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Abstract

The work presented in this thesis concerns studies of stabilising the higher-k phases
in hafnium oxide film by cerium doping as an oversized tetravalent dopant with the
aim for potential high-k oxide in future CMOS devices. Ce-doped Hf-oxide films
were grown on n-type Si(100) substrates from two single source Ce(thd)s and
[(MeCp), HiMe(OMe)] precursor solutions 0.05M in anhydrous toluene at 300°C
with Ozone as co-reactant by using Liquid-Injection Atomic Layer Deposition
(LIALD) technique. The amount of cerium incorporated into the films was found to
be proportional to the ratio of ALD cycles between two precursors, resulting in
films with 5%, 8%, 10%, 17% and 34% Ce.

The microstructure studies of Ce-doped Hf-oxides were carried out for films
annealed between 600°C and 1000°C in air and at 900°C in N, and vacuum. Results
obtained from XRD and UV Raman showed that regardless of annealing
environments, the dominant stabilised phase found in all films adopted a form of
“metastable tetragonal” resembling closely the fluorite-type cubic phase in pure
HfO,. Films with 5%, 8% and 17% Ce were also found to contain a varying
fraction of monoclinic phase. The film with 10% Ce was found to have the highest
distortion from the cubic structure, especially under vacuum condition. In addition,
TEM and MEIS analysis indicated that the use of vacuum was mandatory to
prevent internal oxidation and intermixing between the high-k oxide film and the
silicon substrate underneath.

Electrical characterisations of films with approximately 10% cerium and annealed
in vacuum were investigated by using C-V, I-V and C-f measurements. The effect
of vacuum annealing on these films was demonstrated in substantial improvement
of frequency dispersion and significant reduction of fixed oxide charges and
interface states compared to the as-grown examples. Higher leakage current density
were observed in annealed films and attributed to the leakage pathways induced by
crystallisation. A permittivity of 34 measured at 100 kHz was found for 23 nm
thick film annealed at 900°C in 15 minutes. This result showed a good agreement
with theoretically predicted enhancement of dielectric constant (k~32) by doping
HfO; with cerium. The highest k-value of 44 was observed for a 15 nm thick film
annealed at 800°C in 100 minutes. Films with respective thickness 6, 10.5 and 19.5
nm annealed at 800°C in 10 minutes were found to yield permittivity in the range
between 30 and 34, which suggested a good scaling capability.
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Chapter 1 INTRODUCTION

The Field Effect Transistor (FET) has been the centrepiece of the semiconductor
industry since it was opted for mass-production in the 1950°s. Since then, the
unprecedented growth and development of many important electronic devices such
as logic gate, memory unit and integrated circuits (ICs) have been based on the
foundation of FET. There are a number of different types of FET, but one of the
most important and popular type is the Metal-Oxide-Semiconductor FET
(MOSFET). The huge success of the MOSFET has in part been due to the highly
compatible combination of insulating silicon dioxide (SiO;) on top of
semiconducting silicon (Si). This natural parent-child combination has provided a
simple yet powerful way to increase the processing speeds of IC devices while
reduce the fabrication cost over the last 40 years. The shrinkage of individual
components and the growth in circuit density has happed at an outstanding and yet
predictable rate, with circuit density doubling approximately every 2 years, this has
led to the so called Moore’s law [1]. The number of transistors on a single chip over
that last four decades is the best illustration for this law: from just over 2000
transistors in 1971 up to more than one billion in 2010. This huge increase in the
number of transistors per unit area would not be possible if it were not for the
excellent insulating properties of SiO,. However, it was predicted about 20 years ago
that this trend would eventually reach the physical and operational limits imposed by
the decreasing thickness of the SiO, layer. As the thickness of this insulating layer
approaches a few atomic layers thick, the leakage current becomes unacceptably
high and thus, leading to enormous power dissipation and device unreliability As a
result, the search for alternative materials with higher permittivity than SiO,, the so-
called high-k dielectrics, began more than 10 years ago and remain an ongoing focal
point today. The high-k dielectrics can help resolve the aforementioned problems
with SiO, induced by miniaturisation because they can offer the same capacitance
storage with a physically thicker insulating layer than SiO, due to their higher

dielectric constants and hence, reduces the leakage current.



By employing a high-k dielectric in place of SiO,, the scaling trend in MOSFETs
production can be maintained without compromising the performance and cost of
next-generations devices. Numerous studies, both theoretical and experimental, have
been devoted to this topic and one of the most fruitful results recently was the
introduction of Hf-based oxides into 45 nm node processor from Intel in 2007.
Dubbed as the “first high-k generation” by the company, Hf-based devices have
solved the problems of transition from SiO, to high-k dielectric as a current and

near-term solution to the demand of the market.

To maintain the scalability of devices in the longer-term, higher-k materials will be
required in addition to solutions to various other issues relating to design and
production. The International Technology Roadmap for Semiconductors

(http://www.itrs.net/), a global organisation created to guide research directions and

address manufacturing demands in the semiconductor industry, has stated the
necessity of high-k materials with substantially higher dielectric constants than Hf-

based in future devices in 5-10 years to come [2].

This pressing demand has motivated numerous focused studies on higher-k
dielectrics to improve electrical performances compared to HfO,. Various types of
materials, which potentially offers higher k-values compared to “first generation Hf-
based dielectric”, have been evaluated and assessed, for example perovskite
materials such as Ba(Sr)TiO;. Another approach which has also attracted much
attention is the modification of the microstructures of materials such as HfO, and
ZrO, using dopants. The addition of various different elements to these basic oxides
can be used to alter the crystal structure, which in turn can lead to the enhancement
of the dielectric constant. It is due to the fact that tetragonal or cubic phases in HfO,
were proved to yield substantially higher permittivity than either the amorphous
form or monoclinic phase, which is typically the thermodynamically stable phase
found at room temperatures [3]. The pursuit of doped HfO, materials to increase k-
value is also the main motivation of the works in this project, with the interest
focusing on using cerium as a potential dopant, which was investigated among

various other elements proposed from theoretical studies [4-6].


http://www.itrs.net/T

In this thesis, cerium-doped hafnium oxide films were grown using the state-of- the-
art Liquid-injection Atomic Layer Deposition (LIALD). The films were then
analysed using a variety of techniques to investigate how doping influences the
crystal structure and electrical characteristics of these materials. The main theme of
the project is the modification of film microstructures, and is reported as the effect of
phase stabilisations in HfO; by adding cerium and its consequence on the dielectric
constants of selected deposited films. The thesis will be divided into various
chapters. Chapter 2 provides a literature review which will put the current work into
context; it covers both the basic operating principles of MOSFET devices and also
reviews the developments and issues involved with high-k materials as well as phase
stabilisation. The experimental techniques used in this project are presented in
chapter 3, which includes descriptions of the operational principles, data acquisition
and methods of analysis. Chapter 4 is the first of two results chapters, in which the
experimental results will be presented and discussed. In the first part of chapter 4, the
main LIALD growth results are presented, the incorporation of cerium into the films
is also discussed in light of compositional analysis using Medium Energy lon
Scattering (MEIS). The chapter also covered individual LIALD growth studies of
Ce0; and HfO; and the justifications in process conditions to conduct ternary oxide
film growths based on the “ALD window” match of two single source precursors.

The crystal structures, phase compositions and electrical performances of these films
are then presented in chapter 5. The effects of doping concentrations and annealing
conditions on the microstructure and electrical properties of the films are
investigated using X-ray Diffraction, UV Raman scattering, Atomic Force
Microscopy, Ellipsometry, C-V and I-V measurements. Finally, chapter 6 provides a
summary of the work, highlighting the main conclusions as well as providing some

recommendations for future research within this particular direction.
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Chapter 2 LITERATURE AND BACKGROUND

21 Introduction

The last 50 years have seen the huge development and massive growth of the
semiconductor industry since it was formed as a viable business in 1960. At the heart
of this unprecedented success, the Complementary Metal Oxide Semiconductor
(CMORS) Field Effect Transistor (FET) has been undoubtedly the key player. This
very “basic” electronic component is the cornerstone of microprocessors and
memory units amongst many other important applications. The dominance of this
electronic device is due to its low power consumption and because of its
performance improvement over 40 years according to Moore’s Law of scaling [1].
This law predicts that the aerial density of devices on an integrated circuit increases
exponentially, doubling over a 2-3 year period and the minimum feature size in a
transistor decreases exponentially each year. This empirical law still holds true today
and dictates the development of this industry in the foreseeable future. The
International Technology Roadmap for Semiconductors (IRTS) maps out the
technology milestones, projected performances and future demands for research,
development and production. This online document is revised annually as a guide for

the whole industry to maintain its healthy position in the market [2].

Until very recently, the huge success of the whole semiconductor industry has been
mainly relying on one simple system, Si/SiO,. As a semiconductor, Si is just only an
average quality choice among others. However, it does have the benefit of having a
high quality oxide form, which can act as an insulator, is easy and cheap to produce
and is very stable on top of the silicon itself. As an insulator, SiO, possesses many
excellent properties such as large band gap, good thermal stability, low defect
concentrations and easy-to-grow by thermal oxidation to name but a few.
Additionally, this native oxide enables device improvements in terms of speed and
cost to be achieved quite simply by scaling down the device dimension as proposed

by Moore’s law.



Nevertheless, the scaling of SiO; has now already reached its limit thickness (~2 nm)
[3] and hence, needs to be replaced to keep the conventional device-scaling scenario
still practical and economical. The main reasons why the much needed
replacement(s) of SiO, has been so important is the problem of increasing carrier
leakage as the dielectric layer thickness decreases. Carrier leakage occurs due to
quantum tunnelling and direct leakage and results in increasing power consumption
and ultimately, failure of the devices. In fact, the search for alternative high-k
dielectric materials has already been going on for at least last 10 years [4] and

remains an important research topic within both academic and industrial groups.

This chapter thus will present and discuss many issues involved with such a process
from literature with a specific concentration on Hf-based materials. Firstly, the basic
structure of CMOS devices and their operation is discussed as a background for
particular focus on insulator layer afterwards. The requirements and issues of high-k
materials are then discussed along with a details review of recent work in this field.
The concepts behind the stabilisation of crystalline oxide phases using dopants, with
a particular focus on Ce-doped HfO,, is then discussed, which is central to the work
that has been carried out here. Finally, the chapter concludes with a discussion about
the various deposition techniques that can be used for thin film dielectric deposition,

with a particular focus on atomic layer deposition (ALD).
2.2 MOS device technology
2.2.1 MOSFET: basic structure and function

Firstly, consider the typical structure of a n-type MOSFET as illustrated in Figure
2-1.









Accumulation occurs for when a negative voltage is applied to the gate, the negative
charge on the gate attracts holes from the substrate to the oxide-semiconductor
interface. Depletion occurs when the applied voltage becomes positive as the major
charge carriers (positive holes) in the substrate are repelled away from the interface.
As this happens, the semiconductor immediately under the gate oxide is depleted of
mobile carriers and a negative charge, which is formed by the ionised acceptor ions,
is created in this space charge region. Inversion occurs if the applied voltage exceeds
a critical value, namely the threshold voltage (V). In inversion, the electric field
starts to attract minority charge carries from the bulk of the substrate, towards the
oxide/semiconductor interface, this charge builds up to form an inversion region.

The voltage separating the accumulation and depletion regime is referred to as the
flatband voltage, Vps. The concept of Vr and Vpg will be discussed after the

definition of Metal-Semiconductor work function (®ys) in the next section.

2.2.2.2 Metal-Semiconductor work function (®ys)

The Metal-Semiconductor work function (®yg) is normally referred in literature
simply as work function. It is the energy difference required to remove an electron
from the Fermi level to vacuum for the metal and the semiconductor respectively. To
illustrate this term visually, an energy band diagram for an nMOS structure is shown
at thermal equilibrium, (i.e. the Fermi levels of the metal and the semiconductor are
equivalent) in Figure 2-3. The band structure is shown before and after the contact is
established to illustrate how the band energies are modified. As can be seen in Figure

2-3 (b), the band energies of the Si bend towards the semiconductor-oxide interface

after the contact.












As the device shrinks, to maintain a constant drive current requires either an increase
in the capacitance of the oxide layer or an increase in the difference between the gate
voltage and the threshold voltage. However, in practice, the latter case is considered
as very limited due to electrical problems. To increase the difference between the
gate voltage and the threshold voltage either requires an increase in gate voltage or a
decrease in threshold voltage. While a very high gate voltage can result in
undesirable field effect across the device, a low threshold voltage will eventually
prevent the device from operating as the difference between on and off states
becomes negligible. These factors effectively render the option of increasing the
capacitance as virtually the only practical option. In fact, such approach has been
favourably utilised in MOS structures with SiO; employed as oxide insulator simply
by reducing the thickness of the SiO; layer. However, as this thickness approaches
about 1.5 nm [1, 7], many serious problems occurs. Severely high leakage currents
due to tunnelling effect were reported [1, 4, 7, 8], which creates serious problem for
power dissipation, especially in low-power and portable devices. Moreover, this
issue also accelerates the degradation of the very thin SiO; film and eventually leads
to electrical breakdown. Therefore, the need for high-k materials to replace SiO; is
the most practical way to mitigate the limitations of this capacitance increase
approach. The higher dielectric constant enables thicker dielectric layer to be used
while still maintaining the desirable value of capacitance. The physically thicker
layer reduces the problem of tunnelling and other issues confronted with SiO;
scaling. However, simply replacing SiO, by high-k dielectrics is not the entire
answer to the aforementioned problem. In the following sections, issues involved
with high-k materials will be discussed, mainly from the material selection
viewpoint. The integration into the conventional MOSFET structure is also briefly
explained, which has been so far one of the most challenging issue particularly

within industrial research in this field.

2.3  High-k dielectric materials

In order to maintain the stringent requirements from the market and its own
development governed by the Moore’s law, the semiconductor industry has no
choice but to look for an alternative high-k dielectrics to replace SiO;, at least for the

near and medium- term future.
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As a result, very high k-value can be achieved, values up to several thousands have
been reported [1, 4]. In the other group of potential candidates (transitional oxides/
rare earth oxides and their aluminates or silicates), the rise in the dielectric constant
can be achieved by a different approach. Instead of relying on ionic polarisation as in
the case of perovskites, these materials can generate polarisation by some forms of
lattice vibrations, hence the name lattice polarisation. This phenomenon can be
explained by the effect of soft phonons [4]. Atoms with large number of electrons
can resonate in their bonding structures at low vibrational frequency modes, which
produce a so-called soft phonon mode. These phonons then make a lattice
contribution to the overall polarisability, and therefore to the permittivity of the
material. This trend has been demonstrated mathematically in [1], which paves the

way for modelling and first-principle calculations for various high-k oxides.

2.3.2 Properties required for high-k gate dielectrics

It has been generally agreed that a high-k gate dielectric has to pass multiple criteria
to be integrated successfully into modern CMOS devices. Although disparities exist
among different authors or between academic and industrial approach, essentially the
group of critical properties can be divided into 3 main classes [7]. Class I refers to
basic properties as a dielectric, which includes the permittivity and the band gap.
Class II relates to the processing of the materials and devices, and includes factors
relating to interface quality and deterioration of the various gate stack layers during
processing. Class III relates the choice of the dielectric for the overall performance in
a microelectronic device. Obviously, there are some interdependence and scope for
compromise especially when the huge cost of past investment and preference to
maintain the manufacturing flow processes in the semiconductor industry are
concerned. All of these key demands will be presented in the following sections;
together these will form a framework to assess any prospect high-k material of

interest from different perspectives.

2.3.2.1 Dielectric permittivity and band gap/band offset constraint

Because the primary reason behind the search for high-k dielectrics is to replace

Si0; (k=3.9) to enable future scaling, a high value of dielectric constant is desirable.
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However, if a low-k interlayer needs to be inserted between the gate dielectric and
the semiconductor substrate reduce the density of interface states that can affect
device performance, higher k-values may be necessary as demonstrated by
Eisenbeiser [8]. In fact, very high-k materials attracts a great attention when the
application of DRAM 1is concerned rather than the gate dielectric for
microprocessors. Materials such as SrTiOj; or TayOs [12] were reported to have very
high-k values, but offer very low band gaps. For gate dielectric application, very
high-k materials are not desirable not only because of their unacceptable low band
gaps but also because such very high k-values will create undesirable phenomena in
device operations, such as short channel effects [1, 8]. Moreover, high-k dielectrics
based on perovskites are ferroelectric materials, which mean they are very sensitive

to temperature, operating conditions and material properties.

Besides a reasonable band gap (E; = 5eV) to ensure the dielectrics function properly,
it is also noteworthy that the band alignments, i.e. the band offsets for conduction
and valence bands of the oxide with respect to Si, are of great importance. SiO, is
considered an excellent insulator because aside from a very large band gap it also has
large band offsets with respect to the silicon [8]. When the thickness of the dielectric
layer is increased by employing a high-k material, tunnelling leakage will be
significantly reduced. However, another form of potential leakage can affect the
function of the device severely, namely thermionic emission current [8]. This
leakage mechanism can be explained by the injection of electrons to the conduction
band or holes to the valence band of the insulating layer from the silicon. To prevent
this, the potential barrier at each band must be over 1 eV in order to inhibit

conduction by the Schottky emission of electrons or holes into the oxide bands.

In practice, it has been found that the conduction band (CB) offset is typically
smaller than the valence band (VB) offset [1]. Figure 2-10 shows various calculated
band offset values for a range of potential high-k materials. The CB offset is one of
the important criteria used to screen out candidates, especially at the early stage of

modelling and theoretical calculations from first-principles.
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Figure 2-10: Calculated CB and VB offsets with consideration to Si [1].

2.3.2.2 Thermodynamic stability

If the high-k film is in direct contact with the silicon substrate, then the interface
with between the two plays a key role in determining the overall electrical properties
of the devices. It is also important that this high-k film remains stable in terms of its
microstructure and unwanted phase transformation during processing and operation.
Given the fact that most of the potential candidates are transition-metal oxides or
rare-earth oxides and many of them undergo phase transformations from amorphous
to polycrystalline forms, this issue is even more complicated and challenging in

terms of integrating such prospective materials into current CMOS process flows.

Firstly, consider some possible reactions that can happen between Si and a simple
oxide. Navrotsky [8] has carried out extensive work on the thermodynamics of
relevant oxides and considers a wide range of these reactions. These reactions can be
grouped as follows.

. Substrate oxidation

ySi+ A0y — Si0; + xA
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Formation of silicide or/and silicate
Si+ AOy— ASi+ Si0,
Si+ AOy— A+ ASiOy
Si+ AxOy— ASiy+ ASiOy

silicate layer formation, due to a very thin SiO; interlayer either (i)
intentionally left on the Si substrate to aid the high-k film growth or to
improve the electrical performance or (ii) oxygen diffusion through the
dielectric layer during film growth or annealing in an oxidising environment
or with traces of oxygen via the reaction:
Si+ AxOy + O; (gas) — Si0; + A Oy

that eventually leads to the formation of either amorphous or crystalline
silicate:

During processing at low oxygen pressures, oxygen deficient dielectric
oxides may form. These oxides will have different thermodynamic properties
to the fully oxidised materials. In addition, SiO gas may also form and
diffuse through the oxide thin film:

Si+ AOy — A,Si, + SiO (gas)

The reactions mentioned above can happen individually or in succession depending

on the types of oxides and/or the processing conditions. In contrast to SiO, that can

be formed easily by thermal oxidation, all the oxides have to be deposited, mostly

under non-equilibrium conditions. This factor, coupled with the subsequent

processing steps, many of which involved high temperatures that the material will be

exposed to during device fabrication, may add more complexities to the control of

the desired composition and/or phase(s). Main concerns regarding this issue will be

discussed in terms of the oxidation of Si substrate and the formation of silicate.

The problem with silicide formation has been much less researched compared to the

other two and data are scarcely addressed in literature.
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The oxidation of the silicon substrate during high-k film growth or subsequent
annealing processes is quite a major issue, particularly for oxides such as ZrO,, HfO,
and CeOs. The last one is well-known for its high oxygen conductivity and thus is
used in fuel cell [13, 14]. For transitional metal oxides like ZrQ, and HfO,, it has
been reported that they have quite high oxygen diffusivity [1, 4]. Although HfO, and
to a lesser extent ZrO, are considered quite stable in direct contact with silicon [8],
this potentially high level of oxygen transportation through the films is still a
concern. Another potential problem has been found with some oxide films,
particularly those deposited by Atomic Layer Deposition (ALD), is excessive
oxygen or sometimes, trapped water [1, 8] (as water is the most typical oxidant used
in ALD). The role of water or other OH-groups to the oxidation of Si is still not
clear. However, it has been shown that excessive oxygen from the HfO, film can be
responsible for the growth of a SiO; interlayer [15] even when the film was annealed
in ultra pure N,. For rare-earth (RE) oxides, it is well-known that they are highly
hygroscopic with La,Os being the most hydroscopic [16]. La;Os also has a high
affinity with CO, and at intermediate temperature, can form an amorphous by-
product with water vapour, which in tun can be decomposed at higher
temperatures[8]. It has been speculated about the use of RE oxides in modern CMOS
devices due to their nature as excellent catalysts though various reported
experimental data seem to support thermodynamic stability with Si [17]. RE oxides
can catalytically decompose O, into atomic oxygen, which may in turn promote

internal oxidation of the silicon to form a SiOy interlayer.

The formation of a silicate layer between the high-k oxide and Si substrate is
somewhat less serious than the SiO, interlayer. It is due to the fact that to form such
silicate compounds, most of the potential high-k oxides typically need to react first
with Si to create an intermediate SiO, layer. Therefore, most of the efforts to
maintain a sharp interface between high-k oxide and Si substrate have concentrated

on the inhibition of such SiO, layer or any Si-based components.

A number of solutions have been proposed to prevent silicate formation including
the using a barrier layer sandwiched between the high-k oxide and Si substrate to
reduce the diffusion of oxygen (see Figure 2-6) or “alloying” the high-k oxide with

some other element to form more stable compounds such as aluminates or oxy-
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nitrides [1]. However, the latter case will reduce the k-value substantially because
such stable compounds normally have quite lower k-values and hence, are less

favourable.

