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Abstract

In an era in which the amount of produced and stored data continues to exponentially grow,
standard memory concepts start showing size, power consumption and costs limitation which
make the search for alternative device concepts essential. Within a context where new technologies
such as DRAM, magnetic RAM, resistive RAM, phase change memories and eFlash are explored
and optimized, ferroelectric memory devices like FeRAM seem to showcase a whole range of
properties which could satisfty market needs, offering the possibility of creating a non-volatile
RAM.

In fact, hafnia and zirconia-based ferroelectric materials opened up a new scenario in the memory
technology scene, overcoming the dimension scaling limitations and the integration difficulties
presented by their predecessors perovskite ferroelectrics. In particular, Hf,Zr;_,O, stands out
because of high processing flexibility and ease of integration in the standard semiconductor industry
process flows for CMOS fabrication. Nonetheless, further understanding is necessary in order to
correlate device performance and reliability to the establishment of ferroelectricity itself.

The aim of this work is to investigate how the composition of the ferroelectric oxide, together
with the one of the electrode materials influence the behavior of a ferroelectric RAM. With this
goal, different process parameters and reliability properties are considered and an analysis of
the polarization reversal is performed. Starting from undoped hafnia and zirconia and subse-
quently examining their intermixed system, it is shown how surface/volume energy contributions,
mechanical stress and oxygen-related defects all concur in the formation of the ferroelectric phase.

Based on the process optimization of an Hf,Zr;_,O»-based capacitor performed within these
pages, a 64 kbit 1T1C FeRAM array is demonstrated by Sony Semiconductor Solutions Corporation
which shows write voltage and latency as low as 2.0 V and 16 ns, respectively. Outstanding
retention and endurance performances are also predicted, which make the addressed device an
extremely strong competitor in the semiconductor scene.
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Positive and negative same state (SS+, SS-), new same state (NSS+, NSS-) and
opposite state (OS+, OS-) retention measured at 85 °C for ferroelectric capacitors
based on a 10 nm Hfy5Zry50, film sandwiched between a) TiN BE and TiN TE

and b) TiN BE and MoO, TE. The OS retention shows the strongest reduction and

was therefore extrapolated for 10 years operation in order to benchmark device
degradation. . . . . .. ... ... 80
Phase deconvolution of the GIXRD spectra of a a) TiN/HZO/TiN, b) a TiN/HZO/MoO,
and c) a MoO,/HZO/TiN capacitor stack according to the procedure explained in
chapter3. . . . . . . . 81
XPS measurements of Hfy 5Zrg 50,-based capacitor stacks at the a) bottom and b) top
interface with W and c) bottom and d) top interface with TiN. The Hf 4+, Hf 3+ and

N 2s peaks are deconvoluted and used to calculate the amount of Vg in the layer.

In panel e) and f) TEM pictures of a Si/W (in green)/HZO (in red) stack, where an
interface between W and HZO isshown. . . . ... ... ... ............. 82
a) 2P, and b) hysteresis shift as a function of the number of applied field cycles for

Hfy 521950, (HZO)-based capacitor stacks with different top and bottom electrode
combinations including W and a reference TiN/HZO/TiN FeCap. . . . . . . .. ... 83
Positive an negative same state (55+, SS-), new same state (NSS+, NSS-) and opposite

state (OS+, OS-) retention measured at 85 °C for ferroelectric capacitors based on

a 10 nm Hf(5Zrp50; film sandwiched between a) TiN BE and TiN TE and b) W

BE and TiN TE. The OS retention shows the strongest reduction and was therefore
extrapolated for 10 years operation in order to benchmark device degradation. . . . 84
Shift of the ferroelectric hysteresis extracted from the measurement of the opposite

state polarization as a function of baking time at 85°C. The dashed lines represent

a fit and the slope is taken as an expression of the magnitude of the imprint i.e.

how fast degradation through progressive imprint occurs. The starting point at t =

0 depends on the original hysteresis shift, caused by the work function difference
between the two employed electrode materials. . . . . . ... ... .. ... ... ... 85
a) Hysteresis shift for FeCaps with different electrode combinations and b) work
function of the electrode materials as a function of the measured imprint slope. . . . 86
Average imprint slope (left y-axis), average opposite state retention (right y-axis, red)

and normalized relaxed polarization (right y-axis, blue) as a function of remanent
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a) Switched remanent polarization as a function of switching pulse width for dif-
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1 Motivation

In the era of digitalization, data storage has become of extreme importance in our daily lives.
Starting from personal computers, moving to mobile phones, cameras, smart housewares and
looking forward to the Internet of things, everyone of us is surrounded by or even carrying billions
of incredibly tiny capacitors and transistors which allow us to store information in the form of a bit,
ofa"l"ora"0".

The miniaturization of data memories brings several challenges along. Device requirements do not
only include high storage density but also cost-effectiveness, low power consumption and high
speed operation.

Table 1.1: Comparison of the main features of SRAM, DRAM, and ferroelectric memory technologies.
Adapted from [1]-[5].

Property SRAM DRAM perovskite- HfO,-based HfO,-based
based FeRAM FeFET
FeRAM

Operation >05V >1V >1V >25V >3V

voltage

Program <10ns <20 ns <20ns <1l4ns 250 ns

time

Endurance  >10" > 10" > 10" > 10" >10°

Read time <10 ns <20 ns - - -

Non- no no yes yes yes

volatile

Memory cell 6T 1T1C 1T1C 1T1C 1T

Min. feature > 100F? 6F? ~ 30F? 6F? 6-10F?

size

Technology 28 nm 18 nm ~ 90 nm ~ 20 nm 22 nm

node

Traditional memory concepts struggle to follow market evolution for different reasons. In fact,
technologies such as static random access memories (SRAM) present size limitations with its
six transistors [6]. Solutions such as dynamic random access memories (DRAM) show power
consumption issues related to volatility and consequent continuous request of a supplied voltage.
In this landscape, new memory concepts emerged such as magnetic RAM, resistive RAM, and
last but not least ferroelectric RAM, which could fill the gap in the traditional memories hierarchy

and present a solution both in terms of high density i.e. high scalability, low power consumption
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because of non-volatility and low program voltage and latency and promised high endurance.
Table 1.1 reports a comparison in terms of operation speed and performance of the more traditional
memory concepts (SRAM, DRAM) and the newer ferroelectric technologies.

100 years ago ferroelectricity was first reported [7] and after that many materials have been found
showing a remanent polarization at zero applied fields. Perovskite-based materials such as lead
zirconate titanate (PZT) and strontium barium titanate (SBT) seemed to be promising until a final
stop was reached in terms of scalability, leaving device concepts based on these materials at the
90-nm technology node and only usable for niche applications [8].

The first publication showing a ferroelectric hysteresis in hafnia doped with Si by Boscke in 2011
[9] paved the way towards better device integration in the state-of-the-art technology nodes. In the
last couple of years, a 28-nm technology node integrated ferroelectric Si-doped hafnia field-effect
transistor (FeFET) and the first fully working FeRAM arrays based on a combination of hafnium

and zirconium oxides were successfully demonstrated by industry [4], [10].

Besides classic data storage, hafnia-based ferroelectric devices show great potential in the field of
neuromorphic computing. Technologies such as FeFET can well emulate the biological behavior
of a brain network, serving both as neurons and as synapses [11], [12]. This particular skill is
related to the inherent presence of a transistor and a non-volatile element in the FeFET structure.
A tunable conductance behavior was also demonstrated in HfO,-containing ferroelectric tunnel
junctions, which are therefore also good candidates for neurosynaptic computing [13], [14]. Not of
lower importance is also the observation of negative capacitance effects in structures combining a
ferroelectric and a dielectric layer [15], [16].

The feasibility of such devices was only possible thanks to major steps in material and technology
research which have been achieved in the last ten years. Nonetheless, challenges are still present
and the success of this memory concept on the market still strongly depends on device optimization

on a material level.

That given, this work pursues the optimization of ferroelectric capacitors whose active layer is
a solid solution of hafnium and zirconium oxide. The intention behind this research stems from
the interest of Sony Semiconductor Solutions Corporation in a high endurance, fast operation and
long-lasting memory device. For this purpose, FeERAM was chosen as targeted architecture, given
its outstanding performance as already elucidated in table 1.1. The study and improvement of
ferroelectric capacitors are therefore targeted not only in remanent polarization values but also in
terms of device reliability with time and temperature and of lifetime meaning program and erase
cycling performances.

First, an overview is given elucidating ferroelectric fundamental physics through the Landau-
Ginzburg formalism. This is followed by a short overview of the existing ferroelectric memory

device concepts and different material classes, with a particular focus on hafnia-based thin films.
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The main figures of merit for ferroelectric devices are presented together with the challenges in
terms of the reliability of this technology. After that, the techniques used within this study to
fabricate and characterize the capacitors are listed and concisely explained in chapter 3.

The core of this work is represented by chapters 4, 5, 6 and 7, where the optimization of the
fabricated ferroelectric capacitors is addressed first by studying the hafnium-zirconium oxide
layer (chapter 4) and later by observing the influence of the used electrode materials (chapter
5). In chapter 6, the polarization switching mechanism in hafnia-based ferroelectric thin films is
investigated in relation to material properties. Different models are surveyed and an interpretation
of the polarization reversal mechanism is suggested. Finally, chapter 7 aims to elucidate the
interplay of the different factors playing a role in the establishment of ferroelectric properties in
HfO, /ZrO,-based capacitors, eventually showing how oxygen content, mechanical stress and
surface/volume energy effect all concur in the stabilization of the polar phase in such films.

Last but not least, the results obtained by Sony Semiconductor Solutions Corporation when
integrating the optimized ferroelectric layer in a 64 kbit 1 transistor - 1 capacitor (1T1C) array are
shortly exposed in chapter 8, demonstrating a successful optimization of the FeCap building blocks
allowing device operation at high speed and low voltages.
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2.1 Basics of ferroelectricity

Ferroelectric materials are a subgroup of polar dielectric materials which present a non-linear
response with respect to the electric field. A ferroelectric material is characterized by two opposite
spontaneous polarization states P; which are retained even in the absence of an external electric
tield. Switching between these two opposite polarization states i.e. polarization reversal can be
obtained by applying an electric field in the opposite direction [17].

Despite containing the word "ferro", ferroelectricity does not deal with the chemical element
Fe (iron). The etymology of the word finds its roots in the similarity with ferromagnetism. In
ferromagnetic materials, the magnetic flux density B shows a hysteretical dependence on the
applied external magnetic field H. Similar behavior is proper of ferroelectric materials, where the
magnetic flux B is replaced by the electric displacement D and the magnetic field H by the electric
field E [18].

In a linear dielectric, the displacement field D is correlated to the electric field E through the

following relation:

D = ¢E = gpe, E (2.1)

where ¢ is the electrical permittivity, which can be expressed as the product of the vacuum permit-
tivity €9 and the permittivity of the medium in question ¢,. In a ferroelectric material, this relation
is not linear and the displacement field D can be also expressed as a function of the electrical

polarization P as follows:

D=¢E+P 2.2)

where P can be also expanded as a function of the spontaneous polarization Ps and of the linear

dielectric response:

P =¢eyxE + Ps (2.3)

D = eoE + goxE + P (2.4)
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where x is the electrical susceptibility of the medium.

The presence of the spontaneous polarization P; gives rise to the typical hysteresis curve observed
when plotting the polarization P vs. the applied electric field E i.e. the P-E characteristics. The
two intercepts with the positive and negative y-axis represent the positive and negative remanent
polarization P, and P, _, respectively.

Figure 2.1: Polarization P vs. electric field E for materials showing a) linear dielectric behavior b) ferroelectric
behavior c) antiferroelectric-like behavior. Remanent polarization, spontaneous polarization and coercive
fields are indicated in red, green and blue, respectively.

A single domain ferroelectric would show polarization switching at one single field, called coercive
tield E. and representing the intercept of a perfect squared ferroelectric hysteresis curve with the
x-axis. This ideal case is unlikely and a ferroelectric film rather presents many domains, switching
each at a different electric field. This gives rise to a certain distribution of coercive fields and a
slightly tilted ferroelectric hysteresis. This deviation from ideality also causes the back-switching of

some of the domains after field reversal before the opposite coercive field is reached.

In figure 2.1, the typical P-E characteristics for a a) linear dielectric, b) ferroelectric (FE) and
¢) antiferroelectric-like (AFE-like) behavior are schematized. In a linear dielectric material, the
displacement field equals zero when no electric field is applied. Conversely, a ferroelectric behavior
is characterized by two equilibrium states in which a certain polarization P, is retained even in
the absence of an electric field. These two equilibrium states macroscopically correspond to two
minima in the free energy landscape of the material, each one associated with one position of
one or more ion(s) in the unit cell. Therefore, the energetic landscape of a ferroelectric material
presents a double-well potential, with each well corresponding to one equilibrium position for the
displacing atom(s). An external electric field is needed to overcome the energy barrier between the
two minima, displace the interested ions and therefore reverse material polarity. Differently from

ferroelectric materials, antiferroelectric ones present two sub-lattices with antiparallel spontaneous
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polarization, which therefore induce a zero remanent polarization as a sum of the two equal and
opposite contributions when no external field is applied. The application of the latter generates
a dipole alignment and/or a phase transition in the polar phase, which is reversible upon field
removal. This causes the formation of the positive and negative hysteresis subloops, as shown in
Fig. 2.1 ¢).

2.1.1 Depolarization fields

Another non-ideality factor is represented by the so-called depolarization fields. In an ideal
ferroelectric capacitor with two perfect interfaces between the ferroelectric material and the metal
electrodes, the polarization charge would be exactly balanced out by the free charges in the metal
contacts. Real metals present nonetheless a finite screening length [19] and a certain parasitic
interface can be formed between the electrodes and the ferroelectric, for example in the form of
a thin oxide interlayer or non-switching phase portions [20], [21]. These two factors contribute
to the establishment of a depolarization field E;,, which leads to the reduction of the remanent
polarization [22], to the creation of multiple domains for energy minimization [23] and to back-
switching phenomena. The depolarization field related to the presence of a dead layer can be
calculated as follows:

P, ( Ca > - Py ( eqdrE ) -
E, = — 14+ 2 = — 1+ 2.5
dep EFEEQ Cre EFE€Q eredy @5)

where erg, Crp and drf represent the relative permittivity, the capacitance and the thickness of the
ferroelectric layer whereas ¢4, C; and d; stand for the relative permittivity, the capacitance and the
thickness of the dead dielectric layer. To weaken the effect of the Eg,), it is necessary to maximize
the ratio between the thickness of the ferroelectric and the one of the dielectric. A high electrical
permittivity of the dielectric also contributes to decreasing the depolarization fields [24].

Depolarization fields strongly influence device reliability, as will be shown in chapter 5. In fact,
the set polarization state can be gradually lost because of back-switching. Charge injection and
trapping can also occur to counterbalance the bound polarization.

2.1.2 The Landau-Ginzburg formalism

One of the most accepted theories describing (anti-)ferroelectricity is the Landau-Ginzburg formal-
ism [25], [26]. According to this model, the free energy of a ferroelectric material can be described
in the following manner:
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_ 1 2 1 4 1 6
G = saP? 4 JpP*+ -P° —EP (2.6)

where «, B and <y are the Landau coefficients. Contrarily to f and <, « shows a temperature
dependency. The first and second derivatives of the free energy G with respect to the polarization P
gives insights on system stability, whose conditions change with respect to the sign of the Landau
coefficients. Minima are obtained for the free energy when the following conditions are satisfied:

i—g:O%EzaP+ﬁP3+'yP5 (2.7)
G ) .
Sip >0 a+3pP 457" >0 (2.8)

The first trivial solution is found for P = 0 and corresponds to the paraelectric state. Otherwise,
system stability will strongly depend on the coefficients.

The term < at the highest power needs to be positive. A negative vy would translate in infinite
negative free energy at high polarization values, implying system decomposition. The coeffi-
cient a represents the inverse of the electrical susceptibility and therefore presents a temperature
dependence in the form

o= ?1( = wo(T — To) (2.9)

where T is a critical temperature called Curie-Weiss temperature which is normally equal or lower
than the phase transition temperature T,. At temperatures above Tj, « is positive and only one
minimum is observed in the free energy with respect to polarization, meaning the system has a
paraelectric behavior. For T < Tj i.e. for negative « two minima are observed corresponding to the
two ferroelectric polar states.
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Figure 2.2: Qualitative trends of a) Gibbs free energy as a function of polarization, b) spontaneous polarization
and c) electrical susceptibility as a function of temperature for a second order phase transition and of d)
Gibbs free energy as a function of polarization, e) spontaneous polarization and electrical susceptibility as a
function of temperature for a first order phase transition. Pictures taken from [27].

The sign of the term B determines whether a first or a second order phase transition takes place
between the two polar states. If § is positive, a second order phase transition is observed. On the
contrary, a phase transition of the first order takes place when g < 0.

