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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
OPTOELECTONICS RESEARCH CENTRE

Doctor of Philosophy

Chalcogenide Thin Film Materials for Next Generation Data Storage

by Robert E. Simpson

Data can be stored in the form of amorphous and crystalline marks within a chalcogenide thin
film. Commonly GesSboTes is used as the active data storage material to record these two
different phases. Changes in phase are induced by controlled heating and cooling with laser
radiation or an electric current. The research reported here shows, for the first time, that
phase changes are possible in two new materials: BiSbTe and GaLaS. A further, known, phase
change system, GeSbTe, has been used to test combinatorial deposition techniques and high
throughput characterisation methodologies. An optical system, the static tester, was developed
to test the time necessary for phase transitions. The system, capable of automated operation, can
sequentially characterise the phase change kinetics of composition spread, thin film, samples. The
GeSbTe system was investigated, as a function of composition, using combinatorial deposition
methods. This showed that combinatorial methods can be applied to phase change materials
and allowed new material characterisation over the whole ternary system. Using combinatorial
methods, the electrical sheet resistance of the amorphous material is shown to be correlated to the
tellurium concentration and is thought to be due to correlated increases in lone-pair defect charge
trapping centres. The material’s resistivity can change by more than an order of magnitude by
increasing the Te content from 20 at.% to 50 at.%. Conversely, in the amorphous phase, the
refractive index was shown to decrease with increasing Te proportion and this has been related
to a decrease in the material’s polarizability. The Sb:Te binary system has been doped with Bi
using two different methods; sputter deposition from a composite target and using combinatorial,
thermal evaporation deposition of elemental targets. New results have shown that SbgTes can
be doped with up to 13at.% Bi and still exist in a stable amorphous state. A novel chalcogenide
material consisting of gallium, lanthanum and sulphur was shown, for the first time, to phase
change. The crystallisation time of Ga:La:S:Cu material was found to be 150ns and dependent
on the Cu proportion. Increasing the Cu by 30 at.% increased the crystallisation time to 350ns.
The electrical resistivity of these materials was approximately 4Qm. This allows efficient Joule
heating and electrical switching was demonstrated. A finite element analysis has shown that
this material can be amorphised with a current of just 0.4uA in comparison to 2.5mA required
for a similar volume of GesSbsTes. Therefore Ga:La:S:Cu shows potential as a future electrical

phase change data storage material.
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Chapter 1

Introduction

1.1 Motivation

The world has become dependant on the storage of information. A visionary talk in
1959, entitled ‘There’s plenty of room at the bottom’, by Richard Feynman postulated
that the entire history of printed text could be stored in a volume of material which
measured 100um by 100um by 100pum [1]; he allowed 125 atoms to store each bit.
In modern times, binary data is stored through a multitude of technologies spanning
many disciplines of science. Historically, nonvolatile optical and electrical data storage
technologies exploit very different physical principles. Electrical storage is achieved by
trapping electrons on a conductor and isolating them with oxide material[2]. In contrast,
rewritable optical storage media rely on crystal-amorphous phase transitions of a thin
bi-stable chalcogenide film; materials which exhibit this property are known as ‘Phase
Change Materials’ (PCM).

The astounding energy and investment, over the past two and half decades, into optical
data storage devices and media has resulted in a mature industry worth billions of dol-
lars. Despite this wide commercialisation, the first demonstration of the switching phe-
nomena of these materials actually focussed on the electrical properties [3]. The chosen
materials for rewritable optical data storage are based on compounds of tellurium, with
AgInSbTe and GesSbhoTes being two well researched examples. In recent years, with
the increased scaling to smaller feature sizes, conventional electrical storage technologies,
such as Flash, are anticipated to become impractical. This has allowed renewed vigor
for alternative technologies such as Magnetoresistive Random Access Memory (MRAM),
Ferroelectric (FeERAM) and Phase Change RAM (PRAM) which is the topic of this the-
sis. S. Lai of Intel produced a useful table to review these technologies. Some of its
relevant data is presented in table 1.1 [4]. The table compares a GeaSbyTes PRAM cell
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with the well developed Dynamic Random Access Memory (DRAM) and Flash technolo-
gies, as well as the novel competing technologies MRAM and FERAM. The potential of
PRAM is clear, it has competitive read /write times, comparatively low energy operation
and good potential for scaling to reduced dimensions. The data storage principle for
PRAM is also conceptually clear (phase change mechanism is discussed in chapter 2);

this is another advantage over other storage technologies.

Much of the research reported for PRAM concentrates on the well known optical storage
materials but their applicability to electrical storage is not straight-forward. One of
their major drawbacks is their inherent high electrical conductivity which results in high
power consumption [5]. However, their efficiency is improved with decreasing device

dimensions|6]; this is an appealing feature to prospective chip manufacturers.

New optical data storage technologies concentrate on the near-field operation[7]. Ma-
terial suitability for near-field media is an extremely active area of study[8, 9, 10]. As
the size of the optically induced mark is reduced beyond the diffraction limit, materi-
als which were before unsuitable, because their crystal growth time was long, become
increasingly attractive. This is especially true if their crystals required a comparatively
short nucleation time. The aforementioned antimony-tellurium based materials may not

be the most suitable when writing to much smaller scales.

A statistical analysis of over 500 patent documents, by Savransky and Wei [11], has
been performed for the PCM field. It revealed that the semiconductor PCM technology
is currently in a period of extreme growth. Generally speaking, according the analysis
employed by Savransky, the number of patents generated increases until the latter stages
of a technologies maturity. The analysis also indicates that much of the generated
inventions concentrate on only 10% of the available spectrum of problems that need to
be solved. However, the paper did not continue to specify possible PCM areas which
have not yet been fully targeted. Patent generation is a clear indication of novel research
and thus this is a further, quantative, indication that phase change memory research is

valid and that novel ideas and important results are possible for many years to come.

It is also interesting to look at the number of publications as a function of time, to
establish if a technological field is yielding fruitful research. To check this, the Inspec
database has been used to search for all of the documents with the terms ‘electrical
properties’ and ‘phase change memory’. A bar chart is displayed in figure 1.1. It is clear
that the number of papers published increases rapidly from the year 1994, until the time
of writing, with the number increasing on average by approximate 30% every two years.
This is consistent with the patent literature, statistical, analysis by Savransky, which
also identified a transition of the technology into a growth stage between the years of
1991-1994.



DRAM FLASH PCRAM MRAM FERAM
Volatile/Non-Volatile Volatile Non-volatile Non-volatile Non-volatile Non-Volatile
Endurance/Read 00/00 10% /oo 10'? /oo 10'? /oo 10'2 /1012
Direct Overwrite yes no yes yes yes
Bit/Byte Write Erase yes block yes yes yes
Dynamic Range 100-200mV A Current 10 x —100xR 20-40%R 100-200mV
Programming Energy medium high low medium medium
Write/Erase/Rad time | 50ns/50ns/50ns | 1us/1-100ms(block)/60ns | 10ns/50ns/20ns | 30ns/30ns/30ns 80ns/80ns/80ns
Transistors low performance high voltage high performance | high performance low performance
CMOS Compatible bad ok, high voltage good ? ok, high voltage
Scaling limit capacitor tunnel oxide lithography current density | polarizable capacitor
Multi-bit storage no yes yes no no
3D potential no no yes no no
Cost per a bit low high low ? high

TABLE 1.1: Comparison of data storage technologies based on 180nm lithography. Data taken from manuscript prepared by Stefan Lai (Intel)
and Lowery Tyler (Ovonyx) [4]

uorgonpo.ajuy | Iejydey;)
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35 T T T T T T T T T T T T T T T T T T T

Number of Publications

71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07
Year

FIGURE 1.1: Number of publications cited in Inspec with the search terms 'Phase
Change Memory’ and "Electrical Properties’ as a function of time

Despite the many years of research, there still remain some important physical phenom-
ena to be understood. Possibly the most important of which, for the PRAM, is the origin
of threshold switching whereby the phase change material shows a high conductivity on
application of an applied electrical potential without undergoing a phase transition.
Similarly for optical data storage, controversy still surrounds the understanding of the
actual phase switching dynamics in GeaSbyTes [12, 13]; resulting in intense modelling

and optical pump, X-ray synchrotron probe experiments by a number of groups[14, 12].