2.3.2.3 Film characterisations

Beside its large band gap and band offsets with Si, amorphous SiO; also forms a
very good interface with Si, resulting in a low interface state density as well as a low
bulk fixed charge density [1]. Moreover, the microstructure of SiO; is very stable
over a wide range of thermal conditions and operational environments, both in the
bulk of the film and at the interface with Si. All of these excellent characteristics
highlight many challenges that exist for next generation high-k materials to
overcome if they are to replace SiO,. As a result, the understanding and the ability to
control the microstructure of high-k materials play a major role in determining and
optimising the high-k gate stack. Main concerns of film microstructure are
morphology, interface quality and defects. The influence of these factors will be

outlined and discussed in this section.

It has been argued that amorphous films are superior to a polycrystalline one with
grain boundaries for a couple of reasons [4, 8]. The main concern with a
polycrystalline film is the potential leakage currents and possible diffusion paths for
dopants provided by grain boundaries. In addition, grain size and orientation changes
throughout a polycrystalline film can cause significant variations in the local
permittivity, leading to undesirable and unstable properties during processing flows
and operations. Unfortunately, most of the oxides considered as potential candidates,
e.g. HfO,, ZrO; or La;0s, suffer from crystallisations, either during the growth or
during subsequent processing at elevated temperatures. Moreover, many of them
show phase separations or alterations even at intermediate temperature compared to
the thermal budget found in CMOS annealing (typically 1000°C, 5 seconds) [1, 7, 8].
The problem is further complicated because in thin film, the kinetics of
crystallisations can be very different from the kinetics of bulk materials and hence,
may introduce various non-stoichiometric or metastable compounds co-existing with
the desired composition and/or phase [18]. However, reports on the leakage currents

of amorphous and nanocrystalline HfO, [1, 3, 19] indicate that the difference is only
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minor. Therefore, it is still a debatable issue which phase is preferable for these types
of oxide. The divergence of ideas also has been demonstrated in industrial
preferences. Whereas companies such as Intel and Freescale choose to pursuit binary
oxides because of their higher k, Texas Instruments favours lower-k silicates due to
their easier integration and lower trap densities [1]. Hence, it is important to put the
use of any potential high-k oxide in the context of the gate stack structure. If a
barrier layer is used (typically N-based compounds), then the use of pure binary
oxides should not be a problem and the choice is thus expanded. However, this
comes at the price of introducing a complicated gate structure and possibly potential
problems in terms of interface control. If the absolute emphasis is to retain the
amorphous phase, the choice is limited only to either silicates or aluminates due to
the fact that SiO, and Al,O; are good glass formers. By “alloying” high-k oxides
with either SiO; or AlOs, the resulting compounds can have high crystallisation
temperatures and will remain amorphous after device processing while still offer
higher dielectric constants than SiO,. Moreover, by adjusting the composition, the k-
values can be gradually increased because for silicates and aluminates, the dielectric
constants of the compounds were reportedly to roughly follow the rule of mixture [1,
4]. Between these two, aluminates seems to be the preferred choice because they
offers higher permittivities than the silicates [1]. Nevertheless, silicates and
aluminates still have relatively low k-values compared to their oxide counterparts

and thus only offer limited scalability.

A crucial objective of any potential high-k gate dielectric is to achieve and maintain
a sufficiently high-quality interface with the Si channel and ideally, as close as
possible to that of SiO,. Compared to SiO,, most high-k oxides reportedly have one
to two orders of magnitudes higher interface state density {4]. In fact, the quality of
the interface has been demonstrated empirically to be influenced by bond constraint
expressed by the term the average number of bonds per atom, Ng,. Defect density
increases proportionally with a corresponding degradation in device performance
when Ny, > 3 [4]. Metal oxides with high coordination number such as Ti or Ta are
thought to create an over-constrained interface with Si while other having less co-
ordination numbers such as Ba or Ca will in contrast, create under-constrained
interface in their corresponding oxides. Any oxide that can create an over- or under-

constrained interface with respect to Si is expected to result in a large density of
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defects near the interface, which in turn results in poor electrical properties.
According also to Wilk et al [4], these bonding constraints are critical to the silicide
formation in the gate dielectric or even to any M—Si bonding (not necessarily a full
silicide phase). The unfavourable bonding conditions that are found in any kind of
silicide bonding will lead to potential leakage current and degradation of electron
mobility. Therefore, it is desirable to have no metal oxide or silicide phases present
within the proximity of the channel interface. Robertson has pointed out some key
advantages of amorphous high-k oxide film as a gate dielectric [1] in terms of
interface quality. Firstly, it provides the most cost-effective solution and is the most
compatible with the existing process. In addition, an amorphous oxide can
significantly reduce the number of interface defects by configuring its interface
bonding. As previously mentioned in the issue of morphology, it is possible to
gradually vary the composition of an amorphous oxide without creating a new phase;
for example as in silicate alloys, or interfacial layers, or when adding nitrogen.
Additional advantages of using amorphous oxides include the isotropic nature of the
material which results in uniform permittivity and the absence of grain boundaries,
which reduces carrier scattering. The main disadvantage of amorphous oxides is the
low-k values of such materials. If the k-value is the first priority, epitaxial oxides
grown on Si can provide the solution. The main issue with epitaxial oxides currently
is the films have to be grown by Molecular Beam Epitaxy (MBE) technique. This

process is quite complicated, costly and not popular in semiconductor industry.

As a result, it turns out that in order to improve the interface quality a buffer layer
between the dielectric and Si is currently a realistic solution. So far, Si0; interlayers
a few Angstroms thick are used as buffer layers in high-k gate stacks. This layer is
beneficial to the use of high-k oxide for two main reasons. Firstly, it can help the
growth of the high-k oxides by providing nucleation sites, particularly if ALD is
used and HfO; is the oxide of choice [20]. The SiO; layer also improves the overall
electrical quality of the Si-oxide interface [1] due to its high quality interface in
contact with Si. A SiO; layer also separates the Si channel from the high-k oxide and
hence, it can reduce the problem with reduction in carrier mobility due remote
scattering. However, this SiO, buffer layer also has some disadvantages, of which

the biggest is the influence on Equivalent Oxide Thickness (EOT).
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EOT is a term used to compare the dielectric performance of the high-k material with
the performance of SiO;. It shows the thickness of Si0» (tsio2) that would be required
to obtain the same gate capacitance as the one obtained with the physically thicker
high-k material (tyignk). If a thin interlayer of SiO, is added to the gate stack, then it
acts as a second capacitor in series with the high-k layer, Consider a 2-layer MOS

capacitor comprising of a SiO; layer in series with a high-k film.

The overall capacitance can be described as:

1 1 1
- = + Equation 2.4
C  Csio, Chigh—k (Eq )

which will lead to:

CET = tsi0, + thigh—k (Equation 2.5)

Thus, an extra SiO; layer is undesirable as it adds to the overall EOT and hence,
reduces the scalability. This problem can be somewhat mitigated by (i) using oxides
with higher k-values (up to a point) to compensate for the loss of EOT caused by the
Si0, interlayer, (if) replacing SiO, with some other buffer layers which either have
higher k-values than SiO, and/or exhibit better barrier. In the first case, it still
requires extreme care to be able to control the thickness of the intentional SiO; layer.
As mentioned before, many potential oxides have been reported to have high oxygen
diffusivity and hence, this behaviour can alter the thickness of this beneficial SiO; in
interface, particularly during subsequent annealing. In the other cases, they
complicate further the process of integrating high-k oxides into the gate stack

because they require the search for alternative buffer layers.

The last issue that has strong influence on the device operation from the
microstructure viewpoint is the defects from potential high-k oxides. It is well-
known that most of transitional and RE oxides have a much higher concentrations of
bulk defects compared to SiO; [7, 8, 17, 20-23], these are mainly oxygen vacancies
and oxygen interstitials. The main reason why these high-k oxides have high

concentrations of defects is due to their chemical nature.
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In contrast to SiO,, all of these oxides are poor glass-formers [1]. Moreover, they
have relatively higher co-ordination numbers and they are highly ionic. As a result,
these oxides have larger non-equilibrium defect concentrations than SiO,. Although
they have high heats of formation, i.e. the equilibrium defect concentrations should
be low, the non-equilibrium defect concentration is still high because the oxide
network is less able to relax easily to rebond and remove defects. That is also the
reason why oxygen vacancy and oxygen interstitial defects are the two main types
prevailing in these oxides due to their lower formation energy compared to metal
defects. These defects can exist either as bulk fixed charges or as surface states at the
interface with the silicon channel. They were reportedly responsible for creating
strong electric fields, altering band offsets, contributing to dielectric loss and because
of their diffusions in an electric field, inducing a phenomenon similar to electrolysis
[1, 21]. Unstable threshold voltage and low carrier mobility were also attributed to
these defects [24].

Because these detrimental effects will lead to unstable device operations, the
concentrations of defects must be minimised and controlled as far as possible. The
choice of film growth methods can significantly affect the density of defects and
hence, needs to be evaluated with great care. Other processing factors such as
substrate preparation, subsequent annealing and gate stack structure also contribute
to the density of defects. Alteration in the structure of the oxide itself can also help to
somewhat mitigate the problem, e.g. incorporating La into HfO, was demonstrated to

suppress the formation of oxygen vacancy [25].

2.3.2.4 Compatibility with gate electrode

Until very recently, poly-Si has been the industrial choice for the gate electrode on
top of Si0O; in conventional MOS devices. These gates are not actually metals but
heavily doped n- and p-type poly-Si. They are still a favourable choice though
because dopant implant conditions can be tuned to create the desired threshold
voltage Vr for both nMOS and pMOS. In addition, the process integration schemes
for poly-Si are well established in industry. Poly-Si also has the advantage that it is

refractory, easily deposited and compatible with SiOs.
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However, when the SiO, is replaced by a high-k oxide, the use of poly-Si as gate

electrode is arguably no longer suitable.

Firstly, materials such as HfO, and ZrO, can react with the poly-Si during the dopant
implant annealing process resulting in the formation of silicides [1], which in turn
leads to carrier leakage paths and influenced the functions of the oxides. Diffusion of
dopants, particularly Boron, from the poly-Si gate through the oxide can also occur
[1, 4]. Moreover, because poly-Si gates are not real metals, they have a relatively
low carrier density and hence, add a depletion length of a few Angstroms to the
Equivalent Capacitance Thickness (ECT) of the gate stack [1]. As a result, it is
necessary to deploy alternative metal gate electrodes simultaneously with the
integration of high-k oxides in to the new gate stack structures. In fact, research in
metal gates has also been a very active area in parallel with the field of high-k
oxides. Some of the main challenges of metal gates are the compatibility with the
processing and thermal stability with the high-k oxides. In addition, there is the
challenge of fine-tuning work functions for nMOS and pMOS separately. Some of
extensively researched simple metals or alloys reportedly showed promising results
are Ru, TiN, TaCy and TaN, etc. [1].

2.3.2.5 Manufacturing compatibility and device reliability

From the viewpoint of manufacturing, integration of high-k oxide into the process
flows requires very strict conformation to the overall design and production of ICs
and preferable, demands the least change in any subsequent steps. It is mainly due to
the massive cost and deep know-how in the past for Si semiconductor and still
seemingly the dominant choice for years to come. In addition, since the gate
dielectric properties and thickness have a strong impact on the performance of the
device, these properties must be very well controlled in practical conditions within
current or expected industrial environment to manufacture large ICs with a high
yield. Because these properties are typically a function of deposition technique, the
dielectric must have repeatable, well-controlled properties across a large area wafer
and also from batch to batch. Moreover, whatever the deposition technique to be

used, it also needs to be a cost effective process with a high throughput,
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Device reliability is another major issue which demands a lot of works in developing
and validating new methods in metrology and theoretical investigations. This issue
involves many different experimental factors such as device lifetime, modes of
failures for oxide breakdown at operational voltages, etc. [26]. Theoretical studies
deal with critical questions relating to the performances of high-k oxides that not
known before to the semiconductor industry community [7], mainly due to the much

more complex nature of such materials compared to the well-characterised SiO..

2.4  Stabilisation of higher-k phases in HfO,-based dielectrics

Among all high-k oxides investigated as gate dielectric in advanced CMOS devices,
HfO; and its “twin oxide” ZrQ, have attracted the most attentions because of their
reasonable k-values (k=15~25), wide band gap (E,~ 6 €V) and good thermal stability
on Si. Between these two, HfO, has been more favourable due to its higher thermal
stability with Si and better resistance to silicide formation[1]. In fact, it is Hf-based
oxide that chosen in the 45 nm node production which Intel introduced in 2007 as
their preferred high-k gate dielectric. However, according to the latest edition of the
ITRS published in 2009 [27], the need for a higher-k material (k>30) is mandatory to
maintain the scalability of devices in near future. In addition, due to the necessity of
a buffer layer between the Si substrate and high-k oxide, it is also necessary to
require higher-k values to compensate for the loss in EOT that subjected to
continuous scaling. As a result, the search for a higher k-value compared to the
initial requirement (k=20~25) has been started with two main approaches. The first
one involves some emerging candidates, which are RE-oxides and perovskite oxides
such as (Sr, Ba)TiO;. These materials have attracted extensive interest due to their
potentially high k-values, particularly in the case of perovskites. However, their
chemical instabilities (in the case of RE oxides such as highly hygroscopic and
catalytic nature) or difficulties in growth conditions (perovskites require MBE and
very sensitive in layer compositions) have been so far not fully resolved and hence,
still a serious technical barrier to overcome. Another class of materials have also
been considered promising, in fact, is derivatives of pure HfO, (ZrO;). Zhao and
Vanderbilt predicted theoretically [28] that the high-temperature phases, i.e. cubic or
tetragonal, of materials such as HfO, should have significantly higher permittivity (k

can be increased up to 70 for tetragonal phase) than the thermodynamically stable
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monoclinic phase (k~16). Following this study, many investigations have been done
to investigate ways of stabilising these high temperature phases and to assess their
suitability of CMOS devices as successors of HfO, (see, for example [8, 29-32]
among many others). Many other experimental studies, mainly involved HfO, thin
films doped with RE elements, have shown encouraging electrical results (see

section 2.4.3 for more details).

Because HfO; has become the most important high-k oxide available at the current
time due to its recent adoption into mass-production microelectronics, derivatives of
this system are desirable for next generation advanced CMOS circuits. This section
will present an overview of this trend as the main context and motivation for the
work undertaken within this study. Firstly, the microstructure of HfO, will be
outlined, followed by the mechanisms of phase stabilisation by doping with different
elements. The last part will review some experimental results reported in the
literature to demonstrate and correlate crystal structure and dielectric property

relationship with considerations to progressive scaling demands.

2.4.1 HfO; polymorphs: stable and metastable phases

It has long been known in the ceramics industry that Hf, together with other elements
such as Ti, Zr, Ce, U, Th and Pu form a variety of binary and multi-component
oxides based on the fluorite structure of CaF, [18]. These materials are generally
refractory and find a wide variety of applications ranging from structural ceramics,
thermal barrier coatings, nuclear fuels and nuclear waste ceramics through to solid
electrolytes for oxide fuel cells, sensors and catalysts. For Hf and Zr binary oxides,
three stable phases can be formed at the atmospheric pressure depending on
temperature. The monoclinic phase is the most thermodynamically stable at room
temperature, while the other two are stable at higher temperatures. Figure 2-11
schematically shows these three phases and their transformational temperature

accordingly.
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In his work, hypotheses are made about the formation of such phase as a function of
crystallite size and surface energy. Following this study, numerous investigations,
both experimental and theoretical, have been devoted to this complex yet interesting
phenomenon of phase transformation and phase stabilisations. Much of this has
focused on applications within the bulk ceramics industry due to importance of these
oxides as control rod (HfO;) in water-cooled nuclear reactors [36] or electrolyte in

solid-oxide fuel cell (ZrO,) [35].

One of important observations about the phase transformation in ZrO; and HfO,
alike was the diffusionless nature of such reversible phase transformation, especially
for the monoclinic ¢ tetragonal regime [41]. All of these studies have led to general
agreement about the conditions required for tetragonal and/or cubic phase to be
retained in undoped HfO; and ZrO, and how to study these effects by metastable-
stable phase diagrams [35]. Essentially, proposed factors involve the critical size of
crystallites and its interplay with interface or surface energies.. The latter factor is
particularly important in thin films rather than in bulk materials. A number of studies
involving ALD of HfO, films have illustrated this interdependence by looking at the
effects of film thickness and growth conditions [42-44]. These studies also
mentioned the influence of annealing conditions, such as the oxygen partial pressure,
to the formation and stabilisation of these metastable phases. This factor will be
discussed in more details in the next part of this section. To visually illustrate this
complicated relationship, Figure 2-12 demonstrates how the phase variations can be
obtained by controlling the crystallite size in nanocrystalline ZrO,. The equivalent
film thickness is also shown and illustrates the influence of surface energy (in terms

of coarsening effect) to phase stabilisation.
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One of the most thorough studies so far in this field involving microstructure
analysis with a wide range of dopants was carried out by Li et al [37-39] using X-ray
Absorption Spectroscopy (XAS) for zirconia stabilisations. Another excellent review
on hafnia and its toughened derivatives was published by Wang et al [36]. Because
the work on phase stabilisation of hafnia is far less advanced than the work on
zirconia, it is inevitable to postulate various findings and theories found from ZrO,
studies to HfO, investigations. Nevertheless, given the nearly identical physical and
chemical properties between these two “twin oxides”, it is reasonable and necessary
to do so. As a result, this part will highlight key points in the context of phase
stabilisations of HfO, and ZrO, alike based on these aforementioned core papers plus
important information found in various studies from literature. Many studies
involved the built-ups or modifications of phase diagrams for various systems, which
have also the main source of discrepancies and controversies between different
authors. This factor will also be taken into account when microstructures and phase
compositions are concerned and arguably, one of the most puzzling issues in this

interesting area.

In the following sections, two different mechanisms of stabilisations are reviewed,
They are based on the addition of trivalent or tetravalent cations respectively, which
also constitute the majority of elements investigated, into Zi/Hf oxide networks.
Pentavalent dopants were demonstrated to have a hybrid mechanism for the
aforementioned cases [39] and hence, can be understood in a similar way. The use of
divalent cations so far is limited to Ca and Mg only and can be found in [36]. To
conclude this part, some other important observations reported in “metastable

phases” for Zr- and Hf-based systems will be briefly illustrated and discussed.

2.4.2.1 Stabilisation based on Oxygen vacancy

The ionic radii of Zr*" and Hf*" are considered to be too small to accommodate a
stable 8-fold co-ordination with oxygen in tetragonal and cubic phases (only exist in
high temperature conditions). A revised phase diagram of ZrO, doped with Y>" [45]
showed tetragonal or cubic phase stabilisation and was firstly explained by the role

of oxygen vacancies created to compensate for charge balance [46].
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This in turn resulted in the co-ordination number of Zt** being reduced to around 7.5
in tetragonal or cubic configuration, which meant that they were more stable because
they were closer to the strongly favoured co-ordination number of 7 between Zr and
O. A number of other studies were also conducted with other dopants but the
mechanism for the role of oxygen vacancy and how the stability of tetragonal/cubic
phase vary with such factors were not well understood. This was the main
motivation in the work of Li et at [38] to study the influence of oxygen vacancy in
aiding the phase stabilisation of ZrO; in a systematic way with different trivalent
cations at various concentrations. One of the main advantages this study had was the
employment of XAS, a powerful technique with the capability to probe local
structures. According to the author, XAS provides high resolution in differentiating
the dopant and host cation networks even at low doping concentrations. It was
particularly important when the ionic radii of dopants compared to Zr were
concerned and all previous studies could not provide satisfactory explanations
regarding this issue. As a result, more understandings about how trivalent cations

affect the phase stabilisations in ZrO, were developed and validated.
The local microstructure in this study can be summarised as the following key notes:

e Oxygen vacancies created by introducing trivalent cations into ZrO;
networks are responsible for the stabilisation of tetragonal and cubic phases.
They are also found to be associated with the Zr cations in the case of
oversized dopants and with two dopant cations in the case of undersized
dopants.

e Oversized dopants (Y and Gd) form solid solutions adopting the zirconia
structure, in terms of both dopant-oxygen bond length and dopant-cation
distance. These oversized dopants also accommodate 8-fold configuration
and leave oxygen vacancies for Zr host cations.

e Undersized dopants (Fe and Ga) substitute randomly for Zr ions in the
network and have very limited solubility in zirconia solid solutions. They
exist in 6-fold co-ordinations and compete with Zr ions for the oxygen

vacancies.
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¢ The tetragonal-to-cubic transformation in zirconia solid solutions involves
distortion of the nearest-neighbour Zr-O shell whereas the tetragonal-to-
monoclinic transformation requires distortion of both the nearest-neighbour

Z1-0 shell and the next nearest-neighbour Zr-Zr shell.

These findings lead to some important consequences in terms of phase stabilisations.
Firstly, in order to achieve the same stabilising effect, the amount of undersized
dopants needs to be used much more than their oversized counterparts. The
undersized dopants also create much more distortion in the host cation network
compared to the oversized ones. This behaviour is reflected in their much lower
solubility in Zr cation networks and hence, cubic solid solutions are found to be very
difficult to form. In terms of tetragonal stabilisation, both types of dopants are found
to be capable of suppressing monoclinic distortion though similarly to cubic phase,
the undersized dopants are much less effective. For the oversized dopants, increasing
the doping levels will result in a decrease of tetragonality, which can be represented
by the ratio of ZrO/ZrOg [46]. The tetragonal-cubic boundary is determined at the
concentrations of oversized dopants that yield this ratio equivalent to unity. In cubic
structure, ZrOy is the elementary structural unit while in tetragonal, it is the ZrOg that

is the dominant one.