For B > Oi.e. in the case of a second order phase transition, neglecting -, together with the trivial

solution with P = 0 the following expression is obtained:

T T,
P? = —
° ﬁCCurie

(2.10)

where Ccyyi, is the Curie constant. This means that, for temperatures lower than the Curie tem-
perature, a spontaneous polarization exists. In this case, Ty coincides with the phase transition
temperature T.. Figure 2.2 (a), (b) and (c) show the trends of the free energy with respect to the
polarization and of the polarization and the electrical susceptibility with respect to the temperature
in the case of a second order phase transition. For T > Tp, only one minimum of G is observed
corresponding to P = 0 i.e. to the paraelectric solution. When lowering the temperature below
To, a continuous transition into the two minima corresponding to the two polarization states is

observed.
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For B < Oi.e. in the case of a first order phase transition, assuming y > 0, together with the trivial
solution with P = 0 the following expression is obtained:

P2 = (1B + /B2 — 4Cch (T — To)y) 27 (2.11)

Figures 2.2 (d), (e) and (f) display the trends of the free energy with respect to the polarization
and of the polarization and the electrical susceptibility with respect to the temperature in the case
of a first order phase transition. Once again, above the phase transition temperature T, the free
energy G has one minimum corresponding to P = 0. By cooling down the system, two minima
are formed which are higher in energy compared to the global minimum at P = 0 until the Curie
temperature Tj is reached, meaning that the ferroelectric and the paraelectric phase co-exist with
the ferroelectric phase being meta-stable. For T < Ty, the two minima corresponding to two finite
polarization values are lower in energy compared to the minimum at P = 0 i.e. the two ferroelectric
states are stable. The transition takes place in a discontinuous way, that is a jump in polarization
from 0 to a finite value is observed.

2.2 Ferroelectricity for memory applications

The double configuration possessed by ferroelectric materials in terms of positive and negative
polarization naturally allows them to be used as binary memory devices. In this section, the three
basic memory concepts based on ferroelectricity will be explained. The working mechanisms
behind ferroelectric random access memories (FeERAM), field-effect transistors (FeFET) and tunnel
junctions (FTJ) will be exposed, with particular attention reserved to FeRAM. A review of the
history and the functioning of the different ferroelectric memory concepts can be found elsewhere
[5], [28].

2.2.1 Ferroelectric random access memory

The first ferroelectric memory was proposed by Dudley Allan Buck and dates back to 1952 [29].
His concept was based on a matrix of capacitors and presented therefore instability issues related
to signal disturb and capacitor discharge when spatially consecutive devices in the array were
addressed. To overcome this issue, a 1T1C was proposed where a transistor is combined with a
ferroelectric capacitor. The 1T1C memory cell strongly resembles the DRAM architecture and is

nowadays used in commercial ferroelectric devices [2], [30].

A standard 1T1C FeRAM structure is schematized in Fig. 2.3 a). The ferroelectric capacitor is
addressed by pulses of a defined amplitude and polarity which may or may not induce a switching
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Figure 2.3: a) Schematics and b) SEM cross section of a 1T1C FeRAM memory. M1, M2 and M3 represent the
metals used to create the bit-line contact during BEOL integration; MFM represent the metal-ferroelectric-
metal (1C) structure of the 1T1C memory cell. Picture b) was taken with permission from [2].

event, depending on the capacitor polarization state at the moment the pulse is applied. After
activating the transistor through the word line, its current is read as a voltage change at the bit
line: a switching event in the ferroelectric capacitor will provide a positive difference between
the read bit line voltage (Vp1) and a reference voltage, corresponding to an enhancement due to
the switched polarization charge 2P, - A, where A is the capacitor area. On the contrary, when no
switching takes place, the read Vp; will equal the reference voltage. By differentiating these two
cases, a "1" or a "0" bit can be read. The reading operation is destructive and the information has to
be refreshed after read-out. Nonetheless, the ability to store a certain polarization state even in the
absence of an electric field makes FeRAM non-volatile, in contrast to DRAM [31].

2.2.2 Ferroelectric field effect transistor

Another ferroelectric memory concept is the ferroelectric field-effect transistor (FeFET). It only
consists of a 1T memory cell. In this case, the ferroelectric layer is placed between the gate and the
channel and a shift in the transistor threshold voltage is observed depending on the polarization
state of the ferroelectric [32]. The writing operation consists in applying a voltage between the
word-line and the "bulk" (ground) of the transistor. During the reading operation, a fixed gate
voltage is applied at the gate (word line) and a different drain current (on/off) is read at the bit line
depending on the polarization state of the ferroelectric i.e. on the caused threshold voltage. This
gives either a "1" or a "0" in the read-out. Conversely to the 1T1C concept, the reading operation
of a 1T cell is non-destructive. The FeFET concept, unfortunately, suffers from strong retention
issues mainly caused by charge trapping [33] and depolarization fields phenomena [34] originating

from the dielectric interface generated between the ferroelectric and the semiconductor channel of

10
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the transistor. Furthermore, a relatively high coercive field is needed to be able to scale down the
device and use lower ferroelectric layer thicknesses. The discovery of ferroelectricity in HfO, thin
layers has eased the way towards integration of FeFET devices in standard CMOS lines [10], [35],
[36]. Nonetheless, the aforementioned reliability issues still postpone the integration of the 1T cell

into commercial concepts.

Despite its low retention and endurance, other factors contribute to making FeFET such an inter-
esting technology. Cumulative switching was demonstrated, allowing multiple-level storage and
opening the path towards neuromorphic [12], [37] and logic in memory [38] applications. Negative

capacitance effects [15], [39] were also demonstrated.

2.2.3 Ferroelectric tunnel junction

Ferroelectric thin films can also be used on their own or in combination with a thin tunneling
dielectric layer within ferroelectric tunnel junctions (FTJ), which mainly consist of capacitors whose
polarization state is directly read by measuring the current flowing through the capacitor [40]. This
device concept has only recently started to be investigated as compared to FeRAM and FeFET
devices. In a single layer FI] device, a very thin ferroelectric layer is placed between two different
metal electrodes and the tunneling current level will depend on the ferroelectric polarization state
[41].

Despite the concept itself being rather straightforward, its implementation presents several practical
obstacles. As an example, it is difficult to obtain crystalline ferroelectric layers of the wished
thickness (i.e. 2-3 nm). Furthermore, parasitic currents could easily be in the same range of the
signal to be detected and make readout unreliable. To overcome such limitations, a new device
concept has been elaborated in which a thin dielectric layer (e.g. Al,O3 [42] or SiO; [43]) is stacked
with the ferroelectric layer into the capacitor structure. Nevertheless, this alternative concept also
carries reliability issues that become similar to those observed in FeFETs, where the interplay
between the thin ferroelectric layer and the creation of an additional oxide interface can result in
strong depolarization fields and charge trapping. For this reason, the respective thicknesses of the
ferroelectric and the thin dielectric have to be optimized to allow a high enough tunneling current

and concurrently a decent retention performance [44].

11
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2.3 Materials showing ferroelectricity

Figure 2.4: Timeline of meaningful discoveries and advancements in semiconductor ferroelectric science and
industry from the first report [45] until today. Picture adapted from [28].

Figure 2.4 chronologically reports the advancements and the milestones reached both in the
tield of ferroelectric material research and from a memory device point of view. Ferroelectricity
was first reported in 1921 when a ferroelectric hysteresis analogous to the well-known magnetic
hysteresis was measured in Rochelle Salt [7]. Nevertheless, the interest in this material class only
started growing when this property was first detected in perovskite structures such as barium
titanate (BaTiOj3) [46] and later in lead zirconate titanate (Pb(Zr;_,Ti,)O3 or PZT) [47], [48] or
in layered perovskite structure such as strontium bismuth tantalite (Srq_,Biy,,Ta;O9 or SBT)
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[49]. Ferroelectricity was also reported in organic systems such as polyvinylidene fluoride, co-
polymerized with tri-fluoroethylene [P(VDF-TrFE)] [50], [51]. The discovery of ferroelectricity in
hafnia-based material allowed the scaling down of memory devices accordingly to the state-of-the-
art technology nodes. This allowed the integration of FeFET in the 28 nm technology node [36] and
led to the demonstration of the first HfO,-based FeRAM arrays [2], [30]. Concurrently, outstanding
properties were also reported in AlScN-based films, opening promising parallel integration routes
[52].

Table 2.1: Remanent polarization, coercive field and k-value in some of the most common ferroelectric
systems. Values were extracted from [8], [52]-[54].

Property PZT SBT PVDF:-TRFE HfO, Al,Sc¢;_,N
Remanent polarization [uC/cm?] 40-90 10-20 8-10 30-60 80-110
Coercive field [MV/cm] 0.05 0.035-0.055 0.6 0.8-2 2-5
k-value 1300 150-250 ~ 16 ~ 30 ~ 25

Table 2.1 summarizes the main features belonging to the classes of ferroelectrics mentioned in this
section. In the next sections, the properties of the different materials systems will be elucidated
in detail. After that, ferroelectricity in hafnium oxide-based thin films will be addressed both for
undoped and doped HfO,, as well as for HfO,-ZrO, solid solutions.

2.3.1 Perovskite-based ferroelectrics

Figure 2.5: a) Phase diagram of Pb(Zr;_,Tiy)O3; showing the three polymorphs stabilized as a function of
temperature and material composition. The morphotropic phase boundary (MPB) between the rhomboedral
and the tetragonal phase is indicated with an arrow; b) PZT unit cell in the tetragonal, ferroelectric phase in
the two different polarization states depending on the position of the Ti, Zr ions. Adapted from [55] and
https:/ /en.m.wikipedia.org/wiki/File:Perovskite.svg
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PZT is probably the most frequently found material system within the literature for perovskite
ferroelectrics. Pb(Zry_,Tiy)Os is a solid solution of PbZrO3 and PbTiO3. It presents two ferroelectric
polymorphs, i.e. the rhombohedral (high Zr content) and the tetragonal phase (high Ti content),
whereas a non-ferroelectric, cubic phase is stabilized for temperatures larger than the Curie temper-
ature. Figure 2.5 a) shows the temperature-composition phase diagram of the PZT system [55]. For
x values of about 0.47, a morphotropic phase boundary is encountered, where the maximum values
of the dielectric permittivity and the piezoelectric coefficients were measured [55]-[57]. However,
to induce ferroelectricity in FeRAM concepts, x values of 0.6 or 0.7 can be preferred [58]. Figure 2.5
b) reports as an example how the two polarization states can be stabilized in the tetragonal phase
depending on the displacement of the Ti/Zr ions. Unfortunately, the high dielectric constant of
this material, together with its low observed coercive field and the difficult integration within the
CMOS process flow make the scaling of this material below a thickness of 90 nm rather problematic
[69]-[61]. Ferroelectric memories were therefore put aside from that technology node onwards and
research was re-oriented towards emerging concepts such as resistive switching, magnetoresistance
and phase change memories until ferroelectricity was first discovered in hafnia-based materials
[62].

2.3.2 Polymer-based ferroelectrics

To suppress fabrication costs, polymers including polar chains were suggested as candidates for
deployment in FeRAM. Differently from the FeRAM as described above, polymeric ferroelectric
RAM is fabricated in the form of a dense matrix of capacitors i.e. polymer sandwiched between
two metal electrodes, which are addressed through word and bit lines. This means, no transistors
are included in a memory cell and single capacitors can be stacked on top of each other in the form
of a 3D memory. This makes polymer FeRAM interesting for the field of high-density data storage
[63]. Furthermore, flexible structures overcoming temperature instabilities were also demonstrated
[64]. Nonetheless, given the long access times, this concept is rather used to compete with NAND
Flash memories than with perovskite and hafnia-based FeRAMs. Recent developments in NAND
Flash eventually made the concept obsolete.

2.3.3 Aluminum scandium nitride

Only in 2019, ferroelectricity was reported in AIScN films [52]. AIN was already known to present
piezoelectric and pyroelectric properties [65]. The addition of ScN to the well-known system not
only increased the piezoelectric response [66] but also provided additional ferroelectric switching
to the layer. This was pursued through stress effects which lowered the otherwise very high
coercive fields for ferroelectric switching below the breakdown field of the material. Outstanding
remanent polarization values were already reported in early works, setting hopes for a great

optimization potential for this technology [67]. Given the mature deposition techniques already
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implemented for its deployment in modern actuators, integration of AlScN into the ferroelectric
semiconductor industry is rather seamless, making this material exceptionally promising. The

remaining challenges are strongly related to the further lowering of the high coercive fields.

2.4 Hafnium oxide thin films

Already for decades, HfO, is intensively studied in the semiconductor industry within different
device concepts. This material possesses indeed outstanding properties in terms of temperature
stability, reasonably high dielectric constant, relatively high bandgap and compatibility with Si [68],
[69] which make it very attractive for numerous applications such as high-k gate stacks in CMOS
[70] and active layer DRAM [71] or RRAM [72]. In 2011, Boschke et al. reported for the first time
the observation of ferroelectricity in HfO, thin films doped with Si [9]. The interest in this material
as an enabler of scaling down and power lowering of ferroelectric devices has not stopped growing
ever since. In particular, being it already utilized in the CMOS process flow, its high scalability and
integration possibilities make it a great replacement of traditional perovskites such as PZT, which
conversely come with thickness constraints and processing-related difficulties.

Figure 2.6: Schematics of the unit cell of the Pca2; group corresponding to the polar orthorhombic phase
in the two opposite polarization directions. Hf atoms are represented in green, oxygen atoms in red and
oxygen atoms whose position defines the polarization state in golden. Picture taken from [73].

In the past 10 years ferroelectricity has been reported in HfO, thin films doped with many different
elements [74], but also in solid solutions of HfO, with its sister oxide ZrO, [75], [76] or even
in undoped HfO, layers [77]. Furthermore, despite atomic layer deposition (ALD) being the
most widely used technique, ferroelectricity has been demonstrated also in layers deposited with
alternative techniques such as physical vapor deposition (PVD) [78], [79], pulsed layer deposition
(PLD) [80], chemical vapor deposition (CVD) [81] and chemical solution deposition (CSD) [82].
What all these systems have in common is the appearance of the polar orthorhombic Pca2; phase

group, which is otherwise absent in the classical phase diagram of HfO, [83]. In this particular lattice
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configuration, the oxygen atoms present two possible equilibrium positions, each corresponding to
a polarization direction. The application of an external electric field can trigger the displacement of
the oxygen atoms from one equilibrium position to the other, enabling polarization switching. The
two oxygen positions in the lattice represent the two minima in the free energy landscape of HfO,.

Among the factors considered as contributors to the stabilization of the otherwise metastable polar
orthorhombic phase surface/volume effects [84], the inclusion of dopant atoms [74], the presence
of oxygen vacancies [85], [86], rapid quenching [87] and mechanical stress [88]-[90] have been

widely studied. Their effects are nevertheless still difficult to discriminate.

In the last years, different groups approached ferroelectricity in undoped HfO,, trying to discern
the effect of the oxygen-related defects from the one of dopant inclusion. A similar approach will
be followed in this section, where a brief result collection will be displayed first for undoped HfO,,
then for doped HfO, and eventually for HfO,-ZrO; mixed systems.

2.4.1 Undoped hafnium oxide

The phase diagram of bulk HfO, shows no stabilization regions for the orthorhombic phase at
atmospheric pressure conditions. This material is normally found in the m-phase, whereas the
tetragonal and the cubic phase are only stabilized for extremely high temperature or pressure
values [73], [91]. Nevertheless, particular non-equilibrium conditions such as very low thickness or

high oxygen-related defectivity seem to ease the stabilization of the polar phase [73].

Figure 2.7: Remanent polarization of undoped HfO; layers as a function of oxygen supplied during deposi-
tion i.e. oxygen flow in sccm (upper x-axis) for PVD and ozone dose time (lower x-axis) for ALD. Picture
adapted from [92].

In the last years, many groups engaged themselves in the achievement of ferroelectricity through

tuning of the oxygen supply during deposition of undoped HfO, thin films to study the effect of
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oxygen vacancies. As shown in figure 2.7, non-zero remanent polarization values were measured
in layers deposited both with sputtering [85] and ALD [77], [86]. In all three cases displayed in the
tigure, additional GIXRD measurements demonstrated the increase in oxygen content corresponded
to a stabilization of the m-phase whereas high remanent polarization values could be correlated to

the presence of the polar o-phase.

Results indicate that in sub-stoichiometric conditions, that is when little oxygen is supplied during
deposition and likely oxygen vacancies are generated, the o-phase and ultimately the t-phase can
be stabilized, as also suggested by ab initio calculations [86], [93].

Experimental data concerning undoped HfO, deposited both via sputtering and ALD will be
displayed in the upcoming section 4.3 and 4.6. Concurrently, a model for phase stabilization from

ab initio calculations will be suggested in chapter 7.

2.4.2 Doped hafnium oxide

Figure 2.8: Remanent polarization of doped HfO; layers deposited via ALD as a function of dopant concen-
tration (%). The dashed lines are meant as a guide for the reader. Data taken from [94].

Ferroelectricity was successfully demonstrated in HfO; thin films doped with various elements.
Among those Si [62], [95], Al [96], La [97], [98], Gd [99], Sr [100], Y [80], Ge [101] and Sc [101]
came with experimental evidences. Figure 2.8 summarizes some of the experimentally measured
values for doped HfO, layers deposited via ALD as a function of dopant content. Nonetheless,
simulation works included further elements such as Ce, Sn, Ti, etc [102]. Recently, a non-zero
remanent polarization was shown even in bulk Y:HfO, with 50 mm size and 2 g mass crystallized

via floating zone method [103].