To summarise, the key areas motivating, world wide, research into phase change data

storage materials are:
e New materials which outperform current phase change materials upon scaling to
smaller dimesions.

e Scaling also enforces engineering of novel device and media structure which in-turn

invokes material performance questions.
e Novel, high performance, materials for electrical phase change materials.
e Compositional effects on switching and threshold voltage.

e Full understanding of the phase change mechanism on an atomic scale.
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1.2 Project Aim

“The advancement of phase change data storage materials for both optical

and electrical applications.”

Much of the phase change data storage material research has been focussed on the
tellurium based materials because it is a good glass former [15] and its glasses tend to
have a lower glass transition temperature than Se and S [16]. However, with the increase
in data storage densities, corresponding reduced optically written mark and electrically
addressed cell dimensions, novel materials which operate at higher temperatures are
becoming increasingly feasible. Further, the crystallisation time of GeySboTes is known
to be dominated by the time taken for crystal nucleation; thus its crystallisation time
is independent of mark or cell dimensions. However the crystallisation time for other,
novel, materials is known to be dependent on the time taken for the crystal to grow, thus
the crystallisation time reduces with the mark dimensions. Therefore these materials

have great potential for future PCM devices and media.

Material discovery and optimisation is a time consuming task. For this reason, combina-
torial and high throughput methodologies are appealing for efficient evaluation of phase
change memory materials. Therefore one of the targets of this project was to employ,
where possible, combinatorial and high throughput techniques. Further objectives are

summarised below:

e Design, build and characterise a high throughput static tester to analyse the crys-

tallisation dependence on compositions.

e Characterise the optical, electrical and crystallisation of GeSbTe phase change

films, deposited by combinatorial techniques.

e Analysis of the effect of Bi on SbTe films through single composition deposition

and combinatorial techniques. Compare with Bi effect on GeySboTes films.
e Assess the potential of GaLaS based films for optical and electrical data storage.

e Assess pulsed laser deposition for combinatorial deposition of Ga:La:S materials.

1.3 Thesis Synopsis

The aims of this project have been described in this chapter. This thesis details original

research aimed at fulfilling the objectives outlined in section 1.2. Chapter 3 describes
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the design and development of a ‘static tester’ system to examine the crystallisation
properties of phase change films. Two of the four experimental chapters (4 and 5)
examine samples of ternary systems, which were prepared by the School of Chemistry
and Ilika Technologies LTD; though the choice of ternary system, the composition range
and the substrate was my own. Chapter 6 describes a novel high throughput approach
to deposition of Ga:La:S films and the phase change properties of such films.

The thesis has been organised such that when a new material system is introduced the
background research relevant to the material is given at the beginning of the chapter.
In order to guide the reader, a detailed overview of each succeeding chapter is now

presented.

Chapter 2 gives a general background to chalcogenide glasses. It goes on to focus on
some of the interesting optical and electrical properties of such glasses, before giving a
detailed description of the phase change mechanism of chalcogenides. The chapter aims
to review what has been done in the area of chalcogenide phase change and discusses
methodologies of deposition and characterisation. Most of these methodologies have
been employed at some point throughout the course of this project. The concept of high
throughput and combinatorial methodology is also introduced and particular emphasis
is given to the approach used to achieve the composition spread samples, analysed in

chapters 4 and 5.

Chapter 3 discusses a means of measuring the crystallisation time of phase change films
using an optical pump probe system called a static tester. A static tester was imple-
mented for this research thus the design choices are stated and reasoned. The principles
used during the set-up of the system are also discussed and the effects of a poorly set-
up system are shown such that system and measurement errors can be identified. The
software developed for this research is described and its operation outlined. The chapter
ends by showing some typical measurements achieved by both manual and fully auto-
mated operation. The design of a novel optical fibre based system is also introduced as

a future project. The advantages of such a system are discussed.

Chapter 4 is the first of two chapters which take advantage of the composition spread ap-
proach. The main aim of this chapter is to show that such an approach is a viable means
of material optimisation for phase change applications. The compositionally spread,
thermally evaporated, films are compared against both sputtered GesSboTes standards
and results in the available literature. Several characterisation methodologies including,
ellipsometry, four-point probe analysis, X-ray diffraction, minimum crystallisation time
and temperature have been mapped against composition, such that compositional trends

can be analysed.
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Chapter 6 aims to assess the phase change capability of GalLaS based films. Sputtering
and Pulsed Laser Deposition (PLD) have been used to deposit thin films of the material.
The deposition parameters are optimised such that amorphous films can be realised.
For the first time, PLD of GaLaS is deliberately used to achieve compositionally spread
samples and a possible alternative high throughput deposition technique is suggested.
Both the electrical and optical phase change properties of the films are examined and

the system is critically examined as a potential phase change memory material.

Chapter 5 introduces the Bi doped, Sh:Te system. The affect of Bi on the phase change
properties of Sb:Te films is discussed. The chapter can be thought of in two parts. The
first half discusses films, which were deposited during a summer research secondment
to the Center of Applied Near-Field Optical Research (CAN-FOR) at the Japanese
National Institute of Advanced Industrial Science and Technology (AIST). The phase
change characteristics and physical film properties are presented. The second half of the
chapter employs high throughput methods to examine a compositional area surrounding
one of the interesting sputtered samples. A novel, fast-crystallising, composition is
identified to show the potential for, high data transfer speed, future, chips and media.
The effect of Bi on this system is compared to published data of its effect on GeaSboTes

The final chapter summarises the results of this work and suggests areas of possible

advancement and work generated as a result of this research.

The principal highlights of this thesis which contributed to fulfilling the outlined objec-

tives are:

e Design and development of a fully automated tool for efficiently assessing the

crystallisation dynamics of compositionally spread, phase change films.

e A combinatorial study of Ge:Sh:Te phase change films over the widest ever reported

compositional range.

e Demonstration of reduced crystallisation time of Sb:Te based films through the

incorporation of Bi.

e The discovery and characterisation of a novel sulphur based phase change materials
highly suited for future nanoscale electrical PRAM (UK Patent No. GB2433647).



Chapter 2

Background

2.1 Chalcogenide Glasses and Thin Films

The term glass usually refers to the product resulting from inorganic materials which
have been fused together at temperatures above their individual melting points and
cooled at a rate which prevents crystallisation occurring. Commonly “glass” is used
to describe silica, Si0, based materials but many other materials can also exist in a

glassy! state [18].

Some oxides are known to exist in a glassy state without addition of further chemicals.
These are known as glass network formers. They generally have cation-oxygen bonds
with high (> 50%) covalent behavior. Conversely, at the other extreme are materials
in which more than 70% of the cation-oxygen bonds have an ionic character; these are
not natural glass formers. Intermediate glass formers lie between these two extremes.
They are known to form glasses when melted with at least one other oxide of sufficient

proportion[18].

Electrical conduction in glasses has been studied for more than 100 years and, essen-
tially, there are two chief mechanisms through which electrical conduction is possible:
ion transport and electron conduction. Electron conduction can be described by consid-
eration of an energy band model. In good conductors, like metals, the electrons in the
outer shells of the atoms are only loosely bound to the nucleus. At low temperatures
most of the electrons have energies below the Fermi-level, E¢. If an electric field is

applied to the metal, electrons with energies close to Ey only require a small amount

IThis report will follow definitions used in Malcolm D. Ingram’s review of the electrical properties of
glasses [17]. That is “glasses” are taken to mean bulk solids quenched from a melt, and exhibit a glass
transition temperature, whereas ”amorphous” materials include thin films deposited by sputtering or
evaporation.
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of additional energy from the electric field to reach nearby empty energy states. Thus,
under a small electric field the electrons within a metallic conductor are free to move
because there are many empty unoccupied energy states available close to the occupied

energy levels.