2.4.2.2 Stabilisation based on cation network stabilisers

Besides the extensively researched topic of stabilising high-temperature phases in
Zr0, using trivalent cations, some other studies were also conducted with tetravalent
cations such as Ti, Ce and Ge [47-49]. All of these studies demonstrated that by
alloying ZrO, with the oxides from these elements, tetragonal and/or cubic phases
could be retained at room temperature with appropriate doping concentrations.
However, the mechanism of stabilisation in these systems was not well understood.
In contrast to the systems doped with trivalent cations, these systems do not create
oxygen vacancies within the network especially at low doping concentrations and
hence, the stabilisation cannot be explained by the same mechanism applied for the

trivalent dopants.
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Therefore, the stabilisation by adding tetravalent cations into ZrQ; networks requires
an alternative explanation. Li et al in their second study using XAS [37] followed
the same approach used by the previous study of trivalent cations. Ce was used as an
oversized dopant and Ge as a undersized dopant, these were introduced to ZrO,
matrix are various concentrations to assess their influence on the host network as
well as the effect on oxygen bonding. At this point, it is also important to recall that
tetragonal zirconia may be viewed as a layer structure, in which tetragonality is
attributed to the strong bonding of Zr-O; (2.104) within the layers whereas weak
bonding of Zr-Oy (2.34 A) between the layers [50]. The main results from Li’s XAS

work can be summarised as the followings.

e Both the oversized (Ce'") and undersized (Ge*") tetravalent dopants have
significantly different oxygen coordination from that of the host cation (8-
fold in the case of Ce and 4-fold in the case of Ge). While Ce is found to
form a random substitutional solid solution with Zr, Ge associates in the
cation sublattice within ordered domains. For both dopants, the cation-cation
distance in the network is not affected by alloying,

e Oversized CeOs polyhedra are observed in tetragonal zirconia with a Ce-O
bond length of 2.30 A, which is longer than the mean Zr-O distance of the
host network but shorter than the Ce-O distance in pure CeO;.

o The undersized Ge in zirconia solid solutions is tetrahedrally coordinated
with O with a Ge-O distance of 1.81 A. This distance longer than the Ge-O in

pure GeO,. However, it is shorter than the Zr-O; bond and hence, is thought

also stronger.

These differences in microstructures exert their impact on the stability of tetragonal
zirconia and are visually illustrated in Figure 2-13, The c/a ratio is depicted as a
function of tetragonality, i.e. the higher this ratio, the more stable tetragonal structure
can be formed (c is the length of the unit cell in z-direction and also conventionally
used as c-axis. For tetragonal structure, a=bzc, and tetragonality in ZrO;, and HfO,

alike is defined by anisotropic elongation or contraction mainly along the c-axis).
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In the case of undersized tetravalent Ge dopant, the opposite trend to the Ce doping
is observed. The tetragonality of zirconia solid solution increases proportionally with
the Ge doping concentrations. This is due to the stabilising effect achieved by cation
ordering. The oxygen overcrowding, which prevents the tetragonal phase of ZrO,
from being stable, is relieved by the full development of bifurcated tetrahedral
bondings for both Zr-O and Ge-O in the layer-like structure. Therefore, the
tetragonal zirconia solid solutions are found to be much more stable compared to the
case of Ce doping. However, one noteworthy observation is that no cubic solid
solution can be obtained using Ge dopants. This can be expanded to all undersized
tetravalent dopants and can be explained by the absence of oxygen vacancies in these
systems to aid the ZrO7 polyhedron formation. In contrast, oversized dopant such as
Ce can form cubic phase in significant quantity because CeO, itself is a cubic
fluorite-type structure. Although no oxygen vacancies are generated by the Ce
dopant, the cubic structure can be explained by its formation once the percolation
limit for Ce in the fcc lattice (19.8%) is exceeded. Under these conditions, a locally
“cubic” environment surrounding Ce can be created to form cubic domains, which in
turn triggers the phase separation into tetragonal and cubic regions. This two-phase
regime continues until the Zr ions become the minority species and fully surrounded
by the cubic matrix, which will lead to a cubic-like structure. This tendency is also

thought to be applicable to all other oversized tetravalent dopants.

2.4.2.3 Intermediate “metastable tetragonal” phases in Zr- and Hf-based oxides

While the term “metastable phases” in Zr- and Hf-based systems generally refers to
the high-temperature phases stabilised and retained at room temperature against the
monoclinic distortion, it can also relate to other intermediate phases exist between
the two-phase regime in various phase diagrams particularly at low and intermediate
doping levels. These intermediate tetragonal phases have been detected and
distinguished from the stable tetragonal/cubic phases as distorted fluorite-type
structure evolved via diffusionless transformation and termed as t’ and t”
respectively besides the high-temperature tetragonal phase, t [33, 35, 51, 52] mainly
in systems doped with trivalent cations. More recently, similar intermediate phases
were also reported for Ce-doped hafnia [53] and for very thin undoped HfO, films
[43].
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Of these two structures, the t” tetragonal form resembles a very similar structure to
the cubic one, with a c/a ratio equivalent to unity. This similarity between phases has
been the main cause of many contradictions between various phase diagrams
constructed prior to this discovery by diffraction techniques, such as X-ray
Diffractions (XRD) [35], although the existence of these phases had been
acknowledged for quite a long time. The underlying reason, as has been identified
[33, 35], was due to the fact that the distortion in these two “metastable tetragonal
phases” are caused by the oxygen displacement along the c-axis. Thanks mainly to
the advances of Raman microscopy and its high sensitivity to light element
displacement, which is not available from XRD, these structures were resolved and
validated. Figure 2-14 illustrates different phases found in Zr- and Hf-based oxides
and how oxygen displacement exist in t* and t” tetragonal forms. In this schematic
view, the small solid black circles present Zr (Hf) atoms while the large white circles
represent oxygen atoms. Displacements along the c-axis involving oxygen atoms are
indicated by the arrows. The t” tetragonal form and the cubic phase are
undistinguishable from the crystallographic viewpoint because firstly, they both can
be characterised by only one unit cell parameter, a; and secondly, light elements such
as oxygen have a very low X-ray scattering cross section. Only by detection of the
vibrational mode, which is made possible by technique such as Raman scattering, it
is possible to differentiate between these similar structures. Neutron diffraction can
also in principle detect the displacement of the oxygen atoms as its has a much
higher sensitivity of oxygen scattering factor compared to XRD [53]. However, as
many Hf-based oxides exhibit high neutron absorption coefficients [36], the use of

neutron diffraction is quite limited in practice.
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These studies also confirmed the enhancement of permittivity in Hf-based oxides by
stabilising its high-temperature crystal structures although the calculated k-values
were somewhat different between authors. One significant variation among these
studies is the discrepancy in dielectric constant for tetragonal phase (k~70) estimated
by Zhao and Vanderbilt and another result from Rignanese [8] in his ab initio study
about IVB transitional metal oxides and silicates (k~29). The values calculated for
the cubic phase were however, in reasonable agreement. Despite the difference
between the predicted values in these two studies, it is clear that a significant
enhancement should be possible by obtaining and stabilising the tetragonal or cubic
phase. At the same time, the bandgap of the material should remain virtually

unchanged or may even be slightly improved [1].

Motivated by these studies and also by the need of higher-k oxides to succeed HfO;
in next CMOS generations, many experimental studies have been done to investigate
the feasibility of enhancing k-value in Hf-based thin films. Trials were undertaken
by doping HfO, with La [54], Gd, Er, and Dy [29, 55, 56], Ce [57] as well as Sc
[55], Y [58] and Si [59, 60] typically at low doping levels (typically up to 20%).
Electrical results such as leakage current, fixed oxide charges, surface density states,
etc. were quite encouraging though varied between different groups. Some degree of
variation is inevitable because the differences in growth methods, film thickness,
annealing conditions, nature of dopants, doping levels, MOS structure, etc. As far as
the dielectric constants are concerned, these studies however yielded two maximum
experimental dielectric constants of 28 and 32, except in the study of La-doped HfO,
which gave a significantly higher permittivity of 38. These values are quite close to
the value of the cubic or tetragonal HfO, predicted by Rignanese mentioned
previously but far lower than the tetragonal k-value estimated by Zhao and
Vanderbilt. While these results are very promising from the viewpoint of high-k
applications, there remained some questions about the accurate determination of
phases in these materials. Most authors relied mainly on the evolutions of XRD
patterns to argue the crystal structure of their correspondent films as tetragonal or

cubic, while some others could not deduce the structure unambiguously.
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As mentioned before, XRD alone is not sufficient to distinguish between the various
configurations of tetragonal and cubic phases, particularly if the dopant level is low.
The issue is further complicated by the broadening effect and peak convolution in
XRD spectra due to small crystallites and the potential co-existence of different
phases in the films. It is thus remaining a very challenging yet very interesting area
to conduct more investigations about crystal structures in these Hf-based thin films
and gain a better understanding about the dielectric constant variations against phase
composition and/or microstructure alteration. Moreover, doing so can also possibly
reveal some optimal conditions such as annealing environments and temperatures,
doping levels required to achieve a specific value of permittivity and other electrical

properties, etc.

2.5  Deposition techniques for dielectric thin films

The shift to a high-k dielectric material in CMOS production represents a
fundamental change in processing towards deposited thin dielectric films rather than
the native oxide that can be grown directly on crystalline silicon. To ensure good
electrical performance of the resulting devices, the deposited dielectrics must have
an excellent thickness uniformity and superior interfacial and bulk properties.
Clearly, the search for such a perfect technique is not easy because any potential
method will have its own advantages and disadvantages. Research projects in
laboratory require a flexible and capable tool to accomplish testing a wide range of
materials whereas industrial applications dictate a critical balance between financial
investment, quality control and yields. This section will outline some of the most
popular deposition techniques particularly suitable for growing dielectric thin films
and used in both research laboratory and industrial environment. The main focus of
this section will be on Atomic Layer Deposition (ALD), a derivative of the Chemical
Vapour Deposition (CVD) family, which is the technique used in the current
research and has also been adopted for production by many leading companies in
semiconductor industry. Other competing or alternative techniques will also be

briefly reviewed.
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2.5.1 Atomic Layer Deposition (ALD)

The development of Atomic Layer Deposition (ALD), originally known as Atomic
Layer Epitaxy (ALE), is widely accredited to Suntola and Antson from Finland, who
developed the technique in the 1970s for the commercial production of high-quality,
large-area flat panel displays based on thin film electroluminescence (TFEL) [61].

However, the process was also developed and investigated extensively as early as
1960s by many former Soviet Union researchers although far less well-known until

much later [62].

Since then, it has become a very useful and versatile technique for depositing a wide
range of materials, ranging from elemental metals through to oxides, nitrides and a
range of other types of compounds [62] for various applications. Recently,
worldwide interest in ALD has increased due to the driving force of the
semiconductor industry and its ongoing demand for scaling devices. The demand for
a method capable of depositing very thin, conformal, atomically flat and highly-
insulating oxide layers at the nanometre thickness scale, are all met by ALD [61].
The so-called high-k oxides, which mostly comprise refractory materials, are not
easily processed in a controlled manner by thin film deposition techniques other than
ALD. The reason why ALD is thought of as the most capable technique to be
employed in high-k thin film application owes much to its characteristics as a very

distinct method to provide “digitised control” of film thickness.

One of the most important concepts of ALD is its growth cycle. Figure 2-15 and
Figure 2-16 demonstrate two simplified but typically representative ALD growth
cycles in two different fashions [63]. They are referred to as chemisorption-
saturation and reaction-sequence ALD respectively, both rely on the strong chemical
adsorptions of gaseous precursors, which are in various forms of metal complexes or
compounds, to the substrate. Another type of adsorption that can also exist is
physisorption. However, the influence of this in ALD is not very strong for most
film growths and generally a minor effect. A detailed discussion about the growth
kinetics, mechanisms and surface chemistry can be found in [62]. For both of these
aforementioned ALD growth pathways, a purge of inert gas is applied in step 2 and 4

to remove all excessive precursors and gaseous by-products.
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However, given the fact that the high-k oxide layer is within the order of a few
nanometres, the advantages offered by ALD still much outweighs its limitation in the

control of film thickness, particularly in industrial batch processing.

Another important aspect affecting the evolution of ALD technique is the utilisation
of an increasingly wider range of chemical precursors. Together with the
development of the ALD hardware, precursor chemistry has played an important role
in expanding the varieties of materials that can be deposited by ALD. From the
chemical viewpoint, precursors suitable for high-k oxides can be mainly grouped
into the following categories: halides, alkoxides, S-diketonates, cyclopentadienyl-
type compounds and amido complexes [62-64]. Among many critical requirements
for a good ALD precursors [61, 64], thermal and chemical stability, sufficient
volatility and reactivity are the most important factors, especially when the growth
conditions at low or intermediate temperatures are concerned. Traditionally, these
properties have been some of the limiting factors in expanding the application
envelope of thermal ALD due to the constraints imposed by the available and
suitable chemicals. However, the recent development in precursor chemistry,

particularly in organometallics, has partly helped remove that barrier.

Other recent developments of ALD in terms of technique improvements are Liquid-
injection (LI) ALD and Plasma-enhanced (PE) ALD. The LI derivative has been
developed to overcome the problem with many precursors for thermal ALD: low
volatility at temperatures below the decomposition thresholds. By dissolving the
precursors in inert organic solvents such as anhydrous toluene or heptanes and
transporting the precursors to the reaction chamber in the vapour form of dilute
precursor solution, LIALD helps to reduce the high temperatures required to
evaporate pure precursors and hence, more types of precursors can be employed. The
PE derivative, on the other hand, has been developed to provide a more sufficient
ALD pathway by providing energetic radicals or ions by means of plasma generation
to remove ligands or surface activation. Since these radicals or ions can react with
the surface ligands with minimal to no activation energy barrier, PEALD generally
results in an increased reaction rate and an improved removal of volatile products at

lower temperatures compared to thermal ALD process.
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2.5.2 Chemical Vapour Deposition (CVD)

Chemical vapour deposition (CVD), like ALD, is the process involving a volatile
compound of a material to be deposited, with other gaseous reactants, to produce a
non-volatile solid that deposits atomistically on a suitably placed substrate.
However, in CVD, both reactants are introduced simultaneously and react on the
substrate via a thermally assisted reaction. A large variety of films and coatings
including metals, semiconductors and insulators in either crystalline or amorphous
form have been investigated by CVD. Compared to several other methods, one of the
most distinct advantages that CVD offers is a very high growth rate, even at low
temperature. In addition, other advantages making this technique quite favourable
include the affordable cost of the equipment and operating expenses, the suitability
for both batch and semi-continuous operation, and the compatibility with other
processing steps. Aside from conventional CVD, some other derivatives have been
developed to improve the performances of the method or for specific application
such as Metal-organic CVD (MOCVD), Liquid-injection MOCVD, Plasma-
enhanced CVD and laser-enhanced CVD [65]. In terms of processing pressure
conditions, CVD can be classified into two main groups: atmospheric and low-
pressure, of which the latter one has been used extensively in thin film deposition for

semiconductor industry [66].

The basic principle of CVD can be presented by the following primary steps: (i) the
introduction of precursor(s) into a reaction chamber, (ii) gas phase collisions
between precursor molecules, (iii) transport of precursors to the substrate, (iv)
absorption of the precursors onto the substrate, (v) the adatoms migration and film-
forming chemical reactions on the substrate, (vi) desorption of the adsorbed
molecules, (vii) surface nucleation, and (viii) desorption of the gaseous by-products
of the reaction. Depending on the growth temperatures, two main CVD operational
regimes can be categorised. They are mass-transport limited regime at high
temperatures and surface-reaction limited regime at low temperatures respectively
[66]. The role of precursor chemistry hence has a strong influence on the

development of CVD in a similar way to ALD.
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As mentioned before, one of the main advantages of CVD is the high growth rate.
However, for applications that require very thin films, this can also be a
disadvantage. For applications such as dielectric deposition for MOS devices, CVD
cannot give the level of thickness control required and ALD is highly advantageous
in this case. Another issue with CVD for application such as CMOS fabrication
comes from the high demand of uniformity and conformity of ultrathin films, which

is another drawback compared to ALD.

2.5.3 Molecular Beam Epitaxy (MBE)

Molecular Beam Epitaxy (MBE) is a deposition technique originally designed to
undertake epitaxial film growth on a crystalline substrate at ultrahigh vacuum (UHV)
and low temperature. Traditionally, it has been used to grow single crystal films such
as GaAs and other compounds from group III and V in the periodic tables as well as
elemental metals [67]. Many of these compounds are important constituents in
modern microwave electronics and optoelectronics, high speed digital and analogue
devices and ICs, etc. The main operational principle of MBE involves controlling the
flux of atomistic beams of ultra-pure metallic sources directed towards a heated
substrate. The flux of metals on the surface results in deposition of material and if
the conditions are correct, epitaxial formation of the required material. In solid-
source MBE, ultra-pure elements such as Ga and As are heated in separate Knudsen
effusion cells until they begin to slowly sublimate. The gaseous elements then
condense on the substrate, where they may react with each other to form the single
crystal film with desired structure, e.g. GaAs. The term "beam" means that
evaporated atoms nearly do not interact with each other or vacuum chamber gases
until they reach the wafer, due to the long mean free paths of the atoms. Actuation of
open/close function of the source shutters allows film growth to be controlled at the
atomic level within a monolayer. This in turn offers the ability to precisely control
epitaxial film growth and composition, making it a highly attractive technique for

many academic and industrial scientists.

The main advantage of MBE is the ability to grow very high quality epitaxial
growths or complicated structures that are virtually impossible to obtain by other

techniques. MBE also prevails over other techniques in terms of impurities within
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the films due to its high UHV processing conditions and the heterointerfaces can be
kept to the minimum. MBE also offers highly accurate film compositions and
complex films can be deposited without the need of complex chemical delivery
system as typically required by other methods. In terms of process control, it has the
most advantageous position among all the growth methods because the UHV
conditions are highly compatible with a wide range of in situ surface analytical
equipments, which can be either directly attached or connected to the growth
chamber. These equipments enable the monitoring of the chemical composition and
physical structure of the so-called epilayers throughout the growth process, thus
provide excellent control. The main disadvantages of MBE are its relatively slow
growth rate, complex and expensive equipment due to its high vacuum demand and
associated components and difficulty to integrate with other techniques at industrial

production level.

Recently, the use of MBE for high-k oxides has focused on the growth of perovskite
films for applications in both gate logic structure and DRAM [66]. Given the fact
that perovskite materials offer very high k-values and the continuously pressing
demand for higher-k oxides to succeed HfO, in CMOS devices, MBE may be the
competing method of choice against ALD in the future, at least at the research level

in laboratory.

2.5.4 lon Beam Assisted Deposition

The concept of ion beam assisted deposition (IBAD) relies on energetic ions to
stimulate the surface reactions of precursor atoms that are generated with an
electron-beam evaporator and deposited on a substrate. Because the process utilises
ions as reactant, ion bombardment is the key factor to control the film properties in
the IBAD process. Regarding the application of high-k oxide films, HfO, was
reportedly deposited by this technique in [43] and ZrO; elsewhere [66]. For IBAD
application of high-k dielectric materials, energetic oxygen ions in a vacuum system
are used to convert deposited surface metal atoms into metal oxides for thin film
deposition. The stoichiometric composition of the oxide films can be altered by the

transport ratio of the metal vapour against the oxygen beam and the ion energy.
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This is a potential advantage of this technique since various stoichiometries of oxide
films can be created to investigate their impacts on film structures. Another

advantage that this technique can provide is the ability to form complex metal oxides

without the use of many chemical precursors.
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Chapter 3 EXPERIMENTAL METHODS

3.1 Introduction

Details of main experimental techniques employed in the work of this thesis are
described in this chapter. Firstly, the growth method of Ce-doped Hf-oxide films is
presented, including details of precursors and other parameters involved in LIALD
process. Following the film growth, principal analytical techniques used to
characterise the films are described, comprising instrumental details and analytical
procedure. They are XRD, UV Raman, MEIS, AFM, ellipsometry and weight gain
analysis. Electrical properties of the films are extracted by using C-V, I-C and C-f
measurements. Because of the thin film nature, some equipments not originally
designed for thin film characterisation have been optimised in terms of data
acquisition procedure to improve the quality of data obtained. Alongside with
instrumental descriptions and setups, methods employed to analyse data are also

presented with discussions about issues involving during the analysis.
3.2  ALD film growth

3.2.1 Introduction

As mentioned in the previous chapter, one of the most common techniques currently
used to deposit thin films for microelectronics applications is Atomic Layer
Deposition (ALD) (see chapter 2 for details). All the films investigated in this
research project were deposited by a modified ALD process called Liquid-injection
ALD. The method was initially developed for Metal-Organic Chemical Vapour
Deposition (MOCVD) and later adopted for ALD. The main difference between
conventional ALD and Liquid-injection ALD is the way in which the precursors are
delivered into reaction chamber. While the former method relies on the thermal
evaporation of precursors often with the aid of a flowing inert gas, the latter uses

flash evaporation of precursor solution at point of use.
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The precursors are dissolved in organic solvents and are then sprayed into a heated
vaporiser as and when required, the precursor and solvent are flash evaporated and
carried to the reaction chamber by flowing inert gas. Because the precursor is stored
at room temperature and is only heated as required, it is potentially possible to
employ a much wider variety of precursors. Precursors which might not be suitable
for conventional delivery due to poor thermal stability or ones that suffer from low
vapour pressures can often be used via direct liquid injection delivery. Moreover,
this technique does not require constant heating of the precursors and hence,
degradation of precursors is reduced and shelf life increased. A range of materials
have been successfully deposited by this method [1-4] in our research group and the

method is attracting significant interest from industry.

The following sections will describe the Aixtron AIX 200FE, which is the reactor
used to produce all the films by Liquid-injection ALD. Details of growth parameters

are given and discussed afterwards.
3.2.2 Liquid-injection ALD

3.2.2.1 Aixtron AIX 200FE

The Aixtron AIX 200FE system is a Liquid-injection MOCVD reactor, originally
designed for deposition of various oxide materials on different types of substrates.
The system has three independently controlled metal-organic precursor sources with
Jipelec TriJet® liquid precursor delivery and evaporation system, a horizontal CVD
quartz reactor with infrared lamp heating and a 2" wafer susceptor mounting stage
with Gas Foil Rotation® and manual loading. A schematic of the system with its

main components is shown in Figure 3-1.
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In addition to the MO-precursor sources, co-reactants in the form of water, oxygen
or ozone are also available on the system. Depending on which one of them is used,
the supply of this oxidizing agent can be transferred to the reaction chamber via
vapour (in the case of water) or through gas supply system (in the case of O,). The
water is supplied by a vapour draw source, controlled by a high-speed Swagelok
ALD valve. If Os is required (the case of this research) then O, will be fed into an O3

generator and subsequently fed into the reaction chamber.