In general, the gradual inclusion of atoms of the aforementioned dopant elements seems to first
cause the disappearance of the monoclinic phase, followed by a stabilization of the o-phase and
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Figure 2.9: a) Remanent polarization and b) orthorhombic, monoclinic and tetragonal phase fractions as
calculated from GIXRD measurements for Si-doped HfO, layers as a function of Si content. The highest
remanent polarization values correspond to the highest detected polar orthorhombic phase. The dashed
lines are meant as a guide for the reader. Data taken from [104].

later of the tetragonal or the cubic phase. As the dopant content increases, a decrease in the unit
cell aspect ratio is encountered independently of the radius of the dopant atom. Conversely, the
unit cell volume decreases when the t-phase is stabilized (see the case of Si), whereas it increases
in the presence of the cubic phase (as seen for La) [104]-[106]. The phase evolution from the m-
through the ferroelectric o-phase to the t- or c-phase is accompanied by a change in the measured
polarization-voltage characteristic. Figure 2.9 shows the trend in remanent polarization and phase
fractions of Si-doped HfO, as a function of Si content. At first, a paraelectric behavior with no
ferroelectric switching is observed. For increasing dopant concentration i.e. as the o-phase is
stabilized a ferroelectric hysteresis is measured. The maximum measured remanent polarization
corresponds to the highest detected orthorhombic phase portion. The stabilization of the t-phase
comes from an anti-ferroelectric-like pinching of the hysteresis until a paraelectric behavior is again
detected. For the c-phase, the AFE-like stage is skipped and a direct transition to a paraelectric
characteristic is observed [94].

Not all elements can grant ferroelectricity in the same content interval. The process window in
terms of dopant concentration differs highly between the different employed species. In particular,

a five-time larger window was demonstrated for La with respect to Si [104], [106]. The high
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capability of lanthanoids to stabilize ferroelectricity was also a result of simulation works [107] and
was recently attributed to higher promoted texture in the films [88].

The introduction of a dopant species acts as impurity and therefore increases crystallization
temperature. For this reason, high annealing temperatures are normally employed which can
cause undesired oxidation of the interface to the electrodes. A parasitic titanium oxide layer
was for example demonstrated through hard X-rays photoelectron spectroscopy (HAXPES) and
time-of-flight secondary ions mass spectroscopy (ToF-SIMS) measurements in samples that had
TiN as electrode material, which caused an internal bias field and therefore reliability issues such
as additional hysteresis pinching and imprint [108]-[110]. This will be more extensively discussed
in the following section 2.4.4 and chapter 5.
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2.4.3 Hafnium-Zirconium mixed oxide

Figure 2.10: Polarization-field curves for a) Hf,Zr;_,O, layers with different Hf:Zr ratios and different
thicknesses; b) 10 nm thick Hfy 5Zrg 50, layers deposited at different temperatures via ALD. Adapted from
[111].
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Differently from other dopant species, Zr replaces Hf atoms in a considerably larger amount.
Therefore, in this case, speaking of a solid solution rather than doping is more adequate. Zr and Hf
are in the literature often referred to as "sister materials", given they both being IV-valent elements
and having an almost identical atomic radius. Nevertheless, the effect of gradual Zr addition in
HfO; layers resembles the one obtained with the previously discussed dopant atoms: increasing Zr
content seems to cause the layers to transition from the m-phase to the polar o-phase and later to
the t-phase. Concurrently, a distribution of remanent polarization values is obtained as a function
of Zr concentration which peaks at a Hf:Zr ratio of around 1:1, corresponding to the largest amount
of detected orthorhombic phase. This result could be reproduced in various literature reports [76],
[109], [111].

One of the main advantages of using ZrO,-HfO; solid solutions consists in the extremely wide
concentration window available for the achievement of ferroelectric properties, which makes pro-
cessing very flexible [84]. Ferroelectric Hf,Zr;_,O, layers were deposited with various thicknesses
[84], at different deposition temperatures [112] and were exposed to different annealing treatments
[113]. Figure 2.10 summarizes the works from Park et al. [84] (Fig 2.10 a)) and Lu et al. [114] (Fig.
2.10 b)) where Hf,Zr;_,O, layers with thicknesses between 9.2 and 29.2 nm, Hf:Zr ratios from 1:0
to 0:1 and deposition temperatures from 200°C to 280°C were investigated. Ferroelectric switching
is observable in most of the aforementioned conditions in the form of a more or less opened ferro-
electric hysteresis. Different deposition techniques such as ALD [86], PVD [79], epitaxial growth via
PLD [115] and even nanolaminates deposition [114], [116], [117] yielded films showing non-zero

remanent polarization.

The great number of process possibilities [118], together with the mature CMOS integration
knowledge resulting from the field of DRAM [119] and the lower required thermal budgets
make HfO,-ZrO; solid solutions of particular interest for the semiconductor industry. Therefore,

Hf,Zr,_,O, layers are nowadays extensively studied in the field of ferroelectric device applications.

This work focuses on the characterization of Hf,Zr;_,O, layers films. The effect of zirconium and
oxygen content will be analyzed in-depth in chapter 4, with the support of ab initio calculations and
a comparison between ALD and PVD layers. The interaction of such films with different electrodes

will be afterward exposed in chapter 5.

2.4.4 Reliability in hafnium oxide based thin films

In this section, reliability aspects connected to hafnium oxide-based devices will be addressed,
with a particular focus on ferroelectric capacitors. First, factors related to the material stack itself
will be exposed. Subsequently, unideal behaviors emerging from program/erase field cycling
will be introduced. Later, retention and imprint will be explained, where the longevity of one

polarization state is evaluated. Afterward, a brief overview of the reliability issues playing a role in
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other devices based on hafnium oxide will be presented. A review covering the mentioned topics
for the main ferroelectric device concepts can be found elsewhere [120], [121].

Ferroelectric capacitors material stack

Oxygen-related defects are the most present kind of defects in HfO, thin films. Considerations
based on Fermi level and charge neutrality have led to the result that neutral oxygen vacancies are
the most likely to form, followed by oxygen interstitials and later by charged oxygen vacancies,
hafnium vacancies and hafnium interstitials. [122]. The energy for defect formation has been
shown to be strongly dependent on the crystalline phase of the material [123]-[126]. For example,
oxygen vacancies have been calculated to more likely be present in the t- and in the po-phase
as compared to the m-phase [127]. In thin films and at the interface with the electrodes, charge
neutrality conditions can be violated, leading to a stronger presence of charged oxygen vacancies
[124].

Figure 2.11: Schematic of an HfO, layer sandwiched between two TiN electrodes with corresponding
transmission electrode microscopy (TEM) picture. A parasitic TiOxNy interface is visible at the interface
with the top electrode, where the most oxygen vacancies are formed. An oxygen vacancy concentration
profile is shown, with data taken from ref. [110].

Oxygen vacancies and in general oxygen-related defects can affect and are concurrently be affected
by the electrode material and the eventual interface between hafnium oxide and electrode. Different
electrodes such as oxide-based materials (e.g. RuO,, IrO,) [128], elemental electrodes (like W and
Pt) [129] and nitrogen-based compounds (very commonly TiN and TaN) [99] have been used within
FeCap stacks and their chemistry has been shown to have an effect on device performance. For
example, Hoffmann et al. [99] reported that the stronger oxidation of the TaN electrode caused
by the HfO, ALD deposition and later by oxygen scavenging during the annealing treatment
caused a higher amount of oxygen vacancies in HfO, thin films deposited on TaN as compared
to TiN. Electrode oxidation was detected also through HAXPES measurements. In particular, a
different oxidation state was reported for the bottom and the top electrodes, which also caused an
oxygen vacancy concentration profile within the HfO, films [110], [130], [131]. Figure 2.11 shows
a transmission electron microscopy picture of an HfO, thin film sandwiched between two TiN

22



2 Fundamentals

electrodes, where single ferroelectric grains are visible. A schematic is used to represent the growth
of the parasitic TiOyN, interface, which is different between the top and the bottom electrodes.
This difference results in an inhomogeneous distribution of the oxygen vacancies within the oxide

layer, as measured via HAXPES.

As previously explained, the presence of an oxidized parasitic interface between the electrode and
ferroelectric oxide is considered responsible for provoking a depolarization field [21] which can
cause an undesired pinching in the ferroelectric hysteresis. Furthermore, a large voltage drop in the
film region close to the interface could cause an increase in charge injection and leakage current,

also affecting device reliability.

Field cycling behavior

Figure 2.12: a) Example of positive and negative remanent polarization as a function of applied field cycles.
The stages preceding and following the maximum memory window opening are defined as wake-up and
fatigue phase, respectively. b) Example of P-V curves for a capacitor in the pristine, the woken-up and the
fatigued state.

During its lifetime, each memory device undergoes a series of write and re-write cycles, aimed
to set a certain memory state i.e. a bit. In the case of ferroelectric capacitors, a "1" or a "0" bit
is stored depending on the polarization state of the ferroelectric layer. To set the capacitor in a
certain polarization state (e.g. write "0"), an electric field that is higher than the coercive field has to
be applied. Polarization reversal is subsequently performed by applying a field in the opposite
direction which is in absolute value larger than the opposite coercive field (e.g. write "1"). This
double process is simulated through a sequence of positive/negative square pulses, as described in
section 3.3.1. Stability with respect to field cycling represents one of the most crucial requirements

and yet challenges for ferroelectric random access memory devices.

Hafnium oxide-based ferroelectric capacitors present a non-ideal behavior with respect to field
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cycling. During the lifetime of the device, different stages are observed depending on the number
of applied program/erase cycles. The memory window, defined as the difference between the
positive and the negative remanent polarization, first increases due to an opening of the ferroelectric
hysteresis and later decreases in the last cycles of the lifetime of the device. Both the increase and
the decrease of the memory window are undesired, as they make the response to external field
inconsistent during device lifetime and represent therefore a challenge for device reliability. Figure
2.12 shows the trend of the memory window with respect to the number of applied writing cycles.

The different phases which are observed as a function of the number of applied writing cycles can

be summarized as follows:

- Pristine state: When the capacitor is in its initial configuration, the ferroelectric hysteresis
often presents some irregularities such as pinching, a shift in one voltage direction or lower
remanent polarization. The transient current can present two or more switching peaks which
afterward merge during wake-up cycling (see below) [132]. This can be related to internal bias
fields, also called depolarization fields. The origin of such parasitic contributions is widely
discussed in the literature, both for traditional perovskite and hafnia-based ferroelectrics
[19], [21]. An unequal charge distribution within the layer or at the two electrodes, the
presence of a dead interfacial layer originating from the oxidation of the electrode materials,
non-polar layer portions can all be responsible for the observed constricted pristine hysteresis.
Furthermore, charges in the layer could pin some of the domains and inhibit their switching,

therefore reducing the switchable polarization [24].

- Wake-up: During the wake-up phase, the memory window opens up to its maximum
value. The increase in P, accounts for a higher number of domains participating in the
switching process. The continuous application of a bipolar external electric field actuates the
suppression of internal bias fields through charge redistribution or field-induced crystalline
phase transition, most likely from the t-phase to the polar o-phase [21], [129], [133], [134].
Furthermore, a short can be created within the parasitic oxidized interface to the electrode,
which cancels out the voltage drop observed in the first cycles [135], [136]. Additionally,
external fields could cause ferroelastic switching and thus 90° domain reorientation from an
in-plane axis to the out-of-plane polar axis of the polar o-phase, as recently reported, causing
more domains to participate in the switching [137], [138]. Oxygen vacancies redistribution
favored by field cycling could play a major role in all the aforementioned processes, as
demonstrated by calculated activation energies for the wake-up process, which in some cases

match those measured for V, migration within HfO, [92].

- Woken-up state: The ferroelectric hysteresis opens up and the maximum remanent polariza-
tion values are achieved. The measured I-V curves present normally one single switching
peak for each voltage polarity.

- Fatigue (or aging) phase: A drop in remanent polarization is observed with further field
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cycling. The fatigue phase is often associated with the creation of new charged defects
which pin the switching domains reducing once again the observed polarization. Pesic et al.
measured an increase in leakage current which was attributed to the creation of new defects
during the aging stage of the device [139]. Similar reports showed up to a 10-fold increase
in trap density during the fatigue stage, which leads to a decrease in the trap distance and
subsequently to a hard breakdown of the device (see below) [126], [140]. The creation of
charged defects could also trigger charge trapping and field inhomogeneities, resulting in a
lower effective field perceived from the ferroelectric materials. Some domains could therefore

not be switched by their effective field, causing a reduction in P, [24].

- Hard breakdown: A short between the top and the bottom electrodes is created as a con-
sequence of layer degradation, often because of charge accumulation and the creation of

leakage paths.

The topic of field cycling behavior was already deeply addressed in the field of traditional perovskite
ferroelectrics [141], [142]. A combination of domain pinning and depinning [143], seed inhibition
[144] and formation/disappearance of a dead parasitic layer [145] were all suggested as causes for
the observation of wake-up and fatigue. Improvements were induced through different electrode
materials. Both metal and oxide electrodes were deployed and endurance values larger than 102
cycles were measured [49], [146]. Performance was considerably enhanced also by tuning the

material composition of the ferroelectric layer itself [147], [148].

Similar studies have been conducted for hafnia based ferroelectrics, addressing the understanding
[132], [149] and the improvement [86], [150] of the memory window evolution with respect to field
cycling. Similar strategies focused on ferroelectric film composition [98] and electrode material
choice [151] were employed for this class of material as well, allowing the achievement of high
number of cycles before device hard breakdown [98], [152] and of wake-up free FeCaps [86]. Both
the effect of film chemistry and structure of the electrode material will be extensively discussed in
chapter 4 and 5, respectively.

Data retention and imprint

The remanent polarization stored in a ferroelectric capacitor can also degrade under the effect of
time and temperature. The loss of the programmed polarization state can normally be distinguished
in imprint i.e. a rigid shift of the ferroelectric hysteresis in one voltage direction and polarization
reversal because of depolarization fields, which act similarly to what was described in the previous

paragraphs [153].

The deployment of ferroelectric devices in commercial applications requires data storage perfor-
mances i.e. data retention for over 10 years. To simulate such conditions, conditioning at higher
temperatures of 85 °C or 125 °C is normally applied during device testing. A standard retention

measurement was first proposed in [154] and will be explained in section 3.3.1.
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Imprint manifests itself as a change in the coercive field, that is in a shift of the P-V hysteresis
in one voltage direction. Due to this phenomenon, some domains acquire a coercive field that is
higher than the readout voltage. As a consequence, as the read-out takes place fewer domains are
successfully switched with the imposed signal, causing a reduced switched charge and eventually

a readout failure.

Imprint is caused by the appearance of internal bias fields within the stack. These are likely
originated by defects in the bulk which pin the ferroelectric domains [155], by the presence of a
dead, non-polar layer [8] or of charged defects at the interface between the ferroelectric and the
electrode [126], [139] which can screen or enhance the internal remanent polarization [156]. As a
result, the written state is strengthened whereas switching to the opposite state requires higher
fields [157].

Table 2.2: Calculated or simulated activation energy values for oxygen vacancies movement or reliability-
related phenomena in ferroelectric hafnia-based layers. Reproduced from [92].

Ref. Phenomenon Activation energy (eV)
[140] Wake-up 0.54

[140] Imprint 1.01/1.03

[153] Imprint 0.54

[158] Singly charged Vo migration 1.2

[158] Doubly charged Vo migration 0.7

[159] Vo migration 1.2

[139] Vo migration 1.1

[160] Vo migration 1.5

The phenomena of retention loss and imprint were already broadly studied for pervoskite fer-
roelectrics. In most reports, this reliability issue was described as capacitor "aging" [145]. Many
phenomena were considered as possible cause for device aging, among which dipole alignment
[161], charged defects [143], [162] and charge injection at the interface with the electrodes [163]-
[165]. Accordingly, improvements were tackled through film stoichiometry tuning [143], interface

improvement through the use of different electrode materials [164] or annealing atmospheres [166].

Similar to traditional perovskite ferroelectrics, charge (de-)trapping, built-in bias fields and subse-
quent defect migration seem to play a strong role in the reliability performance of HfO;-containing

devices in terms of polarization retention [167].

Table 2.2 summarizes the calculated values for wake-up, imprint and oxygen vacancies related
phenomena taking place within hafnia-based ferroelectric stacks. As previously discussed in
sections 2.4.4, internal bias fields observed in HfO, films are often related to the presence of oxygen
vacancies [139]. In fact, the oxygen content in the layer can influence the defectivity of the stack
either through the creation of charged defects in the bulk or at the interface with the electrodes
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or through the formation of a more or less thick dead layer in the form of a parasitic oxidized
interface or non-switching phase portions. Activation energy values were calculated for the motion
of oxygen vacancies within ferroelectric HfO,-based films. Such values oscillate between 0.7 and 1.2
eV and can therefore be associated with the activation energies calculated for the above-discussed
reliability issues i.e. wake-up and imprint phenomena.