Conventional glasses, like silica, are poor electrical conductors. The unoccupied energy
level (conduction band) is not close to the occupied level (valence band). In fact, for silica
the energy gap between these two levels is approximately 10eV. At room temperature
the energy given to the electrons is kT = 0.025¢V. Thus the proportion of electrons
thermally excited to the conduction band is very low. The overall electrical conductivity

is small resulting in a high value for its resistivity.

Materials which have a band-gap of a few eV are classed as semiconductors. Since
the energy gap is small an appreciable number of electrons can be thermally excited
from the valance band into the conduction band. There are many empty states in the
conduction band, thus a small applied electric field can promote the electrons resulting
in a moderate current. At higher temperatures more electrons are thermally excited and
the conductivity rises rapidly. The chalcogenide glasses investigated for this report can
be regarded as amorphous semiconductors, their band-gap can range between 1 and 3eV
[19].

Ionic conduction arises from the movement of negative (cations) or positive (anions)
ions when an electric field is applied across an ionic material. The cations or ions are
effectively placed in gaps within a glassy structure. The gaps allow the ions an extent of
freedom to move under the influence of an electric field. In a typical vitreous material,
below the glass transition temperature the ionic conduction tends to be thermally acti-
vated and it is possible to calculate an activation energy. At temperatures greater than

the glass transition temperature this fitting to an Arrhenius plot is not observed[17].

2.2 Chalcogenides

The name chalcogenide originates from the Greek word chalcos - ‘ore’ and gen - ‘for-
mation’. Thus the term chalcogenide is generally considered to mean ‘ore former’ [20].
Chalcogenides can exist naturally as minerals; two of the most well known being FeSo
(pyrite) and AuTey. In fact AuTey was the chief reason for the name given to the gold-
rush town ‘Telluride’ in Southwest Colorado. The elements of group six of the periodic
table are known as the chalcogens. The group consists of oxygen, sulphur, selenium,
tellurium, polonium and ununquadium (although the existence of this element is still to

be confirmed). Often oxygen is not included in the chalcogenide category. There is a
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historic and scientific reason for this division. Historically, oxide materials are the oldest-
known glass forming systems, especially in silica; it has thus become tradition to treat
them separately from more recently discovered chalcogenide compounds. Scientifically
oxide materials behave rather differently from other chalcogenides. This difference is
present in the form of band-gap energies. As previously discussed, SiO2 has a band-gap
around 10eV, yet other chalcogenides have band-gaps between 1eV and 3eV; they are

semiconductors[21].

Chalcogenide glasses have many interesting properties; optically they are often transpar-
ent from the visible spectrum up into the infrared, they can readily be deposited in the
form of thin and thick films, they can exist as glasses over a wide composition range with
other varying physical properties and they can be applied to many different applications,
from optical transmission to electronic taste sensors [22]. Some tellurium based glasses
can be transparent out to 20um [23]. This long wavelength transmission is in part due
to the material’s low phonon energy which is a characteristic of materials with heavy
ions and weak bond-strengths[24] . They also have a high nonlinear refractive index and
hence could be useful as the active element in an All Optical Switch (AOS)[25]. This

has been demonstrated in an AsyS3 material [26].

Although chalcogenides can exist over a wide range of compositions, not all of them exist
in a glassy form. It is often possible to find materials with which these non-glass forming
compositions can be alloyed in order to form a glass. The model of a binary glass-forming
chalcogenide is considered to be analogous to silica; there are two chalcogen (group 6)
elements bonded to a single group 4 element. Another common class of chalcogenides
have glass forming regions where three chalcogens are bonded to two group 5 elements
[21]. Most stable binary chalcogenide glasses are compounds of a chalcogen and a group
4 or 5 element. This allows a wide range of atomic ratios. Ternary glasses allow a larger
variety of atoms to be incorporated into the glass structure; thus giving even greater

engineering capacity [27].

Amorphous chalcogenide materials can be broadly classed by the type of atoms to which
they bond to form amorphous systems [21]. Table 2.1 lists the chalcogenide classifica-
tion and gives some common examples of the type of chalcogenide which falls into the
category. A review by Elliott compares the typical properties of these different chalco-
genide classes. It should be noted that Gay.S5 is not listed as an amorphous chalcogenide
compound, this particular compound occurs as a crystal [28]. The relevance of this is

discussed in chapter 6.

As,S3, also termed orpiment, is an example of a stable binary glass, it preferentially
exists as a glass whereas tellurium based materials are more likely to exist as a crystal

[27]. Looking down the chalcogen group of the periodic table from oxygen to polonium,
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Class Examples
Pure chalcogenide S, Se, Te, S,Se1_,
Pnictogen-chalcogen (V-VI) AsoS3, PoSe
Tetragen-chalcogen (IV-VI) SiSeq, GeSq
III-VI BsSs, IngSey —
Metal chalcogenide MoSs3, WS3, AgsS-GeS,
Chalco-halides As-Se-1, Ge-S-Br, Te-Cl

TABLE 2.1: Amorphous chalcogenide systems grouped by class [21]

the atomic bonds become more metallic and isotropic, the energy gap decreases and

electronegativities decrease. As a result, the electronic conductivity increases [27].

Some chalcogenides are stable in both amorphous and crystalline phases[3][29]. These
materials are of particular interest for phase change data storage applications. Phase

change data storage materials will be discussed in section 2.5.

2.3 Optical Properties

2.3.1 Photo-Induced Effects

It is possible to photo-induce changes in chalcogenide materials. There are at least seven
mechanisms through which this is possible in amorphous chalcogenides[25] which can
result in materials that are optically, electrically, chemically, structurally and physically
different after irradiation. These changes can be broadly classed into irreversible and
reversible alterations. Clearly reversible changes are most desirable for re-writable data
storage applications. Some of the most common and useful forms of photo-induced

changes in chalcogenides are now described.
Photocrystallisation [21]

A chalcogenide film crystallises upon optical irradiation due to a heating effect. This
is particularly common for chalcogenides with a low glass transition temperature, Tj.
This process can be reversed by heating the crystallised volume to the glass melting

temperature, T;,, and quenching.

Photopolymerisation [30, 31, 32]
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Polymerisation is the process of two or more molecules combining to form a more complex
continuously bound molecule. Such processes can be thermally and photo-induced in
some chalcogenides. In the case of the well studied As,S3, a polymerisation model
has been suggested whereby AssS4 polymers are created in the material after thermal

annealing at the glass transition temperature, Tj,.
Photodissolution of Metals [21]

A layer of metal in contact with the chalcogenide dissolves into it upon irradiation with
light of similar energy to the chalcogenide’s band-gap, E,. The requirements for this
process is a near band-gap radiation source and a deposited metal film. This process is

not easily reversed.
Photocompaction and Contraction [24, 33, 34, 35]

Photo-induced compaction has been reported in Ga:La:S, under illumination from ultra-
violet radiation. The locally compacted region showed a change in its chemical composi-
tion to higher concentrations of lanthanum. Large compaction depths were measured in
the range of 0.2 to 1.3um. The densification led to a maximum refractive index change
of An = 1073. Photo or radiation compaction has been observed in other chalcogenides
and reversal via thermal annealing has also been reported. Densification and compaction
has also been observed in conventional oxide glasses (Si02). These effects are useful for

optical waveguide, laser and holographic grating applications.
Photodarkening [21]

The optical absorption of the chalcogenide increases at a particular wavelength after
irradiation from some other source. This results from a shift in the Urbach absorption
edge to lower energies. The effect is largest at low temperatures. At higher temperatures,
close to T}, the effect is not measured since the glass is annealed as fast as the effect is

induced.

