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Introduction

The information and communication technology (ICT) industry worldwide is still
growing fast. For example, the number of IoT (Internet of things) devices reached 35.82
billion devices in 2021 and forecasts suggest that there will be more than 75.44 billion
devices in 2030 [1]. The consequences of this growth can be directly seen in two main
branches: Firstly, the increase of energy consumption (use of electricity), by ICT products
such as data centres, [oT devices, and networks, with a higher rate compared to the total
worldwide consumption of electricity. Secondly, the environmental impacts of the ICT
industry during its entire life cycle, from the raw materials to the final product used by
the consumer, require energy and need environmental burdens over natural resources
(water, soil, and air) [2], for example, greenhouse gas (GHG) emissions [3]|, use of
hazardous materials and chemicals [4] and reduction of critical material resources [5].
Despite such consequences, the positive effects of this ICT trend can be bigger than the
negative impacts if the environmental sustainability criterion is well integrated within
the entire life cycle of any ICT product, at both macro and micro levels. This can be
done by enforcing “the enabling effects” [6] such as optimization and supporting of the
sustainable alternatives of the existing hazardous devices and taking into consideration
the rebound effects[] to reduce them. Sustainable IoT devices are attracting more interest
as [oT technology producers are competing to fulfil the consumers’ requirements such as
high-quality, low-cost products, and yet requesting green label ‘eco-friendly’ products
that expend the minimum of energy and are free of any hazardous materials to health,
water, or environment. This ‘green’ trend is well expanding and becoming more and more
popular among consumers at the same time while companies are adopting a consumer-
driven approach for the design and marketing of their products, which gives this trend
more importance that pushed governments in Europe and Japan, first, to legislate

obligatory agreement with a diversity of limitations and bans over the used materials,



based on the hazardousness and criticality of these materials mainly in the
microelectronics industry. On a worldwide scale, Europe and Japan took the lead with
this initiative due to dense populations and limited access to natural resources, starting
in 2003 with the RoHS (Restriction of Hazardous Substances) directive, by the European
Union (EU), as a revolutionary decision to order the prohibition of some toxic and
dangerous materials taking effect on 1st July 2006 [7]. This decision was mandatorily
applied to all products to be sold in the EU. The main motivation of RoHS directive was

due to lead (Pb), a toxic material widely.

Used in the microelectronics industry in two main applications: interconnect soldering
and MEMS (microelectromechanical systems) devices such as pMUT for fingerprint
sensors, microphones, and loudspeakers, inkjet nozzle, energy harvesting, acoustic
resonators, BlioMEMS, etc. After the joining of countries, industries, and researchers, the
first impacts led researchers to pave new research fields such as lead-free piezoelectrics
and lead-free soldering. The latter is out of the scope of this thesis. Piezoelectric materials
shape the backbone of numerous devices used in telecommunications, ultrasonic medical
imaging, ultrasonic non-destructive testing, energy harvesting, and ICT. Due to their
excellent piezoelectric and ferroelectric properties, PbZr Ti;«Os (PZT) and other lead-
based materials such as Pb(Mgi/sNba/s)Os (PMN), Pb(Mgi1/sNby/s)Os—PbTiOs (PMNPT)
and Pb(ZnisNbys)Os—PbTiOs; (PZN-PT) have been the base for high-performance
piezoelectric applications. Elimination of lead in applications such as actuators remains
a challenge but in some other applications such as high-frequency electronic components
it has been possible to utilize lead-free materials. In the framework of the NEED for IoT
project devoted to sustainable IoT, our interest is focused on sustainable nanoelectronics
devices, mainly, replacing PZT layers with a lead-free material while maintaining the
same level of performance. PZT is one the most efficient materials in terms of
electromechanical coupling factors for transducers and sensors, but unfortunately, it

contains 60 % of lead which is toxic and prohibited in different countries as mentioned



above. Besides its incomplete compatibility with CMOS process growth. In this context,
we focus on the elaboration of Hfy:Zro;0: (HZO) films by CMOS compatible techniques
to bring a contribution to a better understanding of this fluorite-structure type material.
The ferroelectricity, recently discovered by a coincidence [8], within hafnia-based,
including HZO, thin films is considered as a gamechanger in this field due to their
promising properties at very low thicknesses. Currently, the core orientation of the
scientific community, interested in this material, is about reaching a better understanding
of the factors inducing ferroelectricity, its stabilization, and its mechanisms which is quite
challenging at a few nanometres or a hundred nanometres thicknesses. Despite that the
discovery of ferroelectricity in hafnium oxide is recent, some existing challenges are
already known for the perovskites structure materials, such as interface engineering and
phase stabilization [9]-[11]. Simultaneously, the potential of this new class of lead-free
materials makes the efforts to resolve the challenges worthy. First, as can be seen in the
tremendous increase of papers, HZO is considered as a leading lead-free candidate with
excellent ferroelectric properties next to the good pyroelectric and piezoelectric
properties. These exciting properties pave the way for HZO to be the sustainable key-
enabler for the next generation of ferroelectric memories and lead-free piezoelectric
applications. Additionally, HZO well-satisfies the criteria of device scaling and low energy

consumption requested by nowadays innovations, such as IoT or industry 4.0.

This new class of materials with its promising properties renewed the attention to the
non-volatile ferroelectric memories which are reflected by the growing interest in
ferroelectric hafnia shown in scientific papers. The effect of this class of materials did not
impact only the NV ferroelectric memories field only, but also other low power
nanoelectronics like neuromorphic devices and sensors. The next expected interest to be
renovated is mostly the piezoelectric applications at higher thicknesses. Finally, the
commercialization of hafnia-based devices has also Its own challenges depending on the

application of the field beside the challenges of full understanding of the material



properties. The choice of the deposition technique of any material depends on many
criteria; the thickness of the layers, the field of application, the thermal processing, and
the desired characteristics...etc. In contrary to the state-of-the-art, where ALD (atomic
layer deposition) is the common technique given the desired thickness for NV memories,
for HZO synthesis in this work, the sputtering technique is chosen, widely used in the

microelectronics industry offering a large parameter space for tuning film properties.

Nevertheless, until today, the deposition of HZO by sputtering is little studied despite
the multiple sputtering systems (single target sputtering of a compound, co-sputtering
...etc). Only three research groups have published papers on sputtered HZO [12]-[14].The
potentials offered by this technique hence still lack a systematic investigation. This thesis
identifies the related physical mechanism for the deposition of HZO by a single target
sputtering system. Furthermore, using that knowledge, the deposition parameters are
optimized to get high-quality thin films. However, this thesis is subsequently undertaking
a complementary approach in tackling the challenges above. On one hand by studying
the sustainability of HZO and its feasibility as a lead-free alternative and on the other
hand by suggesting a systematic study of the sputtered HZO properties, the effect of
rapid thermal annealing at different thicknesses considering the CMOS compatibility of

the obtained films and investigating the dielectric and electric properties of HZO.
This manuscript is organized as follows:
Part I is dedicated to the study of the sustainability of HZO material and the sputtering.

Chapter 1 will present an overview of the hafnium and zirconium materials, their
properties, life cycle from mines to sputtering targets, their markets producers and the
main applications besides referring to the main factors influencing these materials and
the feasibility of replacing PZT from a critical material and economic point of view.

Finally, it will present a brief comparison between devices based on HZO and PZT.



Part 1II is dedicated to the literature review and experimental studies of HZO thin films

properties.

Chapter 2 provides some needed fundamentals to understand the arguments debated
in this thesis. The chapter is divided into two small sections. The first will be dedicated
to general ferroelectric concepts, the second part will be committed to the understanding
of the state-of-the-art challenges that lead ferroelectric hafnia field. The idea for this

chapter is to uniform the concepts and to provide a general background for the readers.

Chapter 3 will describe the main experimental techniques utilized to elaborate,
fabricate, and characterize the samples measured within this thesis. The theoretical
working principles of each experimental technique will be provided. Interest will be
dedicated to describing the single target sputtering parameters. The role of the rapid

thermal annealing will be investigated and discussed.

Chapter 4 will focus on the investigation of structural properties of TiN electrodes and
HZO thin films. Afterwards, we will focus the influence of sputtering parameters on the
structural properties and their characterization. Then, we will investigate the structural

properties of MIM capacitor by ASTAR-TEM technique.

Chapter 5 is dedicated to the investigation of the correlation between the structural
and different electrical properties, from dielectric to ferroelectric characteristics.
Afterwards, we will analyse and discuss the electrical measurements while comparing our

work with the state-of-the -art.

To conclude with the perspective and ideas for future studies. Finally, in the general
conclusion, a summary of the most relevant results and some perspective on the analysed

structure and phenomena concludes the dissertation.
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1.1 Introduction

As part of the NEED for IoT project, we devote this chapter to the sustainable
aspect of HZO in order to have a complete sustainable and technical study of HZO.
In this chapter, we answer it by introducing the terms of sustainability in a general
manner and microelectronics specifically and the criticality of materials. Then, we
focus on the materials used in this thesis, mainly zirconium and Hafnium, their
properties, and markets. Finally, we compare the ecological evaluation of thin films'

deposition techniques and explain the choice of the sputtering technique.

Figure 1 pillars of sustainability Summit 2005 [3]

Nowadays, the term: sustainability is one of the most-used buzzwords, from
newspapers, media and scientific reports to political speeches and programs.
Sustainability is applied to practically every field, including industry, strategy and
even business management. The main idea of sustainability is a concern for the
future of humanity's resources [15]. The meaning of ‘sustainability’ evolved, with
time, to fit the required specifications of each period. It passed from: “never
harvesting more than the forest can regenerate” from a forest handbook in 1713 [16]
to an official definition adopted by the Brundtland Commission of the United
Nations in 1987: “sustainable development is a development that meets the needs
of the present without compromising the ability of future generations to meet their
own needs” [15]. This definition represents the growing awareness about the overuse

of resources and dependence on fossil energies since the 80s of the last century.



Chapter I Sustainability in microelectronic devices and materials: the case of HZO

For many decades, the UN adopted the sustainability approach in many summits,
especially the 2005 Word Summit on social development [17], in which Sustainable
Development was set forth with three main aims, as shown in Figure 1 [18]:
economic growth, social development, and environmental protection, and the UN
general assembly, in 2015, where all the members agreed on a collective plan until
2030 “SDGs” (the Sustainable Development Goals) [19]. This agenda gathers the
efforts of the governments and the private sector to reach the outlined goals.

In this chapter, we refer to two linked industries: Mining, which is the backbone for
many sectors and the microelectronics industry, which represents the continuous

progress of humanity.

1.2 Main definitions

1.2.1 Sustainability in microelectronics:

Generally, the word ‘sustainability’ refers to the ability of something to
maintain or 'sustain' itself over time [20]. In industrial and governmental
frameworks, sustainability goals are linked with natural resources, environment
preservation, and social resources. Therefore, sustainable strategies give more
importance to the future human, economic and ecological impacts of any given
ecosystem or industry. The philosophy behind sustainability, unexclusively,
corresponds to the idea that: “without major changes to the way the planet is run,

it will suffer irreparable degradation”[21].

The microelectronics industry, especially ICT, is a significant part of the possible
convergences between technological and environmental instances. It can play a
crucial role in enabling systemic solutions that consider the ecological outwardness
of economic progress. Microelectronic devices are more and more embedded in
human societies and organizations. These technological innovations are increasingly
known as the best way to promote sustainable development. In addition, considering
the microelectronics industry's significant impact on the economy, the integration
of sustainability strategies within this industry is particularly important. Since 2000,
many prominent actors within the microelectronics industry joined the “United
Nations Global Compact”, the world's largest corporate sustainability initiative,
aiming to mobilize a global movement of sustainable companies and stakeholders. It
supports companies to do business responsibly and take strategic actions to advance

broader societal goals, such as the UN Sustainable Development Goals (17 goals for
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2030 [19, p. 17]), emphasizing collaboration and innovation. Since that, many
companies from different sectors, such as STMicroelectronics[22], Volkswagen [23],
and Apple [24], have published annual sustainability reports that highlight the
sustainability performance and activities that reflect their commitments and
awareness about the global sustainability concerns.

Many actors in the semiconductors industry, such as the equipment providers like
Applied Materials, Tokyo Electron, and others, announced that they are making
efforts to apply the UN sustainable development goals to reach future sustainability.
They are taking their responsibilities towards sustainability and the societal goals
also. Their main contributions can be seen in adopting the reduction of energy
consumption' approach and the reduction of greenhouse gas (GHG) emissions. Other
companies like TSMC, Intel, and ST microelectronics published their targets for
2030 and internal programs to reach the set objectives. In the case of TSMC, one of
its goals is to supply 25% of the power consumed by its fabrication plants from
renewable energy and 100% for other facilities' power consumption [25]. Intel
introduced the SPARC program (Supplier Program To Accelerate Responsibility &
Commitment) [26]. Intel aims to have 90 % of suppliers meeting the eight sides of
its program of sustainability and transparency. As one of the key players in the
microelectronics industry, ST microelectronics promotes its approach to
sustainability and green electronics. It defined four focus areas and 24 sustainable
goals to reach in the next few years. Figure 2 shows the four areas: its clients'
priority, assuring the progress, responsibility towards the environment and the
collective action [27].

Such initiatives and programs represent the shift towards sustainability of the
significant actor in this industry, which indirectly means a shift in academic
research. Besides taking their responsibilities, the companies in this sector promote

a good brand image in front of end consumers [28].
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Figure 2 The four focus areas of ST's sustainability approach

1.2.2 Definition of critical materials:

Another term gained currency and is now broadly applied: “critical material”.
However, it is possibly misleading because “critical” has many meanings, some of

which can be dedicated to materials.

A critical material must be of decisive or crucial importance to something or an
industry's success, failure, or existence. This material must be an essential one, but
it may or may not be at a crisis point. However, although necessary, essentiality is
not sufficient to assign the label ‘critical material’. This term is reserved for essential

materials and has significant supply-chain uncertainties [29].

The statement that material is critical means considerable supply risks, which might
have significant consequences on the current and future supply chain of any industry
related to materials. Saying that material is critical represents a warning about the
possible scenarios in which shortages and disruptions can happen, rather than an
immediate alarm. It identifies a need for eventuality planning regarding supplies,

resources, and strategies to avoid a crisis.

In annual reports of organizations or governments about the criticality of materials,
it is common to refer to materials criticality in a binary sense—materials are either
considered to be or not to be critical—but in reality, there is a spectrum of
criticality: some materials are more or less critical than others, and it is essential to

quantify their criticality, even if it can only be done approximately.

The definition of critical materials varies depending on the countries’ policies. Since
2011 and every three years, the EU has published an updated critical raw materials
report [30]. Materials can be more or less necessary depending on the economic
growth and the application field. Table 1 presents the critical raw materials in 2020
for the EU. United States (US) also releases an evaluation and a survey of critical

materials every year (United States Geological Survey).
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Table 1 Critical raw materials for 2020 published by EU [30]
2020 Critical Raw Materials (new as compared to 2017 in bold)

Antimony Hafnium Phosphorus
Baryte Heavy Rare Earth Elements Scandium
Beryllium Light Rare Earth Elements Silicon metal
Bismuth Indium Tantalum
Borate Magnesium Tungsten
Cobalt Natural Graphite Vanadium
Coking Coal Natural Rubber Bauxite
Fluorspar Niobium Lithium
Gallium Platinum Group Metals Titanium
Germanium Phosphate rock Strontium

The information about the materials' criticality worldwide can be of geopolitical
concern and business importance. This can explain the difficulty of having
permanent access to a piece of updated, precise information about the materials

markets, reserves, and resources.

1.3 Hafnium and Zirconium materials: History and discovery,
mineralogy, production, and applications

1.3.1 Zirconium

Zirconium is a remarkable greyish-white metal of Group 4 (IVb) of the
periodic table, Figure 3 [31], with the symbol Zr and atomic number 40. It has
exceptional properties that make it vastly significant for numerous applications for
both industry and scientific research communities. In 2020, Zr appeared as the 18™
most abundant material in the Earth’s crust [32]. Zr cannot be found in its pure
form alone in the latter. Still, it can often be found in two minerals: in silicate form
(ZrSiOy) is a mineral zircon, and in the baddeleyite mineral (known as the natural

zirconia), in oxide form (ZrO,) [33].

For the first time, Zr was discovered in Germany in 1789 by Martin H. Klaproth
while analyzing zircon mineral samples. Then, J.J. Berzelius isolated Zr as a metal
in 1824. One century later, the crystal bar process for highly pure zirconium was
developed by A. E. Van Arkel and J. Hedrik de Boer, which led to Zr’s
commercialization in 1930 [34]. Finally, in the early 1940s, W. J. Kroll of
Luxembourg developed his cheaper process of making the metal based on reducing

zirconium tetrachloride, ZrCly, by magnesium [35].
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Figure 3 The periodic table of elements highlighting Hf and Zr (modified from [17])

1.3.2 Hafnium

Hafnium is a chemical element with the symbol “ Hf ” and atomic number 72
metal of Group 4 (IVb) of the periodic table, Figure 3 [31]. Before its discovery,
Hafnium was predicted by D. Mendeleev as a heavier element similar to Zr and Ti
[36]. A silver-grey transition metal, Hafnium, and zirconium are chemically similar.
For Mendeleev, there were several indications of the presence of one or more
unknown elements in zirconium, but none had been found. Due to its extraordinarily
similarity with Zr, no qualitative differences in chemical nature between the two
elements were detected. A similar element (Hf) had been following zirconium in all
the processing of its ores, despite being a colossal isotope of zirconium. Hafnium
appears as the 43 most abundant material. It is dispersed in Earth’s crust to the
extent of three parts per million and is invariably found in zirconium minerals up
to a few per cent compared with zirconium [37]. It was discovered in 1923 by D.
Coster and G. De Hevesy [36] ,which made Hf the second-last stable element
discovered (the last was rhenium). They named the new element for Copenhagen
(in New Latin, Hafnia). As shown in Figure 4, the EU, especially France, is a net
producer of Hafnium despite being considered a critical material. Table 2 presents

the worldwide Hf producers.

The similarities between the two materials are numerous. Among them, the atomic
radii of Zr and Hf are 1.45 and 1.44 A, respectively, while the radii of the ions are
Zr*+, 0.74 A, and Hf**, 0.75 A. The virtual identity of atomic and ionic sizes,
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resulting from the lanthanoid contraction, makes the chemical behaviour of these
two elements more similar than for any other pair of elements known. Although the
chemistry of Hafnium has been studied less than that of zirconium, the two are so
identical that only minimal quantitative differences—for example, in solubilities and

volatilities of compounds—would be expected in cases that have not been

investigated.
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Figure 4 Biggest supplier countries of CRMs to the EU (11)

1.3.3 Mineralogy of zirconium and Hafnium

For a better understanding of the life cycles of both materials: Hf and Zr, we
detail in this part the mineralogy of zirconium, mainly because they have the same
process and coexist in the minerals with 0.5 — 4% Hf and since there is more available

information about zirconium compared to Hf.

The heavy-minerals sand deposits are the primary source of ~ 97% of zircon (metal
or compounds) worldwide. In contrast, the rest is recovered from direct igneous
deposits like baddeleyite mining (Russia has the only commercially significant

baddeleyite mining operation) [39].

Theoretically, zircon (ZrSiOy) is composed of 67.22% zirconia and 32.78% silica, and
it might contain Hafnium as a small percentage of 0.5 to 4%. Zircon with increased
contents of up to 24 % Hf is called Alvites in mineralogical terms. After mining the
heavy mineral deposit, zircon is separated and commercialized as zircon sand, which
is used directly in applications such as foundry sands (zirconia) or retreated again

to obtain Zr chemical compounds or metallic zirconium.
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Zirconia exists in two forms: the natural form extracted from Baddeleyite, and the
synthetic form obtained from zircon sand through fusion or chemical derivation
process from zirconium oxychloride. Despite the low availability of natural zirconia,

the demand from different sectors is significantly growing.

In the heavy mineral sands, zircon coexists with inclusions of other valuable minerals
(e.g., titanium minerals; ilmenite and rutile, alumina-silicates, magnetite, iron, and
tin) along with rare presences of elements such as uranium (U) and thorium (Th)
in small quantities. Of course, the existing inclusions vary from one deposit to
another; sometimes, zircon can be found as a by-product and sometimes as a co-
product of titanium minerals production, or zircon is the main product and titanium
minerals as co-products[33], [34], [39]. However, the production process of Zr and Ti

is the same.

Several chemical decomposition-based process methods can extract zirconia from
zircon sands. The concept of all methods is based on the isolation of zirconium
compounds from residual impurities. All methods share the involvement of thermal,
mechanical, or chemical treatments to decompose zircon. The results of zircon
decomposition are afterwards treated by solubility differentiation. The apparent
differences between all these methods are out of the scope of this study.
Nevertheless, a reference list, studied by A.Manhique, of the essential methods is
provided as follows [40]:

. Thermal dissociation

. Decomposition by fusion:
. with sodium hydroxide
= with sodium carbonate
= with calcium oxide and magnesium oxide
. with potassium fluorosilicate
. with calcium carbonate (or lime)

. Chlorination
. Carbiding process
Other zirconia recovery methods:

a) Fusion with calcium sulphate

b) Mechanical zirconia processing
¢) Hydrothermal decomposition
d) Anion-exchange process
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As mentioned above, zirconia can be separated from baddeleyite mineral by:
a) Sulphate method
b) Oxychloride crystallization
¢) Precipitation with Sulphur dioxide or sodium thiosulphate
d) Precipitation as phosphate
e) Purification as hydrated sulphate
f) Double fluorides procedure
g) Thermal decomposition of alkali chloro-zirconate
h) Sublimation of zirconium tetrafluoride
i) Mechanical processing
)

Sodium metaphosphate method

The main point in this part is to understand how the Hafnium is separated from
zirconium to have both separately. Their separation passes through complex process
methods. A liquid-liquid countercurrent-extraction procedure accomplishes it. Crude
zirconium tetrachloride is dissolved in an aqueous solution of ammonium
thiocyanate, and methyl isobutyl ketone is passed countercurrent to the aqueous
mixture, with the result that the hafnium tetrachloride is preferentially extracted.
The metal is prepared by magnesium reduction of hafnium tetrachloride (Kroll
process, the same used for Ti) and by the thermal decomposition of tetraiodide

known as the De Boer—van Arkel process.

So, zirconium and Hafnium are separated by one of the methods:
o Fluoride salt crystallization
e Methyl isobutyl ketone extraction
o Tributyl phosphate extraction
o Extractive distillation
The following procedures can achieve the metal reduction:
o Kroll process
e Sodium reduction zirconium tetrachloride
o Potassium hexafluoro-zirconate reduction with calcium metal
o (Calcium or magnesium reduction

o Electrolysis

A summary of the mineralogy methods mentioned above is presented in Figure 5.
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Figure 5 Schematic structure of the zircon industry, from TZMI (14)

1.3.4 The Hf-Zr coproduction

We do not need individual mines for every element in the periodic table. As
many critical materials are jointly produced with other materials [41], Hafnium and
zirconium are co-produced together. For example, having 1 ton of Hafnium is
accompanied by the production (or disposal) of 50 tons of zirconium. The
coproduction of different materials from a single resource provides environmental
and economic benefits. To present, no one has ever dug a mine of Hafnium only.
However, as a by-product, a possible alternative global source of Hafnium is being
explored, such as Dubbo Project in Australia [42]. Coproduction is somewhat related
to market size: large-market materials such as iron tend to be obtained from
dedicated mines; in contrast, small-market materials may not justify the capital

expenditure associated with establishing a dedicated facility (the case of Zr-Hf).

While the production ratios of different elements in a resource are more or less fixed,
the proportions of their market demand are variable. A significant use for Hafnium,
for example, is for neutron absorbers in nuclear reactors, which also use zirconium
(purified to remove the Hafnium) in fuel cladding materials, which must be both
corrosion resistant and neutron transparent. The demand for the two materials rises
and falls in parallel, along with the fortunes of the nuclear industry. In 2008, A new
use for Hafnium emerged when the length scales of individual devices in integrated
circuits shrank below 45 nm. The design of these circuits called for a new gate oxide

material with a higher dielectric constant than the existing industry standard, SiOs,
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and a variety of hafnia and hafnia-silica compositions emerged to meet the need
generating new rise for the hafnium market and shifting balance of order toward
Hafnium. Besides the recent discovery of ferroelectricity within doped hafnia, a
further rise is predicted due to their integration in ferroelectric memories, lead-free
piezoelectrics for IoT devices, in-computing memory, and artificial intelligence
applications. Again, Hafnium and zirconium mixture is the most promising materials
for the latter applications.

Soon after the microelectronics industry adopted Hafnium in its products, the
nuclear industry was impacted by public reaction to the Fukushima power plant
disaster of 2011 [43]. Many countries moved sharply away from relying on atomic
energy, resulting in a slump in demand for zirconium, which impacted the
production of Hafnium because the balance of production could not change to
accommodate the shifting balance of an order. As a result, the price of Hafnium
doubled between 2014 and 2015 (500 to 1000 $/kg) [44]. Hf and Zr are pretty related
in the similarity of properties and the international markets. However, compared to
PZT, the market of Hf-Zr presents a weak point due to the dependence on the two

materials, while the PZT market is a result of three independent markets.

1.3.5 Worldwide production, reserves, and markets

As Zr is produced with a higher ratio than Hf, more information is available
since both markets are strongly related. However, analyzing the market of Zr leads
to the same conclusions about Hafnium, so we are focusing mainly on Zr as it is part
of both HZO and PZT. Here is the current production and reserves by Zr producing
country. Based on data collected from USGS (US geological survey) for years from
2010 to 2016 [45] as shown in Figure 6. Table 2 presents a breakdown of zirconium
mine production (in thousand metric tons of zirconium concentrate) and reserves by
the producing countries.
Worldwide production of zirconium concentrates in 2014 was estimated to be
accounted for 1.54 million metric tons, lower than 2011 production of 1.62 million
metric tons but higher than 2010 and 2012 production. Therefore, in addition to the
production and reserve figures shown in Table 2, the discovered zirconium world
resources in 2014 (i.e. material that is potentially valuable and has reasonable
prospects for eventual economic extraction) have been estimated to be around 78
million metric tons [33], distributed mainly among Australia (65%), South Africa
(18%) and India (4%).
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An important economic indicator to focus on is the market dynamics and behaviour.
For the Zr case, zircon sand production has historically experienced different periods
of shortage and over-supply accompanied by price volatility (1950 and 1981). This
is a normal phenomenon if we consider that zircon is typically extracted as a by-
product or co-product of mineral sands mining, as explained above, which indicates
that its production tends to be impacted not only by its direct demand but also by
the demand for other minerals contained in heavy mineral sands such as rutile or
ilmenite [33]. An illustrative example of this occurred in 1981, when an economic
recession and cutbacks in rutile and ilmenite production caused a shortage of zircon,
or when strong demand for those minerals in the late 1950s generated an oversupply
of zircon [34]. A future disruption can be estimated since there is an increasing
interest in integrating these materials in ferroelectric memories and IoT applications.
With the actual crisis of the Covid-19 epidemy, penury touched the semiconductors
sector severely [46]. Unfortunately, we could not have access to in-real time
information about the Hf-Zr to evaluate the impact of Covid-19.

The economics of mineral mining projects are typically evaluated through a unit
cash cost measure, which considers the valuable mineral's grade, the project's scale,
mining method, and associated costs [47]. Mineral sand mines exploit more than one
mineral (ilmenite, rutile, zircon). Therefore the assemblage of the deposit needs to
be considered when evaluating the revenue per ton characteristics [47]. This is
performed by a revenue/cash cost ratio curve to assess the economic feasibility of
deposits.
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Figure 6 Zr concentrate production 1990-2016
In addition to the mixed production of minerals, geopolitical factors impact the

production and consumption patterns. For example, the zircon production increase
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observed after 2000 coincided with the considerable growth of Chinese demand for

zircon sand.

Table 2 Worldwide Zr production 2010-2016 and its reserves

Zr mine production Zr reserves (*10°
(*10° kg) kg of ZrO,)
2010 2011 2012 2013 2014 2015 2016
Australia 540 762 610 850 900 601 450 51000
South Africa 381 383 400 170 170 330 360 14000
China 140 150 150 150 140 140 140 500
Indonesia 50 130 60 110 120 110 110 /
Mozambique 37 44 47 47 56 64 68 1100
India 38 39 40 41 40 40 40 3400
USs / / / / / 80 / 500
Other 84 110 109 140 110 150 157 7200
Total 1270 1620 1420 1510 1540 1520 1330 780000

1.3.6 Applications
Zirconium and Hafnium are metals used in various applications in chemical
and nuclear reactors due to their properties of corrosion resistance, structural
stability at high temperatures, specific alloying properties and specific neutron-
absorption characteristics. In addition, their oxide form is used for microelectronics,
especially in-memory applications, due to their excellent dielectric and ferroelectric
properties.
As their chemical similarity, the applications of Hafnium and zirconium are almost
similar, with some specific applications for each material.
The main applications of zirconium, in its all-different forms (metal, ceramics and
oxide), can be summarized in the following points:
- The aerospace sector represents a significant part of Zr applications. For
example, Zr ceramics offer diamond-like coating protection for jet
turbines with high thermal resistivity and corrosion resistivity [48].
- Even for biomedical applications, Zr can be inserted in implants,
replacing metals [49].
- For microelectronics, mobile phones and signal towers incorporate signal
amplifiers containing zirconium to boost signal strength and clarity [50].
- In nuclear applications, hafnium-free zirconium metal has a low thermal
neutron absorption. Therefore, it is used for structural materials in

nuclear reactors and cladding for nuclear fuel rods [51].
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- For renewable energies, hydrogen fuel cells are the application of Zr. It
is used to produce green energy and can also be a part of hydrogen

generation [52].

The main applications of Hafnium are pretty similar to zirconium, with few specific
applications to Hf. However, here are some critical applications of Hafnium:

- In high-temperature turbines where Hf-based superalloys are used in
jet engines and gas turbines for energy generation, they have high
strength and stability when operating at very high temperatures. This
accounts for nearly 60% of current world hafnium demand [53].

- In the aerospace sector, as Zr, due to the thermal resistivity properties
of Hf and its alloys. Also, Hf is found in the rocket engine nozzles for
thermal shielding [54].

- In plastics, Hf is used as a catalyst for thermoplastics like polyethene
(PE) and polypropylene (PP) [55].

- HfO, is used as a high-k dielectric within microchips for
miniaturization and higher efficiency as a gate oxide in
microelectronics. Besides, memory applications are the new trend for
HfO, applications [56].

- Hafnium also exists in thermoelectric applications such as cooling [57].

- In nuclear, Hafnium has a relatively high thermal neutron absorption

and thus is used in nuclear control rods [58].

The application of hafnium-zirconium mixture is, to this moment, used for its
dielectric and ferroelectric properties only in academic research with published proof
of concepts. In the next chapter, we detail the advent of this oxide mixture for new
applications. Before the current trend, we could not find any direct application of

hafnium zirconium oxide, but some papers studied its properties as a dielectric [59].

1.4 Sustainability in the sputtering method: The thin films
deposition technique, does it include sustainability?

1.4.1 Sustainable approach for deposition technique selection

The involvement of the technological manufacturing sector is crucial for

sustainable development since much energy and resources are consumed for
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production in direct and indirect manners. Moreover, this sector is the backbone of
modern economies since it represents an innovative and high employed sector. As a
result of the continuing demand for sustainability vis-a-vis industrial manufacturing
processes, this part focuses on a simple comparison between the deposition
techniques used to obtain HZO thin films on both research and industrial scales. As
a central part of the device fabrication, even the deposition of thin films step can
include sustainable-approach integration regarding the energy consumption, the
waste, the environmental impact of chemical precursors processing for CVD
techniques or the targets manufacturing for PVD techniques. Figure 9 presents the

thin film deposition step within the device manufacturing process.

Figure 7 shows the principal deposition techniques of thin films [60]. There are
three major deposition principles: Physical Vapor deposition (PVD), Chemical
Vapor Deposition (CVD), and Solution-based Deposition (SBD). Each of the three
principles has various techniques with slight differences between them. Generally,
the choice of the deposition technique depends on the application and the desired
properties of the films besides their quality. Nowadays, the sustainability criterion
has been added by industrial manufacturers to promote their environment-friendly
image to their consumers and also answer the legal limitations (in the framework of
RoHS and REACH [61]) besides the current trend of the carbon neutrality of

companies.

Thermal evaporation
Pulsed laser deposition
PVD
Molecular beam epitaxy

Sputtering

Metal organic CVD
Low pressure CVD

CVD — Atmospheric pressure
CVD

Plasma enhanced CVD

Chemical bath deposition

Sol-gel

Solution- Soi f
pin coating
based Dip coating

chemistr
- Screen printing

Spray pyrolysis

Figure 7 different thin films deposition techniques

Since 2009, The EU has recognized the equipment as an energy-consuming product
[29] with a high improvement potential regarding energy efficiency. For the
deposition of HZO thin films, most scientific research groups focus on the ALD

(Atomic Layer Deposition) for many reasons, as explained in chapter II.
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Briefly, ALD is a sub-set of CVD. ALD covers all deposition techniques in which
the deposition depends on some chemical reaction by layer by alternatively pulsing
the source gases. Most ALD reactions use two chemicals called precursors or
reactants. ALD has many advents, such as high conformal quality deposited films,
but it also has several disadvantages. Three major disadvantages, among others, are
presented in the following points:

1. Before finding the favorable conditions for films' growth, various pre-
deposition essays are required. This can lead to increasing the costs
of the process. Besides, there may be a requirement to remove excess
precursors at the end of the deposition.

2. The precursors must be volatile, which increases the complexity and
costs of precursors manufacturing.

3. Despite the high uniformity and low roughness of the obtained films,
the low deposition rate causes relatively higher energy consumption

than the other techniques.

In this work, the sputtering deposition technique has been chosen over ALD for
technical and sustainable reasons. The technical differences between the two

methods are discussed in Chapters II and III.

We preferred the sputtering technique in sustainable terms, but it does not have
any chemical processing during the target manufacturing or the film's deposition.
At the lab scale, the difference can be neglected; nevertheless, at an industrial level,
the economies of scale principle are inversed; the higher number of fabricated
devices, the higher the demand for ALD precursors, which leads to more considerable

chemical waste and higher impact on the environment.

Despite the importance of an ecological or sustainable evaluation of the deposition
techniques, we could not find enough literature studies about it. Only F. Klocke et
al.[62] compared PVD and CVD systems for coating applications (coatings are
considered thin films). PVD and CVD are regarded as general deposition principles.
From our point of view, it is challenging to compare two complex deposition systems,
for example, sputtering and atomic layer deposition, due to the multiple existing
systems for both techniques; each piece of equipment has its geometry and energy
requirements. This makes the sustainable comparison impossible as the conclusions

cannot be generalized. Though, comparing PVD and CVD systems can be sufficient.
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The Life Cycle Assessment (LCA) is one of the most used methodologies to study
both methods and have resilient conclusions about sustainable performance. In the
narrow sense, Life Cycle Assessments cover the entire Life Cycle of a device,
including raw materials production, manufacturing, use, and recycling. The LCA
concept is also called the cradle-to-gate point of view, which considers mineralogy,
processing, and manufacturing of raw materials. Its results can be merged with
results obtained for the use and disposal phases to achieve a full Life Cycle
Assessment. For his study, F. Klocke concluded that PVD systems are less consume
gases and less electrical energy than CVD, as shown in Figure.l1l. The same
conclusions cannot be extended to technical performance. Figure.11 shows that the
investigated PVD process generally requires less electrical power and effort for the
gases during the deposition. Especially for the smaller systems, this conclusion can
be observed as the impact of the substrate material is not as dominant as in the

manufacturing of the oversized insert.

Additionally, their results confirm that the influence of the process gases is
neglectable mainly, especially for the PVD process. Precursors have the most critical
impact during the high-temperature CVD process. Besides, CVD can be preferred

in the case of complex geometries. Otherwise, PVD is chosen.

CVD - small 35%

PVD - small

Shares of primary energy demand / MJ

PVD - big

CVD - big

I Material B Coating - Electr. Energy
== Grinding Coating - Gases and Coating material

Figure 8 PVD vs CVD coating process (small and big insert)
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1.4.2 Sputtering target manufacturing

Sputtering is one of the techniques for depositing such thin films in which
atoms are ejected from a source material, sputtering target, using energetic particles
inside a chamber. Most solid materials can be sputtered under suitable conditions
to form thin films. A sputtering target can be a conductor, semiconductor, or
insulator. Conductivity is one of the critical parameters that contrast these three

solids.

With the development in microelectronics, sputtering found a crucial place in solid-
state device manufacturing. Slowly sputtering started to replace evaporation because
of the coming of DC magnetron. Unlike evaporation, a single alloy target was used
for sputtering. Besides, these sputtered films retained stoichiometry. Moreover,
other aspects such as purity, microstructure, resistivity, and surface roughness of

the films were satisfactory.

Also, it was possible to scale up magnetron size and sputtering target size with

technological growth requirements.

2. Wafer fabrication (Front-end processing)

1. Wafer Thin fim € Polishing
preparation deposition —
v
>
S ) Photo 1 ) P
L Diffusion —= Etching
ﬁ lithography =N >
Cd
L2 )
Electrical Jon
3. Iestlngldle implantation
sorting
| L |
Assembly &
4. packaging (Back-end processing)

-UBM etc.
1

5. Final test

Figure 9 chip manufacturing flow chart and unit processes involved in wafer fabrication

Figure 9 shows a chip manufacturing flow chart and unit processes involved in

wafer fabrication [63].
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Figure 10 Examples of sputtering targets of various shapes and sizes

Figure 10 shows examples of sputtering targets of various shapes and sizes used
for different applications. These are a disc-shaped bonded sputter target, a dome-

shaped hollow cathode magnetron target, and a rectangular target [64].

There is a whole industry of sputtering targets. Leading manufacturers of sputtering
materials and evaporation sources are based in the United States, Germany, Japan,
Korea, and China. Examples: Praxair, Nikko, Materion. Various data indicate that
the physical vapor deposition market was at $871 million in 2001, $1.8 billion in
2006, and $2.8 billion in 2007. Furthermore, it was projected that the value of the
market would increase to $5.9 billion in 2012. These numbers included materials,
equipment, and services [64].

In recent years, Asian countries such as Taiwan, S. Korea, and China have seen
tremendous growth in the semiconductor, display, and photovoltaic industries. As a
result, target manufacturers who originally served the semiconductor industry have
also been trying to get market shares in these industries. It is believed that target
material consumption will rise slower than sputtered films because of the efficient

use of target and thinner films for specific devices [65].

It is expected that the demand for materials such as copper, titanium, tantalum,
aluminum, tungsten-titanium, nickel-vanadium, and hafnium/zirconium will
increase. Target manufacturers with access to inexpensive raw materials, efficient
supply chains, low manufacturing costs, and satisfactory quality control will
dominate these new markets. Other factors that would determine profitability are
the affordable recycling capability of spent targets and bonding technology for large

cylindrical targets. In addition, material innovation for technologies such as barriers
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for 15 nm or smaller technology nodes in semiconductors, light-emitting diodes
(LED), micro-electromechanical systems (MEMs), and various sensors will also drive

the growth of the sputtering industry market.