Different methods were used for the evaluation of data retention and imprint phenomena. In
particular, Fengler et al. [140] used thermally stimulated depolarization current to extract the
activation energy for the imprint. The calculated energies resulted similar to the ones which
can be found in literature for to the movement of charged oxygen vacancies 2.2. Chouprik et
al. [153] carefully studied the phenomena with the help of piezo-force microscopy (PFM) and
transient capacitance measurements and showed that imprint can be associated with the diffusion
of the oxygen vacancies due to a polarization gradient within the ferroelectric layer. Mittmann
et al. [85] measured the rigid shift of the ferroelectric hysteresis after sequentially longer baking
steps at temperatures of 85 and 125 °C. In both cases, it looked like samples with an optimized
oxygen content and the highest polar phase portions behaved the most reliable by showing a lower
shift of the P-V curve on the voltage axis. Similar results were shown by Bouaziz et al. [168],
who used positive-up-negative down (PUND) and alternating positive-up-negative-down and
negative-down-positive-up (PUND-NDPU) measurements to study the retention performance of
hafnia-based FeRAM. By comparing a set of samples, they reported the best retention properties
for the film which showed the least wake-up. Mohan et al. [169] studied polarization retention in
Hf 571y 50, metal-ferroelectric-insulator-semiconductor structures with various thicknesses of the
ferroelectric layer. Polarization loss was considerably stronger when thinner films were employed
(90 % vs. 5 % for 5 and 20 nm thick layers, respectively), demonstrating the increasing importance
of the depolarization fields when the ratio in thickness between the ferroelectric and the insulator
decreases.

In the work of Bouaziz et al. [168] two models were proposed to fit the data and study the imprint
phenomenon with respect to time and temperature which had already been used to treat perovskite-
based devices. A stretched exponential [170]-[172] and a simple power law model [164], [173],
[174]. They could observe two different trends in the decrease of switching polarization with time.
From this, they concluded that retention loss is dominated by imprint at short times and later by
depolarization phenomena.

Similar observations can be found in the work from Mart et al. [175], who recognized a logarithmic
trend in their polarization degradation with time. Namely, two regimes were detected for short and
long poling times, that is for times below and above 100 s, respectively. This finding was explained
by attributing the short-time degradation to electrons being de-trapped from oxygen vacancies
leaving charged defects behind, which afterward diffuse within the layer because of depolarization

tields with different behavior with respect to time.

Nonetheless, electron trapping was found to be independent of oxygen defectivity in HfO, in
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a recent publication from Izmailov et al. [176]. By combining experimental measurements and
simulation work, the group showed that electron trapping was not different in Si- and Al-HfO,
thin films, and rather associated with the presence of electron traps to the boundaries between

crystalline and amorphous regions in the layer.

In this study, imprint and retention measurements were performed and related to layer stoichiome-
try (see chapter 4) and used electrodes (see chapter 5). The results are accordingly presented and
discussed in the related chapters.

2.4.5 Theory of polarization switching

Polarization switching can be described as the formation and the subsequent growth of a domain in
one polarity starting from a domain in a different (often opposite) polarization state. This process
can be triggered by the application of an external voltage for a certain time. The applied voltage
and the switching time are correlated to each other. This relation is normally expressed through the
well know Merz’s law [177]:

T="Tp- exp(%) (2.12)

where 19 is an intrinsic switching time and E, is the temperature-dependent activation field for
the polarization reversal. This law indicates a correlation between switching time and activation
field. Films with a higher E, will need a longer time to switch their polarization state for a certain
applied field E.

The limitation of Merz’s law consists in the fact that no description of the mechanism is provided.
Therefore, different models have been formulated first for traditional ferroelectrics and later for
HfO,-based materials which will be hereby discussed.

For single-crystal perovskite ferroelectrics such as PZT, the Kolmogorov-Avrami-Ishibashi (KAI) is
the most used model. According to the KAI model, domain nucleation happens instantaneously.
After nucleation, domain walls start moving in the horizontal direction triggering domain expan-
sion, until another domain wall is encountered [178]-[180]. Therefore, domain expansion is the
most time-consuming process within polarization switching. The amount of switched polarization

AP within a certain time interval t is expressed through the following equation:

AP(t) = 2P;[1 — exp—(t/T)"] (2.13)

where P; is the spontaneous polarization and 7 a dimensionality factor taking into account in which
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dimensions nuclei expansion takes place (1, 2 or 3 D).

Figure 2.13: Coercive fields Ec vs. a) layer thickness and b) grain size in the field (out-of-plane) direction for
different ferroelectric layers (perovskite and HfO, based ferroelectrics fabricated with various deposition
methods). Taken from [181].

In the absence of defects, a single nucleus and its subsequent expansion could be responsible for
the switching of the whole film. Hafnia-based ferroelectric films with a thickness of around 10
nm are unlikely to present a single crystal structure. More grains are found with an out-of-plane
size which often coincides with layer thickness and an in-plane size of few tens of nm. In some
cases, one grain can even host more than one ferroelectric domain. Due to the polycrystalline
nature of the layers, domain propagation is rather limited and instead of one switching event with
subsequent domain propagation, more nucleation events are observed with rather small nuclei
sizes [182]. In fact, grain boundaries, interfaces with electrodes as well as impurities could serve
as nucleation sites [183], [184]. Additionally, an almost zero or negative 180° domain wall energy
was recently demonstrated in HfO,-based thin films [185], [186]. To account for these observations,
new models have been formulated. Among those, the nucleation limited switching (NLS) model
is widely utilized in the literature to describe polarization reversal both in traditional perovskites
and in thin HfO,-based films [37], [183], [187]-[189]. According to this theory, many nucleation
events are initiated at different sites i.e. at discontinuities in the film. The nuclei growth rate will
depend on volume and surface energetic contributions. That is, once a certain critical nucleus
radius is reached, the free energy for nuclei expansion becomes negative and growth is favored [37].
This implies a size dependency of the field necessary for polarization reversal. By assuming the
switching field being positively proportional to the coercive field Ec, an empirical relation is found
between the ferroelectric layer thickness drg and Ec in the form E¢ ~ dgg/ 3[190]. This relation was
experimentally confirmed for perovskite-type ferroelectrics for a wide range of order of magnitudes
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of layer thickness. Contrarily, HfO, thin films seem to follow the trend at low thicknesses until a
saturation plateau is reached, after which E¢ stays constant and independent from layer thickness.
By deepening this analysis and treating the coercive field not as a function of thickness but of grain
size, it can be seen that the data points belonging to the plateau collapse in a cluster corresponding
to the maximum observed grain size. This points out the fact that the critical size parameter is
grain size rather than the film thickness. Given the greater amount of nuclei that are concurrently
formed, domain wall displacement for nuclei expansion only lasts very shortly until a new domain
is encountered. Therefore, the nucleation events dominate the polarization switching kinetics.
Starting from the Du-Chen model for NLS [187], the following equation correlating the time 7 and
the voltage V necessary for polarization switching to occur was proposed in [37]:

) 1
T=1T" exp(ka : (‘/_‘/0)2> (214)

where 1) represents the shortest time necessary for nucleation to take place, ¢ a fitting parameter
including a thermodynamic contribution of domain wall energy and thickness effects, k;, the

Boltzmann constant, T the temperature and Vj a possible voltage offset [191].

The NLS model provides an insight into the microscopic mechanisms related to polarization
switching kinetics, which is a description of the evolution of a single nucleus. On the contrary, a
macroscopic perspective is gained when studying the phenomenon starting from the thermody-
namics described by the Landau-Devonshire theory of ferroelectricity [192]. In this framework,
considerations on the free energy of single crystal-like domains are utilized to explain polarization
reversal and switching is defined as intrinsic and independent from the domain’s surrounding
[193], [194]. Namely, two energy minima occur in the free energy landscape of a ferroelectric
switching unit, corresponding to the two opposite polarization states. An energy barrier is present
between the two and the activation energy for the polarization reversal is associated with the field
which has to be externally supplied to overcome this barrier. The duration of the applied field pulse,
that is the frequency of the signal does not affect the coercive field of the material, which is there-
fore considered intrinsic. This contradicts experimental observations, which report a correlation
between time and voltage needed for switching. With this knowledge, the multi-grain Landau-
Khalatnikov approach was suggested for HfO,-based ferroelectrics [15]. A time-dependence is
therefore included taken into account a macroscopic distribution of fields averaged over several
regions composing the ferroelectric films.

An alternative approach was proposed in 2010 by Zhukov et al. [195], called inhomogeneous field
mechanism (IFM). In the IFM each domain is considered to switch at its own effective electric
field dictated from the position of the domain within the film. Factors such as domain orientation,
proximity to the electrode, dielectric constant, crystalline phase in the neighboring grains are all
factors that can influence the unique local field experienced by each domain. The distribution of
these fields is then calculated, whose standard deviations can be correlated to the homogeneity of
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polarization reversal in the considered layer [189], [195], [196].

Chapter 6 of this work focuses on the polarization reversal mechanisms in Hfy5Zry 50, capacitors,
trying to match the described switching mechanisms with experimental observations. A dedicated

measurement sequence for polarization switching was elaborated, which will be exposed in detail
in chapter 3.
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3 Fabrication and characterization
methods

In this chapter, the experimental methods used within this Ph.D. work are presented both in terms
of fabrication processes and characterization techniques. The steps composing the capacitor process
flow are illustrated, with a particular focus on atomic layer deposition (ALD). Subsequently, the
structural characterization techniques are introduced and last but not least the different routines
for electrical characterization of the samples are described, spanning from standard ferroelectric
material characterization to more device-oriented measurements such as reliability assessment

through retention and switching kinetics.

3.1 Capacitor process flow

Figure 3.1: Schematics of sample fabrication depending on the different characterization purposes. a)
Hf,Zr;_,O; films deposited directly on Si for growth behavior analysis, b) Standard TiN/Hf,Zr;_,O,/TiN
stack FeCap fabrication for structural and electrical characterization of different Hf,Zr;_,O, layers, c)
Hfy 5Zr( 50,-based FeCap with different TE and BE for structural and electrical characterization and assess-
ment of the influence of the electrode material on capacitor performance.

In this section, the basic process flow used to fabricate the ferroelectric capacitor structures will be
exposed. Medium or highly doped Si wafers (10'°-10'® cm~3 dopant concentration) were used as
substrate. The first deposition step consisted in the sputtering (physical vapor deposition, PVD) of
the bottom electrode (BE). This was followed by the deposition of the ferroelectric oxide via atomic
layer deposition (ALD). Afterward, the top electrode (TE) was sputtered either through a shadow
mask or as a full coverage blanket. The capacitor subsequently underwent a rapid thermal anneal
(RTA) treatment to achieve crystallization in the ferroelectric phase. In the case of TE sputtered in
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the form of a complete capping blanket, capacitor size was then defined by e-beam evaporation of
Ti and Pt contacts through a shadow mask. Finally, a wet etching step was performed to remove
the exposed TiN. For the purposes of this work, mainly three kinds of structures were fabricated,
depending on the targeted characterization, as schematized in figure 3.1:

a) Hf,Zr;_,O, films directly deposited on Si: these structures were used to characterize the
growth behavior depending on the different ALD parameters (precursor molecule, deposition
temperature, oxygen dose time, etc.) which were tuned to optimize the ferroelectric properties
of the studied FeCaps;

b) Standard TiN - Hf,Zr; _,O, - TiN stacks: used for structural and electrical characterization,

with the aim of comparing different Hf, Zr_,O, films;

¢) Hfy5Zr950; layers sandwiched between different TE and BE: while the ferroelectric oxide
was kept the same, the effect of the use of different materials as TE and BE was addressed

through both structural and electrical analysis.

In this section, the main deposition techniques (ALD, PVD) used in this work will be shortly
described, followed by a summary of the last fabrication steps for capacitor structuring (RTA,

e-beam evaporation, wet etching).

3.1.1 Atomic layer deposition

As of today, ALD is the most used technique for the deposition of thin HfO,-based ferroelectric
layers. Being in general widely used in the semiconductor industry, this 4-step deposition method
presents as the main advantage the possibility of controlling film growth on an atomic level,

allowing precise thickness targeting and integration in complex 3D structures [197].

Figure 3.2: Schematics of an ALD cycle. First, the metal precursor is introduced into the reaction chamber
and sticks to the substrate. A purging step is then applied to remove the precursor molecules which did not
absorb. Afterward, the oxygen source is pulsed. The metal precursor is oxidized. A new purging step is
applied in order to remove unreacted molecules and reaction by-products from the chamber.
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An ALD cycle consists of two self-limiting processes: first, the metal precursor is pulsed into the
reaction chamber where it absorbs on the available sites on the substrate until a monolayer is
formed. Afterward, the oxidant is also released into the chamber and it reacts with the absorbed
metal precursor molecules to form a (sub-)monolayer of metal oxide. Between the two pulsing steps,
a purge is performed to remove the exceeding un-reacted molecules and the reaction by-products
from the chamber. If the precursor reaction and/or the purging step are not performed correctly,
residual reactants can impact layer quality and homogeneity, in terms of thickness, density and
defectivity. If the two self-limiting sub-processes proceed sequentially, an accurate thickness control
can be achieved. The thickness of one monolayer deposited through one ALD cycle is normally
referred to as growth per cycle (GPC). Common GPC values for a well-performed ALD cycle are in
the order of 1 A.

Within this work, HfO,, ZrO, and intermixed Hf,Zr;_,O; layers were deposited in an OpAL
Oxford ALD tool and a Roth and Rau ALD tool. In the case of Hfy5Zry 50, mixed structures, the
metal-precursor cycle ratio between Hf and Zr was adjusted to obtain the different compositions.
A maximum number of three cycles of the same kind were performed after another to avoid the
deposition of nanolaminates. The used hafnium precursors were TEMA-Hf (Hf[N(CHj3)(C,Hs)l4)
and HyALD (Cp-Hf[N(CH3)2]3). Analogously, TEMAZr (Zr[N(CH3)(C2Hs)]4) and ZyALD (Cp-
Zr[N(CHz),]3) were used as Zr sources. Deposition temperatures ranging from 250 to 300 °C were
used. Water (H>O), oxygen plasma or ozone (O3) were employed as oxidants. Details on ALD
process optimization will follow in the next chapter.

3.1.2 Physical vapour deposition

Physical vapor deposition (PVD) or sputtering was used to deposit electrodes of different materials.
In a sputtering chamber, the target is hit by gas ions (typically Ar+) which are accelerated by an
electric field. A plasma of the target material is formed which then reaches and deposits onto the
substrate sample. Target and substrate are facing each other or confocally arranged in the chamber.
Reactive sputtering is deployed to deposit compound materials. In this case, a second reactant
will be introduced in the form of a gaseous atmosphere (e.g. nitrogen, oxygen,...) which will react
with the target material. The final stoichiometry of the compound largely depends on the partial

pressure of the atmosphere gas. The sputtering process is schematized in Figure 3.3.

For this study, either an Alliance Concept CT200 sputtering tool or a Bestec ultrahigh vacuum
sputter cluster were used for the deposition of the electrodes. The used materials were TiN, Ti, W,
Nb, NbN, MoOx, TiAIN and RuOx. All depositions were performed at room temperature. Details
on the influence of the electrode material on the performance of ferroelectric capacitors will be
exposed in detail in Chapter 5.
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Figure 3.3: Schematics of a sputtering chamber. Target and substrate are facing each other and a plasma of
the target material is generated when the latter is hit by ionized gas atoms. The material composing the
plasma deposits onto the substrate in its pure form or within a compound, if an additional gas is supplied in
the chamber atmosphere (reactive sputtering).

3.1.3 Capacitor finishing and structuring

Figure 3.4: Schematics of capacitor patterning through e-beam evaporation of Ti/Pt dots through a shadow
mask and subsequent etching of the exposed top electrode portions.

The process route after TE deposition follows afterward some standards steps which are intended

to crystallize and pattern the capacitor structure (Figure 3.4).
Rapid thermal anneal

An annealing treatment is applied to trigger the crystallization of the Hf,Zr;_,O, films, which are
otherwise amorphous in the as-deposited state. In order to achieve good ferroelectric properties,
crystallization in the polar orthorhombic phase of group Pca2; is targeted [83], [86]. The standard
thermal treatment was performed in a N, atmosphere at 600 °C for 20 s. Layers annealed at lower
temperatures showed either incomplete crystallization or high tetragonal phase portions. Layers
annealed at higher temperatures or for longer times often transitioned to the monoclinic phase.
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E-beam evaporation

To define the final capacitor structures, Ti/ Pt dots with a diameter ranging from 110 to 450 pm
and a thickness of 10 and 25 nm for Ti and Pt, respectively, were deposited via e-beam evaporation
through a shadow mask.

Wet etching

The exceeding top electrode surface was removed using a standard cleaning 1 (SC1) procedure.
Water (H;0), hydrogen peroxide (H,0O,) and ammonia (NHj3) were mixed in a 50:2:1 solution.

Samples were then etched for 5 min at 50 °C in the aforementioned solution.

