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Summary

Caused by the imperfect screening of polarization the Front end of line (FEOL) fer-
roelectric field effect transistor (FeFET) as non-volatile memory suffers from low data
retention. The main mechanism behind is the depolarization field which counteracts the
ferroelectric generated internal field and the back-switches ferroelectric dipoles degrading
the memory performance. The FEOL FeFET gate stack is made of metal-ferroelectric-
insulator-semiconductor (MFIS) and because of the absence of the metal electrode from
semiconductor side it will provide an incomplete charge compensation and thus generating
a finite depolarization field. An engineering of FeFET stack is proposed where the back
end of line (BEOL) is suggested in which a floating conductive layer is sandwiched between
the ferroelectric and insulator. In this thesis, specifically, the analysis of retention in the
BEOL FeFET is simulated with GINESTRA modeling platform where metal-ferroelectric-
metal-insulator semiconductor (MFMIS) gate stack is introduce to overcome the retention
issue of the FEOL equivalent. The operation principles as well as the impact of ferro-
electric layer’s thickness and of the MFM and MFIS area ratio is investigated in order to
optimize the advantage of combining a MFM capacitor on top of MIS FET to improve
the memory performance of the device.
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Chapter 1

Introduction to the
ferroelectric memories and its

state of the art

1.1 Beyond CMOS

In 1965 Moore astonished the world of semiconductor technologies by showing a simple
statistical and forethought law. The number of transistor in an integrated circuit doubles
every 1.5 — 2 years. For more than 50 years a new technological node come out to the
market featured by the reduction of device dimensions, which benefits the integration
density and enhance the performance of the device. As we're looking to the memory the
concept of integration density is of relative importance. The more we could shrink down
the device dimension the more the amount of data we could store in the memory. The
performance of the device, indeed, was drastically influenced by the end of the Dennard
scaling, often called constant-field scaling. Before 2006 the improvement of integration
density, cost per device and clock frequency were in the same direction: exponentially
increasing. From the 65nm node due to the reduction of dimension the current leakage
and as a consequence the higher power dissipation, thermal runaway, limited the amount
of frequency operation repressing the scaling trend. In the meanwhile the transistor went
to geometrical scaling (1975-2000s) toward the equivalent scaling (2000s-2025) in which
new materials where introduce like the replacement in the metal-oxide-semiconductor field
effect transitor (MOSFET) of the silicon oxide with high « dielectric, the substitution of
polySilicon with a metal gate and the improvement of mobility with strained Si. Last but
not least starting from the 22nm node (2011) the 3D MOSFET (FinFET), not a planar
transistor but a vertical structure which benefits a better electrostatic control of the chan-
nel at reduce gate length, revolutionaries the manufacturing process of the semiconductor
industry. Few years later in 2013 the International Road-map for Devices and Systems
(IRDS) introduced for the first time the concept of Beyond CMOS as the next road in
which the semiconductor technologies is going to face once the CMOS scaling comes to an
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Introduction to the ferroelectric memories and its state of the art

end. The Beyond CMOS explores emerging architecture, devices, technological processes,
material with the scope of providing a completely new computational paradigms. Mem-
ories devices are in these sense the most studied due to scaling limit of NAND FLASH
memory and DRAM, the two most predominant type of memory on the Semiconductor
Memory Market. Both of them are charge storage devices which suffer from the related
scaling. By shrinking down the dimension the amount of charge stored is reduced impact-
ing the retention capability and in case of memory array the sensing of data due to the
electrostatic interference of neighbouring cell and/or the leakage current when performing
a reading operation. The requirement of new computational model far from the charge
based rise the technological and physical study towards the new emerging memory, fig.1.1.
The most investigated in the literature are the magnetic memory, oxide-based resistive

Memory

Volatile Nonvolatile

Baseline

Prototypical Emerging

Novel Magnetic Memory

Ferroelectric Memory

FTJ

Stand-alone I |: NOR I

NAND |

Embedded |

L

OxRAM - Filamentary

OxRAM - Nonfilamentary |

CBRAM

Macromolecular Memory

Massive Storage Devices I

—

Figure 1.1: Taxonomy of emerging memories devices

memory, phase change memory and ferroelectric memory.

« Magnetic memories are based on the giant magnetoresistance effect (GMR), a change
in electrical resistance observed when measuring the current flows between two mag-
netic layers (fixed and free layers) separated by a thin dielectric. According to the
magnetization of the free layer with respect to the fixed one a change of tunneling
current is retrieve, in particular, higher when parallel magnetization and lower if
anti-parallel. The advantages are the non-destructive reading, long data retention
and high endurance while the large cell size and the small current ratio are the two
major drawbacks.

e In the oxide-based resisistive memory the oxygen ion transport modulates the for-
mation of a conductive path modifying the resistance of the material. The drawback
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1.2 — Ferroelectricity in hafnium oxide

is the current in the off (reset) state, once the filament is broken, which could dif-
ferent due to cell to cell variability and due to an increase of cycling condition with
respect to the initial Iopp. The pro is in the switching behavior as either uni-polar
switching, set and reset on the same polarity, or bipolar switching, set and reset of
different polarity, exist. Their main application is on high density data storage.

o Another resistive based memory device is the phase change memory where the ma-
terial modify its phase from amorphous, high resistance state, toward its crystalline
phase, low resistance, due to the increase of temperature. The main drawback is the
highly temperature dependence and the related thermal disturb among neighbour
cells. The advantage resides in the unipolar feature by which a high voltage for a
sufficient short time lead the device to the set state (crystalline phase) and small
amount of voltage in a long time range toward a reset state (amorphous phase).

« Ferroelectric (FE) memories use the polarization of the ferroelectric material induced
by the application of an external field to store data. Three different kind of ferroelec-
tric memory are under investigation as a feasible replacement to the Flash memory:
ferroelectric RAM (FERAM), ferroelectric field effect transistor (FeFET) and ferro-
electric tunnel junction (FTJ). Before the discovery of ferroelectricity in HfOq the
major limit of the ferroelectric memory was in terms of scaling. Ferroelectric RAM,
the first FE memory to be commercialized in the late 1990s, suffers from scaling
due to the reduced amount of charge that the FE material could stored and going
beyond the 100nm node was barely feasible.

Having define the key features of each emerging memory a significant aspect is on the
technological process which are need to be careful evaluated such that the new material
and /or process condition in which the devices work is compatible with the CMOS platform
technology. A huge and intensive study is held in order to establish and develop the
electrical behavior of the device. Once the comparison of the emerging memory properties
with the benchmark Flash memory are measured, specifically the energy consumption,
writing/reading time, cell area, the endurance and data retention (to cite one of the most
relevant), it becomes than feasible or not the introduction to the memory market.

1.2 Ferroelectricity in hafnium oxide

1.2.1 The introduction of hafnium oxide in the CMOS fabrica-
tion process

Before introducing the ferroelectric memory in details a brief introduction to the role
of hafnium oxide is needed. In 2007 Intel introduced for the first time ever a high s
dielectric material as a technological solution for the minimization of the leakage current
encountered when scaling down the transistor. Starting from the 45nm node (2010) HfO,
replaced the Silicon oxide in the MOS structure. The reduction of gate oxide increases
the gate current in an exponential way degrading the performance of the transistor. The
solution was found in HfO, characterized by a high dielectric constant (almost 6 times
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higher than SiO2) and at given oxide capacitance it could guarantee an equivalent oxide
thickness higher than the SiO5. This will mitigate the problem of gate tunneling current
while scaling: reducing the power consumption and increasing the performance of the
device.

1.2.2 The advent of ferroelectrics

Before 2011 in the field of material science the inorganic compound HfO5; was known to
exist, at normal pressure, in three different crystal structure: monoclinic (at room tem-
perature), tetragonal (above 2050K) and cubic (above 2803K). In addition when the
material decreases its dimension from bulk toward thin film, and the size-dependent and
surface effect became more significant as we're dealing with nano-scale dimension, it was
reported the stabilization at room temperature of the tetragonal phase in spite of the mon-
oclinic one. As the polymorphs of HfOs are not characterized by a non-centrosymmetric
phase it sounds like a big deal the discovery of ferroelectricity in hafnium oxide. We can
start by considering a simple structure made of HfO5 sandwiched by two metal electrode.
The turning point in the scientific community as we have already mentioned comes from
Boscke[7] which demonstrate for the first time ever the stabilization in hafnium oxide
of a non-centrosymmetric phase with a formation of permanent polarization dictated by
the displacement of atoms from their symmetric position. Two dominant feature brings
its formation: doping content (Si is favoured as it help to stabilize the tetragonal phase
in thin film hafnia) and capping mechanism. The first hallmark is achieved by metal
organic atomic layer deposition process (Tetrakis-(ethylmethylamino)-hafnium also called
TEMA-Hf, Tetrakis-dimethylamino-silane also named 4DMAS, metalorganic precursors
and ozone are the material selected) in which the concentration of Silicon is varied by
adjusting the cycle ratio of 4DMAS and metalorganic precursors. The second distinctive
feature regards the capping mechanism and compare with the doping concentration it’s
the most dominant in terms of formation of ferroelectricity. It was reported that if the de-
position of top metal electrode (by chemical vapor deposition) is implemented before the
crystallization of the Si—HfO then the hafnia diffraction pattern, acquire by the Grazing
Incident X-Ray Diffractograms (GI-XRD), report peaks which best fit with the diffraction
patter of a meta-stable orthorhombic phase responsible for the ferroelectricity behavior
of the HfO,. How is conceivable to have a new stable phase when the metal electrode
is deposited after (capped sample) and not before (uncapped sample) the crystallization
of hafnia? In the uncapped sample the dielectric undergo a transition from tetragonal
toward monoclinic phase but this transition seems to be suppressed in the capped sam-
ple. The reason is related to the presence of the top metal electrode which inhibit the
shearing of the unit cell and make attainable the formation of a meta-stable orthorhombic
phase, hence ferroelectricity in hafnium oxide is observed. It’s indeed relevant to properly
emphasize the role of Silicon as changing the composition, molecular percentage (mol%),
inside the dielectric lead to a modification of the polarization hysteresis curve. The P-V
characteristic shows a gradual transition from a ferroelectric (FE) phase toward antifer-
roelectric (AFE) phase hafnium oxide, specifically considering a 8.5nm of hafnia and a
depostion temperature of TiN electrode of 500°C' and a post-metallization-anneal (PMA)
of 1000°C for 20s, above 2.6mol% FE behavior is observed whereas above 4.3mol% AFE
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1.2 — Ferroelectricity in hafnium oxide

behavior dominates.

1.2.3 The key aspects that stabilize the ferroelectricity in hafnium
oxide

Three main factor influence the stabilization of ferroelectricity in hafnia: the post-metallization-
annealing, the thickness of hafnium oxide and the dopant concentration (common element
are Silicon, Gadolinium and Zirconium), fig.1.2. It’s verified in [8] that an increase in tem-

phase transition of hafnium oxide
thermal A

budget

monoclinic
phase

orthorhombic
phase

tetragonal/cubic
phase

» dopant content
film thickness <

Figure 1.2: Phase transition of hafnium oxide influenced by the post metallization anneal-
ing, film thickness and doping concentration

perature in the PMA lead to a transition towards a monoclinic phase; same trend if the
thickness of the dielectric increases. It is demonstrated that crystallization temperature
drops for thicker film as less orthorhombic phase and more monoclinic phase are presented.
Increasing dopant content may lead to the formation of ferroelectric film but the kind of
dopant element used and the size of film are critical factors which could bring the hafnium
oxide toward the cubic and/or tetragonal phase if the dopant concentration increases. In
fig.1.3 it’s illustrated the decreasing of remnant polarization when the film thickness in-
creases for different dopant. Different factors need to be included like the increase of
monoclinic phase with thickness, the deposition temperature of top metal electrode which
could be closer to the crystallization temperature of the doped hafnia or the crystallization
of thicker film which start during the electrode deposition process. Recalling fig.1.2 there
is a trade-off concerning the stabilization of the orthorhombic phase from doping content
and the type of dopant element toward the film thickness and last but not least to the
annealing temperature providing substantial structural changes and/or chemical reaction
leading to the formation of monoclinic phase and or the formation of interfacial layer due
to oxygen scavenging in the TiN electrode. This last process can poses several issue re-
garding the endurance test of FE based HfOy devices since the material requires an initial
cycling step before entering into the wake-up phase (102 cycles) where an opening of the
pinched hysteresis loop is observed. For further analysis on the field cycling behavior of
hafnia see the appendixA.
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Figure 1.3: Remnant polarization as a function of film thickness for different dopants.
Data taken from [3]

1.2.4 Hafnium oxide vs common perovskite material

We can know be question why the hafnium oxide has altered dramatically the scientific
community on the role of ferroelectric memories. To answer we report in the tablel.1 a
comparison between the two old common perovskite material, knowing for their ferroelec-
tric properties since 1990s, and the HfO5. The low film thickness compared with PZT
and SBT make it suitable for scaling with a stable atomic layer deposition capability and
CMOS and BEOL compatible beside the controllable thermal budget require to stabilize
the orthorhombic phase. Beside the remnant polarization the role of the coercive and
breakdown field is critical for the reliability of the ferroelectric based devices. A notable
figure of merit in ferroelectric devices is the concept of memory window (MW). When
discussing the FeFET we will associate the MW to the threshold voltage of the transistor
when subject to different writing voltage. Despite that another method to evaluate the
MW accounting simply on geometrical and material properties is described in(1.1)

MW:2><EC><tFE (11)

with E¢ indicating the coercive field and tgp the thickness of ferroelectric material. To
achieve a memory window closer to the ferroelectric HfO5 the perovskites which have a
lower F¢ necessitate higher film thickness make them not suitable for the nano-meter
range integration. Let’s make an example: in order to achieve a MW = 2V in FE HfO,
considering a E, = 1MV /cm a 10nm thickness is required whereas for SBT, considering
the best case of E. = 100kV/cm, then 100nm is the requirement. It might be relevant
to point out that before its advent the application of ferroelectric as memory devices
was limited toward the 90nm process node which means reach a death end point for the
industry. The introduction of hafnium oxide has completely reshaped the evolution of the
ferroelectric devices in the last decades. Anyway the advantage of high E. field for HfO, is
counterbalanced by the breakdown field (Epp) which is characterized by the same order
of magnitude of the coercive field. Despite for the perovskite where the ratio E./Epgp is
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1.3 — Ferroelectric memories

SrBiyTasOg Pb(Zr,Ti; ;)O3 FE-HfO4
(SBT) (PZT)
Film Thickness > 2bnm > 70nm 5 — 30nm
Annealing Temperature > 750°C > 600°C 450°C — 1000°C
P. < 10uC/em? 20 — 40uC'/em? 1 —40pC'/em?
E. 10 — 100kV /em ~ 50kV/em 1—=2MV/em
Epp ~ 2MV/em 0.5 —2MV/em 4 —8MV/em
Ec/Egp x 100 0.5 —5% 2.5 —10% 12.5 — 50%
K 150 — 250 ~ 1300 ~ 30
ALD capability limited limited mature
CMOS compatibility | Bi and O4 diffusion | Pb and O diffusion stable
BEOL compatibility Hy damage Hy damage stable

Table 1.1: Comparison of FE HfO, and the common perovskite ferroelectric from|1]

lower than 10% in hafnium oxide can even reach 50% indicating the limited endurance for

the HfO5 based devices.
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Figure 1.5: Equivalent circuit of the three different ferroelectric memory devices: FeRAM,
FeFET and FTJ

1.3.1 Ferroelectric Random Access Memory

Ferroelectric RAM, device and circuit model in fig.1.4a and fig.1.5a, was the first to be
commercialized in the late 1990s. A ferroelectric capacitor (FECap) and a transistor are
connected in series in what is called 1T1C storage cell design. To write a logic 1/0 or to
read the cell both the word line (WL) and the pulse line (PL) are pulsed simultaneously.
As in the DRAM case the read is destructive as it can either leaves the polarization
unchanged or flip partially the ferroelectric dipoles which result into a transient current
that charges the bit line capacitance. The sense amplifier is used to amplify the change of
voltage detected. In eq(1.2) the difference of the bitline voltage when the state is 0 and 1

is evaluated.
2-Pr-Arg

Car

The remnant polarization Pr play a significant role in modifying the amount of bitline
voltage that is amplified by the SA. The major concerns in terms of reliability of the
devices comes from endurance test as the field cycling behavior of HfO, is featured by a
wake-up phase and fatigue condition which limit to 10° number of cycles. A 2T2C cell
can potentially mitigate the previous effect where not only the signal is double but also
the degradation in terms of cycling is very alike; the main disadvantage is the increase of
cell size: twice with respect to 1T1C.