Photodarkening is sometimes associated with other structural alterations in the chalco-
genide. Hamanaka et al.[36] have observed macroscopic photoexpansion in AsyS3 glasses
upon illumination with near band-gap radiation. However, the requirement of band-gap
radiation is not a necessity, Hisakuni et al.[37] observed an order of magnitude volumetric

change after illuminating AssS3 with below band-gap light.
Photobleaching

Photobleaching involves the optical absorption edge shifting to shorter wavelengths. It
is a common effect in chalcogenide films and has been observed in GaLaS[38]. Again,

this bleaching is due to a structural change in the glass network.
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The direction of the shift in the absorption edge can be dependant on the film de-
position method and its parameters. For instance, thermally evaporated arsenic sul-
phide based films can be either photobleached or darkened depending on the deposition
conditions[39].

Photoinduced Anisotropy [21]

Dichroism and birefringence have been experimentally observed in some amorphous
chalcogenides through illumination of linearly polarised light. Various theoretical models

involving bond breaking and twisting have been proposed to explain this effect.

The abundance of processes through which optical changes can be induced in chalco-
genides lends them to applications including integrated waveguide circuits, diffraction

gratings, surface and potential volume data storage.

2.3.2 Electrical Properties

As previously mentioned, chalcogenide glasses can be considered as semiconductors with
an energy gap up to 3eV. It was originally believed that semiconducting materials must
have a long range order and periodicity such that a quantum band energy level could be
used to describe the band structure of the semiconductor. However the chemical nature
of the atoms which form the material was neglected. This was to change in the nineteen
fifties when it was found that the chemical behaviour between the constituent atoms, not

a periodic structure, is key to understanding the band structure of amorphous solids[40].

On the whole chalcogenide materials obey the ‘8-N’ bonding rule whereby all electrons
are taken up in bonds so that the electrical conductivity is not sensitive to small changes
in composition or the addition of elements such as Ge or Si with four (or more) outer
electrons. Adding elements to the glass with less than four outer s and p electrons often
has a major effect on the conductivity [41]. Thus Kolomeits [42] found that the addition

of Cu, Ag, In, and T1 to As3Ses and As3Ss causes a significant increase in conductivity.

An ideal continuous random network with an entropy related to its disorder is the first
approximation of a glass. However, in reality there are point defects which are either
‘frozen in’ during the quench from a molten state or grown during deposition. These
defects contribute to the material’s entropy and are responsible for ‘states in the gap’.
These gap states have a number of implications, the most important of which for this
thesis are (1) change in the space charge distribution at the defect and (2) pinning of
the Fermi energy, Ey [41, 42].

The Anderson model [43] assumes there are more bonding states than pairs of electrons

and all states are either doubly occupied by electrons or empty. The suggested reason
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for this is that the polaron energy, gained by bond contraction, more than compensates
for electron repulsion forcing both electrons to occupy the same defect site, D, and
causing a negative correlation energy [44, 43]. Sir Nevill Mott applied this analysis to
chalcogenides, proposing that a large number of dangling bonds are present in the form
of point defects in the amorphous network. The dangling bonds arise when normal
coordination of the atom cannot be satisfied because of its surrounding configuration.
The dangling bond/point defect is neutral, D°, but contains an unpaired electron. If
no electrons were present, it would have a positive charge, DT. If there were two
electrons present it would have a negative charge, D~. Mott’s model, in agreement with
that of Anderson, assumed that a local lattice distortion occurs upon a change in the
defect electron occupation. The distortion is such that the reaction 2Dy — DV + D~ is

preferential and that electrons can only occupy the D as a result of excitation.

In chalcogenides lone pair electrons form the upper edge of the valance band whilst,
higher energy, antibonding states form the conduction band. Since in bonding atoms
the electrons are effectively screened by the bonded atoms, the D defects are strongly
attracted to lone pair atoms where the electrons are somewhat more exposed. This
attraction causes a bond and distorts the local environment. This bond also liberates a
large amount of electronic energy because the lone pair electrons are now transformed
into deep bonding states thus creating energy level B in figure 2.1. The D% defect is
influenced by this extra electron which is in its vicinity. It has the effect to slightly reduce
the charge around the defect and a shallow donor level is achieved (energy level A). The
assumption is that the electron doesn’t enter the DT defect (it remains unoccupied); it
is merely attracted to it because of its charge. However, the act of this attraction/bond
reduces its energy slightly and forms the shallow donor level. This energy separation is
typically 0.1eV[44, 43].

Similarly, the defects which contain 2 electrons with a negative charge, D™, feel an
attraction to lone-pair-like atoms which have a positive charge. Since there is a negative

charge on D™, an acceptor-like energy level is formed above the valance band[44].

Energy levels W and W™ are equal to the polaron energy of each defect. U is the cor-
relation energy which represents the effective electrostatic attraction when two electrons
(one of each spin) are simultaneously present in the vicinity of the same defect [45]. As

electrons are injected into the gap they populate energy level B.

In the situation described where D centres are not naturally stable, the minimum
energy of optical absorption occurs between the valance band and D% centres at level
A and for transitions from D~ centres to the conduction band. Photon energies greater
than these two minima will also be absorbed leading to a shallow absorption tail near
the band edge [44, 43]; this is known as an Urbach tail.
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FIGURE 2.1: Band Levels in a chalcogenide semiconductor

When an electron is promoted from the valance band it enters the defect and becomes
trapped and sits in level B, as shown in figure 2.1. The state of the defect changes to
that of D°. In order to escape, an activation energy is required which is equal to Wh.
For a hole in the valance band, the coulomb attraction of a D~ defect can trap it, the
activation energy required for its release is equal to Wj. In these materials there can
also be a large number of lone pair chalcogen atoms thus there will be a large number of,
D~ type, hole traps. This considerably limits the hole mobility and deems the material

highly resistive, unless the activation energy for conduction, Wi, is exceeded.

It is assumed that the polaron energy associated with a distortion to form D~ and D7 is
approximately the same, thus W7 — W, this has the effect of pinning the Fermi level at
the same energy j:%U from levels B and B’. So it is now possible to form a semiconductor

energy level diagram, this is given in figure 2.1.

In summary, there are three possible charged defect states Dt, D~ and DO resulting
from the addition and removal of a dangling bond. These DT and D~ states act as
shallow acceptors and donors. Once they have trapped either the hole or electron they
distort to become neutral D? states with an associated activation energy for the electron

to escape.

If there is a high density of electrons, the Fermi energy, Ey, lies above energy of the
conduction band, E., and the conductivity is similar to that of a metal and shows no
increase with temperature. However, as the density of electrons is lowered, the Fermi
energy falls until it is equal to E. and the conductivity is equal to the minimum metal-

lic conductivity. In chalcogenide amorphous materials the density falls still further, the
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material cannot be considered to be a metallic conductor and conduction is only possible
by the two mechanisms: (1) at low temperatures by thermally activated ‘hopping’ from
one localised state to another and (2) at high temperatures, current is carried by holes
excited to the mobility edge[46]. Thermally activated hole hopping leads to a conductiv-
ity, o, given by equation 2.1 whilst at higher temperatures electrons gain enough energy
to be thermally activated to the hole edge and equation 2.2 gives the conductivity [46].
Where o is the electrical conductivity, oy, is the minimum metallic conductivity, £,
is the energy difference between the conduction band and valance band, B is dependant

on the density of states and on the extent of the trapped holes’ wavefunctions.

FE
0 = omin{exp ﬁ (2.1)
—B

A unique characteristic of some chalcogenides is their ability to threshold switch. S.
Owvshinsky first observed the switching nature of chalcogenides back in 1968 [3]. The
paper reported a threshold switching effect whereby the electrical resistance of an amor-
phous chalcogenide thin film may switch from a highly resistive state to a conducting
state along a load line. This occurs at a threshold voltage, V;;. Once in the conducting
state the current can be increased or decreased without affecting the voltage drop across
the film, known as the holding voltage, Vj. If the current is reduced below a critical
value, known as the holding current, Iy, the chalcogenide film switches back to the non-
conducting, highly resistive, state. The switching process is highly repeatable [3] with
evidence of certain chalcogenide compositions cycling between states more than 102
times [47]. Figure 2.2 (a) shows the I-V characteristic of such a threshold switch. This
type of switch is volatile, since current must be supplied to keep it in the conducting
state. Non-volatile ‘memory switches’ are able to maintain a high or low conduction
state without drawing any current; figure 2.2(b) gives the I-V characteristic for such a
device. Once the material is in the conductive state (V > V},), the current is increased
to the point where enough thermal energy is supplied to the chalcogenide, through Joule
heating, to create a crystallised filament. The voltage can be reduced below the holding
voltage, V},, without switching back to the highly resistive state. Outside the crystallised

filament the material remains amorphous.