For a sputtering target, two factors are essential: The performance of a sputtering
target, which is the ability of a sputtering target to deposit film with desired
properties in a consistent manner under a given set of process parameters, and
secondly, the productivity, which refers to the number of processed wafers with

selected film properties.

The performance of sputtering targets usually depends on the following factors when
sputtering chamber operation and maintenance schedules pose no problems:
- Chemical characteristics of the sputtering material (purity and
composition)
- Metallurgical characteristics of the sputtered material (e.g., grain size,
second phases, defects such as porosity and inclusion, crystallographic
texture and their distribution in the plane and along with the thickness

of the target) and the interfaces with the backing plate [64].

Most sputtering materials for semiconductor applications are high purity metals or
alloys. Some of these materials are sputtered in reactive mode in the presence of a
specific gas to form nitride or oxide. For most semiconductor applications, the purity
of sputtering materials varies between 99.99% and 99.9999%. Starting from raw
materials, special attention is paid to controlling the limits of those impurity
elements that strongly influence sputtering performance and film properties. In
addition, most sputtering target manufacturers conduct their chemical analyses of

incoming materials to check the chemistry of the procured materials.

The same approach applies to alloys, i.e., controlling composition is essential, and
control limits are set for alloying and impurity elements.

In most cases, metallurgy processes are vulnerable to contamination, and often
sources of contamination are unclean containers and grinding media used in powder
metallurgy. The composition of a powder metallurgy product may also vary locally
because of the inadequate mixing of powders and consequently incomplete chemical

reactions between the elements.
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The thickness of the sputtering target varies widely depending on the application
and sputtering chamber. The thickness of non-magnetic targets can reach a
maximum of 25 mm, while their life can be up to several thousand kWh. For
semiconductor applications, the use of the non-magnetic sputtering target materials
typically varies between 30% and 45%. In the case of large rectangular and

cylindrical targets, service can be significantly high (up to 80%) [64].

Figure.9 shows a generic flow chart for manufacturing a sputtering target [64].

These unit steps can be placed in different orders or repeated to produce the desired
target. The entire review process and target manufacturing can take several months
for an advanced application. Because of the globalization of the supply chain for
raw materials and services, to control cost structure, a sputtering target supplier
may produce such targets in one part of the world and supply to customers in
another part of the world. In addition to low-cost manufacturing, there are scopes
for target suppliers to diversify their product portfolio and gain alarger market

share for greater profitability.

Powders Chemical s
: » Mixing &
manufacturing / analysis & ;
blending
procurement powder charact.
Secondary Hot compaction Cold compaction
process (rolling, (Hot pressing, (die, isostatic
extrusion etc.) HIPping etc.) etc.)
: ining /
Metallurgical Maghnpmg
Heat treatment A grinding /
characterization g
milling
: Bonding to
i Finishing [€= backingplate &
packaging NDT

Figure 11 a generic flow chart for the manufacturing of a sputtering target

1.4.3 Comparison between HZO and PZT
To replace any material, the most crucial criterion is technical performance.

Then, the adequation with the legal regulations and sustainably criteria. For PZT,

many lead-free alternatives have been studied, but still, PZT is technically better
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for piezoelectric applications. Despite that, PZT has a scaling limit and
incompatibility with the CMOS process beyond the 130-nm-node (51). This scaling
limit allowed hafnia-based ferroelectrics for next-generation technology beyond the
130 nm node. To our knowledge, neither HZO nor HfO, ferroelectrics have been
elaborated at 130 nm, which makes the comparison quite difficult with PZT. This
can be explained by the fact that the research aims not to find a lead-free alternative
of PZT for the same technology node but to keep the progress rate for enhanced
technology nodes while respecting the sustainability goals, which is the case for

hafnia ferroelectrics, fortunately.

Unfortunately, due to the unavailability of the sputter equipment and Covid-19
during this thesis, we could not conduct a comparative study of HZO and PZT
deposited at the same sputter chamber to compare the energy consumption, the
sputtering target evaluation, the suitable electrodes, the functional thickness, and
the technical performance and costs of the final devices.

Two studies could compare HZO and PZT for the same application in the literature:
(52,53). The comparative studies were mainly technical. The main conclusion of
both studies is that hafnia ferroelectrics represent the future generation of
technology with its ad-equation with the sustainability goals. PZT is still an
excellent performant material but inadequate with the future technology nodes and
sustainability criteria. Table 3 summarizes the main points of comparison for

ferroelectric memory applications.

Table 3 Comparison of hafnia and PZT-based ferroelectrics for future non-volatile FRAM applications

Deposition technique Sol-gel
Film thickness Thicker than 70 nm _
ﬁ Doping / Less than 20 % (50%)
g Annealing temperature Above 600 °C _
CMOS compatibility pband O, diffusion [ EGISnGSERIC
BEOL compatibility H, damage _
8 Remanent polarization (uC.cm?) 20-40 _
1.;; Coercive field Around 50 kV/cm 1-2 MV/ecm
g Breakdown field 05 -2 Mv/ecm 4 -8 MV/ecm
Tg Dielectric constant Around 1300 Around 37
5 E for wake-up (eV) 0.6-0.9 o=
,§ Costs _ High but reducing
a Prohibition regulations v _
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1.5 Conclusion

As sustainability in microelectronics is emerging. The fundamentals of
comparison tools for materials selection based on sustainability are not yet created
since the definitions of sustainability and criticality are broad, especially for the

microelectronics industry.

For this work, sustainability was integrated within the material's selection and the
deposition technique, despite it being quite complex to evaluate the sustainability
degree for the deposition technique and especially at the materials' level. The latter
contains a whole life cycle, including different steps of mining, waste generation,
and manufacturing to the expired end device. Access to information about the life
cycle of materials is not available. For HZO material, it has excellent properties for
ultrathin films. It is a crucial enabler for the next generation of memories. However,
the future focus must consider the criticality of Zr and Hf and the possible rebound

effects of both markets due to the increasing demand for the two materials.

We cannot classify the deposition techniques or machines as sustainable, but
preferring methods with less waste during the process or even at fabrication of
precursors or targets besides the energy consumption level can be a good approach.
Future studies are expected to provide a more detailed comparison highlighting the

sustainable advantages of HZO as a lead-free alternative to PZT.
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2.1 Introduction

This chapter indicates the main definitions of some smart dielectrics, such as
ferroelectrics, pyroelectrics, and piezoelectrics. We start with the general descriptions of
the physical phenomena behind these properties. Then, we focus on the phenomenology
of ferroelectricity and the main theories that explain it for bulk and thin films ferroelectric
materials. This chapter also introduces the main mechanisms to understand the must-

have criteria within HZO films better.

The final part concerns the HZO-based ferroelectrics in the state-of-the-art, including the
deposition techniques, electrodes, thermal annealing, the main breakthroughs, and the

HZO-based possible applications.

2.2 Fundamentals of ferroelectricity, pyroelectricity, and

piezoelectricity:

In present-day microelectronics devices, dielectrics attracted particular interest,
especially by having good insulating properties, including very low electrical conductivity
and high electrical strength that allow energy conversion or information conversion. The
dielectrics with these properties can be named or considered smart or active dielectric
materials. These materials dynamically respond to external factors such as mechanical
stress, temperature, electrical field, and light. Smart dielectrics are categorized as
piezoelectrics, pyroelectrics, ferroelectrics, electrets, microwave dielectrics with tunable

permittivity, etc.

2.2.1 Dielectrics

In a dielectric, the atoms are considered ionized to a certain degree and charged
positively or negatively. When an external electric field is applied, cations and anions are
attracted to the cathode and the anode, respectively, due to the electrostatic interaction.
The electron clouds also deform, causing the appearance of induced electric dipoles. This
phenomenon is defined as the electric polarization P. For all dielectrics, this electrical
polarization is their key characteristic. There are three primary contributions: related
electronic, ionic, and dipole reorientation. The degree to which each mechanism
contributes to the overall polarization of the material depends on the frequency of the

applied field.
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Table 4 Comparison of electric polarization response to external influences between polar
and non-polar dielectrics

External Non-polar
Type Polar dielectrics
factors dielectrics
0P = ydT (pyro)
Temperature Scalar / dP = £9T (piezo)
P
o2
=¢eyE + <—> E
Vector — 1% ¢
Electric field P =gy& E (v*T)E
order tensor + =C (pyro)
2
P = eyE + <?>E (piezo)
Mechanical ont grdor ¢ / P =d'X (pyro)
“torder tensor .
stress P = dX (piezo)

One unique, uncommon feature of smart dielectrics is that their electrical polarization
can be induced by external factors of different types, such as the temperature (scalar),
the electric field (vector), or the mechanical stress (2 order tensor). Table 4 compares

the nature of the external factors between polar and non-polar dielectrics.

The smart dielectrics execute different functions. Piezoelectrics convert mechanical
energy into electrical energy, this is the direct piezoelectric effect and conversely, the
indirect piezoelectric effect converts electrical energy into mechanical energy.
Pyroelectrics convert heat into electricity. Ferroelectrics exhibit spontaneous
polarization that an external field can reverse. These smart dielectrics can be
multifunctional and allow the development of new solutions for microelectronics devices
for sensing, actuating, or memory applications. The Heckmann diagram, in Figure 12,
illustrates the most known effects observed and integrated into devices that are externally

impacted.

The crystalline geometry and the symmetry determine whether the dielectric is polar or
non-polar. In this work, we are interested in dielectrics with polar properties, i.e.,
ferroelectrics, which can be summarized in the asymmetry of the structure and that the
centers of mass of positive and negative charges do not coincide. This interest is
motivated by the desire to integrate HZO films into several devices due to their dielectric,

ferroelectric, and piezoelectric properties. Table 4 mentions an example of P response
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as a function of the different external factors between polar and non-polar dielectrics.

Smart dielectrics can be easily distinguished from non-polar dielectrics.

electrical

mechanical thermal

Figure 12 The Heckmann diagram describing direct and cross-coupling phenomena between thermal,
electrical, and mechanical state variables. For the sake of clarity, the magnetic properties are omitted
[66].

2.2.2 Crystal structure

All materials undertake a slight change in dimension when an external electric
field is applied or any external mechanical or thermal forces. Any change in the dimension
of these materials might cause a change in the electric polarization. This depends on the
material structure. Henceforth, it can be one of the following properties: ferroelectric,
pyroelectric, or piezoelectric. These three categories rely on the material's structure, so
they must be polar materials of a particular order: crystals or polycrystalline. The
position of the constituent atoms of a crystal structure lattice determines if the crystalline

material belongs to ferroelectrics, pyroelectrics or piezoelectrics.

The crystalline materials can be categorized as a function of their symmetry and based
on their elements of translational position and orientation, 230 space groups are found.
If the translational repetition is ignored, the 230-space group is reduced to only 32 classes

based on orientation [67]. Any class or point group can be distinguished by its coordinates
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(x, y, z) regarding the origin of symmetry. Two major categories are identified:

centrosymmetric and non-centrosymmetric.

A centrosymmetric crystal or class represents a crystal with a center of symmetry, for
which any movement of any point (x, y, z) to a new one (-x, -y, -z) does not cause a
recognizable change. This means that all centrosymmetric crystals or classes are non-
polar as the existing symmetry transformation may invert any polar vector, so there is
no finite polarization or dipole moment. On the other side, non-centrosymmetric crystals

possess no center of symmetry.

Among the reduced 32 classes, 11 classes possess a center of symmetry
(centrosymmetric), and the rest are non-centrosymmetric, possessing no center of
symmetry (21 classes). The 32 classes are represented in Table 5, categorized by
symmetry and piezoelectric properties. The piezoelectric properties were chosen as a

criterion in this table as they include pyroelectrics and ferroelectrics within.

Among the 21 classes, 20 classes have positive and negative charges generated on the
crystal surfaces when appropriate stress is applied. These materials are known as
piezoelectrics. The exception group is 432, which does not possess piezoelectric

properties.

Table 5 crystallographic classification of crystal materials

Crystals (32) with a (?Zrilzez;icsyr:iztr; Asymmetric with no center of
symmetry system (11 groups symmetry (21 groups)

o Cubic m3m m3 432 43m 23

jg ~ | Hexagonal 6/mmm 6/m |622 | 6m2| 6 |[6mm | 6

§ % Tetragonal 4/mmm 4/m | 422 | 42m | 4 4 | 4mm

§ ED Rhombohedral 3m 3 32 I 3m 3

.?; -g Orthorhombic mmm 222 mma2

E} = Monoclinic 2/m 2 m

> Triclinic 1 1

Ferroelectrics and pyroelectrics have the additional property that they involve the
presence of spontaneous electric polarization. There are ten polar groups with a unique
polar axis among the 21-point groups without an inversion center. This class of crystals
may show a spontaneous polarization parallel to the polar axis. In pyroelectrics, a change

in temperature of the crystal generates electric charges on the crystal surfaces,

36



Chapter II Fundamentals of ferroelectricity and the literature review

corresponding to the change of spontaneous polarization due to its temperature
dependence. Theoretically, if an electric field reverses the spontaneous polarization of
any crystal among the ten pyroelectric crystals, it is ferroelectric (without exceeding the
breakdown limit of the crystal). Experimentally, there is somehow an ambiguity in this
definition. Applying an electric field on a pyroelectric material is necessary to ascertain
the polarization reversal, i.e., the ferroelectricity. By definition, each ferroelectric material

can be pyroelectric and piezoelectric, as illustrated in Figure 13.

Figure 13 Dielectric, piezoelectric, pyroelectric, and ferroelectric crystal classes

2.3 Phenomenology of ferroelectricity

Thermodynamics is a branch of physics that deals with equilibrium, work, and
temperature and their relation to energy, entropy, and the physical properties of matter.
Its fundamentals and principles have been used to understand the many different

phenomena, including ferroelectricity [68], [69].

One of the theories that explain ferroelectricity is the Landau theory. It describes the
equilibrium of a system around a phase transition as the ferroelectricity can be defined
by the mnon-polar to polar transition phase (paraelectric-ferroelectric). Its
phenomenological approach shows the relationship between measurable quantities using
a minimum set of input parameters that can be determined either, by comparison, to
experiments or ab-initio calculations. The Landau theory can be a bridge between
microscopic models and observed macroscopic phenomena. It has been successfully used
to describe different properties or systems such as superconductors, ferromagnetic

materials, or ferroelectrics. Linking several branches of physics is its central advent.
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In the case of ferroelectrics, the Landau theory was enlarged and developed by Devonshire
and Ginzburg [70], [71]. For example, BaTiOs, the most known ferroelectric material,
was discovered to be ferroelectric in 1945. During this period of time, because of the
increasing interest in ferroelectrics inside the scientific community, Ginzburg developed
and extended the Landau theory (ferroelectric mean-field theory) from a thermodynamics

point of view to better understand the bulk and thin films ferroelectrics.

The Landau-Devonshire phenomenology theory is used, mostly, as a mean-field theory
of the thermodynamic properties of bulk ferroelectrics. It is a case of the Landau theory
with the Gibbs free energy representing the state function of the ferroelectric and the
temperature, stress, and polarization as independent variables. In contrast, the Landau-
Devonshire-Ginzburg (LGD) theory is dedicated mainly to thin films ferroelectrics by
considering the size-finite effects and the spatial nonuniformity of polarization [72]. It
represents a generalization of the Landau-Devonshire, in which the polarization is

considered uniform.

The ferroelectric mean-field theory can be defined as the formation of two energetic
minima because of a paraelectric-ferroelectric phase transition which means passing from
a high temperature paraelectric non-polar phase to a polar phase at a lower temperature.

This phase transition mainly depends on temperature.

For the sake of clarity, the Gibbs free energy G is defined as the maximum amount of
work a system can do at a constant temperature and pressure [73], one of its forms is the

following;:

G=U+pV-TS (2.1)

U is the internal energy (J), p is the pressure (Pa), V is the volume, T is the temperature
(K), and S is the entropy (J/K).

As mentioned above, the LGD is a function of the Gibbs energy. It directly shows the
relationship between the Gibbs energy G and the displacement field D, which depends

on the polarization P. The latter matters for ferroelectricity.

One of the main characteristics of ferroelectrics is the hysteresis loop, Figure 14, in
which the polarization is a double-valued and nonlinear function of the applied electric
field. This hysteretic nature of the polarization response differs from that of many
dielectrics that exhibit a linear polarization-electric field relation, which is single-valued,

as shown in Figure 14.
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Figure 14 The characteristic hysteresis loop of ferroelectrics: Polarization as a function of electric
field and linear response for non-ferroelectric dielectrics.

Also, ferroelectrics possess a spontaneous polarization without an external electric field,
by definition, and an applied electric field can reorient its direction. The hysteresis loop
of polarization indicates two states of polarization of opposite signs (+P,. and —PF,). Both
states are stable when E,,; = 0. Crystallographically, these two states of polarization
represent two positions of ions inside the crystal lattice cell. Thermodynamically, both
states are two energetic minima separated by an energy barrier. Consequently,
a bi-directional movement is generated from a double-well curve of G as a function of

the ion position, as is shown in Figure 15 and Figure 16. This curve is often called the

double-well potential curve.

ENERGY ENERGY
A A

>
POLARIZATION POLARIZATION

Figure 15 The Landau-Devonshire-Gibbs energy G as a function of polarization for a ferroelectric
(left) and a paraelectric (right)
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Figure 15 illustrates the Gibbs free energy as a function of the polarization P for two

states of polarization of a ferroelectric (left) and a paraelectric effect (right).

ENERGY

POLARIZATION

Figure 16 The Landau-Devonshire Gibbs energy showing the two spontaneous polarization states

For an ideal ferroelectric, the variation of the Gibbs free energy and the bi-directional
movement between the two polarization states (+P, and —P,) above the energy barrier,

with the hysteresis loop under the applied electric field, is shown in Figure 17.
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Figure 17 Scheme of hysteresis loop with Gibbs energy variation according to LGD for an ideal

ferroelectric [74]

The value of the spontaneous polarization depends on temperature. It disappears above

a specific temperature, called the Curie temperature, as shown in Figure 18 and

40



Chapter II Fundamentals of ferroelectricity and the literature review

Figure 19, depending on the transition phase order. Phenomena such as the Curie
temperature and reduction in the spontaneous polarization are observed experimentally

for thin ferroelectric films.

The G energy can be expanded in the Taylor series as a function of polarization (the

order parameter) [70]:

G=c; P*+2¢; P'+-c5 P*-E.D (2.2)

In this expression, the power series have been truncated at the sixth term due to
symmetries between the two polarization states. The “-E.D” represents the contribution
of the externally applied field (-E.P for a ferroelectric). The coefficients ¢,, ¢, and cg. For
paraelectric, the coefficients ¢, and cg equal zero (¢4 = cg =0). Both ¢, and c¢g are
temperature-independent coefficients. This power series expression also represents the
shape of the atomic potential for the switching ion(s). Instead of a harmonic oscillator,
a sixth-order polynomial is applied to model the dielectric behavior. A positive E reduces

G for a positive P, whereas a negative E favors negative P.

G=5c, PP+ ci P +2cg PO —E.P (2.3)

The G energy is considered without the volume. In many references, F; is called the
total free energy considering the volume V; integrating G with volume would give the

total free energy:

Fe=[[fGav (2.4)

For (2.3), a stable state equals a minimum in G. It can be obtained by finding solutions
dG

for —=10:
dpP

S =P+ PP+ PS—E=0 (2.5)

E=c,P+c,P3+¢gP5 (2.6)

The condition that fulfills making this extremum the susceptibility and permittivity
represent a minimum:

0°G _
T = (e (2.7)
S =c +3¢, P2+ 5¢,PY >0 (2.8)

At phase transition, P = 0 and the susceptibility are the inverses of the ¢, coefficient

that depends on temperature.
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Sx = ; (2.9)
_ (T-To)
T

It is the Curie-Weiss law, reflecting the linear relationship of dependence of ¢, on T. C

Cy (2.10)

is the Curie-Weiss constant.

¢ (T) = 3. (T — Typ) (2.11)
We replace ¢, with (2.11) in the equation (2.3):
G =3¢;. (T —Ty).P? + ¢, P* + ¢ PO —E.P (2.12)

This equation determines the transition phase order depending on the three coefficients.
The cg is the coefficient of the highest order term in the equation, which must always be
positive; otherwise, the Gibbs energy would be negative for positive polarization. The c,
the coefficient is the inverse of the susceptibility. The two possibilities of ¢, define two
orders of the transition phase paraelectric-ferroelectric.

{ ¢, <0,cg >0 first-order phase transition
¢y > 0,c6 = 0 second-order phase transition

2.3.1 First-order phase transition

In this case, we assume that: ¢, < 0,cg >0

A first-order phase transition is characterized by the existence of a sixth-order term in
the Gibbs energy and the fact that T; and T, do not coincide (Ty < T¢). Figure 18
illustrates the curves of (a) dielectric constant and (b) polarization as a function of
temperature for a first-order phase transition. The dielectric constant of a ferroelectric,
with first-order phase transition, increases with temperature to its maximum at T.. The
phase transition occurs, and the dielectric constant drops abruptly. For the same
increasing temperature, the polarization decreases until reaching T,, at which P

disappears: P = 0.
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Figure 18 First-order phase transition (a) Remanent polarization as a function of temperature (b)
dielectric constant

At zero field applied and with the first-order conditions of coefficients (¢, < 0,cg > 0),
the derivation of the equation is:

cP+c,PP+cgP5=0 (2.13)
The solutions are the following:

{ P =0............for the paraelectric phase
cy + ¢4 P24cg P* = 0 ... ... for the ferroelectric phase

The solution is

—ca+ /cz—zl-c c
P? = A A (2.14)

2c¢e

2.3.2 Second order phase transition

In this case, we assume that ¢, > 0,c = 0

A second-order phase transition is known by the absence of the sixth order term and
Ty = T¢. Figure 19 shows the evolution of (a) dielectric constant and (b) polarization
as a function of temperature for a second-order phase transition. The dielectric constant
of a ferroelectric, with second-order phase transition, increases with temperature, and it
converges to infinity at Ty, at which the phase transition occurs. For the same increasing
temperature, the polarization decreases to zero until reaching T, or Ty, which are
coincided, at which P reaches zero. Compared to a first-order phase transition, the
dielectric constant and the polarization of a second-order phase transition ferroelectric
are more reactive with temperature than those of a first-order phase transition

ferroelectric.
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Figure 19 Second-order phase transition (a) Remanent polarization as a function of temperature (b)
dielectric constant

With zero-field applied, and using the second-order conditions of coefficients

(cq4 >0,c6 = 0) in the equation (2.13) the derivation is:

c;+c, P2=0 (2.15)
c,(T—Ty) +c, P2=0 (2.16)
It has two solutions.
{ d P = 0 for the paraelectric phase
an cy(T —Ty) + ¢, P2 = 0 for the ferroelectric phase

For the second solution, the expression of P is the following:

P= /E—ZTO (2.17)

The found solution is the decay equation for P as a function of T in Figure 19

This thermodynamic approach is an essay on the idealization of the complicated phase
transition. It is based on ideal ferroelectric and simplified expressions. Despite that, the
expression of energy in the polynomial Taylor series does fit with a real ferroelectric; it
helps to understand the experimental observations. The nonlinear differential equations
make the total understanding of the LGD. Some analytical solutions are represented in
some reported models, such as Tilley and Zeks, who studied the phase transition of thin
films and reported that the P could be expressed in terms of Jacobi elliptic functions
[75], Ishibashi et al., who focused on thickness-dependent transition phase [76], and

others.

For a deeper understanding, recently Ishibashi et al. proposed to recast the Landau-

Ginzburg free energy in the same form as the Landau-Devonshire expression with a
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redefined order parameter [77]. This new suggestion was called the effective Landau-
Devonshire theory. This new theory can be used only to understand spontaneous

polarization but not ferroelectric hysteresis.

2.4 The main effects affecting ferroelectricity:

In this part, we report the most investigated effects in ferroelectric thin films for
a better understanding of the integration and commercialization challenges within

ferroelectric memories mainly and other applications.

2.4.1 Retention

One important criterion of ferroelectrics for ferroelectric memories is retention. It
describes the ability to retain the stored information over a long period of time without
any power supply. A current commercial/industrial requirement is 10 years of data

retention before the first readout failure.

This criterion is tested by an electrical test (Figure 21). The initial pulse is applied to
write ON or OFF memory state; the readout is, afterward, achieved with an increasing
logarithmic number of cycles. This test emulates a similar case of unpowered storage for
real ferroelectric memory devices. The possibility of 10 years of storage can be verified
either by extrapolating the experimental data or by temperature or bias acceleration

tests [78].

2.4.2 Wake-up effect

One of the challenges to overcome in hafnia ferroelectric thin films is the wake-up
effect. It represents the initial stage known as the de-aging stage for conventional
ferroelectrics. It is described by the increase of remnant polarization against external field
cycling forming a pinched hysteresis of the material at its pristine state. It can be

explained by the depinning of ferroelectric domains by oxygen vacancies redistribution
under field cycling [79], [80].

The pristine material often exhibits two or more distinct peaks in the transient current

feature, which causes the pinched shape of P — E curve.

During an increasing number of switching cycles at saturating field, these maxima move

towards each other ending up merged into one single peak as Figure 20 illustrates.
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Figure 20 (Right) the variation of the polarization as a function of the applied cycles
showing the wake-up effect (grey area) and the fatigue (Blue area) (left) the evolution of
the hysteresis loop from pristine to cycled material.

2.4.3 Ageing
As the wake-up effect is termed “the de-ageing effect”. Ageing occurs after. It is
defined as the loss of polarizability of a ferroelectric because of being left in a polarized

state. Consequently, the loss of switchable polarization with time in a poled ferroelectric

thin film is called: ageing.
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Figure 21 (Right) a generic retention curve showing the ageing for retention and imprint
effects (Left) degraded hysteresis loop by ageing.
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Figure 21 illustrates the trend of polarization during ageing with the contribution of
leakage current. The remanent polarization of ferroelectrics decreases rapidly in the initial
stages. This may be attributed to space charge migration or polarization reversal caused
by an internal field formed due to remanent polarization. After this period, remanent

polarization decays linearly with the logarithm of time [81]

Stabilization of ferroelectric domains has been proposed as the main feature of ageing
[81].

Domains can be stabilized due to defect accumulation at the domain walls: known as the
domain effect. When neutralization of internal stresses or compensation of electrical
charges occurs, defects diffuse into the domain walls and fix their position. For
polycrystalline ferroelectrics, second phases can appear due to the high concentration the

dopant or alloy.

2.4.4 Fatigue

It is observed during continued field cycling (alternating pulses), Pr starts to
decrease. This occurs due to the reducing number of domains able to be part of the
switching dynamics. Fatigue is defined as the decrease in switchable polarization with
the increasing number of cycles. As illustrated in the figure, it shows an induction period

that depends on the applied voltage and the thickness of the films [82]-[84].
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Figure 22 (Right) a generic fatigue curve to the breakdown of a ferroelectric (red) with the
contribution of the leakage current (dashed grey) (Left) the effect of fatigue over the
hysteresis loop

The Figure 22 shows the polarization-dependence on the number of applied cycles until
reaching the breakdown. The leakage current reaches it maximum with the degradation

of polarization at the breakdown.

Many models for fatigue have been reported for both bulk and thin-film ferroelectrics

[83]-[86]. Detailed models of fatigue in ferroelectric can be found in the book [87].

2.4.5 Imprint
Imprint is defined as the shift of the hysteresis loop along the voltage axis and the

loss of the remanent polarization state opposite to the built one. The imprint effect
indicates the preference of one polarization state over the other or the lack of ability to

distinguish between the two different polarization states +Pr and —Pr

It is known to be the reason for the readout failure in ferroelectric memories due to the

drastic reduction of polarization.

A typical imprint curve is shown in Figure 21. It is seen that rapid depolarization in a
short period of time is followed by ageing occurring in a long period of time. The imprint

also shows quick relaxation with either low polarization or polarization reversal.
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Figure 23 Ferroelectric hysteresis loop degradation by the imprint effect: degraded (red)
and original loop (dashed grey).

Some mechanisms have been reported to understand the imprint of ferroelectrics such as
the redistribution of the oxygen vacancies generates a defect dipole alignment that builds
an internal bias in the ferroelectric film, which shifts the hysteresis and reduces the

polarization, and the formation of a thin interface over the ferroelectric films [88]

2.5 HZO review: the state-of-the-art

Ferroelectric properties are the reason for the increasing interest in HZO thin films,
besides hafnia-based materials. The multiple applications of HZO indicate that this
interest in HZO will last for a long time, especially if it is seen from a sustainable point
of view. As shown in Figure 25, the number of HZO scientific papers, after the discovery
of ferroelectricity within HfO»-based materials in 2011, passed from one paper per year
in 2011 to more than 344 papers per year in 2021, with a total of approximately 1000
papers (based on the collected papers from different databases). Another essential matter
we could observe is the increase in the number of patents concerning HZO, but we did

not quantify their number as it is out of the scope pf this work.

2.5.1 From 2005 to 2011

Before the current ferroelectric era, HZO had never been reported as a ferroelectric
material. Only a few papers reported the dielectric properties of Zr-doped HfO, as a high-
k for DRAM applications. At the same time, HfO, was preferred due to its high thermal
stability over ZrO, despite the same permittivity of both materials. While studying HfO,
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or ZrOs as high-k dielectrics, they were reported to have a leakage current density smaller

by four orders than SiO, for the same equivalent oxide thickness.

The interest in ferroelectric memories has been renewed in recent years. HfO»based
ferroelectrics, including HZO, are the promising candidate materials for the next-
generation FRAM to replace PZT in capacitor FRAM cells. Compared with PZT, HZO
is compatible with CMOS process flow [even back-end of the line (BEOL) thermal

budget] and can exhibit ferroelectricity even for ultrathin films.

PZT has been facing many issues, for a few years now. Technically, the integration of 70
nm PZT capacitors is limited to the 130-nm node. Passing to the next generation means
scaling down. Hence, a transition from planar to three-dimensional capacitors is difficult
to realize with PZT (higher leakage current, its ternary nature is complicated to conserve
while deposition and the high volatility of Pb in CVD processes). Legally, many countries
announced the prohibition of Pb in the microelectronics industry due to its environmental

issues, as mentioned in Chapter 1.

In this part, we review the different properties of HZO thoroughly, starting from dielectric
to piezoelectric, passing by the ferroelectric and pyroelectric properties. The different
deposition techniques of HZO thin films are reported with the primary studies. Finally,
the integration of HZO films with devices is mentioned for the different properties and

applications.

HZO can be found under numerous names: the most used one is Hafnium Zirconium
oxide. Zr-doped Hafnium oxide, Hafnia-Zirconia and Hafnium Zirconate are the other
names of HZO. The abbreviations used include HZO, HfZrO«, HfZrO,, HfZrOy,
HfZr1<Os, HfO»ZrO, and Zr-HfO,. For the sake of clarity in this thesis, we are using

HZO as an abbreviation for hafnium zirconium oxide with a Hf: Zr of 1 :1 (Hfy:Zr050:).

HZO is a ternary metal oxide. It is composed of two oxides of HfO, and ZrO.. Both
oxides are known as high-k dielectrics. As mentioned in chapter 1, Hf and Zr have similar
properties due to their similar atomic structure. This similarity is also found in their
oxides HfO, and ZrO, that are transition metal oxides of a fluorite-type structure. The
Hf** (or Zr*") cations are positioned in the corners and faces of a parallelepiped while the

O?* anions take the tetrahedral interstitial sites. HfO, has a bandgap between 5.3-5.7 eV,
while the bandgap of ZrO, is around 5.8 eV.
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Reviewing the state of the art of HZO can be divided into two periods: Before 2011 and
from 2011 to-up-date. During the first period, from 2005 to 2011, the dielectric properties
were the most investigated, whereas the general challenge was to enhance HfO, dielectric
properties, by doping, for dielectric gate applications. The year 2011 represents a pivotal
year for the history of HZO properties because ferroelectricity has been discovered within
Si-doped HfO, for 10 nm thickness by Boscke et al.[8]. Months after, HZO was reported
to be ferroelectric too. As a dielectric, the total number of HZO papers did not exceed
70 for 16 years (from 2005 to 2021), as shown in Figure 26. However, the discovery of
ferroelectricity in doped HfO,, including HZO, changed the game and attracted more
attention, which is reflected by the growing number of HZO papers after 2011. the

average rate of HZO papers passed from 6 papers per year to more than 344 papers per

year in 2021, as shown in Figure 25.
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Figure 25 Number of HZO papers (2005-2021)
Before 2011 and to our knowledge, the first to report the Hf-Zr-O system was R.I. Hedge

et al. [89] in 2005. In this paper, the aim was to bypass the dielectric properties of HfO,
as a dielectric gate. By studying the dielectric properties of zirconium doped hafnium
oxide, the goal was to enhance the dielectric properties of hafnium oxide. HfOs-based
materials have been intensively studied to overcome the limitations associated with the
low dielectric constant of SiO» for many years. ALD has deposited HfZrOx, and it showed

higher transconductance, less charge trapping, and lower interface state density than
HfO,.
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Figure 26 Number of papers of HZO with dielectric properties

In 2005, D.H. Tryioso et al.[90] studied the impact of Zr addition to HfO,. The ZrO,
content varied from 25 to 75 %. It has been found that 50% of ZrO- allows a higher
stabilization of the tetragonal phase of the HfZr_ O, alloy. The electrical properties of

HZO have been studied using a metal-oxide-semiconductor (MOS). The Zr addition was
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reported to reduce the charge trapping compared to HfO.. After that, R.I. Hedge [91]
confirmed the effect of Zr addition on stabilising the tetragonal phase and showed its
correlation with increasing the dielectric constant of HfO, from 20 to 30. Figure 24
illustrates the tetragonal phase of HZO. In both studies, the HZO was deposited by ALD
to obtain a thickness of around 4 nm. The HZO-based devices have been annealed under
N, for 5 seconds at 1000 °C.

Sub-2 nm sputtered HZO films were obtained in the same year (2006) by Kuo et al. [92]
using Hf and Zr targets. The electrical investigations reported excellent insulation
properties of sputtered HZO after a 700 °C annealing under N.. It was reported to be a
promising dielectric for MOSFET applications.

At this first stage of studying HZO properties, ALD and PVD were the used deposition
techniques to deposit HZO films. D.H. Triyoso reported the impact of the deposition
techniques, among other factors such as the capping layer, annealing and the precursor

used, that impact the dielectric properties of HfO»-based high-k dielectrics [93], [94].

The dielectric properties of HZO reached their maximum in terms of investigation and
manufacturability in 2007. M. Muller et al. reported an industrial view of the
manufacturability and the integration of HZO within the CMOS process for low-power
applications. A buried channel enabled perfectly symmetric threshold voltages down to
30 nm gate length and very competitive device results. Device dispersion has been well
controlled, leading to excellent, at the time (2007), 0.499 pm? static random-access
memory (SRAM) results with mean values of 203 mV (358mV) and Static Noise Margin
(SNM) and Write Margins (W.M.) at Vaa = 1.1 V [95]. HZO dielectric films have shown
smaller band gaps, smaller and more uniform grains, and fewer charge traps than HfOs.
HZO/Ta,C MOSFET was fabricated and showed improved device performance and
reliability compared to HfO, [96].

Another application that witnessed the integration is the non-volatile memories (NVM).
MOS capacitors based on HZO high-k dielectric have been used with different embedded
nanocrystalline materials such as ITO, ZnO, Mo and RuOx [97]-[100]. The memory
function was reported to be based on hole trapping during the forward sweep and electron
trapping during the backward sweep when the starting voltage is high. The trapped holes
could not be wholly eliminated except when a large positive voltage is applied in the

backward sweep. Holes are efficiently trapped at the nanocrystal position and loosely
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trapped at its interface with the high-k dielectric material, while most electrons are

trapped at the nanocrystal site. [101]

For example, MOS capacitors with a single and dual-layer ZnO embedded in amorphous
HZO gate dielectric were reported. Electrons instead of holes were trapped by the
embedded nanocrystalline of ZnO dots, which is responsible for the large memory window
of the device. The dual layer of ZnO was reported to have several advantages, such as
the charge trapping density and writing speed. Charge trapping in the dual-layer sample
can be accomplished in a concise amount of time. The embedded nanocrystallites within

the gate dielectric structure are promising for high-density non-volatile memories.[98]

After 2011, HZO, as a ternary metal oxide, was used for its electroluminescence properties
[102]. Without any embedded nanocrystalline, a 10-nm HZO based-device of solid-state
light (SSL) emitting was fabricated and proved [103]. Y. Kuo and CC. Lin reported the
first HZO-based light-emitting device. The emission spectrum, extended from visible light
to infrared, has been broadened, and the intensity has been improved with the embedding
of a ZnO nanocrystalline. They explained the light emission by the defect generation
mechanism in the film. The device can be easily fabricated. In another paper, Y. Kuo
reported light emission from sputtered amorphous HZO. The light was emitted from tiny
conductive paths formed after the dielectric breakdown. The light emission was explained
to be generated from thermal excitation. The power density within the conductive path,
with the thickness of HZO, directly affects the intensity of electroluminescence and peak
location. The light emission happened after the breakdown of the HZO dielectric layer.

A nano-resistor device, which emits the white light and shows the diode-like behaviour,
has been reported [104], [105]. In addition, several embedded nanocrystalline materials
have been reported to enhance electroluminescence, such as CdSe, ZnO, and WOy [103],
[106], [107]. There are many possible applications of this HZO-based device, such as

lighting, on-chip interconnects, NVM, nano-heaters, etc.

Hafnium zirconium oxide can be possibly a multiferroic material (exhibit more than one
of the primary ferroic properties in the same phase: ferromagnetic, ferroelectric,
ferroelastic, etc.). We are discussing the ferroelectric properties in the next section. The
main interest of the research community was the ferroelectric properties to speed up the
integration of HZO in the next generation of ferroelectric memories. Unfortunately, the
other properties have not been thoroughly investigated, such as the magnetic properties.

In our bibliographical research, we found only Kalam et al. who reported the investigation
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of magnetic properties of HZO as a function of the Hf: Zr ratio [108]. On the other hand,
Zr0Os has known ferromagnetic properties, and while studying HZO, the highest saturated
magnetization was obtained for Hfy:Zr,50,. Further studies can confirm these results and

explore the multiferroicity of hafnium zirconium oxide films.

2.5.2 From 2011 to now

In 2011, ferroelectricity was reported in 10 nm Si-doped HfOs-based films by
Boscke et al. [8], but it had not been discovered in the same but five years before. As a
result of our bibliographical study, we can see that it has been discovered simultaneously
as different additives to HfO, have been tested to enhance its dielectric properties. The
central hypothesis on the origin of ferroelectricity within HfO, films was proposed by
Boscke, saying that the ferroelectric nature of doped HfO, originated from the non-
centrosymmetric orthorhombic phase (Pca2;), which has not been reported in the HfO,
equilibrium phase diagram. This phase is hard to determine experimentally from the
XRD data, and it is difficult to separate it from the tetragonal phase peaks. The
metastable orthorhombic phase has been obtained for 10 nm film capped by a top
electrode layer of TiN and processed by an annealing step after the electrode deposition.