AV = (1.2)

1.3.2 Ferroelectric tunnel junction

The operation principle of the ferroelectric tunnel junction (FTJ) is the modulation of the
tunneling current through the polarization direction of the ferroelectric material. Once
the polarization is assessed the different potential profile of the device can either inhibit or
enhance the tunneling current providing respectively the "0" and "1" state. Differently to
the ferroelectric RAM the reading can be detected non-destructively due to the tunneling
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1.3 — Ferroelectric memories

current which identifies the direction of the polarization. Beside the similar structure with
the FeRAM, fig.1.4 ¢, the first demonstration of the FTJ was in 2009, almost 20 years later
than the first commercialization of FeRAM. The limiting factor which confines the FTJ
at research level is the complexity in obtaining ferroelectric thin film beside a well-know
understanding of the physics behind the switching of the polarization and of tunneling
electroresistance effect (TER). The last term indicate the modification of the tunneling
current dictated by the polarization reversal of the ferroelectric layer whose understanding
is still under debate.

1.3.3 Ferroelectric field effect transistor

In 1974[9] the first ferroelectric transistor based on perovskite material (SBT) was made
of. The gate stack was a little bit different to the modern FeFETs as it lack of the insu-
lating layer between the ferroelectric and semiconductor. The operation principles indeed
remain unchanged: the conductivity of the semiconductor region is modulated by the po-
larization charge present in the ferroelectric region. Why this structure metal-ferroelectric-
semiconductor (MFS) was abandoned? Mainly for technological issue as inter-diffusion of
element and chemical reaction at the ferroelectric-semiconductor interface are common.
As shown in tablel.1 lead and oxygen for PZT diffuse in the Silicon substrate as well
as bismuth and oxygen for SBT. Their inclusion will modify the surface channel as the
presence of heavy metal alters the properties of the device with the alternative drawback
of creating a thin layer at F-S interface of poor electrical quality.

What happens for the hafnium oxide replacement of perovskite material? Beside the
high band gap and bad offset which enable low leakage current even for nm size film
thickness the formation of silicides and silicates(down to 800° annealing)[10] at the F-S
interface is the one of the two main issue which have limited the fabrication of MFSFETs.
Nowadays the FeFET is made of metal-ferroelectric-insulator-semiconductor gate stack
and in 2016 GlobalFoundries has successfully carried out the implementation of hafnium-
oxide FeFET embedded non-volatile-memory (NVM) into a 28nm gate first super low
power CMOS technology platform[11].In fig.1.4b the device cross section and fig.1.5b the
circuit level of the MFIS FeFET. By applying high voltage on the gate electrode the
direction of the polarization can either promote the inversion region or the accumulation
region. In such a way the threshold voltage is controlled by the polarization inside the
ferroelectric material. Specifically considering a p-type channel when the device is set
to program (PRG) the positive potential on the gate generate a polarization pointing
downward which attract minority carriers close to the semiconductor-insulator interface,
fig.1.6. Due to the action of the polarization the threshold voltage is at low potential,
low-Vin, (Vinppe ). Contrarily when the polarization points upward the accumulation region
(holes) is favoured shifting the threshold voltage at higher potential, high-Vi, (Vin,ps)-
The memory window, a powerful figure of merit in ferroelectric field effect transistor, is
defined by the difference of the two threshold values

MW = Vingrs = Vihpra (1'3)

Another simplified version is found between the memory window and the flat band volt-
age. Let’s consider an ideal MFIS gate stack with work-function of metal equals to the
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Figure 1.6: Write operation for the FeFET. a) for positive gate voltage the polarization
of the ferroelectric is providing the attraction of minority carriers (electrons): low-V;y,. b)
for negative gate voltage the ferroelectric polarization points upward attracting majority
carriers (holes): high-Vy,

semiconductor and look at the flat band condition. In this condition the conduction and
valence band are flat whit the consequence that the charge carriers are not influenced
by any electric field, meaning that the every capacitor charges of the stack is zero. In
ferroelectric the state in which the charge is 0 is verified only when the voltage is equal
to the coercive field Vot values.

MWZVC+ —ch %Q'VC:Q'EctFE%AVFB%AWh (14)

The result shown in eq(1.4) justify the eq(1.1) used to highlight the role of hafnium oxide
in enabling a higher memory window due to the higher coercive field values (1.2.4).

1.4 Toward the BEOL FeFET

When dealing with memory devices the main concern is related to endurance and reten-
tion test. Considering the FEOL FeFET the charge trapping and dielectric breakdown
field are responsible for the low endurance of the device in the range of 10* — 108 cycles
[12]. The impact of the charge trapping is correlated to the polarization switching which
can substantially modify the trans-characteristic of the FeFET[13]. For instance as the
negative gate voltage provide the polarization to point downward this can promote the
hole injection through the ferroelectric layer. As a consequence a shifting of the threshold
voltage is obtained with the results of shrinking the memory window by increasing the
number of cycles. The second cause is related to the high electric field across the dielectric
layer when the device is either in program or erase condition. This provokes the band
bending of the interlayer which could enhance the injection of electrons and holes from
the channel through the gate stack. The outcome is the screening of the modulation of the
surface potential by the ferroelectric polarization because of the reduce amount of switch-
ing domains dictated by the increasing of trap density. On the other side when dealing
with the ability of retain data the ferroelectric FET suffers from the same charge trapping
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as described before and the depolarization field [14]. Because the depolarization field is
present due to the partially (not fully) compensation of the polarization charge due to the
neighbour dielectric and semiconductor layer in the MFIS gate stack, we propose a new
architecture in which the ferroelectric is sand-witched between two metal layers in what is
called: the back end of line FeFET. The metal-ferroelectric-metal-insulator-semiconductor
gate stack (MFMIS) featured by the top and bottom metal layer between the ferroelectric
material can guarantee the complete compensation of the polarization charge improving
the retention of the device. Moreover the following structure could be beneficial for provid-
ing an increase of endurance cycles as well. By inspecting the Metal-Ferroelectric-Metal
stack it was verified in [15] a switching cycles endurance up to 4 - 10'°. In the thesis
we provide the investigation of retention and disturb of the BEOL engineered ferroelectric
field effect transistors. As two different model at simulation level are employed to simulate
ferroelectricity we discuss in chapter2 the Preisach and Ginzburg-Landau theory. Ginestra
simulation software, chapter3 is our modeling framework where we’re going to analyse the
behavior of the BEOL FeFET and compare it with the FEOL FeFET. Chapter4 will be
dedicate to the study of the depolarization field when the ferroelectric and dielectric layer
are featured by different area and finally chapterb where we highlight the main outcomes
from Ginestra software.
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Chapter 2

Modeling ferroelectricity

In this section a detail analysis of ferroelectric model is given with some mathematical for-
mulation used to simulate the hysteresis behavior. We start with the Preisach model and
given the value of coercive field, remnant polarization and saturation polarization, easily
acquired from experimental result, it’s possible to characterised the polarization vs elec-
tric field curve. We move then to the Landau theory describing the behavior of a system
in equilibrium near phase transition. We will introduce the concept of Landau coefficient
and link them to the Preisach parameter in order to draw the hysteresis curve. At the
end we will introduce the ferroelectric model used in GINESTRA software: Preisach and
Landau but a detail analysis will be given to account for physical aspects not mentioned
before.

2.1 Preisach model

Preisach hysteresis introduced in 1935 by Ferenc Preisach was suggested to describe hys-
teresis behavior observed in the magnetization versus magnetic field of a magnetic ma-
terial. It was expanded towards other field where the hysteresis behavior was defined
including the case of ferroelectric material. The mathematical model is discussed consid-
ering the articles of [16] and [17]. Eq(2.1) describe the hysteresis operator with P value set
to =1 once E overcome the two limit 5 and « defining the negative and positive coercive
field values. The k parameter keep track of the history behavior which means that if
was previously lower than a than is set equal to -1 (set to 1 if it was previously higher
than ). As Preisach model considers macroscopic system then we could think of dividing
our entire ferroelectric material into parallel and independent unit each features by an
hysteresis operator with different values of negative and positive coercive fields.

1 if >0
P(E)=4¢ -1 if B <a (2.1)
k fa<BE<p

Having define the first building block of Preisach model, usually defined as 4,3, it remains
to consider the distribution of coercive fields as a second parameter p(a, 5) determined
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by experimental data. The total polarization is given by eq.(2.2)

P(t) = [[ nla. 3B () dads 22)

Because of its double integral evaluation with the determination of u(c, ) and its conse-
quence evaluation of parameters at microscopic level makes it hard to correctly employ at
least computationally. A correct fitting between the experimental result and the model
was achieved by the hyperbolic tangent which involve just few parameters to model the
hysteresis behavior of the ferroelectric material. Defining by P*(E) the positive branch of
the hysteresis curve and with P~ (FE) the negative branch then an easy-going mathematical
model for hysteresis curve is shown in eq.(2.3)

P%(V) = Pg tanh [a(E — Ec=)] (2.3)

with Pg indicating the saturation polarization and E¢ the coercive field. In [4] an almost
similar expression was derived to simulate the polarization versus electrical field (P-E)
behavior with the parameter a defined in eq.(2.3) which is now dependent on the saturation
polarization and remnant polarization (Pg), making the following equation more easily to
implement. The dipole polarization (P;) as a function of the electrical field is expressed
as

EF—-FE
P} (V) = Ps tanh [<250) (2.4)
with the parameter § which is defined by setting P} (0) = —Pg
—Ec
—Pr=P h|—— 2.
R s tan [ 55 ] (2.5)
From eq.(2.5) it follows
P
2—; = arctanh —? (2.6)
Recalling that arctanh (z) = 5 G‘_L—i) then it follows
1+ Pr/Ps
5= Ec |in ()] 2.7
¢ 1— Pr/Ps (2.7)

For the negative branch in [4] it is assumed to be symmetric with respect to the positive
branch such that
Py (E) = ~P{ (~E) (2.8)

In fig.2.1 the behavior of the polarization as a function of the electrical field is described.

The intercepts of the upper and lower branch with the Electric field axis (P = 0), red
line, indicate the values of coercive field set to E¢c = £2MV/cm. The upper/lower violet
line corresponds to the intercept of the lower/upper branch with the Polarization axis
(E = 0) and gives the value of the remnant polarization Pp = £20uC/cm?. The yellow
line represent the saturated value of the polarization as both curves approach to it at
higher field Pg = £25uC'/cm?.
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Figure 2.1: Hysteresis curve performing the mathematical model introduce by [4]. The
green curve include the trend of the polarization for positive going field whereas the blue
curve for negative going field
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Figure 2.2: Simulated hysteresis curve considering saturated and minor loop according
to eq.(2.9), eq.(2.10) and eq.(2.11). The unsatured hysteresis (red and green curve) are
featured by a maximum electrical field of 1.5MV/em and 3MV/em

Eq(2.4) is however only suitable for saturated hysteresis loop. As every P-E point is either
on or within the saturated loop, a new expression for the case of minor loop should be
defined [18]. The new variable which enters in play is E)js and is defined as the maximum
electrical field that experience the ferroelectric in non-saturated hysteresis curve. The
minor upper and lower branch are defined as

F{ (B, By) = Ps tanh [(C) terpeolity (Pg tanh (M2—20> — Pstanh (MQJ;C>>

26
(2.9)
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E+E
P} (E, Ey) = Ps tanh {(;C)

1 Ev + Ec Eyv + Ec
+€FE€0E—§ (PS tanh (26) — Pgtanh (26))

(2.10)
whereas the dipole polarization versus the maximum electrical field, dotted blue curve in
fig.2.2, is given by

1 Ey +E Ey — E
Pu(Ex) = erpeoBEn + 5 <Pg tanh (M;SC> + Pgtanh <M%C>> (2.11)

Fig.2.2 illustrates the mathematical model introduced by [18] to simulate the P-E charac-
teristic of ferroelectric material. Due to the requirement of few parameters: remnant and
saturated polarization, coercive field and the maximum electric field experienced by the
ferroelectric when is in minor hysteresis loop it gives to this model a simple analytic way
to describe the polarization behavior as a function of the electric field.

2.2 Landau Theory

For bulk ferroelectric the thermodynamic state of a system is a function of 5 different vari-
ables: polarization, electric field, stress, strain and temperature [19]. It has been reported
that for temperature above the so called Curie temperature T (each material has its own
Te) aloss of spontaneous polarization is observed. Having defined the role of temperature,
it’s possible to distinguish between external variable and internal one from the 4 variables
defined above. Electric field £ and elastic stress ¢ are applied external to the material
and can therefore introduce changes in polarization P and strain n (internal variables).
As the ferroelectric material can undergo a transition from paraelectric toward ferroelec-
tric phase, Landau in its model defines that close to a transition the free energy can be
expanded in power series of internal variables (T, P, v) with coefficients determined by
experimental microscopic calculation. It links microscopic parameters with experimental
result with the macroscopic world, in our case ferroelectric material. The total free en-
ergy considering an unstrained bulk ferroelectric with spatially uniform polarization can
be expressed as

F= %P2+§P4+%P6—EP (2.12)
Eq(2.12) is the ferroelectric free energy according to the Landau-Devonshire theory where
the coefficient o, § and v are the ferroelectric anisotropy constant and FE indicates the
electric field. Embedded in « is the dependence of temperature as:

a=oy (T —1Tp) (2.13)

with temperature Ty the Curie-Weiss temperature of a material. The eq.(2.12) can be
formulated as follow:

F= %(T—TO)P2+§P4+%P6—EP (2.14)

Ferroelectric materials are feature by positive value of the ag and v parameter. The value
of the quartic term indicates the second order transition case when § > 0 and first order
discontinuous case when 3 < 0.
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2.2.1 First order transition

Starting from eq.(2.14) with 8 < 0 the behavior of the free energy at different temperature
is illustrated in fig.2.3. To properly analyse how the temperature influences the free energy-
polarization curve, the minima of the free energy is evaluated as reported in eq.(2.15)

dr
T (T —Typ)P + BP? +yP° =0 (2.15)
Apart from the solution P = 0 from eq.(2.15):

w

0 \\/
-1
2 -1 0

-2

N

Free Energy

Polarization

Figure 2.3: First order transition with oy = 0.1[m/(F K)], 8 = —2[m5/(F C?)], v =
1[m®/(F C*%)] and Ty = 100 [K]. The Curie temperature defined in eq.(2.18) is equal to
To = 110 [K]

_ —BEVE - ya(T - Tp)
2y

The minima of free energy as a function of polarization at different temperature is ex-

pressed in eq.(2.17)

P? (2.16)

i\/ I Vi L Chme 1) for T < T,

2y
P=90+ \/‘f‘i\/”;‘jam for Ty < T < Te (2.17)
0 for T' > T¢
with 52
Te = o To (2.18)

the Curie temperature. The discontinuous transition is dictated by the suddenly jumps
from two non-zero stable state towards P = 0 as illustrated in fig.2.3. Specifically the
jump coincides when temperature overcomes the Curie temperature, T' > T, and the
polarization inside the material drops to 0.
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2.2.2 Second order phase transition
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Figure 2.4: Second order transition with ag = 0.1[m/(F K)], 8 = +2[m®?/(F C?)], v =
1[m?/(F C*%)] and Ty = 100 [K]

The second order phase transition is involved when the parameter § > 0 and the
behavior of the polarization vs free energy is entirely influenced by Ty as shown in fig.2.4.
As the quadratic term « increases its value, from negative to positive, by increasing
the temperature 7' the minimum of polarization move toward the two stable non-zero
polarization toward the value of P = 0. What differentiatesi the two transitions is the
temperature 1" which invoke this passage from ferroelectric material toward paraelectric
material. It’s the Curie temperature in the first order transition and the value of Tj in the
second order transition. Because our study is mainly focus on material featured by the
parameter 3 > 0 we will give an analysis of the polarization vs electric field exclusively
for the second order transition.

2.2.3 Hysteresis performed with Landau theory

When tracing the ferroelectric hysteresis at least three relevant points are inspected to
evaluate the behavior of the ferroelectric polarization as a function of the electric field.
Saturation polarization, the maximum polarization induced in the material at higher field,
remnant polarization indicating the amount of polarization when the field is removed
(E = 0) and the coercive field defines as the electric field bringing the polarization back
to 0. The question could be how to link them with the Landau ferroelectric anisotropy
constant[20]. Before introducing some mathematical formula we slightly modify the free
energy formula describe in eq.(2.14). As the coefficient (T —Tp) in ferroelectric material
is negative we set equals to « as for the simulation we set the temperature T° < Tjp; in
addition it’s quite common to set v = 0 for second order transition phase. Given the free
energy in eq.(2.19)
s

fzgﬂ+1#—EP (2.19)
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the electric field as a function of the polarization can be defined by setting 3—5 =0 (in
other word by finding the minima of the free energy), fig2.5.

E(P) =aP + BP? (2.20)

From the zeros of eq.(2.20) the value of remnant polarization is given:

)1/.)