In order to ensure that the precursors are thoroughly vaporised before entering
reaction chamber, the vaporiser is fitted with embedded heating cartridges and
thermocouples in five independent zones. This configuration allows the temperature

of the vaporiser to be controlled consistently up to maximum 250°C.

The substrate temperature is controlled by a graphite susceptor, which is heated by a
set of five infrared lamps and controlled by a thermocouple embedded inside the
susceptor. The substrate can be rotated via the gas driven mounting stage, which is
driven by Argon gas, it can improve thickness uniformity, and particularly for CVD.
Mass flow controllers (MFCs) are used on all gas supplies to ensure that the reactor
flow conditions are stable and controllable in a repeatable fashion. An MFC is also

used to pressurise the precursor containers.

All gases and by-products from the growth process are sucked out of the system by a
vacuum pump after passing through a water-cooled filter situated at the outlet of the
reaction chamber, where non-volatile materials will be condensed and separated. To
maintain the required reactor pressure, a butterfly throttle valve is utilised at the

pump inlet and controlled by a pressure gauge.

All of the aforementioned features are integrated and controlled by the CACE
control software. This sofiware allows the user to set up various operational
parameters to suit any specific growth recipes as well as control the growth process

in a programmable fashion.
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3.2.2.2 Growth method

This section will presents the initial works carried out to characterise each of the
individual precursors to determine their ALD growth windows, it also discuss the
growth of the Ce-doped Hf-oxide. Firstly, all growth parameters used to deposit Ce-
doped Hf oxide films are presented in Table 3-1 below.

Table 3-1: Summarised growth data for Ce-doped Hf oxide films on Si substrates

Evaporator temperature 160°C

Reactor pressure 5 mbar

Injection rate 2 5pl/pulse (4 pulses/cycle)
Solvent Toluene

Precursor concentration 0.05M

Argon flow 200 sccm

Pulse sequence {precursor/purge/Q;/purge) 2/2/05/73.5sec.

No. of cycles 15-300

Ce:Hf precursor ratio’s 1:2;1:4; 1:9; 1:12; and 1:19

All these parameters have been chosen after many trials to determine the optimal
reactor conditions for the growths from various growth studies carried out in this
reactor before. Specifically, the chosen temperature was selected as the result of
initial studies of ALD characteristics from each individual precursor to match the
optimal growth rate. To create the Ce-doped Hf oxide films, two single sources were
employed, namely Ce(thd)s (thd = tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)
and [(MeCp),HiMe(OMe)] (MeCp=CH3CsH4). Initial attempts to grow with the
Ce(thd)s with water as a co-reactants in the ALD process failed, however, this was
not particularly surprising as thd -based compounds are known to be too stable for
this reaction. As a result, ozone was used instead of water; the use of ozone for this
particular precursor were also reported in some previous studies involving the
growth of CeQ; [5, 6].
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3.2.2.3 Sample preparation for subsequent characterisations

After the films were grown, all of them were stored in sealed boxes to prevent them
from dusts and moistures. For following heat treatments and subsequent
characterisations such as XRD, Raman, MEIS, etc. each sample was cut into small
pieces approximately 1 cm x 1 cm. Before and after characterisations, all pieces from
different samples were wrapped with optic-grade tissues and kept inside plastic
boxes or air-tighten bags to avoid scratches and contaminations from the ambient

environment.
3.3 X-ray Diffraction (XRD)

3.3.1 Introduction

X-ray diffraction (XRD) has been used extensively within this research to investigate
the crystal structures and the phase compositions of the films. The technique
provides important information about the structural evolutions and phase
stabilisations following different post-thermal treatments and particularly, the role of

cerium in stabilising the desirable phase derived from pure HfO,.

3.3.2 Background

After the discovery of X-rays by W.C.Rontgen in 1895 and the first diffraction
experiment undertaken from a single crystal by Max von Laue in 1912, XRD has
become a powerful tool in the study of crystallographic structures of different types
of materials. Initially developed and used extensively in mineralogy, it has been

successively utilised by many branches of sciences.

The widespread use of this technique relies on a phenomenon called diffraction
which is an effect observed when electromagnetic waves interact with matters.
Essentially, there are three different types of possible interactions that can happen
when a material is exposed to radiations (X-ray in this case). The first one is called
photoionisation, which is an inelastic scattering process. In this process, the electrons
can be released from their bound state with the atoms due to the energy and

momentum is transferred from the incoming beam.

04






This sum is equal to 2dsin © as a simple trigonometrical calculation is performed.
For constructive interference of the reflected waves, they must be in phase with the
incoming ones. In other words, the phase shift has to be a multiple of incident
wavelength. This is the very condition for a simple diffraction geometry which was
first formulated by W.H.Bragg and W.L.Bragg in 1919, hence the name Bragg’s

law:

2dsin@ = nAi (Equation 3.1)

n: integer; d: interplanar spacing (A); A: radiation wavelength (&); 0: diffraction angle (*)

To make use of the diffraction technique to study crystal structures of ordered
matters, the radiation wavelength used has to be comparable to the magnitude of the
interplanar spacings. This can be achieved by using various types of metals to
generate a range of X-rays with different wavelengths depending on the specific
material under investigation. One of the most popular sources used is Copper, which
generates an X-ray with wavelength about 1.5418 A. This X-ray source was used
within this work to study the crystal structures and phase stabilisations of Ce-doped
Hf oxide films. The diffraction data from all the films were collected by utilising the
0/20 scan configuration, which essentially detects and plots the intensities against
incident angles (see section 3.3.3 for more details). By obtaining data from this scan
configuration, important information such as structure, phase, interplanar spacing,

crystallite size, .etc can be derived (see section 3.3.4).

In terms of identifying the structures or phases existing in a sample of material, the
diffraction data is often compared to database data files. Two of the most common
sources of references are ICDD (International Centre for Diffraction Data) and CSD
(Cambridge Structural Databases), which cover a wide range of materials and are

continually updated.

By comparing the obtained diffractograms with available references, unknown
structures and phases from the investigated material can be revealed. This process,
however, requires some basic understandings about periodicity existing in any given
crystalline materials. In crystallographic study, any ordered material can be

illustrated in 3-D construction by using the well-known Miller index system.
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To make use of the Ka radiation for diffraction analysis, it is noteworthy to take into
account of its doublet nature. In fact, Ka is not a single emission line, but is
composed of two individual ones, namely Ka; (A=1.5406 A) and Kap, (A=1.5444 A).
The existence of the Koy, line only affects the resolution of diffracted patterns at high
scattering angles and in the case of polycrystalline thin films, is not commonly
observed [7]. Hence, in this work, a typically weighted Ka line with an average

wavelength 1.5418 A is used.

In order to calibrate the system, a SiO, standard powder sample supplied with the
equipment is used. The data from this standard sample is compared to a reference
spectrum also supplied by the manufacturer or compare with other reference data
available for Si0; powder. Necessary adjustments to the system can be done based

on regular checks to ensure proper operation and accuracy of acquired data.

In terms of sample setup, the films of interest had to be accommodated within the
central part of the sample holders by using a form of tacky rubber (“blue tag”) to
keep them stationary during the scans. In order to ensure the consistency of the
measurements and minimise the errors during the scans, the flatness of the samples
was of great importance. A piece of clean glass was used to gently pressed on top of
the samples to align them at the same height with the holders, which in turn ensured

the samples were parallel to the bases of the holders.

Because the system was originally designed to undertake powder diffraction study, it
is necessary to optimise the scan conditions for thin films. For the Rigaku miniflex
system, most hardware parameters are fixed and it is only the scan speed and data
sampling method that can be optimised to give optimal signal-to-noise quality. The
scan step is typically set to the recommended value by the manufacturer as 0.02°/
min, which is nearly the smallest value the system can achieve. Therefore, the
quality of the obtained spectra is strongly influenced by the scan speed. Decreasing
the scan speed will improve the signal-to-noise ratio of the spectra but only to a
limited extent, in addition, there is always a compromise between, the signal quality

and the overall scan duration.
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To establish the optimal scan conditions for the thin film studies carried out in this
work, initial studies were carried out to investigate the effect of scan speed on signal

quality.

As the thickness range of the films within this research was between 15 nm to 25
nm, an initial study with a 20 nm thick HfO, film was carried out to optimise the
scan speed. The scan speed of the system can be set between 0.01°/min and 100" /min
and test scans were run using each of the two scanning modes available, namely
continuous or fixed time mode. The main difference between them lies in the way
the goniometer rotates during data acquisition. In continuous mode, the goniometer
scans at a constant velocity, set by the operator, and the detector and electronics are
set-up to collect and average the output for fixed periods of time during the scan. In
contrast, the fixed time (FT) mode works by stepping the goniometer by a user
defined angle and remains at this position for the required acquisition sampling time
before stepping to the next angle. In terms of scan duration, the time required to
complete one specific range of scattering angle is interchangeable between these two
modes and can be converted from one to another. Therefore, the scan time for this
initial study was presented in min/deg, which is the way the FT mode is set up. In
fact, some other previous studies also performed with air annealed HfO, films
revealed that the peak positions, the intensities of the peaks and the peak broadening
were not influenced significantly by the scan speed. This issue is even more
important in this study due to the fact that the signal-to-noise quality from thin films
typically quite low and strong interference with the silicon substrate as well as the
amorphous matrix possibly existed in some cases. To determine the optimal scan
speed, the standard deviation of the background signal was measured as a function of
scan speed. A lower standard deviation indicates a better signal-to-noise ratio and
hence, peak identification and the resolution of the spectra can be improved. A graph
of scan speed against background standard deviation is shown in Figure 3-8. From
this, it is clear that both scan modes yielded similar trend. Thus, the scan speed
chosen for all the concerned films throughout this work was determined as 0.2°/min
in continuous mode, which is equivalent to 5 mins/degree as in FT mode shown in

the graph.
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Each of these steps can be done either manually or by various computer programmes
developed for powder diffraction analysis. However, for thin film analysis, this
process is not easily performed automatically as in the case of powder samples. The
main reason is that in thin films only a few diffracted features can be detected and
hence, preventing the profile fittings and structure refinements which normally
require the whole patterns to be simultaneously analysed and fitted, for instance in
Rietveld’s method. Therefore, the data analysis for all the films in this work had to
be done manually and some processing steps previously mentioned would be omitted

as being explained in the following paragraphs.

The raw data collected from each sample was processed and analysed using Origin
software, which is a specifically designed for graphical processing and analysis. The
spectra then would be subjected to background subtraction to eliminate as much as
possible the contribution of substrate interference and equipment noise. After that
step, the peaks of interest would be identified. The smoothing and Ka, stripping
were omitted in confrast to the powder diffraction data processing. The first reason
for doing so were due to the fact that the following peak-fitting did not require
smoothing as the programme would do it during this step. Moreover, as previously
mentioned, the contribution of Ko, to the overall resolution in thin film diffraction
was very little compared to Koy and hence, the average wavelength Ka was used
instead. After this point, the raw data were ready for the next step, peak-fitting, and
also the most important one in determining useful information about the crystal

structures of the films under investigation.

The peak-fitting offered some peak shapes typically used in XRD data interpretation.
They are Gauss, Lorentz, Pearson-VII and pseudo-Voigt functions. More details
about mathematical descriptions and manipulations of those peak shapes can be
found in [9] and other XRD text books. In this work, all the peak shapes adopted
Lorentzian distributions mainly because of its simplicity in choosing fitting
parameters compared to the other two latter functions, which are essentially the
products of blending the two former functions in different proportions. In addition,
this function has an advantage over the Gaussian type because it offers a better

match to the peaks commonly found from thin films, i.e. long tails at the base and
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relatively low intensities. If required, convoluted peaks appeared in films with mixed
phases, e.g. monoclinic and cubic, could be separated by applying deconvolution
process from the programme. The results from peak-fittings revealed that the errors
for peak positions were between 0.02°and 0.05°; Full Widths at Half Maximum
(FWHMs) were approximately between 0.01 radians and 0.03 radians. These errors
were very small compared to the values yielded from peaks’ parameters and hence,

would be neglected in subsequent data analysis.

After the peaks were fitted, some important information about crystal structures
could be derived, including the interplanar spacings, unit cell and crystallite sizes.

The d-spacing of the various atomic planes can be calculated using:

d=—2 (Equation 3.2)

T 2sin@

d: interplanar spacing (A); A: X-ray wavelength (A); 0: diffraction angle (*)

For a fluorite-type cubic structure such as Ce-doped Hf oxide in this work, the unit
cell could be represented by one of its side, a. Thus, this parameter could be

calculated based on the above d-spacing by using a basic relation:

11
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Because the unit cell is a cubic, hence a = b = ¢ which gives:

a=dv3 (Equation 3.3)

In the current work, this will be used as a rough approximation as Ce-doped Hf oxide
is not strictly cubic, it is a metastable tetragonal with very small distortion from its
fluorite-type parent form. However, as can be seen later from chapter 5, the results
obtained from this calculation still agreed quite well with the cubic structure from

pure HfO,, which confirmed the validity in using this estimation.

The crystallite size contributing to the broadening observed in any diffracted feature

can be estimated using the well-know Debye-Scherrer equation (Eq. 3.4).
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In fact, the broadening effect from a sharp diffracted line is the sum of small
crystallite effect with microstrain and instrumental error. However, these latter

factors are very small and hence, could be neglected from this estimation.

T = KA
- pcoso

(Equation 3.4)

T: mean crystallite size (&), K constant (K=0.9 typically), p: FWHM (radians), A: X-ray
wavelength (A), 0: diffraction angle (radians)

34 Raman scattering

3.4.1 Introduction

The Raman effect, which was named after the Indian physicist C.V. Raman, has
become an important tool in determining vibrations in molecules. Since its discovery
in 1922, Raman scattering has provided researchers in many fields with a simple yet
powerful source of information about molecule configurations, chemical structures
and physical forms of various substances in different matter states. Coupled with
recent advances in instrumental technology particularly in lasers, it is now widely
regarded as one of the most important analytical techniques to deal with molecule

structural investigations.

Within the scope of this work, the use of Raman scattering was necessary due to its
ability to help tackle some unresolved issues in crystal structure analysis given by
XRD study. In addition, it also provided a clearer insight into the phase stabilisation
of Ce-doped Hf oxide films to obtain the desirable high-k phase against the stable

monoclinic from pure HfO,.

3.4.2 Background

When light interacts with matters, it mainly scatters by Rayleigh scattering, which is
an elastic scattering process. The scattered photons will have exactly the same
frequency and wavelength as the incident ones. However, there is also a small
probability (1 photon in every 10°-10°) that the incident photon will be scattered with

a slightly different frequency due to inelastic interactions with the scattering
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However, if nuclear motion is induced by the interaction, then the result will be a
shift in energy between the incident and scattered photons, i.e. Raman scattering.

Raman scattering itself can be subdivided into two processes, namely Stoke
scattering and anti-Stoke scattering. The main difference between them is the way
the molecules interact with the incident light. If the molecules absorb energy, then
the resulting scattered photon will have lower energy than the incident one and
hence, have a higher wavelength, this is called the Stoke scattering. If on the other
hand, the molecule imparts energy to the scattered photon, then this is known as anti-
Stoke scattering. Furthermore, another competing process with Raman scattering but
with much higher order of magnitudes can concurrently take place, which is known
as fluorescence. Although both of them happen in the same way, they differ to the
other fundamentally. In Raman scattering, the effect can take place at any frequency
and hence, it is not a resonant process. In conirast, fluorescence can only happen
after a certain resonance lifetime and at specific frequencies. In practice,
fluorescence often appears strongly in the background of the Raman spectra and is
undesirable as it interferes strongly or even hinders the Raman features. Therefore,
great care is required to reduce fluorescence from the background in order to detect

the actual Raman features.

Within this work, all the Raman spectra were recorded at room temperature in the
Stoke scattering mode. This is due to the fact that at room temperature, the number
of low energy states far exceeds the number of higher energy excited states, and
hence Stoke scattering is stronger than anti-Stoke scattering. Conventionally, the unit
typically used in Raman spectra recording on the horizontal axis are relative
wavenumbers (cm™). These units are used as it is the change (shift) in frequency that

is of interest rather than the absolute wavelength of the scattered photons.

In order to extract useful information from any given Raman spectrum, it is
important to understand some basic principles about how a scattering peak appears,
particularly when the material under investigation is in thin film form. Firstly, the
incident light, usually from a highly monochromatic laser, has to induce a change in
electronic polarisability within the molecule by creating some form of atomic
displacement, which in turn corresponds to some type of vibrational mode. In

contrast, the activation of any IR vibrational mode requires the change in dipole
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moment induced by the incident light. Therefore, these two techniques are generally
complimentary to each other when structural information about any given substance
is of concern. These two different rules also lead to another rule, the so-called mutual
exclusion rule. This rule essentially states that no IR and Raman band can be
observed at the same frequency if the molecule under investigation has a centre of
inversion. Another noteworthy point is besides the active modes due to vibrations of
individual or groups of atoms and molecules, Raman scattering peaks can also be
observed for phonons in crystalline materials, which are essentially due to the lattice
vibrations in solids. Several detailed treatments on the vibrational modes and phonon
vibrations can be found in many textbooks about vibrational spectroscopy and solid
state physics. It is also of importance to be able to predict all possible active Raman
modes for any given substance to interpret the scattering spectrum and find out
information about its structure or phase evolution. However, this process is very
complex and requires very complicated treatment using group theory, which is
beyond the scope of this work. Rather than that, the Raman spectra obtained from
experiments has been compared with available literature references dealing with Ce-
doped Hf oxides or some other closely related materials with careful assertions and

arguments.

3.4.3 Horiba Jobin Yvon Labram HR 800

All Raman spectra obtained from the films in this work were carried out by the
Labram HR 800 system. The equipment was designed to undertake fast and accurate
measurements not only for Raman scattering but also photoluminescence study over
a wide range of laser wavelengths. The system is also equipped with a temperature-
controlled cell to perform temperature-dependent Raman scattering analysis, which
is mainly used in organic chemistry analysis and other temperature-sensitive
substances. In order to give the most flexibility to the users to suit various analytical
demands, the equipment is supplied with a range of laser choices comprising visible
laser (red 633nm, green 515nm and blue 488nm), UV 325nm and NIR (768nm)

lasers as well.

As mentioned earlier, one main serious issue with Raman scattering study is the co-

existence of fluorescence, particularly in the visible range. This is also the problem
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The system adopts a CCD-type (Charge Coupled Devices) detector, which is the
most common detector used for applications with laser wavelength in the range
between 200 and 800 nm [10]. In order to focus the laser to a specific area of the
sample, an XYZ stage is mounted beneath the microscope system. The height of the
stage is adjustable to achieve the best focus on the sample. The microscope, besides
its function to give the desirable optical image magnification (10, 50 and 100 times),
also serves as a tool to focus the laser onto the sample. For the UV laser, because it
requires very expensive and higher quality optics, the lens used is rated at 40X

magnification.

Besides these main components, the system is also equipped with a number of stems
(push-pull bars) to allow fast switching between different functionalities. Stem 1
operates the camera beam-splitter, Stem 2 operates switching mirrors for UV-Vis
and Vis-NIR lasers and Stem 3 operates the switching mirror for microscope and
fibre entrance. Stem 4 is used when there is a need to switch the mirrors for top or
side detectors. These stems provide the users a fast and simple way to change the

configurations of the system to suit their analytical purposes.

For this system, the scattering configuration is performed in the 180 degree (back-
scattering mode) arrangement. In this configuration, the laser is delivered through
the lens and the scattered light is also collected back from the same lens. This
arrangement is very common in the systems which use microscope to collect the
light. In order to separate the actual Raman signal from scattered laser light, a notch
filter is employed. The notch filter is designed to absorb a large fraction of the laser
light without affecting the Raman signal; the bandwidth of the filter is 200 cm™
beyond the frequency of the incident laser used. Because for monoclinic and
tetragonal HfO,-based materials polymorphs, some of their characteristic lines are
very close to the exciting line of the laser used, i.e. in the region between 50 and 200
cm™ beyond the excitation frequency of the laser, the use of such notch filter will

inevitably lead to some losses of information.

Before measurements are carried out, the system requires calibrations to ensure that
the spectrometer is set up properly. Firstly, white light is us used to calibrate the zero

order mode of the spectrometer. This is called “zero calibration”.

81



A known Raman peak from a single crystal silicon reference standard, which gives a
very strong Raman band at 520 cm™ is then used to complete the calibration process.
Calibration is repeated at the start of each Raman session as small changes in
environmental conditions can cause significant drifting. After calibration, the system

is ready for data acquisition.

In this work, because all the films were deposited on silicon substrate, it was
necessary to undertake a scan for the native silicon substrate prior to the data
acquisition of the films. The data from the silicon substrate serves as a background
reference spectrum, which is very important for data processing. Because the Raman
scattering is quite a fast and effective process, typically a normal acquisition process
could be set up using the acquisition time 30 seconds and averaged 4 times, which
resulted in the whole scan process with duration about 20 minutes for the scattering

range of interest between 200 and 800 cm ™.

3.4.4 Data interpretation

The raw scattering data obtained from the films were fed into Origin and processed
in the same way like the XRD data. Similarly to the steps described in the XRD
section to process raw data, the Raman peaks were also fitted by using Lorentzian
distribution. Unlike the XRD, the Raman spectra mainly yielded qualitative
interpretation about the crystal structures and phase evolutions in this work. In fact,
for bulk materials or even in nanocrystalline forms [12], quantitative information
about peak shifts, crystallite sizes, phase fractions, etc. can be derived from

analysing the Raman spectra of the interested materials.