These fabrication steps have been suggested to build an in-plane strain within the film,

causing the stabilization of the orthorhombic phase, as illustrated in Figure 27.
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Figure 27 HZO orthorhombic phases produced by VESTA software

As this ferroelectric property at small thickness represented a solution for the next
generation of ferroelectric memories, several experimental and simulation studies on the
ferroelectric behaviour of HfO,-based films have been published in order to build a

collective understanding of the mechanism of ferroelectricity induction and its influencing
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factors. The first investigated factors were doping, the top electrode material and the

annealing parameters.

In addition to Si, other dopants of HfO, such as Zr, Al, Gd and La have been studied.
The motivation behind these studies was to distort the HfO, lattice structure by a larger
or smaller radius. All of them induced ferroelectricity, but no trend has been reported as
a function of the valence's radius of the dopant element. Besides, for every dopant proved
to induce ferroelectricity, the optimal concentration was different compared to the others.

This has not been understood yet.

The dopant or the additive that gained the most interest is Zr. Forming HZO has the
highest reported concentration to induce ferroelectricity, and the orthorhombic phase
was the most stable. Higher P, endurance and the lowest annealing temperature during
the process are the most advent of HZO, making it the most exciting material among

the HfOs-based ferroelectrics.

For all HfO, ferroelectrics, including HZO, the same explanations are generalized.
However, until now, a specific understanding of each one is not achieved yet. As these
ferroelectric materials are all the fluorite-type structure, Perovskite-structure
ferroelectrics, especially PZT, are often the model used to compare and understand the

phenomena within fluorite-type ferroelectrics.

One of the physical properties that define the research direction is the thickness of
ferroelectric films. It is strongly related to the amount of the orthorhombic phase and

the remnant polarization.

Each dopant or additive has an optimal concentration to induce the orthorhombic phase,
so a specific window for the best ferroelectric properties (P,, endurance, thickness, etc.).
HZO represents the highest tolerance for Zr concentration. M.H. Park et. Al studied
theoretically and experimentally the thermodynamic energy of an extensive range of HZO
films with Hf: Zr ratio varied from 0 to 1 and varied thicknesses from 9.2 to 29.2 nm
[109]. In Figure 29, P-E plotted curves were a function of the Hf: Zr ratio and the
thickness of the films. Briefly, the highest P: (16.5 pC.m?) was reported for Hf: Zr=1 and
thickness of 9.2 nm. This result confirmed the previous result of the first ferroelectric
HZO of 9.5 nm by Muller [110]. More Zr content in HZO causes the apparition of an
antiferroelectric behaviour of HZO. It has been previously reported that ZrO2 is

antiferroelectric material. At the same time, as a function of thickness, P, is almost
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constant, and it decreases abruptly at 24.2 nm, which suggests that this thickness is the

limit of ferroelectricity in HZO. The same behaviour of P, as thickness increases can be

observed for the different compositions.
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Figure 28 P.V. hysteresis at 1 kHz and small-signal CV hysteresis at 10 kHz (50 mV level) of 9 nm
thin HfO,—ZrO. based metal—insulator—metal (reproduced with permission) [110]

This study suggested that the phase transition within HZO is a first-order transition

from the orthorhombic to the tetragonal phases.
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Figure 29 (P-E) curves of Hf\,Zr,O, films with various compositions and thicknesses (reproduced

with permission) [110]

The variation of the dielectric constant k as a function of the thickness and composition

is shown in Figure 30. The Butterfly-shaped k-E curve is another signature of
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ferroelectricity. It appeared for the same samples in which a ferroelectric hysteresis loop
appeared in Figure 29. The dielectric constant of ferroelectric HZO varies between 30
and 38. It matches well with the previously reported values of the dielectric constant of
the orthorhombic phase. In this study, the electrode material is TiN, and the capacitors

were annealed at 500 °C under N, for 30 seconds.

- 40 HIG, .I-'ff‘l“zrc' 10; Hf 20 00,
[ =
g 3
29.2) 3= wt122220300t355589 L rsesncsrnnaresearess
1T
§ES STEEBPI S
L 20} resss T * 9
e 45 musuzrnmor er_'.'l?
i “ Hfo: 'monzrﬁ‘907 wn:vranuog
g ®
24 2 % | S—
. o
g 5 i e iiisaansassssnd T verrees
R aaaas B e
. 2 Hfuxzrn ?n'Dz Zrﬂz
40 HC, ,Hf“"zrc' =2, il 7 00s s
Ay W
g * s W ey
19.2 X aad b |paat iy Y~ ey
s S SO
e T
45 Hfo sl s ZJI-G?
0 HfO‘ L Hlo 2%, <0, Hi, 521, 40,
Srerrsesppesert st
§ o N e
0
14.2]%
- L
feessrpossnsreossres]
g 2“#.&-.-.-“.&“0-.“- Hfo Dzro ;DOI ZIDJ
40 HOJ L Htaaizrtns-o." I_“c-f-?a-c-no.? A
g . ' ""-hno-a'"......
92|¢= , bl
=
§2 -
° 15 Ml Tz L a0,

-2 -1 0 1 2 2 1 0 1 2 2 -1 0 1 2 2 1 0 1 2 2 -1 0 1 2
Blectric Redd [M\om] Electic Field [Mvicm] Electric Field [Mvicm)] Electric Field [Mviam] Blectric Field [Mviem]

>
0.00 0.19 043 0.70 1.00
Zr/[Hf+Zr]

Figure 30 The dielectric constant — electric field curves of HZO films with various (reproduced with

permission) [110]

Many studies reported the degradation of the ferroelectric properties of HZO for films
thicker than 20 nm. It is explained by the formation of the non-polar monoclinic phase,
represented in Figure 24. Some solutions have been proposed to overcome this limit,
such as adding a 1-nm layer of Al,Os; between two HZO layers. Realizing this HZO/
Al,O3/HZO structure allowed to obtain ferroelectricity at 40 nm thickness, as reported
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by Kim et al. [111]. Riedel et al. used the same idea to obtain a total thickness of
laminated AlOs/HZO of 50 nm. The thickness of Al,Os was 5 nm.

After all, the current challenge of the scientific interest in ferroelectric HZO is not about
reaching the highest ferroelectric thickness. This can be wuseful for piezoelectric
applications for actuators and sensors. However, currently, the challenge is conserving
the ferroelectric properties of ultrathin films in order to integrate them into the

ferroelectric memories.

Ultrathin ferroelectric HZO of 1 nm has been reported by SS. Cheema [112] deposited by
ALD on Si. This result indicates no critical thickness for ferroelectricity and enhanced
polar distortions as the thickness is reduced, unlike perovskite ferroelectrics. 2.5 nm-thick
HZO films were reported to be ferroelectric by Chouprik et al. [113]. This unlimited
ferroelectricity opens the door for polarization-driven memories and advanced
ferroelectric-based transistors. This nonexistent minor limit of ferroelectricity swings the
search for the fundamental limits of ferroelectricity to simpler transition-metal oxide
systems in which 'reverse' size effects counterintuitively stabilize polar symmetry at the

ultrathin level.

To our knowledge, the thickest ferroelectric HfOs-based material is Y-doped HfO,
deposited with a sputtering technique [114]. The obtained remnant polarization and
coercive field of Y-HfO, films were about 12 uC.cm2 and 1.2 MV.cm ™, respectively. The
measured ds; value was approximately 2.5 pm. V7. Figure 31 shows the S—E and P—E
curves of a butterfly shape and a hysteresis loop that clearly show the film's
piezoelectricity and ferroelectricity. The ds; effective piezoelectric coefficient was
calculated from the slope of the positive displacement curve in S—E near 0 MV.cm ™.
This value of ds;s matches well with the reported values, such as 3.5 pm.V~! value reported

for La-doped HfO, by Schenk using a double beam laser interferometer (DBLI) in the
aixACCT tester [115].
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Figure 32 Different reported annealing temperature ranges of ferroelectric HZO (2011 -2021)

To induce ferroelectricity, a crucial step of annealing is required. Independently of the
deposition technique, HZO films need rapid thermal annealing (RTA) in order to be
crystallized into the orthorhombic phase. It was reported in the first ferroelectric doped
HfO, [8]. RTA impact has been studied as a function of its parameters: temperature,
annealing atmosphere, and annealing time. In literature, induced ferroelectricity in HfO»-
based materials has been reported to be annealed by different techniques: RTA, furnace
annealing, laser annealing and microwave annealing [116]-[119]. In this part, we are

focusing only on RTA as it is the most used technique.
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Complete understanding and controlling the impact of RTA for each dopant of HfO,
have not been fully achieved yet. Figure 32 shows a pie chart of the reported annealing
temperature ranges that induce ferroelectricity within HZO thin films. The first used
annealing temperature by Boscke [8] was 1000 °C. One of the reasons to choose Zr as an
additive was that it allows for reducing the annealing temperature or the thermal budget
specifically. The first ferroelectric HZO studies reported a 500 °C annealing temperature
to induce the ferroelectricity. The most used temperatures belong to the 400-550°C range,
as shown in Figure 32. The aiming can explain the focus on this range to induce
ferroelectricity in HZO or any HfO, material with a temperature compatible with the
CMOS process. Generally, the limit is 500 °C. Considering the annealing temperature
only, we found that it differs from one dopant to another, as proved by M.H Park et al.
while investigating the lowest annealing temperature for Al, Gd and Sr by in situ XRD
measurements [120]. The required temperatures to induce the o-phase for the three
dopants were different (515 + 5, 458 + 5, and 524 + 5 °C, respectively). For HZO, before
conducting an in situ XRD characterization, the lowest temperature was 450°C. We
realized an XRD in situ measurement on 22 nm-thick HZO films and found that the o-
phase can be induced at 370 °C [121]. This result was confirmed later by Presson et al.
[122]. The annealing temperature has been reduced to 300 °C by using high-pressure
RTA as reported by Kim et al.; meanwhile, the o-phase was not induced at 300 °C high
pressure [123]. To this day, 300°C is the lowest annealing temperature used to obtain the

orthorhombic phase.

Another parameter of annealing is the atmosphere. It can affect the physical and
ferroelectric properties of HZO films. The most used gazes are Hs, Nao, Ar and O,. The
hydrogen atmosphere degrades the electrical properties of the films. The nitrogen
atmosphere is the most used one as TiN is the most chosen material for electrodes in
order to avoid the oxidation of TiN. The oxidation atmosphere affects HZO and TiN,
and it was used to control the oxygen vacancies. However, it can also deteriorate the
quality of the films and the electrodes. Lee et al. reported better electrical properties for
Os-annealed sputtered HZO films [124]. It was explained by the fact that sputtering HZO
in oxygen-deficient plasma leads to a higher number of oxygen vacancies, contrary to
ALD deposited HZO that has an oxidizing agent Og, so O»atmosphere during annealing
reduces the oxygen vacancies in HZO. In other reports, the N, atmosphere was found to
be the optimal atmosphere to induce the o-phase. Future studies are required to

investigate the impact of annealing parameters [125] precisely.
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The electrode material has its vital contribution to inducing the ferroelectricity in HfO,
based materials. The relationship between capping materials and ferroelectric properties
is essential to modulate ferroelectric device performance and improve the flexibility of
the device design. The choice of the electrode material is strongly independent of the
thickness of the ferroelectric layer, the deposition technique, and the annealing
parameters. The top and bottom electrodes also have their thickness, material choice,
and deposition technique parameters. These parameters react differently to the same
annealing conditions or any other step of fabrication. No fully comprehensive the detailed
impact of electrodes has been reported yet, but only some insights from studies. Besides
the other factors, electrodes' different parameters and possibilities multiply the
relationships and increase the complexity of a complete understanding of the

ferroelectricity phenomena.

To date, TiN is commonly the choice since the discovery of ferroelectricity in Si-doped
HfO, films by Boscke [8]. Statistically, TiN, and TaN electrodes are both used for research
and industry, and both have been heavily studied. The impact of various capping
materials was investigated [126]. Polakowski et al. reported a different behaviour for a
ferroelectric TiN/HfO,/TiN stack with a sputtered TiN top electrode. In contrast, a
paraelectric behaviour appeared for TiN/HfO,/TiN with a TiN deposited by CVD.
Confirming the role of the TiN top electrode, HZO film was sandwiched between the TiN
bottom electrode and one of the three (TiN, RuO,, or Pt) as the top electrode. The
highest P, was reported for TiN with 17.1 uC.cm? while 12 and 10.3 pC.cm™ for RuO,
and Pt, respectively. Park explained this due to the different stress applied by the top

electrode.

To summarize, different materials can be used as electrodes for ferroelectric HZO, but
each one needs to be optimized as a function of the other fabrication steps. Besides, the
current comparison is in terms of Pr only. Other electrical characteristics can be

investigated to confirm these reports. The impact of electrodes is not entirely understood

yet, and further studies are required.
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Figure 33 Different reported HZO deposition techniques (2011 -2021)

The reported HfOs-based ferroelectrics were entirely CMOS compatible and reproducibly
deposited by several deposition techniques such as ALD, CVD, CSD, PLD and sputtering
as the PVD method. Compared to perovskite ferroelectrics, the multiplicity of
ferroelectric HfO, deposition techniques represents a superiority for HfO, films.
Furthermore, ALD is especially suitable, considering its precise atomic-level thickness
control, high crystallinity, and good three-dimensional step coverage (3D ferroelectric
memories). Therefore, already matured ALD technology in the semiconductor industry
dramatically facilitates the development of HfO»-based ferroelectrics.

To date, studies have been conducted primarily on doped HfO, layers grown by atomic
layer deposition. Figure 33 shows the repartition of the deposition techniques for HZO.
the most intensively used deposition technique is ALD. It is based on a self-limiting
mechanism with chemical reactions between a metal precursor, oxygen source, and
substrate. However, there are few deposition parameters to be controlled, only the
deposition temperature and precursor/ purge pulse times. Nevertheless, for sputtering, it
has more factors such as target density power, reactive plasma, deposition pressure and
deposition temperature. These factors are easily controlled. This suggests that sputtering
offers different physical influences on the film and provides degrees of freedom to engineer
the deposition condition of sputtering. Therefore, it is a more attractive option to
understand the formation of the orthorhombic phase in HfOs-based thin films. One
inconvenience of sputtering is the presence of contaminants such as C, N or H within the
film, but the target quality and purity can control it. Therefore, Sputtering is a

timesaving and more cost-effective option.
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As shown in Figure 33, sputtered doped HfO, is rarely undertaken. To date, only a few
research teams have initiated studies on sputtered ferroelectric HfOs-based thin films. Xu
et al. reported the ferroelectric behaviour of HfO, film doped with various cations (Sc,
Ge, Y, Zr, and Nb) [127]. Fan et al. [128] reported ferroelectric HZO thin film obtained
by sputtering. In Lee’s work [129], the physical and electrical properties of sputtered
HZO were studied by investigating the role of target power and working pressure and
the thermal annealing conditions of reactive co-sputtering. In the co-sputtering process,
monitoring the chemical composition of HZO through the ratio of Hf: Zr is more
challenging than the straightforward single target sputtering system, as shown in the
results of the study by Woo et al. and Ryu et al. [13], [116].

To summarize, polarization switching has been reported in sputtered ferroelectric HfO
by investigating the electrode materials and oxygen vacancies, but the characteristics of
P, have rarely been discussed. However, the effects of sputtering systems or parameters
have not been thoroughly investigated to date. One paper by Mittmann et al. [130]
revealed the benefit of different deposition techniques by reporting ferroelectric properties
within undoped HfO, deposited by sputtering.

As shown in Figure 34, there are two central systems to deposit the ternary HZO oxide:
a single target of the HZO system and co-sputtering with two targets of Zr and Hf. the
targets for the co-sputtering can be ceramic or metallic. However, the single-target

sputtering of ferroelectric HZO has been reported by three research teams only: Woo et

al., Ryu et al., Yu et al. and our group [13], [116], [121], [131].
Others
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Figure 34 Ferroelectric HZO deposition techniques with detailed sputtering systems

The environmental and sustainability motivation to replace PZT has led us to consider
the use and development of single target sputtering of HZO instead of ALD, the most
widely used deposition technique of HZO. Indeed, the single target sputtering technique,
being cheaper than ALD and exhibiting higher throughputs, is more suitable for

industrial processes. Moreover, the fabrication of HZO targets has a more negligible
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environmental impact than the metalorganic precursors used in ALD in terms of cost,

energy consumption, and process complexity.

The reported results for ferroelectric HZO by single-target sputtering reveal a high
potential for this technique concerning ferroelectric HZO. Furthermore, the record of 1
pm  ferroelectric Y-doped HfO, can be realized with this technique for HZO.
Consequently, it initiates the interest in sensors and actuators based on piezoelectric
HZO with its lead-free label.

Further studies are required better to understand the deposition of this ternary oxide of

HZO and explore its properties for varied thicknesses and applications.

The discovery of ferroelectric properties in HfO, did renew the interest in ferroelectric
memories or lead-free ferroelectrics and started the challenge of characterizing this
phenomenon at the nanoscale level. Piezoresponse force microscopy (PFM) is often the
best option for piezo-, ferroelectricity, and piezoelectricity at the nanoscale. However,
using this technique to characterize ultrathin HfOo-ferroelectrics is the subject of a
current scientific debate due to artefacts of PFM that complicate the interpretation of
results and can be misleading in identifying ferroelectric materials. For the case of HfO,
ferroelectrics, PFM is used to detect the local response in order to understand the
polarization reversal mechanism. Using direct and alternative voltages within the probing
tip in contact mode can characterize an nm-level region of domain structure and the
switching polarization inside it. PFM is based on the strong coupling between
polarization and mechanical displacement. The coupling can be measured by applying a
highly localized electric field to the material and probing the resultant surface
displacements within picometer precision. The PFM technique can be of particular
importance for the case of HfO, ferroelectrics because there is a wake-up phenomenon of
the polarization, and the PFM helps understand the different mechanisms of passing

from weak P, to a higher one.

Another attractive property of HZO ferroelectric films is the negative capacitance. It
occurs in some conditions, and it causes a local voltage drop opposing the applied bias.
Its response can enhance the voltage in the circuit. However, this phenomenon is not
fully understood or explained definitively. Even ferroelectric materials can exhibit a
negative capacitance effect. R. Landauer was the first to report a negative capacitance
effect within ferroelectrics. The spontaneous polarization is like the spontaneous charging
of a capacitor with a negative capacitance. For the Field-Effect Transistors (FET) with

a negative capacitance condition, the ferroelectric can be totally depolarized and shows
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a hysteresis loop of P. This would allow amplification of the semiconductor surface
potential concerning the gate voltage. Consequently, the subthreshold swing can be lower

n(10)kgT (

than the Boltzmann limit where kg is the Boltzmann constant, T is the

temperature, and q is the charge). This would lead to better power consumption devices,

so further miniaturization.

The signature of a negative capacitance is the S-shaped curve, as shown in Figure 35,
but it cannot be observed in the circuits of polarization measurements. Figure 36 shows
the experimental set for the first demonstration of the S-shape curve in ferroelectric HZO,
with a Ta;Os dielectric, reported by Hoffmann et al.[132] by applying nanosecond pulses
to avoid charge compensation and the stabilization of the domains at the HZO/Ta.0;

interface (Figure 35).
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Figure 35 S-shaped P-E.F. curve Black and blue correspond to the increasing and decreasing Vmax

sweep direction. Red corresponds to LGD theory, and the blue shows the P-E.F. hysteresis measured
on a TiN/HZO/TiN sample (reproduced with permission) [132]

Through high-speed pulsed charge voltage measurements, Hoffmann et al. [133] also
reported the experimental observation of hysteresis-free negative capacitance in thin
ferroelectric HZO films. In addition, hysteretic switching was suppressed by adding

dielectric AlOj3 layers on top of the HZO to prevent the screening of the polarization.

To better understand the negative capacitance within ferroelectrics, these reports are
handy [134]-[137].
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Figure 36 Experimental set-up for the pulsed Q—V measurements. V is applied by a pulse generator,
and both V and V.R. are measured via an oscilloscope, where V.R. is the voltage drop across the
resistance R (reproduced with permission) [132]

As the current global challenges and the technological shift toward the IoT ecosystem,
HZO, by its multiple applications, is one of the essential materials. For low-power
consumption, HZO-based negative capacitance FET shows improved device performance.
Stabilized negative capacitance has been reported for ferroelectric/dielectric perovskite
heterostructures and fluorite-type ferroelectrics like HZO and doped HfO,. The impact
of HZO on FDSOI NCFET was reported to increase the improvement of sub-threshold
slope and reduce Iorr [138]. The impact of HZO thickness on the performance of NCFET
has been investigated by S. Semwal et al.[139]. The interest in the negative capacitance
of HZO is growing; however, investigating the temperature impact is of urgent
importance to pass to practical applications. Wang et al. studied the influence of
temperature on NCFET based on HZO [140]. It was found that the temperature increases
the negative capacitance in the NCFET, which is degraded due to the temperature

increase. Further studies are required to improve the integration of HZO in NCFET.

Ferroelectric HZO allows overcoming the current CMOS compatibility issues and the
high cost of the different memory types (SRAM, DRAM and Flash memories). This
opportunity opens the way for improving IoT devices. For memory applications, data
storing is made with the polarization state of the ferroelectric film, while the writing
process is made by applying an appropriate electrical field. This makes a power-efficient
writing process. Three main structures of memories are based on ferroelectric HfO,: 1T1C
FeRAM (One Transistor One capacitor), 1T FeFET, and the FTJ (ferroelectric tunnel

junction).

HZO has been successfully integrated within FeRAM with a 130 nm CMOS process for
NVM applications [141]
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Ghatge and co-workers were the first to report the integration of HZO into a transducer
[142]. They have shown a fabricated 10-nm HZO-integrated nanoelectromechanical
transducers, as shown in Figure 38. It was reported that the electromechanical
properties of HZO were based on the electrostrictive effect. The transducers were
integrated on silicon and aluminium nitride membranes. They yielded resonators with a
340kHz - 13GHz frequency range and a figure of merit of frequency quality-factor
(f X Q) of around 3.97 x 10", as shown in Figure 39. This figure of merit is the best-
reported value for nanomechanical resonators operating in the centimetre-wave regime
(Figure 41). The 340kHz -13 GHz frequency range of the HZO transducer makes it
operational for super high-frequency resonators (3-30 GHz) for wideband spectral
processors and high-resolution resonant sensors. However, such application requires the
reduction of resonator dimensions to tens of nanometres, and current devices typically

rely on transducers, for which miniaturization and chip-scale integration are challenging.

As mentioned above, each ferroelectric material is pyroelectric and piezoelectric. The
main interest of research was focused on the ferroelectric properties. The pyroelectric and
piezoelectric properties of HfO, ferroelectrics, including HZO, were rarely studied. Some
reports reported the pyroelectric coefficient of ferroelectric doped HfO, to be between 40

and 84 uC.m K™, which is considered reasonable compared to the conventional LiNbOs.

Despite that, 3D integrated HfO. pyroelectric deep trench capacitors were demonstrated.
It allowed improving the high-performance integrated I.R. arrays [143] as ferroelectric
hafnia has its own effects, such as the wake-up effect of the polarization. Such effects are
expected to affect and delay the profound understanding of the pyroelectricity within
hafnia. This suggests a longer interest in ferroelectric hafnia. For HZO, D. Lomenzo et
al. studied the impact of thickness and annealing temperature on the pyroelectric
coefficient. HZO thickness varied from 1 to 30 nm, and the annealing temperature varied
from 450 to 600 °C. The reported optimum for the pyroelectric coefficient was 56
pC.m?K-tfor 15 nm thickness and 450°C.
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Figure 37 Figures of merit voltage sensitivity vs current sensitivity (reproduced with

permission)[142]

Compared to the other HfOs-based pyroelectric materials, HZO exhibits the highest
voltage sensitivities for the 10-15 nm range annealed at 450 °C due to HZO's lower
permittivity as shown in Figure 37. Compared to PZT, HfO»-based ferroelectrics exhibit

lower zero-field pyroelectric coefficients and, thus, have lower current sensitivity.
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Figure 38 SEM image of the Hfj57ro50s-transduced Si nanomechanical resonator operating in out-of-
plane flexural mode. b, Magnified SEM of the resonator (reproduced with permission) [142]



Chapter II Fundamentals of ferroelectricity and the literature review

30

f, = 339 kHz
25 +

Q=250

T

20

15

10 -

Relative displacement (dB)

330 335 340 345 350
Frequency (kHz)
Figure 39 The frequency response of the Hfy5Zr)50s-transduced Si resonator extracted from

stroboscopic analysis, showing the flexural resonance at 339 kHz and a Q of 250 in the air (reproduced
with permission) [142]

Figure 40 The cross-sectional schematic of the HZO transduced Si nanomechanical resonator.

All these exciting properties of ferroelectric HZO allow the shift toward the next
generation of ferroelectric memories and low-power devices. In addition, further
investigations on the pyroelectric and piezoelectric of HZO will undoubtfully lead to more

HZO-based applications.
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Figure 41 The fQ product figure of merit of the recently demonstrated state-of-the-art
nanomechanical resonators (reproduced with permission) [142].

HZO is also in the middle of emerging technology: neuromorphic computing which
enables the next generation of A.L (artificial intelligence) and autonomous devices.
Neuromorphic computing is based on biological neural computation by emulating the
human brain's neural system. This approach allows overcoming the limits of the
Neumann architecture by using spiking neural networks (SNN) to decide on response to

machine learning over time.

Due to the ferroelectric switching, HZO-based non-volatile memories provided a new
platform for both synaptic and neuronal applications such as synaptic learning due to
the gradual tuning of their conductivity, low power consumption, and various structures
(2-terminal or 3-terminals structures). Furthermore, the non-volatility with a multi-
domain nature reveals high potential for synaptic applications in compute-in-memory

architecture.

Two categories can be defined for the used structures based on HZO ferroelectric films,
or HfO, in general: two-terminal structures such as FTJ or MIM heterostructures, and
three-terminal structures such as FeFET. The figure shown earlier presents examples of
synaptic devices. In two-terminal HfOs-based synaptic devices, ferroelectric FTJ
attracted more attention due to its non-destructive read mechanism and ultra-low power
consumption [144], [145]. An HZO FTJ-based deep binary neural network has been
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reported [41, 42]. Shim and Yu realized 3D NAND architecture for an on-chip accelerator
for energy efficiency applications using HfO,-based FeFET [146]

For the three-terminal structures, Yu et al. reported successful manufacturing of HZO-

based memristor for multilevel storage and artificial synaptic plasticity [147]. The
fabricated memristor shows excellent properties in the modulation of the bidirectional
gradual resistance. At the same time, D.H. Min et al. investigated the role of oxygen
pressure during single target sputtering on the synaptic operations of FEFET based on
HZO [131]. Controlling the oxygen vacancies was found to delay the polarization
switching, which is interesting for FEFET synaptic devices. biological activity, such as
paired-pulse facilitation and spike-timing-dependent plasticity, was emulated using HZO-
based FTJs [144], [148]

Even antiferroelectric HZO has been integrated into devices due to its promising

characteristic: its endurance strength is higher by orders than HZO ferroelectrics.
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In this chapter, we introduce three main sections: the first one is dedicated to the
fabrication process of the metal-insulator-metal structures used during the thesis, from
the deposition of the electrodes and the HZO films to the photolithography and etching
process steps, while the second section describes the techniques used for the
characterization of the physical and structural properties of HZO thin films. Finally, the
third section focuses on the electrical characterization of HZO-based MIM structures,
including impedance spectroscopy, leakage current, capacitance, and polarization

measurements.

3.1 Fabrication process

As mentioned in the previous chapter, the ferroelectricity of HZO films has been
observed at the nanoscale level, so to characterize their properties, a suitable structure
is required to be fabricated to allow structural and electrical characterization. Therefore,
we used a MIM-structure capacitor in which the HZO film is sandwiched between two

similar metallic electrodes.

The HZO-based MIM structures have been realized in the CEA Leti, PTA, and BCAi
cleanrooms. The fabrication process starts with cleaning 4 inches of Si wafers inside the
cleanroom. The wafer is often cut into small samples of 2*2 ¢cm?. Then, the TiN bottom
electrodes were DC-sputtered, followed by the RF sputtering of HZO film inside another
chamber before being returned to the first chamber for TiN top electrodes deposition. A
crucial step to have the desired properties is the post-metallization annealing to
crystallize the amorphous HZO sandwiched between the TiN electrodes. Next, the
patterning of circular pads with different diameters to have capacitors at the end is
performed by successive steps of photolithography, metal evaporation, lift-off, and

etching awarded by obtaining the desired capacitors on top of the Si substrates.

Among the different steps, the annealing step is the most important one because it
directly affects the properties of the HZO thin films [8], [121], [149]. The process flow is

presented in the following section.

3.1.1 Sputtering deposition of HZO thin films and TiN electrodes
In the state-of-the-art, the deposition of HZO thin films or TiN electrodes has

been achieved by different techniques, as reported in the previous chapter:

Atomic layer deposition (and Plasma Enhanced ALD) [150], [151]
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Sputtering (with a single target, co-sputtering from metallic targets or ceramic
targets)[12], [121], [152]

Chemical solution deposition [153]

In this work, the metal-insulator-metal structure has been chosen to study the different
properties of the hafnium zirconium oxide (HZO) layer and the related influencing
conditions such as TiN electrodes' thickness, the interfaces TiN/HZO, and the annealing

parameters ...etc.

We only used the sputtering deposition technique for HZO and TiN thin films. The
choice of sputtering as adeposition technique was based on sustainable criteria, as
mentioned in chapter 1, and technical criteria (high deposition rate, high-quality films,
and thicker films above 100 nm.) for both the HZO layer and TiN electrodes. Besides,
sputtering offers the possibility also to deposit the full MIM structure without breaking
the vacuum, as reported by Lee et al. using ALD [154]. Unfortunately, the latter
possibility was not investigated during this work due to some technical issues related to
the sputter equipment Alliance-Concept DP 850 and its long unavailability (mainly due
to the COVID crisis).

Sputtering belongs to the physical vapour deposition (PVD) deposition family. Its
working principle is based on the creation of plasma to guide the gas ionized molecules
towards the target (by applying a voltage between the anode and cathode, which are, in
this case, the substrate and the target, respectively). As a result, the molecules of the
target's material are ejected and transported to the substrate, where they stick to form
the thin film [155].

For the HZO thin films, we used a radiofrequency (RF) sputtering system, which is
usually used for dielectrics deposition. While a Direct Current (DC) system, in other
equipment, has been used to deposit TiN electrodes. The DC sputtering system is the
basic model of sputtering. The other systems are upgrades of DC sputtering [156]. The
DC sputtering system comprises a couple of planar electrodes (cathode and anode). The
glow discharge is created after applying several kilovolts of a DC voltage with a series
resistance between 1 and 10 k) at a proper argon (Ar) pressure. As a result, Ar ions are
accelerated and sputter the target's material. For an RF system, the main difference with
a DC system is substituting the target's material with a dielectric one because the plasma
cannot be sustained with a dielectric due to the immediate buildup of a positive surface

charge on the surface target (dielectric) [157].
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3.1.1.1 HZO Sputtering chamber

All HZO thin film samples are prepared inside a sputtering chamber schematically
shown in Figure 42. First, samples are inserted via a load lock with a separate pumping
system like the one used for the deposition chamber. Next, HZO Samples are clamped
onto a substrate holder. During the deposition process, it is suspended from the chamber
ceiling. An electrical connection to the substrate holder allows the application of a
radiofrequency (RF) bias. Finally, the substrate can be rotated around the chamber axis.
This allows to get a homogeneous film and, at the same time, keeps the substrate

temperatures low.

The deposition equipment is a commercial Alliance Concept DP850 device. It is composed
of the main enclosure, maintained under ultra-vacuum (lower base pressure at 10°%
mbar), and a transfer airlock. The substrates are introduced into the enclosure through
this airlock, in which a high vacuum (1077 mbar) is established to minimize
contamination in the deposition chamber during the introduction of the sample and,

therefore, reduce the pumping time.

To vacuum Helium
pump Cooling Gas
Inlet

n

!

Platen RF

Substrate
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- Oxygen ) —

Figure 42 Illustration of sputtering phenomena
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The main sputtering chamber has: 4 rectangular targets of the same surface and two
sputtering systems: radiofrequency (RF) and direct current (DC) sputtering. The HZO
thin films used within the framework of this thesis are deposited by RF sputtering. Figure
43 shows the user interface of the sputter with HZO targets located in position 3. The
targets of HZO are installed to be convergent. The deposits were carried out with an

argon gas plasma, introduced at a working pressure of 5.10~® mbar.

Under normal operating conditions, the flow of atoms is constant; the thickness of the
deposited material, therefore, depends only on the exposure time of the substrate.
Knowing the thickness of the deposited layers is based on a calibration of the material

flow. It is carried out ex-situ by measuring the thickness of standard samples using a

micro-profilometer, X-ray reflectometry, ellipsometry or TEM images.
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Figure 43 The user interface of the DP 850 sputtering equipment

There is no perfect deposition technique. Each deposition technique has its advents and

drawbacks, and the choice of the deposition technique strongly depends on the desired

application.

In general, the sputtering technique, with its different systems, has some advents such

as:

- A large range of materials can be deposited with high purity.

- Both elements and compounds can be sputtered.

- The target assures a stable and reproducible deposit for a long time.
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- The reactive sputtering adds more options compared to other
techniques.

- The substrates can be very small or very large, discrete, or continuous.

- The dimensions of a sputter chamber can be small due to the close

target-substrate distance.

And each sputtering equipment can additional advents. The used DP 850 equipment

presents some advents such as:

- Single-target deposition of compounds (HZO in our case)

- The multiplicity of the sputtering parameters to be optimized to get
excellent quality films.

- The substrate dimension can vary from 1*1 ¢cm? to 200 mm Si wafer.

- The control of substrate rotation during the deposition

- RF power can reach 1 kW.

- The possibility of substrate biasing

- The possibility of different dielectrics deposition without breaking the

vacuum (Metal-Ferroelectric-Insulator-Semiconductor, for example).
On the other side, some drawbacks can be found in the sputtering technique, such as:

- The optimization of some materials takes more time before reaching the
producible phase, and the targets can be expensive.
- The non-uniform removal of particles from the target can lead to non-

uniform deposited films in the long term.

Moreover, for our equipment, its main drawbacks can be summarized in the following
points :(not necessarily related to the drawbacks of sputtering but mostly to technical

issues):

- The short availability of the equipment due to
o The multiple breakdowns
o COVID-19 impact.
o Target contamination with Cu.

- The substrate temperature cannot be controlled.

3.1.1.2 TiN electrodes:
For TiN electrodes, a commercial Alliance-Concept CT 100 deposition equipment
has been used. It is a two-chamber sputtering system with manual loading; each chamber

contains four targets. One chamber is dedicated to the metals, and the other is for
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dielectrics. The plasma power can reach 1 kW, and the size sample can be from a small
to 4 inches wafer. In this sputter, we can rotate the substrate holder during deposition.
The deposition of TiN is a reactive sputtering deposition in which we used a Ti metallic

target with Ar/N, gas flux to form the nitride of titanium.

3.1.2 Fabrication of the capacitors

As mentioned in the introduction of this chapter, the first part is device
fabrication. It consists of film deposition and annealing, patterning of capacitors, metal
evaporation, lift-off, and etching. This includes several cleanroom steps. The fabrication
steps were performed in PTA and BCAIi cleanrooms, contrary to the film deposition

steps. Figure 44 presents the scheme of the fabrication process steps.

MIM Fabrication process = RTP

' U1

HZO (14 nm) HZO (14 nm)

Cleaning Si substrate TiN 50 nm PVD Deposited HZO 14 nm Sputtered TiN 50 nm PVD Deposited

HZO (14 nm) HZO (14 nm)
STeubstrate STeubstrate
TiN etching using ICP Lift-off Evaporation of TVAu metals Resine deposition and
photolithography

Figure 44 The fabrication process flow of the HZO-base MIM structures

As shown in Figure 44, we used p-type (100) silicon substrates covered with a native
SiO; layer to deposit the TiN/HZO/TiN stack for a reference sample. Then, A 50 nm-
thick TiN layer used as a bottom electrode was deposited by sputtering using a Ti target
under an N, +Ar plasma at a pressure of 3.10~* mbar and 100 W power. The Ar and N,
gas flow rates were 40 and 5 sccm, respectively. Before the redeposition of the TiN top
electrode, HZO films were deposited in another chamber from a single target of HZO in
Ar plasma at a pressure varied from 0.8 to 10x10~® mbar with an Ar flow rate of 60
sccm. The RF power was varied from 200 to 600 W (1.7 to 5 W.cm ).

Before post-deposition annealing (PDA) of the TiN/HZO/TiN stack, an XRD

measurement is conducted to check the crystalline state of the HZO films. Once

S —————. -
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confirmed to be amorphous, annealing is conducted to crystallize the amorphous film,
and after that, an XRD measurement confirms the crystalline structure of the HZO films.
At this level, different structural information is obtained. A patterning/etching step is
required to obtain small capacitors for electrical measurements to correlate them with

electrical properties.

Using a photoresist resin, spun at the surface of the stack, then the capacitor pads mask
is patterned using a mask aligner. Next, the resin is removed using a developer solution.
Finally, a 50 nm thick Ti layer and 200 nm-thick Au layer were evaporated on top of
the stack. A final etching step is needed to obtain the structure of the final capacitor,

whatever the etching technique is (chemical or dry).

At this level, electrical measurements are conducted on each capacitor in a specific order

mentioned in the third section of this chapter.

3.1.3 Rapid thermal annealing
Inducing the orthorhombic phase via the crystallization of HZO films requires an
annealing step to follow the deposition in a range of temperatures going from 300 to
650 °C. Therefore, different combinations of annealing parameters (Gas, temperature,
time) were carried out to evaluate their effect. Most of the samples subsequently

underwent annealing at low temperatures (450°C).

For the annealing step, we used two pieces of equipment: Jibelec and Unitemp RTP-
100. We used the first one during the optimization phase before switching to the second

one, as it showed a better performance and closer results to the desired thermal budget.
It has the following advent:

- It can anneal a 100 mm wafer at maximum.

- Ramp up rate up to 150 °C/sec

- Vacuum up to 10 mbar

- Process gas line with Mass Flow Controller for Nitrogen

- Max Temperature is 1200 °C

- Temperature uniformity +1.5 % of the set temperature

- Cooling with N, with a rate of 200°C/min (from 1200 to 400°C) and
30°C/min (from 400 to 100 °C).
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The Jibelec furnace increases the temperature in steps, stabilizing the temperature at
each step. This method makes understanding the crystallization of HZO more
complicated as the crystallization mechanism and temperature are not fully understood
yet. The Unitemp furnace increases the annealing temperature directly to the set one
with a 150°C/s ramp, eliminating any undesired effects. Figure 45 shows a typical
profile of rapid annealing conducted by the Unitemp furnace. The temperature ascent
ramp is well controlled and quickly achieves the annealing temperature. The cooling
descent ramp is not controlled by it remains better than the other furnace.
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Figure 45 typical profile of a rapid annealing cycle

The annealing part in its theoretical part is quite different from the real one due to the
incontrollable cooling process. Real annealing is considered when one counts the thermal

budget applied to the sample considering the cooling part.