38

Electric field
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-2 a0 0 T 2
Polarization
Figure 2.5: Electric field vs Polarization with o = —1[m/(F)], 8 = +1[m®/(F C?)]. The

two vertical blue line indicate the P value, eq.(2.23) for the local minima and maximum
of the electric field

1P, = (_;‘)1/2 (2.21)

The coercive field is determined by the value of the electric field at local minimum and
maximum. From eq.(2.20) by computing the derivative with respect to polarization and

set to O:
dE

ab 2 _
5 =a+36P =0 (2.22)
it follows that
—a\ /2
P=x|— 2.23
(3) (229
By combining eq.(2.23) with eq.(2.20) the coercive field as a function of Landau coefficient
can be expressed as:
—o )\ 2 —o )\ 2
+Ec = — — 2.24
e=a(5) +(55) 224

Recalling the relationship between the remnant polarization with a and 3, then merging
eq.(2.21) with eq.(2.24) the parameter 5 can be expressed as a function of coercive field
and remanent polarization

3V3E¢x
2P%
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Having defined the relationship between the Landau parameters with the coercive field
and saturation polarization in eq.(2.21) and eq.(2.25) our next step is to simulate the
ferroelectric hysteresis loop (P-E curve). It’s defined by finding the inverse roots of the
E(P) function, starting from eq.(2.20), [20]. The solutions are given in eq.(2.26)

PUE)=S+T
P2(E)=—3(S+T)+3jV3(S-T1) (2.26)
P3(E)=—3(S+T)—-3jV3(S—1)
with
S=VR+/Q*+R*
T=y/R-\/Q+R2 (2.27)
R=155
Q=3

The simulation of the hysteresis function is reported in fig2.6 with the simulated asterisk
points chosen from the real valued root P,,(E;), with m indicating one of the three solution
in eq.(2.26) and i the i-component of the electric field vector, which is closest in value to
the previous point P,,(E;_1). As the applied field increases we should expect a constant
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Figure 2.6: Ferroelectric hysteresis performed with the Landau model. The E¢ and Pgr
parameter are first determined and set to 2MV/cm and 20uC/cm? which defines the
Landau coefficient to be o = 2.59 - 101! [em/F] and 3 = 6.49 - 10%° [em® /(FC?)]

polarization to be set up due to the completely alignment of dipoles inside the material.
Indeed as shown in fig.2.6 the maximum value of polarization Ps is not retrieved. The
comparison of the two models is illustrated in fig.2.7 The difference between the Landau
model and Preisach model is mostly dictated by the saturation polarization. In Preisach
Pg is one of the parameter used inside the tanh(z) function, eq.(2.4) but in Landau the
coefficient o and 8 have no dependencies on Pg despite having a relationship with E¢
and Pg. Another pertinent point to highlight is the slope of the two models. In fig.2.7
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Figure 2.7: Ferroelectric hysteresis comparison. Landau model, blue curve, and Preisach
model, red curve, with Ec = 2MV/em and Pg = 20uC'/em?

the Landau curve shows a fast transition from a negative polarization toward positive and
vice-versa. In Preisach model keeping the same value of Ex and Pg a different slope is
observed which indicate a slow transition of the polarization as a function of the electric
field. Beside their difference these two models are the most used one to describe the
behavior of ferroelectric material.

2.3 Ferroelectricity model in GINESTRA simulation
software

Ginestra software is employed, throughout the thesis, to simulate the behavior of ferroelec-
tric field effect transistor as well as understand the physics of ferroelectric material when
is sandwiched between two metal electrodes or a metal and insulator and so on. To carry
out these simulation we need firstly to introduce the ferroelectric model implemented in
Ginestra and understand when one model is convenient over the other (its pros and cons).
Before entering in the discussion we should anticipate that Preisach and Landau model
are used in Ginestra but we need some insight on how the simulation software define them.

2.3.1 Ginestra Preisach model

It’s a one-dimensional model where the polarization direction can be defined either on one
of the three Cartesian axis or on a custom direction defined by the user. The coercive
field, saturation polarization and remnant polarization can be set to be symmetric or
asymmetric (in that case, for instance, we need to define both E/, as E;). Last but
not least this model is not time dependent which means that studying the ferroelectric
polarization over time is not allowed. Mathematically the polarization is defined according
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to eq.(2.28).
1 Ps + Pp
P =c- Ps-tanh 1
c¢- Pg - tan Ee nPS_PR
It looks like very similar to eq.(2.4) beside the parameter P,s; which offer the possibility
to set an initial value of polarization.

(E + Ec) + Poff (2.28)

2.3.2 Ginestra Landau model

This model introduces new relevant parameter with respect to section2.2.3. Starting from
the polarization of ferroelectric which follows the Ginzburg-Landau dynamic equation

dpP

pqy T VPu=0 (2.29)

with p indicating the viscosity term influencing the transition toward the two stable po-
larized state. At physical level the viscosity term indicates the internal resistivity of
ferroelectric material as fast transition is characterized by low value of p. The free energy
is defined in eq.(2.30)

w=a(T)P? + BP* +yPS — E- P+ g(VP)? + Eoe%ﬁ (2.30)

with
a(T)=a+ap(T —T¢) (2.31)

Two additional terms are defined with respect to eq.(2.12): the domain coupling term and
the electrostatic self-energy (depolarization) term. The parameter g is the domain wall
coupling factor which can be either isotropic or anisotropic; in the last case g is a tensor
with a longitudinal component along the preferential direction (defined by the user) and
a transverse component along the perpendicular direction. Not only the parameter «, T¢,
ar, B, v can be defined by the user but also the viscosity p, and the longitudinal and
transverse domain wall component gz, and gr by using the Ginzburg-Landau (G-L) model
can now be edit to shown the behavior of the ferroelectric material. A final remark about
the model is it only works when transient simulations are performed.
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Chapter 3

GINESTRA modeling
platform

Once the models for ferroelectricity have been acquired it’s now essential to present how
practically the P-E hysteresis loop results are obtained in Ginestra showing both the
device and the test section. We introduce firstly how the device is created either using
a template or defining it by custom geometry and after how the test is set by specifying
the electrical and physical parameters. We conclude the chapter with the analysis of the
FeFET test focusing on the different gate voltage waveform which will be used in the
evaluation of retention test as describe in final chapterb.

3.1 Ginestra Device section

We start with a simple structure of metal-ferroelectric-metal (MFM) as illustrated in
fig.3.1. TiN is the metal electrode used while the ferroelectric material is HZO (Hfy 571 502)

¥ {nm}

n #
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20
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Figure 3.1: Metal-Ferroelectric-Metal (MFM) structure. The top and bottom electrode
are defined respectively at the top and bottom of x — y plane. The blue cuboid indicates
the ferroelectric HfO, material while violet bottom and top cuboid the TiN layer
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compatible with the Complementary Metal Oxide Semiconductor (CMOS) flows and show-
ing large remnant polarization, close to 20uC'/em?, even at thickness lower than 10nm. It
is considered to be one of the most promising ferroelectric material for memory applica-
tion. In fig.3.2 is shown the dielectric behavior of Hf; ,Zr,Os by varying the Zr ratio and
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Figure 3.2: Behavior of Hf;_,Zr,Os film as a function of Zr, ratio and film thickness.
Data taken from[5]

film thickness. The results are for the same annealing and atomic layer deposition condi-
tion and reveal that only close to 0.5 of Zr ratio the ferroelectric behavior is obtained. As
described above even for film thickness t < 10nm the ferroelectric behavior is preserved.
Decreasing the Zr ratio an increase of monoclinic phase is reported with the consequence
of dielectric behavior while increasing Zr ratio up to 1 (ZrOs) the tetragonal phase dom-
inates over the orthorhombic phase and the antiferroelectric behavior is observed.

Once the structure is properly set by defining its geometry, electrodes position and the
different regions composing our device the device section is ended.

3.2 Ginestra Test section

Ginestra Test is by far the main part of our simulation program. It’s mainly divided into
three different sections: simulation, statistics and design of experiments. We will introduce
deeply the first one as it provides electrical parameters and physical options which need to
be properly design to the kind of simulation we want to performed. Statistics and design
of experiments will be elucidated as well.

3.2.1 Simulation section

It accounts for different aspects that are encountered when performing simulation. It’s
the main part, the key component and is worth to pointing out how it works specifically
because DC, Kinetic Monte Carlo and Transient simulation requires different input and/or
physical model which should be either enable or disable before running the test. Transient
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simulation are mostly performed when discussing ferroelectric devices. As a consequence
of that the time stepping part is a relevant section in which the minimum and maximum
time step together with the total simulation time can be defined by the user. Nonetheless
it’s possible to set the applied voltage on each electrodes either using a constant signal or
triangular or square or even a user defined signal in which time-voltage points are specified
in order to properly fit a specific kind of signal. Inside the Physics Options it’s possible to
define the Ginzburg-Landau physics for ferroelectric material, solve in 1D,2D and 3D (the
last one will increase drastically the amount of running time), enable or disable a specific
transport mechanism through the material (e.g. enable/disable the tunneling of electrons
between the conduction bands of two material or enable/disable electrons transitions
between electrodes and traps or between conduction band and traps). In addition of
solving the Poisson equation accounting for defect charges and/or for doping charge, it’s
manageable to enable the movements of species within a region accounting for Coulomb
interaction between ions and/or accounting for ion empty state charge. Practically it’s
the heart of the simulation program and the correct choice of parameters along with the
enable of different physical tab make our test result very close to the one performed in
the fab.

3.2.2 Statistic, Design of experiments and sequence section

As the name suggest the statistic section is allowed when we want to study devices whose
parameters are randomly generated. For instance considering the RRAM (resistive ran-
dom access memory) it is possible to vary the distribution of oxygen vacancies which
can be randomized and a statistical device will be created. The design of experiments is
performed when a given parameter (it could be more than one) of the material like its
dielectric constant or the value of Landau coefficient or its geometry is varied according to
the user specifications. We will use design of experiments in the next section to illustrate
how the Ginzburg-Landau coefficients modify the P-V hysteresis curve while the statistic
will be employed when a statistical study of devices made of defects is performed (it will
not be employed in our thesis project). Lastly the sequence section is performed when an
endurance study of the device is held. Because of the need of performing test in sequence
and repeating them for one cycle or more than one than the second test is included in the
project and it can be enqueued and by saving the state of the first test a sequence tests
is enabled. As we’re looking on retention test we will skip both statistic and sequence
section. Design of experiments will be used when the evaluation of retention at different
ferroelectric thickness is investigated.

3.3 Ferroelectric Capacitor Test

Keeping in mind the same structure illustrated in fig.3.1 we define two different tests with
Ginestra simulator whose target is the investigation of the ferroelectric polarization.
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3.3.1 Positive-Up-Negative-Down (PUND) test

The PUND test is a transient test and is one of the method used to characterize the
ferroelectric response. In fig.3.3 the red dashed line illustrates the signal waveform with the
maximum positive and negative voltage set to 4V and a total simulation time of 250us.
Beside the first negative pulse, named pre-polarization pulse, whose goal is to switch the
dipoles into a positive polarization state we aim to discuss the role of Positive and Up
pulse on the behavior of the polarization inside the material. As shown in fig.3.3 the first

Polarization [;LC/sz]

0 50 100 150 200 250
time [us]

Figure 3.3: Polarization as a function of time using PUND test. Blue curve indicates
the polarization inside the material, specifically the dashdot curve is for the ferroelectric
polarization Prg, the dotted curve stands for the dielectric polarization Ppg while the
solid curve indicates the total polarization of the device Prgypp. The red dashed curve
marks the PUND testwaveform

positive pulse is related to the response of the ferroelectric and dielectric component. To
be specific the ferroelectric component switches from a positive state into a negative one
and governs the total polarization inside the ferroelectric till the application of Negative
pulse. The second positive pulse influences mostly the paraelectric component of the
material, as Ppp increases in magnitude once the voltage is applied and returns back
to 0 when the electric field is removed. The ferroelectric components, instead, retains
its polarization over time. Furthermore by performing the difference of the two pulses
response, fig.3.4, the amount of remnant polarization is obtained. Precisely we isolate the
dielectric component by shifting the second pulse in order to align with the polarization
axis at t = 0s. The difference between the first pulse, ferroelectric and dielectric response,
and the second pulse, uniquely dielectric response results into the remnant polarization
of the material, solid blue line in fig.3.4, equal to 20uC/cm?. We will double-check the
remnant polarization value when illustrating the hysteresis loop, fig.3.7, but for now on
we will move our discussion on the (displacement) current behavior of the MFM structure,
fig.3.5. Before inspecting the role of the ferroelectric component and the dielectric one,
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Figure 3.4: Analysis of the polarization switching over time as a function of the Positive
pulse, dashdot line, and Up pulse, dotted line. The difference indicated by the solid line
measures the amount of remnant polarization inside the material
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Figure 3.5: Transient current, blue curve, and signal waveform, red curve, using PUND
test

we recall the formula of the displacement current in eq(3.1)

ID://SJD-dS (3.1)

with Jp indicating the displacement current density, eq(3.2)
oD o)) N oP
= —— — €n—— N
o Yot ot

with D the electric displacement field. The large peaks shown in fig.3.5 are related to
changes in ferroelectric polarization over time, once the dipoles switches from positive to

(3.2)
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negative state and vice-versa, and small-scale peaks are related to the rate of change of
electric field over time. We conclude the PUND section by showing the ferroelectric hys-
teresis behavior, P-V, and the current-voltage, I-V curve in fig.3.6. The two double peaks

0.015 " " 40
130
0.01
120 &
0.005 g
<~ 10 O
c =
o =
E 0 \ == A 0 '6
5 ©
-10 N
© .0.005 &
{20 &
-0.01
1-30
-0.015 ! ' -40
-4 -2 0 2 4
Voltage [V]

Figure 3.6: Polarization-Voltage, blue curve and Current-Voltage, red curve using PUND
test

correlates the changes of ferroelectric polarization direction while the almost rectangular
shape is dictated by the first term of the eq.(3.2) (x %—? = const.) related to the dielectric
component. As a final step the evaluation of the ferroelectric capacitance is made and
compared with the dielectric one. We will start firstly by showing the polarization-voltage
characteristic considering both the ferroelectric and dielectric component and separately,
fig.3.7. How does the capacitance look like for the ferroelectric component and for the
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Figure 3.7: Polarization-Voltage characteristic considering the ferroelectric polarization,
blue curve, dielectric polarization, red curve and the sum of them, yellow curve

dielectric one?
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Let’s consider the electric displacement field:
D =e¢E+ Pror (33)

with Pror indicating the sum of the polarization due to the ferroelectric switching dipoles
and due to the linear displacement (dielectric component).

PTOT:PFE+PDE:PFE+€OXE (34)
with the electric susceptibility correlated to the dielectric constant by
er=1+x (3.5)

Combining eq.(3.3) with eq.(3.4) and eq.(3.5) the electric displacement field can be ex-
pressed as
D =¢F + Prg + eoxE = cgerE + Prg (36)

Because the displacement field, in a capacitor structure, is equal to the surface charge
density, that is to say the charge per unit of area

Q  cerE + Prp

D=—-= .
I I (3.7)
then the capacitance can be defined as
dQ 1dQ A dP

The first term of eq.(3.8) is the well-know capacitance formula of the parallel plate ca-
pacitor. It indicates the dielectric component terms. What is new is the ferroelectric
component, second term of eq.(3.8). Because of the hysteresis nature of the polarization
with voltage the second term results into a non-linear capacitance behavior, [21], as shown
in fig.3.8. The hysteresis behavior of the capacitance as a function of the applied voltage
is a consequence of the orientation of the polarization. Specifically closer to the coer-
cive field the two maximum peaks are observed. The reason is because of the relatively
small change of electric field, near Vo = 42V, which bring the polarization to drastically
changes from positive to negative state in the first condition, Positive pulse, and from
negative to positive state in Negative pulse. We conclude this section by remark the role
of ferroelectric polarization, due to the switching dipoles, and the polarization due to the
linear displacement. In ferroelectric devices the dominant feature is the ferroelectric com-
ponent as both the P-V curve and C-V one shown the characteristic hysteresis behavior
properly dictated by the non-linearity of polarization which at the end is a characteristic
of ferroelectrics.