Figure 3.5: Schematics of contact to bottom electrode formation through the application of a high voltage
and creation of a short.

Formation of electrical contact to the bottom electrode

In figure 3.5 the formation of the electrical contact to the BE is shown. Two capacitors are contacted
and a high voltage is applied to achieve a breakdown event and create a short circuit between the
two. For electrical characterization, one of the capacitors will then serve as a contact to the bottom

electrode whereas a new structure will be measured.

3.2 Structural and chemical analysis

In this section, the characterization methods used for structural and chemical analysis will be
briefly introduced, with a focus on grazing incidence angle x-ray diffraction (GIXRD), used for
crystalline phase determination. Additionally, some of the measurements that will be shown in the

next chapters (4, 5 and 7) were performed within project collaborations at the following institutions:

¢ Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) [198]: Department of Material
Science of North Carolina State University, USA, by Chuanzhen Zhou;
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¢ Transmission Electron Microscopy (TEM) [199]: National Institute of Material Physics,
Bucharest Magurele, Romania, by Lucian Pintilie;

¢ X-Ray Photoelectron Spectroscopy (XPS) [200]: CEA, Institut rayonnement matiere de Saclay,
Paris, France, by Wassim Hamouda;

¢ Raman Spectroscopy [201]: Fraunhofer Institute for Photonic Microsystems, Dresden, Ger-
many, by Peter Reinig.

3.2.1 X-Ray Reflectivity

X-Ray Reflectivity (XRR) is used to collect information on thickness, roughness and density of thin
films [202]. X-Rays with a fixed wavelength are sent to the sample while the incidence angle 26
is varied. The signal is then reflected by the sample and finally reaches a detector. The response
pattern is a modulated signal, whose intensity depends on constructive/destructive interference
conditions given by the beams reflected at the top and the bottom of the measured layers. Therefore,

information on sample thickness can be extracted.

In this work, to facilitate signal de-convolution, single layer films directly deposited on Si were
analyzed (see Fig. 3.1 a).) A Bruker D8 Discover tool with Cu-K, (A= 0.154 nm) radiation was used

to carry out the experiments.

3.2.2 Grazing incidence X-ray diffraction

Grazing incidence X-Ray Diffraction (GIXRD) is a powerful method used for the crystalline phase
identification of thin layers [203]. Very low incidence angles are used (in this work 0.45 °) to
penetrate only the first few nm of the measured samples. The detected intensity pattern as a
function of 20 will present a series of peaks corresponding to the conditions of constructive
interference of the diffracted beams generated by the periodic arrangement of the atoms in the
crystal lattice. Each peak corresponds therefore to a specific interference condition i.e. crystal
symmetry and a combination of different peaks can be used to recognize a particular phase or a
combination of phases in polycrystalline films. Reference patterns are used to de-convolute the
measured spectra. Relative intensities of the detected peaks can give information on the amount
of each crystalline phase present in the layer, whereas FHMW is used to calculate crystallite size.
Other contributions such as mechanical stress and texture can also be analyzed. Unfortunately,
some crystalline phases present very similar characteristic patterns which make their discernment
rather complicated. This is for example the case of the orthorhombic Pca2; and the tetragonal
P4, /nmc phase in HfO,, which present their main diffraction peak at a very similar 26 value of
30.5 and 30.8 °, respectively [204].
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Figure 3.6: GIXRD patterns and peak deconvolution for 10 nm HfO, films deposited via ALD which present
a large amount of a) monoclinic, b) orthorhombic and c) tetragonal phase, respectively. d) Remanent
polarization vs. o-phase fraction for different Hf,Zr;_, O, layers deposited via ALD.

GIXRD measurements performed within this work were carried out with a Bruker D8 Discover tool
with Cu-K, (A= 0.154 nm) radiation. A 260 range from 20 to 40 °C was used for pattern acquisition.
A simple deconvolution of the measured patterns and a gaussian fit of the main peaks belonging to
the monoclinic, the tetragonal and the orthorhombic phase was chosen for phase determination as
shown in Fig. 3.6. The peak intensity was used for the calculation of the phase content, whereas
the FWHM for the grain size for each detected phase (not reported here). The presence of all the
three crystalline phases was assumed for the deconvolution and considerations on the accuracy of
the fit were made based on the plausibility of the calculated grain size. A more detailed Rietveld
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analysis could be performed. However, it was previously demonstrated that this method is rather
inconclusive in the case of Hf,Zr;_,O; thin films. Effects of mechanical stress in the layers were
not taken into account in the analysis and rather considered as an offset. By plotting remanent
polarization values as a function of the o-phase fraction, a linear trend was obtained which indicates
that stress may play a role but has no effect on the correlation between polar phase and observed
ferroelectricity. In literature, stress values for doped HfO, films are reported to be in the range of 2
GPa [88].

More details on phase composition depending on process parameters will follow in chapter 4.

3.3 Electrical characterization

In this section, first, the standard methods for ferroelectric electrical characterization are introduced.
Afterward, methods for assessing retention performance and switching behavior are addressed.

3.3.1 Basic ferroelectric characterization

Ferroelectricity is normally evaluated through some specific figures of merit: remanent polarization,
number of field cycles before hard breakdown, often referred to as cycling endurance and amount
of wake-up, that is the difference between the maximum remanent polarization obtained with
field cycling (woken-up state) and the one measured at the very first measurement (pristine state).
To access information on these values, two kinds of measurements are performed, which will be

hereby shortly described.
Dynamic Hysteresis Measurement

The dynamic hysteresis measurement (DHM) is a sequence of triangular voltage waves which allow
the direct measurement of a current and from it the indirect calculation of a polarization. The output
values of the measurement are therefore a current-voltage (I-V) and a polarization-voltage (P-V)
curve, that is a ferroelectric polarization hysteresis. Crucial values such as remanent polarization,
saturation polarization, relaxed remanent polarization and positive (negative) coercive field can be
extracted with this method. Details on circuitry behind this measurement can be found elsewhere
[45].

During a DHM measurement, four pairs of up/down triangular pulses are applied with a certain
frequency f (see Fig. 3.7). Within this work, f equaled 1 kHz. Each pair of triangular pulses
is separated in time from a delay of 1 s. This allows the calculation of the relaxed remanent
polarization, which gives information on the short-time retention. DHM measurements were

performed in this context with a TF 3000 analyzer by aixacct system.
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Figure 3.7: Voltage waveform applied to ferroelectric capacitors during a standard dynamic hysteresis
measurement. f represents the measurement frequency. A delay of 1 s is applied between periods in order to
register the relaxed polarization.

Field cycling measurement

The field cycling measurement, also often referred to as fatigue measurement or endurance mea-
surement allows the characterization of the ferroelectric response as a function of the number of
applied write cycles.

In an endurance measurement, single P-V measurements i.e. triangular waveforms with frequency
f, are applied between increasing amounts of field cycles i.e. square waves with frequency £, to
monitor the ferroelectric response with respect to device lifetime stage, as schematically shown
in figure 3.8. In the very first measurement, the capacitor is in the so-called pristine state, often
showing a pinched hysteresis loop caused by the presence of non-polar phase portions [129],
[205], [206] depolarization fields [135], [136], inhomogeneously distributed charges and pinned
ferroelectric domains [183]. By applying several up/down pulses (i.e. field cycles), the wake-up
process is triggered which leads to an opening of the ferroelectric hysteresis because of either
electric field-induced phase transition or disappearance of the depolarization fields. After wake-up,
a new stage may be entered called fatigue, where the ferroelectric hysteresis closes again as a
result of the creation of new charged defects, domain pinning or charge injection [126], [139], [140].
Finally, the capacitor reaches hard breakdown with the creation of a short. As explained in chapter
2, both wake-up and fatigue represent nonidealities in the device performance with respect to field
cycling. Therefore, an important part of device optimization addresses their avoidance. Within this
work, field cycling measurements were performed with a TF 3000 analyzer by aixacct system and
with frequencies f; and f, of 1 and 100 kHz, respectively.
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Figure 3.8: Voltage waveform applied to ferroelectric capacitors during a field cycling measurement. f; and
f, represent the frequency of the triangular read pulses and of the square write pulses, respectively. The
number of write cycles is increased by one order of magnitude after each read sequence.

3.3.2 Capacitance-voltage measurement

During a small signal capacitance-voltage (C-V) measurement, an alternate bias with an amplitude
in the range of 50 mV and a frequency of 100 kHz is applied on top of a DC bias sweep. In the
case of ferroelectric materials, ferroelectric switching is observed in the capacitance response which
leads to a typical butterfly shape of the C-V curve. From the saturated capacitance (i.e. values
extracted for fields larger than the switching fields, where switching events can be excluded) the
k-value can be extracted, which gives an indication of the crystalline phase of the material.

C-V measurements were performed in this study either with a Keithley 4200 electrical characteriza-
tion unit or with a TF3000 analyzer by aixacct systems.

3.3.3 Retention measurement

A retention test assesses the ability of a memory device to preserve the stored polarization state
even after the removal of the supplied voltage. On a short time scale, relaxed polarization measured
after 1 s can be utilized (see section Dynamic hysteresis measurement). To access a longer time
scale, retention measurements are performed at high temperature and allow extrapolations to 10
years as described elsewhere [154].

A retention measurement uses 4 capacitors to which 4 different waveforms are applied. Between one
application of the pulse sequence and the next one, a "baking" step of increasing length is performed,
meaning the sample is stored in the oven for time intervals of increasing duration after each
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Figure 3.9: Voltage waveforms applied to four ferroelectric capacitors during a retention measurement.
Different combination of pulses give information on the same state, new same state and opposite state
retention, as described in Ref. [154].

waveform application. A combination of the measured signals allows the calculation of the same
state, new same state and opposite state retention (SS, NSS and OS, respectively) as schematized
in figure 3.9. Different models are available in literature [165], [168] for the extrapolation of the
retention after 10 years of device operation. Normally the OS shows the strongest degradation.

By storing the sample in one polarization direction at high temperatures for a certain amount of
time, other reliability issues can emerge. The prolonged presence of a dipole could for example
cause higher charge injection from the electrodes. Additionally, it was demonstrated that a gradient
in polarization could cause charged defects, especially oxygen vacancies, redistribution. Both
phenomena can contribute to the imprint [167]. More details were already provided in section 2

and experimental observations will be documented in chapter 5.

Retention measurements were performed in this study with a Keithley 4200 electrical characteriza-
tion unit and using a thermo-oven for the baking steps at the temperatures of 85 and 125 °C. All
interested capacitors underwent a complete wake-up prior to the execution of the effective mea-
surement. Among the calculated polarization states described above, the OS showed the strongest
degradation and its extrapolation to a 10 years device working time was used as a benchmark for
reliability performance. The extrapolation consisted in a fitting of the experimental data points
using a simple power law model as described in [165]:

y=a—>b-In(t+c), (3.1)

where a refers to the initially stored polarization, b is an indication of the polarization decay rate

and c is a time fitting parameter.
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3.3.4 Switching kinetics

In order to acquire information on the switching mechanisms in thin HfO,-based ferroelectric
layers, switching kinetics measurements were performed in which the time and fields needed for
polarization reversal were investigated and mutually correlated.

Figure 3.10: (a) Schematic of the waveform used for switching kinetics measurement, where P1 is used as
the poling pulse, P2 as the setting pulse, and P3+P4 as the sensing pulses; each pulse Pn is characterized by
a pulse width tn and a pulse amplitude Vn as described in the text. The example illustrates this for pulse P2;
(b) P, /Py jmax as a function of amplitude V2 and width t2 of pulse P2; and (c) 1/t vs. 1/ V2, where t and V are
the time and the voltage necessary to switch 50% of the P, jx, respectively. Taken with permission from
[181].
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A pulse sequence was exploited to experimentally acquire data for polarization reversal. As shown
in figure 3.10, a waveform consisting of 4 different pulses is applied at the top electrode. P1 is
used as a poling pulse, to set the capacitor in a certain polarization state. Afterward, a setting
pulse P2 is applied in the opposite voltage direction, whose amplitude and width (V; and tp,
respectively) are varied. The pulses P3 and P4 are consequently used as sensing pulses in to detect
how much of the polarization was successfully switched through P2. Precisely, when a switching
event was effectively achieved by applying P2, a new switching event in the opposite direction
will be registered by P3. In the opposite case, P3 will only detect the dielectric and leakage current
response. P4 allows the subtraction of the dielectric current from the contribution registered from
P3 to isolate the switching component of the signal, as in a PUND measurement. For the data
displayed in figure 3.10, voltages V; ranging from 1.3 to 2.5 V and pulse times t; from 100 ns to 1
ms were employed. For each combination of V, and t; a certain percentage of P, is successfully

reversed, until for the higher voltages and longer times the whole film is switched.

Measurements results and their interpretation based on the chosen model will be fully displayed in
chapter 6.
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4 Effect of ALD deposition parameters on
layer performance

As of today, atomic layer deposition represents the most used technique for the deposition of thin
HfO, layers to be deployed in ferroelectric devices. ALD presents several advantages in terms of
layer uniformity, deposition controllability and the possibility of accurately achieving 3D structures
inside trenches or for pre-structured substrates. Despite the ALD process being well known and
already described in the previous chapter, the main points will be hereby again discussed and

further deepened.

A standard ALD process was previously described in chapter 3. Already from the cycle description,
it is evident how many parameters can influence the outcome of the process. The most important
parameters involved in the deposition of a Hf,Zr;_,O; thin film are below listed and will be

analyzed with the support of literature and experimental results within this chapter:

¢ Choice of the metal (hafnium and zirconium) precursors

Choice of the oxygen precursor

Effect of oxygen content

Effect of zirconium content

Effect of deposition temperature

While examining the different aspects playing a role in the deposition process, it is important
to keep the nature of the targeted layer in mind. For this work, a thin amorphous Hf,Zr;_,O,
layer is desired. The deposition of the film in an amorphous state, together with an appropriate
stoichiometry control, will allow the achievement of a certain crystalline phase after appropriate
heat treatment [84]. A layer that is already crystalline after deposition may be hard to transform in
another crystalline phase because of high energy barriers hindering phase transition. The desired
phase can change depending on the final intended application of the film. An amorphous layer can
be beneficial in the case of traditional MOSFET gate stacks because of lower defectivity originating
from the formation of grain boundaries, which can serve as leakage paths for parasitic currents
[207]. The t-phase shows high dielectric constant and is therefore optimal for DRAM applications
[123], [208]. The polar o-phase is desired in the case of ferroelectric devices as extensively explained
in the previous chapters [62], [96]. Deposition parameters control is also needed in order to deposit
uniform and dense layers and limit reliability issues such as high leakage current or degraded

interfaces with the electrodes [76].
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4.1 Choice of the metal precursor

Figure 4.1: Schematic representation of the trend of growth per cycle and impurity concentration vs. deposi-
tion temperature in ALD growth.

As a starting point, various Hf and Zr precursors are examined by comparing literature data
with experimental results obtained within this study. The chemical nature of precursor molecules
present on the market is very diverse. As Hf source, together with halide-based compounds
(e.g. HfCly, Hfly) [209], [210] and organic compounds such as alkoxides and alkylamides (e.g.
Hf[O(CH3),CH,OCH3sls, Hf[N(CH3)(C2Hs)]a) [211], [212], more complex cyclopentadienyl precur-
sors can be found (e.g. Cp,Hf(CH3),) [213], which were lately created in order to achieve a higher

thermal stability of the molecules. Zr precursors were implemented in a similar fashion [214]-[217].

Figure 4.2: Growth per cycle for the most common HfO, metal precursors as a function of deposition
temperature. Except for the Hf[N(CH3)(CyHs)]4 precursor used in this work, the data have been extracted
from other sources. Taken with permission from [76].
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Figure 4.3: Growth per cycle for the most common ZrO; metal precursors as a function of deposition
temperature. Except for the Zr[N(CHj3)(C2Hs)]4 and Cp,Hf(CH3), precursors used in this work, the data
have been extracted from other sources. Taken with permission from [76].

Each ALD precursor presents a stability interval with respect to deposition temperature in which
the deposition rate (i.e. the growth per cycle, GPC) stays constant independently of pulse and
purge times, given they are long enough to allow the reaction to take place. This temperature
range is commonly referred to as ALD window [76] and is schematically shown in figure 4.1. The
ALD window depends on the structure and the composition of the precursor molecule. At too low
temperatures, the activation energy for molecule dissociation might not be reached. In this case,
an incomplete reaction can give rise to phenomena such as condensation. The result will be films
with low density and high impurity levels and therefore likely high leakage current levels [218].
At too high temperatures, the molecules could desorb or decompose. Precursor decomposition
is often accompanied by high GPC due to incorrect molecule reaction and absorption [219]. By
comparing Hf and Zr source molecules, the respective ALD windows show a similar extension as a
function of temperature but result shifted with respect to each other, with Hf-containing molecules
having a stability interval at slightly higher temperatures [220]. Wanting to deposit an amorphous
Hf,Zr,_,O; film, one has to take into account not only a temperature range in which both Zr
and Hf precursors are stable but also the crystallization temperature of the material itself. This
would further limit the range of employable temperatures. Indicatively, crystallization happens
for temperatures higher than 300°C [210]. Nonetheless, lower crystallization temperatures were
previously reported in the literature [221]. By having in mind the latest considerations and still
aiming at a reasonable density and low leakage currents, a temperature range between 230 and 300

°C has been employed in this work for 10 nm thick Hf,Zr;_,O, film deposition.