The particularity of rapid annealing consists of a fast rise from the room temperature to
the annealing temperature and a very rapid fall to room temperature. This process is
used in the microelectronics industry, and it is generally used to activate the dopants
without redistributing them. In our case, it serves to crystallize the amorphous as-
deposited HZO film into a metastable orthorhombic phase, as discussed in detail in
Chapter 4.

The RTA furnace, a diagram shown in Figure 46, receives a single wafer at a time or
several small samples of a few square centimeters, which are positioned below a set of

incandescent lamps. The lamps illuminate the plate, therefore, causing rapid heating.
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The temperature ascent ramp is of the order of 150°C/s. A typical annealing profile used

for our samples is shown in Figure 45.
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Figure 46 Sketch of rapid thermal annealing furnace

The annealing occurs under an N, atmosphere to reproduce the same conditions as the

first reports about ferroelectric HZO films.

All the parameters of RTA (initial temperature, heating ramp, gas insertion time,
cooling...etc.) were considered and adjusted to obtain reproducible temperature

distributions. Figure 46 illustrates a sketch of the rapid thermal annealing furnace.

For the sake of reproducibility, the temperature distribution on the surface of the sample
holder was confirmed to be uniform, which allows the annealing of several samples at the

same time.

To obtain ferroelectric HZO films, they must be crystallized into the metastable
orthorhombic Pca2l phase [121], [158]. It should be noted that the as-deposited HZO
films are amorphous, and the sputtering of the TiN top electrode does not change that.
At this level, rapid annealing is required to crystallize the films into the orthorhombic
phase, and the other phase can appear. To better understand the evolution of the induced
phases during annealing, an in-situ XRD measurement has been conducted on amorphous

HZO films. More details are mentioned in Chapter 4.
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3.1.4 Photolithography
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Figure 47 The photolithography mask of different diameters circular pads

After the TiN/HZO/TiN stack deposition and the annealing step, a
photolithography /etching process is required. TiN/HZO/TiN was patterned into circular
capacitors of different diameters using optical lithography. The desired mask is shown in
Figure. UV lithography is adequately precise to achieve the desired dimensions (width of
100 -1500 pm).

The photolithography step requires the spin coating of a reversible photoresist AZ5214
from Microchemicals, a polymer sensible to UV light, on top of the deposited thin films.
For a spinning at 4000 rpm, we obtain a thickness of about 1.4 pm. A subsequent
hardbake is performed on a hotplate at 100 °C in order to prepare the resist for the
exposure step. Finally, using MJB4 SUSS MicroTec Mask Aligner, the UV light is

exposed through the mask, with a wavelength of 365 nm, in vacuum contact mode.

The sample is dipped into a developer solution for 40 seconds and then rinsed in double
deionized water. The pattern is over the resin layer but not the TiN top electrode at this
step. Next, the pattern transfer is accomplished through physical etching, which is
stopped upon reaching the ferroelectric film: the desired structures are now obtained.
Finally, the sample must be cleaned in order to remove the residual photoresist and be

ready for analysis.

For Ti/Au metallic contacts, the sample was installed on a sample holder inside the
evaporation chamber (PLASSYS MEB 400S). We deposit 10 nm Ti for better adherence
to the Au layer (150 to 200 nm).
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After that, the deposited Ti/Au bilayer on top of the sample is lifted off using an acetone
bath for a few minutes. Finally, the sample is placed in isopropanol and dried with No.

An optional step can be added to check the success of each step by the optical microscope.

3.1.5 Etching

A final etching step involves removing the TiN top electrode outside the patterned
capacitors with metallic Ti/Au contacts for a proper electrical connection. Three etching
techniques have been optimized to etch TiN: Inductively coupled plasma (ICP) etching,
IBE Ion beam (IBE) etching and wet chemical etching.

Firstly, ICP-RIE has been used to etch TiN using chlorine-based chemistries. The etch
process was performed on an Oxford Instruments Plasmalab 100 RIE-ICP tool with 100
W RIE power and 250 W ICP power. The plasma is generated with an RF powered
magnetic field. By adding an inductively coupled plasma source to a standard RIE
system, a high plasma density can be reached by adding a source of ICP to the standard
RIE system. Other optimized fluorine-based chemistries showed better reproducibility

with 10 nm/min etching speed.

After that, TiN etching was done by IBE etching on MU400 equipment from PLASSYS
using Ar gas. It is realized by a beam of charged Ar ions directed to the sample suitably
in a high vacuum chamber. Ar ions' directional beams control the etched sidewall profile
and radial uniformity etching. Therefore, it is considered a non-selective physical etching.

The etching speed was around 0.4 nm/min.

Finally, the chemical etching was performed using ammonia solution (NHsOH), Hydrogen
peroxide (H20O,) and deionized water with a ratio of 1:2:25 heated at 50°C. This etching
solution is selective to oxides, i.e., the etching stops once the TiN is removed and the
oxide layer is exposed. The resulting etching speed was around 5 nm/min. As a result,

the chemical etching showed better reproducible results than the other techniques.
Now, the capacitor devices are ready for the electrical characterization

3.1.6 Summary

MIM structures' fabrication steps have been realized to conduct structural and
electrical characterizations. Figure 48 illustrates the resulting circular pads obtained after
the photolithography /etching process. Furthermore, each step of the fabrication flow has
been optimized, from the TiN deposition, HZO sputtering, annealing, and etching, in
order to assure reproducibility, and no step affects the properties of HZO films in a

detrimental way.
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Figure 48 SEM images of the circular pads after etching (left) the smallest circular pad of
100 pm

3.2 Physical and structural characterizations:

As the MIM capacitors fabrication is described in the first section, we describe the
characterization techniques used to determine the different properties of the films and
the impact of the annealing step. The characterization tools' choice was made to
completely understand the ferroelectricity induction within HZO thin films. The
challenge was to find a correlation between the microstructural properties, mainly the
stabilization of the orthorhombic phase at room temperature, and the electrical properties
principally resumed in the hysteresis loop of the P-E measurements or the butterfly-
shaped C-V measurements. As the literature review shows, there is a consequent lack of
information about the microstructure of HZO and its dielectric properties, so another

goal has been set to investigate the microstructural and dielectric properties.

Hereafter, the characterization of the microstructural properties provides a central part
of information about the crystalline state, i.e., the orthorhombic phase, responsible for

the ferroelectricity. It is presented first.

Physical information was first obtained using XRR (X-Ray Reflectivity) to determine
the films' thickness, density, and roughness. Then, the roughness value is confirmed by
AFM (Atomic Force Microscopy). Finally, XPS (X-Ray Photoelectron Spectroscopy) was

employed to determine the composition of the films.

In the first round, structural hints about the crystallinity of the as deposited and

annealed films were obtained through GIXRD (Grazing Incidence X-Ray Diffraction).
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The TEM (Transmission Electron Microscopy) was also used to confirm the films'
thickness, composition, and crystallization. Finally, GIXRD and TEM were reconducted

to investigate the impact of the annealing parameters.

3.2.1 X-rays

The characterization of structural properties of HZO thin films is mandatory to
determine the crystalline phase, which is responsible for the dielectric properties,
including ferroelectricity. The basic characterization method to obtain such information
is based on X-ray diffraction. Therefore, it is an essential tool for characterizing thin
films of dielectric materials. XRD has several operation modes and measurement types
that allow having different information such as the present phases, the degree of
crystallinity, the grain size, crystal defects, and others. The choice of the measurement
type also depends on the sample type (thin films, powder, epitaxial growth,
polycrystalline materials, etc.). In addition, it is used in the microelectronics field to
determine the amorphous-to-crystalline transition temperature of dielectric materials
after annealing processing. In this work, the choice of operation mode and measurement
type is made for the thin films only for the deposited HZO and TiN layers in the range
of 10 to 400 nm at maximum, which remains thinner than the standard samples for

conventional diffractometers.

3.2.1.1 X-ray Diffraction:

XRD’s principle is based on an X-ray beam directed to the sample's surface,
where the X-rays hit the atomic planes and then scatter, as shown in Figure 49. The
wavelength of the X-ray beam is in the same order of magnitude as the distance between
the crystal planes. This is a basic fact to understand the interference pattern caused by
the scattered photons from adjacent planes. The detector collects the interference

pattern, and it allows to distinguish the different crystals according to Bragg's law:

nA=2dsin6

d: the distance between the parallel planes, 6: the angle formed between the incident
beam and the diffracted beam, n: the diffraction order, and A the wavelength of the X-

ray beam.
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6: incidence angle d: Interplanar spacing

Figure 49 Schematic of X-ray diffraction principle

For the GIXRD configuration, the diffraction patterns are collected from the top layers
of the sample, so a very low incident angle is chosen for the beam, between 0.5 and 1°,
which limits the penetration depth of the X-rays to a few nm only. The polycrystalline
nature of the films causes the diffraction of the incident X-rays at different angles.
Scanning along 206 allows capturing them all with different intensities. Based on the
crystal symmetry, some combinations of diffraction peaks at certain angles of 26 can be
used to distinguish different phases in the polycrystalline layer, which is the case often
for hafnia ferroelectrics with the ferroelectric orthorhombic and tetragonal phases, which

have very close lattice parameters and very close 26 peak positions.

All the XRD data reported in this work have been taken between LMGP Lab and CEA
Leti diffractometers with GIXRD configuration (fixed incident angle and moving
detecting angle), with a RIGAKU Smartlab diffractometer and X’Pert Pro by
Panalytical, respectively, with the 1D detector of X’Celerator type and using a Cu (1 =
1.54 A) X-ray beam. Both diffractometers are equipped with a 9-kW rotating anode Cu
source (45 kV and 200 mA).

Since the main peak of the orthorhombic phase is 30.4°, so most measurements were
scanned around the 30° with a scan length of 10° which is sufficient to cover the different

phases of HZO, and some measurements were wider from 20 to 60°.

The number of counts represents the GIXRD result as a function of the 26 angle. The
plots are fitted with OriginLab software, and for the peak identification, the resulting
patterns are compared to the different patterned HZO referenced in databases using

DIFFRAC.EVA software from Bruker. The patterns are presented in the following table:
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Table 6 The reference patterns for HZO crystal phases

HZO phase: Reference
Space group Behaviour

crystal system in database
Pbcm Paraelectric 040036960

Pbca Antiferroelectric | 010830808

o _

Cubic Fm3m Paraelectric 040032612
Tetragonal P4,/nmce Paraelectric 040118820
monoclinic P2,/c Paraelectric 000340104

For TiN electrodes, we compared the obtained patterns with 00-038-1420 for the cubic
phase of TiN from the ICDD database.

A last important note to be mentioned is that the GIXRD measurement was conducted
on TiN/HZO/TiN stacks before and after annealing since the presence of the TiN top

electrode is essential to induce the orthorhombic phase.

X-rays
source
(Cu) -

Si Substrate

Figure 50 Sketch of the GIXRD configuration

3.2.1.2 X-ray reflectivity
Another technique based on X-rays has been used during this thesis; X-ray
reflectivity (XRR).

It has been used to determine film thickness, density, and roughness. X-ray reflectivity
is a non-destructive technique. Compared to XRD, the crystalline state of the films is
not essential for XRR. Figure 51 shows the reflectivity plot of HZO film deposited on a

Si substrate.
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Figure 51 Sketch of the features in an XRR plot for a single layer of HZO

The XRR data collected have been in an X’Pert Pro by Panalytical with a 1D detector
of X’Celerator type and a Cu (4 = 1.54 A) X-ray beam. The operation setup is almost
identical to the Bragg Brentano geometry of XRD. The difference remains in the optics,
where we use an X-ray mirror for a parallel beam instead of the incident beam optic.
The incidence angle is varied from 0.4 to 3°, depending on the critical angle of the

material and the layers of the sample.

The determination of the incidence angle range is based on avoiding the critical angle
which causes the total reflection. This critical angle is dependent on the film’s density
and composition. The density of the top layer o can be calculated from the critical angle

0. as first proposed by Kiessig [159]
B. 1
~ (=£)2
e~ (5) -
o: the density, A is the wavelength and r. the electronic radius

The incident angle is above the critical angle. The X-rays are reflected from each interface
in a single-layer thin film. Oscillations have resulted from their interferences. These
oscillations are called Kiessig fringes. They are formed by the phase difference between
X-rays reflected from different surfaces, and their period is dependent on the film
thickness (for thicker films, the oscillations are shorter). The following Fresnel equation
determines the thickness

1

A
e=——
2 em—}—l’em
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e: the thickness, A: the wavelength, and 6,,,,-6,,: the angular distance between two

successive interference maxima.

Finally, the film's roughness is determined by the reflectivity intensity decay. It includes

the film’s roughness and interface.

The XRR resulting plots, reflectivity intensity versus the incident angle, are fitted with
DIFFRAC.LEPTOS software from Bruker. More information about the fitting and

extraction of parameters can be found in [160].

3.2.1.3 X-ray photoelectron spectroscopy
As HZO is a ternary oxide and the elements fraction determines the
dielectric properties, we used another X-ray based technique to investigate the impact of

sputtering parameters and annealing over the initial composition (Hfy5Zro;0:).

We used the X-ray photoelectron spectroscopy (XPS) technique for this aim. It was used
to determine the stoichiometry and chemical state of the elements in the HZO films. XPS
was performed on Si/HZO samples using a Thermo Fisher Scientific Theta 300 equipment
with a monochromatic Al Ky source, a beam size of 400 um, and a pass energy of 100

eV.

XPS measurements have been conducted inside an ultra-high vacuum chamber to
eliminate any possible contamination, incident beam absorption, or any collisions of the
ejected electrons before reaching the detector. The XPS principle is illustrated in Figure

52.
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Figure 52 Principle of X-ray photoelectron spectroscopy (XPS)

It should be noted that an electron beam exists to continuously compensate for the

positive charge left on the sample by the charges ejected. The sample is insulated from
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the ground to avoid any compensation, causing in different results due to the different

surface potentials.

Electrons lied to an atom are described by their principal, angular and spin quantum
numbers n (1, 2,...), 1 (s,p,d,....) and s = £1/2, respectively. The total angular
quantum momentum j is the total of angular and spin quantum numbers (j = 1 + s).
For all electrons from orbitals of an 1 > 0, doublets are formed except s orbitals (1 =

0) that form singlets in which no spin-orbit coupling exists.

The obtained binding energies were corrected using a standard. In this work, the carbon
was the internal standard with a binding energy of Cls = 284.8 eV for the data processing

of the peaks. The binding energies of carbon are mentioned in Table 7.

Table 7 Reference peaks used for XPS spectra calibration
Element Orbital Chemical Peak (eV) Reference

C Cls C-C 284.8
C-0-C ~286 [161]
0-C=0  ~288.5

The position of a doublet is dependent on the binding partners of an atom. Thus, nitride
bonds shift a metallic peak to higher binding energies, such as TiN, for example, and

bonding to oxygen can shift it even more.

Generally, the obtained spectrum is the envelope of several doublets because of the
averaging over many atoms, so more than bonding appears. Finally, the envelope is
deconvoluted to see the different doublets. This has been done in this work using

Avantage [162] and CasaXPS [163] for data processing.
For the deconvolution of the envelope, there are three essential a-priori limits we used:

1. The corresponding peak area of a doublet is fixed following the values
mentioned in Table 8.

2. The values of full width at half maximum (FWHM) of two peaks from the
same doublet are the same.

3. The difference between a doublet peak is the range of 1.6 to 2.1 eV.
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Table 8 Surface area ratios between the two peaks of a doublet belonging to a certain
angular quantum number

Angular quantum

number 1 j Surface area ratios
S % singlet
p %, 3/2 1:2
d 3/2, 5/2 2:3
f 5/2, 7/2 34

Among the resulting spectra, a survey spectrum appeared for the HZO sample. Figure
53 shows an example of the XPS survey spectrum. Hf, Zr, O, Si and C elements have
been observed. No contamination/impurity is detected except for the surface
contamination of carbon. Figure 54 illustrates a zoom on the Hf doublet in the envelope

without processing yet.
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Figure 53 Survey spectrum from of HZO films. Figure 54 Example of Hf 4f doublets.

Angular analysis mode:

It is a non-destructive mode based on varying the angle between the detector and the
normal to the sample's surface, often between 23° and 76°. This variation causes a change
in the mean free path of the photoelectrons, so a change in the analysis depth.
Measurement at 76° corresponds to analysis very close to the surface, while at 23°, the

analysis is deeper, as shown in Figure 55 for Zr doublet.
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Figure 55 Angle XPS Zr
A concentration profile over a depth of the order of 3A can be obtained from this mode.

This resulting profile results from mathematical processing of the XPS data using the
Avantage software, CasaXPS or OriginLab. Besides, the thickness of the films can also

be obtained based on the ratio of the area of the peaks at different angles.

3.2.2 SEM and TEM
Electronic microscopy is another branch of structural characterization. It allows

to check the crystallinity of the films and determine their thickness.

Its working principle is based on the acceleration of a focused beam of electrons in a
vacuum in the direction of a sample. The interactions between the electron beam and

the sample generate an image that allows obtaining the desired information.

3.2.2.1.1 Scanning electron microscopy (SEM)
SEM is based on a fine focused electrons beam directed to the sample. Using
SEM, magnified images can be obtained in the order of x10° which helps obtain

information about the surface of the sample and its elemental composition.

Its working principle is based on an electron gun that emits a stream of high-energy
electrons towards a sample, as illustrated in Figure 56. First, the electronic beam is
focalized using electromagnetic lenses. Then, it scans its surface in a rectangular raster.
The SEM has a large depth of field, which allows a large area of the sample to be in
focus at one time and produces an image that is a good representation of the three-
dimensional sample. The SEM also produces high-resolution images, which means that

closely features can be examined at high magnification.
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The beam-sample interaction generates secondary electrons, backscattered electrons, and

X-rays. These interactions are detected and treated to generate a magnified image.

In this work, ULTRA plus SEM equipment by Zeiss has been used and equipped with
an EDS module (Energy Dispersive X-ray spectroscopy).
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Figure 56 sketch of SEM working principle Figure 57 Sketch of TEM working principle

and main parts

3.2.2.1.2 Transmission electron microscopy (TEM)

TEM is a structural technique using a broad electrons-beam to generate an
image of a sample's internal structure by penetrating through the sample, allowing to
have information about the morphology, composition, and crystal structure. Both images
and diffraction patterns are obtained by TEM. It has a higher resolution compared to
the SEM because it uses a smaller de Broglie wavelength (A < 0.05 A) instead of the
visible light (3900 — 7000 A). Since the wavelength of these electrons is orders of
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magnitude smaller than visible light, much more detailed features can be resolved using
TEM. However, it requires a specific preparation of the sample to conduct the
measurement. Before starting, a thin lamella is cut using a focused ion beam. The
conventional thickness of lamella is around 50 nm, but it can vary depending on the
targeted information, impacted by the intensity, which becomes too low due to

absorption and inelastic scattering [164].

As shown in Figure 57, the TEM’s working principle is based on a parallel electron beam
transmitted through the lamella, which interacts with it and makes a complex image. Its
contrast depends on the thickness, atomic mass, and crystal structure of the sample.
TEM's three main modes of contrast formation are mass-thickness contrast, diffraction

contrast, and phase contrast[164].

In polycrystalline samples, grain overlap often occurs, generating interference patterns

(Moiré fringes [164]) that hinder the structural results.

However, the lamella of different films was prepared for TEM employing the focused ion
beam (FIB) technique. TEM measurements were performed by Gauthier Lefevre (LTM)
using a double-aberration-corrected FEI Titan Ultimate TEM equipped with a high
brightness electron source working at an acceleration voltage of 300 keV and with a

Gatan Quantum energy filter.

3.2.3 AFM
The simplest form of AFM can be resumed in a tiny probe scanning the top surface
of a sample. Important information such as topography can be extracted. The basic

elements of an AFM are the following;:

e A scanning probe made of a cantilever and tip.
e An XY scanner to move the sample.

e A 7 piezo actuator.

e A laser and a photodetector.

e Feedback loop

Depending on the probe-material (sample) interaction type, the AFM mode is chosen
(contact, non-contact, or tapping mode). Two main components define the probe: one
is the cantilever, which is a beam having one end clamped to its holder and the other
end loose and free to oscillate. The second one is a pyramidal-shaped tip located on the
bottom side of the cantilever at its loose end. A typical tip is several pm high and has

an end radius of as little as a few nm. On the top side of the cantilever, in
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correspondence with the tip location, is shined a laser that is reflected against a

photodetector.

The AFM's principle consists in sweeping the studied surface using a point fixed on a
deformable beam. When the tip has approached the surface, interaction forces will be
applied on the tip, for example, the Van der Walls force as a function of the sample-tip
distance. The applied forces are sensed and analyzed via the deflection amplitude of the

beam carrying the tip due to the laser beam focused on the end of the tip.

Consequently, the deflection of the cantilever corresponds to the position of the laser
spot on the photodetector, which is divided into four quadrants to separate vertical and
horizontal components. The laser position becomes an input of the feedback loop that
ensures that cantilever deflection or oscillation, corresponding to the contact or non-
contact modes, respectively, remain constant and equal to the value set by the user.
The information recorded by the photodetector makes it possible to trace the
topography of the surface. A surface scan is acquired by moving the sample on the
horizontal plane thanks to an XY scanner while the probe always remains fixed in its

position.

Depending on the components and desired information to extract, AFM can be
expanded to more sophisticated techniques such as the PEM (Piezo Force Microscopy),
which is a trending technique to characterize piezoelectric and ferroelectric materials,
including HZO, at the nanoscale level (few nanometres of thickness) [165], [166]. In
addition, the electromechanical nature of ferroelectric can be sensed by the AFM's tip,

which detects the small displacement of the material subjected to an electric field.

In this thesis, AFM is used primarily to measure the surface roughness and grain size
of HZO and TiN films. The roughness of the films was also analysed by atomic force

microscopy on a Bruker Dimension ICON system using VITESPA-300 probes.

3.3 Electrical characterizations

Nevertheless, the most important side of ferroelectric HZO is its electrical properties,
which are one of the main focuses of this work; they can be summarized in a hysteretic
behaviour. The principles of impedance spectroscopy, leakage current (I-V), Capacitance-

voltage (C-V), and Polarization-Electric field (P-E) measurements are described.
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MIM capacitors have been fabricated in order to characterize the electrical properties of
HZO layers. The desired quantities such as dielectric constant, coercive field, remanent
polarization, and leakage current are measured via the capacitor. The measurements were
carried out on a Ferroelectric Analyzer TF 3000 equipment produced by the equipment
manufacturer Aixacct. It allows the different electrical measurements on the same bench

and the possibility of heating the sample during the measurements.

On the bench, two micromanipulator probes are connected to the MIM capacitor's TiN
bottom and top electrodes. A Thorlabs CMOS camera facilitates identifying the

capacitors, their position and diameter, and moving the probes.

Once the probes are in their position, a first connection is established via the impedance
analyser (Hioki IM3570) to assure having a capacitor behaviour by measuring the

impedance as a function of frequency which is varied from 50 Hz to 5 MHz.

3.3.1 Impedance spectroscopy
Impedance Spectroscopy allows determining the existence of structural
inhomogeneities within the samples via frequency-dependent (5 Hz to 5 MHz)

measurements of the complex impedance.
7=7"+ j7” [167].

It is based on modelling the dielectric AC response of a system by an equivalent circuit.
Information related to the sample can be extracted from the fit parameters of the
selected equivalent circuit. The impedance measurements were performed on an IM3570
Impedance analyser, including an LCR meter by the Hioki manufacturer. It allows
measuring the parallel capacitance, resistance, impedance, dielectric constant, loss

coefficient, and other quantities.

A small-signal amplitude of 100 mV was used to have the same field as the small-signal

capacitance-voltage measurements. The analysed frequency range was 50 Hz to 5 MHz.

Coaxial BNC cables connected the low and high current directly and voltage ports, of
the IM3570 impedance analyser, to the micromanipulators in the bench of electrical

measurements. The current response is sensed at the bottom electrode of the samples.

As we measure the impedance of a capacitor (MIM structure), Figure 58 presents the
corresponding equivalent circuit for the MIM structure. This case is the basic one. An

ideal case is to have a perfect capacitor without any losses. However, the existence of
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interfaces between the dielectric layer and the electrodes can make the equivalent circuit

more complex. This is discussed in detail in chapter 5.

The reactance of an ideal capacitor reactance is calculated by

1
Xe=Tomc (€]

When X. is small, the impedance is considered to be almost X.if R, is placed. A real
capacitor relates to Rs and R, in series and in parallel, respectively. However, R, is
frequently extremely large (MQ order), and Ry are extremely small (several €2 or less).
Therefore, Rs is not negligible when X. is small; the setup is considered as a series
equivalent circuit with X. and Rs. By contrast, R, cannot be negligible when Xc is large,

but Rs can, so the setup can be treated as a parallel equivalent circuit.

For the impedance spectroscopy, a linear response of the system is assumed, i.e., the
applied sinusoidal voltage excitation V (t) results only in a sinusoidal current response
I (t) of the same angular frequency o and shifted by a certain phase angle 6. The

measurement method and the choice of equivalent circuit are detailed in chapter 5.

|| RY

Figure 58 Equivalent circuit of MIM structure

3.3.2 Leakage current measurements

A basic characteristic to be measured for insulators is conductivity. An externally
applied voltage generates a leakage current flow through the dielectrics. This current
flow can be impacted by temperature. It depends on the mobility of free electronic or

ionic charges in the dielectric properties [9-13].

For conductivity, the leakage current measurements or the Current-Voltage (I-V) is a

basic and well-established electrical characterization technique of capacitors.

The measurements were carried out on a Ferroelectric Analyzer TFEF 3000 equipment

produced by the equipment manufacturer Aixacct.
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They are mainly used to measure the leakage current density and the conduction
mechanism of the MIM capacitors. High leakage currents can affect the shape of the
hysteresis loop, especially at high voltages or low frequencies. In addition, they can also
be performed while heating the sample and fatigue measurements. The C-V

measurements are also performed on the same Ferroelectric Analyzer.

A special step-shaped voltage waveform is applied to the sample during the
measurements, and a virtual ground amplifier measures the current response at each

voltage step.

HZO-based capacitors are considered as a model of parallel capacitors, RC-time
constants, and a voltage-dependent resistor. Thus, the current response due to an applied
staircase waveform must be analysed to extract the leakage current information because

it results only from the voltage-dependent resistive part of the sample.

3.3.3 Capacitance voltage measurements

Another important measurement often characterized by dielectrics is capacitance.
It is measured via a small-signal triangular continuous wave of 100Hz-10 kHz frequency
modulated on top of a bias voltage. The measurement was performed on the ferroelectric
Analyzer. The excitation signal is a changing triangular-shaped base waveform of low
frequency with small-signal voltage to generate less stress over the sample. Many essential
electrical properties of dielectrics, including dielectric constant, loss factor, and others,

can be extracted from the C-V results.

The C-V measurements confirm the results of polarization-field measurements, whether
the measured material is ferroelectric or just a dielectric. The shape of the C-V curve

depends on the material's nature.

3.3.4 Polarization Field measurements

The main feature of a ferroelectric material is the hysteretic nature of polarization,
which makes the polarization-electric field (P-E) measurements the most important
among the electrical methods by revealing the remanent polarization and the coercive
field. The I-V measurement gives information about the dielectric nature of the materials
(Its leakage current) and contributes mainly to polarization measurement, while the
capacitance-voltage measurement can present a signature of ferroelectricity if a butterfly-

shaped curve is obtained. As presented in chapter II, a hysteresis loop is the signature of
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ferroelectricity in the polarization-electric field measurements. It is the key to more

advanced characterizations such as fatigue, imprints, etc.

Historically, Sawyer and Tower were the first to propose a circuit to measure the
ferroelectricity of Rochelle salt [168]. Unfortunately, this very used circuit has a
significant drawback: the capacitor under test is continuously cycled, so the number of
measurement cycles is not defined. Besides, the parasitic capacitances of cables can
contribute significantly [169]. For this reason, we used a ferroelectric analyzer (TF 3000)
based on the virtual ground circuit. Polarization results from current integration versus
the electric field swept as a triangular waveform in our setup. The current is measured
indirectly via an operational amplifier and a feedback resistor. The negative voltage
necessary to keep the node at the input of the operational amplifier at 0 V is proportional
to the current flow through the feedback resistor [170]. The non-inverting input is
connected to the ground. The signal from the capacitor is fed to the inverting input,
which is simultaneously connected to the output via the feedback resistance. The output
voltage adjusts automatically to achieve the equilibrium state with equal voltages at
both inputs. The virtual ground circuit eliminates the parasitic effects of cabling
capacitance and voltage losses on the reference capacitor. Figure 59 illustrates the two
circuits for polarization-electric measurements. There is also a shunt method that is
similar to the Sawyer-Tower circuit, but it is based on a reference resistor. Till today,

the virtual ground remains the most accurate polarization measurement circuit.

—® Under R

—
_#_"‘——- test _____QE

® capacitor

- Q _L +

. -

Figure 59 Schematic circuits comparison of Sawyer tower (left) and virtual ground (right).

During the characterizations of the samples, we used two modes of polarization
measurement within the Aixacct Analyzer: Dynamic Hysteresis Measurement (DHM)
and Pulse measurement (known as PUND for Positive Up Negative Down). The first

mode records the hysteresis loop of a ferroelectric material and assists in examining the
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influence of process parameters (amplitude and frequency of the signal). In addition, it

results in the extracted parameters of the hysteresis such as P,, V¢, etc.

A pre-polarisation pulse is followed by three bipolar excitation signals generated with a
relaxation time of 1 second. The pre-polarization pulse and the second pulse of the
excitation signal establish defined polarization states. The pre-polarization pulse has a
negative state of relaxed remanent polarization. The second pulse ends in the positive

state of relaxed remanent polarization [170].

The second mode: Pulse Measurement (PM), is the most used. It records the current
response of the capacitor under test after applying a sequence of pulse excitation signals.
The PUND pulse sequence is known for two positive and two consecutive negative pulses.
Compared to DHM, in PUND, only unipolar pulses are used (rectangular in our case).
The rise time is modified according to the measurement. The coercive voltage depends

on the excitation signal frequency. A PUND sketch is illustrated in Figure 60.

Polarization

Positive  Positive
switched unswitched
pulse pulse

Electric field

Time

/i_ Ee Electric

field
Preset Negative Negative _P
pulse switched unswitched T
pulse pulse

Figure 60 Schematic of PUND measurement

3.4 Conclusion
This chapter presents the methodology of fabrication and characterization techniques
used throughout this work. In the first section, HZO-based MIM capacitors were made
by sputtering. This technique ensures a good quality of the films, which is required for
the fabrication of MIM capacitors. The sputtering of electrodes and dielectric films was

highlighted. The capacitors fabrication was always performed as part of this work and is
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described in the first section. Characterization techniques employed in this work for

analysis of ferroelectric thin films are presented in the second section,

Several experimental techniques have been used to characterize thin layers of hafnium
zirconium oxide. First, the crystalline structure of the layers is studied thanks to the
diffraction of X-rays in grazing incidence. Second, x-ray reflectivity measurements are
used to verify the thickness of the films. Third, the composition of the deposited films is
quantified by X-ray photoelectron spectroscopy. Fourth, transmission electron
microscope analysis studied the diffusion of the elements. Finally, -electrical

characterizations were performed to evaluate the properties of thin films.

The following chapters will present the results obtained using the structural and electrical
characterization methods. Obviously, other characterization methods have not been

performed but are not mentioned in this chapter.
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4.1 TiN electrodes
4.1.1 Introduction

In the journey of understanding HZO films’ properties, several studies have
investigated all the HZO-related parameters, susceptible to impact and improve the
orthorhombic phase, such as doping, film’s composition, and thickness. External
parameters, such as the choice of electrodes’ material, deposition technique, or rapid
thermal annealing parameters, need to be studied thoroughly also, to have a global
understanding of phase transition, crystallization, and the structural origin of

ferroelectricity in HZO films.

The electrodes’ material is important for better mechanical stress and high interfacial
quality with HZO film. In this part, we introduce titanium nitride (TiN) as our choice
for the electrode’s material for the metal-insulator-metal structure with HZO as the

insulator. The choice of TiN answers two main questions for us:

- Are its properties in adequation with HZO films? does it allow to have to induce
ferroelectricity?
- Does TiN answer for the sustainability criteria (criticality of materials, toxicity,

availability...etc)

The good adequation with HZO films and its role in inducing the ferroelectricity during
the annealing. Understanding the growth mechanism of TiN and the impact of deposition
parameters is out of the scope of this thesis. The elaboration of TiN was based on previous
work within the lab (shared internally). We optimized the deposition of TiN electrodes

in order to reach state-of-the-art properties.
Then, the aim behind the elaboration of titanium nitride electrodes is:

- The resistivity of TiN must be as small as possible.

- The surface smoothness is a must-have property to ensure the reproducibility of
the deposition.

- Must know the crystallinity of TiN electrodes.

- Chemical compatibility.

In literature, TiN has been deposited by different techniques. For this work, TiN has
been deposited by DC reactive sputtering inside CT-100 Alliance Concept equipment.
Sputtering of TiN offers two main advents: the growth rate is high, compared to other
techniques (around 10 nm/min), and the future possibility of TiN/HZO/TiN stack’s

realization without vacuum breaking since HZO is deposited by sputtering too. According
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to Y .Lee et al., unexpected high P, value was obtained in MIM capacitor fabricated

without vacuum breaking [154].

TiN thin films are deposited by magnetron sputtering, on Si substrates, from a metallic
titanium target (99.99% pure disc). While the N, element is introduced in the working
gases with a convenient ratio with Ar which means the deposition of TiN electrodes is a
result of reactive sputtering, between the sputtered titanium ions and the reactive plasma

containing No.

Before Ti deposition, the vacuum chamber was set off to a pressure of 3 - 107 mbar. The
power applied to Ti target was increased to 250 W, with a step of 50 W, at the same
time as the Ar insertion with a starting flow of 100 sccm that decreases to 40 sccm. The
N, gas is introduced slowly until reaching 5 sccm flow. The working pressure has been
set to 2.10 mbar.

To have optimal TiN growth, the N,/Ar gas flow ratio needs to be less than 1. For our
case, this ratio is in the order of 0.125 which is reasonable as if N, nitrogen flow is too
small, the films are more Ti-like films the titanium will settle on substrate as nitrogen
will not be sufficient for a reaction with titanium, otherwise, it also becomes a working

gas and only titanium growth begins on a substrate.

The deposition rate of TiN increased linearly with deposition time, for the targeted
thicknesses from 10 to 200 nm. This is explained by the optimal N,/Ar chosen for TiN
deposition of 0.125 which does not allow to reach a saturation state. The growth rate

with the previously mentioned conditions is 12.4 nm/min, as presented in Figure 61.

4.1.2 TiN deposition by reactive sputtering
For TiN deposition, many deposition techniques have been used in order to obtain
the best possible properties of TiN for several applications such as plasmonic,

ferroelectric, and piezoelectric applications [171]-[173].

Diverse types of PVD techniques were reported for TiN deposition like magnetron
sputtering, filtered cathodic arc, and ion implantation. The control of the deposition and
heat parameters, available in PVD techniques, can directly influence the microstructure

of thin TiN films hence the electrical properties consequently.

In magnetron sputtering, used in this work, the deposition parameters such as the
substrate temperature, deposition pressure, and power applied to the target, affect the
growth and crystallographic structure. The choice of the magnetron sputtering has been

made also by taking into consideration the following elements:
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» TiN electrodes are the most reported electrodes used for inducing
ferroelectricity in hafnia thin films [174]. In addition, TiN was reported in the
first paper about ferroelectric HfO, [8].

» An existing knowledge, at the level of the lab, about TiN deposition by
sputtering.

» The possibility of having a high deposition, compared to other deposition
techniques.

» The choice of sputtering is an additional sustainable advantage, as reported
in Chapter 1.

» The successful deposition of TiN by sputtering represents an adequation with
HZO deposition technique. It is a pre-step for realizing a TiN/HZO/TiN
structure without vacuum breaking. The latter has been reported to optimize
the ferroelectric properties of HZO [154].

» Sputtered TiN has been reported to be more advantageous, for ferroelectric
HZO, compared to ALD-deposited TiN [175].
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Figure 61 Thickness versus deposition time of TiN layers by DC
reactive sputtering

For TiN sputtering, the reactive sputtered is preferred. It allows to control the film
stoichiometry, structure, and properties (in our case the Ti/N ratio changes the
properties). Despite the several advents of reactive sputtering, it has some major
drawbacks that can affect the quality of deposited TiN related to the phenomenon of
target poisoning and the fast oxidation of the TiN surface due to the oxygen inside the

sputtering chamber (we did not measure it).

Once the reactive gas (N») is injected to the plasma, it reacts on both film surface and

metal target surface. The reaction of the gas with the target results into a compound
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formation that directly lowers the deposition rate by a factor of 5 to 30 due the re-
sputtering effect [176]. This phenomenon is observed in the hysteresis shape of the
deposition rate as function of the gas flow rate of the reactive gas. This hysteresis effect
can be avoided by optimizing the Ar/N, ratio and the deposition pressure. During a
previous study by our colleagues, it has been found that the best ratio for TiN deposition,

for our deposition chamber, is 40/5 sccm at 2.10° mbar.

Another important characteristic for nitrides deposition, in our case the sputtered TiN,
is the deposition temperature, which is in the used chamber: the room temperature. The
substrate temperature was not controlled during the deposition. This low deposition
temperature is another advent of the deposition technique because it facilitates its
compatibility with CMOS process that requires low thermal budget techniques. Besides,
the columnar growth of TiN with extended voids along the column boundaries is mainly
due to the room temperature deposition. The columnar growth is a widely reported
characteristic of TiN [177], [178]. SEM and TEM cross sectional images show the

columnar growth of our sputtered TiN, as shown in Figure 68.

A final process parameter to check is the reproducibility of TiN deposition as function of
sputtering time, i.e., constant deposition time within time. The deposition rate was found
to be around 12.4 nm.min" and it barely varies in the [0, 16 min| interval of deposition

time, as illustrated in Figure 61.

4.1.2.1 Optimized parameters of TiN electrodes deposition

The optimized parameters of TiN deposition are presented in Table 9. These parameters
allowed us to have stable deposition rate, reproducible and uniform thickness of TiN on Si

substrates. The characterized TiN films, in this work, are deposited with these parameters.

Table 9 The optimized parameters of TiN sputtering

TiN deposition parameters

Power 250 W
Pressure 2.10% mbar
N,/Ar ratio 5/40
Deposition temperature Room temperature
Substrate bias Not used

4.1.3 Characterization of TiN electrodes
After assuring that the deposition of TiN electrodes is reproducible with the
optimized parameters, the characterization of TiN properties is mandatory to be aware

of these different characteristics and their possible impact on HZO films.
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The characterization of TiN electrodes is based on two kinds:

- Physical and structure-related properties to understand the nitride.