3.3.2 Polarization-Voltage test

The last test, called polarization-voltage test, still provides the investigation of dielec-
tric and ferroelectric response but as a total response. Meaning that the splitting of
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Figure 3.8: Small signal Capacitance measurement showing the C-V hysteresis character-
istic. The small signal capacitance is evaluated at frequency f = 1.2kHz of AC signal

two component: paraelectric and ferroelectric is disabled. Which kind of waveform is
used? Keeping as a reference the positive-up-negative-down waveform signal, the volt-
age signal waveform is obtained by removing the Up and Down pulse (the total simu-
lation time is set to 250us). We dedicate this section to understand the impact of the
Landau parameter on the polarization-voltage curve by both modifying (recalling the
equation2.29 and equation2.30) the first and second Landau coefficient (o, ) and the
frequency of the applied signal (which acts like the viscosity term p in the P-V behav-
ior). Starting from the Ginzburg-Landau parameter, fig.3.9a, we simulate three different
set of o and 3 values. Two of them corresponds to the default ones used in Gines-
tra a; = —2.922e9[m/F] 31 = 9.1339e11[m®/(FC?)] and ay = —9.0933e8[m/F| By =
1.13e10[m®/(FC?)] whereas the third one correspond to the result obtain by [22] ag =
—1.03e9[m/ F] B3 = 3.5e10[m>/(FC?)]. Despite the difference in terms of remnant polar-
ization as the Pg, = 4uC/cm? and Pr, = 20uC/cm? we may interpret as the best choice
to work with the G-L coefficient defined in [22]. As we discuss in the second part of the
thesis having a high value of remnant polarization does not indicate a better performance
of the device which for the memory indicates is high capability of retain data over time.
In fig.3.9b the thickness of the HZO tpg material is varied from 5nm toward 15nm con-
sidering the G-L parameter «; f;. What is interesting to notice is the potential value
corresponding to the disappear of the ferroelectric polarization. By taking the potential
value from the intercept of the P-V curve with the x axis and divide by the ¢tpp the
coercive field value is recovered. According to eq.(2.24) the E¢ value should only depend
on the first and second Landau parameter which indicates a strong discrepancies with the
result reported in table3.1. What is missing with the previous analysis? The dependence
of time as it’s mostly remarked in fig.3.9c and eq(2.29). By performing a triangular sig-
nal test at different frequencies, keeping the tprp = 10nm, we observe how the switching
of the polarization is influenced over time. Increasing the frequency will induce a lower
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Figure 3.9: Polarization-Voltage hysteresis

trE Erg
Snm | 1.9072 MV /cm

10nm | 1.5883 MV /em
20nm | 1.4429 MV /em

Table 3.1: Evaluation of coercive field value of HZO at different ferroelectric thickness

response time for the dipoles to switch from negative to positive polarization and vice-
versa. The direct consequence involves the dependencies of the coercive field alteration
as higher voltage is required to completely switch the ferroelectric dipoles when high fre-
quency signal are applied. For a better analysis on the ferroelectric switching behavior we
suggest the appendixB. In conclusion the viscosity term p defined in (2.29) influences the
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polarization-voltage curve as well. The term influences the speed of the transition as for
lower value a fast switching toward the opposite polarization is derived. Lastly we have
to claim that the G-L parameter are only valid for a given ferroelectric thickness and at
a given frequency of the signal applied. Beside we keep them fix in the simulation section
is the proper choice to point out that their validity is limited and can not be considered
as an identity document for that specific kind of ferroelectric material. The correct choice
is to fabricate a MFM capacitor and evaluate the experimental P-V loop. By fitting with
the G-L loop, section2.2.3, is possible to define the «, 3, 7, p parameters.

3.4 Ferroelectric field effect transistor test

3.4.1 Device inspection

In this section we're going to investigate the retention test. Prior to that we will provide
a brief analysis on how the device is made of by showing an example of the FeFET in
fig.3.10. The bottom layer and the following one correspond respectively to the SiOq
and Si material layers. The buried oxide layer, orange cuboid, is included to emulate
the FDSOI (fully-depleted-silicon-on-insulator) FeFET implemented in the 22nm node by
GlobalFoundries (semiconductor manufacturing company) as reported in [23] and [11]. We
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Figure 3.10: BEOL FeFET device with area ratio 0.8 simulated in GINESTRA

set the thickness of the bottom oxide layer and the silicon layer to 10nm (y direction) while
the length is 100nm (x direction). The gate oxide stack is made of 0.8nm of SiO9 thickness
(the dielectric constant is e;yg = 6.6), orange cuboid, and 2nm of HfO thickness, celestial
cuboid. The reason of including the silicon oxide between the semiconductor and the high-
k material is to properly mimic the problem of interface which is overcome by placing a
thin layer of SiO5 on top of Si. The FEOL is ended by adding the metal layer made of TiN,
pink cuboid, with 5nm of film thickness and 50nm of gate length. The area ratio of 0.8
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implies that the area of the ferroelectric material need to be modified. In our simulation
the width, z direction, is preserved and equals to 100nm. The only choice is to act on
the x direction by reducing the length from 50nm toward 40mm. A decreasing of the
ferroelectric length is responsible for the formation of different area ratio and so different
BEOL FeFET devices. In our study the AR is varied from 1.0 to 0.4, corresponding to
ferroelectric length of 50nm and 20nm. The last correspond to the maximum achievable
resolution for the optical lithography which limited the inspection of different AR BEOL
FeFET devices if 28nm and 22nm gate length are used. The FEOL FeFET is obtained by
removing the floating metal layer and the high-x dielectric layer while constrain the gate
oxide length to be the same (SiOy and HZO length of 50nm ).

Doping

In this paragraph we're going to illustrate the doping concentration inside the semicon-
ductor layer. In fig.3.11 a two-dimensional plot investigates the doping concentration
inside the Silicon material. By cutting along the y axis a one-dimensional plot is obtained

Figure 3.11: 2D plot of the doping concentration inside the semiconductor

to evaluate the amount of doping concentration in the channel and at source and drain
region. The source and drain are n-type doped with the peak density of 10?Y em =3 while
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Figure 3.12: Fixed charge density along the x direction by performing a cutting at y =
16nm (Silicon side)

the channel is p-type uniformly doped with concentration of 107 em ™3, fig.3.12.
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3.4.2 (Ginestra test

We dedicate this part to properly analyse the writing and reading operation of the ferro-
electric memory devices. As the core result will be present in chapterb we will highlight
the main aspect concerning to the single pulse waveform and try to elucidate the ideal-
close behavior of the ferroelectric FeFET. In fig.3.13 the waveform scheme of the gate
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Figure 3.13: Gate voltage waveform scheme apply for the evaluation of retention for the
ferroelectric FET

voltage is shown in order to study the behavior of the n-type FeFET memory device when
retention test is applied. In the following a brief study of the single pulse signal of fig.3.13

is carried out.

1. Small sweep Ip — Vg read. The initial read of the device is exclusively performed
to check the behavior of the transistor. What does it mean? By inspecting the
trans-characteristic curve we should get result closer to an ideal MOSFET device
as the ferroelectric is oriented neither upward nor downward since in this phase the
ferroelectric dipoles are randomly oriented. The outcome of the first test should
guarantee that the device is "alive" which indicates that it’s working as a transistor.
For the electrical standpoint we will ramp up the gate voltage from —1.5V to 2.5V
in a time interval of 100ns while the drain voltage is keep fix at 0.1V.

2. ERS pulse voltage. During the applied negative potential on the gate the ferroelec-
tric polarization start pointing upwards providing the condition of the attraction of
positive charges close to the semiconductor-insulator interface. The result will give
a high threshold voltage which can be read into the "0" state of a memory device. It
should be mentioned that the applied signal on the gate has to provide the proper
switching of the ferroelectric dipoles, meaning that the electric field across the fer-
roelectric need to be higher than the coercive field in order to insure a correct write
operation. Inside our simulation framework we vary the write voltage on the gate
as a function of ferroelectric thickness. The time interval is set to 20us while the
applied gate voltage is Vg = —5V.

3. Wait time.

To evaluate the behavior of the ferroelectric field effect transistor in

retain data we slightly increase the amount of wait time before the read operation.
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In spite of that an instant reading (wait time set to Os) has been initially tested
to verify the behavior of the memory device. Once certify the high-V};, state and
low-V;;, state the wait time has been varied from 1ns toward 1s inside the design
of experiment panel. Within the simulation test we simulate the condition of open
circuit in which the current in each terminals is set to 0A. Two different motivation
can justify the following operation: if the gate voltage is set to 0 we will still have the
influence of the work-function difference between the semiconductor and the metal
with the consequence of providing an effect on the ferroelectric polarization which
could benefit one state over the other. Secondly the retention test are performed by
putting the device in an oven and evaluating the ability of retain data at different
temperature values. This implies that the device is not connect to any terminals
which indicates the proper choice used.

4. Small pulse voltage read. The requirement of the point reading instead of the sweep
reading will be highlight in chapter5. We could anticipate that no matter the amount
of voltage on the gate is applied we will influence the ferroelectric polarization as
well as the trans-characteristic curve. The memory window describe in sectionl.3.3
is generally evaluated using the constant-current-method, that is the value of the
gate voltage when the drain current is equal to 10uA. Nonetheless by providing a
sweep reading we will show a strong disturb of the ferroelectric state which has bring
us to transfer toward the point reading. The time interval remains the same as the
previous sweep read while the gate voltage is kept at —0.2V.

5. Program pulse voltage. In order to avoid any redundant concepts already discussed
for the ERS pulse voltage we have only to claim that a positive voltage is applied
on the gate terminals to provide the reversal of the ferroelectric dipoles, Vg = 5V.
The direction of the polarization is now pointing downward with the attraction of
minority carrier leading to the low threshold voltage or "1" state of the memory
device. Point 3 and point 4 remain unchanged as the wait time and the amount of
pulse voltage have not been modify in the retention study.

With the previous analysis we conclude the first part of the thesis. In the next section
we will demonstrate the reduction of the depolarization field when the ferroelectric area
is reduced and the results obtained with Ginestra of the retention test for both the FEOL
FeFET and of the engineered BEOL FeFET.
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Chapter 4

Depolarization field

Having examine how the simulations are performed with the use of Ginestra simulator
software, we're now discussing the main issue concerning the ferroelectric memory devices:
its low data retention [14]. The phenomenon is dictated by the switching of the polariza-
tion and as a consequence the loss of memory state when the power has been switched
off. Let’s look at fig.4.1 where a metal-ferroelectric-metal structure is illustrated. The

+ 4+ + ++
: :

+ 4+ 4+ ++
[

TiN HZO TiN

Figure 4.1: MFM structure where ideal electrodes are considered, I, =~ 0, and no depo-
larization field is resulted due to the perfect balance of compensation and polarization
charge

polarization charge attracts compensation charges from the metal electrode as they tends
to be in close proximity with the ferroelectric surface. Providing the complete charge
compensation no electric field is evaluated in short circuit condition, hence depolarization
field is null. However, in reality either the screening length of the metal electrodes or the
formation of a dielectric layer during the fabrication process has to be taken into account.
It’s not uncommon, in addition, during the deposition process of the ferroelectric layer the
combination of different phases which means that the HfOy based material can be found
in a mixed of paraelectric phase with the ferroelectric one. As mention in fig.3.2 one of the
main aspect responsible for the formation of monoclinic and tetragonal phase (responsible
for the paraelectric behavior) is the role of the thickness as by increasing it the probability
of losing the ferroelectric behavior rises. The above mention cases are responsible for the
formation of the depolarization field as the ferroelectric charge is not fully compensated by
the screening charge. What need to be mention is that the depolarization field can not be
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confined as the main factor which influences the nucleation and switching of domains but
is the relationship with the coercive field and the depolarization field itself which impacts
the performance of ferroelectric devices. When the depolarization field exceeds the coer-
cive field a reduction of ferroelectric polarization is observed as the polarization reversal
occurs, meaning that the number of switched domain into an opposite state is occurring
due to the non-vanishing field inside the ferroelectric material. In this chapter a detail
analysis on the depolarization field is held considering different kind of structure: from the
metal-ferroelectric-metal (MFM) structure toward the metal-ferroelectric-insulator-metal
(MFIM) to the metal-ferroelectric-metal-insulator-metal (MFMIM) with different area ra-
tio. Concurrently the investigation of a semiconductor substrate instead of the metal one
is held. We firstly built a circuit model where we analyse the parameter which influence
the raising of the depolarization field and secondly we move our attention to the Landau
free energy and see how the depolarization field could benefit the stabilization of negative
capacitance state, one of the crucial aspect in the negative capacitance field effect transis-
tor (NC FEFET). In appendixC we leave to the reader the impact of the depolarization
field on the transition temperature of the ferroelectric layer while we neglect in the whole
thesis project the influence on the temperature on the ferroelectric Landau free energy
expression (eq(2.30) and eq(2.31) with ap = 0).

4.1 Circuit model for the evaluation of the depolar-
ization field in MFIM structure

Cre CiNs
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Figure 4.2: Circuit model of MFIM structure with ferroelectric capacitor in series with
a dielectric capacitor. The depolarization field is evaluated by finding the field in the
ferroelectric when V' =0

In fig.4.2 a simple circuit model is implemented in order to evaluate the depolarization
field. Because of the formation of a passive layer, in the literature is usually called dead
layer, due to imperfection in the fabrication process or dictated by the formation after
the thermal annealing step of a dielectric phase the structure metal-ferroelectric-metal
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(MFM) turns into metal-ferroelectric-insulator-metal (MFIM) structure. What is rele-
vant to notice is that the dielectric in series with the ferroelectric layer is responsible of
the depolarization field formation. It comes naturally that our scope is to define the pa-
rameters that influence its behavior and since it’s one of the major drawbacks encountered
in ferroelectric devices try to reduce as much as the ratio with the coercive field is lower
than 1. According to fig.4.2 we define with Cpp the ferroelectric capacitance per unit of
area and Cyyg the dielectric capacitance per unit of area and we impose the continuity of
the electric displacement field at the interface between the dielectric and the ferroelectric
layer

Drg = eoereEre + P = Dins = coernsErns (4.1)

By adding to (4.1) the condition
V =treEre +tinsErns = Ve + Vins (4.2)

we can define the electric field in the ferroelectric Erg and insulator electric field Epg,
eq(4.3) and eq(4.4)

treCo
1
Epg = —— (P +CrgV) (4.4)
tpeCo

where the total capacitance per unit of area Cj is defines as

€EDE | €FE

Co = € <+> =Creg+ Cins (4.5)
lpE  trE

with epg and epg the dielectric constant of dielectric and ferroelectric layer and tpg and

tpg the thickness of dielectric and ferroelectric region. In short circuit condition (V' = 0V)

from (4.3) the evaluation of the depolarization field is expressed as

_ Cins -
Ergp = —P | eerg I +1 (46)

FE

As shown in eq(4.6) the field is in the opposite direction to the polarization inside the
material which indicates the reduction of polarization when no bias is applied. This lead
to the low data retention problem which degrade the performance of the device as it tends
to reduce the memory time. In addition it increases its value for larger P. A possible
solution is to work with minor loop where as a pros we impact on the remnant polarization
by reducing its value but the reduction of coercive field clearly counterbalance the previous
effect. As remark in the previous section the depolarization field per se is not a crucial
factor but is the ratio between the depolarization field and coercive field which influence
the switching of ferroelectric domains and as a consequence the memory behavior. What
we left is the possibility to vary the capacitance ratio and it could be beneficial since by
increasing the dead layer capacitance a reduction of the depolarization field is acquired.
In fig.4.3 the effect of the capacitance ratio (Crpg o 1/tpg) and of the polarization is
illustrated. How the retention is influenced by FEg.,? Considering the highest coercive
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Figure 4.3: Depolarization field evaluated by varying the ferroelectric thickness from 5nm
to 20nm and the ferroelectric polarization from 5uC/cm? to 20uC/cm?. The dielectric
thickness is set to t;yg = 1nm, whereas the dielectric constant of ferroelectric and oxide
are respectively epp = 21 and €¢;yg = 6.6

field for hafnia-based ferroelectric Ec ~ 2MV/em then by looking at fig.4.3 the decay
of polarization state and as a consequence the lose of memory data is assessed even
for ferroelectric film thickness lower than 15nm when the remnant polarization is set to
P = 20pC/em?. Let’s thinking about the P-E curve of the ferroelectric (fig.2.7). When
the electric field is double the coercive field (E ~ 2E¢) almost the entire polarization is
either pointing upward or downward, indicating the stabilization of the ferroelectric state.
From fig.4.2 the direction of the polarization is pointing from left to right. We may ask
if the direction still remains the same when considering tpr = 5nm and P = 20uC/cm?.
By inspecting fig.4.3 the value of depolarization field is twice the value of Fo meaning
that the majority of ferroelectric dipoles have switched toward the opposite state due to
the effect of Egep,. To better explain explains the drawback of ferroelectricity in retain
data we can evaluate the amount of compensation charge, defined by setting

Qre = Qi (4.7)

as the central node @); is electrically neutral from fig.4.2. When the bias voltage is zero
the voltage across the ferroelectric is equal and opposite to the voltage across the dead

layer (4.8)
_p ;
Ve + Ving = Qrz + Qi _ 0 (4.8)
CrE Cins
By merging (4.7) with (4.8) it follows
Cins
i =——"—"°°—P 4.9
@ Cins + CrE (4.9)

The balance of the polarization across the ferroelectric layer and the compensation charge
takes place only when the dead layer capacitance Cyyg — oo. In fig.4.4 we report the
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Figure 4.4: Fraction of P compensated by the electrodes as a function of ferroelectric
thickness and at different value of t;yg

result of (4.9), specifically the fraction of polarization charge compensated by the metal
electrodes is evaluated considering different dielectric thickness while varying the ferro-
electric thin film from 5nm to 20nm. An almost 90% of compensation is reported for
tpp = 0.8nm and tpp = 20nm indicating the road of reducing the dielectric thickness
and concurrently introduce thicker ferroelectric material in order to reduce the changes
on ferroelectric polarization when V' = 0.