Figure 4.2 and 4.3 show the growth per cycle obtained while employing different Hf and Zr precur-
sor molecules, respectively. As mentioned above, the stability of each precursor molecule depends
on its chemistry. Alkoxide-based precursors show a sudden increase in GPC already at relatively
low deposition temperatures, likely because of molecule decomposition [211], [216] On the contrary,
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halides-containing molecules are the ones exhibiting the widest stability range, where temperatures
higher than 600°C can still be employed [209], [215], [222], [223]. Alkylamide-based precursors
present a rather small ALD window. TDMA-Hf (Zr) (Hf[N(CH3)]4), Zr[N(CHz3)2]4)) show a
steep increase in GPC at high temperatures if compared to TEMA-Hf (Zr) (Hf[N(CH3)(C2Hs)l4,
Zr[N(CH3)(CoHs)]4) [212], [217], [224], [225]. Cp-based precursors have instead a wider stability
plateau at higher deposition temperatures [214], [226], [227].

The correlation between temperature stability and precursor molecules reflects itself in the kind and
in the amount of impurities that can be found in the layer after deposition. Figure 4.4 schematically
shows the correlation between deposition temperature and expected impurity concentration. In
general, lower impurity levels are expected for higher temperatures because of better molecule
dissociation. The impurity type is intuitively linked to the precursor chemistry. Figure 4.4 shows
the a) hydrogen b) carbon and c) chlorine and nitrogen impurities detected in HfO, thin layers
deposited via ALD with different metal and oxygen precursors combinations. If Cl impurities
can be expected in halide-based precursors, C-containing groups are rather to be found in layers
deposited starting from organic molecules. A new increase in impurity levels is also expected at

the high-temperature edge of the ALD window, where molecule decomposition starts to take place.

Figure 4.4: Impurity concentration levels as a function of deposition temperature for (a) carbon, (b) hydrogen,
and (c) chlorine and nitrogen in atomic percent in layers deposited with different Hf-based precursors.
Similar behavior is assumed for Zr-based precursors. Taken with permission from [76].

For the aim of this study, about 10 nm thick layers were deposited using TEMAHf + TEMAZr,
TEMAHT(f + ZyALD (Cp,Zr(CH3),) and HyALD (Cp,Hf(CH3),) + ZyALD as precursor combina-
tions. Capacitors were fabricated using TiN both as top and bottom electrode material. All the
stacks were annealed at 600 °C in order to induce crystallization. The structural and electrical
results obtained for those layers were then compared to those found in the literature for films
stemming from TDMAH(f + TDMAZr [117] and HfCly + ZrCly [228]. Different Hf to Zr ratios were

explored.
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Figure 4.5: Density in as-deposited Hf,Zr;_,O; as a function of the Zr content in the film for different Hf-
and Zr-based precursor combinations. The data are partially produced within this work and partially taken
from [229].

As a starting point, a structural characterization was performed. Through X-Ray Reflectivity layer
thickness and density were measured for Hf,Zr;_,O, films with different precursor combination
and element ratios (i.e. different x). Film density represents an important parameter for layer
reliability: in fact, low-density films often show high leakage current as a result of incorrect ALD
deposition (see above). ZrO, presents a lower density as compared to its sister system HfO,. As
shown in figure 4.5, this trend was consistent for all the metal sources taken into consideration
within this work. In general, Cp-containing molecules seem to yield the films with the highest
density, probably resulting from higher precursor molecule stability.

Figure 4.6: Monoclinic phase content in Hf,Zr;_,O, as a function of the Zr content in the film for different
Hf- and Zr-based precursor combinations. Films were annealed for crystallization or deposited as crystalline.
The data are partially produced within this work and partially taken from [117] and [228].
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Figure 4.7: Tetragonal (101)/orthorhombic (111) peak position in GIXRD patterns of Hf Zr;_,O, as a function
of Zr content in the film for different Hf- and Zr-based precursor combinations. Films were annealed for
crystallization or deposited as crystalline. The data are partially produced within this work and partially
taken from [117] and [228].

As mentioned in the previous chapters, a gradual transition from the monoclinic to the tetragonal
phase has been by now many times demonstrated in the literature for increasing ZrO, content in
Hf,Zr,_,O, layers [73], [230]. For Hf:Zr ratios close to 1, a concentration interval is found where
the metastable o-phase can be stabilized [73], [231]. The hereby deposited layers were measured
via GIXRD and the m-phase portion was extracted for each composition starting from the peak

intensity of the most prominent peaks through the following equation:

Luany + Ln—qan

, 4.1
Luan) + -1 + Ly eao) @1

m-phase portion = 100 *

where I represents the maximum peak intensity for the peaks as indicated by the indexes. The
results are displayed in figures 4.6 and 4.7. For all precursor combinations, an increase in the m-
phase portion with increasing Zr content was demonstrated. Concurrently, the peak representing
the (111) reflection of the o-phase and the (101) reflection of the t-phase, which are difficult to be
distinguished given their 26 similarity (30.5 and 30.8 °, respectively [95]) showed a shift to higher
26 values, indicating an increase in the t-phase portions for high Zr content [232]. It is worth to be
mentioned that a shift in peak angles could also be observed as a result of stress in the layers [233].
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Figure 4.8: Dielectric constant of crystalline Hf,Zr;_,O; as a function of the Zr content in the film for
different Hf- and Zr-based precursor combinations. The displayed data are partially produced within this
work and partially taken from [117] and [228].

An electrical characterization followed the structural analysis. It is well known that the tetragonal
phase is the one with the highest dielectric constant. On the contrary, the m-phase shows lower
k-values. In fact, theoretical values up to 70 are suggested in the literature for HfO; and ZrO, in the
tetragonal phase [123], [208], though experimentally extracted values are found to be around 20, 28
and 40 for the monoclinic, the orthorhombic and the tetragonal phase, respectively [76]. In general,
an increase of dielectric constant is expected for high Zr content as a result of lattice modifications
[232]. Extraction of the k-values from current-voltage measurements allowed to confirm this trend,
as displayed in figure 4.8. Dielectric constant values increased as the composition was tuned from
undoped HfO, to undoped ZrO,. This was similar for each of the analyzed precursor combinations.
Hf,Zr;_,O; layers deposited with halide precursors showed exceptionally low k-values, probably

due to thickness determination inaccuracies [228].
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Figure 4.9: Remanent polarization of crystalline Hf,Zr;_,O; as a function of the Zr content in the film
for different Hf- and Zr-based precursor combinations. The dashed lines represent Gaussian fits of the
experimental data points. The displayed data are partially produced within this work and partially taken
from [117].

Heading to the ferroelectric properties, remanent polarization values were measured and plotted
in figure 4.9 for the different precursor pairs addressed in this work. As described in the previous
sections, both the monoclinic and the tetragonal phases are accompanied by zero remanent po-
larization values as a result of a non-polar crystalline structure. Being undoped HfO, and ZrO,
preferentially stabilized in the m- and in the t-phase, respectively, no retained polarization at zero
electric fields is expected for the two edge compositions. The ferroelectric phase is stabilized at an

approximately 1:1 Hf:Zr ratio, where a peak in P, values is observed for all considered systems [76].

To summarize, it was shown how different ALD metal precursor molecules yield different im-
purities depending on their chemistry and deposition temperature. Different Hf and Zr source
combinations were explored both experimentally and through literature and all of them presented
coherent trends both from a structural and from an electrical point of view. Cp-containing molecules
showed good temperature stability and their use during deposition resulted in high-density layers
with high k-values and remanent polarization values. A weighing of all observations led to the
choice of the TEMAH(f + ZyALD combination as a standard for future experiments within this

work.

4.2 Influence of deposition temperature

As already explained in the previous section, deposition temperature plays a strong role in the ALD
process. In fact, too low or too high temperatures give rise to undesired reaction mechanisms which
cause the inclusion of un-reacted by-products or result in either too high or too low growth per

cycle and low-density films with high defectivity. Deviations from the envisioned reaction behavior
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at high and low temperatures define the so-called ALD window. Nonetheless, even within this
temperature interval, differences can be encountered depending on the chosen reactor chamber.
Furthermore, an amorphous layer is required after deposition to be able to target the metastable
polar orthorhombic phase through the annealing treatment and therefore achieve ferroelectricity
[84]. The two considerations limit the temperature window to a small range which is normally
found between 200 and 300 °C, for the case of an intermixed deposition of HfO; and ZrO,. [76].

Figure 4.10: Phase portions obtained from GIXRD measurements of as deposited 10 nm thick HfO, layers
deposited via ALD at different chamber temperatures. The dashed lines serve as a guide for the reader.

Experiments were performed in which both undoped HfO, and later Hfy5Zr( 50, layers were
deposited at different chamber temperatures. GIXRD patterns were measured and compared.
Figure 4.10 shows m-, t- and o-phase portions for undoped HfO, layers as a function of deposition
temperature. From the displayed data it can be inferred that only layers deposited at 230°C
showed no crystallinity in the as-deposited state. On the contrary, from 250 °C onward, a prevalent
monoclinic phase was detected already prior to the annealing treatment.
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Figure 4.11: Phase portions obtained from GIXRD measurements of 10 nm thick HfO, layers deposited via
ALD at 230 °C and 280 °C and annealed at 600°C for 20 s in N, atmosphere. The dashed lines serve as a
guide for the reader.

By comparing the patterns obtained after a 20 s RTA at 600°C in N; atmosphere displayed in figure
4.11, it is evident how for the 230 °C case the tetragonal and the polar orthorhombic phases could be
stabilized through the annealing treatment. The final phase was dependent on the oxygen amount
supplied during deposition. On the contrary, the layers deposited at 280°C, which were already
crystalline and in the m-phase in the as-deposited state, underwent no changes through RTA.

Figure 4.12: GIXRD patterns of 10 nm thick Hfy 5Zry 50, layers deposited via ALD at 250, 280 and 300 °C,
both as deposited and annealed at 600°C for 20 s in N, atmosphere.

Analogously, Hfy5Zro50; films with a thickness of 10 nm were deposited with TEMAHf and
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ZyALD as Hf and Zr precursors, respectively, at 250, 280 and 300°C. Figure 4.12 shows the GIXRD
spectra obtained for the different layers both as-deposited and after RTA. Contrarily to films
deposited at 250 and 280 °C, the one at 300 °C shows crystallization already in the as-deposited
state. As a consequence, the amount of monoclinic phase detected in this sample after RTP is
higher.

Park et al [84] and Alcala et al. [234] performed analogous experiments on Hfy 57150, layers
deposited at temperatures ranging from 200 °C to 280 °C and from 250 °C to 350 °C, respectively.
Comparable results were obtained. In particular, a pinched hysteresis was shown by Park et
al. for low deposition temperatures. Among the suggested causes, they proposed the presence
of unreacted C impurities supporting the stabilization of the t-phase because of surface energy
contributions. A more detailed explanation can be found in Chapter 2.

Figure 4.13: C impurities ToF-SIMS patterns for ZrO, layers deposited at 250 and 300 °C.

As a matter of fact, ToF-SIMS measurements performed on films deposited in the same fashion but at
two different chamber temperatures showed almost one order of magnitude higher carbon content
when the deposition temperature was decreased by 50 °C (Fig. 4.13). Analogous measurements
were performed by Kim et al. [112] via Auger electron spectroscopy, which reported a tenfold

decrease in C concentration with increasing deposition temperature from 180 to 260°C.

4.3 Influence of oxygen content

Once precursor types have been decided for both metals and oxygen sources, process optimization
has to proceed through the amount of oxygen to be supplied to the layer during deposition.
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Figure 4.14: Oy — /Hf Zr;_, O, ratios comparison as a function of ozone dose time as obtained from ToF-SIMS
measurements averaged across the whole layer thickness. A slight increase in oxygen content in the layers is
detected for increasing ozone dose times.

Hf,Zr,_,O; layers were deposited with different ozone dose times, spanning from 0.1 to 60 s.
Time of flight mass spectroscopy measurements were performed for both undoped HfO, and
Hfy 571050, films deposited with either very short or very long ozone pulse times. As shown in
Fig. 4.14, the measurements confirmed the latter directly influences the oxygen content in the
layers. Unfortunately, an estimation of the actual oxygen content in the layers is difficult to perform.
Therefore, ratios have been reported, which were averaged on the whole film thickness.

As mentioned in the previous chapters, oxygen content i.e. the concentration of oxygen vacancies
in the layer is, together with other factors such as stress [235], dopant inclusion [74] and surface
energy [84] one of the aspects determining ferroelectricity in HfO, and ZrO; based layers [77], [86],
[236]. A non-centro-symmetrical phase is necessary in order to promote ferroelectricity, whose
polarity is influenced by the placement of oxygen atoms within the crystal lattice. Therefore, it is
intuitive how oxygen content and ferroelectricity are directly related.

In general, both neutral and charged oxygen-related defects such as oxygen interstitials and
vacancies are commonly found in HfO; [124]. The formation energy of such defects strongly
depends on the crystalline phase of the material and varies for inequivalent bonds, that is for
different sites in a crystal or sites in different crystal phases. A lower defect formation energy was
found for the material being in the m-phase when compared to the t- and the polar o-phase, and in
ZrO, compared to HfO, [126], [127]. On the other hand, the presence of defects influences lattice
volume and therefore phase formation. Effects on bond lengths and cell volume also strongly come
into play when a dopant atom is introduced. IlI-valent dopants such as La, Al or Y strongly reduce
oxygen defects formation energies as compared to IV-valent dopants such as Si, Ta or Ti [93], [123],
[125]. More details on doped HfO, were nonetheless already provided in chapter 2 and will be
further discussed in chapter 7.
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Figure 4.15: Phase fraction of HfO, layers as a function of the oxygen supplied during deposition via ALD.
The ozone dose time was used to control the oxygen in the films. The phase portions were calculated by
fitting of the experimentally measured GIXRD patterns. The dotted lines are only meant as a guide for the
reader.

To discriminate the influence of the oxygen vacancy concentration from the other factors inducing
ferroelectricity, especially from dopant inclusion, 10 nm thick undoped HfO; layers were first
deposited with different ozone dose times. The crystalline phase was determined through GIXRD
measurements. The measured patterns were de-convoluted and phase fractions were extracted by
Gaussian fitting of the main plane reflections and subsequent calculations of the ratios between
peak areas. No stress contributions were taken into account but trends should be consistent between
similarly processed samples. A detailed explanation of measurement de-convolution can be found
in 3.2. As shown in Fig. 4.15, the monoclinic phase gets stabilized for oxygen dose times longer

than 1 s. Atlow ozone dose times, the tetragonal phase seems to take over.

Figure 4.16: (a) C~ and O, content measured via ToF-SIMS for ALD-deposited HfO; layers as a function of
the ozone dose time during deposition. The value measured on a PVD sample is shown as a dotted blue line
for comparison. (b) C- and CN- ToF-SIMS intensity profiles for HfO, films deposited with 3 and 60 s ozone
dose times. Taken with permission from [86].
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ToF-SIMS measurements also show an increase in C and CN residuals as the oxidant supply is
reduced (see Fig. 4.16), very likely due to incomplete oxidation during the ALD process [76].
Unfortunately, it is complicated to discern the effect of oxygen vacancies from the effects of
carbon contamination. The latter is known to affect the phase of the material and consequently
its ferroelectricity because of either unintentional doping or effects on surface energy which limit
grain growth [102], [237]-[239]. The comparison with layers deposited via PVD starting from high
purity targets hints nonetheless to similar trends with respect to the oxygen supply, even in the
absence of detected carbon [86]. More on the topic can be found in the following sections (see
section: Comparison with PVD).

Figure 4.17: a) Remanent polarization and b) monoclinic, orthorhombic and tetragonal phase portion as a
function of oxygen dose times in Hf 5Zr 50, thin films annealed at 600 °C. The highest P, values correspond
to the highest detected polar orthorhombic phase. A lower remanent polarization is observed in films were
high t- and m-phase portions are detected. Dashed lines are only meant as a guide for the eye.

Remanent polarization and crystalline phase portions were also measured for 10 nm thick Hf 5219 50,
films deposited with different ozone dose times. As reported in figure 4.17, opposite trends could
be observed for the m- and the t-phases. The former is favored by high oxygen contents, whereas
the formation of the latter is preferred in oxygen-poor atmospheres, similar to the findings related
to undoped HfO,. In between, the polar orthorhombic phase is stabilized and high remanent
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polarization values are obtained. Results were consistent for films deposited both at 280 and 300 °C
and annealed both at 600 and 500 °C. Figure 4.17 only shows values for layers deposited at 300 °C
and annealed at 600 °C.