The true nature of threshold switching is still unclear but the basic model is as follows: as
the voltage is increased the vacancies in the amorphous network, and consequently, the
gap states in the band-gap of the material become filled. Since there is a high density of
these states, usually the conductivity is very low since holes are trapped by these states

[40, 48, 49, 46]. However, once the gap states are filled, there is nothing else to prevent



Chapter 2 Background 18

Vi Vin V Vin V

(a) Threshold Switch (b) Memory Switch

F1GURE 2.2: Typical I-V characteristics of threshold and memory switches

Not Switched Switched

| =
= BN =
e e

V<Vin V>V

FIGURE 2.3: Filament forms after field exceeds Vi,

the charge carriers from crossing the band-gap. At this point the conductivity becomes
very sensitive to voltage and the device is switched to the ‘on’ state [3, 40]. The gap
states will remain filled as long as the current remains high but when the current falls
below a holding current, the generation of carriers is not high enough to keep the gap
states filled. The empty states are free, once again, to capture carriers thus reducing

the current.

In the resistive, ‘off state’, the current flows through the whole volume of chalcogenide
film enclosed by the two electrodes but in the conductive, ‘on state’, the current flow is
through a much smaller diameter, local area, between the electrodes. This has become
known as the current filament[50, 49, 51] (see figure 2.3) .

Recently Pirovano[40] established a model which postulated that since the conduction is
dependant on carrier concentration, it is probably an impact ionisation process whereby,
in a large electric field, a hole can lose energy through the creation of further holes; thus
creating an avalanche effect. At Vj;, the hole and electron recombination, whose energy
is usually spent through the creation of a phonon, are no longer balanced since more

holes are being created, and the conductivity sharply increases [40)].
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An alternative theory [52] for the threshold switching effect initially postulates a rather
different mechanism for the conduction. Arhenius type experiments to measure the ac-
tivation energy for conduction in the amorphous phase found that the activation energy
actually decreased with applied voltage. This led to the hypothesis that the applied
field reduces the potential barrier which the trapped electrons must overcome in order
to move through the material thus allowing a reduction in the activation energy. At
fields close to those that induce threshold switching, the potential barrier is reduced
to the extent that field driven emission of electrons through the potential barrier over-
comes thermally activated conduction. The electrons are allowed to access empty trap
sites with larger kinetic energies, this excess energy can then be exchanged to lower
energy electrons thus increasing the conductivity further. From this rather qualative
explanation, an analytical model was developped which seemed to fit experimental data

well.

Chalcogenide materials, annealed above the crystallisation temperature, structurally
transform leading to different atomic arrangements which can enhance the energy of
electronic states in the vicinity of the Fermi level [13]. Thus, in the crystalline state, the
materials tend to have a higher carrier mobility and greater carrier concentration than

in the amorphous state [15].

2.4 Data Storage

Mass storage is the concept of non-volatile storage of large volumes of data. Mass storage
devices usually consist of a head which is used to write or read to or from a storage
medium. The storage medium is usually addressed by positioning it relative to the
read/ write head. Data can be exchanged by transferring mechanical, optical, magnetic
or electrical energy to the media. In contrast Random Access Memory (RAM) devices
usually consist of a matrix of addressable conducting lines. An individual memory cell
is electronically addressed by linking the corresponding column and row conducting
lines via the cell. Thus the principal difference between mass storage devices and RAM

devices is the method by which the data is accessed [2].

Storage media can be classed by their ability to record as well as read: pre-written
media, Write Once, Read Many (WORM) media and read write media. The compact
disk media comes in all forms of the above. They are sold either, prefabricated with data
encoded as modulated pits on a metalised layer in a structure (similar to that depicted
in figure 2.4), as write once CD-R media whereby a photo-sensitive polymer is written to
by a modulated laser. And finally CR-R/W which can be re-written up to the order of
100 000 times by changing the phase of a chalcogenide active layer [2]. Dimensionality
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of the media is clearly of importance since encoding data across different dimensions
will increase the media’s capacity. Magnetic tape has a low storage density, since data
is encoded in 1-D along the length of the tape, CD’s have a higher density since data
is recorded in a 2-D plane, radially and angularly. Finally 3D storage has the highest
potential capacity since data is stored in the media volume; holographic storage is an

example of this [2].

The compact disk introduced digital audio to the commercial world in the early 1980s.
It, and its derivatives; the Digital Versatile Disk (DVD) and more recently, the Blue Ray
Disk (BD) and the High Density-DVD, have allowed ever increasing storage densities by
increasing the objective lens’ refractive index and reducing the operating wavelengths
from 780nm to 650nm and now to 405nm for the CD, DVD and BD or HD-DVD respec-
tively; thus allowing smaller marks to be written and distinguished|[2]. The pre-recorded
CD is formed by injection molding a polycarbonate substrate onto a metal master. A
reflective metallic layer is then deposited on the molded polycarbonate. The data is
stored in the form of indentations on the surface of the metal. The bit depth is a quar-
ter of the reading laser’s wavelength. The spot size is bigger than the pit so there is
destructive interference between the light reflected from the depth of the pit and light
reflected from the area surrounding the pit. A photo-detector measures the intensity
of the reflected light; if the beam scans over a pit, the destructive interference causes
the reflected intensity to be modulated thus allowing the data on the disk to be read[2].
The linear velocity of the read area is kept constant at 1.3ms~!, which means that the
angular velocity of the disk is reduced from 500rpm at the centre of the disk to 200rpm
at the edge of the disk[2].

Protective

Y
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FIGURE 2.4: Structure of a compact disk

Read Only Memory (ROM) is an example of an electrical non-volatile memory; it is used
in most electronic items. The essential technology behind ROM is a diode positioned at
the intersection of an addressable column and row conducting lines. These chips, how-
ever, cannot be programmed. Programmable- ROM (PROM), on the other hand, can;

small fuses are broken at the relevant intersection to disconnect and, thus, program the
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chip. However these chips are write once and they cannot be re-programmed. Erasable
Programmable ROM (EPROM) can be written to many times. In an EPROM chip, two
transistors are separated from one another by a thin oxide layer. Electrons can tunnel
through onto the oxide layer, where they are then trapped. If there are no electrons
on the oxide layer, the two transistors are essentially connected (this represents a 1), if
there are electrons on the layer, the two transistors can be thought of as disconnected
(representing 0). The EPROM can be erased by removing all the electrons from the
oxide layer. This is usually done by illuminating with ultraviolet light, allowing the
electrons to gain enough energy to break out of the oxide layer. The next advancement
in ROM is the Electrical Erasable Programable ROM (EEPROM). Rather than UV ra-
diation to remove the electrons, an electric field is applied to the junction which allows
the electrons to escape the oxide layer. This has the advantage that each intersection
can be re-written to individually. Flash memory is a type of EEPROM, it is wired such
that either the whole chip can be erased or segments of the chip, containing many inter-
sections, can be erased at once[2]; this reduces the erasing time. A distinct disadvantage
of Flash memory is its write speed, which is at least one microsecond[53]. There are a
number of emerging technologies which write data using various mechanisms. Most of
these technologies not only outperform Flash, with respect to their write time, but also

their read/write cycle endurance [53], see table 1.1.

