for back-end-of-
line-compatible monolithic 3D integration,” 2022 International Symposium
on VLSI Technology, Systems and Applications (VLSI-TSA), IEEE, T6-2, 2022.

M. Sung, K. Rho, J. Kim, J. Cheon, K. Choi, D. Kim, H. Em, G. Park, J. Woo, Y. Lee
et al., “Low voltage and high speed 1x nm 1T1C FE-RAM with ultra-thin 5nm
HZ0,” 2021 IEEE International Electron Devices Meeting (IEDM), IEEE, 33-3,
2021.



128

[87] S. Chang, N. Haratipour, S. Shivaraman, T. L. Brown-Heft, ]J. Peck, C. Lin,
I. Tung, D. R. Merrill, H. Liu, C. Lin et al., “Anti-ferroelectric Hf, ,Zr,O, ca-
pacitors for high-density 3-D embedded-DRAM,” 2020 IEEE International
Electron Devices Meeting (IEDM), IEEE, 28-1, 2020.

[88] S. Chang, N. Haratipour, S. Shivaraman, C. Neumann, S. Atanasov, J. Peck,
N. Kabir, I.-C. Tung, H. Liu, B. Krist et al., “FeRAM using anti-ferroelectric
capacitors for high-speed and high-density embedded memory,” 2021 IEEE
International Electron Devices Meeting (IEDM), IEEE, 33-2, 2021.



Publications and Presentations

International Journals

(1) Jun Okuno, Takafumi Kunihiro, Kenta Konishi, Monica Materano, Tarek Alj,
Kati Kuehnel, Konrad Seidel, Thomas Mikolajick, Uwe Schroeder, Masano-
ri Tsukamoto and Taku Umebayashi, "1T1C FeRAM Memory Array Based
on Ferroelectric HZO with Capacitor Under Bitline", IEEE Journal of the
Electron Devices Society, vol. 10, pp. 29-34, 2022.

(2) Jun Okuno, Takafumi Kunihiro, Kenta Konishi, Yusuke Shuto, Fumitaka Sug-
aya, Monica Materano, Tarek Ali, Maximilian Lederer, Kati Kuehnel, Kon-
rad Seidel, Thomas Mikolajick, Uwe Schroeder, Masanori Tsukamoto, and
Taku Umebayashi, "Reliability Study of 1T1C FeRAM Arrays with Hf 571y 50,
Thickness Scaling", IEEE Journal of the Electron Devices Society, vol. 10, pp.
778-783, 2022.

(3) Jun Okuno, Tsubasa Yonai, Takafumi Kunihiro, Kenta Konishi, Monica Mat-
erano, Tarek Ali, Maximilian Lederer, Konrad Seidel, Thomas Mikolajick,
Uwe Schroeder, Masanori Tsukamoto and Taku Umebayashi, "Investiga-
tion of Recovery Phenomena in Hfj 5Zr,50,-based 1T1C FeRAM", IEEE
Journal of the Electron Devices Society, vol. 11, pp. 43-46, 2023.

Presentations

(1) Jun Okuno, Takafumi Kunihiro, Kenta Konishi, Hideki Maemura, Yusuke Shu-
to, Fumitaka Sugaya, Monica Materano, Tarek Ali, Kati Kuehnel, Konrad Sei-
del, Uwe Schroeder, Thomas Mikolajick, Masanori Tsukamoto and Taku Ume-
bayashi, "SoC compatible 1T1C FeERAM memory array based on ferroelec-
tric Hfy 5Zr950,", in 2020 IEEE Symposium on VLSI Technology, IEEE, TF2-

1, 2020.

129



130

(2) Jun Okuno, Takafumi Kunihiro, Kenta Konishi, Hideki Maemura, Yusuke Shu-
to, Fumitaka Sugaya, Monica Materano, Tarek Ali, Kati Kuehnel, Konrad Sei-
del, Uwe Schroeder, Thomas Mikolajick, Masanori Tsukamoto and Taku Ume-
bayashi, "Demonstration of Fatigue and Recovery Phenomena in Hf; 571y 50,-
based 1T1C FeRAM Memory Arrays", in 25th Workshop on Electron Device
Interface Technology, JSAP, pp. 11 - 14, 2020, in Japanese, invited.

(3) Jun Okuno, Takafumi Kunihiro, Kenta Konishi, Hideki Maemura, Yusuke Shu-
to, Fumitaka Sugaya, Monica Materano, Tarek Ali, Kati Kuehnel, Konrad Sei-
del, Uwe Schroeder, Thomas Mikolajick, Masanori Tsukamoto and Taku Ume-
bayashi, "SoC compatible 1T1C FeRAM memory array based on ferroelec-
tric Hfy 5Zry 50, report on 2020 IEEE VLSI symposia", in The Institute of
Electronics, Information and Communication Engineers, vol. 120, no. 126,
SDM2020-1, pp. 1-1, 2021, in Japanese, invited.

(4) Jun Okuno, TakafumiKunihiro, Kenta Konishi, Hideki Maemura, Yusuke Shu-
to, Fumitaka Sugaya, Monica Materano, Tarek Ali, Maximilian Lederer, Kati Kue-
hnel, Konrad Seidel, Uwe Schroeder, Thomas Mikolajick, Masanori Tsukamoto
and Taku Umebayashi, "High-endurance and low-voltage opera- tion of
1T1C FeRAM arrays for nonvolatile memory application", in 2021 IEEE
International Memory Workshop (IMW), IEEE, pp. 29-31, 2021, invited.

(5) Jun Okuno, Takafumi Kunihiro, Kenta Konishi, Hideki Maemura, Yusuke Shu-
to, Fumitaka Sugaya, Monica Materano, Tarek Ali, Maximilian Lederer, Kati Kue-
hnel, Konrad Seidel, Uwe Schroeder, Thomas Mikolajick, Masanori Tsukamoto
and Taku Umebayashi, "Demonstration of 1T1C FeRAM arrays for non-
volatile memory applications", in 2021 20th International Workshop on
Junction Technology (IWJT), IEEE, S1-1, 2021, Honorable Invited Speaker
Award.

(6) Jun Okuno, Tsubasa Yonai, Takafumi Kunihiro, Kenta Konishi, Monica Mat-
erano, Tarek Ali, Maximilian Lederer, Konrad Seidel, Thomas Mikolajick,
Uwe Schroeder, Masanori Tsukamoto and Taku Umebayashi, "Demon-

stration of Fatigue and Recovery Phenomena in Hf, 5Zr;50,-based 1T1C



131

FeRAM memory arrays", in 2022 6th IEEE Electron Devices Technology and
Manufacturing Conference (EDTM), IEEE, 2B-ME1-1, 2022, invited.