- Electrical properties which are the most important for any electrode’s material.

4.1.3.1 Structural and elemental composition properties
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Figure 62 Diffractogram of TiN films (50 nm) Figure 63 graphical representation of
compared to ICDD reference pattern of cubic TiN cubic phase of TiN

The crystalline nature of TiN electrodes was firstly targeted for characterization to have
information about the crystalline structure of TiN, grain size..etc. The structural
properties of TiN have been characterized using grazing incidence XRD. Figure 62
illustrates the GIXRD results for 50 nm TiN (the most used thickness in this work),
obtained with the following settings: grazing incidence of 1° with an angular resolution
of 0.06°. In Figure 62, the pink sticks give the peak positions and intensities of the
identified phases of titanium nitride TiN sample cubic fcc, m3m, TiN (111) phase is
textured. The cubic phase of TiN is shown in Figure 63, the cell parameters of m3m
point group are the following: a=b=c= 3.008A. Three intense peaks are observed: (111),
(200), and (220) crystal orientation that correspond to the metallic-like TiN
crystallization. It means that the set power (250 W) allows for having TiN films with a
polycrystalline nature TiN film. The main peak (111) is at, 26 = 36.17° with a tiny shift
from the reference (36.4°). This shift can be explained by the oxidation of the surface,
by the air exposure, during the transfer to the characterization equipment, causing the
formation of TiON on the surface. The XRD reference pattern of TiN peak positions is
from the ICDD database [PDF Card No. 00-038-1420].
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Starting from 50 nm thickness, TiN layers clearly show (111) (200), and (220) diffraction
peaks with (111) as the preferred orientation. The intensity of diffraction peaks increases,
from 50 to 200 nm samples, due to the material’s quantity incorporated in the diffraction
spot. However, for the samples thinner than 50 nm, the peaks intensity is rather weak

and seemingly disappears.

Debye-Scherrer’s formula [179] was used to estimate the average grain size TiN. The
calculated crystallite size was found to be 10,9 nm using Lorentz fitting. The calculation
of grain size of TiN is important while the investigation of the TiN/HZO interface and
the existence of any possible misfit between TiN and HZO.
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The most important physical characteristic to determine, about the sputtered TiN layers,
is the thickness. Using several techniques have been used, in this work, such as XRR,
TEM, and ellipsometry, helped confirm the obtained results. In addition to the thickness,
XRR helped determine the density and roughness of TiN.

As observed in Figure 64, X-ray reflectivity patterns of TiN films with different
thicknesses have been obtained after fitting the results with Leptos software (Figure
66). The deposition rate is constant as a function of time as shown in Figure 61 (linear
relationship between thickness and deposition time) with a deposition rate of 12.4
nm.min?. TiN film density (Figure 65) approaches the density of TiN (for the cubic
phase by calculation), 5.34 g.cm™, as film thickness increases. The reported values of TiN

density are 5.21 and 5.34 g.cm™[180, p. 3|, [181]
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The thin TiN film of 10 nm has an average density of 4.93 g.cm™ while the TiN with
higher thicknesses is denser and closer to 5.34 g.cm™. XRR results show that the TiN
roughness does not vary significantly as a function of thickness. On average, thin TiN
films on silicon have an average roughness of 0.28 nm, indicating that the films are

smooth over the substrate surface as shown in Figure 67.

1.1 nm

Figure 67 AFM scan of 50 nm TiN surface with a roughness of R, = 0.28 nm for a surface of 5x5 pm

Since the roughness of TiN is one of key parameters that contribute to inducing the
orthorhombic phase in ferroelectric HZO, AFM has been used to confirm the fitting
results of XRR measurements related to roughness, using (Bruker AFM). The AFM scan

was carried out with semi-contact mode on sputtered TiN on Si substrate with a scan
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area of 5 um x 5 um. From AFM results, TiN surface topography shows a porous
structure that consists of tapered crystallites with fewer hillocks. Figure 67 shows an
AFM image of a thin TiN film with the measured root mean square roughness (R)
around 0.28 nm. These results show that the sputtered TiN films have a smooth surface.
The uniformity and roughness of TiN deposition are confirmed by TEM images as

illustrated in Figure 68.

Figure 68 (Left) EDX results of Ti and N in TiN top and bottom electrodes (Right) cross-section
TEM images in Bright Field Imaging mode

To gain a better understanding of the reactive sputtering of TiN on the morphology and
the chemical composition of the films, a TiN (50nm)/HZO/TiN (50 nm) structure has

been chosen for cross-sectional TEM analysis and also EDX.

For both bottom and top electrodes, the reactive sputtering parameters are the same as
previously described. From the bright-field TEM analysis shown in Figure 68, it is
clear that the samples have the same average thickness (50 nm). The thickness uniformity
of deposited TiN electrodes is confirmed by the stable distribution of measured sheet

resistance values, as illustrated in Figure 76.

The dark-field analysis shown in Figure 69 shows a higher density of crystallites for
thicker TiN layers, as evidenced by the XRD patterns observed. These patterns are
consistent with electron transmission through a film where the axes of the crystallites in

the beam path are rotated at different angles in the plane normal to the electron beam.
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Figure 70 core-level XPS spectra and peak-fitting Figure 71 core-level XPS spectra and peak-

analysis of Cls fitting analysis of O1ls

To confirm the successful deposition, XPS was employed for more quantitative

characterization of TiN films grown on a silicon substrate.

Using XPS, we have measured high-resolution core-level XPS spectra corresponding to
Ti 2p, Nls, and O 1s to measure the composition of the TiN sample precisely upon depth-
profiling.

As illustrated in Figure 70, all spectra were shifted regarding the C—C binding energy
that was set at 284.8 eV. Prior to XPS measurements, the surface contamination for the
sample caused by exposure to air is taken into consideration. Carbon signal method is

usually used to compensate for charging.

Additionally, the oxygen 1s peak region, as shown in Figure 71, has a peak that can be
resolved into two peaks, one located at 529.8 eV indicative of TiON and another at
531.16 eV indicative of TiOs. The presence of oxygen in a TiN has been reported to be
better for the metallic properties of the film due to its good conductivity. The oxygen
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origin is attributed to the air exposure of the sample after deposition and the oxygen
impurity inside the sputtering chamber. The XPS measurements have been conducted

days after the TiN deposition.

As shown in Figure 71, the core-level O 1s spectrum has been decomposed into two
peaks at, 529.8 and 531.16 eV, corresponding to Ti—O bonding in the oxynitride and

adsorbed oxygen, respectively.
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Figure 72 core-level XPS spectra and peak-fitting ~ Figure 73 core-level XPS spectra and peak-
analysis of Ti2p fitting analysis of N1s

The Ti 2p peak region of TiN, illustrated in Figure 72, which has resolved spin-orbit
components, 2pi2. and 2pss, in which the binding energy of the 2ps» peak is utilized to
indicate the chemical state. Generally, the Ti 2p spectrum is of a complex nature and it
consists of doublet peaks Ti 2ps» and Ti 2pi» due to spin-orbit splitting as shown in
Figure 72. The Ti 2ps» peaks are deconvoluted into two peaks at 455.5 and 458 eV
which is indicative of the Ti*" States due to Ti-N bonding and Ti*" states due to Ti-O
or Ti-N-O bonding of the TiO:Ny phase, respectively, which is reliable with metallic
TiN. The assigned peak positions of Ti** and Ti*" states are in a similar range and are
consistent with the earlier reported values for the corresponding binding states [182].
Similarly, Ti 2p1/» peaks have been decomposed into two peaks corresponding to Ti** and

Ti** binding states, respectively.

The nitrogen 1s peak region has a peak that can also be resolved into three peaks, In
Figure 73, one located at 397 eV which is indicative of Ti—-N bonding in the oxynitride
and the other located at and 395.96 and 398.26 eV indicative of N-Ti—O as reported in
previous studies [182], [183]. The O 1s peak at 531.16 eV and N 1s peak at 397 eV
correspond to N-O bonding.
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After excluding the minor contribution of XPS peaks corresponding to N-O, the
composition of the TiO«Ny film is determined to be Tis3024Na2ws with a Ti:N ratio of
almost 1.2, calculated from the quantification of Ti2 ps; and N1s peaks. This ratio Ti—
to-N is stoichiometric despite the relatively high oxidation due to the incorporation of
oxygen from the sputtering chamber and air exposure. The metallic behaviour of TiN is
confirmed by the sheet resistance measurements and Ti-to-N ratio. The oxidation can be
avoided by chamber cleaning and vacuum transport of samples for XPS measurements,
besides, if a TiN/HZO/TiN structure is realized in the same chamber without vacuum

interruption, the oxidation would be less quantified.

In Figure 74, the ratios of the TiN: TiON peaks both indicate the film is 69.2% TiN
and 30.8% TiON which confirms the previous results of a non-negligible oxygen content
in the TiN film, 29 at%. As the resolution angle is varied from bulk to surface the TiO,
at% is increasing to a maximum of 22 at% compared to 12% in the bulk. This increase
means that the oxidation of the surface, by air exposure, is more important. Besides, the

oxygen contamination inside the chamber is not negligeable.
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Figure 74 Angle resolved atomic % of TiN, TiO, and Figure 75 XPS depth profile of TiN/Si
TiO:Ny

The survey spectrum is presented in Figure 75. It has been acquired to determine the
elements existed on the TiN layer (Ti, N, O, and C) without any contamination detected.
The thickness of TiN layer was around 50 nm deposited on Si substrate. This chosen
thickness allowed to conduct angle-resolved scan to follow the composition, the
stoichiometry, and the oxidation from bulk to surface, in the 10 nm depth range, without

any interference from the Si/TiN interface (which is out of the scope of this work).
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4.1.3.2 Electrical properties of TiN electrodes

The structural and compositional properties of TiN are to be confirmed by the
electrical resistivity as TiN has been elaborated for the role of top and bottom electrodes.
The sheet resistivity can yield information about both the electrical properties of the TiN

electrodes, also its impurity content and stoichiometry [184].
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Figure 76 Sheet resistance of TiN as function of thickness

At room-temperature, the sheet resistivity was measured using a 4-point probe with a
contact spacing of 1.2 mm on non-patterned films, deposited on 4-inch wafers. The
resistivity was probed across the entire wafers, which resulted in 49 data points per wafer.
Reproducibility of the resistivity was investigated using two samples grown at the same
conditions with a time interval of 2 months. Resistivity was found to vary by less than
3 % within any single film, and within 2 % between different films deposited at the same

conditions.

The dependence of the TiN sheet resistance and the thickness values sputtered at a
pressure of 2.10° mbar is shown in Figure 76. The sheet resistance is lowered in an
almost reciprocal way from 100.5 Q/Sq at about 10 nm to 6.3 €/Sq at 100 nm. The
measured resistivities of the deposited TiN films are shown in Table 10. It can be also
observed that resistivity is lowest at higher TiN thicknesses. The resistivity of 50 nm
thick TiN is less than the 10 nm film resistivity with a factor of 6.8.

At the structural level, the resistivity of TiN thin film is mainly influenced by phase
orientations, i.e. (111) and (200) [185]. The resistivity of the (200) phase is lower as
compared to the (111) phase hence with an increase in TiN thickness, the resistivity of

the film decreases logarithmically. The electrical resistivity of TiN can be influenced by
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phase orientation, Ti:N ratio, Ar/N, gas mix, the oxygen contamination, and the

thickness.

Table 10 Comparison of resistivity of TiN layers deposited on Si substrate for different

thicknesses.
TiN thickness (nm) Sheet resistivity (2/Sq)
10 100.5
25 3291
50 14.72
100 6.5
200 3

4.1.4 Titanium nitride electrodes’ etching

After the evaporation of Ti/Au metal for electrical contacts, the Ti/Au contact
pads serve as a hard mask for the final step of the fabrication process of TiN/HZO/TiN
MIM structures which is the etching of TiN outside the patterned top electrodes.

For dry etching of metal, two techniques are generally employed, either IBE or RIE-ICP.
Ion beam etching is often used for multiple thin layers, or alloys with no optimized
chemical etch recipes. A dry etching by a RIE-ICP process is possible and it can have a
higher etching rate than IBE.

To realize the electrical characterization tests, the choice of etching top TiN has been
adopted over etching of both TiN and HZO due to the complexity of etching TiN/HZO
multilayer by RIE-ICP with one recipe besides the slow etching rate by IBE. Keeping
the HZO layer, while short-circuiting one capacitor to serve as a bottom electrode

contact, protects the bottom TiN from more oxidation.

In this work, the etching of TiN, by IBE, RIE-ICP and chemical etching, has been
conducted. The top TiN layer was etched, at once, and used for the electrical test
capacitors included in the mask. The etching results have been checked by EDX and
electrical resistivity. The multiplicity of etching techniques was due to the unsuccessful
characterization tests of dielectric HZO that showed an unexpected conduction behaviour
of HZO. So, the etching step has been doubted to be the reason behind this. After all,

the conduction in HZO occurred due to other reasons as will be explained in chapter 5.

119



Chapter IV Optimization and characterization of HZO films and TilN electrodes

T
100 | - Ry =
= L Y
g 80 77
= y—
@ /s
] T
=5 60 —
L ,
= o
’
T a0 s
= 7,
et /s
A # —m— 200 V
"/
20 >
0 1
0 20 40 60 80 100

Etch time (min)

Figure 77 Ion Beam Etching (IBE) of TiN 50 nm

The IBE etching was performed using MU400, Plassys equipment, where Ar ions
bombard the sample removing all materials indiscriminately, with a Secondary Ion Mass
Spectrometer (SIMS) allows the etching end. The beam supply voltage was varied from
200 to 400 V. The incident angle of the Ar ion beam was controllable by tilting the

rotating sample stage 35°.

The highest IBE etch rate was~1.6 nm.min* at 400V, as shown in Figure 77, for the
total etching thickness of 50 nm. Two SIMS spectra are shown in Figure 78 which, even
though they look very alike, give valuable information about the process and samples.
From a SIMS spectrum it is possible to determine which layer is currently being etched
and to stop at a certain layer, in our case: etching of TiN and stopping at HZO. Reading
a spectrum from left to right, the initiation of the etch which is the same as opening the
sample shutter is seen as a spike in signal for almost every material When this spike
disappears the two signals except titanium decrease to a lower value meaning that a

titanium-based layer is at the top.

120



Chapter IV Optimization and characterization of HZO films and TilN electrodes

0 5 10 1 20

—_ - =

Titanium

etching

Intensity (arb.units)

Hafnium etchin

0 5 10 15 20
Etch time (min)
Figure 78 SIMS signals of Ti and Hf during IBE etching of 50 nm TiN an d15 nm HZO

The IBE worked well but we faced some leakage current issues, so we speculated that
the IBE is the reason because of the left TiN very thin layer. So, we switched to ICP-

RIE to have a full etching processing and shorter etching time.

An ICP-RIE (inductively coupled plasma reactive ion etching), using PlasmaLab100 from
Oxford, of TiN electrodes was performed using a SF¢/O- gas mix with 100 RF Power at
1.33x102 mbar. The etch characteristics such as the etch rate were optimized by varying
gas concentration mix and etch parameters including radio frequency (RF) power, the
gas ratio, and gas pressure. TiN thin films with the thickness of 200 nm were deposited

on thermally oxidized Si wafer by RF magnetron sputtering in N> ambient.

The profilometer (Dektak) and the XRR techniges were used to measure the etch depth
for the calculation of the etch rate. The full etching of TiN was checked by electrical
test. Figure 79 shows the etch rates of TiN films.
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Figure 79 Inductively coupled plasma etching of TilN

As the etch time increased, the etch rate of TiN films decreased from 20.2 A.sec
decreased while the sidewall slope of etched films became slanted. While investigating
the etching parameters effect on etching rate, we found that gas pressure has small
impact on the etching rate. Optimizing the etching parameters of TiN etching is out of

the scope of this work. We were only limited to a working etching process.

The TiN, using ICP-RIE, was reproducible and the etch rate was higher than the IBE.
Unfortunately, the leakage current persisted and we suspected the etching step. Again,
we tested a new etching technique: Chemical (wet) etching. We patterned the top
electrode in a wet etch using a solution of H.O, H.O, and NH:OH with a ratio of 25:2:1
(a diluted type of a Standard Clean 1) at 50 °C. The etch rate is strongly dependent on
the dilution. We kept the ratio at 25:2:1 that looked stable and reproducible after several
etching steps. The etch rate of the chemical etching is illustrated in Figure 80.
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Figure 80 Chemical (wet) etching of TiN

The etch rate decreased as the etch time is longer. The decrease was very slight, from
10 to 9.2 A.sec’’. We adopted this etching technique for the rest of the thesis. We
checked the etching of TiN using EDX coupled with SEM, as the pictures present in
Figure 81.

Before

After

Figure 81 Pictures of TiN samples before and after wet etching (left) SEM images (right) photos

The pictures show a visual signature of the TiN etching by the change of color. Very
thin TiN is almost transparent so the visual signature can be misleading. The EDX
profiles, in Figure 82, shows ni Ti or N peaks after the TiN etching. This result confirms

the visual signature and the electrical testing.
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All the etching techniques, in this work, were able to etch TiN reproducibly and the
change of etching techniques occurred due to a wrong susception to be an origin of the
leakage current of the capacitors during electrical measurements. The reason behind that
was the Cu contamination as will be illustrated in Chapter 5.
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4.1.5 Discussion

The deposition rate of the TiN electrodes is strongly influenced by the
nitrogen/argon ratio, sputtering power, and deposition pressure (Figure 61). Mostly,
the aim is to avoid the empoisoning of the target, a known phenomenon in reactive
sputtering [186]. The thickness measurements data show a considerable deposition rate,
of 12.4 nm.min. It allowed us to investigate the effect of TiN thickness and study the
variation of properties with thickness. It reveals that high deposition rates are always a
characteristic of sputtering deposition for electrodes and dielectrics. S. Grosso et al.[187]
reported higher deposition rates of TiN (60 nm.min') at 1 kW power. Knowing that the

power-deposition rate relationship is linear, our finding is in good agreement with this
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reported value by taking into consideration that the applied power is 250 W (1/4 of
power used by S. Grosso. The choice of deposition rate and power is explained by the
desire to avoid the Ti target empoisoning. It is worth noting here that the density

increases as the film is thicker in total agreement with the reported values in literature.

The roughness data resulted in 0.28 nm roughness. As function of the thickness, the
roughness was steady. C.Charpin-Nicolle et al. [188] reported the same order of roughness
of TiN electrodes. Its impact on the hafnium oxide forming voltage was studied

experimentally and confirmed by TCAD simulations.

Based on the XPS and EDX data (Figure 70 and 66), the 5/40 ratio allowed having
almost 50 at. % (stoichiometric Ti/N), as expected. The golden color of 50 nm, and
thicker, TiN was obtained, which is a signature of TiN with the right ratio, and also the
metallic mode of sputtering instead of the poisoned mode, according to literature [187],
[189]. The golden colour appears, in Figure 81, due to high reflectance of TiN and the

red end of the visible spectrum with low reflectance near the ultraviolet region [190].

The golden colour is an indication of the oxygen presence too. The golden colour
corresponds to low oxygen at. % while high oxygen at. % indicates a brown colour. The
oxygen at.% is linked to the nitrogen high flow [187]. The obtained golden colour is
related to the right nitrogen flow (N2/Ar ratio) and the oxidation of TiN. The apparition
of oxygen in XPS data can be explained by the contamination inside the chamber and
the contamination by the air (notably due to the process, the target purity (99.9%), the
gas purity and the adsorbed water).

Due to the strong affinity of oxygen with titanium, oxygen content in the film is
inevitable, over-stoichiometric TiN cannot be deposited and TiON, with oxygen
incorporation were obtained instead. We suppose that when N composition reaches about
50 at. % in the TiN film, O substitution is favoured compared to N, incorporation which

explains that residual oxygen is incorporated into thin films.

Even if the oxygen incorporation is an undesirable effect, these films do not exceed minor
oxygen and interferometric colours have not been found in the studied films with different
thicknesses. Above 50 nm, different thicknesses of the same composition led to the same

colour.

To control the colour of the coating and the chemical composition, controlling the oxygen

content in the film is key. To reduce the oxygen at%, a very practical process step is
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using negative substrate bias before HZO deposition. Unfortunately, we could not

perform this step inside the sputtering chamber of HZO.

The Ti 2p spectrum presents a significant Ti-O component as well as Ti-O-N component
in the N 1s spectrum. We can observe that the Ti-N peak is less than TiON, because of
the small XPS depth of analysis around 10 nm, TiN is shadowed by the oxidation surface
layer. We speculate that by removing the oxidation surface layer, the intensity of the O

1s spectrum reduces.

Reported in the next chapter (Figure 137), TEM-ASTAR measurements can identify
phases associated with their morphologies and crystalline orientation at a high resolution.
the microstructure was also studied and differences in crystallography, and texture are
observed between TiN top and bottom electrodes. Bottom TiN electrode is
polycrystalline and composed of 40 nm columnar grains with (001) plane, whereas TiN
top electrode is polycrystalline with more diverse plans, especially the (101). Despite the

lower layer, both TiN layers tend to grow columnar with a NaCl structure.

In the 50 nm TiN films, orientation maps have indicated that the growth of TiN started
in the first 5 to 10 nanometers of layer on Si substrate. Columnar grains are observed,
favouring (001) plan for bottom TiN, whereas columnar grains in the top TiN present
(101) preferred plane. These observations given by ASTAR-TEM orientation maps are
in good agreement with previous works [187], [191] and allow to give a complete view of
the layer compared to structural characterization of the electrodes mainly performed by
our XRD and TEM data, Figure 62, and the literature reports [187], [192], [193]. The
deposited TiN electrodes are crystallized into cubic phase (m3m) for thicknesses above

25 nm.

Our XRD, TEM, and ASTAR characterizations tend to present a typical columnar
structure in total accordance with reported results [194]. We did not investigate the
mechanisms behind this preferred orientation, but our results are consistent with the

studies that reported the responsible mechanisms [178], [194], [195].

The change from (001) to (111) with increasing thicknesses is reported to be a kinetic-
driven mechanism [192], [195]. Greene et al. [195] have clearly shown that the preferred
orientation of polycrystalline TiN films can be modified by only controlling the incident
N,/Ti ratio. The influence of the substrate temperature modified by polarization of
electrodes on the microstructure was also studied. It must be reminded that in this work

the substrate temperature was not modified (room temperature) and substrate biasing.
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The discussions of electrical properties of TiN using the four probes’ measurements and
etching of TiN are reported above. TiN etching was successful with three different
techniques for practical fabrication reasons and understanding the etching mechanism is

out of the scope of this work. The etch rate differs from a technique to another.

In addition to the obtained structural, chemical, and electrical properties of TiN, it is a
good sustainable electrode’ material for HZO. TiN is reported as a non-toxic used for

biomedical applications [196], which joins the aims of this thesis.

4.1.6 Conclusion

The characterizations of TiN electrodes deposited using the optimized parameters
are in good agreement with the reported properties of TiN in literature. TiN thin films
were deposited on Si substrates using reactive sputtering. From XRD patterns, the films
show (111) preferred orientation and the films with the thicknesses of below 25 nm are
amorphous. When the film thickness increased from 10 to 200 nm, the sheet resistance
of the films varied from 100 to 3 ©/Sq. As shown in XPS results, there is an oxidation
of TiN due to the air exposure. Despite that, the desired properties of TiN are still
present. The XRD and TEM results confirmed the columnar growth of TiN films with
the (111) preferred orientation. Measurements are in good agreement with previous
studies for the electrodes colour with the sputtering mode in link with the chemical
composition. The colour is related to the N/Ti ratio, being equal or close to 1 for a golden
colour whereas a brown color is due to an increase of the oxygen content. Orientation
maps have permitted to access to each grain orientation and morphology in the thin films

locally. Sputtered TiN layer tend to present columnar microstructure.

In the next sections, HZO sputtering conditions are studied. Besides, the
effects of TiN properties are discussed in part 3 of this chapter during the thermal

annealing.

4.2 HZO: Ternary transition metal oxide deposited by sputtering
As detailed in the previous chapter, HZO can be deposited by different systems of
sputtering (single target, co-sputtering, and reactive sputtering). In this thesis, we used

a single target system with HZO target. As the XPS measurement was not possible on
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the surface of the target or any other technique. we studied the impact of the different

sputtering parameters on the deposition of HZO.

4.2.1 Deposition of HZO
4.2.1.1 RF magnetron sputtering

As explained previously, the deposition of HZO films was handled inside a
sputtering chamber. Among the various sputtering systems, RF magnetron sputtering
technique was selected due to its several advantages such as the easy handling, reduced
consumption of source materials, the low thermal budget, nontoxic nature, and the
possibility of multi-targets deposition. The RF sputtering is used for the deposition to
the dielectrics and insulators from ceramic targets. If the DC sputtering is used like for
the TiN deposition, the sputtering discharge cannot be sustained because of the
immediate build-up of a surface charge of positive ions on the target’s surface that leads

to the formation of an oxide layer on the target.

For the investigation of sputtering parameters for the deposition of HZO films, we used
an Alliance Concept DP 850 sputter equipment [197] with planar targets of HZO
(Hf0A5ZI'()‘5Of_)) provided by Neyco.

In the sputter chamber, the following parameters can be controlled:

- Sputtering with Ar gas plasma with the possibility of adding reactive gases like
Os. In this case, it is called “reactive sputtering”.

- The deposition pressure.

- The sputtering power or the power density applied to the target.

- The gas flow rate.

- The deposition time.

- The target-substrate distance.

- The rotation of substrate holder.

- The substrate bias.

For the sputtering process, there are first order parameters that directly influence the
deposition rate and the properties of the deposited films like the deposition pressure, the
sputtering power, and the substrate temperature [198]. The other parameters can change

from a sputter chamber to another and have less impact on the deposited films.

We investigated the impact of the reactive sputtering, the sputtering power, the

deposition pressure on the deposition rate and the quality of the films. Then, we studied
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the argon flow rate and the deposition time to assure the stability and the reproducibility
of the depositions. Unfortunately, the investigation of the substrate temperature and bias

was not possible.

4.2.2 Impact of RF magnetron parameters

4.2.2.1 Reactive sputtering

During a sputtering process, the sputtering gas is used for knocking out of target
atoms, whereas reactive gases are used to form the final compound after the reaction

with the sputtered species.

The first investigated element was the oxygen partial pressure (POs %) to choose whether
the HZO sputtering is better with an argon non-reactive plasma, or with an oxygen
reactive plasma. If the latter is the case, which oxygen percentage or Os/Ar flow rate
ratio is the best? The total gas flow rate is 60 sccm (Ar+Os). The investigation of this

parameter passed by two steps.

In the first one, we investigated the oxygen role for 0, 5, 10 and 20 % with long steps
while the second step concerned the variation of oxygen with smaller steps for 0, 1, 1.5,
and 2%. The small variation of oxygen is under investigation for different oxides [199]-
[201]. It has not been fully understood how the oxygen reacts for small % around 0. Even
with oxide targets, the addition of oxygen in plasma can be preferred to compensate the

possible oxygen vacancies within the deposited films.

We conducted XPS on HZO samples deposited with different POs % to follow the
stoichiometry ratios, the oxygen vacancies, and the existence of any contaminants. HZO
films were deposited on Si substrate. Unfortunately, conducting XPS on the target’s

surface was impossible due to the thickness of the target with its support. It would de
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assuring for the Zr: Hf stoichiometry. The 15 nm-thick samples have been deposited at

400 W, 4.5x10* mbar with 60 sccm total gas flow.
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Figure 83 Variation of deposition rate and HZO density as function of oxygen partial pressure

The XRR technique was used for thickness and density measurements, as illustrated in
Figure 83. It illustrates the variation of density and deposition rate as function of POs.
As the latter increased, the deposition rate decreases relatively from 38 nm.min™, at 0%,
to 14 nm.min* at 20%. The oxygen reduces the deposition rate due to its reactive nature
in the plasma when collision with the sputtered atoms from the target’s surface. This
reduction in the deposition rate passed by two regions: the first one, from 0 to 5%, and
the second one, from 5 to 20%. In the latter, the reduction of deposition rate is stable
and linear contrary to the first one, where abrupt variations occurred despite the general
reduction. The same trend of reduction occurred for the variation of density as function
of PO,. The density decreased from 7.94 to 7.2 g.cm™, at 0 and 20 % respectively. At
high PO, values, the target’s surface becomes oxidized to a larger extent and the
deposition rate decreases, corresponding to the sputter yield of an oxide target. The aim
behind these measurements is to determine the highest possible deposition rate with the

closest density value to the theoretical one.
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Figure 84 XPS depth profile survey of HZO/Si

The chemical composition of HZO film was studied by XPS, which can also yield the
chemical bond nature through the analysis of the XPS peak chemical shift. By varying
the x-ray beam incident angle between 23° and 76°, the HZO layer was probed to a
depth of 10 nm. All XPS spectra in this part are the result of amorphous films.

The survey spectrum is presented in Figure 84. It has been acquired to determine the
elements existed on the HZO layer (Hf, Zr, O, and C) without any contaminants
detected. The thickness of HZO layer was around 14 nm deposited on Si substrate. This
chosen thickness allowed to conduct angle-resolved scan to follow the composition and
the stoichiometry from bulk to surface, in the 10 nm depth range, without any
interference from the Si/HZO or TiN/HZO interfaces (which is out of the scope of this

work).

The C 1s region is important to calibrate the data and compare the different samples.
The XPS core level of C 1s peaks recorded is shown in Figure 85 (left) for the four
samples with 0, 5, 10, and 20 % PO.,. The different XPS spectra were positioned, and the
corresponding elements were identified by taking the adventitious Cls peak as a charge
reference and shift it to 284.8 eV corresponding to C-C peak. This adventitious
carbon contamination is due to the air exposure of the samples. The small shift in binding
energy, of C-O-C and O-C=0, between the four samples can be explained by the
difference in the surface compositions of the samples in terms of carbon contamination
and oxidation. For the 0, 10, 20% PO, samples, the C-O-C and O-C=0 peaks are the
same while for 5% POssample the O-C=0 has a very low intensity.
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One major information is extracted from the XPS results is the percentage of oxygen
vacancies (Vo) extracted from the O 1s region. Here we compare the O 1s peak of the
four samples with a special focus on V. The XPS core level of O 1s peaks is shown in
Figure 85 (right). For the four samples, it consists of two very close peaks; the Hf-O
and Zr-O bonds and the O-Hf-O and O-Zr-O bonds overlapped at 529.9-530 eV (for
the 0% sample). The oxygen vacancies (Vo) peak is observed at 531.9 eV corresponds to

interstitial oxygen or oxygen deficiency related to Hf and Zr sub-oxides.

As the PO, increased, the bonded oxygen peak is slightly shifted with -0.3 eV. At the
same time, the Vo peak was shifted by -0.75 eV to 531.15 eV while the intensity of Vo
peak increased to 25.8%. For the 10 and 20% PO, samples, the shift for the two peaks is
no more than 0.2 eV while the intensity of Vo peak increased to 20.1% and 34.3% for 10
and 20 % POs,samples, respectively.
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Figure 85 High resolution XPS spectra of samples deposited with different PO, values: C 1s (left)

and O 1s (right) regions

The variation of Vo as a function of PO, is illustrated in Figure 86. Vo increased from
its minimum (6.4%), at 0% PO,, to its maximum (34.3%), at 20% PO,, passing by an
average value of 25 and 20% at 5 and 10% PO, The oxygen vacancies characteristic is
important for the mechanism of inducing ferroelectricity in HZO [202]-[204]. Knowing
that the oxygen vacancies increase after post-deposition annealing as reported in the next

part.
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For all samples, the Hf, Zr, and O elements are equally distant from the Cls peak. In
Figure 87 (left) two components are identified at 16.46 and 18.16 eV corresponding to
hafnium oxide O-Hf-O bonds (for the 0% PO, sample). Moreover, the Hf 4f;, /Hf 4f;
doublet spin-orbit splitting, and the peak intensity ratio are 1.7 eV and ~3/4,
respectively, in good agreement with reported values [205]. As PO, increased to 5%, both
Hf 4f;); and Hf 4f;/» were shifted by -0.32 eV while the same shift did not exceed 0.1 eV
for both 10 and 20 % PO.. The energy differences within the Hf 4f doublet are 1.7, 1.62,
1.72, and 1.69 eV for the 0, 5, 10, and 20% PO, samples. This energy difference is a
characteristic of the hafnium oxide XPS spectrum as reported [205]. For the four samples,
the energy difference is in a good correspondence with the reference HfO,. The same

conclusion was observed for the peak intensity ratio. All the ratios are close to %.

Similarly, the Zr 3d spectrum consists of two spin-orbit deconvoluted peaks at 181.95
and 184.35 eV as illustrated in Figure 87 (right). The energy splitting of 2.4 eV and the
Zr 3dsss/Zr 3ds). intensity ratio of are consistent with ZrO, values found in the literature
[206].
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Figure 87 High resolution XPS spectra of samples deposited with different PO, values: Hf 4f (left)
and Zr 3d (right) regions

Among the four samples, the 20% PO, sample shows two peaks corresponding to metallic
Zr and the 10% PO, sample shows two peaks corresponding to metallic Hf. This is due
to the saturation of plasma by oxygen and the sputtered Zr and Hf ions are deposited

directly on the substrate surface of these two values of PO.. These phenomena require a

future detailed investigation.
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Figure 88 Zoom on additional peaks appeared in XPS spectra of Hf 4f at 10% PO (left) and Zr 3d
at 20 % PO; (right) samples

Moreover, two low-intensity XPS peaks are detected at 13.58 eV and 181.9 eV, for the
10 and 20 % PO, samples respectively, that can be attributed to the Hf 4f 7> line in the
metallic hafnium [207] and Zr 3d 52 in the metallic zirconium. The additional peaks are

illustrated in Figure 88.
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Figure 89 shows the variation of stoichiometry ratio, Zr: Hf and O/(Zr+Hf) extracted
from the XPS results, as function of the PO, %. Both ratios varied with the same
tendency.

The Zr:Hf ratio increased abruptly from 1.09, at 0% Os, to its maximum 1.65, at 5%
PO.. Then, it decreased to 1.15 and 1.05, at 10 and 20% POs, respectively. While for the
second ratio, it also abruptly increased from 1.23 to 1.8 then it decreased to 1.35 and
1.34 at 10 and 20% PO.. Considering the two ratios, the closest stoichiometry to
Hfo 571050, was found at 0% POs (Hfo4Zro502). The rapid increase recorded at 5% PO,
for both ratios, led us to redeposit a sample with the same conditions and reconduct an
XPS measurement. The results were the same as the first one. So, the abrupt increase
was confirmed.

The unexpected results found for the 5% PO, sample was the trigger to investigate the
variation of PO,, within the second part, with smaller steps in the range of [0, 2 %] to
confirm the tendency for small percentages of oxygen compared to the relatively bigger

percentages in the first part of this investigation.

In this second part of this investigation, we kept a reference sample of 0% PO, and
deposited 3 more samples of 1, 1,5 and 2% PO.. We conducted the same measurements
on these samples to be in full adequation with the first part. The variation of deposition
rate and the density has been already reported in Figure 83. The XPS results are

reported in the following figures.
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Figure 90 High resolution XPS spectra of samples deposited with different oxygen partial pressure
values: C 1s (left) and O 1s (right) regions

The same methodology was applied to the XPS data. The different XPS spectra were
positioned, and the corresponding elements were identified by taking the adventitious
Cls peak as a charge reference and shift it to 284.8 eV corresponding to C-C peak.
Figure 90 shows the high resolution XPS spectra of samples deposited with different
PO, values: C 1s (left) and O 1s (right) regions.

The three peaks of C 1s region are very similar for the four samples (0, 1, 1.5, and 2%
PO,) with a small shift observed of the O-C=0 peak compared to the other samples.
The similarity between the four samples for the C 1s region can be explained by the
quasi-similarity of the surface compositions of the samples in terms of carbon
contamination and oxidation. The POseffect on the C 1s region is more apparent in the

first part.

The XPS core level of O 1s peaks is shown in Figure 90(right). For the four samples,
it consists of two very close peaks; the Hf~O and Zr—O bonds and the O-Hf-O and O-
Zr—O bonds overlapped at 529.9-530 eV (for the 0% sample). The oxygen vacancies (Vo)
peak is observed at 531.9 eV corresponds to interstitial oxygen or oxygen deficiency
related to Hf and Zr sub-oxides.

As the POs increased, the bonded oxygen peak is slightly shifted with -0.3 eV, at 1%
PO,. At the same time, the Vo peak was shifted by -0.75 eV to 531.15 eV while the
intensity of Vo peak increased to 26.09%. For the 1.5 and 2% PO, samples, the shift for
the two peaks is no more than 0.2 eV while the intensity of Vo peak decreased to 8.6%
then increased to 45.8% for 1.5 and 2 % PO, samples, respectively.
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Figure 91 The variation of oxygen vacancies as a function of 0-2% PO,
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The variation of Vo as a function of PO is illustrated in Figure 86. Vi increased from
its minimum (6.4%), at 0% PO,, to its maximum (45%), at 2% PO, passing by an

average value of 25 and 1% at 9 and 1.5% PO, The oxygen vacancies increase after post-

deposition annealing as reported in the part 3.
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Figure 92 High resolution XPS spectra of samples deposited with different PO, values: Hf 3d (left)

and O 1s (right) regions

Figure 92 shows High resolution XPS spectra of samples deposited with different PO,
values: Hf 3d (left) and O 1s (right) regions.
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Figure 93 shows the variation of stoichiometry ratios, Zr: Hf and O/(Zr+Hf) extracted
from the XPS results, as function of the PO> % from 0 to 2. Both ratios varied with the
same tendency from 0 to 1.5 % POs then varied oppositely for the 2% PO, sample.

The Zr:Hf ratio (blue) decreased slightly from 1.1, at 0% O, to its minimum 1, at 1%
PO,. Then, it increased again to 1.1 and 1.05, at 1.5 and 2% PO, respectively. While for
the second ratio (red), it also slightly decreased from 1.23 to 1.2 then it increased to 1.32
and 1.4 at 1.5 and 2% PO.. Considering the two ratios, the closest stoichiometry to

Hf(),szro,gog was found at 1% P02 (Hf(),szro_soz).

The rapid increase recorded at 5% PO,, for both ratios, led us to redeposit a sample with
the same conditions and reconduct an XPS measurement. The results were the same as
the first one. So, the abrupt increased was confirmed.

To confirm the amorphous characteristic of the deposited films as function of PO..
XRD measurement was conducted on three samples (0, 2.5 and 5% PO,) before and

after rapid annealing at 650°C for 1 min under No.
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Figure 94 Diffractogram of TiN/HZO/TiN structures as deposited and annealed, as function of PO,

Figure 94 illustrates the diffractogram of TiN/HZO/TiN structure as deposited and
annealed, as function of PO,. The three samples were amorphous, and no HZO-related
peak has been detected except the TiN peaks. We limited the 20 range to 25-35°. After
annealing, the 0% PO.showed the most intense peak compared to the other samples with
low intense peaks around 30.4°. the intense peak corresponds to the t/o phase. No

monoclinic phase appeared for the three samples.