4.2 How the floating gate and the area ratio impact
the depolarization field

In fig.4.5 we suggested four different structure for the evaluation of the depolarization
field. Having already defined the MFIM stack, case a, we may discuss how the MFMIM
stack and the role of the area ratio could potentially be beneficial to the reduction of
the depolarization field and hence to the increase of data retention. By adding a floating
metal between the ferroelectric and insulator as proposed in case b could influence the
depolarization field as the ferroelectric material is now sandwiched between two conductive
layers. This indicate that the complete compensation charge can be achieved despite the
screening length contribution which still provide a non-negligible depolarization field. It
is relevant to claim that the following conclusion we derive does not take care of the
charging of the floating conductive layer. For such a reason and by neglecting gate leakage
current through the layers the electrostatic boundary condition for the MFIM and MFMIM
stack with the same area between the ferroelectric and the dielectric remains unchanged.
Consequently we inspect the case c¢ in details recalling that the formula will conduct
to the case a and b respectively when ferroelectric area is equal to the insulator area
(Arr = Arns). The electrical boundary conditions for the MEMIM stack with different
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Figure 4.5: Four different structure employed for the evaluation of the depolarization field:
(a) MFIM stack, (b) MFMIM stack and (c-d) MFMIM and MFMIS stack with different
area ratio

area between the ferroelectric and dielectric is defined in eq.(4.10) and eq.(4.11)

Drp = Arg(eerpErg + P) = Ding = ArnseoeinsErns (4.10)

V =treEre +tinsErins = Vre + Ving (4.11)

It is convenient for the following analysis to define a new parameter called area ratio (AR)

Arg

AR =
Arns

(4.12)

which gives the impact of the shrinking of the ferroelectric area with respect to the insula-
tor area or vice-versa. By solving eq(4.10) and eq(4.11) we can evaluate the ferroelectric
and insulator field

Erg = (*P-AR+CDEV) (4.13)
treCr
Epg = (PARJrCFEARV) (4.14)
tpeCr
with
Cr =Cins +Cre - AR (4.15)

By setting V=0, short circuit condition, the field across the ferroelectric layer becomes
Cins ) ) -
Epp=-P — 41 4.16
FE <€o€FE (AR Cro + (4.16)

This new formula of the depolarization field suggests three different degree of freedom: the
polarization P, the ratio between the ferroelectric and insulator capacitance per unit of area
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and the ratio between the ferroelectric and insulator area embedded in AR. Despite the
first two of them has been already found in the MFIM and MFMIM stack, the role of the
AR is inspected in this section. In fig.4.6 the depolarization field is evaluated considering
insulator thickness t;ys = 1nm while ferroelectric thickness ranging from 5nm to 20nm
and insulator and ferroelectric relative permittivity of e;yg = 6.6 and epg = 21. Lastly
the polarization is fixed to P = —8uC/cm?. Before inspecting the result we recall that

E [MV/cm]
20 dep ‘ 25

0.5 1 15 2
Area Ratio

Figure 4.6: Depolarization field as a function of the ferroelectric thickness and AR, ac-
cording to eq.4.16

the coercive field of ferroelectric materials based on doped-hafnium oxide ranges from
Ec = [1,2]MV/em and that we need to keep the ratio Egep/Ec lower than 1 in order to
ensure that only a small portion of the ferroelectric dipoles to flip. The following condition
is encountered when considering AR lower than 1 as shown in fig.4.6. The area of the
ferroelectric material has to be reduced with respect to the dielectric area as shown in case
¢ of fig.4.5 where a shrink on the lateral direction of the ferroelectric material guarantee
the condition AR < 1. A further analysis is the evaluation of the amount of voltage drop
across the ferroelectric material when the applied voltage is different from 0. In fig.4.7 we
demonstrate that the reduction of ferroelectric area lead to an increasing of voltage drop
over the ferroelectric material. What happens is that by reducing Apg the ferroelectric
capacitance C'pg reduces as well as
€oerEAFrE

Cpp=—"77- (4.17)
lrE

Because of the charge and voltage are related by
RQ=C-V (4.18)

this cause that the voltage drop over the ferroelectric increases when the AR < 1 whereas
tends to reduce to the case of Ajyg < Arpg. The last condition indicates the reduction
of the electric field across the ferroelectric which reduces the amount of polarization as
the ferroelectric dipoles experience a lower field. The analysis performed in this section
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(a) Voltage drop across FE (b) Electric field over FE

Figure 4.7: Voltage and electric field across the ferroelectric material when the applied
gate voltage is set to 5V. The ferroelectric thickness as well as the area ratio has been
varied to defined the coupling between the control gate and the ferroelectric layer

suggest to reduce the ferroelectric area compared to the dielectric area in order to reduce
the depolarization field and increase the amount of voltage drop across the ferroelectric
layer. This will imply that at lower AR the electric field over the ferroelectric layer
increases and hence the remnant saturation. As a consequence a higher memory window
is achieved for the BEOL FeFET with lower area ratio (the result is reported in fig.5.16).

4.3 Single-domain Landau Free Energy potential in
the MFMIM stack

In this section a thermodynamic analysis of the MFMIM stack is presented where we
define the overall free energy of the MFMIM stacks by showing how the stabilization
of the ferroelectric domains become more pronounced at reducing area of ferroelectric
and increasing the ferroelectric thickness. To start off the analysis we require the knowl-
edge of Ginzburg-Landau theory reported in section2.2 and section2.3. The ferroelectric
anisotropy constant a and 3 (7 = 0 as we deal with a second-order phase transition
material) are determined by inverting eq.(2.21) and eq.(2.24) such that the coercive field
and the remnant polarization of the ferroelectric material are Ec = 1.5MV/em and
Pr = 15uC'/em?. Furthermore because of the single-domain case the value of the domain
wall coupling constant in eq.(2.30) is set to k = 0. The overall free energy density of the
ferroelectric is defined as

€OCFE

2

with the last term indicates the electrostatic self-energy contribution. The free energy
density of the dielectric material is

Urgp = OzP2 + BP4 + EI%‘E (4.19)

€0€EDE
2
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4.3 — Single-domain Landau Free Energy potential in the MFMIM stack

where we assume a linear and isotropic dielectric. We can now build up the total free
energy of the system by considering two different cases: the first involves the study of the
MFIM and MFMIM AR = 1 whereas the second the behavior of the free energy when the
ferroelectric area is lower then the dielectric one MEMIM with AR < 1.

4.3.1 MFIM and MFMIM free energy and the depolarization
effect

To evaluate the free energy of the system we need to sum up the ferroelectric free energy
eq(4.19) and the dielectric free energy eq(4.20). Despite that we miss the evaluation of the
electric field across the ferroelectric and dielectric layer. How they are defined? We need
to use the same boundary condition as reported in section4.1l. To avoid any redundant
formalism we substitute eq.(4.3) into eq.(4.19) which gives the ferroelectric free energy as

Cre 9 4
— B\ P24 8P 4.21
UFE <Oé + 275FEC%> + 4 ( )

with Cp = Crg + Cpg the sum of the ferroelectric and dielectric capacitance per unit
of area. With the same procedure we substitute eq.(4.4) into eq.(4.20) so to get the free
energy density of the dielectric

Cpe 9

UpE = 2 ppC2 (4.22)
We can define the total free energy of the system per unit of area
Umriv = urg - trE + upg - tpE (4.23)
and replacing eq.(4.21) and eq.(4.22) into eq.(4.23) yields
Unmrin = (atFE + 2éT> pP?+ gp* (4.24)

In fig.4.8 the evaluation of the free energy is reported considering two cases of ferroelectric

thickness. In our research we're interested in calculating the barrier between the two
minimum and the local maxima at P = 0. This can be explained by considering that for
high depolarization field the free energy minimum stands at P = 0 which coincide with
the creation of negative capacitance state where the ferroelectric need to operate in the
negative-capacitance FET[24]. To ensure that the FeFET works as a memory we need
to stabilize the two minimum in such a way that the energy difference, A, with respect
to local maxima at Uppryr = 0 is A > 0. This indicates that by evaluating A we’re
simultaneously inspecting the impact of the depolarization field over the system [25]. As
shown in fig.4.8a and in fig.4.8b the effect of the ferroelectric thickness is such that by
increasing tpp the total free energy gets closer to the ferroelectric one. Furthermore the
free energy at the two local minima gets down with respect to the U = 0 meaning a better
stability of the two states. The higher the barrier the better the stability of the system as
we’re dealing with memory this implicate that the switching from one state over the other
is mostly influenced by the applied voltage and less by the effort of the depolarization
field.
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Figure 4.8: Free energy density per unit of area for the MFIM and MFMIM stack.

4.3.2 Free energy and the depolarization effect of the MFMIM
with different area ratio

In this subsection the effect of the area ratio with respect to the total free energy is given.
Because of the electrostatic boundary condition which defines the electric field over the
ferroelectric and dielectric according to eq(4.13) and eq(4.14) the ferroelectric free energy
and dielectric field energy are

AR2 : CFE 2 4
= — 4.2
with
Cr=Cpg+ AR - Crg (4.27)

The total free energy density per unit of area accounting for the different area between
ferroelectric and dielectric layer is evaluated in eq(4.28)

Cre +Cbg

U _arn=|at AR?
MFMIM—AR (Oé FE + 50T

> pP*+ ppt (4.28)
In fig.4.9 the total free energy of the system is evaluated at different AR. It’s clearly visible
that reducing the ferroelectric area will bring to the formation of the two energy minima
at higher in magnitude energy values. This imply the increase of stability of the system
as the difference from the free energy at the saddle point P = 0 increases in magnitude
in agreement with the reduction of the depolarization field at reducing AR as shown in
fig.4.6. In conclusion the A parameter defines as A = Up(P = 0) — Ur(P = Phin)
is evaluated and shown in fig.4.10. For AR close to 1 and low ferroelectric thickness is
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Figure 4.9: Free energy density per unit of area for the MFMIM stack at different area
ratio
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Figure 4.10: Variation of the free energy minima at different AR and ferroelectric thickness
A =Up(P =0) — Up(P = Pin)

reported a low value of A parameter which provides a further check on the role of the
depolarization field. Specifically the higher is the A parameter the lower is depolarization
field and hence the better we gain in terms of retention. In this study we claim that to
ensure the stability of a ferroelectric state in short circuit condition a higher thickness of
ferroelectric layer and low AR could be beneficial to limit the effect of the depolarization
field. In the next section we explore the consequence of substituting the bottom metal
electrode with a semiconductor layer. Our question could be: this entire formalism is
gonna to drop when considering semiconductor instead of a metal layer?
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4.4 The impact of semiconductor substrate

4.4.1 The depolarization field in the MFMIS structure at dif-
ferent area ratio

When substituting the bottom metal electrode with the semiconductor substrate what we
could expect is to define a higher depolarization field as the presence of a non conductive
layer provides less screening charges to the ferroelectric polarization. As a consequence
a high chance of destabilization of the ferroelectric polarization is acquired indicating
that a larger depolarization field will cause the formation of opposite polarization charge
inside the ferroelectric material. In spite of that we need to contrast the behavior of
semiconductor when is either in accumulation region or in strong inversion region. For
the following analysis a p-type semiconductor substrate is chosen. In fig.4.11 we report
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Figure 4.11: Circuit model of MFIM structure with ferroelectric capacitor in series with
a dielectric capacitor.

the circuit model to evaluate the depolarization field when considering the MFIS and
MFMIS stack. The main difference with respect to the MFIM case, fig.4.2, consists in
the computation of the capacitance Crg that is the series combination of the dielectric
capacitance and the capacitance of the semiconductor layer:

_ Csye + Cins

Crq = 4.29
18 CsmcCins (4.29)

Because the semiconductor capacitance is influenced by the semiconductor surface po-
tential which varies according to the operating condition we defines two extreme case of
Csnc [26]. In accumulation region the Cspre > Cryg leading to

C]S ~ CINS (4.30)

These because we have a large number of holes close or near the surface which cause to
neglect the semiconductor surface potential (Vg = 0). Due to the surface accumulation
we can look at the semiconductor like a metal which brings back the derivation found in
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section4.1 and 4.2 for the depolarization field. In strong inversion region the formation of
an inversion layer provides that the surface potential

N
Vs ~ 26 = 2Vrlog — (4.31)

with ¢p the semiconductor bulk potential. Due to the dependence of the depletion region
width with the surface potential

2e0esncVs

Wsme(Vs) = AN

(4.32)

the minimum semiconductor capacitance is defined by substituting the surface potential
in inversion region eq(4.31) in eq(4.32)

€0ESMC coesmcqNa
Csyc,,., = = 4.33
M Wanie(Vs = 2¢5) \/ 4Vrlog(Na/ny) (4.33)
The series capacitance when in strong inversion region is
C 4+ C
Cs = SMCynin, + CINS (4.34)

Csmc,inCins

Having defined the two extreme cases for the evaluation of the series capacitance of the
semiconductor layer and the dielectric layer we can now substitute eq.(4.30) and eq.(4.34)
into eq(4.16) where Cryg is replaced by Crs. The depolarization field shown in fig.4.12
highlight the behavior of the structure when the semiconductor channel has an accumula-
tion layer, fig.4.12a or an inversion layer figd.12b. At first glance the depolarization field

E dep [MV/cm] - Accumulation region E dep [MV/cm] - Strong Inversion region

20 20

tee [nm]

0.5 1 15 2
Area Ratio Area Ratio

(a) Accumulation region (b) Strong inversion region

Figure 4.12: Depolarization field for the MFMIS stack when the semiconductor is in
accumulation region and strong inversion region

when in accumulation region shows a different sign with respect to the inversion region.
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This is justified by the changing of sign of the ferroelectric polarization P since when
in accumulation the P points upwards, positive, whereas in strong inversion is negative.
Because the depolarization field is the electric field whose direction is opposite to the
polarization, as it tends to reduce P over time, this implies that when in accumulation,
as the semiconductor behaves like a metal, a lower depolarization field is expected. Dif-
ferently when the semiconductor is in inversion region as a non-negligible voltage drop
across the semiconductor substrate will be generated in view of the fact that we need to
create an inversion layer. The semiconductor capacitance is responsible for the higher
depolarization field which could drastically impact the retention of the device when the
semiconductor is in the inversion region.

4.4.2 A deep analysis on the depolarization field when consid-
ering a semiconductor substrate

What we miss in the investigation of the depolarization field in the MFMIS stack is the
voltage distribution across the capacitor stacks. This need to be modified accounting for
the semiconductor surface potential Vg and the work-function difference ¢,,5 between the
top metal layer and semiconductor substrate [27].