Some preliminary efforts were performed in order to find out such relationships
between the Raman peak characteristics and its related crystal or phase information
but were not successful. The main reason for this failure was film thickness, which
ranged from 15-25nm in the current work. Previous studies have been carried out on
either bulk powders or on thick films (in the region of hundreds nanometres or
microns), where the Raman signal is much higher due to sampling volume. In
addition, defects in thin films themselves coupled with other mismatches in the

crystal structures might hinder such typically observed phenomena that commonly
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found in other forms. Besides, the strong inference from the silicon substrate, the
breakdown of selection rules for distorted fluorite-type structures and small
crystallite sizes all contributed to this issue. Nevertheless, the peak shapes were still
fitted quite satisfactorily with good accuracy (the uncertainty for the peak positions
was in the range between 0.5 and 1.5 cm™). Hence, by identifying main scattering
peaks and deconvoluting overlapped ones, the information extracted from studying
these Raman spectra were still very valuable on their own and when combined with
results from XRD data, a more thorough insight about the role of cerium to stabilise

the potential high-k phases of HfO, polymorphs was achieved.
35 Electrical characterisations

3.5.1 Imtroduction

In order to extract electrical information about Ce-doped Hf oxide films, particularly
its dielectric constant, electrical measurements were carried out using C-V and -V
techniques. These electrical metrologies were developed and used widely in both
academic research and industrial manufacture as standard tools to characterise
electronic devices, e.g. CMOS built with SiO, as gate dielectric. Since the efforts of
looking for alternative materials to replace SiO; has begun, these techniques have
also been continuously adjusted and modified to stay as the main methods to

characterise such new materials.

Due to the fact that most potential high-k materials are quite different from SiO; in
terms of electrical behaviours and performances, various electrical models have been
developed to address these differences and hence, required very complex
mathematical treatments and many in-depth electrical expertises. Within the
electrical characterisations for all the films in this project, only simple MOS-C
structures are used. Because the main aim of the electrical measurements is to derive
some basic electrical performances of these films, this structure and its related data
interpretation is deemed sufficient to build up preliminary understanding about this

potential material.
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3.5.2 MOS Capacitor Fabrication

For I-V and C-V measurements, MOS capacitor structures were fabricated for each
sample. Firstly, arrays of Gold dots to form the upper metal gate contacts were
deposited using plasma sputtering of pure gold. The dots were formed by using a
shadow mask, which was fabricated by laser drilling. The size of the dot was defined
approximately equivalent to the size of the hole on the shadow mask, which was
about 300 um. Aluminium back contacts were then deposited uniformly over the
back surface of each sample using vacuum deposition of pure Al to give Ohmic
contacts. This back contact was crucially important to reduce large deviations
afterwards in the C-V curves. Large deviations in C-V and I-V curves were observed
in some preliminary experiments with films having no back contacts and hence,

hindering meaningful information that can be extracted.

3.5.3 C-V profiler

The system used to carry out all of the electrical measurements consisted of two
main components: the Keithley Model 4200 Semiconductor Characterisation System
(4200-SCS) and 4980A Precision LCR meters. The experimental set up is illustrated
in Figure 3-11. All of the controlled parameters of the measurements can be either
input directly from the front panel of the analyser or by an in-house developed
programme, which also serves the purpose of data acquisition. To aid the positioning }
of the probe on the chosen Gold dot, a microscope coupled with an XY stage is also
attached to the main system. If excitation of minority carriers is required (normally
for low frequency C-V), a source of light is available to be used. However, for high
frequency C-V measurements, the data is taken in the dark only. To maintain a good
and consistent back contact, samples are held firmly to the chuck station by vacuum,

which is generated by a vacuum pump connected directly to the chuck station.
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The range of DC bias voltage selected for each sample is normally the range of
applied voltage determined from the 1-V test done beforehand to ensure that full

saturation of capacitance can be achieved.

The C-f measurement commonly follows afterwards the C-V test. Typically, the
lower end of the frequency range was limited to around 10 KHz. The reason for this
lower limit is that lower frequencies are of little interest for device applications. The
bias voltage used for C-f measurements was set to the highest voltages from the C-V
tests. If necessary, one or two more other lower but within close proximity to the

highest bias voltage can also be measured.

Among these test, the high frequency C-V is the most important as it provides a
means of calculating the k-value as well as other qualitative information about the
oxide charges and interface states. Hence, trials and errors are used to obtain the best
results possible for C-V curves. Variables can be voltage sweeping direction (from
negative to positive bias voltage and vice versa), voltage step and delay time. In
theory, the sweeping direction should not affect the C-V curves if the dielectric oxide
layer is free from defects and relatively thick. However, in reality, this is normally
not the case due to the effect of charge modulation amongst others. Because all the
films in this work were deposited on n-type silicon substrates, the sweeping direction
was from negative to the positive bias voltages to ensure that the films always kept
under their equilibrium conditions. The bias voltage step and delay time were
justified after many trials with different sources of dielectric films previously and

determined accordingly to yield reliable and reproducible data.

3.5.4 MOS-C modelling and data interpretations

Prior to extracting electrical information from the samples, a simple MOS-C model
is required. Figure 3-12 shows a simple MOS-C construction that will be used as the
basis for constructing this model. A SiO, interfacial layer is included in this structure
as all of the films investigated in this work were deposited on top of the native

silicon oxide.
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Eox = 10‘196"—’5:‘E (Equation 3.6)
€ox+ OXide permittivity (F/cm), Coyx: oxide capacitance (pF), tox: oxide thickness (nm), A: gate

area (cm?)

The equation above is normally used when the interfacial layer is very small
compared to the oxide film. However, in this work, due to the presence of the
interfacial layer and the low film thicknesses, an alternative method was required,
namely CET (Capacitance Equivalent Thickness). This method also provided easier
data manipulation with Excel spreadsheets. Moreover, because the aim of using this
potential material to replace SiO; in MOS devices, the calculation of CET based on
Si0; permittivity would give an idea how scaling varied with other operational

parameters such as bias voltage, frequency, etc.

The maximum capacitance obtained in the accumulation region from a high
frequency C-V curve is used to estimate the dielectric constant of the films (typically

at 100 KHz) by using equation 3.7:

ksio,t .
Koy = — 22— (Equation 3.7)
CET—E_-R Sio,
CET: Capacitance Equivalent Thickness, t; interlayer thickness, k;: interlayer permittivity,

ksioz: Si0, permittivity

The equation above allows the value of dielectric constant to be calculated if the
interlayer’s parameters are known, regarding the value of SiO, permittivity (k = 3.9)

and its CET (in nm), which can be calculated by applying equation 3.8:

CET = 10—9-555"—,4 (Equation 3.8)

max
&: relative permittivity of SiO, (e = 3.9), g¢: electric constant (g, = 8.854x107? F m"l),

A: gate area (m%), Cpax: maximum capacitance (F).

In this work, from TEM and MEIS studies, the interlayer was determined as SiO,

and its thickness was assumed to be unchanged hence, equation 3.7 yields:
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(neutral when empty, negative when filled). In practice, both fixed oxide charges and
surface states can coexist in the films resulting in a combined effect on the C-V
curves. Therefore, by studying the shape of the C-V curves, important information
can be deduced about the quality of the films and how the growth conditions and
heat treatments affect them.

3.6  Atomic Force Microscope (AFM)

3.6.1 Imtroduction

Atomic Force Microscope (AFM) and Scanning Tunneling Microscope (STM) are
the two most well-known representatives of a collective set of techniques commonly
known as Scanning Probe Microscopy (SPM). STM was firstly invented by Binnig
and Rohrer in 1981 and AFM followed in 1985 by the work of Binnig, Quate and
Gerber. In principle, all of the techniques in this group utilise a sharp probe to
“image” the surface and to generate topographical information about the sample
surface at the atomic scale. The high resolution offered by these techniques, coupled
with the relative ease of sample preparation, has made these techniques very popular

for surface characterisation of thin films.

Although similar in principle, ATM and STM differ to from each other in the way
the sample is “imaged” and hence, the choice of use for a particular sample. STM
utilises a sharp metal tip to probe a conductive surface by using a very small bias
voltage applied between the tip and the surface in an order of nanometres. This leads
to a tunnelling effect, which in turn is used to map the electronic states of the surface
and thus, topography of the surface can be built indirectly from that. In contrast,
AFM employs a different mechanism to “image” the surface. The topography can be
directly built by measuring different types of interactive forces via deflection of a
cantilever when a tip is brought very close to the surface. Depending on the
applications, the forces of interest can be attractive, repulsive, Van der Waals,
magnetic, electrostatic, .etc. One distinctive advantage that AFM has over STM is
that the sample does not need to be conductive. Given the context of this work,
where all films are insulators, AFM is clearly the method of choice to study the

surface profiles. It also gives true 3D images with higher resolutions than Scanning
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The tip made from SiN and has a very small radius of curvature and high aspect
ratio, enabling it to trace very fine details from the surfaces. By employing the line-
by-line scan mode, the force exerted on the tip translates to the defection of the
cantilever, which in turn is monitored by the laser and the photodiode and
eventually, images of the films are generated. The built-in software allows converts
the raw data into a topographical map of the scanned area, which can be displayed as

a colour map of as a 3D topography.

The surface roughness can be expressed by various mathematical definitions. In this
study, the arithmetic average of absolute values was used and is defined by Equation
3.10:

R, = ;1; =11yl (Equation 3.10)

3.7 Ellipsometry

3.7.1 Introduction

To monitor the growth process and the influence of annealing on the physical
propetties of the films, thickness is very important. The thickness is not only an
important metrological parameter but also necessary to extract reliable information
for subsequent electrical measurements. Moreover, due to a relatively large number
of samples, the measurement of thickness should be fairly fast and simple to enable
the data processing and gathering. Ideally, TEM needs to be employed as it gives the
most accurate physical thickness. However, TEM cross-section sample preparation
and the measurements themselves are costly and very time-consuming, hence
limiting its use for characterising large numbers of samples. In comparison,
ellipsometry is advantageous in terms of its simplicity and speed in order to handle a
number of films within a short period. In addition, extra information such as
refractive index of the films can also be determined using ellipsometry. As a result, it

was used as the main tool to measure the thickness of all films in this study.
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3.7.2 Background

Ellipsometry, like many other optical techniques, utilises light as the main source of
investigation and analysis. Basically, it relies on one specific properties of light,
polarisation. Therefore, prior to introducing the principle of ellipsometry, it is
necessary to briefly discuss polarisation and how this property changes when light
interacts with matters. The polarisation of light was first discovered by Malus in
1808 during experiments of the optical behaviours of calcite crystals [16]. Later,
together with classical theory of electromagnetic waves and the well-known
treatments by Maxwell on this subject, this property of light has become an
important tool to study structures of matter. Essentially, polarisation is described as
an attribute of light by specifying its orientation during the course of travelling in
space. Since light has been treated as an electromagnetic wave, its propagation is
characterised by its electric field intensity vector (the induced magnetic vector is
neglected). This vector in turn can be represented by two main constituents: one is p-
component (p for parallel) and another is s-component (s for senkrecht, German for
perpendicular). Both of these components are perpendicular to each other, and to
direction of the light’s propagation. The plane created by these two components is
called the plane of incidence. Depending on the ratio of amplitudes between these
components and their related phases, three main types of polarisation can be
observed. They are linear, circular and elliptical polarisation states, which illustrates
the shape of these two components when being projected on the wave plane.
Mathematical descriptions of these polarisation states can be found in many
excellent textbooks on ellipsometry such as [16] among others. One important note
in these treatments is the use of complex number to describe the state of those
components. Because light is treated as electromagnetic waves, it is necessary to
describe them with both amplitude and phase and thus, it is most commonly
parameterised by using complex number. Let consider a simple case where light is
directed to and reflected from a flat surface. Assuming that this light is linearly
polarised, its polarisation state will be changed after reflection from the surface as

depicted in Figure 3-18.
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The calculations involved in ellipsometry are very complicated and can be done by
using either the Jones or the Mueller formalisms employing Stokes vectors and
matrices [16]. These detailed calculations and related procedures are beyond the

scope of this study.

Instead, to extract such physical parameters from the films, an Excel-sheet program,
called Ellipsheets was used together with its customised layer model, which allows
up to a maximum of a four layer structure to be modelled [17]. The measured values
¥ and A from the films can be compared and matched with simulated values
generated from the model to give the best estimation of the thickness and refractive
index. In fact, if the films are relatively thick, i.e. more than 10 nm, the ellipsometer
can give values of thickness and refractive index using its own built-in calculating
procedures and models. However, for thinner films, the calculations for these
parameters do not yield sensible results. Hence, regardless of the film thickness to be
measured, the use of the Ellipsheet spreadsheet combined with measured data for W

and A have been employed routinely to deduce information about the films.

3.7.3 Auto EL ellipsometer

A Rudolph Research Auto EL ellipsometer has been used throughout this work. It is
a single-wavelength ellipsometer, which means that it operates only at one specific
light wavelength and hence, only one pair of ¥ and A is generated for each
measurement. Depending on the types of sample, three different choices of
wavelength can be used: 633, 546 and 405 nm. In this study, all films were measured
using 633 nm light; this is typically used in the semiconductor industry for

metrology and inspection.

The configuration of this ellipsometer can be schematically presented in Figure 3-19.
The main components of this equipment are the Polariser (P), Compensator (C),
Sample (S) and Analyser (A), hence the name of its configuration PCSA. Both the
polariser and analyser have the same function as linear polarisers. The compensator
(also called retarder, in this case is a quarter-wave type) functions as an elliptical

polariser. Instead of employing a laser as a light source, this equipment uses an
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Before any measurement can be done, calibration is required to ensure that all the
moving components of the ellipsometer are correctly set up. The calibration process
is performed routinely using a standard sample, which is a Si wafer with a SiO, film
on the top. The thickness and refractive index of this sample is provided by the
supplier (t = 1100 A, n = 1.455 ~ 1.465). By using a simple two layer model as a
built-in function from the control console, the check on this sample is performed on
a daily basis. Due to very high resolution of all the optical components and excellent
accuracy in measured parameters (polariser or analyser: 0.05" A: 0.05°and ¥: 0.1°),
the results from calibration with this standard sample normally fall inside the
permitted accuracy for a SiO; film (between 3 A to 10 A in thickness and 0.01 in

refractive index). This ensures that the equipment is properly aligned and set up for

actual measurements.

3.74 Data acquisition and processing

To improve the accuracy of the data acquired as well as check the film’s uniformity,
normally five measurements randomly chosen throughout the sample were
performed. The average value of ¥ and A could then be calculated from these five
pairs of acquired data and then used to compare with the values generated by the

Ellipsheets spreadsheet model.

As mentioned before, although the ellipsometer can calculate thickness and
refractive index from the measured values of ¥ and A, it can only do so for relatively
thick films. For thinner films, the built-in functions were not able to give the value of
thickness without being given a refractive index. This problem can be be understood
by plotting ¥ versus A for films with different refractive indices as shown in Figure
3-20. This diagram was produced using the three layer model in Ellipsheets. Due to
the lack of experimental data for Ce-doped HfO, films, the refractive index used was
taken to be the same as the value reported for HfO, films [18]. To a first
approximation, it is assumed that low doping levels of cerium would not

significantly affect the refractive index of HfO; films.
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For the films with thicknesses of more than 10 nm, the change in ¥ becomes large
enough to generate both values of thickness and refractive index for a given pair of
measured values of ¥ and A. It means that by applying the aforementioned layer
model to the built-in program of the ellipsometer, the values for both refractive index

and thickness can be generated.

As a result, the values of thickness and refractive index can be obtained
automatically and later can be compared with the values obtained from the
spreadsheet for cross-checking in terms of ¥ and A matching as a figure of merit
(with the input value of refractive index obtained from ellipsometer served as
starting point to fine-tuned the alterations in the spreadsheet). After trial and error, it
has been found that for all the films, their refractive indices changed very little and
typically having the values between 1.890 and 1.910). To ensure consistency and
reduce systematic error, an average value of 1.90 was used for all films regardless of
their thicknesses to obtain the “theoretical” calculations for ¥ and A. The films’
thicknesses determined from this method and based on the aforementioned refractive

index were found to have the error in the range between 0.05 to 0.2 nm.

Besides the dependence of refractive index on the film thickness, some other sources
of errors can also contribute to the differences between the experimental and
“theoretical” values of ¥ and A. They can be the surface roughness, the voids inside
the films and the uniformity of the films. These issues can mean that the model needs
to become more complicated to accommodate those contributions. The SiO,
interlayer thickness can also vary slightly between samples deposited from different
substrates or between the as-grown and vacuum annealed samples. However, based
on results from TEM, MEIS and AFM, all of these factors can be safely neglected
from the data processing mentioned above. The good agreement between measured
and simulated values for ¥ and A from all the films proved that by using that three
layer model, it was sufficiently reliable to extract the value of film thickness within

the work of this study.
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3.8 Medium Energy Ion Scattering (MEIS)

3.8.1 Introduction

The chemical compositions of as-grown and selected annealed films in this project
were acquired and analysed by employing MEIS at Daresbury Laboratory (UK).
Besides critical data about the compositions of the films such as the amount of
cerium and hafinium incorporated into the oxides, important information about the
interface structure between the oxide films and Si substrates were also provided.
Such results were crucial to understand the growth process, the ability to control
doping level during the growth and the interactions between deposited films and the

underneath Si for different annealing conditions.

3.8.2 Imntroduction

MEIS is a technique utilising ions for the analytical purpose of surfaces and
interfaces in the medium energy range (50-300 keV) and belonging to the bigger ion
scattering method group. This group comprises of conventional high energy
Rutherford back scattering (RBS) and low energy ion scattering (ISS) [19]. The
differences between MEIS and the other two techniques are mainly due to the range
of ion energy employed and hence, the mechanism of interaction with matters.
MEIS differs from ISS in the way that the interaction law of the latter method is
much more complex and ISS is essentially sensitive only to the top layer because of
its low energy. Compared to RBS, MEIS is more surface sensitive, and more
complex instrumentally. As a result, MEIS is a method of choice when information
about the film surface, bulk film microstructure and interface between film and

substrate are all required from a single technique.

The main principle of MEIS can be described by considering basic physics of ion
scattering and two other important experimental configurations: channelling and
blocking. Firstly, the interactions of ions with solid matters are briefly reviewed. Due
to the region of ion energy used, it is sufficiently high so that the ion-surface
interaction law is simple and well characterized, essentially only classical Rutherford
scattering is involved and sufficiently low so that the surface specificity can be

optimized. Also due to the high energy, the diffraction and other quantum effects can
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be neglected (the de Broglie wavelength of ions in MEIS is in the order of 10™ 4).
The basic quantities measured in MEIS are the energy and angular distribution of
backscattered ions. The technique derives elemental specificity from the fact that the
energy of a backscattered ion is a strongly dependent on the mass of the target
atom(s). As the ions propagate through the sample, they also will lose smaller
amounts of energy to the target electrons. Considering energy and momentum
conservation, the energy loss in the collision can be calculated by knowing scattering
angle (0s) and the ratios of the ion and target masses (p = my/my). For an incident
energy B (and exit energy E,), the fractional energy loss (also known as kinematic

factor) can be expressed as:

2
E cos Og++/1—p? sin 042
K2=22= [p SN TP s I (Equation 3.12)
EQ 1+p

The dependence on target mass makes MEIS ideally suitable for the study of multi-

element systems, providing that these elements are not so close to each other in the
periodic table. By increasing the incident ion mass, the energy separation between
different elements becomes larger but at the price of potential damage created by
ion-induced. This problem can be mitigated by a combination of very low beam dose
and efficient data collection (multi-detection techniques), or by moving the ion beam

to fresh spots on the sample and averaging the results.

One important issue in MEIS is the way the beam is configured to propagate through
the sample, i.e. channelling and blocking. Figure 3-21 presents an example of
channelling and blocking as ion paths are illustrated. A well collimated beam of ions
is incident along a high symmetry (channelling) direction of the target (a single
crystal). Most of the incident ions will propagate in the large channels between the
nuclei, where they will lose energy quasi-continuously to the electrons in the target.
These energy losses are not large enough to lead to large angular deviations because
of the large mismatch of the ion-electron masses. However, a few ions will collide
with the first atom along a row of target nuclei. The energy loss is such a collision
may be large enough to create a significant angular deflection. The angular

distribution of the backscattered ion flux from the atoms in the first layer will be
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Data acquisition comprises many scans, of which to detect high energy and surface
scattering followed by lower energy and deeper scattering. These scans eventually
create a data tiles, i.e. 2D plots of the yield at each point on the analyser. By
stepping the pass energy down and joining together the individual tiles, a continuous
energy spectrum can be produced. The compositions of the films, i.e. Ce/Hf ratio can
be estimated from the ratio of normalised integrated peak areas with respect to one
chosen element in the case of 125.3° scattering angle. For instance, the integrated
peak area of Ce can be normalised with respect to Hf by multiplying its integrated
area with the ratio of the scattering cross sections, which essentially proportional to
the square of the atomic number ratio between these two elements (Z¢. = 58, Zps

=72) so in this case, this ratio is equivalent to (72/58)°.

For the 70.5 scattering angle, peaks of Ce and Hf no longer separate like in the case
of 125.3° scattering angle but merge as a single peak. However, the peaks of Si and
O are observable in the energy spectrum, enabling the assessment of interlayer as
previously mentioned. The more detailed insight about the interaction between the
oxide film and the substrate or the chemical composition of the interfacial layer can
be revealed by studying the depth profiling (depth scales) [23].The depth scales can
be converted from energy for any elements by calculating the instantaneous rate of
inelastic energy loss along the ion path. This numerical method was encoded as a
computer programme, developed and refined by Dr. Matthew Werner [22] and was

used to generate the depth scales for some films within this work.

3.9  Weight gain analysis

To monitor the deposition, weight gain measurement provides a quick and simple
way to obtain information about the deposited mass after each growth and usually is
the first check performed to ensure that the growth has been successful. Moreover,
when films with different compositions from two sources of precursors are grown
and the ALD cycle ratios is known, weight gain measurement also can help estimate
approximately the growth behaviours. For instance, consider two constituent

materials with known bulk densities.
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Assuming that the density of the film deposited from each material is similar to the
respective bulk value, it can be deduced that if the film composition changes, the
deposited mass will also vary accordingly in a proportional way. Hence, if a sets of
films with different ALD cycle ratios grown after a number of comparable cycles,
the weight gain per cycle for each film can be plotted against the ALD cycle ratio to

Investigate the growth efficiency.

Weight gain analysis was performed by using a Mettler Toledo XS 205 DualRange
analytical balance. The range offered by this balance is 220/81 g with the deviation
0.1/0.01 mg respectively. In this study, due to small total weight of the deposited
film and the silicon wafer (less than 2 g), the latter range was used to maximise the
accuracy. In order to check the consistency and reduce errors, weight data of a
reference wafer has been recorded regularly before and after each growth. In
addition, this record has been used as way to check the stability of the balance. A
value between 1.36664 g and 1.36667 g was observed during the period of three

years, confirming the high reliability of the measured data.