2.5 Phase Change Data Storage

Phase change data storage has been introduced as a possible replacement for magnetic
media. The CD has replaced the audio cassette and, in-turn, the DVD has replaced
the video cassette. The advantages are well known: higher transfer rates, faster access
times, improved endurance; all of which contribute to a higher standard of audio and
video respectively. However, at present, optical phase change media are not able to
compete with the write and erase times and cycle endurance of the magnetic hard disk
[15].

The concept of phase change memory is relatively straightforward. It relies on a material
which maintains either the amorphous or crystalline phase until switched. In order to
switch between the two phases, energy must be put into the system. Electromagnetic or
electrical energy is usually supplied to the phase change film where it is transformed into
heat. If sufficient energy is acquired by the material to overcome that required to break
the atomic bonds, the material will be excited to a high mobility state [54]. It is then
possible for the atoms to settle into different structures, either crystalline or amorphous
depending on the rate of cooling. Quenching at a high cooling rate prevents the atoms

migrating from their random, liquid-like, arrangement; thus an amorphous structure is
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formed. A lower cooling rate, with a gradual reduction of heat allows the atoms to form

a more ordered, energetically stable, crystalline arrangement [55].

Changing the phase of a material affects the structural, optical and electrical properties
[3, 54] of the chalcogenide material. The crystalline materials have a small electronic
band-gap thus allowing electrical conduction at room temperatures. The amorphous
phase have a larger band-gap and hence their intrinsic absorption is lower and electrical
conductivity is reduced. Materials which exhibit such contrast in electrical and optical
properties are of interest for data storage[15]. In most cases crystalline materials have
a higher refractive index (at visible wavelengths) and a lower electrical resistance, in

comparison with amorphous materials of the same chemical composition[3, 56, 53].

Chalcogenides typically exhibit this aforementioned phase change property. They, in
particular, are chosen since they can be switched between phases relatively easily, yet
may be thermally stable well beyond the anticipated storage and usage environments
[57]. This ease of switching and thermal suitability is what separates chalcogenides
from other types of glasses like silica (Si02), where bond strengths are much greater.
However, phase change is a material property which is not exclusive to chalcogenide
material. Phase change storage has been reported in other non-chalcogenide materials
including vanadium oxide[58] and gallium [59]. An amorphous area can be formed
in a predominantly crystalline film by heating the material to its melting point, T,
and cooling quickly. The amorphous mark can be erased by applying enough heat for a
sufficient duration to raise the mark’s temperature to that required for crystallisation[60]

allowing the atoms within the mark to relax to their preferred crystalline state.

During crystallisation the phases of the amorphous material can separate, this is accom-
panied by diffusion of atomic species. The atoms clearly need to move such that they
can bond to other available atoms to form a crystal[57]. This diffusion process limits the
crystallisation speed[61]. Crystal nucleation centres can be added in the form of dopants
in an effort to decrease the crystallisation time. Diffusion-less crystallisation growth is
also possible. This class of material is designed such that the chemical composition for
both crystalline and amorphous states are identical[61]. The interatomic rearrangement
necessary for this process involves minor changes to bond angles and lengths[57]. Since

the atoms do not diffuse in this process, the crystallisation speed can be quicker.

To achieve high writing transfer rates, materials which show fast crystallisation are of
interest. Phase transitions are only possible if the Gibbs free energy is reduced after
the transformation. There are essentially two classes of materials: nucleation dominated
and growth dominated. The crystallisation time of nucleation dominated materials are
heavily dependant on crystal nucleation whereas growth dominated materials are heavily

dependant on the time taken for the crystal to grow. Following the analysis performed
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by Wuttig [15]; the total Gibbs free energy for crystallisation has contributions from the
energy required to form a phase boundary enclosing the nucleated phase, AGrr, and

the elastic energy, AG g, hence equation 2.3:

AGiota = AG 4+ AGrr + AGE (2.3)

If the elastic contribution is ignored and spherical nuclei are assumed, the Gibbs free
energy as a function of radius is then given by the Gibbs free enthalpy per a unit volume
(AGy ), multiplied by the volume and the interface energy per unit area (+y,) multiplied
by the spherical area of the crystal nucleus (AGyotar = AGyV + ~vA), hence:

AG(r) = AGV%TTP’ + ~y4mr? (2.4)

Equation 2.4 is plotted in figure 2.5. For nuclei smaller than the critical radius, r.,
further nucleus growth is required which, in turn, requires more energy and hence it is
unfavourable. Nuclei with radii greater than r, promote a reduction in the total Gibbs
free energy hence their formation is favourable. Differentiating equation 2.4 to find its

eak, where r = r,, the critical radius criteria is found:
b CH

2y
.= — 2.
r AG, (2.5)
such that the critical total Gibbs free energy is:
167 ~3
AGo = —— 2.
“e=3 A (2:6)

It can be seen from the negative sign in equation 2.5 that negative values of AGy can
lead to a phase transition, since nuclei can only form if there is a reduction of the free
enthalpy. AG¢ is the free enthalpy that must be overcome for nuclei to form. Since
some nuclei form, but their size is below 7., hence they are energetically unfavourable
and decay; Wuttig was able to take this analysis further and analyse the size distribution

of nuclei resulting from thermal fluctuations:

_ AGtotul

N(r) = Noe F*BT (2.7)

Where N(r) is the number of nuclei with radius, » and Ny is the total number of

nucleation sites.
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The number of nuclei with a critical radius is of great importance, since if one of the
nuclei captures a single atom it becomes stable. The number of critical nuclei is then

given by:

AGo

Ne = ¢ #57 (2.8)

For such a nucleus to catch an additional atom, the atom must overcome an inter-
face activation barrier, Wx. AG is dependent on temperature and decreases with
temperature[15] whilst, as can be seen, the number of critical nuclei increase with tem-
perature. This leads to a spike in the curve of nucleation rate as a function of tem-
perature. The width and position of the spike is dependant on the material’s melting
temperature, latent heat of melting, interface energy ~v and activation energy Wy. After
nucleation, the two phases co-exist, separated by the interface energy. The transfer of
atoms to the nucleated crystal is dependant on the activation energy and the difference

in enthalpy.

The growth rate of the crystal is proportional to the product of the attempt frequency,
v, the probability of an atom overcoming an energy barrier to join the nucleated crys-
tal (described by e:cp(%)) [15] and (1 — e—%) where AG is the free enthalpy
difference per atom between the two phases. This leads to another maximum in the

growth rate as a function of temperature, but this time the maximum occurs at a higher

temperature. The expression exp( }?/TK ) is inversely proportional to viscosity, this means

that the growth rate is also dependent on viscosity[15].

To measure the crystallisation temperature of a material Differential Thermal Analysis
(DTA) is typically used; this is discussed in section 2.8.4. However, it is sufficient to
note here that it gives a peak associated with the net effect of nucleation rate and
growth rate. Since only the nucleation growth is dependant on the activation energy, it
is possible to measure the activation energy by the knowledge that maximum nucleation
rate will always occur at the same temperature irrespective of heating rate. However
the crystal growth has some time dependence associated with the frequency, v (rate at
which atoms attempt to overcome the energy barrier and join the nucleated crystal site).
Since only the term associated with the activation energy shows a time dependence, the
activation energy can be found by conducting a series of DTA measurements, at different
heating rates, and then measuring the difference in the temperature of crystallisation.
The activation energy is of great importance since it gives a measure of the amorphous

phase stability.
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2.5.1 Optical Phase Change Media

CD-RWs and DVD-RWs take advantage of the phase change nature of chalcogenide
materials. The active layer of the CD-RW consists of a mix of silver, indium, antimony
and telluride (AggIni3SbsgTes) [62]. When the layer is heated to T}, and cooled slowly it
becomes crystalline, if it is heated to the melting temperature, T;,, it becomes amorphous
when quenched at a rate greater than 10° °Cs~! [15] and the phase of the material is
changed. Writing and reading the phase change layer is achieved via the same laser as
the reading process but during reading its power is reduced to a level which prevents
the phase change layer reaching its glass transition temperature. Erasure of amorphous
marks occurs at a power level which causes the phase change film’s temperature to reach
T, and writing to T;,,. The reading laser is reflected from the surface of the disk and the

reflected signal is modulated by the amorphous marks with low reflectivity and higher
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intrinsic absorption in comparison with the crystalline state. A diagram is given to show
the cross section of a conventional CD-RW; see Figure 2.7. If the writing power is too
high the phase change layer can be ablated, resulting in permanent damage to the disk.