4.4 Reliability as a function of oxygen content

Figure 4.18: Positive and negative same state (S5+, SS-), new same state (NS5+, NSS-) and opposite state
(OS+, OS-) retention measured at 85 °C for a ferroelectric capacitor based on a 10 nm Hfy5Zr¢50; film
deposited with 0.5 s O3 dose time as a function of baking time. The initial P, values are of 19 uC/cm?. The
OS retention shows the strongest reduction and was therefore extrapolated for 10 years operation in order to
benchmark device degradation.

Imprint and retention performances were also tested for Hfy 5Zr( 50, films and trends were stud-
ied with respect to the amount of oxygen in the layers according to the measurement procedure
described in chapter 3. In figure 4.18 the results are reported for a ferroelectric capacitor whose
Hfy 521050, layer was deposited with 0.5 s Oz dose time. The remanent polarization was nor-
malized to its initial value to estimate its degradation with time and temperature. A detailed
explanation of the standard procedure is described in [154] and in section 3.3.3. The trend of the
normalized polarization was monitored with time considering positive and negative same state
(S5+, SS-), new same state (NSS+, NSS-) and opposite state (OS+, OS-). P, values are far above the
detection limit, as demonstrated in figure 4.17. As mentioned above, the opposite state shows the
strongest degradation and will therefore be considered in the following discussion as the main
tigure of merit for retention loss. In figure 4.18, an extrapolation to 10 years working time using
a power law (see chapter 2, equation 3.1) shows the device retains more than 50 % of its initial

polarization, meeting industry requirements.
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Figure 4.19: Normalized positive and negative opposite state polarization after 24 h baking at 85 °C and
extrapolated to 10 years device operation as a function of ozone dose times. Dashed lines are only meant as
a guide for the eye.

Figure 4.19 shows the opposite state retention after 24 hours baking and extrapolated to 10 years
working time as a function of the ozone dose time with which the Hfy 5Zr( 50, thin films have been
deposited. It is straightforward how samples deposited with shorter O3 dose times show stronger
retention degradation. In particular, the sample with 1 s O3 dose time presents the best behavior.
This well correlates with the higher orthorhombic phase fraction and remanent polarization values
which were detected in the previously displayed measurements.

In particular, samples with low oxygen content could present higher defectivity, lower crystallinity
or higher tetragonal non-polar phase fractions. In all cases, oxygen vacancies could contribute to
more diffuse electron trapping and together with non-polar portions generate depolarization fields
which cause back-switching, imprint and in general retention loss.

Figure 4.20 shows the imprint calculated as the rigid hysteresis shift on the voltage axis ((Ec, — +
Ec,+)/2) for both 85 °C and 125 °C baking steps of 24 hours. Also, in this case, it can be observed
how the layers deposited with 1 s O3 dose time show the best performancesi.e. the lowest hysteresis
shift with time and temperature, confirming what is stated above. In general, for Hfy5Zrg50;-
based ferroelectric capacitors, 1 s O3 dose time seems to result in the best values in terms of phase

stabilization, remanent polarization and reliability.

In the next section, the ratio between HfO, and ZrO, will be varied and the most important
ferroelectric figure of merits will be evaluated by varying concurrently Hf:Zr ratio and oxygen

content i.e. ozone dose time.
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Figure 4.20: Negative and positive opposite state imprint calculated as a shift of the ferroelectric hysteresis
along the voltage axis after 24 h baking at 85 and 125 °C as a function of ozone dose times. The initial, not
normalized P, values can be found in figure 4.17. Dashed lines are only meant as a guide for the eye.

4.5 Influence of zirconium content

A new degree of freedom was added by implementing a matrix of Hf,Zr;_,O; layers where oxygen
and zirconium content were tuned concurrently through ozone dose time and Hf:Zr cycle ratio,

respectively.

Figure 4.21: Phase fraction for (a) m-phase, (b) o-phase, and (c) t-phase in ALD-deposited Hf,Zr;_,O; layers
as a function of Zr content and O3 dose time calculated by fitting the experimentally measured GIXRD
patterns. Taken from [86].

In figure 4.21, contour plots report the amount of each crystalline phase (a) m-phase, b) polar
o-phase and c) t-phase) as a function of the ozone dose time (x-axis) and Zr content in percentage
(y-axis) calculated from the deconvolution of the measured GIXRD signals. 13 data points were
used for each plot. Details on the procedure were previously explained in section 3.2. As shown in
figure 4.21, similar to the case of undoped HfO,, high oxygen content encourages the stabilization
of the m-phase, as well as high Hf content. Conversely, the tetragonal phase was stabilized for low
ozone dose times and high Zr content. The o-phase found a stabilization interval for intermediate
values, that is for a Hf:Zr ratio of around 1:1 and ozone dose times in the range of 1 s.
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Figure 4.22: Remanent polarization as a function of Zr content and ozone dose time in good correlation to a
high o-phase content in Figure 4.21 b). The maximum remanent polarization values are obtained for a linear
relationship between Zr content and ozone dose time. Taken with permission from [86].

Remanent polarization values were also measured for films with different oxygen and zirconium
content. By comparing Fig. 4.21 b) and Fig. 4.22, it is evident that they well correlate with the
amount of polar orthorhombic phase detected in the thin films. Large P, values could be obtained
for the same conditions required for o-phase stabilization, by appropriate tuning Zr and oxygen

content, which seem to have an opposite effect.

Figure 4.23: a) Endurance defined as the number of cycles before device hard breakdown and b) amount of
observed wake-up defined as the difference between the woken-up P, and the pristine P;, normalized to
the woken-up P, for different Hf,Zr;_, O, layers as a function of Zr content and O3 dose time. Taken with
permission from [86].

Endurance with respect to field cycling was plotted in Fig. 4.23 a) by applying write cycles with
an amplitude of 4 MV /cm and noting the number of cycles the device could withstand before
reaching hard breakdown. The experiments show that endurance is reduced for high amounts of
Hf with respect to Zr and larger oxygen contents. This figure of merit can be well associated with
the m-phase fraction detected in the Hf,Zr;_,O; layers. In fact, a larger m-phase portion seems to
limit device endurance. Similar observations were previously reported in the literature. Already in
the context of DRAM stack optimization, a correlation between the non-polar m-phase and high
defectivity was demonstrated, which harmed device reliability [240].
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The wake-up behavior was also analyzed as a function of Zr and oxygen content by applying field
cycles to each film and comparing the P, values corresponding to the maximum opening of the
memory window and the pristine case. The number of cycles necessary for complete wake-up
varied from sample to sample. Wake-up seems to be particularly pronounced for films in which
the t-phase results strongly stabilized, i.e. for short O3 pulses and high Zr content, as evident by
comparing Fig. 4.21 c) and Fig. 4.23 b). Those films show the largest increase in P, values with
wake-up cycling, which is the biggest difference between the woken-up remanent polarization and
the pristine one. At least two phenomena seem to be good candidates as adequate interpretation
of the experimental observations. On the one hand, a field-induced phase transition could take
place, most likely from the t- to the o-phase, increasing the amount of switchable domain and
consequently causing the opening of the ferroelectric hysteresis [129], [134], [135]. On the other
hand, wake-up phenomena could originate from charge redistribution within the layer, most likely
oxygen vacancies [139]. Such defects are more commonly found in films where less oxygen is
provided and have been shown to have lower energy formation in ZrO; as compared to HfO;.

To summarize, the introduction of Zr seemed to provoke an opposite effect as compared to increased
oxygen content, favoring the stabilization of the t-phase and resulting in a more pronounced wake-
up and an improvement in device lifetime with respect to the number of applied field cycles. An
optimum in remanent polarization i.e. the largest polar o-phase portion was obtained for an Hf:Zr
ratio of ~ 1:1, as already found in previous literature reports [76], [118].

4.6 Comparison with films deposited via physical vapor deposition

In this section, films deposited via sputtering will be compared to the previously shown results
on ALD. In order to control oxygen supply during deposition, the oxygen flow in the sputtering
chamber (expressed in sccm) is tuned. PVD deposited undoped HfO; films were first studied and
reported by Mittmann et al. in [236].

Fig. 4.24 shows the m-, t- and o-phase fractions in a) sputtered and b) ALD deposited undoped
HfO, layers. All considered films were 10 nm thick and underwent a thermal treatment for
crystallization. It is worth mentioning that sputtered films require a higher annealing temperature
as compared to ALD deposited films to acquire optimal ferroelectric properties [236]. An annealing
temperature of 800 and 700 °C was therefore chosen for the two cases. A coherent trend with respect
to oxygen content can be detected in both layers subgroups. An elevated amount of supplied
oxygen stabilizes the monoclinic phase in both cases. However, a difference in the most present
phase can be found for low oxygen contents. In fact, if on one hand, the o-phase is the most stable
one in the case of films sputtered with low oxygen flow, on the other hand, short ozone dose times
seem to stabilize the t-phase for ALD layers. Such a difference could arise because of the presence
of unreacted C impurities in the ALD layer, which are not found in layers sputtered in ultra-high

vacuum conditions starting from high purity targets. ToF-SIMS measurements displaying the
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Figure 4.24: Crystalline phases (m-, o- and t-) fractions for undoped HfO, layers deposited via a) sputtering
and b) ALD as a function of supplied oxygen calculated from GIXRD measurements. For PVD, the oxygen
supply was controlled via oxygen flow (sccm) whereas in ALD through the duration of the ozone dose pulse.
The dashed lines are only meant as a guide for the reader. Taken with permission from [86].

amount of detected C both in PVD and ALD layers were previously displayed in Fig. 4.16 a). As
already reported both in this work and in the literature [239], C impurities can help the stabilization
of the t-phase over the m- and the o-phase both by acting as a dopant and by limiting grain growth

and therefore triggering surface/volume energy contributions.

Another difference in crystallization can be observed in as-deposited PVD and ALD films. As
reported by Mittmann et al. in [236], PVD films were often already crystalline right after depo-
sition, despite the latter taking place at room temperature, likely because of the elevated plasma
power used during deposition. This was mostly the case for samples deposited in oxygen-rich
atmospheres, which crystallized in fact in the m-phase. The subsequent RTA managed to transform
the amorphous layers into mostly orthorhombic films, whereas the ones which were already highly

monoclinic after deposition stayed in the m-phase also after the annealing treatment.

Figure 4.25 shows remanent polarization values for both ALD and PVD films as a function of
supplied oxygen. For both deposition methods, the stabilization of the polar orthorhombic phase
and the tetragonal phase results in non-zero remanent polarization values, with a maximum at
around 0.5 sccm oxygen flow and 1 s ozone dose times for PVD and ALD, respectively. In both

cases, P, values of around 10-15 uC/ cm? were measured.

Mittmann et al. also deposited a matrix of Hf,Zr_,O; layers by concurrently tuning oxygen
and Zr content during deposition [79]. Once again, increased oxygen flows seemed to trigger the
stabilization of the m-phase, independent from Hf:Zr ratio. Nonetheless, contrarily to what was
observed in ALD, high ZrO, contents encouraged the stabilization of the m-phase, as well. This
difference was attributed to the higher reactivity of the HfO, target with oxygen, compared to the
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Figure 4.25: Remanent polarization values 2P, for undoped HfO, layers deposited via a) sputtering and b)
ALD as a function of supplied oxygen calculated from GIXRD measurements. For PVD, the oxygen supply
was controlled via oxygen flow (sccm) whereas in ALD through the duration of the ozone dose pulse. The
dashed lines are only meant as a guide for the reader. Taken with permission from [86].

ZrO, target. A lower reaction rate, similarly to low deposition rates, could mean that more oxygen

interstitials are incorporated during deposition.

4.7 Summary

In this chapter, an overview of the main parameters playing a role during ALD deposition of
Hf,Zr1_,O; thin films was supplied. First, a comparison between different metal precursor
molecules was shown. Structural and electrical properties of capacitors based on Hf,Zr;_,O, thin
films were characterized and compared for different precursor combinations and Hf:Zr ratios. After
that, the effect of chamber temperature during deposition on the layer crystallization pathway
was addressed. Zirconium and oxygen contents were afterward concurrently tuned through
Hf:Zr cycle ratio and dose time, respectively. It was shown how both the main structural and
ferroelectric properties and the reliability performances of FeCap devices strongly depend on these
two parameters. An opposite trend was reported for the progressive increase in Zr and oxygen
content in the deposited layers. In general, high remanent polarization values corresponded
to strongly stabilized polar orthorhombic phase and were accompanied by enhanced reliability
properties in terms of retention, endurance and wake-up. The results regarding ALD were finally

compared to measurements on sputtered Hf,Zr;_,O; thin films. Common trends were highlighted
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and the physics behind the two processes was used to explain the observed differences. Despite
the overall results between the two techniques being similar, a higher thermal budget is needed for
the crystallization of PVD-deposited films in the ferroelectric o-phase, making ALD the technique
of choice for BEOL applications.

An optimized process can be extrapolated by combining the results of this chapter. A 1:1 Hf:Zr
ratio was picked to be used within this work. For standard Hfy5Zr; 50, used in the next chapters,
TEMAHf and ZyALD were used as the metal precursors and ozone was supplied through 1 s long
dose steps. The deposition process took place at 280°C. A post metallization annealing treatment

was performed at 600 °C.
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5 Effect of electrodes on device
performance

Hafnia-based ferroelectric capacitors are most commonly sandwiched between two TiN electrodes.
Nonetheless, different electrode materials have been tested and performances have been compared
with standard TiN, ranging from metal nitride electrodes like TaN, semiconductors such as Si and
Ge, pure metals like W, Pt, Ru, Ir and their metal oxides such as IrO, and RuO;.

In the work of Park et al. [241], a comparison between standard TiN and Pt bottom electrodes
can be found. According to their study, TiN BEs seem to promote high tensile stress along the
c-axis of the t-phase, which results in enhanced ferroelectricity. A similar finding is reported in the
work of Cao et al. [242], who deployed Pt as the TE, along with Pd, Au, W, Al and Ta, and kept
TiN as the bottom electrode. Different thermal expansion coefficient mismatches were measured
between HfO, and the used electrode materials, which caused a different amount of stress in the
ferroelectric layer. Among the used TE materials, W yielded the highest remanent polarization,
followed by TiN and then by Pt (2P, = 32.7, 36.9 and 38.7 uC/ cm? for Pt, TiN and W top electrode,
respectively). W seemed to be advantageous not only because of stress-tuning but also because
of the suppression of the formation of a parasitic dead layer between the BE and the ferroelectric
layer. The latter is most likely formed during the HfO, deposition process or because of exposure
of the BE to the atmosphere between the different processing steps. Lee et al [243] compared W to
Ni, TiN and Mo. Capacitor stacks including a W BE showed limited oxidized layer formation and
the best ferroelectric properties. Similar findings were reported by Karbasian et al. [244], where W
demonstrated superior properties as compared to TiN.

The formation of an oxidized interface also emerges in the case of semiconductor-based electrodes.
Lomenzo et al. [245] compared the performances of two capacitor stacks based on Si:HfO, deposited
either on p+ Ge or p+ Si and reported a lower dead layer thickness in the case of Ge. Therefore,
they proposed p+ Ge as a good candidate to replace Si as the substrate material in FeFETs.

From the knowledge acquired from traditional PZT, oxide materials seemed to bring the advantage
of suppressing oxygen vacancies formation when used as electrode materials. This resulted in
lower defectivity and consequently in strong improvements in device reliability [246], [247]. For this
reason, Ir, Ru and their respective oxides IrO, and RuO; were also scanned as electrode materials
for FeCaps based on fluorite ferroelectrics. Unfortunately, the findings were not reproducible for
this class of materials. In the work of Park et al. [248], a IrO, parasitic interface was formed when
Ir was used as bottom electrode material, probably due to exposure to the atmosphere between
the electrode and the ferroelectric oxide deposition. According to their hypothesis, this led to

the stabilization of the m-phase and the consequent deterioration of the ferroelectric properties
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because of the formation of bigger grains. The polar orthorhombic phase was only successfully
stabilized for low Hfy5Zrg50; film thicknesses. Mittmann et al. [151] deposited symmetrical
FeCaps, where IrO, served both as TE and BE. Again the oxide electrode rather harmed capacitor
performances, conversely from what was observed in PZT. The additional oxygen provided from
the oxide electrode seemed to de-stabilize the polar o-phase in favor of the non-polar m-phase.
An analogous degradation was observed by Park et al. [109] when deploying RuO; as electrode
material for Hfy 5Zry50,-based FeCaps. This material seems to be instead promising when looking
at the recent work by Goh et al. [150], [249]: the use of RuQO, instead of TiN as electrode material
yielded a decrease in the thickness of the non-polar interface between ferroelectric and electrode.
This proved particularly advantageous when RuO, was deployed as the top electrode. The results
were supported by XPS measurements, which detected a reduced amount of oxygen vacancies in
the oxide electrode-based capacitors, supplying an explanation for the improved device reliability.
Also Ru in its elemental state showed low reactivity with Hfy 57150, in the work of Cao et al.
[250], resulting in better device performance of Ru/Hf5Zro50;,/Ru capacitors as compared to
TiN/Hfy 571950,/ TiN ones, with great reliability advantages especially in terms of reduced leakage
current and increased number of field cycles before device hard breakdown.