To perform the analysis, weight measurements for the sample were carried out three
times before and after the growths, resulting in two average values for the sample
before and after the growth respectively. The difference between these two values is

the deposited mass after the growth.

3.10 Post-growth heat treatments

3.10.1 Air & N; annealing

Films subject to air and N, annealing were undertaken by using a Carbolite
horizontal tube furnace (maximum temperature up to 1200 °C). The ramp rate was
set at 5°C/min to ensure an even heating process throughout the equipment. After the
set temperature was reached, it was held at least 2 hours before the samples were
loaded in to ensure the stability of the system. The samples during the annealing
were kept inside a ceramic crucible, which has been always kept inside the tube all

the times (the tube has been kept at 300°C when not in operation) to avoid
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contaminations. The only difference in terms of system setup between air and N,
annealing was the requirement of some specific parts of the system, which were not
used for air annealing. In order to undertake N; annealing, a gas regulator (1L/min ~
10L/min) connecting to a N, bottle (zero grade from BOC) was open to connect to
one end of the furnace. The regulator was set at 3L/min while the N; bottle was set at
1 bar. Prior to each time the samples were loaded in for N, annealing, the N, flow
was allowed to pass the tube in 15 minutes to prevent humidity and other
contaminations penetrate the furnace from the ambient environment. Both ends of

the furnace were equipped with stainless steel and anti-flame material seals.

3.10.2 Vacuum annealing

All the films subject to vacuum annealing were undertaken at MEIS facility,
Daresbury Laboratory (UK), using the high vacuum chamber (~107® torr) and heating
devices (up to 1000 °C) within the MEIS system. The annealing temperature could
be controlled via the adjustment of a current flowing through a high resistance W
filament mounted at the back of the sample holder. If very high temperature (more
than 900 °*C) was required, an electron beam could be focused on the back of the

sample to provide extra heating.

3.11 TEM

All TEM images in this work were kindly acquired and provided by Dr. Bob Murray
and Dr. Simon Romani, using the TEM facility at the electron microscopy centre

(Department of Engineering, University of Liverpool).
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Chapter 4 FILM GROWTH

4.1 Introduction

The studies described in this chapter are concerned with the development of liquid-
injection ALD (LIALD) for the controlled deposition of Ce-doped HfO, with a
varying range of Ce doping levels. Firstly, the ALD growth of HfO; and CeO; films
were investigated separately to establish the growth characteristics of each system.
From these initial studies, it was possible to establish a suitable temperature for the
combined oxide growth and make initial predictions about the incorporation rate of
Ce in the Hf-oxide under various ALD sequences. Once the individual growth
characteristics were established, the feasibility of growing Ce-doped HfO; films was
investigated. MEIS analysis of the films were carried out to determine the chemical
composition of the films and the results are used to establish the incorporation
efficiency of Ce in Hf-oxide. A table of all samples and their details relevant for
further studies is provided at the end of the chapter to summarise the work within

this film growth section.

4.2 Growth of HfO; and CeO; films

This section will present and discuss the studies of each single precursor source to
grow HfO; and CeO; in ALD mode and eventually, the combination of these sources
to create Ce-doped HfO, films. The characterisation of HfO, and CeO, growth is
important to understand the behaviour of each individual process such as growth
rate, ALD window, the influence of oxidising agent and whether any overlap in ALD
regimes between these two growth processes can be observed. The last issue is vital

to establish the parameters that can be used to grow the aimed ternary alloy films.
4.2.1 HfO, growth

4.2.1.1 Cambridge Nanotech reactor

Initially, growth studies of HfO, were conducted using a modified Cambridge

Nanotech Savannah S100 reactor with a home built liquid injection system attached.

114






As can be seen from the figure above, in the regime between 200 *C and 275 °C, the
growth rates of these two techniques show very similar values. However, they begin
to differ quite markedly beyond 300 °C though still share the same tendency of
increasing rates at higher temperatures. The exact reason why the growth rate was
much higher at temperatures beyond 300 °C in LIALD compared to the results from
conventional growth is still not clearly understood. However, one likely reason was
the behaviour of the growth beyond 300 °C. As can be seen for both growth curves,
the growth characteristic was no longer ALD but CVD-type, illustrated by the
increase in growth rate with increasing temperature. Hence, it could be the CVD
contributions to the growth rate beyond 300 "C were much higher in this work
compared to the work of Kukli. Another factor could also contribute to the
unmatched growth rate from this work compared to the conventional ALD study at
high temperature was the thermal decomposition of the precursor, which was also
the cause of the CVD-type growth pattern observed for both studies. Nevertheless,
this initial study proved that the ALD regime of this precursor for both techniques

can be achieved in the temperature range quite closely and similarly.

4.2.1.2 Aixtron reactor

The initial plan was to continue the growth work using the modified Cambridge
Nanotech reactor, however, initial Ce-oxide growth studies using Ce(thd)s with H,O
as a co-reactant were unsuccessful. Water is simply not a strong enough oxidising
agent to react with the (thd) ligands, and as a result, co-reactants such as ozone are
required with this type of precursor as demonstrated in [2]. Unfortunately, our
Cambridge reactor does not currently have the option of ozone and as a result,
further growth work moved over to an Aixtron AIX200FE system, which has been
modified for ALD deposition.

4.2.2 Ce0O; growth

In order to characterise the growth of CeO,, a solution of 0.05M Ce(thd)s in
anhydrous toluene was prepared (thd = tetrakis(2,2,6,6-tetramethyl-3,5-
heptanedionato)).
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4.3 Growth of Ce-doped hafnia

In this section, key details of the LIALD Ce-doped HfO, growth will be presented
and analysed to characterise the process. The compositions of samples were
determined using MFEIS analysis to find out the relationship between growth
parameters and their corresponding cerium incorporations. Initially, all the films
were grown in two separate batches for different targets. The first batch was grown
mainly for the purpose of studying phase stabilisation during post growth annealing
in different environments, followed by a specific interest of electrical
characterisations in the aimed 10% Ce sample, which was close to the theoretically
calculated value to give the optimal stabilising effect to the higher-k phases of HfO,
[4]. Hence, in this batch, a wide range of cerium doping levels, from approximately
5% to 30% were investigated and consequently subjected to various post-growth
treatments to characterise the phase stabilisation and evolution in those films. The
second batch was designed to focus on more detailed investigations of electrical
properties of Ce-doped HfO, films with a very narrow range of concentration around
10% Ce. Therefore, the growth results of these two batches and their corresponding
composition analysis will be discussed in parallel to extract important information
about the growth process and some observed discrepancies between these two
batches. This section will be concluded with a table of as-grown samples with their

corresponding information such as compositions and thicknesses.

4.3.1 Growth data

A detailed description of the deposition technique has been presented previously in
chapter 3. Hence, this section only describes briefly the method used and some key

parameters involved during the growth process.

CexHf140, films were deposited by LIALD on as-received n-type Si (100)
substrates. The precursors (described in the previous sections) were dissolved in
anhydrous toluene at a concentration of 0.05M and were injected into the vaporiser
which was held at 160 °C. Argon gas at a flow rate of 200 sccm was used as a carrier
gas to help transfer the precursor vapour to the reaction chamber while the reactor

pressure was maintained at 5 mbar.
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The growth temperature of 300 °C was chosen as the optimum for matching the
ALD windows of CeO, and HfO,, presented above. Ozone was used as a source of
oxygen and introduced at the inlet of the reactor controlled by a pneumatic valve.
The cerium incorporation in the films was controlled by changing the ratio of Ce-
oxide ALD cycles to the Hf-oxide ALD cycles. Each ALD cycle consist of a four
step process following a sequence: precursor-dose/purge/Os-dose/purge. Hence the

growth of a Ce-doped Hf-oxide sample can be described by the following sequence:

nx{ix(Hf-precursor/purge/Os/purge) jx(Ce-precursor/purge/Os/purge) }

where i and j are integer numbers of Hf-oxide and Ce-oxide deposition cycles and n

is the number of times that the sequence is repeated.

From the previous results obtained for each individual precursor, it is possible to
estimate the expected composition that will be obtained with a given ALD sequence
based on relative deposition rates. The growth rate of HfO, is roughly three times
higher than CeO,, hence a 1:1 ratio should require j to be three times the value of i.
However, previous studies for various other compound oxide systems from the same
reactor indicate that this is not always the case. This added complexity may be due to
interface interactions between one material and the next affecting surface absorption
or even etching effects. As a result of this potential complexity, the value of j was
fixed as 1 for all the subsequent film growths as a starting point. For the first batch,
the value of i were chosen as 2, 4, 9, 12 and 19, which translated to the Ce/Hf pulse
ratio as 1/2, 1/4, 1/9, 1/12 and 1/19 respectively. Following initial analysis of the
composition of these samples, which will be described shortly, the second batch of
samples were deposited with cycle ratios of 1/7, 1/9 and 1/11. The total number of
ALD growth super cycles defined by, n, was varied from 30 to 200, with the aim of
achieving nominal film thicknesses between 3 and 30 nm. The reason for targeting
films with such a large range of thicknesses is related to the measurement techniques
used to characterise these films. For example, XRD and Raman require relatively
thick films towards the higher end of the targeted range, while MEIS requires

significantly thinner films.
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As can be seen from the flow rate patterns above, while the Hf flow rate was quite
consistent and similar in all cases, the Ce counterpart showed a significant variation
both in value and pattern shape. Particularly in the case of sample with the ALD
cycle ratio 1/7, the cerium flow rate was much higher and was maintained so nearly
half of the growth time. Because of this irregular behaviour, the Ce incorporations

for the second batch were thought to be quite different from the first batch.

4.3.2 MEIS analysis for compositions

MEIS was used to investigate the composition of selected films to establish the
efficiency of cerium incorporation in the films. Three samples from the first batch
with Ce/Hf ALD cycle ratios of 1/2, 1/4 and 1/9 respectively were initially selected
for MEIS measurements, these samples were kindly measured at the Daresbury
MEIS facility by Dr M. Werner et al [5], together with raw data processing. The
MEIS energy spectra were recorded at a scattering angle of 125.3°to collect ions
emerging from the (100) direction. This scattering angle was selected to give good
mass discrimination between the cerium and hafnium, hence allowing these elements

to be effectively resolved and the atomic composition of the films to be determined.

Figure 4-7 shows the MEIS spectra of the three samples. Although the cerium peaks
overlapped partially with hafnium peaks, Ce/Hf ratios can still be obtained by
deconvoluting the peaks. This process in turn was simplified by assuming that the
ratios of integrated peak areas for each element were similar to their corresponding
ratios of peak heights. Consequently, the Ce/Hf ratios were calculated using the peak
heights normalised using “scattering cross-section” factors (see chapter 3 for more
details of the experimental setups and data analysis). The error in MEIS for

estimating element concentration was less than 10% [5, 6].
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44  Summary

In this chapter, the main results related to the growths of Ce-doped HfO, films are
presented, together with corresponding composition analysis by MEIS. The LIALD
process was firstly characterised for two separate single source precursors chosen to
grow HfO, and CeO; respectively. After growth parameters were established from
these initial studies based on the concept of ALD window overlap, the compound
oxide was grown subsequently in a wide range of cerium doping levels in two
separate batches. Growth and MEIS data from the first batch showed that by
alternating the Hf/Ce cycle ratio, the cerium concentration incorporated into films
could be controlled in a predictable manner. While these analyses demonstrated a
controllable and predictable LIALD process in terms of cerium incorporated into the
films against the Ce/Hf cycle ratios from the first batch, the second batch showed
some degree of disparity in terms of growth behaviour. As a result, these unexpected
results inevitably would narrow the aimed investigations initially planned for the
second batch though subsequent key experiments involved the samples from this
batch can still be undertaken with considerations to the specific interest of the 10%

Ce sample.
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Chapter 5 PHASE STABILISATION OF Ce-DOPED
HAFNIA FILMS

5.1 Introduction

As mentioned previously, one of the main interests within the semiconductor
industry is finding alternative materials to replace SiO, for gate dielectric
applications. HfO, and its derivatives have been extensively investigated and are
now being used in some of latest generations of microprocessors, particularly from
Intel in their 45 nm node chip production. While HfO, in its current form will
probably be used for at least the next couple of technology node generations,
ongoing research into higher-k dielectrics is still essential to meet future scaling
requirements By doing so, the rate of device scaling and better performance
demanded from the market can be maintained satisfactorily. One promising trend, at
least for near-future applications, among many ways to keep up with the pace from
production demand, is looking for other HfO,-based systems which can offer good
dielectric performances similar to HfO, on its own but with higher k-value. Some
recent theoretical [1-3] and experimental [4] studies have demonstrated that by
doping HfO, with some elements, the higher-k phases (tetragonal or cubic) can be
stabilised at room temperature. These positive results also provided the main
motivation for the experimental work of this research and helped build up the
framework to conduct the studies of various rare earth-doped HfO, thin films within
the functional materials research group at the University of Liverpool. Among
different studies carried out, Ce-doped hafnia has been the focal point of this study
and hence, all the following results and discussions in this chapter will focus on the
influence of using cerium as a dopant to improve the dielectric performance of

hafnium oxide by studies of phase stabilisations in this binary oxide films.

The chapter will be organised as follows. The first four sections will present and
discuss the results from different annealing environments: air, N, and vacoum. The
influences of these post-growth treatments and cerium doping levels to the phase

stabilisation and crystal structures will be demonstrated via data obtained from XRD,
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UV Raman, AFM, MEIS and TEM. In terms of electrical characterisations, all

results will be specifically focused on the sample with the aimed 10% cerium.

According to a theoretical first-principle study by Fisher et al.[2], approximately
10% cerium doping is required to stabilise the tetragonal phase of HfO, and hence,
obtain the highest permittivity increase. As a result, the sample with a target
composition of 10% cerium was specifically selected for full and detailed electrical
analysis to verify the enhancements of adding cerium to hafnium oxide thin films,
especially in term of boosting the k-values. In the last section, the effect of film
thickness to the phase stabilisation and consequent dielectric properties will be
discussed, also with purposeful considerations to the sample with the target of

approximately 10% cerium.

5.2  Air annealing study

The effect of the annealing temperature on the crystal structure and the relating
phases were firstly surveyed in air. Although air annealing is not used for industrial
processing, it is a practical way of providing an oxygen-rich environment, which
ensures that films have stoichiometric composition (fully oxidised). It is therefore, a
good starting point to build up initial knowledge about the crystal structure and

phase evolution with annealing temperatures in an increasing manner.

In this section, results for phase and crystal structure analysis of all the films
covering the whole range of cerium doping levels will be presented and discussed.
The data collected from XRD and UV Raman will be thoroughly analysed firstly for
the sample with 10% Ce, followed by the other samples to yield important

information about the phase assignments and the evolutions of crystal structures.

5.2.1 XRD phase analysis

Figure 5-1 shows the evolution of XRD spectra with annealing temperature for the
10% Ce sample after 15 minutes air annealing between 600°C and 1000 °C. The
spectrum of the as-grown sample is also shown for comparison. The scan was

performed in the 2theta angle range between 20° to 40°as the characteristic peaks of

132












Figure 5-2a shows the effect of anneal temperature on the peak position of the main
“cubic” (111) XRD peak. The peak clearly shifts to the left with increasing
temperature. This peak can be attributed to the high-temperature cubic phase and the
peak position tends to approach the reference value (Table 5-1) as the annealing
temperature is increased. It should however, be noted than the reference value quoted
in Table 5-1 are for pure hafnia and hence, some degree of lattice distortion is to be
expected when cerium is introduced into the matrix. This distortion is caused by the
larger size of Ce** (111pm) compared to Hf*" (97pm) [6] and is likely to cause a

reduction in the d-spacing compared to the ideal CaF,-type cubic.

The effect of phase stabilisation (“cubic” in this case) was clear even at quite low
annealing temperature. While pure hafnia becomes monoclinic after annealing, the
Ce-doped hafnia crystallises into the stabilised high temperature cubic phase. In
terms of d-spacing (Figure 5-2c), which represents the distance between parallel
planes, the value became larger indicating that the unit cell is increasing in size. All
of these trends could be graphically demonstrated by a form of a polynomial trend

line as shown in the aforementioned plots.

In term of crystallite size, a similar trend was observed though with a little
difference. As the annealing temperature increased, the crystallite size also
increased but seemed to approach to a maximum value after 900°C. From the
viewpoint of crystal growth, this can be understood as an effect of space constraint.
Because the films are relatively thin, typically 20-30 nm, they are constrained in the
z-direction and hence, have a limited maximum crystallite size. Moreover, the
crystallite size is directly dependent on the thermodynamic equilibrium when
different grains formed and hence, likely reached its maximum size at around 900°C.
This postulation is supported by the observation of island-growth seen with the AFM
image in Figure 5-4. While the as-grown sample was quite smooth and showed no
indication of crystallization, the air annealed one was appreciably rougher, with clear
differences caused by annealing environment. The increased roughness can be
attributed to crystallisation of the films following annealing, Complete details about
AFM studies for different samples in various annealing environments will be

presented later in section 5.5.
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The main features of the diffraction patterns were assigned as c(111) and m(111)
representing the plane (111) of “cubic” (the high temperature fluorite-type) and
monoclinic phases respectively. Additionally, a peak whose position is at around
35.5° consistently appeared in all spectra and labelled as ¢(200) [5].Therefore, two
peaks contributing to the cubic phase from all of these XRD results are identical to
the patterns of the 10% Ce sample mentioned previously. After assessing all of the
XRD results, some qualitative observations can be deduced. Firstly, with the
exception of the 34% Ce sample, all show signs of being a mixed phase containing
both monoclinic and cubic phases regardless of the annealing temperatures. For low
doping concentrations, i.e. 5% and 8%, the monoclinic phase increases substantially
with annealing temperature, particularly beyond 800°C. This tendency indicates that
low doping concentrations have a limited ability to stabilise the high temperature
“cubic” phase. The stabilisation effect is not strong enough to fully suppress the
formation of monoclinic phase. In the case of 17% sample, the cubic phase remains
dominant although the monoclinic still existed with relatively constant percentage
except at 1000°C with even more significance. The co-existence of two phases in the
17% Ce doped samples is somewhat unexpected in light of the predicted results
obtained previously for the 10% Ce sample, as well as when being compared to the
other samples. If the analogy between ZrO, and HfO, is assumed then it might be
due to the solubility of different polymorphs during air annealing at some specific
temperatures with varying cerium concentrations. For example, at around 17%
cerium doping level, there would be a phase separation from a tetragonal parent
phase to monoclinic and cubic at high temperature [7] due to the solubility limit of

tetragonal phase beyond 17% Ce.

To have a more thorough understanding about the phase stabilisations as well as the
effect of cerium and annealing temperature to the crystal structure of Ce-doped
hafinia films, a detailed analysis of c¢(111) peak positions, crystallite sizes and cell
parameters were performed. All the data is presented in the following tables and
plotted against either cerium concentrations or temperatures. A peak-fitting process
similar to the method used with the 10% Ce sample was also employed for the
sample with 34% Ce because these two samples just only showed a single peak at

approximately 30.5".
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Table 5-2: Peak positions of ¢(111) in 20 degrees of all air annealed samples

Ce (%) Annealing temperature {"C)
600 700 800 900 1000
5 30.72 30.68 30.60 30.50 30.39
8 30.67 30.66 30.52 30.50 30.50
10 30.80 30.65 30.63 30.55 30.51
17 30.80 30.62 30.57 30.44 30.47
34 30.70 30.65 30.73 30.57 30.60

With the exception of the 5% Ce sample, which has a ¢(111) peak which approaches
the high-temperature cubic peak position (20, 111y = 30.38"), all of the other samples
have XRD peaks that converge towards higher angles. This is believed to be due to
the low level of cerium doping, which means the distortion that cerium introduces to
the hafhia matrix is quite modest. As a result, the unit cell could gradually approach
the cell size of the undoped cubic form. Because the peak position is directly linked
to the degree of distortion of the “cubic” unit cell, it can be suggested that all of the
samples, other than the 5% one, has a degree of unit cell distortion retained even at
high temperatures. This tendency is also supported by the data of unit cell for all
samples presented in

Table 5-3 below.

Table 5-3: Crystallite size and cubic unit cell of air annealed films as a function of cerium doping levels
and annealing temperatures.

ce(%) Crystaliite skze {nm)

600 700 800 900 1006

5 8.75 8.64 811 9.68 8.48
8 1292 11.04 1092 10.94 12.78
10 11.85 12.98 13.69 1436 14.46
17 10.24 11.06 10.38 11.70 13.80
34 12.84 1191 12.84 1317 14.16

dspacing {A)

600 700 800 NN 1000

5 291 291 292 293 294
8 291 292 293 293 293
10 290 292 292 2953 293
17 2.90 2.92 292 2,94 293
34 291 2.92 291 292 292

Lattice paramater {A)

600 700 800 900 1000

5 5.04 5.05 5.06 5.08 5.09
3 5.05 5.05 5.07 5.08 5.08
10 5.03 5.05 5.06 2.07 5.07
17 5.03 5.06 507 5.09 5.08
34 5.04 5.05 504 5.07 5.06
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In other words, this behaviour is suggestive of an activation threshold for
crystallisation in these samples. For the 10% sample, the data shows a linear
increase in crystallite size with temperature, but appears to saturate as the annealing
temperature exceeds 900°C. When being directly compared to the 34% Ce sample,
which also contains only one form of crystal structure, i.e. without the existence of
monoclinic phase, a dissimilar crystal growth and/or crystallisation can be suggested.
This can be due to the formation of different types of “metastable tetragonal phases™
(see chapter 2 for more details) and/or co-existence of various intermediate phases
resembling the high-temperature cubic phase of HfQ,. This issue will be discussed

more in details in the following section about Raman characterisations of these films.