V= VFE+VINS+V5+¢MS (435)

Because the depolarization field is evaluated in short circuit condition, V' = 0, we can
simply eq(4.35) by considering only the voltage across the ferroelectric and insulator layer

V=V-Vs—éus=Vre+ Vins (4.36)

This procedure is compatible when the semiconductor substrate is both in the accumula-
tion region and inversion region. Specifically when in accumulation the surface potential
is negligible and A

Vace = —0ms = Vre + Ving (4.37)

whereas in strong inversion by recalling eq.4.31 the voltage drop across the ferroelectric
and insulator becomes

Vino = —Oars — 268 = Vg + Vins (4.38)

By adding the continuity of the electric displacement field eq(4.10) the depolarization field
in accumulation and strong inversion yields to

1
EFE = 7(ODE . (_¢1VIS) - P. AR) (439)
treCr

Erp = ——(Cow- (—6us — 205) — P+ AR) (4.40)
treCr

In fig.4.13 the depolarization field is presented where we claim with the program (PRG)
condition the case in which the semiconductor substrate is in strong inversion condition
whereas the erase (ERS) condition when in accumulation. PRG and ERS are well know
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Figure 4.13: Depolarization field for the MFMIS stack when erase and program condition
are applied

formalism in the FeFET devices. PRG indicates the condition where the potential applied
on the gate is such that the ferroelectric polarization points downward attracting minority
carrier close to the channel, strong inversion condition. In ERS the upward polarization
of the ferroelectric genereted by a lower bias applied on the gate is responsible for the
attraction of positive charge, accumulation condition, toward the semiconductor-insulator
interface. Beside the PRG condition described in fig.4.13b where the depolarization field
gets increase toward positive value at reduce ferroelectric thickness and increase AR the
ERS condition need to be briefly investigated. In fig.4.13a is reported the change of sign
of the depolarization field as we tends to lower area ratio. This lead to an increase of the
ferroelectric polarization as the direction of Fgep is in the same as P. This will justify
the trends when performing FeFET retention test which estimate a losing of PRG state
despite the high stability in ERS condition. In 5.7 and 5.8 the retention result are obtained
for the MFIS and MFMIS. In conclusion we evaluate the amount of voltage drop across
the ferroelectric layer when the applied voltage Vi = 10V. This result will give us an
idea on how much the area ratio can potentially increase the the amount of ferroelectric
polarization since most of the gate voltage is gonna drop across the FE thin film and lower
on the semiconductor and insulator layer. This is beneficial when performing endurance
test as the dielectric is less stressed and less charge injection from the channel can result
due to the lower field across it. From the endurance point of view the inter-layer dielectric
breakdown can be mitigated when most of the field is across the FE [28] and according to
fig.4.14 this justify the MFEMIS structure with lower area ratio. What is the main drawback
encountered when we both increase the ferroelectric thickness and reduce the AR? It’s the
poor coupling between the gate and the channel which hinders the main mechanism able
to provide the formation of an inversion or accumulation region: the internal field over
the ferroelectric, in substance the ferroelectric polarization. If the Coulomb coupling is
increased instead we could guarantee a low operation voltage on the device beside the fast
switching and low power operation and its CMOS compatibility which have been gained
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Figure 4.14: The amount of voltage drop across the ferroelectric layer when the applied
gate voltage is Vg = 10V for the MFMIS stack when ERS and PRG condition are applied

on the FeFET a strong attention as a memory device.
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Chapter 5

Results and analysis

In this last chapter we aim to discuss the results obtained with Ginestra simulator in
order to provide a complete understanding on the behavior of the ferroelectric FET for
both the front end of line and back end of line gate stacks. Before introducing the device
and the analysis of the transistor we dedicate a brief section on the ferroelectric capacitor
(FeCap) structure in which a 1D problem is performed to investigate the role of the
floating metal layer and the impact on the dielectric layer when in close proximity to the
FE material, section5.1. As the crucial point is to focus on the retention trend of the
device we firstly introduce varies combination of FeCap structure which could give a hint
on the future outcome when discussing ferroelectric transistor. A complete analysis on
the retention test is deeply carried out. The impact of reading is intensively describe as
the main source of disturb of the polarization state and to properly minimize it a new
reading is implemented. We conclude the chapter by showing the retention test for FEOL
and BEOL FeFET where the last device is studied under different area ratio value ranging
from 1 to 0.4. Two different set of Ginzburg-Landau parameter taken from the literature
are implemented in the ferroelectric material in order to analyse the retention behavior of
the device when different ferroelectric properties are presented. In the end the same test
is run for different ferroelectric thickness ranging from 5nm to 20nm.

5.1 Ferroelectric capacitor and the impact of screen-
ing

When dealing with ferroelectric devices an important figure of merit is the evaluation of
the polarization-voltage (P-V) characteristics. From that measurement we can extract the
two key parameters which enable to exploit the behavior and the working principles of the
ferroelectric material: the remnant polarization and the coercive field. However because
when dealing with FEOL FeFET the gate stack is made of meta-ferroelectric-insulator-
semiconductor the influence of the dead layer (insulator) and the silicon (semiconductor)
can drastically modify the functionality of the ferroelectric material and as a consequence
a different P-V loop is obtained. In fig.5.1 the polarization-voltage characteristic is shown
by using the P-V test describe in 3.3.2. The maximum and minimum gate voltage is set to
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Figure 5.1: P-V characteristic for different FeCap structure: MFM with ideal contact,
MFM when the screening length is considered, MFIS and MFMIS for different area ratio
between the ferroelectric and dielectric area, respectively Apg = Apg (yellow curve) and
App =0.5- Apg (red curve)

45V while the frequency is set to 10kHz. By inspecting the black and blue curve which
correspond respectively to the exclusion of the screening lengths (ideal electrodes) and
the inclusion of the screening charge, concentration gradient of electron density, inside the
electrodes (close to the the metal and ferroelectric interface) we can provide a different
value of remnant polarization as well as coercive field. This changes can be explain by
defining the depolarization field when the ferroelectric capacitor is sandwiched between
two metal layers as reported in [29] and in eq(5.1)

Edep =-P (EoepE < Cser + 1>> 1 (5.1)

where the Cy., indicates the capacitance of the finite screening length of the metal elec-
trode

Cscr = eolem (52)

with [ the screening length and ¢, the dielectric constant of bound electron in the metal.
Let’s investigate the two cases where the screening length is finite and when it approaches
to zero. In the first condition the [; provide a non negligible depolarization field which
results into a slightly reduction of the remnant polarization inside the ferroelectric material
when the applied voltage is zero. This means that in the real case, when considering the
MFM structure (e.g. ferroelectric tunnel junction devices) the depolarization field can
repress the stability of the ferroelectric states due to imperfect screening charges between
the metal-ferroelectric interface. When the [, — 0 the value of the depolarization field,
according to eq(5.1), Eg,p — 0 which justify the fact that the polarization charges are
perfectly compensated by the metal electrodes. This justify the higher value for the
Pr as the polarization is entirely screened and no internal field is presented inside the
ferroelectric layer.
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5.1 — Ferroelectric capacitor and the impact of screening

Having discuss the Metal-Ferroelectric-Metal structure we will focus our attention on the
Metal-Ferroelectric-Insulator-Semiconductor (MFIS) structure, fig.5.1 green curve. Two
major differences are need to be highlight:

1. The different work function between the semiconductor and the top metal layer
(1sm). The effect is to generate a shift of the P-V curve by the same amount of ¢,
along the x axis (the center is 0 for the MFM case).

2. The semiconductor capacitance, fig.5.2. As we doped the Silicon to be a p-type semi-
conductor substrate when the gate voltage is at negative potential the accumulation
region is held. Due to the high numbers of holes, the free carriers will move close
the semiconductor-insulator interface where they will provide a partial compensation
charge from the polarization of the ferroelectric layer. When the applied voltage is

Figure 5.2: Capacitive voltage divider of the metal-ferroelectric-insulator-semiconductor
structure

increases toward positive value the semiconductor is in depletion region and because
the semiconductor capacitance is now compared or lower than the dielectric capac-
itance a drop of voltage on the Silicon substrate is provided to properly build up
depletion charges. This imply that the P-V loop is asymmetric as the coercive field
E} #+ Ec— due to the different condition inside the semiconductor layer when is in
accumulation and in depletion region.

3. The Source and Drain make easier the creation of the inversion region due to the
lowering of the barrier which enhance the formation of minority carriers in close
proximity to the inter-layer material. Because of the absence of them when the
top metal electrode is at higher potential the P-V loop shows an almost line which
indicates that the semiconductor is not able to provide enough minority carriers. In
addition the voltage drop across the semiconductor layer reduces the electric field
across the ferroelectric material providing a pinch of the hysteresis curve in the right
portion of the P-V characteristic. The consequence of the following trend provide, as
for the coercive field, a different and asymmetric value of the remnant polarization
P+ Pp—.

How the floating gate can mitigate the criticalities of the MFIS structure? In fig.5.3
we inspect the value of the polarization that is preserved when no voltage is applied on
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the FeCap and the loss of the polarization when the device reaches £5V and then go
back to 0V. The last parameter is a relevant figure of merit as it reveals how much the
ferroelectric material is inclined to lose memory. The floating metal layer between the
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Figure 5.3: Remnant polarization, Pgr and the difference between the saturation polariza-
tion Pg at Vg = 5V and the remnant polarization Pr at Vg = 0V

ferroelectric and the dielectric layer provides both a higher value of remnant polarization
and a lower polarization loss with respect to the MFIS structure. Because the loss of
polarization is associated to an increase of depolarization field this justify the role of
the floating metal layer in stabilizing the ferroelectric state. In fig.5.4 the coercive
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Figure 5.4: Coercive field, Fx and the electric field across the ferroelectric material, Eppg,
when the applied voltage Vg = 0V

field and the depolarization field are sketched. As the ratio Eg.p,/Ec, figh.5, provides
an estimation of the capabilities of the ferroelectric material to retain data, it’s clearly
visible how the MFIS is effortlessly prone to lose the ferroelectric polarization over time.
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5.2 — The role of the neutral reading and the impact of the ferroelectric thickness
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Figure 5.5: Coercive field and the electric field ratio. Higher values indicates the tendency
of the memory state to be modified over time as the back-switching of the ferroelectric
dipoles is provoked

On the other side the MFMIS structure has a less tendency on degrading the memory
states of the ferroelectric devices as the floating gate guarantee an almost complete charge
compensation reducing the internal field across the ferroelectric material. Having analysed
the FeCap we will investigate how the presence of the floating metal layer can increase the
retention time of the ferroelectric FET. In the meanwhile the retention study performed in
GINESTRA is studied as the impact of reading and the polarization state on the writing
operation will conduct to the main goal of the thesis project.

5.2 The role of the neutral reading and the impact
of the ferroelectric thickness
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Figure 5.6: Gate voltage waveform scheme apply for the evaluation of retention for the
ferroelectric FET

We're now ready to study the retention test describe in 3.4.2. Let’s recall the gate
voltage waveform scheme used in order to emulate the retention in the ferroelectric field
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Results and analysis

effect transistor, fig.5.6. The initial reading is used to verify if the device work correctly;
once the fabrication process are completed the priority is to check if the transistor is
active. As each die inside the wafer could be subjected to contamination it’s critical to
firstly prove the behavior of the device. The Ip — Vi curve gives an absolute image of the
state of the transistor. In fig.5.7 the trans-characteristic of the BEOL FeFET is shown for
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Figure 5.7: Transcharacteristic Ip — Vg of the BEOL FeFET for different ferroelectric
thickness

ferroelectric thickness ranging from 5nm to 20nm. An increase of the threshold voltage
(evaluated using the Constant Current Method) is notability visible. What is the feature
which link the shift of the V};, with the trg? Let’s consider the case when the tpgp = 20nm.
By increasing the ferroelectric thickness the capacitance is getting smaller which means
that more voltage is gonna drop across the material

tre = Crgl= Ve 1 (5.3)

As a consequence based on the voltage distribution across the different capacitor stacks a
reduction of voltage is over the semiconductor channel.

Va=Vre+ViL +1vs = sl = Vi T (5.4)

As less voltage is dropping over the channel then we need to provide higher gate voltage in
order to switch the device from the OFF to the ON state. What we miss is the inclusion of
the polarization charge inside the ferroelectric material which through Coulomb coupling
is able to modulate the conductivity of the semiconductor channel. Because neither erase
nor program condition is provided to the device the polarization charge can be disregarded.
By looking at fig.5.7 we exhibit the behavior of the transistor when is at the initial stage.
Even so we could claim that the increase of the ferroelectric thickness implicates a fall
of the gate-semiconductor coupling which result into the right shifting of the threshold
voltage. Pushing to higher gate voltage will generate a disturb inside the ferroelectric
state while performing the read operation. An alternative solution is the use of pulse
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5.3 — Ferroelectric polarization in erase and program condition

reading where the gate voltage is maintained fixed during the reading time. We still feed
the ferroelectric state to a non negligible disturb but compared to the sweep reading it’s
by far the most reliable one.

5.3 Ferroelectric polarization in erase and program
condition

Having defined the role of the sweep reading we move our attention on the program and
erase state of the FeFET. As discuss in 1.3.3 the two write operation correspond respec-
tively for the erase to the formation of HVT state (high-V;;,) while LVT state (low-Vip,)
when the program operation is applied. They differ from the direction of the polarization
inside the ferroelectric material dictated by the positive/negative value of the gate volt-
age applied. Using Ginestra we're able to inspect how the mean value of the polarization
inside the ferroelectric HZO material behaves. This could give us a comparison on how
the floating metal layer could properly stabilize the ferroelectric polarization due to the
complete charge compensation provided by the bottom and top metal film. In fig.5.8 the
applied voltage and the transient time, discussed in 3.4.2, are illustrated. Because tran-
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Figure 5.8: Erase and Program gate voltage waveform for the write operation of the
FeFET device

sient simulation are performed a ramp up of the gate voltage is observed from 0.1ns and
10ns followed by the hold phase where the write voltage is preserve at high/low voltage
over the time. As we are focused on the polarization trend when the device is set to ei-
ther PRG or ERS condition we will show the polarization state of the ferroelectric in the
time interval from 10ns to 10us. The polarization in ERS condition, fig.5.9, and in PRG
condition, fig.5.10, makes clear the impact of the floating layer in increasing the amount
of ferroelectric polarization due to the complete charge compensation. The imperfect
screening in the FEOL FeFET enhance the depolarization field and is responsible for the
loss of polarization. Both PRG and ERS condition spotlight the necessity to introduce
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Figure 5.9: Mean value of the ferroelectric polarization along the y axis when the device
is in erase condition
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Figure 5.10: Mean value of the ferroelectric polarization along the y axis when the device
is in program condition

the BEOL FeFET as a higher ferroelectric stability is acquired. As the area ratio is varied
from AR = 1.0 = Ipg = 50nm to AR = 04 — Ipg = 20nm the slope of the
ferroelectric polarization increases, red curve of fig.5.9 and fig.5.10. This behavior means
that by reducing the area, enhancing the voltage drop across the ferroelectric layer and
so the electric field, the speed of switching grows as well. Having characterized the trend
of the polarization during the write operation our next step is the investigation of the
ferroelectric polarization over time during the "wait-time" test. Preliminary to that we
need to analyse how the test has been characterized as to mimic the physical study of
retention performed in the laboratory.
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5.4 — Retention analysis

5.4 Retention analysis

As we're interested in memory devices an important figure of merit is the study of reten-
tion. We dedicate this section to analyse how at simulation level the FEOL and BEOL
FeFET behave by inspecting the polarization loss over the time. As discussed in 1.3.3
there are two relevant players which are responsible for the contribution of retention loss:
the depolarization field and the charge trapping. We neglect in the entire thesis project the
contribution of charge trapping as no defects in both semiconductor and ferroelectric layer
are provided. By adding them we will mostly impact the ferroelectric polarization due to
the screening of the trapped charge inside the FE. The main consequence is a decreasing
of the coupling between the electric field across the ferroelectric and the semiconductor
conductivity, [13] [30] [31]. The depolarization field investigated in chapter4 is therefore
the main responsible for the low data retention of the ferroelectric devices we're going to
examine, [14]. Having described the criticalities of the FeFET to retain data we move
our focus on the retention study. Let’s pose a simple question: how to mimic the real
retention test inside Ginestra? From the experiment point of view, when the ferroelectric
transistor is tested for the evaluation of the stability of the two memory states, the device
is placed physically inside an oven at different temperature (usually 300 K and 360 K
[28]). By doing so the device is not connected to any voltage sources: it’s floating. To be
consistent with the real test on each terminals (gate, source and drain) an ideal current
generator (with infinite impedance) is attached and 0A is applied. In spite of that we will
simultaneously compared the retention test when the device terminals are attached to
voltage sources; specifically we ground the gate and the source/drain terminals. We will
label by GND the previous test and with Floating the simulation using the true retention
experiment. In fig.5.11 the polarization vs time is illustrate for the BEOL FeFET for two
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Figure 5.11: Mean value of the ferroelectric polarization at different wait time after PRG
for the BEOL FeFET with area ratio AR =1
different wait time tests

e GND: the terminals are set at 0V
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o Floating: an ideal current generator is attached at each terminals and 0A is applied

What is the principle effect in forcing the electrode to 0V'? Fig.5.11 clearly shows a loss of
polarization over time when the terminals are grounded; moreover the sign of polarization
is changed too. This phenomenon is dictated by the creation of a counteracting field
since when the Vi = 0V we still perturb the polarization state as the contribution of
the different work function between the semiconductor and the metal enable the strong
retention lost. In fig.5.12 by showing the band diagram we can further highlight the
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Figure 5.12: Band diagram for the BEOL FeFET with area ratio AR = 1 after 1s of
waiting time

two different approach when performing retention. By looking at the ferroelectric region
27.8nm < y < 32.8nm is possible to notice the change of potential inside the material
derived from the distinct value of the polarization at ¢ = 1s of waiting time reported
in fig.5.11. Additionally the semiconductor surface potential is modified as well. The
GND condition will lead the semiconductor to reduce the number of electrons inside the
channel. As the retention test results are performed after the program condition where
a high concentration of electrons close to the interface is present due to the coupling
with the ferroelectric polarization what the ground enable is a substantially deprivation
of minority carriers. The following analysis makes clear the need to move toward the
floating retention test which are close, from the simulation point of view, to resemble
the real retention operation. We conclude the retention analysis by reporting in fig.5.13
the evolution of the band diagram when different waiting time are performed, specifically
from ¢t = 1ns to t = 1s. The blue curve, waiting time set to 1ns, indicates a higher field
across the ferroelectric material, hence a better stability of the ferroelectric polarization.
The reason is because the ferroelectric material per se generates dipoles and so electric
field. The more we're capable in storing the field the higher the retention of the device.
As discussed previously the depolarization field, opposing to the direction of polarization,
will tend to hammer the storing field leading to a reduction of data storage over time. In
fig.5.13 when the time of wait after the reading operation is set to 1us the slope of the
ferroelectric band diagram is less sharp because of the contribution of the depolarization
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Figure 5.13: Band diagram evolution as a function of different waiting time for the BEOL
FeFET with area ratio AR =1

field that diminish the internally-generated voltage on the ferroelectric material and lower
the coupling between the channel. How the band diagram in the FEOL FeFET changes
as a function of waiting time? Due to the presence of an insulating layer in close contact
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Figure 5.14: Band diagram evolution as a function of different waiting time for the FEOL
FeFET

with the ferroelectric material we expect higher loss of polarization as the depolarization
field will tend to reduce the memory retention time. In fig.5.14 we find out that the
semiconductor channel is exited from the inversion region when the wait time is 1us.
Moreover the slope of the potential inside the ferroelectric has changed sign. This indicates
that the depolarization field has provided a switching of the ferroelectric dipoles. A loss
of polarization and hence of the memory state is obtained for the FEOL FeFET device
while the device is in the "wait condition" after the program operation.
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5.5 Sweep Reading and the perturbation of the mem-
ory state