4.2.2.2 Pressure

We investigated the effect of sputtering deposition pressure on the deposition
rate to determine the optimum deposition pressure. Figure 95 shows the variation of
deposition rate with the sputtering deposition pressure of HZO, deposited on Si substrate

at 60 sccm Ar gas flow and 400 W. The measurement of thickness was conducted by
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XRR technique. The aim, behind the investigation of deposition pressure, is to determine
the optimal value of pressure for the highest deposition rate and keeping the amorphous
nature of HZO with desired density. The deposition pressure affects the deposition rate
and the nucleation of the films. Very high pressure can increase the porosity within the

films.
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Figure 95 Variation of deposition rate as a function of the deposition pressure

For this investigation, we varied the deposition pressure from 0.8x10® mbar to 1x10?
mbar. The determination of this range was based on preliminary experimental
investigation. The lowest deposition rate was found at 0.8 x10® mbar pressure while the
highest deposition rate was found around 4.5x10* mbar. As function of the deposition
pressure, the deposition rate varied differently in two regions: an increase from 10
nm.min-1 at 0.8 x10® mbar to 37.2 bm.min-1 at 4.5 x10?® mbar, and a decrease from at

4.5 x103 mbar to 27.1 nm.min-1 at 1 x102 mbar.

The variation of HZO density was not the same as the deposition rate. It was stable
around 7.94 g.cm-3 for the all the samples except for the sample deposited at 1 x107

mbar, it reduces to 6.9 g.cm-3 (the figure is not illustrated).

This investigation allowed us to determine a key sputtering parameter; the deposition
pressure, at which the most samples were deposited at. The deposition rate remained
relatively stable except for other technical issues. Determining the optimal deposition
pressure revealed the highest possible deposition rate at have HZO films with the desired

requirements.
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4.2.2.3 Power target

Another key parameter for the sputtering of HZO films is the power applied to
the target or the sputtering power. This parameter directly affects the deposition rate:
the sputter yield. Films properties are basically controlled by the sputtering power.
Studying its effect on the deposition rate allowed us to determine which power value is
the suitable to obtain the highest possible deposition rate. Many criteria were respected
to determine this key value of power such as avoiding any contamination generated by
the target’s support and conserving the stoichiometry of the films. For the sake of
clearness, the power target is applied as function of the target dimensions and the power
density is more precise term for this sputtering parameter. Table 11 indicates the
corresponding power density to each power value used in this work.

Table 11 The studied power values and the corresponding power density

Power target (W) 200 300 400 500 600
Corresponding power density (W.cm™?) 1.67 2.5 333 417 5

The sputtering power applied to the target was varied in the range of 200 -600. The
maximum power can be applied to the target is 600W as mentioned in the technical

datasheet provided by the manufacturer.

To get further insights on the sputtering power effect, two properties were targeted: the
deposition rate and the stoichiometry of HZO. For that, the XRR technique allowed to
determine the deposition rate while XPS revealed the variation of stoichiometry within
the as deposited films. All sample were deposited on Si substrate and most of them were

amorphous except the 600 W samples (crystallized into monoclinic phase).

Figure 96 indicates the variation of deposition rate as function of the increasing power

applied to the target. Increasing the power from 200 to 600 W means increasing the
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ionization energy of Ar* ions to sputter more ions for the target’s surface. The deposition

rate increased linearly from 21 to 57 nm.min™.

Figure 96 Variation of deposition rate as a function of the power density applied to the target.

Unfortunately, at this stage, the highest deposition rate is not enough to determine the

optimal power value. So, XPS measurements were conducted on the different samples as
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Figure 97 High resolution XPS spectra of samples deposited with different power values: C 1s (left)
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The thickness of HZO layer was around 14 nm deposited with 60 sccm Ar on Si substrate.
This chosen thickness allowed to conduct angle-resolved scan to follow the composition
and the stoichiometry from bulk to surface, in the 10 nm depth range. As can be seen in
Figure 97, XPS spectra of Cls (left) and Ols (right) regions are illustrated as function
of the increasing sputtering power. The first one helps calibrating the other regions and

the second one is important for Vo.

For the five samples, the recorded C 1s spectrum was decomposed into three
contributions, namely, C-C, C-O, and C=0, arising from typical ambient carbon
contamination. The different XPS spectra were positioned, and the corresponding
elements were identified by taking the adventitious Cls peak as a charge reference and
shift it to 284.8 eV corresponding to C-C peak. This adventitious carbon contamination

is due to air exposure of samples.

For the O 1s core level, it consists of two very close peaks for the five samples; the Hf-
O and Zr-O bonds and the O-Hf-O and O-Zr—O bonds overlapped at 529.9-530 eV.
The oxygen vacancies (Vo) peak is observed at 531.9 eV corresponds to interstitial oxygen
or oxygen deficiency related to Hf and Zr sub-oxides. The oxygen vacancies decreased
from 21.1% to 6.4% as the power increased from 200 to 400 W while it increased to 13.7%
at 500 then decreased to 9.4% at 600 W. the lowest oxygen vacancies was recorded at
400 W and the highest at 200W. The information about oxygen vacancies is important
as it plays an important role in the mechanism of ferroelectricity induction in HZO films.

The selection criterion is to have oxygen vacancies as low as possible.
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Figure 98 The variation of oxygen vacancies as a function of sputtering power
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The variation of Vo as a function of sputtering power is illustrated in Figure 98. Vo
decreased from its maximum (21.1%), at 200W, to its minimum (6.4%), at 400W. Vo
increased, at 500W, to 13.7% then slightly decreased to 9.4% at 600W.
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Figure 99 High resolution XPS spectra of samples deposited with different power values: Zr 3d (left)
and Hf 4f (right) regions

For all samples, the Hf, Zr, and O elements are equally distant from the Cls peak. In
Figure 99 (left) two components are identified at 16.46 and 18.16 eV corresponding to
hafnium oxide O-Hf-O bonds (for the 0% sample). Moreover, the Hf 4f;, /Hf 4f;,; doublet
spin-orbit splitting, and the peak intensity ratio are 1.7 eV and ~3/4, respectively, in
good agreement with reported values [|. As the oxygen % increased to 5%, both Hf 4f;)
and Hf 4f;» were shifted by -0.32 eV while the same shift did not exceed 0.1 eV for both
10 and 20 %. The energy differences within the Hf 4f doublet are 1.7, 1.62, 1.72, and 1.69
eV for the 0, 5, 10, and 20% samples. This energy difference is a characteristic of the
hafnium oxide XPS spectrum as reported in. for the four samples, the energy difference
is in a good correspondence with the reference HfO,. The same conclusion was observed

for the peak intensity ratio. All the ratios are close to %.

Among the four samples, the 10% sample shows two peaks corresponding to metallic Hf.
This is due to the saturation of plasma by oxygen and the sputtered Hf ions are deposited

directly on the substrate surface.
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For as-deposited film, the XPS spectra showed the Hf doublet: Hf 4f ;, and Hf 4f 7/
peaked at 18.48 and 16.98 eV, respectively, which are typical for the Hf-O bonds in

hafnium oxide.

The XPS peaks of the main Hf 4f doublet did not change their positions after the increase
of sputtering power from 200 to 6o 600 W, whereas a small shift of these XPS peaks

toward lower binding energies was found for the film deposited at 400 W.

Similarly, the Zr 3d spectrum consists of two spin-orbit deconvoluted peaks at 181.95
and 184.35 eV as illustrated in Figure 99 (right). The energy splitting of 2.4 eV and the

Zr 3ds2/Zr 3d;/2 intensity ratio of are consistent with ZrO, values found in the literature.

Except the 400 W sample, the other samples had a low intensity peak appeared around
180 eV for the Zr 3d region. This peak is attributed to a sub-oxide of Zirconium.
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Figure 100 Zoom on additional peaks appeared in Hf 4f XPS spectra for 500W (left) and 600W
(right) samples

Additionally, the small intensity XPS peak is detected at 13.58 eV, for 500 and 600W,
that can be attributed to the Hf 4f 7/2 line in the metallic hafnium [207].
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Figure 101 variation of Zr: Hf (blue) and O/(Zr+HI) (red) as function of the sputtering power.

Extracted from the XPS spectra, the stoichiometry of HZO was investigated via two
ratios: Zr: Hf and O/(Zr+Hf). Figure 101 illustrates the variation of both ratios as
function of the sputtering power. Their variations do not follow the same tendency. For
the Zr:Hf ratio, the closest sample to 1:1 ratio was the 200 W sample. (1.04). Then, it
increased to 1.1, for 300 W, before slightly decreased to 1.08 at 400W and increased again
to 1.15 at 600 W. The second ratio varied differently, it decreased from 1.14 to 1.07, at
200 and 600 W respectively passing by the lowest value of 1.05 at 400W. For both ratios,
the same tendency is observed in the 300-500 W range. Compared to the extremities (200
and 600W), both ratios varied slightly between 300 and 500 W. It is noteworthy that
the best values, in this range, are found at 400 W.

4.2.2.4 Ar Flow

The choice of gas flow rate was not arbitrary. By investigation the impact of the
gas flow rate on the deposition rate and the density of the films, we investigated the
effect of increasing energy flux at the substrate. It can affect the deposition rate and the
crystal growth. This parameter was reported to influence the properties of sputtered films
[208], [209].

As explained in the reactive sputtering section, HZO films were deposited using Ar only.
The Ar flow rate was varied from 20 to 80 sccm by a step of 20 sccm. We investigated
the possible effect of this variation on the deposition rate, density, and roughness of HZO

films.
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As illustrated in Figure 102, XRR patterns are presented of HZO samples deposited
with different Ar flow rates. No noticeable change in thickness of the HZO films deposited
at Ar flow rate (20 to 80 sccm) was observed. In addition, there is no substantial
difference in film roughness between samples except the 60 sccm sample that showed the
lowest Rq value. The density was the only property that changed, from 7.4 to 7.94 g.cm
3 at 20 and 80 scecm, respectively. The XRR measurements were conducted on HZO

deposited on Si substrates. All the as-deposited films were amorphous.
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Figure 102 X-ray reflectivity patterns of HZO deposited at different Ar flow rates

4.2.2.5 Deposition time

As we targeted characterizing different thickness of HZO films, we studied the
deposition time to assure having the same sputtering conditions of HZO films of different
thicknesses. It is the last sputtering parameter that we investigated, related to the
sputtering process. The aim of deposition time investigation is to check the linear
relationship between the deposition time and the deposited thickness or in other words,

the constant deposition rate as function of time.

The XRR technique was used to determine the deposition rate. The measurements were
conducted on HZO samples, deposited on Si substrates at 400 W and 4.5 x10?® mbar.

Figure 103 illustrates the linearity between thickness and deposition time which means
that the deposition rate, at these chosen parameters, is quite stable in time and
reproducible. This stability allowed us to obtain the wanted thicknesses after a simple

calculation of the deposition time.

The deposition time can be considered an illustration of the advent of sputtering of time

saving deposition technique compared to other techniques.
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Figure 103 The thickness of HZO deposited films as a function of the deposition time

4.2.3 Characterization of HZO thin films
4.2.3.1 Optimized parameters

After studying each, possible, sputtering parameter for HZO deposition, here are
the optimized parameters for HZO deposition while satisfying the criteria of keeping Zr:
Hf as close as possible to 1:1, amorphous as-deposited films and having less oxygen

vacancies, as will be explained in the discussion section.

The principal parameters that matter for HZO deposition are Deposition pressure, Power
target, while the other parameters such as Total gas flow are neutral without significant

impact on HZO films’ quality.

The parameters Values
Deposition pressure 4.5 10 mbar
Power target 400 W (3.33 W.cm™)
Gas flow rate 60 sccm
Deposition time 38 nm.min!

As a reminder, the substrate temperature and bias are also considered as important
parameters. Studying their effects would lead to better results of HZO sputtering. In
addition, the rotation speed of the substrate holder can also on the uniformity of the
films. We found 30 rpm speed as the suitable to have uniform thickness over the Si
substrate. Also, we found that 7 cm as a target-substrate distance leads to higher
deposition rate than the 12-cm distance. This is simply explained by the shorter free
mean path. These parameters can vary for other sputter chambers, different target’s

geometry or stoichiometry, or different substrates.
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The following Figure 104 illustrates the XPS spectra for XPS of HZO films deposited
with the optimized parameters while Figure 105 shows the Angle-resolved XPS spectra
for Ols, Zr 3d, and Hf 4f regions.
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Figure 104 XPS spectra of HZO deposited on Si with the optimized parameters for (a) Hf 4f region

(b) Zr 3d region
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To analyse the depth distribution of bonded hafnium, zirconium, and oxygen atoms, we
performed ARXPS analyses on HZO sample using photoemission angles from 23 to 76°
and stepped every 7.5°.

For the as-deposited HZO film, Figure 105 (a) and (b) indicate that the main content
of Hf and Zr sub-oxides decreased slightly at a photoemission angle of 76°, possibly due
to oxidation near the surface. Hence, the small shifts marked in the spectra from 23 to
76° at both the Hf 4f, Zr 3d, and O 1s regions, as illustrated in Figure 105, is due to
the variation in coupling between the electric field and the components of the adsorbed

molecules on the surface.

It is apparent that the major impurity at the layer surface is carbon, the concentration
of which is even higher than that of oxygen. Although the carbon concentration decreases
as the layer depth increases, it sustains its high value (45%) almost up to 4 nm, as
illustrated in Figure 106.
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Figure 106 Atomic percent plotted versus emission angle ARXPS of HZO

150



Chapter IV Optimization and characterization of HZO films and TilN electrodes

The normalized intensities were determined by integrating the area under each core
peak and divided it by the photoionization cross section for that element. The atomic
concentration of each element was calculated by dividing the normalized intensity of
the element by the sum of all normalized intensities. As the ARXPS emission angle is
increased, the measurements become more surface sensitive. The effective mean free
path is defined as Aeff = A cos 6. At the largest emission angles, only the top couple of
atomic layers are probed by ARXPS.

w— g

Figure 107 TEM cross section of (left) full TIN/HZO/TiN stack (middle) focus of HZO/TiN top
electrode, and (right) focus on TiN bottom electrode/HZO evidencing the thickness uniformity of both
HZO and TiN and the interfaces besides the crystallization of HZO after annealing.
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Figure 108 TEM image of annealed TiN/HZO/TiN stack can be seen in bottom; b) EDX along the
structure indicated in a), where Gd signal is amplified by a factor 10 for better visualization; ¢) HRTEM
detail in which a stronger crystallization of the N2 annealed film can be seen with respect to the d) as-

deposited sample.
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TEM analysis was performed on a TiN/HZO/TiN stack, after annealing, to get an insight
checking, in once, the thickness uniformity for TiN and HZO, checking the TiN/HZO
interfaces after annealing, and the crystallization of HZO layer. Figure 107 shows a
highly uniform HZO film with no inter-layers between the HZO and TiN electrodes.
Moreover, the formation of crystallites with a typical diameter of about 10 nm is

observed.

An EDX analysis was conducted on the same lamella for the elemental composition

investigation.

The EDX elemental profiles in Figure 108 , taken along the TiN/HZO/TiN structure
highlighted in Figure 108, show some interdiffusion of species; most notably, oxygen
migration towards the electrode layers is observed due to the known scavenging effect of
TiN, as it will be discussed later. A good stoichiometric ratio is detected for the Zr: Hf
film (the counts of Gd have been multiplied by a factor 10 for better comparison with
other elements). EDX has a lower accuracy compared to XPS but it confirms the Zr: Hf,
reported earlier by XPS, despite the emission spectra interference between Hf and Zr

which makes the accurate determination requires a reference sample.

The total detected amount of Hf and Zr is around 45 % in the HZO layer, which is quite
close to the XPs results and the target’ stoichiometry. This result is acceptable given the
resolution of the EDX. The HRTEM image in Figure 108 further confirms that the
annealing at 450 °C was sufficient to bring the thin films to a crystallized state, in
contrast to what is observed on the as-deposited sample in Figure 108, which consists
of a mostly amorphous film with some locally crystallized regions. It is in principle
possible to distinguish between t- and o phase with this technique but the measurements
required to accurately detect O ions position in the unit cell are beyond the scope of this

work.

4.2.3.2 Thickness effect

The thickness of HZO films is another determinant characteristic that matters
for ferroelectricity in HZO. As mentioned above, ferroelectricity in HZO was reported to
be limited to 25 nm basically, except for some thicker films reported in Chapter 2.
During the rapid thermal annealing, the amorphous nature of as-deposited HZO films is

reported to facilitate the crystallization of the film into the orthorhombic phase.
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Figure 109 XRD patterns of as-deposited HZO films of various thicknesses

HZO films with several thicknesses have been deposited and characterized by XRD for
crystallinity. As shown in Figure 109, three samples below 100 nm are amorphous as-
deposited whereas the 110 nm-thick sample presents m-phase peak even before the

thermal annealing step.

4.2.4 Discussion

During the sputtering deposition of HZO, the energy of Ar" ions varies from in
the range of 5 eV to 5 keV, and it also depends on the RF power density (linear
relationship). The collisions between the Ar ions and the target led to the ejection of the
target atoms. The ejected atomic species travel through a distance randomly and get
deposited on the substrate. More and more atoms condense and form a uniform film on
the substrate. The surface atoms are ejected from the HZO target surface when the
incident ion kinetic energy overcomes the binding energy. Mostly, the average surface
binding energy and covalent bonding energy of solids are of the order of a few eV (~ 5
eV). The increase of deposition power induces more energy to the Ar ion and
subsequently causes an increase in the deposition rate. In this work, the RF power was

varied from 1.67 to 5 W.cm™.

From the observation, at lower RF power densities, the film thickness was significantly
less, and the growth rate was low (~20 nm.min'). While increasing the power density,
the film thickness and deposition rates increased linearly. This could be due to the
increase in Ar ion flux proportional to the RF power density. The increase of Ar ions

flux can increase the sputter rate and generate more species. Therefore, the deposition
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rate or film thickness increases with RF power density. Higher deposition rates at high
RF power densities (4.17 and 5 W.cm™) may not ensure the proper density of films, grain
size, and stoichiometry. Besides, we found metallic Hf and Zr traces at these high-power
densities. At higher powers, the bombarding ions will have higher kinetic energy, due to
momentum transfer, the target atoms will be sputtered out. Sputtering yield is higher
(atoms/ions) and thereby the ejected specie from the target will be more and result in a
higher deposition rate. Keeping on increasing the power to get higher and higher
deposition rates, will also result in electron bombardment, which can have deleterious
effects on the growing film. The target gets heated up and necessitate effective cooling.
We speculate that the latter is the reason behind the metallic Hf and Zr found at 500
and 600 W.

At low sputtering pressures of 8 x 10 mbar, the deposition rate was found to be relatively
low (9.8 nm.min') due to the fact that there is a low density of sputtering gases, less
bombardment, and hence lower sputtering yield. At pressures around 2 to 4.5x 10 mbar,
there is a lot of energetic bombardment due to the high sputter gas density and hence
an enhanced deposition rate as described in theory. At high pressures 8 to 10 x10® mbar,
although there is a high density of sputter gas, scattering phenomenon becomes
predominant and the deposition rate decreases. Lowering the sputtering pressure
increases the deposition rates [198]. Due to the low working gas pressure, the sputtered
particles traverse the discharge space without collisions, which results in high deposition
rate. The increment in the deposition rate with the increment of pressure up to can be
explained by the relationship of the mean free path with the molecular diameter of the

sputtering gas.

The relationship between deposition rate and deposition pressure of HZO thin film is
shown in Figure 95. It can be observed that deposition rate increases with increasing
pressure from
8x10* to 4.5x10% mbar, and after this point the deposition rates fall as the pressure
increases up to 1x102 mbar. According to the gas dynamics, for a given gas, the pressure
and free path of molecules of that gas can be expressed as:
KT
¢ \2nPd?
As pressure increases, it can be observed that when d (molecule diameter) and T
(temperature) are fixed, 4; would drop, increasing the likelihood of collisions between

sprayed atoms and gas molecules. This causes the cathode sheath's thickness to decrease,
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which in return causes the ion current density to rise. More details are reported by Ameen
et al. [210].

As a result, at lower pressures (around 8x10* mbar), the ion current density rises with
pressure. The quantity of gas molecules increases with pressure (from 4.5 to 10 x10?
mbar), increasing the likelihood of an interaction between sputtered atoms and gas
molecules. This lowers the sputtered atoms' energy, which will result in fewer atoms
depositing on the substrates and a slower rate of deposition. In contrast, as pressure rises,
the average free route of gas molecules shortens. Because of the increased likelihood of
sputtered atoms being backscattered and being scattered by gas molecules, sputtered
atoms may be redirected away from the deposition location, which lowers deposition
rates [211].

The gradual decrease in sputtering rate, as shown in Figure 83, with increase in oxygen
partial pressure (up to 20 % PO,) might be occurred due to the fact that sputtering
efficiency of oxygen is less than that of argon. Though, the large decrease in sputtering
rate with onset of oxygen ambient cannot be solely due to the lower sputtering efficiency
with oxygen. This can be attributed to reaction on the target surface leading to oxygen-
rich compound formation that would result in sputtering of oxygen-rich HZO, the
(Hf+Zr)/O ratio is very low, compared to desired stoichiometric HZO films. Drastic
reduction in sputtering rate due to chemical reaction on target surface and compound

formation is a typical characteristic of reactive sputtering [212].

Density shows a decreasing trend with increase in PO,. This deceasing trend for the
density of HZO films deposited, with increasing oxygen partial pressure, has been
reflected from XRR measurements, shown in Figure 83. It can be seen that for both the
deposition rate, and density of the films deposited without oxygen partial pressure are
high, which might be due to the right stoichiometric composition, in the films compared
to reactive sputtering. Densities become lower for films deposited with PO, or more which

indicate realization of relatively over-stoichiometric films.

The XRD patterns of HZO films at different PO, values are shown in Figure 94. After
annealing, the dominant peak was obtained at about 30.4°. It is attributed to diffraction
from (111) planes of HZO orthorhombic phase. The other less-dominant peaks are
attributed to the monoclinic phase of HZO. No diffraction peaks from tetragonal phase
were obtained. After annealing, XRD patterns reveal that as the PO, increases from 0 to
5 %, the dominant o-peak disappears. The average crystallite size was estimated from

the Scherrer's formula.
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The XPS measurements revealed the impact of sputtering parameters on the film’s
composition and the stoichiometry ratios. As seen in the XPS data, the O 1s peak is
asymmetric for all the films. This asymmetry indicates the presence of different oxygen
species on the surface of the films, The O 1s peak at approximately 531 eV is assigned
to O* ions in the vicinity of Vo, and its relative area can provide a measure of the Vo

concentration.

The plot, in Figure 86, shows an increase in the oxygen vacancies with the increasing
PO,. The increase of Vo was unexpected, as the availability of oxygen in the gas might
result in its incorporation in the deposited film when the oxygen partial pressure of the
sputtering gas was increased. We speculate that the oxygen reacts more, and it led to
more Vo as the PO, increased. The increase of Vo as function of PO, is not linear. It
varied nonlinearly especially at low PO, values. The best Vo was found at 0% PO, and
we investigated the impact of sputtering power. Unexpected relationship between the Vo
and Power target was revealed. The Vo decreased with power increase from 200 to 400
W, then increased slightly. The best Vo was found at 400 W. we speculate that it is

related to the increase of etching rate of HZO species was unbalanced.

It is well known that the electronic and transport properties of dielectrics, in our case
HZO, are primarily determined by Vo [213], [214]. The Vo in HZO act as traps for charge
carriers and they affect the ferroelectric properties, such as the stabilization of the
orthorhombic phase [204] and the polarization switching voltage [215]. The atomic and
electronic structure of HZO, with oxygen vacancies, are not understood yet and rarely
studied. Another method to determine the electronic structure of oxygen vacancies is
quantum-chemical calculations using the density functional theory (DFT) and the latter

is out of the scope of this work.

Single doublets can accurately approximate the optimized HZO sample's Hf 4f and Zr 3d
XPS spectra (Figure 104). The Hf'* state is associated with the position of the Hf 4f7
maximum at 16.35 eV, which also happens to be the energy position of the same
maximum in HfO, [216]. For the optimized sample, the difference in binding energies
between the Ols and Hf 4f levels is around 513.65 eV, which is also the same as the
corresponding HfO, value. Similar to this, the peak of Zr 3d;» at 181.3 eV corresponds
to the Zr*" state and matches the values for stoichiometric ZrO, that have been reported
[217]. Tt appears that Hf and Zr are primarily present as HfO, or ZrO,, respectively, in
the optimized sample. Since the atomic and electronic structures of HfO, and ZrO, are

so similar, we cannot conclusively say that the samples are a mixture of the two oxides.
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The full width at half height (FWHM) of the Hf 4f peak and the Zr 3d peak in the HZO
sample, respectively, are 1.16 eV and 1.22 eV, respectively.

Additional peaks for samples with high sputtering power values, with energies of 17.8 eV
and 181.7 eV, respectively, were discovered when the Hf 4f and Zr 3d lines were
deconvolved into their individual components. these peaks are typical for Hf and Zr. The
creation of a significant amount of oxygen vacancies in the films naturally explains the
occurrence of Hf and Zr states with lower oxidation degrees than in HfO, and ZrO..
Maximum energies for the two peaks in the Ols XPS deconvolution to two individual
components are 529.8 eV and 531.8 eV (Figure 104). The lattice oxygen in HfO, and
71O, is clearly identified as the source of the first peak. On the sample surface, the second

one is typical of oxygen vacancies as detailed above.

The bandgap value E, can be calculated using the O 1s XPS, which represents the
photoelectron energy loss spectrum on the electron excitation from the valence band to
the conduction band. The linear interpolation of the spectral edge to the background
level yields the result. The E, value was calculated to be 5.32 eV which is confirmed by
the computed E, value of 5.37 eV for Hf;Zry;0, derived from transmission spectra and

the value of 5.3 eV discovered from photoelectron spectra [218]-[220].

For the optimized conditions, the Zr/Hf ratio is 1.08 which is different from what is
expected for HZO target. This might be explained by the fact that Zr and Hf are screened
differently by adsorbates, that the free path lengths of the Hf 4f and Zr 4f photoelectrons
are different, and that the atomic sensitivity coefficient values might be inaccurate. The
reconstructed XPS profile from the ARXPS data confirmed the uniformity of the
composition of HZO.

Below 100 nm thickness, the as-deposited films are amorphous of different thicknesses
are amorphous and satisfy the crystallinity condition to favour the orthorhombic phase
induction during the annealing. The exception of 110 nm thick sample is crystallized into
monoclinic phase can be explained by the increasing temperature inside the chamber as
function of the deposition time as the film is thicker. This result reveal that several layers

of a thickness thinner than 100 nm can be compiled to reach thicker films than 100 nm.

The Ar flow does not change a thing except slight change in density while the deposition
time confirms the steadiness of deposition rate with the optimized parameters. The

importance scale of sputtering parameters is presented in.
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4.2.5 Conclusion

In summary, HZO films were deposited using the RF magnetron sputtering at various
deposition conditions. It is noticed that film thickness linearly increases with RF power
and deposition time whereas the impact of argon flow rate is almost insignificant. The
most impacting factors are the oxygen partial pressure and the deposition pressure. HZO
thickness increased from 9.8 to 54 nm.min! with the deposition power. Films thinner
than 100 nm are amorphous as deposited. At high RF sputtering power densities, metallic
Hf and Zr appeared (4.17 and 5 W.cm?). XPS measurements confirm the film
composition and stoichiometry ratios close to the target’s. XPS confirms the existence
and increase of oxygen vacancies with the deposition conditions. The high deposition rate

plays an important role as an advantage of single target sputtering of HZO.

4.3 Thermal annealing

The sputtering of amorphous HZO films, with good stoichiometric ratios, is not
enough to explore the dielectric and ferroelectric properties of HZO films. A post-
deposition processing step is required, which is the rapid thermal annealing (RTA). Its
importance equals the importance of the film’s deposition step. It has been widely
reported besides to the impact of its parameters [185], [221]-[223]. Three main parameters
characterize influence RTA on the annealed films: annealing temperature, annealing time,
and annealing atmosphere or gas. Secondary steps, RTA-related, like heating ramp or

cooling ramp can also influence the properties of the annealed films.

RTA can extend the annealing time of several milliseconds applicable to several seconds
and minutes using conventional furnace, flash lamps or laser annealing. In this work, we
used a conventional rapid annealing furnace, which is the most used nowadays. Besides,

we performed an in-situ XRD thermal annealing of HZO amorphous films.

In addition, the potential to induce the orthorhombic phase, in the films grown at RT
on Si substrates, makes RTA potentially motivating technology for the fabrication of

new devices based on the ferroelectric properties of HZO.

In this part, RTA, and in-situ XRD annealing of sputter-deposited HZO films, stacked

between TiN electrodes, on Si substrates were performed and the dependence of the
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structural properties on the annealing time, annealing temperature, annealing gas, and

film thickness was investigated.

4.3.1 Rapid thermal annealing

RTA of HZO films leads to formation of the metastable non-centrosymmetric
orthorhombic phase (Pca2;). This phase is believed to the origin and characteristic of
ferroelectric properties in HZO films. Up to date, the existence of orthorhombic phase in
XRD patterns is elusive and electrical measurements are required to confirm the

ferroelectric behaviour.

Here, we report XRD patterns of the different samples annealed under various conditions.
The XRD results represent a hint of the ferroelectric properties of HZO films via the
apparition of the orthorhombic phase peak.
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HZO Tetragonal
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Figure 110 GIXRD patterns of TiN/HZO/TiN stack before and after RTA

In Figure 110, GIXRD patterns, of the TiN/HZO/TiN stack before and after annealing,
show the apparition of orthorhombic peak around 30.5°, just after annealing. This first
result led to us to investigate the effect of RTA and its parameters, before conducting

electrical measurements.

Our attention is focused on the formation of orthorhombic phase and avoiding monoclinic
phase, which is reported to prevent the ferroelectricity in hafnia. The orthorhombic phase
appears between the tetragonal and monoclinic phases, which makes any peak, in this

range, a complex mix of the three phases.

Before XRD measurements, we characterized the thickness, roughness, and density of

HZO stack before and after annealing by XRR. The results are plotted in Figure 111.
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Figure 111 X-ray reflectivity patterns of TiN/HZO/TiN before and after annealing

Figure 111 indicates the X-ray reflectivity patterns of TiN/HZO/TiN stack before (as
deposited in black) and after annealing (in red). No noticeable change in the thickness is
observed. Very insignificant change in density is observed. Only the roughness increased

after annealing.

For the investigation, we chose to study each parameter separately than the design

experiment method.

4.3.1.1 Annealing atmosphere

The first parameter studied was the annealing atmosphere effect on HZO-based
MIM structure. In the used furnace, we had two gases: N, and O,. The constant gas flow
was set at 2 Lmin'. The annealing temperature was at 650 °C for 1 min. The impact of
atmosphere on the structural properties was investigated by XRD and the oxygen
vacancies parameters was studied by XPS. The film thickness was fixed at 15 nm-HZO

in stack of 50 nm TiN electrodes.

We compared the structural and oxygen vacancies’ dependence on the annealing
atmosphere (N, and O,). The XRD results this comparison for annealed HZO-based are
plotted in Figure 112.
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Figure 112 XRD patterns of HZO before and after annealing under N, and Os.

Three stacks based on 15 nm HZO were measured by XRD (Figure 112). The as-
deposited HZO sample is amorphous while the two other samples crystallized, during
RTA, at N, and O, separately. The TiN cubic phase is the common peak between the
three samples around 36.8°. The O, annealed sample crystallized in two monoclinic and
orthorhombic/tetragonal phases, at 28.4° and 30.7° respectively, with close peak
intensities. The N, annealed stack shows a very intense orthorhombic/tetragonal phase,
at 30.3°, with a very low intensity peak corresponding to the monoclinic phase that can
be negligeable. Hence, for the O, annealed sample, the monoclinic phase appeared besides
o/t peak but shifted. We assume that the same o/t peak, as N, annealed, is shifted. The
shift indicates a lower in-plane compression stress, which can also refer to the

crystallization in a different phases’ ratio (o/t).

This result helped us choosing the suitable annealing atmosphere for the sputtered HZO
films. The annealing atmosphere can influence the leakage current within the films.
Generally, O,-based atmospheres in RTA decrease (O, or Hy/O,) the concentration of
oxygen vacancies (Vo), therefore either increasing the number of electron holes or
decreasing the number of electrons. Hypothetically, investigating the conductivity of the

annealed films allows to determine the most of electronic carrier type.

We conducted XPS measurement on the three samples: as-deposited, N, annealed, and
O, annealed, to observe the variation of oxygen vacancies as function of the annealing

atmosphere. This analysis gives us a hint about the leakage current of each sample.
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Figure 113 XPS spectra of O 1s region of samples annealed at different RTA atmosphere

Here, we compare the O 1s region of the two samples with a special focus on V. The
XPS core level of O 1s peaks is shown in Figure 113 (the as-deposited sample is reported
in the previous section). For the two samples, it consists of two very close peaks; the Hf-
O and Zr-O bonds and the O-Hf-O and O-Zr-O bonds overlapped at 529-530 eV. For
the N, annealed sample, the oxygen vacancies (Vo) peak is observed at 532 eV, which
corresponds to the oxygen deficiency related to Hf and Zr sub-oxides. The Vi was found
9.2%, which represents an increase compared the as-deposited sample. While the O,
annealed samples has a higher Vo percentage of 20%. The bonded oxygen peak shifted

to lower binding energies, for both samples, compared to the as-deposited sample.

As a result, the N, atmosphere led to a lower Vo percentage, higher intensity of o/t peak,
and lower intensity of the monoclinic phase peak. Consequently, we used the N, as

annealing atmosphere for the next studies.

4.3.1.2 Annealing temperature

As a second parameter, the annealing temperature was varied from 400 to 650
°C, in two steps: the first one, at 400 and 650°C, and the second one, from 500 to 650
°C. the upper limit of annealing temperature was set at 650°C as higher reported
temperatures led to high leakage currents within films based on HfO, or ZrO,. At the
same time, the 400°C was the lower limit below the lowest annealing temperature
reported, at the time of conducting annealing. The impact of temperature on the
structural properties was investigated. The annealing time and film thickness was fixed

at 1 min under N, and 15 nm-HZO in stack, respectively.
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Figure 114 core-level XPS spectra and peak-fitting analysis of Ols
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Figure 114 shows the core-level XPS spectra and peak-fitting analysis of Ols.
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Figure 115 core-level XPS spectra and peak-fitting analysis of (left)Hf 4f and (right) Zr 3d

Figure 115 illustrates core-level XPS spectra and peak-fitting analysis of (left)Hf 4f
and (right) Zr 3d

It is worth to note that the constant position of the first Ols XPS peak (530.88 e¢V) in
hafnium oxide after annealing at 950 °C correlates with the constant position of the main
Hf 4f doublets after this annealing. It means that short ordering of Hf-O bonds in the

hafnium oxide varies a little upon the crystallization of this phase during annealing.

163



Chapter IV Optimization and characterization of HZO films and TilN electrodes

T T T 7 T T T T T

HZO W/O RTA
HZ0 30nmmn 400°C
HZ0 30nm 650°C
HZO0O monoclinic
HZO Orthorhombic| |
HZO Tetragonal

W Vit

TN
| [ o [ T
L 1 L 1 I A 1 L l 1 1 L
rr

27 30 26 39 42 45
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Three stacks based on 15 nm HZO were measured by XRD, as the patterns are illustrated
in Figure 116. The as-deposited HZO sample is amorphous. The 400 °C sample shows
no peak except the TiN peak at 30.8° while the 650°C crystallized into the o/t phase as
the peak appeared at 30.5°, no other peaks appeared corresponding to the absence of the
monoclinic phase. This result is in good agreement with the previous section. The XRD
pattern indicate the crystallization of HZO films appeared at a temperature of 650 °C,
since the fundamental peak of 0-(111)/t-(101) became intense. We can speculate that the
non-apparition of the latter, at 400°C is due to the annealing time, i.e., the thermal
budget is not enough. The 650 °C is only a starting point, at which the o/t peak appeared,
the in-situ XRD thermal annealing in the next section will investigate the minimal

annealing temperature for a longer annealing time.

As the orthorhombic phase is metastable, it might be highly sensitive to the annealing
temperature. So, we investigated the annealing temperatures lower than 650°C, with
steps of 50°C. the 2theta range was extended to 25-55° to observe all the appeared phases
after annealing. We performed the previous annealing process at 500, 550, 600 and 650
°C. For technical issues, we were in the obligation of using Jibelec furnace instead of the

Unitemp furnace used in the previous annealing process.
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Figure 117 XRD patterns of annealed HZO stacks at different temperatures, from 500 to 650°C

For the four samples, Figure 117 shows the XRD patterns for the thermally processed
15 nm thick HZO stacks at different temperatures. The four samples have a common
intense peaks of TiN electrodes at 36.8° and 42.1°. Our attention is focused on the 27-
31° and 50-52° ranges. The first one includes the monoclinic and the o/t phases’ peaks
while the second includes only the o/t phase. The as-deposited film is amorphous, which
represents the ideal starting point toward inducing ferroelectricity following the
subsequent rapid thermal annealing [8]. Moreover, the occurrence of three diffraction
peaks upon thermal annealing is revealed, indicating progressive HZO film crystallization.
Indeed, the XRD patterns show a major contribution from the orthorhombic/tetragonal
phases with a predominant broad diffraction peak around 26= 30.5°, corresponding to
the (111) and (101) reflections of the Pbc2; orthorhombic and P4snme tetragonal phases,
respectively. A diffraction peak with a smaller intensity also occurs around 26 = 51°,
corresponding to the (220) reflection of the Pbc2; orthorhombic phase. The third
diffraction peak observed at 26 = 28.6° is attributed the P2;c monoclinic phase through
the

(-111) reflection. The most intense monoclinic peak was found at 600°C, then the 500
°C, 650°C, and the 550°C. All three diffraction peaks appear at 500 °C, then increase
steadily in intensity up to 600 °C, and starts to slightly decrease at 650 °C.

These results show that the orthorhombic/tetragonal phases can be readily obtained by

the crystallization of an amorphous as-deposited HZO film. Although the monoclinic
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phase is also formed, the orthorhombic/tetragonal. The formation of the monoclinic in
these samples can be explained by the different annealing profile applied in the second
furnace as it the heat ramp increases in form of steps (15 seconds at 250°C and 15 seconds
450°C) to not exceed the desired annealing temperature because the heat ramp was not
controlled. Despite that, the effect of the orthorhombic phase inducing is well observed
as the same as the first furnace. This result led us to investigate the heat ramp rate in

the next section.

As a result, o/t-phases are expected to be predominant along the investigated range of
annealing temperature. The phase distribution is, however, dependent upon the annealing
temperature. Finally, after annealing all the samples crystallized into monoclinic and o/t
phases with difference between them but the higher orthorhombic/monoclinic ratio was
found at 650 °C. In the next section, we investigate the impact of annealing temperature
at 650°C.