As mentioned previously, it is also of interest to evaluate the fraction of monoclinic
phase in the samples containing 5%, 8% and 17% Ce as the monoclinic phase could
not be fully suppressed by the stabilised “cubic” as in the case of the 10% and 34%
Ce samples. A noteworthy detail from the aforementioned deconvolution process
required for peak analysis of these three samples is only a small degree of
monoclinic phase can be detected visually in some of their XRD spectra. This
observations holds true for the 17% Ce sample annealed at 600°C and 700°C as well
as for the 8% Ce sample annealed at 600 °"C (see Figure 5-5 and Figure 5-6).
Consequently, it was nearly impossible to fit a meaningful peak during the
deconvolution process and hence, all of these monoclinic peaks have been omitted.
Figure 5-12 presents the fraction of monoclinic phase obtained after XRD pattern

analysis for these three samples as a function of annealing temperature.
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Some of these “metastable phases”, in fact, exhibit a very similar structure as the
high-temperature cubic one. Therefore, it is a very important issue to identify the
true crystal structure as much as possible within these samples. Moreover, it is also a
matter of great interest because this finding can play a key role in terms of the k-
value associating with such phase as predicted in literature [1-3, 9]. For instance, the
doping level approximately 10% cerium was shown theoretically by Fischer to
favour a stabilised tetragonal phase in [2], which was predicted by Zhao and
Vanderbilt to achieve a k- value of 70 [9].

From the previous XRD section, phase determination (mainly concerned with the
assignment of cubic phase) can be established for all the films annealed in air.
However, XRD suffers one main drawback for the current task of differentiating
between the phases of interest here. While XRD is sensitive to the displacement of
heavy atoms within the structure, it is far less sensitive to lighter elements such as
oxygen due to the significantly lower scattering cross section. Many of the stabilised
phases are characterised by a displacement of the oxygen sub lattice along the z-axis
[10, 11]. Therefore, XRD has limited use for establishing the phase of the films
without additional results from Raman scattering, which is much more sensitive to

the oxygen atoms.

The Raman features of the three polymorphs of ZrO, and HfO, in terms of their
active modes have been well established for some time [12]. In fact, most of the
arguments about mode assignments have been around the tetragonal active modes.
The situation has become further complicated since the discovery of “metastable
phases” within this fluorite-related structures. As far as doping is concerned, it is not
surprising to understand that this problem is due to the formations of oxygen
vacancy, defects and the order-disorder phenomenon. All of them add complexity to
interpreting the Raman data as selection rules can be broken down within the

proximity of Brillouin zone, enabling the activations of forbidden vibrational modes.

With all of this knowledge beforehand, the Raman results of this 10% Ce sample
will be treated as a starting point to assert and clarify the proposed “cubic” structure
assigned previously from the XRD study. Spectra of this sample are shown in Figure

5-13 along with a spectrum of the silicon substrate.
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Table 5-5: FWHM (cm™) for the main feature of all annealed samples

Temperature ( “C)

Ce® 600 | 700 | so0 | 900 | 12000
5 66.3 68.1 70.4 74.8 69.4
8 48.1 72.2 68.0 64.0 66.0

10 n/a 69.6 n/a 57.0 57.9
17 52.0 50.2 55.2 55.6 58.6
34 69.4 68.5 49.9 54.9 59.5
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It is quite interesting to note that in this case and for other samples containing a
fraction of monoclinic such as 8% Ce (Figure 5-17) and 17% Ce one (Figure 5-18),
this peak is only noticeable in air annealing condition and high temperatures (900°C
and 1000 "C).The monoclinic film also shows another peak around 253 cm™ which
is also very close to another one belonging to the monoclinic phase (255 cm™)
reported in [10]. In the case of both Ce-doped Hf -oxide films, their spectra both
contain a peak appearing approximately at 262 cm™ (peak 1). This peak, according
to the peak assignment also from [10], might belong to some form of tetragonal

structures.

The main difference and clearly, the most distinguishable feature between the HfO,
film and the other two is the pattern appearing within the wavenumber range from
600 cm™ to 800 cm . In the case of H{tO, its monoclinic form was characterised by
two blended peaks (after deconvolution and peak-fitting, their positions are
determined at 630 cm™ and 668 cm™! respectively). For the other two samples, while
the 10% shows a dominant peak at around 662 cm™, the one with 5% cerium shows
two additional shoulders (labelled as peak 3 & 5). Based on the phase determined
from preceding XRD studies and the differences pointed out from this comparison, it
can be proposed that this very main feature (peak 4), as already pointed out in the
discussion of 10% sample before, is the main peak of interest and belongs to the

dominant phase (“cubic™) occurred in all samples.

Having assigned peak 2 the monoclinic phase, only four peaks (1, 3, 4 and 5) remain
of interest for further investigation. The assignments for peak 3 and 5 are pretty
difficult because of some reasons. It is due to the very nature of thin films in this
study (between 20-30 nm), i.e. low signal-to-noise and the fact that some different
polymorphs from these Ce-doped Hf oxides likely co-exist as demonstrated in
various studies before, e.g. [10, 11, 14-16]. In the case of peak 3, due to its close
proximity to another possible peak from the monoclinic phase, it is very difficult to
sufficiently distinguish them. Another obstacle is the broadening effect of the main
feature (peak 4), which has been observed in many similar Raman studies, for
instance in [14]. Therefore, it can be considered a kind of defect-induced band rather

than a peak except possibly in some cases presented later.
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In the case of peak 5, though it is better separated from the main feature (peak 4) and
hence can be sufficiently fitted with higher degree of confidence, a survey from
literature did not return any likely feature at that position (around 740 em™).
Therefore, it remains unclear that this feature is likely a peak or just a defect-induced
band. In a study of Ytria-doped hafinia [11], a very similar feature at that range of
wavenumber is assigned as defect-induced band. Thus it can be reasonable to assign
this peak in the same way, i.e. a defect-induced feature, which is considered as a

feature of a defect or disorder arising from air annealing condition.

Fortunately, of all the concerned features which can correlate to any significant
insights about the phase stabilisation, peak 1 and 4 are the most important ones due
to the fact that they represent the vibrations of two different bonds between Hf-Opy
and Hf-Oy respectively if an analogy between ZrQ, and HfO, is assumed. In this
context, peak 1 corresponds to the stretching mode of Hf-Oy while peak 4 depicts
the one of Hf-O; [14]. Based on the viewpoint of tetragonal ZrO,, which has been
normally considered as a layer structure [17], it can be also similarly applied to this
scenario with HfO, (see chapter 2 for more details). Thus in this picture,
tetragonality of a doped-HfO, system with oversized cation (Ce™ in this study) is
attributed to the strong bonding of Hf-O; within the layers (shorter bond-length) and
the weak bonding of Hf-Oy between the layers (longer bond-length). In order to
demonstrate the tetragonality (c/a ratio) and the influence of Ce*" cation to the
crystal structure of HfO,, a schematic adopted from [17] will be presented in Figure
5-21 below. In this figure, Zr-O; and Zr-Oy bonds are illustrated to give a
visualisation of these different characteristic cation-oxygen links within tetragonal

structure as a distorted fluorite-type cubic configuration.
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This impedes the observation of the characteristic feature of tetragonal phase as in
[11]. Another reason is the broadening of peak 4 on its own, which was also
observed in many previous studies of the tetragonal-cubic phase transition in ZrO, or
HfO, (see [10, 11, 14]for instance). This broadening phenomenon was generally
explained by the disorder, created by substitutional dopant atoms introduced into the
films, that normally observed in solid solution [14]. In addition, the broadening of
this peak, together with the shift towards lower frequency, was related to the
decrease in tetragonality when the amount of oversized doping cation (Ce™) is
increased. This results in a shift of the peak towards low wavenumber value at 620
em™ [14] when a specific cerium content was reached (21% ). This observation also
meant that at that specific cerium concentration, the tetragonal-cubic transition was
complete and the stable phase at that cerium doping level would be cubic [14].
Although such features at around 500 cm™ or 610 cm™ are not possible to be
detected in any Raman spectra of these air annealed samples, the decrease in
frequency of peak 4 as cerium concentrations increases can be observed as shown in
Figure 5-24. In the range between 5% and 17% cerium, the frequency of this peak
depicts a linear shift towards lower wavenumber at any given temperature. This
trend is in good agreement with the result from [14] and other studies related to
phase stabilisation of ZrO, and HfO, mentioned before. A more detailed assessment
of this plot also reveals that the slope of the trend-lines decreases with increasing
temperature. This means that the influence of cerium is more significant at lower

annealing temperatures and became lesser at higher temperature.

What is irregular from this trend mentioned above is the result obtained from 34%
Ce sample. As pointed out previously, a stable cubic configuration should be reached
for samples with more than 21% cerium doping level. As a result, it is expected that
the frequency of the main peak should shift towards 610 cm™. However, this is not
observed for the 34% sample at any given annealing temperature. Instead, the
frequency of this peak increases again. This phenomenon can be partly explained if
the solubility limit of CeO, in ZrO, is taken into account and the same behaviour is

assumed for HIO,.
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The solubility limit of CeO, in ZrQ, was reported to be about 18% [7, 22] for
temperatures below 1400°C thus if the amount of cerium exceeds this limit, then it is
likely that cubic ZrO; solid solution will co-exist with a form of metastable
tetragonal (t’), a product of diffusionless transformation of tetragonal phase [14]. If a
similar process also occurs in Ce-doped hafnia, then it is likely that the 34% Ce
sample will behave in the same manner. As a result, it is likely one of the reasons
why the variation of tetragonality in this sample does not follow the same trend as

the others.

5.2.3 Summary

The phase composition and crystal structure analysis for air annealed samples over
the range between 600 °C and 1000 °C were conducted to investigate the influence of
cerium to the stabilisation of the higher k-value phases in hafnia. The results
established from XRD study confirm that by introducing cerium to hafnia, high
temperature phase found in pure HfO, can be stabilised regardless of annealing
temperatures for 10% and 34% doping concentration, while a mix of “cubic” and
monoclinic can be observed for the samples with 5%, 8% and 17 % Ce and the
fraction of monoclinic in these samples shows a dependence upon annealing
temperatures. In addition, crystal structure of this stabilised phase and its
corresponding crystallite sizes can also be deduced from this study with the reference
to the high temperature cubic structure found in pure HfO,. The results from the
Raman study, however, reveal that the stabilised phase existing in these samples are
more likely a form of “metastable tetragonal” or mixed phases of tetragonal and its
metastable forms. Although the tetragonality of these phases is not fully resolved due
to the limited resolutions from Raman spectra of those films, it can be suggested that
this stabilised phase resembles the stable cubic phase in pure HfO, very closely,
particularly for the films annealed at high temperatures (with the exception of 34%
Ce sample). Therefore, for convenience, the crystallographic assignment for this
characteristic stabilised phase in all samples is still kept on the basis of the high

temperature cubic phase from pure HfO,, i.e. ¢(111).
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In order to conduct electrical characterisations of these films, simple MOS capacitor
structures were fabricated resulting in a (Au/Cep1—~Hfpe Oax/ Si/Al) structure. Au
contacts with a diameter of 300 pm were deposited on the films by sputtering and a
blanket Al backside contact was deposited by vacuum evaporation. Capacitance-
Voltage (C-V), Current-Voltage (I-V) and Capacitance-Frequency (C-f) responses
over a range of frequency from 20 Hz to 2 MHz with different DC voltage bias were
measured for each MOS-C structure. Their correspondent dielectric constants (k-
values) and leakage current density were consequently extracted using calculations
derived from references [23, 24] (see chapter 3 for detailed descriptions of these

measurements).

Before discussing the electrical data, it is necessary to know the thicknesses of the
films before and after N, annealing and their corresponding interfacial layers
because these parameters are the primary factors in determining the k-value from the
C-V curve. From a TEM image for the as-grown 10% Ce sample (see vacuum
annealing section), the SiO; interfacial layer thickness is determined approximately
2.1 nm, which is slightly thicker than the native SiO, found on as-received Si
substrate prior to the growth (1.8~2.0 nm). Ellipsometry measurement for this as-
grown film gives a value of 23 nm (with the interlayer taken into account by
applying the 2-layer model, see chapter 3 for more details). Therefore, in order to
determine the thickness of the film after annealing, the interlayer thickness needs to
be determined beforehand. Figure 5-27 shows a TEM image taken for the annealed
film, revealing the interfacial layer between the film and the Si substrate. From this
image, a thickness approximately 3.7 nm of the interfacial layer is revealed while the
film thickness after annealing is estimated about 20 nm. This value, in turn, is in
good agreement with the result given by the ellipsometry. Therefore, it can be
reasonably assumed that for further electrical data analysis of other films, the film
thickness can be based mainly on the input data of thickness measurement from

ellipsometry.
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The fixed oxide charge contributes to the shift of the curve to the right, i.e. towards
positive bias voltage, which means that some forms of negative charges existing
inside the as-grown films. The origin and formation of these negative charges have
been proposed in [25] as a form of oxygen vacancy. Besides these negative charges,
another type of charge, namely interface (surface) states, can also be found from the
C-V plot as it introduces a non-parallel stretch-out towards the positive bias voltage.
Based on that behaviour, this kind of trap can be assigned to an “acceptor like” state,
which means it remains neutral when empty and becomes negative when filled. A
detailed study of oxygen vacancies in transitional and rare-earth metal oxides [26]
offers an excellent study about the neutral oxygen vacancy that may occur within
different oxide surfaces. However, it is noteworthy to point out that in this study, the
high-k oxide films were grown on top of native SiO, layer. Therefore, the effect of
interface (surface) states, which is primarily thought of the intrinsic property of the
semiconductor substrate [23, 24], might be far more complicated compared to the
interpretation of such phenomenon when dealing with conventional Si0O, MOS

structure.

The effect of N, annealing on the electrical responses of this sample is illustrated in
Figure 5-28(b). Improvements are apparent in terms of hysteresis, frequency
dispersion, reductions in fixed charges and density of interface (surface) states. For
instance, the hysteresis has been significantly reduced and hence, indicating a
reduction in fixed oxide charge and some reduction in interface. However, in terms
of dielectric constant, the N annealed film shows a very close result (k~28) to the
as-deposited sample (k~29) at 100 kHz. Not only the k-value measured at this
specific frequency, both films also show a nearly identical behaviour over the range
of tested frequency, i.e. between 10 kHz and 2MHz. Plots of k-f relationship are
presented in Figure 5-29 (a) for both films over the frequency range mentioned
above, with the k-value measured and calculated at the highest bias voltage on the

accumulation regime from the C-V curves.
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This finding effectively excludes the option of investigating the electrical properties
for subsequent characterisations of other samples. Lastly, electrical characterisations
were undertaken for the sample with 10% Ce. Although the k-value was found quite
similar for both as-grown and annealed films, the as-deposited film suffers from
severe hysteresis and a combination of fixed charges and interface states. The
annealed film, on the other hand, shows significant improvements on these issues.
Contrary to the presumption about the superiority of as-grown film over annealed
example on the leakage current density, it was found that the annealed film
exhibiting a lower value compared to the as-deposited one. The reason is likely

attributed to the thicker interfacial layer found from the annealed film.

54 VYacuum annealing

Similar to the previous studies in air and Ny, the same routine of phase evolution and
crystal structure analysis for all annealed films were also performed in vacuum at
900°C. However, aside from the phase analysis for all samples, the electrical
characterisations of sample with approximately 10% Ce was extended further
compared to the case of Nj. Besides the vacuum annealed 10% Ce sample at 900 °C,
another series of films with similar Ce concentration were subjected to different
annealing periods at 800 °C to investigate the influence of annealing duration to the
crystallite sizes and/or unit cell of the films, which in turn were expected to show
some effects to the dielectric properties. The results will comprise XRD and TEM

alongside electrical data including C-V, I-V and k-f measurements.
54.1 Influence of annealing at 900°C in 15 minutes

5.4.1.1 Phase analysis

Firstly, XRD spectra of all samples are presented in Figure 5-30 and the results from
the peak analysis is shown in Table 5-7. An assessment of Raman spectra for all
samples gives quite similar results to air and N; annealed ones before, hence they
will not be shown here. Unfortunately, due to the extensive use of the 10% Ce
sample, it was not available to obtain a Raman spectrum from it. Therefore, the

phase evolution and crystal structure analysis will be focused only on the XRD data.
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The large deviation from the reference cubic unit cell may indicate that the “cubic”
structure for this 10% Ce film having the most distorted configuration. In other
words, it may have the largest tetragonality if it adopts some forms of “metastable
tetragonal”, i.e. t* or t”. All of those results also suggest that in vacuum, at 10%
doping level, Ce-doped hafnia system shows a quite different response towards the
crystallization and some prohibitions may be induced to the crystal growth, i.e. the
crystallite size, as being reported in various literature references (see chapter 2 for

more details about phase stabilisation mechanism in Hf-oxides).

For the other samples, another interesting observation is the absence of monoclinic
phase at 8% Ce, while samples with 5% and 17% still show the existence of
monoclinic phase. This observation, coupled with the behaviour from the 10% Ce
sample, may suggest that the influence of vacuum annealing on the phase evolution
of Ce-doped Hf-oxide films is quite different with air or N, annealing, especially
when the tetragonality of the crystal structure is concerned in the proximity of 10%
Ce concentration. This issue will be discussed in more details in section 5.4 when the

comparisons are made for all annealing environments.

5.4.1.2 Electrical characterisations of 10% Ce sample

In a similar manner to the electrical characterisations for the N, annealed film, the
vacuum annealed one for this sample was prepared using the same procedure and
MOS structure to record its C-V, I-V and k-f plots. As mentioned previously in the
case of N, annealing, knowledge of the interlayer thickness before and after
annealing is crucial to extract useful information from the C-V curve. Therefore,
TEM was performed to reveal the influence of vacuum annealing to this 10% Ce
sample. Figure 5-31 shows the TEM image for as-deposited and vacuum annealed
films. As can be seen from this TEM image, the interfacial layer is nearly identical
for both as-grown and annealed films. This indicates that vacuum annealing did not
introduce any substrate oxidation or interaction from the high-k oxide film on top.
As a result, the thickness of this interlayer (~2.1 nm) remained unchanged after
vacuum annealing. Moreover, this TEM image also shows that the interlayer after
vacuum annealing remained amorphous; hence it can be determined to be a SiO,

layer.
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As can be seen from Figure 5-33 (a), the vacuum annealed film shows a significantly
higher k-value over this range of frequency, particularly between 10 kHz and 100
kHz. This behaviour is also quite different to the response of the N, annealed one
presented previously in Figure 5-29 (b), which can lead to the postulation that the
crystal structure from the vacuum annealed film is different to the N, annealed one.
The difference may lie on the ionic polarisation that contributes to the overall
permittivity at this intermediate frequency range as well as the soft phonon

associating with the vibrations of the crystal lattice.

In terms of the leakage current density, values of 9.9E~06 ~ 2.2E-05 A/cm? are found
at £1 MV/em from Figure 5-33 (b) for vacuum annealed film. They are about one
order of magnitude higher compared to the values of the as-grown film. The high
leakage observed for the vacuum annealed film can be attributed to the
crystallisation of the film which provides more leakage pathways through grain
boundaries. An increase in the surface roughness can also partly contribute to this
behaviour of the vacuum annealed film (see section 5.5 for details about the AFM
study).

5.4.2 Influence of annealing duration at 800°C to the electrical properties

In this section, effect of different annealing durations to the crystal structures,
crystallite sizes and their corresponding dielectric responses is presented for the
vacuum annealed films from sample 1534 (see chapter 4 for more details). This
sample is found to contain approximately 10.5 % Ce, hence this study also gives
additional details about the electrical responses of the 10% Ce vacuum annealed at
900 °C in 15 minutes discussed above. The reason about a drop from 900 °C to 800
*C for this 1534 sample was mainly because this could provide more manoeuvrability
in terms of annealing duration, i.e. the time setup for each annealed film could be
varied in a wide range of durations between 1 minute and 100 minutes. Hence, the
crystal structure and its crystallite size were allowed to expectedly develop in

observable change.

Firstly, XRD results are presented in Figure 5-34 below, followed by tabulated data
for ¢(111) peak analysis in Table 5-8.
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As can be seen from Table 5-9, among all the films in this annealing study, the ones
with the duration of 5 and 100 minutes yield the best performance in terms of
dielectric constant (k~ 38 and 44 respectively). The amount of fixed oxide charge,
which is directly proportional to the degree of hysteresis from the C-V plot, also
shows the same tendency with the results of k-values. The shapes of all the C-V
curves from all films show that the amount of interface states should be quite low, as
indicated by the nearly parallel paths from both sweeping directions. As mentioned
in the XRD data analysis for all of these films, the film with the duration of 5
minutes was expected to give a permittivity similar to the previous 10% Ce vacuum
annealed sample at 900 °C, 15 minutes. An even much higher value obtained from
the film with the duration of 100 minutes is quite surprising though. In terms of
leakage current density, all films show quite similar behaviours, especially at the
regime of positive electric field strength. All samples show very similar frequency
dispersion as can be seen from their k-f plots (with the exception of the one with the

duration of 100 minutes, which illustrates a steeper gradient).

Initially, it was presumed that within a very narrow range of thickness, the electrical
performance of those films would be dictated by the annealing durations, i.e. the
variations from crystal structure parameter should have a clear effect on electrical
properties. However, as the results of this study turn out, no such clear and sensible
relationship can be observed. The reason for this phenomenon remained unknown
though the homogeneity across the original 1534 sample, which was subsequently
cut into smaller pieces to conduct various annealing durations, might be a

questionable factor, as can be seen from different annealed film thickness.

5.4.3 Summary

Crystal structure and phase analysis were conducted for all samples with various
cerium concentrations. The results from this analysis reveal that all except for the
sample with 5% and 17% Ce still retaining a fraction of monoclinic, all the others
show only a stabilised single phase, which is likely a distorted cubic structure or a
form of “metastable tetragonal”. Particularly, the 10% Ce sample shows the most
distorted structure from the reference high temperature cubic phase, suggesting the

influence of vacuum annealing on this sample is the most significant.
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The analysis from the crystal structure and phase evolution suggests that the sample
with 10% Ce will have a higher-k value due to its likely high tetragonality. This
deduction is confirmed with the results obtained from electrical characterisations for
this 10% Ce annealed at 900 °C in 15 minutes, yielding a k-value of 34. Besides an
enhancement in dielectric constant, vacuum annealing is also found to improve other
electrical properties of 10% Ce sample such as low amount of both fixed charges and
interface states compared the as-grown one. However, the leakage current density is
found to increase after annealing. This behaviour is attributed to the crystallisation of
the film after annealing, enabling leakage pathways compared to the amorphous as-

grown film.