In this section we explore the reading operating, specifically we will inspect the condition
when the gate voltage is swept from —Vg to Vi (by Vg we indicate the maximum ab-
solute value of the voltage applied) in order to evaluate the memory state of the device
[32]. Furthermore the introduction of disturb reading is studied as well since this kind of
operation can potentially lead the state to be ruin by the same reading voltage applied.
Before discussing the concept of disturb we will show how the memory window of the
ferroelectric FET is evaluated by showing the trans-characterisitic of the transistor when
the device is read after program and after erase operation. In fig5.15 the Ip — Vg behavior
of the BEOL FeFET with area ratio 0.6 is reported using a sweep reading on the gate from
—3.5V to 3.5V during a time interval of 100ns while the drain voltage is fixed at 0.1V.
In 1.3.3 we report the concept of the memory window which is defined by the different

Sweep reading

Current [A]
=
(2]

Voltage [V]

Figure 5.15: Memory window for the BEOL FeFET with area ratio AR = 0.6 considering
a wait time of 1ns

threshold voltage of the two memory state:

MW = ‘/thERS - ‘/thPRG (55)

A simplified version for the definition of the threshold voltage is through the use of the
constant current (CC) method, [33]. It’s mostly employed for its easy of evaluation as it
defines V;j, as the voltage corresponding to a constant drain current values, typically set
to 1077 x W/L(A) with W and L indicating the width and length of the channel. The
drawback of this approach which is at the same time its main advantage is the dependence
of the chosen value of the drain current. Here for ease of convenience the drain current for
the evaluation of program and erase threshold is set to 0.1A which defines MW = 2.5V
We re-run the same test for different area ratio as we will expect an increase of the MW
when the area of the ferroelectric is by far lower compared to the MOS gate stack. The
cause is related to the higher voltage drop across the ferroelectric material which enables

84



5.5 — Sweep Reading and the perturbation of the memory state

a complete switching of ferroelectric domain for the same gate voltage applied. In fig.5.16
we report the memory window as a function of different area ratio between the ferroelectric
and the FEOL gate stack. The following result are in good agreement with [34] and [35].
Both articles claim the increase of memory window value in the BEOL FeFET due to the
higher field across the MFM capacitor. Furthermore in fig.5.17 we report the evaluation

Sweep reading
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Figure 5.16: Memory window for the BEOL FeFET with ferroelectric thickness tpg = 5nm
and tpg = 10nm
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Figure 5.17: Erase and Program threshold voltage for the BEOL FeFET with ferroelectric
thickness tpp = 5nm and tpg = 10nm

of the threshold voltage when the device is read after being in ERS or PRG condition.
The trends highlight a high change for the PRG state as for the tpp = 10nm the threshold
voltage ranges from 1V (AR = 1.0) to =~ 3.5V (AR = 0.4) indicating that for the low
area ratio the reading should be performed by ramping the gate voltage at higher values
in order to properly reach the 0.1uA for collecting the V;;, data. The following outcome
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implies that by performing the sweep reading we inevitably stress the stored memory
state. A disturb of the cell during the reading operation will inevitably lead the device to
a poor data retention as the probability of reversing the ferroelectric state when ramping
between a negative and positive voltage is drastically favourable. Furthermore by recalling
the second definition given in 1.2.4 for the memory window:

MW=2XEOXtFE (56)

we point out that for ferroelectric thickness higher than the one reported in fig.5.16 higher
reading voltage are gonna to be selected which makes unavoidable the risk of disturbing
the cell. Let’s consider for instance tpp = 20nm and a value of coercive field of 1.5MV/em
(HfO3 coercive field ranges from 1MV /em to 2MV/em). According to eq(5.6) the the-
oretical memory window is MW = 6V which intimate the need of applying after the
PRG/ERS condition a large voltage on the gate terminals if we want to read the high
memory window of the device. This turns to the concept of perturbation of the memory
state which is further enhance when the theoretical memory increases. For this reason we
will discuss in the next section the use of pulse reading instead of the sweep reading as
it can provide less stress on the ferroelectric polarization. We conclude the sweep read-
ing discussion by showing the memory window result for the BEOL FeFET device when
different sweep reading are applied:

o« TEST1: Gate voltage in Read after ERS from —3.5V to 3.5V while for Read after
PRG 3.5V to —3.5V

o TEST2: Gate voltage in Read after ERS from —2V to 2V while for Read after PRG
2V to -2V

Current [A]

2 45 4 05 0 05 1
Voltage [V]

Figure 5.18: MW comparison when different reading voltage are applied in the BEOL
FeFET with AR =0.8

The Ip — Vi characteristic for the two different tests is reported in fig.5.18 while the
memory window is reported below:
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5.6 — Point Reading

« MW TEST1 1.46V
« MW TEST2 1.74V

The dissimilar memory window obtained through the modification of the maximum volt-
age applied when reading further justify the use of pulse reading. When we applied high
voltage on the gate terminal to read the state we inevitably disturb the ferroelectric po-
larization and the impact of it is further enhance by increasing V. Moreover the read
after program has been modified in order to reduce as much as possibile the stress on
the ferroelectric state. As the PRG condition is held when the positive gate voltage is
applied which lead to switch the ferroelectric dipoles by pointing them downward, it seems
natural to reverse the reading by ramping the gate from the higher positive voltage to
the higher (in absolute value) negative voltage (e.g 3.5V to —3.5V). If we kept the same
gate waveform scheme for the Read after PRG we could provide to the ferroelectric po-
larization a high perturbation. The reason is because the negative potential on the gate
will be responsible to the partially back-switching of the ferroelectric dipoles with the
consequence of shifting the Vj; toward positive values. The effect will be the formation of
a small memory window and a loss of polarization state over time. In order to overcome
the previous issue correlated to the gate voltage ramping from FVg to +Vg, a selected
gate voltage value is applied.

5.6 Point Reading

The point reading is performed in our thesis project for the evaluation of the retention
comparison between the FEOL and BEOL FeFET. As the name suggest we simply provide
a gate voltage pulse on the device while drain voltage remains unchanged with respect
to the sweep reading approach. In fig.5.19 we report the value of the gate voltage used
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Figure 5.19: Ip— Vi characteristic for the BEOL FeFET obtained using the sweep reading
vs the point reading approach

throughout the retention analysis toghether with the Ip — V& curve (the last obtained
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with the use of sweep reading). A value of Vg = —0.2V on the gate is set inside the
simulation tool to reduce the disturb of the cell. Specifically by comparing the trans-
characteristic of the two states choosing a gate pulse voltage close to zero could guarantee
a higher resolution for the comparison of the ON and OFF current. Furthermore during
experimental test the point reading is implemented because of the detection of the current,
drain current, is evaluated. Having explain how the point reading is performed we may
ask if the device can still be perturb while a single gate voltage is applied. In fig.5.20 the

10 Point reading
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Figure 5.20: Drain current when the device, BEOL FeFET AR = 0.8, is read after been
in PRG and ERS condition for two different waiting time: 1ns and 1s

drain current of the BEOL FeFET has been evaluated using a read voltage of —0.2V for
a time of 100ns. Let’s inspect the whole time interval included in fig.5.20:

o time [0s;10710 s]: we will neglect the first two points as the numerical methods used
could generate not truthful results. For this reason we disregard the orange region
because of the non optimal convergence of the simulator.

o time [107 5;1078 s]: free disturb window. This time interval is the one which enable
to extract the ON and OFF current as no perturbation of the device is presented.
The experiments are conducted in these regime; specifically we extract a single value
of ERS and PRG current at a specific time where we collect the data used in the
retention analysis.

o time [107® ;1077 s]: long pulse on the device lead to perturb the ferroelectric state.
This unexpected disturb in the ERS current is the effect of the accumulative switching
[36]. The main cause is dictate by the fact that the memory state is influenced by
both the applied voltage as well as the amount of time the signal is held. As a
low amplitude voltage is applied on the gate we need a repetitive number of pulses
or an high reading time to provide a complete switching of the ferroelectric state.
High voltage and small pulses or low voltage and long pulses creates the condition
of accumulation of the ferroelectric dipoles with the consequence of providing a
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complete FE switching. The previous effect is elucidated in the read after ERS,
red rectangle, for both waiting time considered. This demonstrate that the studied
reading operation still provide disturb on the ferroelectric device.

Before discussing the retention results we point out the role of disturb reading which should
be critically considered for the ferroelectric devices. As the applied voltage can impact the
ferroelectric internal field a trade off between the two previous reading technique should
be regarded. If sweep reading is applied we could damage the cell as higher gate voltage
need to be applied for the detection of the two different threshold voltage. This means
that the two states are both perturbed during the operation. The second technique which
involve the use of point reading can generate less stress to the cell as a single value of
gate voltage close to zero is applied. In spite of that we still observe the disturb of the
memory state as the accumulative switching can flip the ferroelectric polarization when
long time interval and short pulse are used. How to get rid of the disturb phenomenon?
By the evaluation of a disturb free window where the ferroelectric polarization is stable
and is not altered by the signal applied. Hence we will collect the drain current data by
intersect the Ip vs t, fig.5.20, by selecting a time ¢ = 5ns (within the free disturb window)
for the retention outcome.

5.7 Retention results

In the final section we will report the retention result obtained for the FEOL and BEOL
(area ratio varying from 1.0 to 0.4) FeFET with waiting time of 1ns, 1us, Ims and 1s. The
Ginzburg-Landau parameters used are [22] a; = —1.03e9[m/F], 81 = 3.5e10[m®/(FC?)]
and p; = 1750Qm (TEST1) and [37] ag = —5.31e8[m/F], B2 = 5.22¢9[m>/(FC?)] and
p2 = 100Qm (TEST2) with ferroelectric thickness of 5nm, 10nm, 15nm and 20nm. The
result for the G-L of [37] are reported in fig.5.21,fig.5.23,fig.5.25 and fig.5.27. To properly
investigate which of the two state is more prone to decay over time we illustrate the
program and erase current in fig.5.22a and fig.5.22b for the tpp = 5nm; fig.5.24a and
fig.5.24b for tpp = 10nm and so forth. The same approach is given in TEST2 where in
fig.5.29,fig.5.31,fig.5.33 and fig.5.35 the retention results using the G-L of [37] is provided.
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5.7.1 TEST 1: Ferroelectric thickness 5nm

Retention test tFE=5nm
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Figure 5.21: Retention result for the BEOL and FEOL FeFET with tpgp = 5nm

-0 MFIS —o MFMIS, R |
1074} MEMIS,. oo - MFMIS, 1 10747
MEMIS, ;- —o MFMIS,
—o- MFMIS,; o —o- MFMIS,.
10 1 10
——MFIS —— MFMIS,_, -
2 © MFMIS, o~ MFMIS,q .
= 108 = 0t MEMIS, ;o ——MFMIS,; o ||
——MFMIS, . —e—MFMIS,_ .,
R e i . O o -
10710 ] 10710
_______ O m e e
e
12 . -12 . |
10 10
108 1076 107 1072 10° 1078 107 107 1072 10°
time [s] time [s]
(a) ERS current (b) PRG current

Figure 5.22: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpp = 5nm
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5.7.2 TEST 1: Ferroelectric thickness 10nm

Retention test tFE=10nm
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Figure 5.23: Retention result for the BEOL and FEOL FeFET with tpg = 10nm
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Figure 5.24: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpp = 10nm
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5.7.3 TEST 1: Ferroelectric thickness 15nm

Retention test tFE=1 5nm
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Figure 5.25: Retention result for the BEOL and FEOL FeFET with tpgp = 15nm
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Figure 5.26: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpp = 15nm
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5.7.4 TEST 1: Ferroelectric thickness 20nm
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Figure 5.27: Retention result for the BEOL and FEOL FeFET with tpg = 20nm
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Figure 5.28: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpp = 20nm
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5.7.5 TEST 2: Ferroelectric thickness 5nm

Retention test tFE=5nm
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Figure 5.29: Retention result for the BEOL and FEOL FeFET with tpgp = 5nm
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Figure 5.30: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpp = 5nm
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5.7.6 TEST 2: Ferroelectric thickness 10nm

Retention test tFE=10nm

108
L
5 e E
10 =
@ 104 —s—MFIS —s—MFMIS, . 1
<$ MFMlsAﬂz().Q MFMlsAﬂzﬂ.B
g | MFMIS,_ . —s—MFMIS,__ -
10 ——MFMIS, - —s—MFMIS,_ -,
10? E
10! | ‘ ‘ '
1078 10 107 102 10°
time [s]

Figure 5.31: Retention result for the BEOL and FEOL FeFET with tpg = 10nm
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Figure 5.32: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpp = 10nm

95



Results and analysis

5.7.7 TEST 2: Ferroelectric thickness 15nm

Retention test tFE=1 5nm
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Figure 5.33: Retention result for the BEOL and FEOL FeFET with tpgp = 15nm
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Figure 5.34: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpg = 15nm
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5.7.8 TEST 2: Ferroelectric thickness 20nm

Retention test tFE=20nm
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Figure 5.35: Retention result for the BEOL and FEOL FeFET with tpg = 20nm

—o- MFIS -0 MFMIS,_, | R —
i ‘ ; 10}
10 MEMIS,. oo - MFMIS,; o
MFMIS o o7 —o= MFMIS,p o6 —s—MFIS ——MFMISc_.
= MEMIS o —o- MFMIS, . MEMIS,; oo~ MEMIS,.
10 3 107F MEMIS, ;_, ——MFMIS,. .| |
R == === =T e =0. =0.
p . o —— MFMIS,_ o ——MFMIS, .,
y T a
- 10_8,_‘55.2.;:::;&;::;E:::tzzzszn--u - 108t
ol
1070 T ses s e ST o + 107
-12 L . -12 . |
10 10
1078 1076 1074 1072 10° 1078 107 107 1072 10°
time [s] time [s]
(a) ERS current (b) PRG current

Figure 5.36: Erase and Program current as a function of the waiting time for the BEOL
and FEOL FeFET with tpg = 20nm
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5.8 Conclusions

The final section is devoted to summarize (briefly) the result obtained through the master
thesis project. We start with the analysis of the depolarization field by inspecting the
free energy landscape of the metal-ferroelectric-metal-insultor-metal structure by showing
how an increase of the area ratio between the ferroelectric and the dielectric could make
possible the transition from a double well potential shape toward a parabola shape. The
main responsible of such change is the depolarization field which due to the opposite
direction of the ferroelectric polarization tends to cause an hysteresis free device (negative
capacitance FeFET). The circuit model is inspected as well since we measure the value
of the depolarization field in order to compare it to the coercive field of the ferroelectric
material. It’s their ratio, Eg.,/Ec, which need to be constantly be account for when
discussing the study of retention of any ferroelectric device. From the theoretical model
we move inside Ginestra modeling platform by comparing the FEOL vs BEOL FeFET
transistor. The operation of the device, specifically the writing and reading operation
has been intensively explain with the concept of disturb that lead to modify the sweep
reading approach into a point reading one. In the end we report the retention study
by considering the same device featured by two different G-L parameters (both taken
from the literature) and we demonstrate that the retention in the BEOL FeFET is higher
compared to the FEOL FeFET as the ferroelectric in the first device is sandwiched by two
metal layers which enables a complete charge screening reducing considerably the effect
of the depolarization field. In fig.5.37 the ferroelectric decay of the polarization in the
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Figure 5.37: Ferroelectric polarization over time after PRG for the FEOL and BEOL
FeFET

FEOL further justify the need of the floating metal layer in order to increase the data
retention of the memory device.
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5.9 Future works

In our thesis we neglect two important phenomenon, described below:

« the inclusion of trapping which plays a strong role in both endurance and retention
of the FeFETs

« the consideration of the different equivalent oxide thickness due to the modification
of the area ratio between the ferroelectric and the MOS gate stack. A proper ad-
justment on the gate voltage should be provided for the BEOL FeFET in order to
compare the behavior of them when the same voltage is dropped over the ferroelectric
material

This future works could further ameliorate the retention result reported in 5.7 beside
giving a proper evaluation of the two different causes of retention loss: charge trapping
(outlook) and depolarization field (current thesis project).
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Appendix A

Field cycling behavior in
hafnium oxide FECap

By far we have considered only variability concerning the fabrication level but we need to
understand the consequence of a field cycling behavior, which means what happens when
the FeCAP is subjected to a high field bipolar stress cycling, is the remnant polarization
stable or does it change? It’s very likely the measurement that one could perform in
order to evaluate the endurance behavior (capability of material to face a given number
of switching cycles) of the device and performing this investigation before reaching the
FeFETs concept is crucial since it elucidate several aspects which are hidden in the MFM
structure. The endurance characteristics with an alternating positive and negative pulse
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Figure A.1: Remnant polarization as a function of the number of bipolar cycling (10kHz)
for a Sr:HfOy FeCAP

(£4V) is shown in fig.A.1. Two distinct trend can be observable:
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1. wake-up: the remnant polarization P (P) increases (decreases) the value up to

103 cycles. It corrospond to a de-penching of the pristine pinched hysteresis loop.