4.3.1.3 Annealing time

The same samples as the previous sections were investigated in this section. RTA
was performed under N» atmosphere with a fixed heating rate of 120 °C.s* and constant
annealing temperature of T = 650 °C while the annealing time ¢, was varied between 10
s and 120 s. For the sake of precision, the as-deposited sample was deposited with each
study’ samples to assure the reproducibility of the depositions and its amorphous nature.

It allowed us to detect any anomaly during the deposition.
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Figure 118 XRD patterns of annealed HZO stacks at different annealing times
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The structural properties of the samples were investigated by XRD, as illustrated in
Figure 118. The diffraction patterns show amorphous films for the as-deposited film
and the 10-, 20-, and 30-seconds samples. The five samples show a common intense peaks
of TiN electrodes at 36.8°.

After an annealing time of 60-s, the (111)/ (101) peak appeared, and it is dominant. No
monoclinic peak appeared for the five samples. The origin of apparition o/t peak
apparition after 1 min annealing is unclear. Longer annealing times did not lead to the
increase of o/t peak’s intensity or the apparition of additional peaks (in shown here).

This is indication for the optimum annealing time for 1 min at 650 °C under No.

4.3.1.4 Other parameters:

After the investigation of the three RTA parameters (temperature, time, and
atmosphere), the change of furnace led us to the investigation of the possible effect of
heat ramp rate on the structural properties of annealed HZO. As we concluded that the
annealing steps leads to the formation of the monoclinic phase. In this this section we
investigate an RTA-related parameter and an HZO-related one: heat ramp rate and TiN

electrodes thickness.

4.3.1.4.1 Heat ramp rate

We have performed RTA under N, at 650 °C for 1min on three HZO-based MIM
stacks with the same thicknesses. The annealing of the three samples was performed with
three heat ramp rates: 5, 50, and 150 °C.sec’. Many studies reported a significant
influence of the heat ramp and cooling ramp rates on the structural and morphological
properties of the annealed films. In this part, the impact of the heat ramp rate could be
controlled and studied but the colling ramp rate was not controlled (fixed at -20 °C.sec”
I, from 1000 to 400°C, and -5 °C.sec’! from 400 to 100°C). unfortunately, only XRD
measurements were performed on the samples. So, we only focused on the appeared
phases as a hint on the ferroelectric properties to choose the optimal heat ramp rate for

the annealing step int this work.
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Figure 119 XRD patterns of annealed samples at different heat ramps

No noticeable change was observed in the XRD patterns for the three samples annealed
at 5, 50 and 120°C.sec! heat ramps. For the three samples, the same intensity peak
corresponding to the orthorhombic phase appeared, at 30.6°, after annealing at 650°C for
1 min under N,. Also, no monoclinic phase appeared for the three samples. The XRD
results, illustrated in Figure 119, confirmed that the orthorhombic phase is the

dominant with a high crystalline quality.

4.3.1.4.2TiN electrodes’ thicknesses

In addition to the RTA parameters, we studied another parameter, related to
the HZO stacks, suspected to impact the crystallization of HZO films during RTA
processing, the thickness of TiN electrodes. As a start, we performed RTA on
TiN/HZO/TiN stack with 50 nm thick TiN. The choice of 50 nm was based on
bibliographical study and reported studies. We obtained the ferroelectric structural
signature through the apparition of the orthorhombic phase. We looked to vary the TiN
thickness and study the possibility of optimizing the crystallization quality of HZO. We
studied the following thicknesses in annealed HZO stacks: 10, 25, 50, 100 and 200 nm.
The same thickness was used for top and bottom electrodes. The five samples were
annealed at 650 °C for 1 min under N, with 120 °C.sec’. The XRD patterns of the

samples, after annealing, are plotted in Figure 120.
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Figure 120 XRD patterns of annealed HZO stacks with different TiN thicknesses

It is noteworthy that all the samples were amorphous before annealing. The five samples
have a common intense peaks of TiN electrodes at 36.8°. the TiN electrodes were
amorphous for 10 and 25 nm thick electrodes. After annealing, the HZO films crystallized
into the o/t peak. The peak’s intensity decreased, from 200 to 50 nm, then it became

stable, from 50 to 10 nm. No monoclinic peak appeared around the o/t peak.

As a result, we can say that the crystallinity of TiN electrodes does not affect the
apparition of the orthorhombic phase or the monoclinic one. Unexpectedly, even at 10
nm thickness, the orthorhombic phase is induced. The reduction of TiN thickness can be
an economic and sustainable benefit. Besides, this unexpected result, at 10 nm, triggered
our attention to investigate the annealing of top electrode-free HZO stacks after

annealing later.

4.3.1.4.3 Thickness dependence

Another HZO stack-related parameter is investigated in this section: the
thickness of HZO layer. We wondered if the RTA parameters have the same effect on
HZO stacks with different thicknesses of HZO. The aim behind that was to have thicker
films of HZO with orthorhombic phase only. The thickness-limit of HZO orthorhombic
phase was reported to be around 25 nm. We varied HZO thickness from 8 to 66 nm
stacked between 50 nm TiN electrodes. The samples were annealed at 650°C for 1 min
under N,. We only investigated the effect on the structural properties using XRD. The

results of annealing are presented in XRD patterns in Figure 121.
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Figure 121 XRD patterns of annealed HZO stacks of different HZO thicknesses

Since the optimal thermal budget, to induce the orthorhombic phase, is unknown,
comparing the influence of RTA on HZO films with different thicknesses was challenging.
Additionally, similar thermal energy densities of the annealing will, so probably, not
correspond to similar annealing temperatures, because the amount of absorbed energy is
highly thickness dependent. Therefore, the following comparison of the different

thicknesses confirms or not the dependence of HZO thickness on the thermal budget.

The diffraction angle range was set to 25-40°. Clear diffraction peaks are visible in the
diffraction pattern of the annealed HZO films with a thickness of 23 nm and in addition
to the (111)/ (101) o/t peak as well as (-111) monoclinic peaks.

By taking the 23 nm sample as a reference, the intensity of the o/t peak is decreasing
with decreasing thickness, from 23 to 6 nm. For the 6 and 8 nm thicknesses, only the
(111)/ (101) peak appeared with a total absence of the monoclinic phase. The monoclinic
peak appeared with a low intensity for the 23 nm sample while its intensity increased
with the increasing thickness. The monoclinic phase is more present in the thicker films.

In addition, two small peaks appeared at 35.5° corresponding to orthorhombic phase.

The ratio of the intensities of the orthorhombic/monoclinic phases peaks decreased with
the increasing thickness suggesting that the RTA is thickness dependent. This result is
in good accordance with literature results. For a further analysis of the grain growth,

TEM studies would be necessary.

170



Chapter IV Optimization and characterization of HZO films and TilN electrodes

4.3.2 In-situ thermal annealing

The previous results strongly suggest the formation of the HZO orthorhombic
phase following rapid thermal annealing. However, the corresponding diffraction peak
observed around 26 = 30.4° might also refer to the tetragonal phase contribution. To
properly identify the respective contributions of the orthorhombic and tetragonal phases
to this diffraction peak, we used a second technique of thermal annealing coupled with
XRD equipment; in-situ XRD thermal annealing. The processing time of XRD
measurement at different temperature prevents the rapid effect of thermal annealing.

This measurement was performed at the LMGP Lab platforms by H.Roussel.

The aim of this kind of measurements is to conduct XRD measurement, in a chosen
range, while increasing the annealing measurement. It is considered as a thermal
annealing with heat ramp steps. The XRD measurement was conducted in the 30-33° in
order to focus on the induction of the orthorhombic phase. Besides, this range includes
a monoclinic signature too. The shortness of the range implies quick XRD measurements
and smaller impact on the heat ramp. The annealing temperature was set from 30 to 900
°C with XRD measurement, from 50°C, every 25°C. In this way, the diffraction angle-

temperature map was designed.

We performed this measurement on TiN/HZO/TiN stack with 22 and 50 nm thicknesses
of HZO and TiN electrodes, respectively. The HZO film was amorphous as deposited.
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Figure 122 XRD patterns of the TiN/HZO/TiN stack at different in situ thermal annealing
temperatures in the range of 30-900 °C under N, atmosphere during heating.

Figure 122 presents the XRD patterns plotted within a 2theta-annealing temperature
map for the annealed stack. The amorphous HZO films starts to crystallize at around

370 °C. Moreover, the occurrence of two distinct diffraction peaks upon thermal
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annealing is revealed and is likely related to the Pbc2; orthorhombic phase (111) and the
P4.nme tetragonal phase (111), respectively.
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Figure 123 XRD pattern extracted from the in-situ thermal annealing results.

More precisely, Figure 123 presents an XRD pattern extracted from Figure 122 at an
annealing temperature of 650 °C. It is shown that two well identified diffraction peaks
occur at 30.25° and 30.5°, which are attributed to the orthorhombic and tetragonal
phases, respectively. As strong evidence of the existence of the orthorhombic phase in
HZO film, this result allows us to access the monoclinic and orthorhombic/tetragonal
phase co-existence that is reported as being crucial for inducing ferroelectricity in HfO,
thin films [224], [225]. This result further suggests that the diffraction peak reported in
Figure 123 around 30.4° is the combination of two distinct peaks with a major
contribution of the orthorhombic phase as compared to the tetragonal phase, which is a
prerequisite to the occurrence of ferroelectricity in HZO films [226]. The existence of the
non-ferroelectric tetragonal phase is not detrimental since the ferroelectric behavior was
evidenced in HZO films, where the tetragonal and orthorhombic phases co-existed [227].
Figure 122 also shows that both the diffraction peaks related to the orthorhombic and
tetragonal phases pop up at 370°C, which likely represents the start of film

crystallization.

At this temperature, the HZO crystallite formation process with the metastable
orthorhombic/tetragonal phases begins. However, the Curie temperature of ferroelectric
HfO, is believed to be in the range of 400-500 °C [228]. It will be investigated in the next
chapter. The onset of the crystallization of the orthorhombic phase at lower temperature

might be explained by the presence of Zr since ZrO- has a lower Curie temperature [35].
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As the annealing temperature increases beyond 370 °C, the intensity of both peaks

remains stable up to 900 °C, suggesting that no transition to the monoclinic phase occurs.

Figure 124 shows the evolution of the XRD pattern during cooling down of the same
stack from 900 °C to room temperature. It can be seen that the two diffraction peaks
related to the orthorhombic and tetragonal phases persist down to room temperature
with only a small decrease in intensity. This stability suggests that the orthorhombic
phase does not disappear during cooling down and that no phase transition to the

monoclinic phase is observed.
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Figure 124 XRD patterns of the TiN/ HZO/TiN stack at different in situ thermal annealing
temperatures in the range of 30-900 °C under N, atmosphere during cooling down.

In summary, the in situ XRD analysis of the crystallization process of the 22 nm thick
HZO film upon thermal annealing under a nitrogen atmosphere exhibits three interesting
results. First, the amorphous HZO film starts to crystallize in the
orthorhombic/tetragonal phases at a low annealing temperature of 370 °C. The
intensities of the corresponding diffraction peaks do not show any noticeable increase up
to 900 °C. Second, the orthorhombic related diffraction peak persists during the cooling
down to room temperature. Third, the crystallization of HZO films in the orthorhombic
phase can be achieved through a standard thermal annealing process, whereas most of
the results reported on the crystallization of HfOs-based materials show that rapid
thermal annealing [221], [230], [231] must be used in order to stabilize the orthorhombic
phase.
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4.3.2.1 Thermal annealing of top-electrode free HZO stacks

In the section, the orthorhombic phase appeared at different thicknesses of
electrodes, from 10 to 200 nm. This result triggered our attention to study the case of
top electrode-free HZO stacks in both RTA and in situ thermal annealing. We fabricated
the same stack as the previous section with one exception: top electrode removal. The
sample was annealed at 650°C for 1 min under N, and the structural properties were
characterized by XRD. The HZO thickness was 15 nm.

The top electrode-free HZO stack shows unexpected result, as illustrated in Figure 125.
The amorphous sample was amorphous before conduction RTA processing. No
monoclinic peak is observed after annealing. The orthorhombic phase is present after
annealing. The orthorhombic peak is broad which means lower crystallization quality

compared to the HZO stack with top electrode.

This result implies that the inducing of the orthorhombic phase is not dependent on the
existence of a top electrode, but the latter helps enhancing the crystallization quality of

HZO films during annealing.
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Figure 125 XRD patterns of HZO stacks annealed with different TiN thicknesses

To have more insights about this result, we conducted an in-situ XRD thermal annealing
on a 44 nm HZO stack without a top electrode. The same conditions as the previous in

situ thermal annealing were applied. The results are plotted in Figure 126.
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Figure 126 XRD patterns of the TiN/ HZO stack at different in situ thermal annealing temperatures
in the range of 30-900 °C under N, atmosphere during heating up

The heat map shows a weak intensity peak of the orthorhombic phase appeared around

400°C. the same peak reached it maximum at 725°C then its intensity decreased at higher

temperatures.

The heat map, during the cooling phase, is plotted in Figure 127. It shows a stable
intensity of the orthorhombic phase around 30.4°. this implies that the induced

orthorhombic phase without a top electrode is stable as the temperature decreased

naturally.
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Figure 127 XRD patterns of the TiN/ HZO stack at different in situ thermal annealing temperatures

in the range of 900-30 °C under N, atmosphere during cooling down
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As a result of comparing this result with the full HZO stack, we can deduce that the
apparition of the orthorhombic phase is top electrode-independent despite the low
intensity o-peak in the top electrode-free stack. The electrode parameters such as the
material, the thickness or the texture can optimize the orthorhombic phase. This result
can be a trigger for deeper investigations of the effect of RTA conditions on top

electrode-free stacks.

4.3.3 Discussion

Before investigating the structural changes during the rapid annealing processing,
the thickness, density, and roughness were measured before and after annealing for one
stack. No noticeable variations were recorded for thickness and density except for the

roughness, which changed slightly as it is related to the surface.

The XRD data of HZO films deposited at various annealing temperatures are presented
in Figure 116. After annealing at below 500 °C for one minute, no obvious diffraction
peaks were detected, which indicates that at a relatively low temperature, the annealed
film is still in an amorphous state. This is consistent with the reported values in literature
[12], [232]. As the temperature increased at 650 °C, obvious diffraction peaks appeared,
and all peaks corresponded to the orthorhombic phase of HZO compared with the
reference PDF. The phase transition of the film occurred at 650 °C for the 30 nm thick
HZO film. Thinner film of 15 nm was annealed in another furnace at lower temperatures
than 650 °C, as presented in Figure 117. The diffraction peaks at 500 °C corresponded
to the monoclinic and orthorhombic phases of HZO. The XRD analysis shows that with
the increase in temperature, the diffraction peak position of the sample obviously moves
to a small angle, revealing the existence of compression stress inside the sample. The
crystallite size was calculated using the Scherrer formula and found at around 8 nm. The
apparition of the monoclinic phase is related to the step-annealing behaviour in the

furnace.

Here, it is noteworthy that the heating ramp variation revealed that it has an
insignificant impact on the induction of the o-phase whereas the annealing in steps tends
to favour the crystallization into the monoclinic phase, as shown in Figure 119. The effect
of cooling rate was not studied here. Further studies might reveal its influence. B.Ku et
al. reported that a dramatic increase in the polarization was found in the case of rapid

quenching in controlled cooling for ferroelectric Al-doped HfO, [233].
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The XPS data showed that the oxygen annealing atmosphere induces more oxygen
vacancies compared to the N, annealing atmosphere at the same temperature as shown
in Figure 113. Besides, the XRD data, plotted in Figure 112, revealed that the N,
atmosphere favoured the dominance of the o-phase over the monoclinic phase compared
to the O, atmosphere in which equal fractions of o- and m-phases are induced. We recall

that for ALD-deposited hafnia ferroelectrics, the oxygen annealing atmosphere

Another important finding is the apparition of the o-phase even without capping layer
during the annealing or we can call it “the post-deposition annealing”. The rapid thermal
annealing was performed under N, atmosphere at 650°C for 1 min. The in-situ thermal
annealing confirmed the RTA result for HZO sample annealed to 900°C and cooled down
to room temperature. The intensity of the o-phase was weaker compared to the post-
metallization annealing sample. This finding confirms the role of capping layer to improve
the crystallization into the o-phase. Different results between post-deposition and post-
metallization annealing have been reported before for Si-doped HfO, [234]. The difference
occurs due to ted to either the incorporation or removal of oxygen from the capacitor
stack during the annealing step, depending on whether a top electrode was present.
Before the discovery of ferroelectricity in HZO, Triyoso et al. that the capping of HZO
increases the dielectric constant significantly regardless of the film composition [90]. This
is consistent with our structural results as the films without the capping layer are less
crystallized compared to the capped ones. We speculate that future studies on the

annealing pressure can replace the capping effect during annealing.

Increasing the TiN top electrode thickness led to the same result about the crystallization
of HZO film into o-phase, which means that the thickness of the top electrode or its
crystalline nature have insignificant over the structural signature of ferroelectricity. The

electrical properties are to be checked in future studies.

4.3.4 Conclusion

In this work, the chemical composition, and structural properties of HZO single
target sputtered thin films were studied to investigate their ferroelectric behaviour. The
influence of the annealing time, annealing temperature, and annealing atmosphere on the
structural properties of HZO thin films deposited on TiN during RTA was studied. A

complex interplay between the roughness, oxygen vacancies as well as variations in the

177



Chapter IV Optimization and characterization of HZO films and TilN electrodes

thicknesses of electrodes and HZO layer were found and their impact on the induction of

the orthorhombic phases was discussed.

The following conclusions can be drawn: First, the rapid annealing does not change the
thickness or the density of the stack except for the roughness that increased during RTA.
The orthorhombic phase induction occurs at about 500 °C for an annealing time of at

least 60 s and a film thickness of 15 nm.

Second, a film thickness of less than 25 nm seems to be the optimum thickness for the
formation of the orthorhombic phase with a dominance over the monoclinic phase.

Thicker films result in an important formation of the monoclinic phase.

Third, the required annealing conditions to achieve a high fraction of the orthorhombic
phase is related to other parameters than the three RTA parameters such as the heat
ramp and top electrode thickness. Additional parameters, such as the cooling rate and

annealing pressure might have more influence.

Finally, the structural signature of ferroelectric HZO, i.e., the orthorhombic phase, was
evidenced by GIXRD on HZO films exposed to rapid thermal annealing and, more
interestingly, also on HZO films exposed to slow and dynamic thermal annealing at
temperatures ramped from 370 to 900°C under an N, atmosphere. Indeed, in situ XRD
analysis performed during the increase in temperature showed the apparition of the HZO
orthorhombic phase at 370 °C that persisted up to 900 °C and also during cooling down

to room temperature.

4.4 TEM-ASTAR: Crystallographic phase and orientation
mapping of ferroelectric HZO

4.4.1 Introduction

To solve the confusion between orthorhombic and tetragonal phase, we used
automated crystal phase and orientation mapping with precession (ASTAR) technique
in TEM. This technique was rarely reported to be used for ferroelectric HfO, except one
paper and two conference posters with a similar technique, [240]-[242], due to the

complexity of the technique. No HZO paper has been reported using this technique.
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It is believed that the ferroelectricity in HZO originates from the o-phase which is a
metastable phase. It can coexist with different phases such as monoclinic and tetragonal
phases. This coexistence can be impacted by dopants, deposition parameters and post-
deposition annealing parameters. The monoclinic and tetragonal phases have an inversion
center which prevents ferroelectricity. However, the local orientation of the HZO grains
as well as their crystallographic phase is of high importance to confirm, with precision,
the ferroelectric behavior as well as its associated piezoelectric and pyroelectric

properties.

In this part, the morphological and structural properties of HZO stack were carefully
investigated by TEM as well as GIXRD measurements. A special emphasis was made to
reveal and map the different phases of HZO at the nanoscale by using high-resolution
TEM (HRTEM). The primary purpose of this approach is to reveal and map the

crystalline phases and their local orientations in HZO films.

We took XRD reference patterns of the three phases of HZO: monoclinic P2;/c,
tetragonal P4;/nme, and orthorhombic Pca2;, and cubic Fm3m TiN reference. The

reference patterns are presented in Table 12.

Table 12 XRD reference patterns of TiN, HZO, and Pt phases

Material Phase PDF reference
TiN Cubic 00-038-1420
HZO Monoclinic 00-034-0104

Tetragonal 04-002-2773
Orthorhombic  01-083-0808
Pt Cubic 00-004-0802

We investigated three samples of 15 nm sputtered HZO films. The electrodes thicknesses
were varied from 25, 50, to 100 nm. After TiN top electrode deposition, the samples were

annealed at 650°C for 1 min under N, using a rapid thermal annealing process.

Before the sample preparation for TEM, we conducted GIXRD to have a first idea about
the existent phases. For the GIXRD scan, a X’Pert Pro Panalytical XRD system was
used, collecting patterns in a range between 25 and 40 at a fixed incident angle of 1. The
three samples showed the same orthorhombic phase and no apparition of the monoclinic
phase. Figure 128 shows the GIXRD pattern for the 25 nm sample (the two others are

not presented here).
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Figure 128 GIXRD pattern of TiN/HZO/TiN stack used for the ASTAR characterization, after
annealing at 650 °C under N»

No monoclinic phase appeared after annealing, as presented in Figure 128. Only the
orthorhombic peak of HZO and the cubic peak of TiN appeared at 30.5° and 36.8°,
respectively. A small peak appeared around 35.4° corresponding to the orthorhombic

phase too.

A first information about HZO crystallization is the existence of the orthorhombic phase
dominantly. The other phases did not appear and might appear with minor fractions if

longer XRD scan would be conducted.

To check this information thoroughly, we conducted the ASTAR measurements on the
TiN/HZO/TiN stack, with 25/15/25 nm thicknesses at LMGP lab by V. Consonni and

L. Rapenne.

TEM specimens were prepared in cross-section by tripod polishing followed by argon
milling by G. Levefre at LTM Lab. TEM and HRTEM images were recorded with a Jeol
2010 microscope operating at 200 kV with a 0.19 nm point-to-point resolution. The Jeol
2100F FEG microscope was further equipped with ASTAR that is a TEM-based
experiment allowing crystalline phase and orientation mapping through automated
precessed electron diffraction pattern indexing. The precession angle used in the
experiments was 1.16°. The diffraction patterns were acquired at a rate of 100 frames per

second with a step size of 1 nm, leading to a total acquisition time of 25 min per map.
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Figure 129 Cross sectional TEM image of TiN/HZO/TiN stack with 100/15/100 nm

After specimens’ preparation, the first cross sectional TEM images revealed that the 100
nm TiN sample contained an adhesion problem between HZO and TiN top electrode.
This led to the debonding of TiN top electrode from the HZO layer as can be seen in

Figure 129. This sample was an exception.

The TEM and HR-TEM images of the 25 nm sample revealed that the sample electrodes
and HZO layer are well adhered and crystallized. The cross-sectional images are

presented in Figure 130.

Figure 130 (left) cross sectional TEM and (right) HRTEM images of TiN/HZO/TiN stack with
25/15/25 nm thicknesses.
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The TEM image allowed to confirm the thicknesses of the deposited electrodes and HZO
layer. Besides, we can see that the layers were uniformly deposited. In good agreement

with XRD results, the three layers are crystallized as can be observed in HRTEM image.

For the specimen of 25 nm sample, we conducted ASTAR measurements on three
different zones of crystallized HZO in order to correlate with XRD results and confirm
the mapping and the dominance of the orthorhombic phase. We started by the FFT
diffraction patterns of TEM images in the three zones as the following figures show. The
FFT allows to know the d-spacing from the diffraction pattern. The FFT is the first
demonstration of the crystallographic phases. The three HZO phases, targeted here,

monoclinic, orthorhombic, and tetragonal, have different d-spacing values.

Figure 131 (left) Cross sectional TEM image of the first zone of investigation, in the white
square (right) The Fast Fourier Transform (FFT) of the stack TEM image. the growth of the
planes (111) along the direction of HZO is indicated.

For the first zone, in Figure 131, the cross-sectional TEM image and FF'T patterns reveal
the planar d-spacing of two distinct phases: the monoclinic phase around 2.6 A and the
orthorhombic phase around 3 A. These values were contributed by checking in the PDF
XRD reference and literature [243], [244]. Here, three planar d-spacing values are
observed di, d2, and ds. The values of dyand dsare very close. They correspond to intense
orthorhombic phase while the intensity of the monoclinic phase is weak as can been seen

in the figure with ds value around 2.55 A.

This result is in good agreement with the diffraction results, depicting significant peak
of orthorhombic phase while the monoclinic phase did not appear due to the very low

intensity of the peak.
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Figure 132 (left) Cross sectional TEM image of the second zone of investigation, in the white square

(right) The Fast Fourier Transform (FFT) of the stack TEM image. the growth of the planes (111)
along the direction of HZO is indicated.

For the second investigated zone, as can been seen in the white square in Figure 132,

two d-spacing values are found in FFT: d; and d.. Both correspond to the orthorhombic

phase and no monoclinic phase is detected in this zone.

Figure 133 (left) Cross sectional TEM image of the first zone of investigation, in the white square

(right) The Fast Fourier Transform (FFT) of the stack TEM image. The growth of the planes (111)
along the direction of HZO is indicated.
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For the third zone, a low intense diffraction is seen, which corresponds to dzaround 5 A
and a more intense d; around 2.55 A. The latter corresponds to the monoclinic phase
while d» corresponds to the orthorhombic phase (100) [245].

For the three zones, we can see that the orthorhombic phase is dominant in the three
different zones. This result confirms the information obtained by XRD but with more
precision and certainty. The monoclinic phase appeared in two zones with very low
intensity of FFT patterns suggesting that longer time in XRD measurement might reveal
the low intensity peak of the monoclinic phase. At this stage, no sign of the tetragonal

phase was observed.

4.4.2 ASTAR phase mapping

A significant disadvantage to statistically examining the structural characteristics
of the HZO is the intrinsic spatial localization of HRTEM imaging at the nanometer
scale. To address that issue, the maps of the crystalline phase and orientations of HZO
phases are presented in the following figures, in three different zones, from ASTAR

measurements.

This method involves precessed and simultaneous scanning of the target area with a few
nanometer-sized incident electron beam. A recorded electron diffraction pattern is
compared with the entire collection of predicted diffraction patterns at each point. These
so-called templates are calculated for all conceivable orientations as well as for all
anticipated crystalline phases. Crystalline phase and orientation can be determined by
identifying the experimental electron diffraction patterns and templates that match them
the best. Precession often reduces the effects of dynamics while improving the indexing

quality.

As a reminder, our focus in this study is the crystalline phases of HZO despite that the
results include TiN and Pt. For all the three zones, the Pt is green, and some zones are
brighter indicating high crystallinity. Additional hints about TiN are obtained. The TiN
electrode are shown in red which is in good accordance with the template of cubic phase
of TiN. No other phase is detected. The result confirms the XRD results reported in the
previous chapter. Uncolored locations are rare corresponding to phases not matching

with the templates.

For HZO layer, we used two templates for the monoclinic, and orthorhombic phases with
the yellow and blue colors, respectively. In the first zone, the dominant color is the blue
corresponding to the dominance of the orthorhombic phase. A typical electron diffraction

pattern of HZO recorded on the corresponding map, is shown in Figure 134.

The first zone
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Figure 134 ASTAR map representing the crystalline phases of a HZO and TiN. The colors of TiN,
HZ0O and Pt are shown in Table 2. The inset is a typical electron diffraction pattern of HZO recorded
on the corresponding map, as indicated by the blue arrow. The templates that correspond to the most
probable solution (i.e., the best match) are represented by blue open circles.

The presence of the monoclinic phase is very weak, as can be seen in the yellow color in
the map. Some black void locations can be attributed to the tetragonal phase. By having
different colors with varying brightness, this map shows the polycrystalline nature of

HZO after annealing. The TiN electrodes are crystallized too.

Table 13 the color code for the mapping

Orthorhombic HZO

monoclinic HZO
Cubic TiN
Pt

Amorphous

1
r &

50 nm
S

Figure 135 ASTAR map representing the crystalline phases of a HZO and TN. The colors of TiN,
HZO and Pt are shown in Table 2. The inset is a typical electron diffraction pattern of HZO recorded
on the corresponding map, as indicated by the blue arrow. The templates that correspond to the most
probable solution (i.e., the best match) are represented by blue open circles
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Compared to the first zone, no noticeable changes can be observed for the second zone,
as indicated in Figure 135. The orthorhombic phase is dominant in the HZO layer with
a monoclinic phase minority. The uncolored locations are more existent in the interfaces.
Further studies can be dedicated to the interfaces to have better insights about their

role.

Despite the polycrystalline nature of HZO, the grain size is small compared to TiN grain
size as can be seen. This observation is confirmed by the grain size calculations by

Scherrer’s formula, reported in Chapter 4, found at around 8 nm.

The grayscale map overlaid on the colored scale map in Figure 135 shows the degree of
reliability, with the brighter parts corresponding to the better matches. Figure 135
provides instances of how the chosen templates and the diffraction patterns typically
match. In HZO films, the orthorhombic crystalline phase existence is therefore
unmistakably demonstrated by ASTAR. Furthermore, the orientation map of the HZO
phases is presented in Figure 137.

4.4.3 Orientation maps:

The first zone:

By plotting the value of the correlation index for the succession of the electron diffraction

patterns at each point, the gray scale map shown in Figure 136 was reconstructed [246].

Figure 136 Reconstructed correlation index map

The orientation maps along the X, Y, and Z orientations, for the first zone, are shown
in Figure 137. Starting by the TiN layers, we can see that the (100) orientation is the
dominant one for the bottom electrode while the orientations within the top electrode

are more distributed.

Here, we report the orientation map of the HZO and TiN layers. For the three zones, the
same triangular color code, presented in Figure 138, is used, for both orthorhombic
HZO and cubic TiN cases.
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For the HZO layer, no color is dominating which indicates that no orientation is
dominant. We can see the HZO layer divided into 4 major color representing close
locations with the same orientations according to the YZ plan. This diversity is due to
the large width of the scan. Focusing on narrow zones can lead to finding dominating

orientations in some locations.

Figure 137 ASTAR crystallographic orientation phase maps of
TiN/HZO/TiN/Pt along the three different orientations (a) X orientation

(¢) Z Orientation

The (001) TiN is the dominant for the bottom electrode, and it is more orientated
compared of the YZ plan. The XZ plan indicates more (100) orientation for the HZO
layer. For the XY plan, The HZO layer is composed of some regions with the same
orientation. the dominant orientations appeared in the HZO layer in the XY plan are
(001) and (010).
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(111)

(010)

(001) (101)

Figure 138 The triangular color code depicts the crystalline directions exhibited for the
corresponding plane for both HZO and TiN. The color codes for HZO and TiN.
The second zone:

The orientation maps recorded for the second zone are illustrated in Figure 139. The
orientation maps of the TiN bottom electrode, in the three planes xy, yz, and xz, indicate
the dominance of the (100) orientation. Despite the same thickness of the top and bottom
electrodes of TiN, the texture is different as the BE TiN was grown on Si and the TE
TiN on HZO. The BE is more homogenous compared to the TE for the three planes.

Crystallographic orientation phase
maps of TiN/HZO/TiN for three
different  orientations (a) X

Figure 139 Virtual BF image,
Reconstructed correlation index

map . .
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(b) Y Orientation (c¢) Z Orientation
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Moreover, the random orientation of HZO grains is an indication of the lack of any

texture for the three planes.
The third zone:

The orientations maps of the third investigated zone are shown in Figure 140.

f

% . "
B0 nm '
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Figure 140 Virtual BF image, Crystallographic orientation phase
Reconstructed correlation index maps of TiN/HZO/TiN for three
map different  orientations (a) X

orientation

(b) Y Orientation (¢) Z Orientation

The three zones confirm the dominance of the orthorhombic phase overall the HZO layer.

The small grain size is in good agreement with the XRD results.

4.4.4 Discussion

Through the obtained results, the ASTAR technique confirms, locally and with
accuracy, the dominance of the orthorhombic phase within HZO layer in three different
zones. The ASTAR results are complementary to the XRD, TEM, and FFT results.

Insights about TiN electrodes are found also.

The 25nm-TiN/15nm-HZO/TiN sample indicates the role of RTA in HZO crystallization.
First, the latter is observed XRD patterns where the o-phase appeared as dominant in
the scan range. Second, the high crystallinity is well appeared in HRTEM cross-sectional
images of three zones, and FFT patterns revealing d-spacing values corresponding to a

major contribution of the o-phase with a minor contribution of the monoclinic phase.
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The tetragonal phase was not present in the HZO film despite its polycrystalline nature.
This is a first proof of the lack of confusion between the tetragonal and orthorhombic
phase. Further simulations can be launched to support this result. The XRD and TEM

results indicate the crystallization of TiN electrodes into dominant cubic phase.

Three zones were investigated, using TEM, to have confirmed result along the sample.
For all of them, the o-phase was dominant, and, unlike the XRD, the monoclinic phase
appeared with weak intensity. The d-spacing values represent an indicator of the o-phase

too.

The phase mapping, in different zones, reveal the dominance of the o-phase for HZO, as
can be seen in the blue color. The varied brightness reflects the different degrees of
crystallinity in each zone. Despite having one dominant phase, HZO layer is not bright
as the highly crystalline TiN. This can be explained by the small size of HZO crystallites.
The monoclinic phase presence, in yellow, is very low, which is in full agreement with
XRD and FFT results. The absence of tetragonal phase, even in phase maps, confirm
the previous revelations. No major difference can be observed in the three zones for the
phase maps. This is an indicator of the accuracy of the ASTAR technique and the same
crystallization of HZO along the sample width. A visual observation of the phase maps
allows the observation of majority small-size grains, in total agreement with the values
obtained from XRD patterns using Scherrer’s formula. The small-size grains prevent the
formation of the monoclinic phase as reported by HJ. Kim et al.[111], it is in good
agreement with the predictions reported by density functional theory (DFT) calculations
of surface energy thermodynamical model for HZO films [247].

One can speculate that studying the impact of sputtering parameters on the grain size
can lead to important discoveries of ferroelectricity in sputtered HZO films. The obtained
grain size, around 8 nm, are lower than the reported values in literature, which are
between 10 and 30 nm [111], [240], [248]. This can explain the low polarization value
obtained in P-E measurements suggesting that a range of grain size is favorable to obtain
high polarization. This was studied theoretically by Materlik et al.[247]. MH.Park et al.
proposed a kinetic model for the emergence of o-phase in HZO films [249], in which they
proposed that the transition to the m-phase was kinetically improved at high RTA
temperatures (>700 °C), however the stability of the m-phase decreased
thermodynamically at high temperatures. We recall that the ASTAR sample was
annealed at 650 °C, which is considered as high temperature. The ASTAR phase mapping
of the annealed HZO sample, at 650 °C, indicates that no transition to the monoclinic
phase occurred at this RTA temperature, which is in partial agreement with the decrease

of monoclinic phase stability at high RTA temperatures. The disagreement with the
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suggested kinetic model might be due to the difference in HZO layer and electrodes
thickness, suggesting that their model is thickness dependent.

The ASTAR measurement are supported by previous structural results and electrical
characterizations in the following parts. Yet, the ASTAR has the advantage of local and
accurate precision of the phase distribution. Using image processing of the ASTAR maps,
we found the HZO layer is consisted of 97 % of o-phase, 0.9% monoclinic phase, and
2.1% unidentified phase.

The XZ plane represents the HZO layer's out-of-plane directions. It has no distinct
texture, as the same as the XY and YZ planes. As a result, most grains are randomly
orientated with no out-of-plane or in-plane texutre. One can speculate that the 25 nm
thickness of electrodes is not enough to apply stress on HZO layer during deposition or
annealing. This lack of in-plane texture can be an explanation of the relatively weak
polarization obtained in P-E measurements compared to in-plane textured HfO»-based
ferroelectrics [240]. Because the [001] axis is like the polarization axis, it would be closely
aligned with the in-plane direction, the sample would have a low remanent polarization
due to the randomly oriented grains. We recall that this sample is in the pristine state.

The wake-up might enhance the polarization as reported [250].

The TiN texture is another important factor of ferroelectricity for HZO as reported by
Athle et al.[172] where (111) TiN sample had very large polarization compared to the
(200) textured sample. In our case, it has a strong out-of-plane texture, and most grains
are orientated with the [001] axis pointing out-of plane. Some regions have also in-plane
texture for the xy and yz planes. This texture occurred due to the stress applied on the

bottom electrode during deposition and RTA.

These results are very well correlated with the reported results in the previous chapter
such as XPS for Hf: Zr ratio and XRD for crystallization. The dominance of the o-phase

is confirmed in the following parts by electrical measurements.

4.4.5 Conclusion
In conclusion, the ASTAR technique has been used for the first time on
TiN/HZO/TiN in the aim of quantifying the appearing phases after annealing. Besides,

the results can be confirming the first insights about ferroelectricity by other techniques.

It has been shown that the ASTAR approach makes it possible to determine the phase
fraction of HZO with great precision and accuracy. Additionally, we can examine the
texture of the HZO layer thanks to the determination of the crystallographic orientation

of individual grains. The ferroelectric orthorhombic phase is observed to exist across the
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complete range of grain sizes, but the monoclinic phase is only present in a tiny
percentage of grains (0.9%) in a HZO thin film. This is consistent with hypotheses based
on HZO thermodynamic and kinetic properties. The polycrystalline film also exhibited
no out-of-plane texture while the TiN bottom electrode is textured in [001] direction

while the top electrode has no texture.

Further studies and calculations can quantify the orthorhombic phase compared to the
other phases, and also the phases orientation. This result is a reference for the future

studies to enhance the ferroelectricity within HZO films deposited by sputtering.
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5.1 Copper impurities in HZO sputtering
5.1.1 Introduction

After the optimization of HZO sputtering, structural hints of ferroelectricity were
observed in XRD patterns via the apparition of the orthorhombic phase in the annealed
films. Unexpectedly, electrical measurements of the HZO-based MIM stacks showed a
high leakage current in most of the capacitors. The aim of this part is to illustrate the
reason behind the lossy capacitors found in electrical measurements, which resulted in

many unfinished studies for their electrical part.

We conducted XPS measurements on some of the samples with lossy capacitors and we
found an unexpected result. XPS results indicated the apparition of copper (Cu) in some
samples. First, we suspected the metallic support of the substrate holder and we removed
it. Despite that, the copper apparition persisted. Finally, we found that a part of the
target’s backing plate was exposed to plasma during deposition. The backing plate is
made of oxygen-free copper due to its good electrical and thermal properties. The
incorporation of copper in HZO films caused a leaky behavior of the capacitors. The

exposition of the copper backing plate occurred due to the bad installation of the HZO
target.

Intensity (arb.units)

L 1 " |
927 930 933
Binding Energy (eV)

Figure 141 XPS of copper in HZO sputtered films

The Cu peak that appeared in XPS, as illustrated in Figure 141, has a low intensity
compared to the other expected elements (Hf, Zr, O, and C). in the case of reactive

sputtering of HZO, copper oxide is formed within the films because of the oxidation of

the copper with the oxygen.
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Figure 142 XPS depth profile of Hf, Zr, and Cu in HZO sputtered films.