Protective
layer

_I\/Ietal

Dielectric

Pregrooved substratl

Phase Change
FIGURE 2.7: The core components of a CD-RW [63]

For fast crystallisation, and hence short erase times, it is necessary to incubate the
chalcogenide film for a specific time and temperature. This allows nucleation seeds to
form in the chalcogenide layer and is referred to as ‘priming’. Once the nucleation sites
have formed, the crystallisation time is only limited by the time taken for the crystal
to grow. The temperature required for priming is the same as that for crystallisation
[64] thus, if the material is held at this temperature for a long enough time, the nu-
cleation sites will form and eventually crystal growth will occur. After priming, the
optical properties of the material are slightly different to those of the as-deposited state;
measurements made by the Philips laboratory on a Ge:Sb:Te:Se film found an increase

of 0.2 in the extinction coefficient and a depth change of about 1% [63].

As previously mentioned, since the nucleation time can be orders of magnitude longer
than the crystallisation time [64], phase change materials can be broadly classed as
nucleation dominated and growth dominated. In the nucleation dominated material, the
majority of the crystallisation time is taken by the nucleation of crystallites, whereas
growth dominated materials tend to nucleate in a very short time but their growth rate
is comparably long and hence the majority of the crystallisation time is dominated by
growth [63, 29]. Even within the same material system there can exist both classes of
material. For example in the Ge:Sb:Te system, materials along the GeTe — SbaTes tie
line are nucleation dominated whereas materials close to the Sb— T'e binary are growth
dominated [29].

Identification of the dominating mechanism can be achieved by analysing where the crys-
tallisation starts. If it starts at the centre of an amorphous mark, where the temperature

is highest and the stresses are large, it is a predominantly nucleation driven. In contrast,
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if the crystal growth starts at the interface between the amorphous area and the crys-
talline background, it is a growth dominated process[63]. This is depicted in figure 2.8.
Distinguishing growth dominated crystallisation from nucleation driven is based on the
knowledge that if the crystal must grow from the interface, it will be strongly dependent
on the size of the amorphous mark. Whereas, a nucleation dominated process will be
independent of the amorphous mark size. Thus for growth dominated crystallisation
the crystallisation time will increase with mark radius but for nucleation driven, the

crystallisation duration will be constant.

- -

Growth Dominated Nucleation Dominated

B Amorphous 3 Crystalline

FIGURE 2.8: Depiction of the two possible crystallisation mechanisms in phase change
recording [63]

The ability to write amorphous marks on the disk relies on the material being a good
glass former [15]. The disk must be easily heated to its melting temperature but should
also dissipate heat quickly such that the necessary high quench rates are possible. If
the surrounding dielectric layers have a large thermal capacity, large amounts of heat
energy will still be present in the disk once the laser is switched off, this means that the
heated mark cannot dissipate its energy to its surroundings and cools slowly from the
molten state resulting in a melt-crystallised state[15]. It is clear that the thermal and
optical design of a disk is crucial to enable high data writing rates with the maximum
amount of incident light reaching the active layer. The layer stack should also increase

the conversion efficiency of incident optical energy to heat.

The data transfer rate of phase change media is directly dependant on the crystallisation
rate which is in turn dependant on the phase change layer composition, its thickness
and its interface [63]. At high temperatures the crystallisation rate should be great thus
enabling high data transfer rates. In phase change media the limitation in recording
occurs due to the time taken for previously recorded data to be overwritten with new
data. This time is dictated by the speed at which the amorphous marks of the previous
data can be erased. Conversely at low temperature or storage temperature, the crystalli-
sation rate should be infinitesimally small to increase the time taken for the amorphous

mark to be naturally made crystalline. The media should be stable against spontaneous
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re-crystallisation for several years; the length of time for which the material can be con-
sidered stable is known as the archival lifetime. To summarise, the crystallisation rate
should be high at high temperatures and practically zero at low temperatures. This

conflict complicates phase change media development [16].

For an optical phase change disk there are a number of phase change material properties

which should be optimised:

1. Ability to form a glass; easy glass former.

2. Rapid crystallisation to ensure short erase times.

3. High crystallisation activation energy to ensure amorphous mark stability.
4. Good optical contrast between phases.

5. Read/Write endurance; low stresses encountered due to thermal expansions and

different phase densities.

In the case of archival data storage the cycle endurance is not necessarily of such high
importance as conventional re-writable disks. In this case, longevity and stability of
the data are of utmost importance and even the read endurance could be reduced in
comparison to the high specification of an everyday data disk. In the words of BBC
archivists Dr Richard Wright ‘if large volumes of data storage can be achieved, we would
settle for write once, read every now and again’[65] a comment made in response to the
erasure problems often encountered with holographic memory materials upon accessing
the data.

Optical phase change recording is already a mature technology for re-writable CDs and
DVDs. Increasing the capacity of phase change discs thus far seems to have followed the
trend of decreasing the write beam spot size. Plasmon and Sony both have products
that use short wavelength violet and blue lasers. This allows for smaller marks to be
made on the film and thus a higher density of marks on a disk. The Sony product boasts
a capacity of 23.3GB and later generations of the disc could allow up to 100GB storage
on a standard size 5.25”/12cm disc. Plasmon’s product should deliver a capacity of
120GB by 2008 but currently holds 30Gb [66].

Increasing the capacity of phase change optical disks is, at present, the subject of much
research. Conventional far-field optics restricts the size of a mark to the diffraction limit,
1.22%, where A is the wavelength and N A is the numerical aperture of the objective
lens [67]. To overcome the diffraction limit, new approaches involving negative index

lenses [68] or ideas borrowed from the Scanning Near-Field Optical Microscope (SNOM)
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[69] are researched. In such a SNOM device, light is guided through a tapered optical
fibre to its tip, which can be just 50nm diameter. As the fibre diameter is reduced, the
intensity in the fibre becomes very high. The tip is coated with a metal, thus trapping
the electromagnetic field inside the fibre even at such small dimensions. Below the
diffraction limit, the intense electromagnetic field is evanescent and decays in a short
distance. If the tip is brought to within a few 10s of nanometers above the phase change
layer, some of the field can be used to heat a phase change data storage film, thus
allowing sub-wavelength marks to be written on it. The marks can also be resolved
by the same device [70]. However, data storage devices based around SNOMs have a
number of limitations. The amount of energy transmitted by the SNOM tip is very low,
thus high laser energies are required to overcome the attenuation of the evanescent field.
The necessary laser powers can cause damage to the SNOM tip including melting of the
metallic coating. Another big problem is the ability to position the removable media
consistently within the evanescent field emanating from the tip. A possible solution to
both of these problems is the Super-Resolution Near-field Structure(Super-Rens) Disk,
suggested by J. Tominaga [7]. The idea is: instead of coating a tapered fibre with a
metal, to actually put a heat sensitive, metallic layer on top of a phase change layer.
When a laser is focussed through a 0.6NA lens onto Sb it heats non-linearly and a sub-
wavelength aperture is opened at the centre of the laser’s Gaussian mode. The laser’s
electric field in the vicinity of the aperture is evanescent and extends to the phase change
layer. This allows sub-wavelength marks on the phase change layer to be both written
and read. Since the disk structure can be easily controlled with nanometer accuracy
and the metallic layers are very thin (20nm), the positioning and high optical intensity
problems associated with SNOM data storage are overcome[7]. Such a disk structure

shows great potential for the next generation of optical storage media.

2.5.2 Electrical Phase Change Devices

Electrical phase change data storage uses the same principles as optical storage but
rather than optical heating, it is possible to heat electrically such that both the crys-
tallisation and melting temperatures can be reached within the film [3]. Heat generation
in the chalcogenide film is possible by passing an electric current through it. The power
dissipated into the material, due to an electric current passing through it, is given by

equation 2.9, for power dissipation.