Another set of films with approximately 10% Ce was also subjected to annealing at
800°C with various durations to investigate the effect of crystal structure and
crystallite size variation to the electrical properties. The results, however, are
seemingly suggestive of no such clear relationship as being assumed. Of all the films
subjected to this study, the films with duration 5 and 100 minutes show the best
dielectric performances, resulting in k-values of 38 and 44 respectively. They also
show the lowest amount of fixed charges compared to other films. These findings are
indicative of some interesting yet unclear influences of the annealing duration to the

associating phases in those two films and hence, resulting in quite high k-values.

5.5 Discussion about the influence of annealing environments on phase

stabilisation and microstructure of Ce-doped hafnia films

In this section, the influence of different annealing environments to the phase
stabilisation and microstructures of all annealed films at 900°C in 15 minutes over
the whole range of cerium doping level will be discussed. The discussion will focus
on the results from phase and crystal structure (XRD), film microstructure (MEIS)
and surface roughness (AFM).

5.5.1 Phase and crystal structure analysis

Firstly, the XRD results for all samples with consideration to crystallite sizes and

unit cell will be presented in Figure 5-40 and Figure 5-41 below.
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In terms of crystallite size, Figure 5-40 shows that while films annealed in air and N,
show a degree of similarity, the ones annealed in vacuum present a very different
trend. It is quite interesting though that the positions of the maximum (in the case of
air and N, annealing) and the minimum (in the case of vacuum annealing) of those

curves coincidentally appeared at 10% cerium concentration.

When the unit cell parameter on the basis of a cubic fluorite-type is concerned, all
annealing environments consistently show similar trend though for vacuum
annealing, it is much more profound and again, all minimum of these curves
appearing at 10% of cerium doping level (see Figure 5-41). If the data for the 10%
sample is temporarily excluded, then the remaining data follows quite ordinary
curves. However, the 10% sample data cannot simply be ignored as it systematically
and consistently deviates from the other sample data regardless of annealing
conditions. It can well be that the films with doping at around 10% cerium possess
some very unique crystallographic characteristics and thus, quite distinct from the
others. As discussed previously in separate annealing section, it is very likely that at
this doping level, the tetragonality of the stabilised phase is much higher compared
to other concentrations. The “cubic” structure of 10% sample possibly evolved to
some kind of distortions more substantially under oxygen-poor condition, e.g.
vacuum and hence, its tetragonality would be higher than the others. Given the
known observations about the stability of tetragonal phase in ZrO, for oversized
tetravalent dopant (cerium in this case) from Li et al in [17] and the theoretical study
of Fischer for stabilised tetragonal of Ce-doped HfO, in [2], it can be postulated that
in vacuum, sample with 10% Ce achieved the highest degree of tetragonality while

the other samples seemed to adopt a less-distorted cubic phase.
For samples with 5%, 8% and 17% Ce, another concern related to the influence of

annealing environments is their monoclinic fraction. Figure 5-42 presents the

monoclinic fraction for these 3 samples in different annealing conditions.
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From these observations, it is reasonable to hypothesise that the surface roughness is
inversely proportional to the oxygen partial pressure within the annealing
environment. This hypothesis is supported by XRD data presented previously about
the influence of annealing environments on the crystallite sizes. One likely reason
for this phenomenon is due to possible different crystallisation pathways involved

during the transitions of the films from amorphous state to polycrystalline structures.

5.6 Effect of film thickness to electrical properties

The dependence of dielectric constant on film thickness was reported in [28] for
Al,O3 and stimulated for materials with very high-k values such as (Ba,Sr)TiOs in
[29]. Some recent studies also confirm such dependence for epitaxial S1TiO; [30] or
epitaxial ZrO, [31]. From these studies, a common observation was found that when
the film thickness decreases, the dielecitic constant also decreases from its “bulk”
value though with different trends. The reason for this behaviour in thin film was
explained either because of the film quality degradation with decreasing thickness
[28] or an intrinsic effect due to the presence of a film surface without taking into
account film quality change [29] among other hypotheses. Whatever the true and
dominant reasons for this phenomenon, it is important to realise about such existing
effect to the film’s permittivity. As discussed previously in chapter 2, scalability is
one of the key factors to assess any high-k materials. In contrast to SiO; which is an
amorphous material and hence has an unchanged permittivity, most of the potential
high-k oxides investigated so far are crystalline ones, including the Ce-doped hafnia
in this research. It is well-known that when the thickness changes, the crystal
structure, phase stability and other related properties will also change (see also
chapter 2 for examples of pure ZrQ;). This, in turn, will have a direct effect to the
dielectric constant, which is strongly dependent on the crystal structure and phase
composition of such crystalline materials. As a result, in order to maintain a good
scaling demand, it is of great concern to understand the behaviour of any high-k

material at different physical thickness.
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Table 5-11: Summarised crystal structure analysis for vacuum annealed samples at 800 °C, 10 minutes
together with their respective thickness.

Sample | Thickness (nm) | 2theta{degs) | Crystallitesize (nm) | d-spacings{A) Unitcell {A)
1531 25 n/a nfa n/a nfa
1532 6.0 n/a nfa nfa nfa
1533 105 30.38 6.87 2.94 5.10
1534 16.0 30.38 9.11 2.94 5.10
1535 19.5 30.76 7.15 291 5.03

As can be seen from the figure and table above, sample 1533 and 1534 show that
their phases are identical with the reference cubic data while sample 1535 depicts a
high distortion from that structure. Accordingly, the unit cell of sample 1535 is much
smaller compared to the other two. In terms of crystalline size, sample 1533 and

1535 are quite similar while sample 1534 shows a higher value.

The XRD results obtained for these three samples are quite interesting and may be
suggestive of some hidden details about the phase evolution. Because the difference
in thickness between sample 1533 and 1534 is quite large, it is thought that they
should have some distinguishable features in terms of their structures. An effort to
find out whether any such difference can be observed thus is expectedly to appear in
their Raman spectra. Figure 5-55 shows Raman spectra for these 3 samples (after
background subtraction). As can be seen from these Raman spectra, these three
samples in fact have quite different main feature related to their “cubic phase” within
the wavenumber range between 600 cm™ and 700 cm™ (see section 5.2 for detailed
discussion). After deconvolution process, it is revealed that this main feature from
these 3 samples is a product of merging from two subordinate peaks at
approximately 620 cm™ and 665 cm™ respectively but with different proportions.
While sample 1533 has the highest contribution from the peak at 665 cm'l, sample
1533 has the highest fraction of the peak at 620 cm™ and sample 1534 stays in-
between these two extremes. As mentioned in section 5.2, the peak at 665 cm™ can
be assigned to the vibrational mode of tetragonal and the one at 620 cm™ was

assigned as vibrational mode of stabilised cubic form according to Kim et al [14].
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As can be seen from the electrical data presented in all the C-V plots above, for
sample 1531, 1532 and 1533, they show varying degrees of frequency dispersion at
10 kHz. The reason for that behaviour remains a subject of further investigation
though it might be that at such small thickness range, the films might behave
differently from their thicker counterparts. This is also supported by the fact that
none of these samples show clear saturation in the accumulation regime, especially
at 10 and 100 kHz.

Except sample 1531 which shows a very low k-value likely due to the fact that it is
extremely thin, all the other samples (with the exception of sample 1534) show quite
a stable dielectric constant and in very good agreement with the values obtained
from the electrical characterisation of previous vacuum annealed samples in section
5.4. 1t is still not clear why a drop in permittivity observed for this specific thickness
However, as discussed previously about the Raman spectra of 3 thickest samples, a
possible explanation can be deduced if the phase composition of this sample is
concerned. Given the fact that the other two next to this sample mainly just contain a
single phase, it can be proposed that the mix of phases in this 1534 sample might
have some adverse effects to the overall permittivity of the film and hence, cause this
unexpected drop. However, the overall trend for all samples suggests that in terms of
scalability, it is reasonable to expect a stable dieleciric constant from this 10.5% Ce-

doped Hf-oxide sample between quite a good range of physical thickness (6.0 nm ~
23 nm).

In terms of leakage current density and fixed oxide charges, the data obtained from
electrical measurement do not seem to suggest any sensible relationship between the
physical thicknesses of the films and their corresponding electrical properties.
Hence, there is no clear conclusion can be derived for the dependence of these

parameters upon film thickness.
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5.7  Chapter summary

Results of phase stabilisation and crystal structure analysis of samples covering the
Ce doping range between 5% and 34% are presented for three different annealing
environments: air, N2 and vacuum. The effect of cerium in stabilising the higher-k
phase in hafnia is confirmed by the study of XRD and Raman data for annealed films
at 900°C in 15 minutes. Of all samples, the films with 10% and 34% Ce are found to
contain a single stabilised phase regardless of annealing environments or
temperatures. On the other hand, samples with 5%, 8% and 17% are found to adopt a
mix of monoclinic and the stabilised phase. The proportion of the monoclinic phase
for each of those samples is dependent on the annealing environments and cerium
doping levels. Determination of the stabilised phase in annealed samples based on
the combination of XRD and Raman analysis suggests that the crystal structure
adopts some form of “metastable tetragonal”, although this structure resembles very
closely to the high temperature cubic phase of pure HfO,. Of all cerium
concentrations, the sample with 10% Ce is demonstrated to have the most distinct
structure compared to the others, particularly under vacuum annealing condition. In
terms of annealing environments, film microstructure and surface roughness are also
found strongly dependent on the partial oxygen pressure within annealing conditions.
Results from MEIS and TEM demonstrates that only films annealed in vacuum show
no or little interactions with the silicon substrate whereas films annealed in N, show
significant intermixing and internal oxidation with the substrate, resulting in
substantial interfacial increase. The influence of annealing environments on film
roughness is found to be highest for vacuum annealed samples and lowest for air

annealed ones, with N, annealed examples somewhere in the middle.

Electrical characterisations were firstly carried out to investigate the dielectric
behaviour of films containing approximately 10% Ce. N, and vacuum annealed films
were measured to investigate the dependence of their electrical properties on the
annealing conditions at 900°C in 15 minutes. Results from this study reveal that both
annealed samples show significant improvements in terms of fixed oxide charges

and interface states compared to the as-grown example,
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However, while the vacuum annealed film shows an enhancement in permittivity
(k~34) compared to the as-deposited one (k~29) at 100 kHz, the N, annealed film
does not show any improvement. The dielectric constant for the vacuum annealed
film is found to be in good agreement with a theoretical value predicted for stabilised
tetragonal Ce-doped HfO, with a similar cerium doping dose. The leakage current
density in vacuum annealed film is found to be higher than the as-grown one and is
attributed to the leakage pathways induced by the crystallisation. On the other hand,
the N, annealed film show a lower leakage current density compared to the as-
deposited example and can be explained by the fact that a thicker interlayer is
observed after N, annealing. Following these results, another set of vacuum annealed
films at 800°C from a sample with approximately 10.5% Ce was measured
electrically to investigate the effect of annealing duration between 1 and 100 minutes
to the electrical properties. The results from this study show that some of these films
demonstrating quite good dielectric performance. Film annealed for 5 minutes was
found to yield a dielectric constant about 38 while the one annealed for 100 minutes
even showed a higher k-value of 44. The exact reason why these two show superior
permittivity compared to other films annealed in different durations is still not clear
as the phase and crystal structure analysis for this set of films seemingly do not hint

any clear explanation.

A set of 10.5% Ce films with varying thickness (2.5 nm~19.5 nm) was also
subjected to vacuum annealing at 800 °C in 10 minutes to study the effect of physical
film thickness to the dielectric properties. Except for the thinnest film and another
one with the thickness 16 nm, all other three samples show comparable permittivity
(30~34), which is in the range of predicted k-value from the preceding electrical
characterisations of 10% Ce vacuum annealed sample. Phase analysis from XRD and
Raman from three thickest films is suggestive of an effect from the dominant
stabilised phase, which is likely responsible for a drop in permittivity from the
sample 16 nm thick. The overall results from this study indicates a good scaling
potential for this Ce-doped hafnia vacuum annealed films with approximately 10.5%
Ce over a range of investigated thickness, which is also a promising proposition to

the use of this high-k oxide when the scalability is concerned.
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORKS

6.1 Summary of key results and main conclusions

The studies presented in this thesis are mainly concerned with issues relating to
stabilising the higher-k phases in hafnia film by cerium doping as a potential high-k
oxide in future CMOS devices. The focus is on (i): feasibility of the growth of Ce-
doped Hf-oxide films with varying cerium concentrations by using the state-of-the-
art LIALD technique and (ii): phase and crystal structure analysis of annealed films
at various temperatures and annealing environments over a wide range of cerium
doping levels. In addition, specific considerations are concentrated on the electrical

characterisations of films with approximately 10% Ce annealed in vacuum condition.

The study of the LIALD growth and its associated parameters, succeeding the
separate studies of each individual precursor source with co-reactant as ozone,
revealed that the cerium doping dose for this ternary oxide film could be controlled
and altered by varying the ratio of cerium ALD cycle against hafnium ones, which
was illustrated by MEIS data analysis. Altering the ALD cycle ratio between these
two precursors as 1/2, 1/4, 1/9, 1/12 and 1/19 resulted in the cerium incorporation
into the films as 34%, 17%, 10%, 8% and 5% respectively. A linear relationship
between the ALD cycle ratio and cerium concentrations within the films was clearly
observed. This linear relationship is indicative of the ALD nature of the growth
process for this ternary oxide system though the growth of CeO, was demonstrated
not a strict ALD process on its own. Another set of samples were grown with a much
narrower range of cerium concentrations targeting compositions close to 10% with
the purpose of carrying out more detailed investigations of electrical properties of
these materials. The ALD cycle ratio for the second set was set as 1/11, 1/9 and 1/7
respectively. However, MEIS composition analysis from this set showed that only
one of them (1/11) reached the expected concentration predicted from the linear
relationship observed in the first set of samples. The other two showed some
deviations from their expected cerium contents. The cerium contents were found to

be 7.5% and 10.5% for the sample with ALD cycle ratio 1/9 and 1/7 respectively.
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Nevertheless, the sample with the ALD cycle ratio 1/7 was shown to contain
approximately 10.5% Ce, which was close to the target composition and hence
useful for detailed electrical measurements for films subjected to varying annealing
parameters and films with different thicknesses. The technique was proven capable
of growing such films in a quite controllable manner though some inevitably
unexpected deviations existed from batch to batch. However, this was very likely
due to some problems associated with the reactor behaviour rather than the LIALD

growth process.

Results of phase stabilisation and crystal structure analysis of samples covering the
Ce doping range between 5% and 34% were established for three different annealing
environments: air, N, and vacuum. The annealing study was initially carried out in
air over a wide range of temperatures from 600°C to 1000°C. Phase analysis
conducted for air annealed films confirmed the effect of cerium as a stabiliser and its
interplay with annealing temperature. Based on the XRD and Raman analysis of
these air annealed samples, the stabilised phases existing in different films were
shown being slightly different with various degrees of distortion from a reference
high temperature cubic phase. This distortion was demonstrated to be dependent on
both cerium doping levels and annealing temperatures. It can be concluded from this
air annealing study that the stabilised phase found in all samples adopted some form
of “metastable tetragonal” rather than the reference cubic structure though

indistinguishable from XRD results.

The influence of cerium on higher-k phase stabilisation in hafnia was then
specifically focused on annealed films at 900°C in 15 minutes under different
annealing environments. The reason this annealing condition was chosen for N, and
vacuum study because they provided a comparable condition to the typical annealing
step in CMOS flow process. Therefore, films annealed in vacuum and N, could be
subjected to subsequent electrical tests. Of all samples, the films with 10% and 34%
Ce were found to contain a single stabilised phase similar to the one identified in
previous air annealing study, regardless of annealing environments or temperatures.

On the other hand, samples with 5%, 8% and 17% were discovered to adopt a mix of

monoclinic and the stabilised phase.
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It was found that the fraction of monoclinic in these three samples decreased in a
descending order of air, N, and vacuum (with the exception of 5% sample, which
showed an equivalent fraction for air and vacuum). Determination of the stabilised
phase in annealed samples based on the combination of XRD and Raman analysis
suggested that the crystal structure adopted some form of “metastable tetragonal”,
although this structure resembled very closely to the high temperature cubic phase of
pure HfO,. The tetragonality of the stabilised phase(s) could not be accurately
determined due to the nature of thin films, which gave poor signal-to-noise ratio in
XRD and Raman spectra. Of all cerium concentrations, the sample with 10% Ce
gave the most distinct structure compared to the others, particularly under vacuum
annealing condition. This behaviour of the 10% Ce sample was in good agreement
with theoretical prediction about the stabilised tetragonal phase in Ce-doped HfO,
with doping level about 12.5%. All of these results could be drawn to some
important conclusions as follows. Firstly, the effect of cerium was shown to be
dependent on the annealing environments in terms of suppressing monoclinic phase
at low doping levels with vacuum annealing being demonstrated to be the most
effective. Beyond 10% Ce concentration, the influence of annealing environments
was shown to be on the distortion of the stabilised phase, which was illustrated in the
case of 10% and 34% samples. For sample with 17%, a monoclinic phase always
existed regardless of annealing conditions. This irregular behaviour was attributed to
the solubility limit of tetragonal phase, resulting in a phase separation to cubic and
monoclinic for doping level around 17% Ce. Of all samples, the one with 10% Ce
was found to be the most distorted structure from the fluorite-type cubic phase,
especially in vacuum. In other words, this behaviour of 10% Ce supported the
theoretical simulation about stabilising tetragonal phase in HfO; by doping with

cerium mentioned above.

In terms of annealing environments, film microstructure and surface roughness were
also found to be strongly dependent on the partial oxygen pressure within annealing
conditions. Results from MEIS and TEM demonstrated that only films annealed in

vacuum showed no or little interactions with the silicon substrate.
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On the other hand, films annealed in N, showed significant intermixing and internal
oxidation with the substrate, resulting in substantial interfacial increase (2.1 nm
interfacial layer thickness for both as-grown and vacuum annealed, 3.7 nm thickness
for N, annealed 10% Ce sample). The influence of annealing environments on film
roughness was found to be highest for vacuum annealed samples and lowest for air

annealed ones, with N, annealed examples somewhere in the middle.

Electrical characterisations were firstly carried out to investigate the dielectric
behaviours of films containing approximately 10% Ce. N, and vacuum annealed
films at 900°C in 15 minutes were measured to investigate the effect of phase
stabilisation on their corresponding dielectric properties. Results from this study
revealed that both annealed samples showed significant improvements in terms of
fixed oxide charges and interface states compared to the as-grown example.
Calculations of dielectric constants for these films were performed by using a simple
2-layer MOS model comprising the high-k oxide and the interlayer. However, only
the vacuum annealed film showed an enhancement in permittivity (k~34) compared
to the as-deposited one (k~29) at 100 kHz. The N, annealed film did not yield any
improvement. The permittivity measured for the vacuum annealed film was found to
be in good agreement with a theoretical value predicted for stabilised tetragonal Ce-
doped HfO, with similar cerium doping level. The leakage current density in vacuum
annealed film was observed to be higher than the as-grown one. This phenomenon
was attributed to the leakage pathways induced by the crystallisation after annealing.
On the other hand, the N, annealed film showed a lower leakage current density
compared to the as-deposited example and could be explained by the fact that a
thicker interlayer was formed after N, annealing. Following these results, another set
of vacuum annealed films at 800°C from a sample with approximately 10.5% Ce was
measured electrically to investigate the effect of annealing duration between 1 and
100 minutes on the dielectric responses. The results from this set showed that some
of these films demonstrating quite good dielectric performance though an overall
trend was not clearly depicted. The calculations of dielectric constant for these films

were performed by using the similar model described previously.
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A surprisingly high k-value of 44 was found for sample annealed in 100 minutes,
followed by another one of 38 for sample annealed in 5 minutes. Another set of
10.5% Ce films with varying thickness (2.5 nm~19.5 nm) was also subjected to
vacuum annealing at 800°C for 10 minutes to study the effect of physical film
thickness to the dielectric properties due to the importance of scalability demand and
the dependence of dielectric constant on film thickness. Except the thinnest film and
another one with the thickness 16 nm, all other three samples with thickness 6.0 nm,
10.5 nm and 19.5 nm respectively showed similar permittivity to the preceding
electrical characterisations for the 10% Ce vacuum annealed sample. Phase analysis
from XRD and Raman from three thickest films in this set showed that all of these
samples contained two phases but with different proportions. These two phases were
identified as stabilised cubic and some form of tetragonal. The sample 10.5 nm thick
was found to contain mostly of stabilised cubic phase with a minor fraction of
tetragonal while the sample 19.5 nm thick showed an opposite trend. The sample
16.0 nm was shown to contain an equivalent fraction of both phases. This phase
composition of sample 16.0 nm was thus likely responsible for an irregular result
encountered from the permittivity calculation. In the case of the thinnest sample,
very low k-value could be attributed to a very small thickness which could result in
an abrupt change in dielectric performance. Nonetheless, it could be reasonably
assumed that for this 10.5% Ce vacuum annealed sample, a good scaling capability

was achievable,

6.2 Recommendations for future works

It is clear from the results and conclusions above that significant work can still be
carried out in several areas. Firstly, there is scope for improving the understanding of
phase stabilisation, the assignment and identification of such phase(s). More
improved and more detailed of XRD spectra can be made possible by employing an
X-ray source of shorter wavelength and/or utilisation of Grazing Incidence XRD.
While the former can provide better peak separation especially at high 2theta angles,
the latter can help reveal the crystal structure of very thin films. Because a high-k
oxide film is subjected to continuous scaling, the crystal structure of thin film is

important to understand and optimise the dielectric performance.
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Similar improvements can also be achievable by utilising a lower wavelength UV
laser, a by-pass filter capable of recording Raman shift right after the laser excitation
wavelength and the use of polarised laser to suppress the strong interference from the
silicon substrate. The use of polarised laser is particularly helpful to monitor separate
vibrational modes of interest. Also within this scope, more experiments can be
carried out over a wider range of annealing temperatures in vacuum and possibly Nj
(or any equivalent inert gas), providing that the annealing system is also improved.
Because the dielectric properties for any film at a given thickness and doping level is
strongly dependent on the post-growth treatment, a wider range of annealing
temperatures can give many further insights about the crystallisation and
consequently, its influence on dielectric characteristics. It also helps optimise the
annealing conditions required to achieve the highest possible k-value for a specific

doping concentration and film thickness, which i
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