Despite the low concentration of copper, it impacted the electrical properties of HZO.
No copper-doped HZO films have been previously reported but we can find in literature
copped-doped zirconium oxide [235]-[238]. Hafnium oxide has been reported as a barrier
against copper diffusion [239]. The copper concentration, in angular resolution, is shown
in Figure 142 next to Hf and Zr. The atomic percentage of copper within HZO films is
about 2 %.

5.1.2 Discussion
Copper impurities are undesirable inside the sputtering chamber. There was no

obvious origin of these impurities.

We suspected Cu impurities left in the chamber from a previous deposition of copper
inside the chamber. This possibility was eliminated due to: First, the fact that the
pumping system is working very well, and no other elements deposited before having
been detected in XPS survey. Second, no copper has been deposited in the same chamber
before HZO deposition.

The second possibility was the metallic support of the substrate holder. We eliminated
this possibility by removing the metallic support and the problem persisted.

Finally, we suspected the backing plate as it is the only part made of copper inside the
chamber. We found an exposed part of the backing plate impacted by the plasma, as can
be seen in Figure 143. The erosion zone is very close to the edges and possibly, during
the deposition, the plasma impacted the backing plate. Contrary to the other targets,
the backing plate’s color is different for one edge compared to the other edges, for the

HZO target. As shown in Figure 143, the upper edge of the backing plate is the origin
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of the copper impurities, as it is more exposed than the lower edge. Covering the backing
plate edges led the elimination of the copper impurities and the electrical measurements

confirmed that.

EDX and TEM measurements showed no copper impurities. Only the XPS could detect
the low concentration of copper. Copper-doped zirconium oxide can be crystallized into
monoclinic phase. The monoclinic peak in XRD patterns is different from those of HZO,

s0, no confusion for HZO XRD peaks, can occur due to the copper impurities.

Figure 143 (left) Schematic cross section of facing target sputtering system used for HZO sputtering

(right) picture of HZO sputtering.

Despite that the Ar ions attacked the center of the target’s surface more than the edges,
the lower concentration of copper influenced the electrical properties of HZO, especially
after annealing. As Figure 142 illustrates, the low concentration of copper can impact
the properties of HZO. For Cu-dopped ZrO, films, Cu doping was studied from 0 to 8%
by N.Yao et al.[237]. It was reported that increasing the Cu doping improved the

conductivity of the films.

5.1.3 Conclusion
Experimental investigation of sputtering parameters can be often misled by

unconventional factors. In our case, we struggled with two main factors:

e The very short time of chamber availability for HZO deposition due to the
technical issues.

e The copper impurities.

The copper impurities can be a solid motif to use circular targets instead of rectangular
targets. This phenomenon of copper incorporation within HZO films can be interesting

as a study of HZO doping. The high conductivity of Cu-HZO films suggests that it can

[t
)
~J
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be a candidate for transparent electrodes. In the next parts, the investigated HZO films

are copper-free.

5.2 Electrical characterizations of HZO-based MIM capacitors
5.2.1 Introduction

The electrical characterization represents the second side of this thesis. It has been
used to check the successful fabrication process of MIM capacitors, including the etching
step, via the dielectric properties of the capacitors and to confirm if the sputtered HZO
films are indeed ferroelectric. This confirmation is correlated with the structural hints,

and signatures of the ferroelectric orthorhombic phase.

Before measuring the polarization via P-E, we conducted impedance, leakage current and

capacitance measurements to have insights about the dielectric properties of HZO.
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Figure 144 Impedance and phase angle versus frequency of TiN/HZO/TiN stack performed with
Hioki IM3570

The analysis of the results for the TiN/HZO/TiN shown in Figure 144 exhibited a
negative slope of the impedance as the frequency increased. In addition, a constant phase
angle, determined by the voltage to current phase, at -90° was obtained in the 10-100
kHz frequency range. This behaviour of the impedance characteristic corresponds to a

capacitive behavior of the device under test.

In the studied device, corresponding to Figure 144, a similar behavior was observed,
which is repeated for all HZO samples. The presented impedance characteristic in Figure
144 can be obtained with the equivalent circuit given in Figure 145. In the proposed
electrical circuit, a dielectric is assumed to be a perfect insulator and so only has a
capacitance C,. However, in dielectrics, there is always some limited conductivity, which

necessitates the addition of a resistance R,, in parallel with the capacitance. Furthermore,

198



Chapter V Electrical characterizations of HZO-based MIM capacitors.

additional resistance in series to this RC element is frequently encountered in practice.
Non-ideal electrodes, electrode interfaces, or non-compensated (contact) resistances in

the circuit are the reason behind Rg, which is typically several orders of magnitude lower
than R,.

C
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Figure 145 The equivalent circuit of TiN/HZO/TiN

The equivalent circuit is very basic. Further studies are needed to determine the complex

equivalent circuit accurately, in accordance with TEM images.

The electrical measurements have been conducted on two kinds of samples, to check the
necessity of top electrode during annealing: TiN/HZO/TiN stacks annealed after TiN
TE deposition and before TE deposition. For XRD results, both kinds show an o-phase

presence after annealing, with higher intensity with TE presence during annealing.

5.2.2 With capping layer during RTA
103 = T T T T T T T 3

—
<
-
T
o]
|

H
[er]
T
O
o
RN

=
=]
&
)
Q,
|

/O/
\O

—
o=}
T
o
Q.
1

10® 3 Q =

leakage current density (A.cm™)
e
~N

10—9 1 M 1 " 1 M 1 " 1 " 1 L 1
1,5 -1,0 -0,5 0,0 0.5 1,0 1,5

Electric field (MV /cm)
Figure 146 Leakage current density versus electric field for 15 nm HZO
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First, we conducted leakage measurements on 15 nm HZO stack annealed at 650 °C for

1 min.

Leakage current measurements indicate current densities in the order of 10* A.cm™
at 1.5 MV.cm?, falling within the range of values typically reported in literature for
sputtered ferroelectric HZO [124], [232]. Though, it should be highlighted that samples,
with few copper impurities, exhibit very high leakage. The leakage measurements were
affirmative of the dielectric nature of HZO films. The leakage current density of the 15
nm HZO sample is plotted in Figure 146.

The I-V characteristics were determined on the TiN/HZO/TiN stacks to ensure the
absence of important leakage current that might hinder the observation of HZO film
ferroelectric behavior. Indeed, high leakage current can prevent the buildup of electric
field across the stack, resulting in very poor dielectric polarization of the HZO layer. In
addition, it was shown that the leakage current density across HZO layers is strongly

influenced by the process conditions [251].

We believe that these superior electrical results are due to the enhanced density of the
HZO films, thanks to the high power applied to the HZO target (400 W) during film
deposition [252]. An additional annealing of HZO films under an high pressure
atmosphere could reduce the leakage current by reducing the number of defects within
the films [253].

48 -

Dielectric constant

Electric field (MV /cm)

Figure 147 Dielectric constant versus electric field of HZO 15 nm

Separate C-E curves were acquired on the same equipment used for I-V measurements,
TF 3000 analayzer, and the relative permittivity was determined from those results.

Figure 147 presents the curve of the dielectric constant versus electric field for the
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HZO-based capacitors. At zero field, the dielectric constant is 41, which represents a
reference value with the capacitance variation. The C-E, or k-E, has a butterfly shape.
This butterfly shape in C-V measurements is an electrical signature of the ferroelectric
nature of the material. A butterfly-shaped C-V plot usually attributed to the ferroelectric
polarization is obtained at positive and negative polarization once the coercive field is
reached. The shape of the curve is a little bit asymmetric because the dielectric constant
has different values at the opposite extremities: +1.9 and -1.9 MV.cm™. This obvious
ferroelectric behavior implies that the previously observed XRD diffraction peak was

mostly driven by the ferroelectric orthorhombic phase of HZO.

Given that the o-phase of HZO has a lower permittivity than the tetragonal phase and
the ASTAR results indicated the absence of the tetragonal phase. We can confirm the o-

phase by its dielectric constant.
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Figure 148 Dielectric constant of HZO phases reported in literature [13], [247], [254]-[259]

The C-V characteristics which showed an orthorhombic HZO phase signature in order
to confirm the ferroelectric behavior of the HZO layer. Indeed, besides the well-known
polarization—electric field hysteresis (P—E) plot, the so-called butterfly-shaped C-V plot
is also used to evidence the ferroelectric behavior [13], [121], [260]. This result is consistent

with the structural analysis obtained in the previous sections.

Indeed, the butterfly shape variation, around the 41 value of dielectric constant, is
correlated with the contributions of the orthorhombic/tetragonal and monoclinic phases
after the annealing of the stack. The values of the dielectric constant, in the range of 30—
45, agree with the published data for HZO layers obtained by ALD or sputtering, as
presented in Figure 148. However, it is noteworthy that the obtained dielectric
constants of the single-target sputtered HZO are somewhat higher than those reported
for co-sputtering HZO layers. This can be related to the difference in the fraction of

tetragonal and orthorhombic phases. Indeed, the dielectric constant of the HZO
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tetragonal phase is 40-70, whereas that of the orthorhombic phase is 40. The ASTAR
results confirmed the lack of the tetragonal phase contribution, so the dielectric constant

is mainly the contribution of the o-phase.

A triangle signal with a frequency of 1 kHz and an amplitude of 4.5 V was used to
conduct P-E on the capacitors (2.4 MV.cm™). All devices in this experiment required a
wake-up to produce the optimal hysteretic polarization reversal, which is this case 1000
cycles at 2 MV.cm™. Several ferroelectric HZO ferroelectric films have shown this wake-
up effect [83], [261], [262] while wake-up free ferroelectric HZO was reported too [263],
[264].
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Figure 149 Polarization versus electric field hysteresis loop of the 15 nm HZO after different number

of cycles.

As illustrated in Figure 149, the P-E hysteresis loop of the 15 nm HZO sample is
present. On this DUT (device under test), the wake-up technique was applied. The shape
of the first hysteresis loop, in black, is deformed at the extremities, and it has a 2P, value

of 3 nC.cm 2,

After 1000 cycles, the shape of the hysteresis shape, in red, was improved and the 2P,
value increased to 3.5 pC.cm 2 The best shape of the hysteresis loop was recorded after
107 cycles, in blue, and 2P, reached it maximum of 5.6 pC.cm 2, which 2.5 times higher

than the first hysteresis loop. The capacitor broke down after 107 cycles.

Thicker films of 22 nm HZO stack was electrically characterized to check the thickness
dependence of ferroelectric properties of the HZO films. The I-V and C-V results are
plotted in Figure 150.
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Figure 150 (left) Leakage current density versus electric field (right) Dielectric constant versus electric
field of HZO 22 nm. The inset: XRD pattern of the sample.

Compared to the thinner film, the leakage current density is higher; around 10 A.cm™
at 1.5 MV.cm™, confirming the dielectric nature of the films with comparable leakage
values. The XRD pattern shows high fraction of the m-phase compared to the 15 nm
film. Still, the o-phase is the dominant phase. This result is a confirmation of the 25 nm

limit of ferroelectricity in HZO.

As the m-phase fraction is higher, its contribution is more noticeable in the C-V curve.
The variation of the dielectric constant versus electric field took a butterfly shape. The
latter is in total agreement with the o-phase dominance and the thickness limit for
ferroelectric HZO. Despite that, the dielectric constant is lower than the thinner films
reflecting more important m-phase contribution as its dielectric constant is around 20 as
reported above. The dielectric constant is around 31. The C-V shape is more symmetric

compared to the thinner film.

5.2.3 Without capping layer during RTA

The second kind of stacks did not have TiN capping layer during annealing. The
structural characterization showed a humble presence of the orthorhombic phase after

annealing without capping layer at different layers of HZO, as illustrated in Figure 151.
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Figure 151 GIXRD patterns of HZO stacks of different thicknesses annealed at 650°C.

The HZO thickness varies from 10, 35, 66, and 107 nm. Unlike the stack with capping
layer during RTA, these samples showed a dominant apparition of the monoclinic phase
for the 35, 66, and 107 nm samples. The o-phase apparition was very low compared to
the monoclinic phase except for the 10 nm sample, in which the o-phase as dominant.
This agrees with the hypothesis, reported before, of 25 nm limit for ferroelectricity in
HZO films, indirectly the o-phase [265]. The 66 nm sample showed the lowest o/m

fraction compared to the others.

For one hand, this finding confirms that the m-phase tends to be more stabilized for
thicker HZO films, especially at high annealing temperature (650 °C). This observation
is in good agreement with model results reported by MH. Park [249]. In other hand, the
presence of capping layer is not necessary for the HZO films thinner than 25 nm while it
is important for thicker films to prevent the growth of the monoclinic phase. X.Liu et al.
reported 13 nm Al: HfO, to be ferroelectric without TE. They suggest that the Al doping
mimics the TE role [266].
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Figure 152 The impedance and phase versus frequency of HZO

After structural characterization, electrical measurements were conducted following the
same steps as the previous measurements. The impedance and phase angle analysis
against frequency are plotted in Figure 152. The same behavior, as the previously
reported impedance analysis, is observed. This analysis helps us pick the measurement

frequency for the other measurements.

The equivalent circuit is the same basic one mentioned above. No major difference is

observed except some non-linearities at low frequencies.
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Figure 153 The capacitance and loss factor versus frequency
of HZO stack without capping layer during RTA

The dielectric constant stated to decrease at lower frequencies, around 25 kHz, compared

to the stack with capping layer during annealing. The dielectric constant does not change
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along the 100 Hz — 25 kHz. The next measurements are conducted at 1 kHz. The loss
factor resonance occurred at lower frequency ~ 1.5 MHz, inside the measurement range

contrary to the stack with capping layer which was out of the range (> 5MHz).
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Figure 154 The capacitance and dielectric constant versus pad’s diameter

The HZO stack has capacitors with different areas, as shown in Chapter 3. The
capacitance and dielectric constant for the HZO stack without capping layer are plotted
as function of the pad’s diameter. The capacitance increased as expected as the diameter
increases while the dielectric constant was calculated for each diameter. The dielectric
constant is mostly constant. It slightly decreased from 25 to 23 for 600 pm diameter,
then increased again to 25. This constancy reflects the homogeneity of the films overall

the substrate surface.
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Figure 155 The capacitance-voltage curve for HZO
stack without capping layer during RTA.
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For each pad, C-V measurements were conducted in the -5 V to 5 V range. The dielectric
constant versus the voltage, plotted in Figure 155, was calculated from C-V data. The
dielectric constant did show not any variations or non-linearities. This reflects that the
measured HZO film is not ferroelectric, as the butterfly shape did not appear, but only
dielectric. The dielectric nature is direct implication of the dominance of the nonpolar
m-phase as shown in XRD patterns. Even for the 10 nm, the dominance of the o-phase
is not reflected in C-V results. It indicates the role of the capping layer for the electrical
measurements as it acts as a tensile stressor on the HZO layer to stabilize the appeared
o-phase in XRD patterns [175].

The I-V measurements shown the leakage behavior of the stack. They indicate better
leakage values compared to the capping layer stack. The results are illustrated in
Figure 156.
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Figure 156 The I-V of HZO stack W/O capping

At 4 'V, the leakage current density is 10* A.cm™. This result reflects the dominance of
the m-phase and the finding of the C-V results.
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Figure 157 P-E loops of HZO stack W/O capping

The XRD and C-V results indicated no signature of ferroelectricity in the HZO stacks
without capping layer during RTA. The P-V measurements were conducted to confirm
the correlation with these techniques’ findings. At 2.5 V, we found a lossy capacitor
behavior and the loop has no hysteretic shape. As the voltage increases, the loop became
larger reflecting lossier capacitor behavior. No ferroelectric hysteresis loops appeared for
both measurements and for the four samples. This agrees with the previous findings
suggesting that the existence of the top electrode is mandatory to correlate the structural
and electrical signatures. It implies the capping effect of the TiN TE playing the tensile

stressor as mentioned above.

5.2.4 Conclusion

In this part, we confirmed by electrical measurement the ferroelectric nature of
sputtered HZO film. This indicates the exactness of the structural characterizations and
the relationship between the o—phase dominance and the hysteretic loop of polarization
measurements. The role of capping layer during RTA was investigated also. Despite the
apparition of the o-phase in structural results, the capping layer is required to obtain

electrical signatures of ferroelectricity within HZO films.

5.3 Temperature-dependent dielectric properties of HZO
capacitors without capping during the thermal annealing

5.3.1 Introduction
In this part, the aim was to experimentally determine the ferroelectric-paraelectric

phase transition temperature of HZO films and investigate the temperature-dependence
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of its dielectric properties. To our knowledge, no paper reported the curie temperature
of HZO films.

We performed the temperature measurements on two samples with 35 and 66 nm
thicknesses of HZO film from room temperature to 550°C. HZO films were sputtered on
TiN bottom electrodes. Then, the stack was annealed at 650 °C for 1 min under N,. The
measurement was conducted in G2E Lab, using an impedance analyzer with Linkam
temperature control system. The 10 nm sample was tested using Aixacct TF 3000

analyzer with temperature limit of 350°C.

Among the electrical measurement of the previous part, we used only impedance and C-
V measurements only. through C-V results, we can observe the evolution of the dielectric
constant as function of temperature and the other parameters. This evolution leads to

the determination of the ferroelectric-paraelectric phase transition order.

The temperature dependence of the dielectric constants for different HZO samples is

established by measuring the device capacitance during heating and cooling phases.

We have tested three samples of different thicknesses: 11, 35, and 66 nm. The difference

in thickness gives insight about the thickness-dependence of the transition temperature.

The first sample, of 11 nm, was tested in TF 3000 Aixacct analyzer. The heat of the
equipment has a limit temperature of 350°C and the cooling is natural. As we had no
idea about the transition temperature. The first step was to conduct the measurement
in the range from room temperature to 350°C. We measured the capacitance at 11 values

of temperature in the [25, 350°C].
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Figure 158 The C-V and loss factor versus voltage at room temperature

Before launching the heating phase, we measured the capacitance and loss factor

variations versus voltage, as illustrated in Figure 158. The capacitance is constant
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between -1V and 1V. this plot is a reference to re-measure the capacitance after cooling.
For each measurement temperature, we varied the voltage between -1 and 1V. As
expected, the capacitance, dielectric constant, are steady until 100 °C. Then, it increased
as the temperature reached 350 °C. at 350 °C, the dielectric constant increased to 29. As
no decrease of dielectric constant occurred, one can speculate that the transition
temperature is higher than 350 °C. This is a first information about HZO phase transition

temperature.

The loss factor has the same tendency of increasing with temperature. It reached 25 %

at 350 °C. Both dielectric constant and loss factor are plotted in Figure 159.
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Figure 159 Dielectric constant versus temperature — heating and cooling phases

The second phase of the measurement consisted of remeasuring the dielectric constant
variation as the temperature cools down. The cooling was not controlled. The
measurement is launched once the temperature is reached. The variation of dielectric

constant versus temperature is plotted in Figure 160.
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Figure 160 Loss factor versus temperature - cooling
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As expected, the temperature-dependence of dielectric constant is confirmed as the
dielectric constant decreased exponentially. The dielectric constant value after cooling
down, is the same as the reference. The dielectric constant evolutions versus temperature

in the two phases are gathered in Figure 161.
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Figure 161 Variation of dielectric constant — heating and cooling

Another parameter was measured to observe the tendency of polarization. It was
measured at 250°C and 350°C during heating. Both curves, illustrated in Figure 162,
show a difference in the shape of P-V loop. As the temperature increases, the P-V loop
became larger and P, value increased to 0.8 pC.cm?. During the cooling, the same P-V

shape was recovered.
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Figure 162 Hysteresis loop at 250 and 350°C

At 350°C, we performed the cycling to check any polarization improvement. The

polarization increased as function of the number of cycles, as shown in Figure 163, from
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0.8 to 1.2 nC.cm™ after 10° cycles suggesting the possible existence of wake up phemenon

to increase the polarization of HZO films.
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Figure 163 Cycling of the device at 350°C

Higher range of temperature was required to determine the phase transition temperature

accurately. We used another equipment, at G2E Lab, with a temperature limit of 550°C.
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Figure 164 J-V measurement of the 35 nm device

Thicker film was investigated of 35 nm thickness. The leakage current before the
temperature measurements indicated a density of 10* A.cm® at 4V. The -V
characteristics were measured by applying controlled linear sweep voltage on the TE
electrode from 0 V— 44V — -4 V — 0 V, while the BE was grounded. This non-Ohmic
I-V characteristic loop and switching under the 0.1 mA compliance current confirm the

device's non-leaky characteristics. Under high voltage, these I-V scans may show a
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complex interplay of contributions from defects, ion migration, ferroelectricity, and

possibly even interface effects.
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Figure 165 Capacitance versus voltage measured at room temperature

First, we measured the capacitance in the voltage range of -3 to +3V. The capacitance
is constant along the voltage range suggesting that the material is mainly dielectric in

good agreement with XRD results where the monoclinic phase is the dominant.

Before launching the temperature measurements, we measured the dielectric constant in
the frequency range of 0.1-10° Hz. The dielectric constant is almost constant until 100
kHz when it decreased abruptly. We conducted the measurement at 1 kHz. In the same
range, the loss factor was constant before increasing exponentially around 100 kHz. The

dielectric constant and loss factor variations versus frequency are plotted in Figure 166.
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Figure 166 Dielectric constant and loss factor versus frequency
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The impedance and phase versus frequency are illustrated in Figure 167. The slope of
impedance confirms the capacitive nature of the films. No anomalies have been observed.

We studied the variation of dielectric constant, loss factor, conductance, and impedance

as function of temperature.
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As the same as the 10 nm sample, the loss factor, presented in Figure 154, shows the
same tendency until 350 °C. Above this temperature, the loss factor reached its maximum
at 460°C, then it started to decrease despite the increase of temperature. The dielectric

constant increased until 350 °C before starting to decrease to its minimum at 440 °C.

and it started to decrease.
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Figure 168 Dielectric constant and loss factor versus temperature

We checked the variation of the other parameters versus temperature: conductance and
impedance. Both parameters are peaking at 460 °C, as shown in Figure 169. This

switching is a characteristic of the ferroelectric-paraelectric phase transition, in total

Figure 167 Impedance versus frequency
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agreement with the 10 nm findings, in which the phase transition temperature is higher
than 350 °C.
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Figure 169 Conductance and impedance versus temperature

A third sample of 66 nm thickness was characterized in order to check the tendency. In
Figure 170, the expected variation of dielectric constant versus temperature is found.
The results are clearer compared to the previous sample, suggesting that the latter’s
findings are due to experimental setup. The dielectric constant peaking is shifted to 440
°C compared to the other parameters peak, which occurred at 480 °C. During the cooling

phase, the dielectric constant decreased as expected with small peaks only.
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Figure 170 Dielectric constant and loss factor versus temperature

The shift in the phase transition temperature can be explained by the different fractions
of the monoclinic and orthorhombic phases for the two samples. Further studies are
required to investigate the impact of the phases’ contribution to the phase transition
temperature. The range of the phase transition temperature is between 440 and 480 °C.

The phase transition temperature is thickness dependent.
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Figure 171 Loss factor variation versus temperature

The evolution of the loss factor indicates the same tendency but peaking at 480 °C. The
loss factor is invariant until 300 °C before increasing to its maximum at 480 °C then
started to decrease until 550 °C. At the cooling phase, the same tendency is found with

small peaks as the temperature decreased. This finding confirms the previous conclusions.

5.3.2 Discussion

The scan of capacitance variation in a voltage range shows a constant linear value
as the voltage varies between positive and negative values. For the three samples, the
capacitance is constant along the voltage range. This capacitive behavior is correlated
with the dominant monoclinic phase in XRD patterns for the 35 and 66 nm samples.
Despite that the o-phase is dominant for the 10 nm sample, the capacitance is constant.
We recall that the three samples were annealed without capping layer. The C-V
measurements were performed over capacitors with different areas and the same behavior
was revealed. This capacitance reveals the correlation with the structural results and the
importance of the top electrode during annealing despite the apparition of the
orthorhombic phase as a dominant phase. It is related to the stress and surface energy

required to obtain ferroelectricity.

Below 25 nm, the o-phase is preferred, above 25 nm, the monoclinic phase is less
dominant. This is quite confirmed by literature and structural hints reported in the
previous chapter. The dielectric constant was almost the same for the different samples.

It is around 20 corresponding to the monoclinic phase dominant contribution.

The investigation of the capacitance versus frequency, in larger range, confirmed the
frequency-dependence of HZO capacitors. The larger range cancelled the anomalies

recorded before. The capacitance is almost constant in the 0.1 to 100 kHz range. For the
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three samples, we picked the 1 kHz value for the measurements. Above 100 kHz, the

capacitance and loss factor started to decrease and increase, respectively.

Conducting the C-V measurements, as the temperature increased up to 350 °C, revealed
that the Curie temperature is higher than 350 °C as the dielectric constant increased
without any noticeable decrease as expected. The same values of the dielectric constant
were found during the cooling phase from 350 °C to 70 °C. the other parameters shown
the same tendency versus the temperature increase. These parameters can also be an

indicator of the phase transition temperature.

Extending the temperature range to 550°C indicated that phase transition temperature
is around 460 °C as can be seen in the variations of loss factor and conductance except
the dielectric constant which presents an unexpected behavior. It increased then
decreased abruptly before increasing again to its maximum. One can speculate that this
anomaly occurred inside the experimental setup. One can say that the 460°C is the
transition temperature as can be shown by the loss factor and conductance. This anomaly
of dielectric constant, for the 35 nm sample, was eliminated as the phase transition

temperature was confirmed by the 66 nm sample.

This phase transition temperature range is consistent with reported values for HfO,, ZrO,
and Y-doped HfO, [228], [267]. The shape of dielectric constant-temperature plot revealed
that the phase transition is 2™ second order phase transition. This finding illustrates the
confusion in the literature about the phase order phase transition for HZO ferroelectrics

[268], [269]. The phase transition temperature is thickness independent.

We remind that the polarization measurement was conducted on the 10 nm sample only.
The cycling shows that the polarization can be improved by cycling. The measured

samples were all in pristine state.

5.3.3 Conclusion

The Curie temperature is an also important ferroelectric nature from both
scientific and industrial viewpoints. To further confirm this phase transition, we
performed temperature-dependent dielectric constant measurement on our samples. The
measurement was performed at frequency of 1 kHz. The dielectric constant measurement
shows a sudden increase around the expected Curie Temperature of ~450°C, which is
consistent with the results reported for HfO, and ZrO,. This result suggests the existence
of phase transition around the temperature regime. Such sharp increase of dielectric
constant is a main signature of ferroelectric phase transition, which thus further affirms

our previous findings. This study reveals that the HZO films are promising for various
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ferroelectric applications because of their comparable ferroelectric properties including

polarization and Curie temperature to conventional ferroelectric materials.

Further studies are required to study the possible affecting factors such as cooling and
heating rates, the contribution of different phases, the thickness of HZO, on shifting the

phase transition temperature.
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Dissertation conclusion

This thesis consists of two main complementary pillars. The first main goal was a
sustainable assessment of the choice of dielectric and electrodes materials in addition to
the deposition techniques to understand the context of sustainability in microelectronics.
The second one was to study the structural properties of HZO thin films obtained by
single target sputtering and all the related parameters. Based on this understanding,
advanced structural characterizations have been employed to reveal the structural origin

of ferroelectricity within HZO thin films.

It was demonstrated that single-target sputtering (PVD) can be used in order to meet
CMOS BEOL fabrication requirements for production of HZO ferroelectric thin films
with conventional TiN electrodes. The fabrication process referred to deeper
investigation of the thermal processing step to meet the CMOS requirements. Confirmed
by similar findings reported in literature later, first hints of the apparition of the
orthorhombic phase were revealed below 500 °C. By extending the thermal processing
time, it was possible to obtain stable orthorhombic phase at 370 °C, that remained stable

during the cooling to room temperature. This result suggested more options for the
sputtered HZO compared to ALD-deposited HZO films.

Due to the lack in literature, this thesis represents a first step paving the way for deeper
investigations, and it would be interesting to extend the studies to other parameters
related to the sputtering, target’s composition, or sputtering-annealing cycles. It would

make the sputtering gain more competitiveness compared to ALD.

Whether deposited by ALD or PVD, the choice of HZO remains sustainable and more
preferred over PZT for the future in terms of sustainability, adequation with CMOS
process, and the fabrication nodes. More and more integrations are being published based
on HZO films that promising as sustainable material for the microelectronics industry
meeting the environment requirements at both fabrication and end consuming levels.
Forecasts of hafnium and zirconium markets indicate that higher production is expected

which means that both are not critical.

Sharing the same deposition technique for both dielectric layer and electrodes can be a
reason to have excellent ferroelectric properties without vacuum breaking between the

three steps.
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The optimization of sputtering parameters revealed unbalanced impact of the sputtering.
The most important parameters are the deposition pressure, the oxygen partial pressure,
and the sputtering power. Their effects on the interfaces are still needed to be studied in
order to improve interface quality, which has a critical impact on ferroelectric properties.
In this regard, an encouraging path to optimize and realize the TiN-HZO-TiN structure

without vacuum breaking is targeted to obtain excellent ferroelectric properties.

The findings within this thesis will help moving forward the understanding of the
sputtering of HZO films, TiN electrodes, and their structural and electrical properties
after the rapid thermal processing on the one hand. On the other hand, these findings
will pave the way for deeper investigations to improve the ferroelectric properties of HZO

for thicker films and wider range of applications.

After the dense structural characterizations and the confirmed ferroelectric behavior, the
obtained results of the HZO films deposited by single target sputtering are comparable
with the state-of-the-art, sputtered hafnia-based ferroelectrics, in terms of polarization
and the observed wake up effect. Despite that the ALD-deposited hafnia ferroelectrics
present higher polarization values, the sputtered HZO has a great potential to reach the
same level of performance and might exceed the state-of-the-art if a successful in-situ
fabrication of TiN/HZO/TiN stacks is realized. The sputtering technique paves the way

for thicker integrated HZO films for pyroelectric and piezoelectric applications.

With the few references and precedents about HZO single target sputtering, at the
beginning of this work, we could optimize the main parameters of HZO sputtering and
yet there are more secondary parameters that can make HZO more flawless compared to
ALD-deposited films.

While ferroelectric HZO films deposited by different techniques is an open challenge,
there is also a parallel challenge in ferroelectric characterizations at the nanoscale for
HZO films. One of the challenges is the characterization of the ferroelectric switching by
PFM, which is a hot topic within the ferroelectric community. Another challenge is the
identification of the orthorhombic phase separately from the tetragonal phase. On this,
we could be completely sure about having only the orthorhombic phase without any
tetragonal phase traces. Despite having 100 % orthorhombic phase, other parameters
such as the oxygen vacancies or the interfacial quality can downgrade the quality of HZO

films.

The ferroelectric properties of are dominating on the research interest about HZO films
Meanwhile, the dielectric properties can attract more interest and lead to the integration

of HZO for its high-k similar properties.
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A surprising apparition of copper within HZO films might have a great interest if it is

well studied for from an electrical point of view.

In outlook, HZO-based ferroelectrics show an unavoidable potential for further
enhancement of future IoT sustainable devices. Ferroelectric films of small thicknesses
by different techniques have been reported and this work suggests that there is more
space to investigate the sputtering of HZO ferroelectrics to scale up accordingly with
piezoelectric applications. It is strongly believed that the techniques and approaches
addressed in this work will contribute to the exploration of these fascinating properties
in the aim of establishing new era of sustainable and powerful ferroelectric, pyroelectric,

and piezoelectric devices.
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Perspectives

HZO has a very high potential to meet all the beyond-Moore era requirements. The
perspectives of this work can be extended due the ferroelectric properties, that keep
attracting the main research and industrial players in the world. Various applications

are being made possible due to these promising properties of HZO.

Additional deposition techniques such as the high impulse sputtering can reduce the
inconvenient of HZO sputtering and realize a breakthrough for 100 nm thick HZO
piezoelectric films. Also, spatial ALD is a good compromise between sputtering and ALD

combining the advantages of both.

TEM-ASTAR, EBSD, PFM characterizations of sputtered HZO films can reveal more

about the switching properties of ferroelectric ultrathin films.

HZO is rarely investigated as a dielectric. It is worthy to be studied thoroughly besides
the doping of HZO. Copper doping of HZO is worthy to be studied for electrodes’ role
besides the copper doping does not change the optical properties in the visible range,
being a possible transparent conductor material. Also, Y-HZO was reported to be
ferroelectric also. Quaternary target sputtering can be more challenging and interesting

at the same time.

For thicker films, deposition-annealing cycles, and intermittent sputtering might be
worthy for thicker ferroelectric and piezoelectric HZO films for sensing and actuating
applications. Magnetic properties of HZO are investigation-worthy allowing HZO to be
ferroic. Additionally, investigating the annealing pressure can be a key factor to meet
the CMOS requirements for all dopants of HfO,. We suspect that in-situ realization of
HZO-based stacks might lead to increasing the thickness limit for ferroelectricity within
HZO, besides, It might allow other electrode’ materials to be functional with HZO.

The study was focused on MIM structure, other structures such as MFIS can be beneficial

for negative capacitance applications

Future integrations of HZO into microelectronics devices shall confirm its superiority
over PZT in both sustainable and performance sides. Especially, deeper investigation of

the phase transition temperature is so important for pyroelectric and CMOS applications.
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Abstract

The discovery of ferroelectricity in doped hafnium oxide thin films has turned it into one of the
leading CMOS-compatible lead-free materials. Ferroelectric hafnium oxide can open the way to
the design of new devices in multiple fields like ferroelectric memories, negative capacitance field
effect transistors (FET), pyroelectric sensors or microsystems. For such applications, the typical
material is PZT, currently used in daily-used devices. For environmental reasons, PZT is being
prohibited in industry. HZO appears among other hafnia-based ferroelectrics as a promising
alternative, which can take the devices’ performance to a higher level and expand the properties
at smaller thickness, allowing the industry to move to new fabrication nodes with more easiness
as hafnia ferroelectrics are more CMOS compatible than PZT. HfO, and ZrO, were already, as
high-k dielectrics, in industry. When the ferroelectricity was discovered within HfO, thin films in
2011. Both materials were already employed in the CMOS process. The research community
started by understanding the origins and mechanisms of inducing the ferroelectricity in hafnia
films, then optimizing the fabrication process steps to improve the polarization and endurance.
In this thesis, hafnium zirconium oxide thin films have been deposited by single target sputtering,
unlike most published reports using ALD. In addition, different deposition conditions have been
investigated (e.g. oxygen partial pressure, RF power, deposition pressure) as well as various post-
deposition annealing (temperature, time, and atmosphere). This thesis contributes to the
sustainable CMOS-compatible fabrication of ferroelectric HZO films deposited by single target
sputtering and the structural characterization of the orthorhombic phase. The majority of HZO
films grown by single target sputtering were amorphous, a condition to induce the o-phase. The
films have the desired stoichiometry, and they need high thermal budget during the thermal
annealing step to become ferroelectric. In this work, we performed in-situ XRD annealing to
follow the evolution of the o-phase. The sputtered films are partially crystallized at only low
annealing temperatures. Besides the optimization of the deposition and annealing steps, detailed
characterization of the o-phase was performed by XRD and ASTAR-TEM techniques. The latter
allowed to identify accurately the o-phase from the tetragonal phase, which is a current issue in
the state-of-the-art. Ferroelectricity in uncapped HZO is explored, giving insight into phase
evolution during the annealing. Not reported in literature, a study on HZO films demonstrated
the phase transition temperature of HZO films from the ferroelectric to paraelectric phase.

Comparing HZO films of different thickness, a partial crystallization was noted at thicker films.
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Résumé

La découverte de la ferroélectricité dans les couches minces d'oxyde d'hafnium dopé en a fait 1'un
des principaux matériaux sans plomb, compatibles avec le CMOS processus. HfO, ferroélectrique
peut ouvrir la voie a la conception de nouveaux dispositifs dans de multiples domaines comme
les mémoires ferroélectriques, les transistors a effet de champ a capacité négative (FET), les
capteurs pyroélectriques ou les microsystémes. Pour de telles applications, le matériau typique
est le PZT, actuellement utilisé dans les appareils utilisés quotidiennement. Pour des raisons
environnementales, le PZT est interdit dans l'industrie. HZO apparait parmi d'autres
ferroélectriques a base d'hafnia comme une alternative prometteuse, qui peut porter les
performances des dispositifs & un niveau supérieur et étendre les propriétés a une épaisseur plus
petite, permettant a 1'industrie de passer a de nouveaux noeuds de fabrication avec plus de facilité
car les ferroélectriques hafnia sont plus compatibles avec le CMOS processus que PZT. HfO, et
71O, étaient déja connues et utilisées, en tant que diélectriques high-k, dans 1'industrie. Lorsque
la ferroélectricité a été découverte dans les couches minces de HfO, en 2011. Les deux matériaux
étaient déja utilisés dans le procédé CMOS. La communauté de recherche a commencé par
comprendre les origines et les mécanismes d'induction de la ferroélectricité dans les films d'hafnia,
puis a optimisé les étapes du processus de fabrication pour améliorer la polarisation et
I'endurance. Dans cette these, des couches minces d'oxyde de zirconium et d'hafnium ont été
déposées par pulvérisation monocible, contrairement a la plupart des rapports publiés utilisant
I'ALD. De plus, différentes conditions de dépot ont été étudiées (par exemple, la pression partielle
d'oxygene, la puissance RF, la pression de dépot) ainsi que divers parametres de recuit post-
dépot (température, durée et atmosphere). Cette theése contribue a la fabrication durable
compatible CMOS des couches ferroélectriques HZO déposés par pulvérisation monocible et a la
caractérisation structurale de la phase orthorhombique. La majorité des films HZO développés
par pulvérisation cathodique a cible unique étaient amorphes, une condition pour induire la phase
orthorhombique. Les films ont la stoechiométrie souhaitée, et ils ont besoin d'un budget thermique
élevé lors de 1'étape de recuit thermique pour devenir ferroélectriques. Dans ce travail, nous avons
effectué un recuit DRX in-situ pour suivre l'évolution de la phase orthorhombique. Les films
déposés par pulvérisation sont partiellement cristallisés uniquement a de basses températures de
recuit. Outre l'optimisation des étapes de dépot et de recuit, la caractérisation détaillée de la
phase orthorhombique par les techniques XRD et ASTAR-TEM a été effectuée. Cette derniere a
permis d'identifier avec précision la phase orthorhombique de la phase tétragonale, ce qui est un
probleme courant dans 1'état de l'art. La ferroélectricité dans le HZO sans top electrode est
explorée, donnant un apercu de 1'évolution de la phase pendant le recuit. Non rapportée dans la
littérature, une étude sur des films HZO a démontré la température de transition de phase des
films HZO de la phase ferroélectrique a la phase paraélectrique. En comparant les films HZO

d'épaisseur différente, une cristallisation partielle a été observée au niveau des films plus épais.
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