2. aging or fatigue: contrary to the wake-up behavior it shows a decreasing of the rem-
nant polarization starting from 10 cycles. It is responsible of the low endurance
behavior in ferroelectric capacitor beside for FeFETs other main factors are respon-
sible for it.

In[3][38][39] the reason of such phenomenon is deeply examined and is entirely based on
the two following features:

o ferroelectric: domain orientation, granular morphology, grain boundary, phase sta-
bility of the orthorhombic non-centrosymmetric phase, phase transition induce by
field-cycling condition

o dielectric: generation, activation and distribution of defect (oxygen vacancies, oxygen
ion), charge injection and trapping

We can start to describe the behavior of the structure in the pristine state by performing
an analysis on the current-voltage characteristic. The result shows the presence of a
double current peak in the dynamically measured transient current and recalling that the
polarization is the integral of the transient current the trend is the cause of the pinched
hysteresis loop in the P-V curve. During cycling the merge of the double peaks into one
in correspondence of the wake-up state is the source of the open hysteresis loop. Why a
double peak is observed in the pristine state? It originates from the different built-in bias
field inside the insulator due to:

1. non uniform distribution of oxygen vacancies: recalling that HfO, is a high-k material
which is featured by a high number of defects like dislocation or impurities acting
as electron/hole trap (due to the high coordination number and electrons from the
d shell). The oxygen vacancies distribution at least in the pristine sample maybe
dictated by the fabrication process. The MFM structure TiN—-HfO5—TiN can in turn
be made of TiO,N, - TMHfO, - HfO, - TMHfO, - TiO,N, where the TMHfO, (also
called dead-layer or passive layer) is an interface region non switchable generated by
the diffusion of N into the insulator and O into the electrodes.

2. variability of grains: as the insulator is made of grains of different sizes and domain
orientation. Oxygen vacancies are mostly localized at the grain boundaries while
the granular morphology can also have an effect on the relative number of defects
which can impact the domain pinning/de-pinning responsible for the pinched/open
hysteresis loop

3. the relative difference of €, (k) relative permittivity[8] (cubic x = [40,50], tetragonal
k = [32,40], monoclinic x = [17,20], orthorhombic xk ~ 30) responsible of a non-
uniform x due to the co-presence of non FE phases beside the orthorhombic non-
centrosymmetric ferroelectric one
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The built in bias field, evaluated with the first order reversal curve (FORC) method in[40],
drastically drops down to zero once reaching the 103 cycling and coincide with the increase
of the remnant polarization which dictate the presence of a wider number of switchable
domain. Focusing on the material no generation of defects is observable in the wake-up
phase in good agreement with the flat behavior of the DC leakage current. During these
stage the oxygen vacancies defects redistribute in the material(assisted by the high oxygen
mobility of HfOs based device[41]), change their charge state and can provide a partial
transformation toward the FE phase as less monoclinic and tetragonal phase is recorded
by the High-Angle Annular Dark Field STEM during field cycling. In the fatigue stage a
degradation of the insulator cause by the generation of defects, which means an increase of
oxygen vacancies, result in an increase of leakage current. Where these defects originate?
At the interface between the electrode and passive layer since the latter is characterize
by low-x a high field drop is the outcome which lead to a easily-broken bond and a
further reduction of the electrical field in the ferroelectric region. It was revealed that
an increase of leakage intra-grain current is the main factor beside the leakage current
through the grain boundaries (already present in the wake-up state ). Furthermore the
charge trapping through the trap assisted tunneling (TAT) will lower the P and |P|

as an increase number of pinned domain. The fatigue stage is not reported in case of

uni-polar stress cycling as both the remnant polarization Pt /= and leakage current do
not deviate their trend by increasing the number of cycles. Let’s make a summary:

« Up to 102 field cycling the constant DC leakage current is dictated by the redistribu-
tion of oxygen vacancies within the bulk grains which reduce the build-in bias field
(present in pristine state). A transformation from the monoclinic to orthorhombic
and tetragonal to orthorhombic with field cycling can facilitate the uniform distri-
bution of the field and increase the remnant polarization.

o Further cycling can induce the generation of new defects and an increase of leakage
current. The injection of charges into vacancies lead to creation of dipoles which
hinder the reversal polarization of domains.

The effect of the temperature on the FeCAP during the endurance test can be beneficial as
a rapid diffusion of oxygen vacancies and redistribution of them is obtained. Specifically
at the start of the field cycling stress, as reported in[38], by performing 2 cycling field at
425K (~ 150C°) it can lower the number of wake-up cycles down to zero. A uniform field
inside the HfOs is so reach immediately.
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Appendix B

Domain switching kinetics

We introduce this chapter by analysing the reversal domain switching kinetics in ferro-
electric material. As our approach is to study FE with nanometers dimension we may be
question if the switching kinetics of ferroelectric domain is preserved when passing from a
single bulk crystal FE toward a thin film poly-crystalline FE? The Kolmogorov-Avrami-
Ishibashi (KAI) model[42] was by far the most appreciated model develop to describe the
behavior of the domain switching in a bulk ferroelectric material. As shown in fig.B.1 once
a creation of domain of opposite polarization is created by the formation of independent
nucleation center, letter a, it unboundly growths due to the motion of domain wall after
the nucleation, letter b and c¢ indicating that the switching time is basiclly determined by
the expansion of domains. While expanding another nucleation of domain can take place

Single crystal FE

a °
b .
d I

Figure B.1: Evolution of FE switching domain in a bulk single crystal at different time
step

in the material, letter d contributing to the further transition toward the opposite state.
According to KAI model the fraction of switched volume (p) at time ¢ is:

p(t) =1 —eA® (B.1)
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with A(t) indicating the Avrami’s extended volume. At constant nucleation rate and
domain wall velocity is equal to

At) = (t/7(E))" (B.2)

where 7(F) is a characteristic switching time inversely proportional to the electric field
and n is the dimension of domain growth (either one-dimensional which indicate n = 1 or
two-dimensional, n = 2 where the last one consider that after the creation of circular-shape
nuclei the boundary moves in a 2D fashion as reported in fig.B.1). In fig.B.2 the fraction of
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Figure B.2: KAI model for switching domain

switched polarization according to KAI model is illustrated considering n = 2 and different
characteristic switching time. Since 7 is related to the electrical field, a variation of the
latter results in just a shifting of the curve along the logarithmic axis. Nevertheless when
dealing with a thin film ferroelectric material the switching polarization shows different
trend. As reported in[43] after the application of two pulses of the same polarity (—5V)
the FeCap was subjected to pulse of different amplitude and time width. The experimental
result reported in fig.B.3 demonstrate that only above the 1V applied a complete switching
of the polarization is obtained. Not only as we increase the applied voltage the time to
complete the switching is reduced. It seems clear that the Kolmogorov-Avrami-Ishibashi
model fails to predict the behavior of the switching of ferroelectric domains when dealing
with thin film. A new model need to be inspected. It’s called nucleation-limited-switching
and is constitute of four main hypothesis:

1. the material is composed of elementary regions

2. the switching of a region happens once a domain of opposite polarization is nucleated
in that region

3. The time for the switching corresponds to the waiting times of the first nucleation
(is negligible the time to fill the region with reversed domain

4. The waiting times are distributed for each region and exponentially broad
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Figure B.3: Polarization switching for a FeCAP with 135nm PZT film
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Figure B.4: Evolution of FE switching domain in a polycristalline thin film at different
time step

The first three assumption can be well represent in fig.B.4. As for the bulk case in
letter a the nucleation of domain of reversed polarization is created. In letter b and ¢ the
domain growth is confined by the grain boundaries which hinder its expansion towards the
neighbour grains. This justify the name of the NLS model as the reversal of polarization
is limited by the nucleation of domains. In letter d a second nucleation center is formed
characterised by a different switching time (waiting time). Assuming zy = logt and a
distribution of the waiting times flat for the lower and upper limits of the switching time
spectrum (Tyin = 10% and Tyne, = 1072) which decays as 1/22 outside those boundaries[44]
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we can define the fraction of the switched volume at time t by:

Th (m/2 — arctan 2520) for zo < 21
p(t)=<Th (m/2+ %) for 21 < 29 < 29 (B.3)
Th (7/2 + 252 + arctan 2522) for z5 < 29

where h = (22 — 21 + I'r)~! and T is a parameter controlling the rate of decay of the
distribution function of the waiting times. Base on eq.(B.3) the switching of polarization
is illustrated in fig.B.5 with the square indicating the experimental result. The value of
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Figure B.5: NLS model for switching domain

z1 and zo and of consequence Ty, and T,q. are evaluated by an empirical relationship
which correlate the characteristic switching time with the voltage applied

Vi VAl
Tmazx/min = 7—010( Omm/"”"/ ) (B4)

with 79, n.and Vg Jmin L€ the parameters used to fit the data.
By far we have seen that the switching of the polarization as a function of time, from
— P, to +Ps, can be expressed with the KAI model in the form of

P(t) = =P, + 2P,(1 — e7¥/7) (B.5)

What we can say for the NLS model? As the characteristic switching time is not uniform
in polycristalline thin film and is strongly related to the local field applied a new way to
fit the experimental data was reported for the first time in [6]. The fraction of switched
volume is slightly modified by introducing an exponential fitting parameter [:

p(t) = (1 — (exp(~t/7)") (B.6)
The switching time 7 is dependent on the local field and by the activation field E, by
EN\“
= Too — B.
r = reap (22 (B.7)
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with 7o, the minimum nucleation time constant and o an empirical parameter. The last
pieces is the definition of the distribution of switching times. As this phenomenon is
dictated by the local field variation due to impurities/defect in the FE thin film, we define
E = nEpgp with Epg the field applied in the ferroelectric layer (Frp = V/tpg) and n a
random variable with probability density function corresponding to the generalized beta

distribution of type 2:
C (lal) oy
T = Bl + mfpr (B8

with B(p, q) the beta function. Finally the evolution of the switching polarization consid-
ering the NLS model is:

P(Epg,t) = —Ps+2Ps /Ooop(t,T(Ea,nEFE))f(n)dn (B.9)

The switching behavior is defined by 4 parameters corraleted to the FE switching dy-
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Figure B.6: Polarization reversal as a function of the pulse amplitude and pulse width
with fitting parameter taken from|6]

namics: P, Too,0 and a and 4 parameters a, b, p, q describing the distribution function.
An example of behavior is reported in fig.B.6.
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Appendix C

The depolarization field due to
the metal screening length on
the ferroelectric transition
temperature
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Figure C.1: MFM geometry used to evaluate the effect of depolarization field on the
ferroelectric free energy

In fig.C.1 is reported the metal-ferroelectric-metal geometry used considering [ to be
the thickness of ferroelectric and %(L — 1) the metal electrode thickness. Furthermore the
compensation charges +¢. present in the metal electrodes are such that the polarization
charge in the ferroelectric material is not fully neutralized. The ferroelectric free energy,
according to Landau-Devonshire theory 2.2, is shown in (C.1)

F=ao(T —To)P*+pP ' +yP° —EP (C.1)

Because we consider ferroelectric material which exhibit a second order phase transition
then higher order term can be neglected and we set the third Landau coefficient v = 0.
From (C.1) it’s possible to derive the ferroelectric electric field and remnant polarization,

111
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(C.2) and (C.3):

Erp = 200(T — Ty) P + 43P3 (C.2)
Pp = O‘O(T;B_T) (C.3)

Having recall the definition of electric field and remnant polarization for the ferroelectric
material we can move on to discuss how the electric field in the electrode, E); is evaluated.
Setting the polarization inside the metal electrode to zero and the condition that the total
current density is zero, from (C.4) and (C.5)

dD
L= C4
= = () ()
D=¢,Ey+ P <C5)
it follows that 2
Ey 1
2 EEM(fE) (C.6)

with [; the screening length defines as the length of concentration gradient of electron
density in the electrode at the metal-ferroelectric interface[29]

h 3 % 1 % €0€Em %
SHONONC (©)
It strongly depends on the electron density within the material as for higher electron den-
sity (Is o nt/ 6) the Thomas-Fermi screening length is of the order of interparticle spacing
indicating that the electrons are very effective at shielding external charges. Taking as
a reference the TiN metal electrode we can define its screening length by evaluating the
carrier density (Hall measurements), the effective mass (Ultraviolet Photoelectron Spec-

troscopy) and the dielectric constant of bound electrons (through optical measurements).
In tableC.1 we report the result obtained for TiN. Imposing the boundary condition,

em | mi | n[l/em?] ls

4 123mg | 4-102 | 0.826nm

Table C.1: Material properties of TiN according to [2]

(C.8)
Ey =0 =1L
M T (C.8)
the electric field in the metal electrode is
e ) T — 1/2L>
E = h{ ——— C.9
(@) = L =y ( I, (C9)
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For the ferroelectric material the electric field is assumed to be constant and is given in
(C.10)
g+ P
€FE
Because no bias is applied to the circuit, we’re under short circuit condition, by setting

(C.11)

Epp = — (C.10)

1/2 L/2
Epg(x)dx + Ey(z)dz =0 (C.11)
0 1/2

then a linear relationship between the polarization and the compensation charge is found

l
2¢rE
e =—P (C.12)
s Ll Ll 1
P [coth ( TR ) — csch ( TR )} + 5z
Due to the smaller screening length compared to the electrode thickness which satisfy the
following condition (L — 1) > 2, (C.12) can be rewritten as

Z/QGFE

By combining (C.13) with (C.10) the depolarization field is given as
P
Epgp=——"(1-0) (C.14)
€FE

Let’s see how the depolarization field affects the remnant polarization (C.3). Combining
(C.14) with (C.2) we can define a new transition temperature which now depends on the
ferroelectric thickness and screening length as well.

Ty =T, — (1_9(”)> (C.15)

€EFE200

By (C.15), the remnant polarization is given by:

ao(Tg —T)
2
indicating that the value of Pg is drastically influenced by the depolarization field which
tends to switch dipoles into the opposite state, lowering as a consequence the polarization
of the material when no bias is applied. In fig.C.2 is shown how by varying the thickness
of the ferroelectric material the transition temperature and the remnant polarization are
affected [45]. The first one is evaluated by AT = Ty — T and display how by lowering
the film thickness the ferroelectric stability is met at temperature much lower than the
ideal case. The remnant polarization Pr —{pg is a monotonically increasing function that
saturates when reaching a certain thickness value. It’s relevant to notice the dotted red
line which represent the value of Pg in the case where the compensation charge coun-
terbalance the polarization of the ferroelectric material. An interesting trend is observed
in fig.C.3 where the depolarization field reaches a peak value close to tpg = 3nm. This
can be explain by looking at (C.14) where Ege, < AT - Pg and because of their trends
AT monotonically decreasing and Pr monotonically increasing then a maximum value is

obtained.

Pp = (C.16)
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Figure C.2: Shift of the remnant polarization and transition temperature as a function of
ferroelectric thickness. The Landau coefficient ag = 1e7[m/(F K)|, 8 = 1el0[m®/(F C?)],
the Curie-Weiss temperature Ty = 450[K] and the screening length value is the one

reported in the tableC.1
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Figure C.3: Depolarization field behavior as a function of ferroelectric thickness. The
Landau coefficient ag = 1e7[m/(F K)], 3 = 1el0[m®/(F C?)], the Curie-Weiss tempera-
ture Ty = 450[ K] and the screening length value is the one reported in the tableC.1
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