In general, the choice of the electrode material affects the stacks both from a chemical and an
electrical point of view. Depending on the chosen material, a more or less pronounced formation
of a parasitic interface with the HfO,-based layer is observed, which often results in different
stress/strain and surface energy contributions induced by temperature-dependent expansion
coefficient and lattice mismatches between the ferroelectric oxide and the electrode [138], [251].
Both factors can influence the defectivity of the oxide, the amount of oxygen i.e. of oxygen
vacancies in the electrode proximity, the size of the grains and ultimately the crystalline phase
of the ferroelectric layer. Furthermore, depending on the work function (WF) value of the two
electrodes and/or of the created interfacial layer, an internal bias field can arise which manifests
itself in the shift of the ferroelectric hysteresis in one or the other voltage direction. Last but not
least, depending on the band alignment between the ferroelectric and the electrode materials,
charge injection can take place. Injected charge from the electrode into the ferroelectric can also
be trapped at defect sites at the interface. All the aforementioned phenomena still represent big

reliability challenges for device applications.

In this chapter, first, the effect of electrode materials with different work functions will be elucidated.
A nitride, an oxide and a metal electrode will be chosen and compared to the most common TiN
electrodes. Afterward, a more global comparison will be carried out. The influence of the material
choice on device reliability will be addressed. Finally, device applications will be suggested which
could exploit the above-mentioned hysteresis shift.
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5.1 Work function of electrode materials

Knowing the work function ¢, of the electrode material is of fundamental importance since,
together with the electron affinity of the ferroelectric oxide Y., it determines the conduction band
offset CBO between the two materials and therefore influences the conduction mechanisms (see
Fig. 5.1). Nonetheless, dipoles, defects and trap states with energy levels within the insulator
band-gap could influence the barrier through pinning of the Fermi level of the metal to the charge-
neutral level of the insulator. Such features could depend on both the ferroelectric layer and the
electrode defectivity and their interaction. Charge injection is also affected by the CBO between
the ferroelectric and the electrode, with the phenomena being encouraged for lower CBOs i.e. in
materials with a lower work function. Everything considered it is evident how an appropriate
understanding and fine-tuning of the processing is necessary to achieve the wished band alignment
and control device behavior.

Figure 5.1: Energy band diagrams for a) a capacitor stack with symmetrical electrodes showing the same WF
and b) one with asymmetrical electrodes showing different WF. ¢) and d) show the measured ferroelectric
hysteresis for the cases displayed in a) and b). A shift in the FE-loop along the voltage axis is observed when
a WF difference is present. e), ), g) and h) schematize the band diagrams for cases a) and b) when a negative
(e), g)) or a positive (f) and h)) internal bias is included. Picture taken from [252].

An asymmetrical stack with two different materials employed as top and bottom electrodes,
respectively, will show a ferroelectric hysteresis that is not centered with respect to the polarization
axis. As shown in figure 5.1, the work function difference between the two electrode materials
generates an internal bias field within the stack which provokes a rigid shift of the hysteresis along
the voltage axis. This means the ferroelectric will require a different absolute field to be switched in
the two opposite polarity directions.

69



5 Effect of electrodes on device performance

Depending on the two WF of the two electrodes, a shift either in the positive or in the negative
direction will be observed. As an example, if the external voltage is supplied at the top electrode
and if TiN is used as the bottom electrode, a rigid shift in the positive voltage direction will be
expected for all materials presenting a higher WF than TiN. Conversely, a shift in the negative
voltage direction is presumed if the TE material has a lower work function compared to TiN or if
the TE and the BE are swapped.

This effect is also detected in symmetrical stacks where the same electrode material is differently oxi-
dized depending on its processing history. Interestingly, it was exploited by Pesi¢ et al. [253], which
demonstrated the concept of antiferroelectric RAM by intentionally shifting the antiferroelectric-like
double looped hysteresis until a finite remanent polarization was obtained through the centering
of one of the two sub-loops. This application will be discussed more in detail in the last section of
this paragraph.

Table 5.1: Work function of various electrode materials (on HfO;, /ZrO,). Values were calculated within this

work by assuming a WF of 4.7 for TiN at BE. A different stoichiometry can be observed for the same material
depending on its positioning within the capacitor stack (i.e. TE or BE), resulting in different WF values.

Material Work function Work function

at BE (eV) at TE (eV)
TiN 4.7 45
TiAIN 45 (£ 0.2) 45 (£ 0.2)
Nb 4.1 4.1
MoO, 4.7 5
RuOx 5.5 5.5
W 4.7 4.7
NbN 5.3 4.7

The work function of different materials on HfO; (i.e. on ZrO,) can be calculated by using different
methods, such as X-ray photoelectron spectroscopy, hard X-ray photoelectron spectroscopy and
internal photoemission spectroscopy. Table 5.1 summarizes some of the values extracted within
this work by calculating the ferroelectric hysteresis shift of asymmetric TiN/Hfy5Zry50,/x or
x/Hfy5Zry50,/TiN stacks, where x is an alternative electrode material and a work function of
4.5 or 4.7 eV is assumed for TiN as a top and a bottom electrode, respectively. The electrodes
were approximately 10 nm thick and all capacitor stacks were annealed at a temperature of 600 °C
in nitrogen after top electrode deposition. The difference in work function shown by TiN when
employed as TE or BE is originating from the different oxidation states of the layer depending on
annealing and deposition conditions, as already discussed above and in the literature [131], [140].

The work function values for other electrode materials can be found elsewhere [254].
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5.2 Nitride electrodes: the case of TiAIN

As previously mentioned, a shift in the ferroelectric hysteresis can be detected even in stacks where
the same material is used both as top and bottom electrodes. This is related to the fact that the
electrode material can be differently oxidized depending on the processing it underwent [255].
For example, it was shown that TiN presents different oxidation at the top and at the bottom of a

capacitor based on hafnia [110], [140]. Different processing steps are responsible for this result:

- first of all, the TiN bottom electrode is often exposed to the atmosphere before the HfO, layer

is deposited. This can lead to a more or less pronounced surface oxidation;

- subsequently, the TiN BE layer is exposed to an oxygen-containing atmosphere during the

deposition of the HfO, layer itself. This can provoke further surface oxidation;

- Finally, the complete structure including TE, ferroelectric layer and BE is often thermally
treated to induce crystallization of the hafnia-based layer. During annealing, oxygen is
scavenged from the oxide layer towards the TiN. The result of this last processing step is
the formation of a parasitic TiON layer between HfO, and TiN. If a surface oxide layer is
already present (as in the case of TiN BE), the driving force for oxygen scavenging will be
lower, leading to a thinner parasitic TiON layer and to a lower amount of oxygen vacancies
in the vicinity of the BE as compared to the TE.

The result of the different oxidation state of the two electrodes i.e. the presence of a parasitic
oxidized layer at one of the two interfaces is a different band alignment and consequently an

internal bias field that rigidly shifts the ferroelectric loop in one voltage direction.

To accurately study this effect, Al was gradually added to the TiN top electrode by introducing
and increasing the Al power during sputtering. Al has a lower work function compared to TilN.
An increased Al power during deposition should therefore lower the total work function of the
TiAIN electrodes. Al powers of 100, 150 and 200 W were used. In the next paragraphs, the effects
of the gradual Al inclusion into the top TiN electrodes will be presented through structural and
electrical characterization. A comparison of the effect of thermal treatment on stacks including
TiN and TiAIN was also carried out utilizing standard ferroelectric measurements and results will
hereby follow.

71



5 Effect of electrodes on device performance

5.2.1 Structural analysis and crystalline phase deconvolution

Figure 5.2: Phase deconvolution of the GIXRD spectra of a a) TIN/HZO/TiN and b) a TIN/HZO/TiAIN
capacitor stack according to the procedure explained in chapter 3.

GIXRD patterns were measured for two Hf( 5Zrj50,-based ferroelectric capacitors having TiN as
bottom electrode and TiN or TiAIN deposited with 150 W Al power as top electrode. The measured
spectra are displayed in figure 5.2 a) and b), respectively, together with a gaussian fitting of the data
(see chapter 2 for details on the fitting procedure). According to the structural measurements, a
negligible difference in phase composition is observed for the two analyzed capacitor stacks, which
both only show the main o-/t- peak and almost no crystallization in the m-phase.

According to these results, the introduction of Al into the standard TiN electrode does not seem to
affect the crystallization path of the ferroelectric oxide. In the next sections, electrical results will
nonetheless show clear differences between the two stacks. The formation of a parasitic interface

between electrode and oxide will be suggested as an explanation for the observed trends.

5.2.2 Hysteresis shift and field cycling behavior

Figure 5.3 shows the P-V (a),c)) and I-V (b), d)) curves of woken-up capacitors for TiAIN electrodes
deposited prior to the thermal treatment (a), b)) and for capacitors where the annealing was
performed first with a standard TiN TE which was subsequently etched via SC1 and replaced by a
TiAIN TE (c), d)).
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Figure 5.3: P-V (a),c)) and I-V (b), d)) curves of woken-up capacitors for TiAIN electrodes deposited prior to
the thermal treatment (a), b)) and for capacitors where the annealing was performed first with a standard
TiN TE which was subsequently replaced by a TiAIN TE (c), d)). A shift of the P-V and I-V curves in the
negative voltage direction can be observed as the Al sputtering power is increased from 0 (TiN) to 200 W.

Figure 5.4: a) Hysteresis shift as a function of the number of applied field cycles for HZO-based FeCaps with
TiN as BE and TiN or TiAIN as TE; b) Hysteresis shift after 10* cycles as a function of Al power used for
TiAIN sputtering for woken-up TiN/HZO/TiAIN stacks.

73



5 Effect of electrodes on device performance

As shown in the figure, the ferroelectric hysteresis presents a shift towards the negative voltage
direction as Al is introduced into the top electrode, coherently with the lowering of its work
function. For woken-up devices, a direct correlation between Al power and coercive field change is
detected, as shown in figure 5.4 b). Unfortunately, figure 5.4 a) shows this is not valid along the
complete device lifetime. In fact, almost no shift is observed in the pristine state. The hysteresis
displacement becomes more and more relevant as the number of cycles increases. In the case of
direct deposition of the TiAIN electrode prior to annealing, the hysteresis shift is accompanied by a
reduction in remanent polarization and by a broadening of the switching peaks (figures 5.3 a), b)).
This can be attributed to the formation of an interface layer between the TE and the ferroelectric
layer during the thermal treatment, which screens the applied external field or supplies a stronger
depolarization field. In order to prevent this, another set of samples was deposited which was first
annealed with a standard TiN TE. The latter was subsequently removed via SC1 and replaced with
the desired TiAIN. For this second structure type, only a minor reduction in remanent polarization

was detected along with the coercive field change.

10 nm thick Hfq 5Zr( 50, ferroelectric capacitors with TiN BE and TiAIN TE were cycled with a field
of £ 3 MV/cm. Figure 5.5 a) and c) show the behavior of the positive and negative P, with respect
to the number of field cycles the device was subjected to for different used Al powers. A sensible
reduction in P, is encountered with respect to symmetrical TiN /Hf( 5Zro 50,/ TiN devices for all
used Al powers in the case of direct TIAIN deposition. Furthermore, strong fatigue is encountered
after 10* cycles. No clear trend with Al power can be detected. All samples show an improvement
in the number of cycles before hard breakdown i.e. a higher endurance. This can be caused both by
the lower remanent polarization and by sub-cycling if part of the applied external field is screened

at the oxidized parasitic interface.

By first depositing TiN, annealing the structure and subsequently replacing TiN with TiAIN, most
of the remanent polarization is recovered and the fatigue behavior is also improved. Nonetheless,
the advantages in endurance are lost (see figure 5.5 c)).

To support the hypothesis attributing the lowering in P, to the creation of an interface generating
a depolarization field, the relaxed remanent polarization was investigated, i.e. the amount of
remanent polarization retained one second after application of the switching field. As shown in
figure 5.5 b) and d), a strong degradation in the relaxed remanent polarization is observed for the
negative voltage direction. The effect is particularly strong for the cycling stage corresponding
to the onset of fatigue, corroborating the hypothesis according to which fatigue and retention
degradation could both be triggered by depolarization fields. The effect seems attenuated when
the TiAIN electrode is deposited after SC1 removal of the TiN TE, confirming the formation of a
thicker parasitic interface in capacitors annealed with TiAIN TE.

X-Ray photoelectron spectroscopy measurements were performed by collaborators before and
after the removal via SC1 of the TiN top electrode. The capacitor had been annealed before SC1.
Figure 5.6 shows the results for the Hf 4f (a), d)), the Ti 2p (b), e)) and the N 1s (c)), f)) peaks before
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Figure 5.5: Positive and negative P, (a),c)) and P, ,,; /P, (b), d)) with respect to field cycling for ferroelectric
capacitors with TiN BE and TiAIN TEs deposited prior to the thermal treatment (a), b)) and for capacitors
where the annealing was performed first with a standard TiN TE which was subsequently replaced by a
TiAIN TE (c), d)). A stronger fatigue and a degradation in relaxed remanent polarization P, ,,; is observed for
capacitors with TIAIN TE with respect to those with TiN TE. The effect is improved when TiAIN is deposited
after thermal treatment.

(a), b), ¢)) and after (d), e), f)) SC1 wet etching. By comparing the top and the bottom row of the
figure i.e. the results before and after SC1, the following conclusions can be drawn: the Hf 4f peak
remains unchanged, meaning the HfO, layer is not affected by the wet etching; the N 1s peak
completely disappears, proving the effective removal of the TiN layer; the peaks at the binding
energies associated to TiION and TiN also disappear; the TiO, peak decreases in intensity and shifts
to higher binding energies, confirming the presence of a parasitic oxidized interface between the

TE and the HfO, layer which is partially but not completely removed through the SC1 procedure.
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Figure 5.6: XPS measurements of a TiN/Hfy 5Zr 50, /TiN capacitor annealed at 600°C for 20 s in N,. The Hf

4f (a), d)), the Ti 2p (b), e)) and the N 1s (c)), f)) peaks before (a), b), c)) and after (d), e), f)) SC1 wet etching
are shown.

5.2.3 Retention and imprint

Figure 5.7: Positive an negative same state (S5+, SS5-), new same state (NSS+, NSS-) and opposite state (OS+,
OS-) retention measured at 85 °C for ferroelectric capacitors based on a 10 nm Hf( 5Zry 50, film sandwiched
between a) TiN BE and TiAIN TE and b) TiN BE and TiN TE. The OS retention shows the strongest reduction
and was therefore extrapolated for 10 years operation in order to benchmark device degradation.

Retention measurements were performed on capacitor stacks and results were compared for
asymmetrical TiN /Hfy 5Zro 50, /TiAIN (direct deposition) and symmetrical TiN/Hfg 5Zro 50, /TiN
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capacitors (figures 5.7a) and b), respectively). The retained remanent polarization for the opposite
state was fitted using a power law as described in chapter 3. For capacitors with TiAIN as the top
electrode, half of the OS+ and OS- remanent polarization is lost after only 10* min baking time.
Eventually, the positive and negative state coincide and become almost indistinguishable at the
10 years limit. Better behavior is reported for the symmetrical stacks, where more than 50% of
the remanent polarization is retained up to 10 years. Additionally, the TiN/TiAIN stack shows
degradation also for the SS and the NSS states, whose polarization is instead very good retained in
symmetrical, TiN-based FeCaps.

These observations can be correlated to a shift of the ferroelectric hysteresis loop in the negative
voltage direction observed by replacing the TiN TE with a TIAIN TE. In fact, for this reason, some of
the domains which show a coercive field that is higher than the supply voltage could be excluded
from the switching process. This phenomenon gets worse during baking, as a consequence of the
imprint caused by leaving the capacitor in a certain polarization state for a long time and at a high

temperature, summing up to the already present shift caused by the work function difference.

In summary, the use of TiIAIN electrodes instead of TiN seems not to be advantageous for device
performance. The growth of a thick interface between the ferroelectric oxide and the electrode
material is hypothesized as the main cause for ferroelectric properties and reliability degradation, as
confirmed from the XPS results and the differences between TiAIN deposition prior or post thermal
treatment. GIXRD measurements showed negligible differences for HZO layers sandwiched
between two TiN electrodes and a TiN and a TiAIN one, hinting at a similar amount of oxygen
vacancies in the ferroelectric layers. This was coherent with the similar behavior with respect to
field cycling demonstrated by the capacitors where the TiAIN electrode was deposit post thermal
treatment i.e. including a thinner additional parasitic interface. Depolarization fields caused by the
latter are considered responsible for the strong polarization relaxation and retention loss in the case
of annealing of FeCap with TiAIN TE.

5.3 Oxide electrodes: the case of MoO,

In this section, structural and electrical characterization of devices where MoO, was deployed
either as bottom or as top electrode will be presented and compared to the traditional symmetrical
TiN/HZO/TiN capacitors. MoO, has a higher work function as compared to TiN, as already
discussed with the help of table 5.1.
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5.3.1 Structural analysis and crystalline phase deconvolution

Figure 5.8: Phase deconvolution of the GIXRD spectra of a a) TiN/HZO/TiN, b) a TIN/HZO/MoOy and c) a
MoO, /HZO/TiN cap