P=VI=1I°R (2.9)

Where P is the power dissipated, V is the electric potential applied to the film, I is

the electric current and R is the resistance of the film. As mentioned earlier, the high
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density of charge carrier traps in a chalcogenide’s amorphous state means that it has a
high intrinsic electrical resistivity; thus R is large. Since R is large, only a small current is
necessary to generate enough power for the material to crystallise. However, this requires
a high voltage. Creating short pulses of high voltage using circuitry with nanometer scale

features is currently one of the problems with conventional Flash devices[16].

The volatile nature of the threshold switch deems it unsuitable for non-volatile data
storage but the threshold switching materials are still extremely useful. The threshold
voltage provides a unique mechanism through which the chalcogenide’s amorphous resis-
tance can be reduced such that a higher current may pass that is capable of crystallising
the material at lower voltages. Figure 2.2 shows the I-V curve of a device operating
with a threshold voltage. Initially the voltage across the material is increased and it
shows a high resistance. At Vjp it switches to a highly conductive state and the voltage
across the material drops considerably. The current passing through the material is now
very sensitive to changes in voltage. Increasing the voltage eventually leads to a current
capable of generating sufficient heat to cause the chalcogenide material to generate a
crystalline filament [50, 49]. The electrical resistivity of the material is now low, even
below the holding voltage. A suitable electrically switchable chalcogenide memory ma-
terial will remain crystalline until heated above its melting temperature; therefore these

materials are non-volatile.

To make the crystalline filament amorphous again, a greater current pulse with shorter
duration is required. The crystalline filament’s temperature must be increased to the
chalcogenide’s melting point and cooled quickly such that it is quenched in an amorphous
state. Conversely a lower current pulse, longer in duration, raises the chalcogenides
temperature above the crystallisation onset temperature. The long pulse allows the film
to relax from an amorphous state into a crystalline form. A short, low power, pulse which
has little heating effect on the chalcogenide is used to read the state of the material; this

is depicted in figure 2.9.

One of the most important criteria for an optical disc is the optical contrast between
phases, similarly in electrical storage a large resistivity contrast is required. Orders of
magnitude change in sheet resistance of Te based films are possible [71, 72, 15]. However,
in order to obtain high cooling rates, the phase change layer should have a high ratio of
surface area to volume [15] such that the heat can be conducted away and cooling rates
of the phase change as high as 10° °C~! are possible. However this causes a reduction

in the resistance change of the phase change cell.

The main challenges facing electrical phase change research is to create a material which
reliably has orders of magnitude change in resistance between the two phases whilst min-

imizing the energy necessary to read and write to the material. In a practical electrically
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FIGURE 2.9: Crystallisation pulse (Red), Amorphising pulses (Blue) and Read pulse
(Green) shown on axes of electrical current and pulse duration.

switchable device, each cell will require a transistor to access the relevant chalcogenide
cell. The transistor size will be on the scale of the chalcogenide cell itself. This puts
strict current limitations on the maximum current which can be supplied to switch the
chalcogenide cell. Some research groups are concentrating on the cell design to increase
its resistance. By fabricating chalcogenide cells with a high aspect ratio (small area and
long length), the resistance can be increased[6]. However another approach, is to opti-
mise the phase change materials themselves, perhaps by introducing dopants or through
the discovery and optimisation of novel chalcogenide compositions which show a rela-
tively high intrinsic resistivity in the crystalline phase. Another important consideration
is the reduction of atomic diffusion and stresses at the electrodes induced after repeated
read/write cycling. Again, to a certain extent, this can be limited by appropriate cell
design such that only small areas are in contact with the electrodes thus the electrodes
act as large heat sinks [6]. Stresses can be reduced at a materials level by choosing ma-
terials which show little volume change between phases. Growth dominated materials
are likely to show the greatest potential for phase change electrical storage since the

crystallisation duration and switching time will decrease with cell area.

2.6 Deposition of Chalcogenides

There are a number of techniques that could be employed to create the necessary thin
films of chalcogenide materials. These techniques are described in this section. A table

is presented (2.2) to allow comparisons between the described techniques.
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2.6.1 Thermal Evaporation

Thermal evaporation is perhaps the simplest method for creating thin films. The source
material and substrate are under vacuum and in direct line of sight. Usually they
are separated by a few tens of centimetres. The source material is heated until it is
sometimes sublimated or evaporated. When the evaporated material comes into contact
with the substrate it condenses and forms a film. The rate of evaporation and depth of
film deposited can be measured indirectly by analysing the frequency change of a quartz

crystal.

There are, in principle, two common ways to heat the source material: (1) By passing a
large electric current through a resistive holder or filament, thus Joule heating it, or (2)
by directing a beam of electrons (e-beam) onto the source material. The beam causes
highly localised heating of the source material due to the bombardment of the electrons
on the source’s surface. E-beams are principally used to vaporise materials with a
high melting temperature[73]. In cases of simultaneous deposition from several sources,
accurate control is required over the temperature of each source such that evaporation
source dependent fluxes are possible. In such cases a Knudsen cell is employed, this
consist of a crucible in thermal contact with a Joule heating element, a thermocouple,

radiative heat shielding, and a cover to prevent out-gassing of contaminants [73].

2.6.2 Sputtering

The sputtering technique allows very thin films to be deposited onto a wide variety
of substrates. The process involves applying a high voltage across a low pressure gas,
usually argon (Ar). The atoms within the gas become ionised due to the large electric

field and are excited into a high energy state, thus creating a plasmal[74].

The energised ions within the plasma come into contact with the coating material (tar-
get). Some of the ions’ energy is exchanged to the atoms within the target. If sufficient
energy is supplied, the atoms can escape from the target and bond to materials within
the plasma chamber, including any substrates which maybe present. A diagram show-
ing atoms being ejected from the target and bonding to a substrate is shown in figure
2.10. Powerful magnets are used to control the location and volume of the plasma. This
enables a higher density of ions to be moved close to the target, thus increasing the

deposition efficiency[73].

Since the ejection depth of the target can be just a few 10s of nanometers, the deposition
is stoichiometric [73]. This is because, if a multi-component target is used, the different

components may well have different sputtering rates but once the component with the
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F1GURE 2.10: Schematic of a sputtering system showing atoms accelerated from a
target to a substrate [73].

highest rate has been ejected from the surface, only the lower deposition rate component
is visible to the plasma thus forcing it to be ejected. In reality the situation is much
more balanced and both components are sputtered simultaneously. Sputtering locks the
deposited atoms together at the molecular level forming a very strong bond. It can be
used to create very thin, uniform and the most cost effective films possible. It can be
also used to apply both conductive and insulating materials to any type of substrate,
including heat sensitive plastics (sputtering is a cold momentum transfer technique),
which is useful for optical disks[74]. Introduction of a further gas into the chamber
can result in reactive sputtering whereby the resultant film’s composition is altered to

include the additional gas.

The effect of argon pressure on the sputter deposition rate has been predicted by Keller
and Simmons. Increasing the argon pressure decreases the ballistic sputtering flux and
increases the ratio of diffusively scattered atoms reaching the substrate, with respect to
direct bombardment from the target [75]. Therefore increasing pressure of the Ar will
result in a film with increased depth uniformity; however the deposition rate is decreased

and it can be detrimental to the film quality.

2.6.3 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) uses a short pulse of laser radiation to ablate the surface
of a target thus creating a plasma plume of the target material. If the plume comes into
contact with a substrate, it is possible to coat the substrate with the contents of the

plume.

PLD of the GalLaS materials, discussed in chapter 6 of this thesis, has been reported
[38, 76, 77, 78]. However, it proved very difficult to create large areas of uniform depth

and compositional accuracy. By performing quantitative energy dispersive x-ray analysis
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on the sample, the sulphur and gallium content was shown to increase as a function of
radial distance from the central area of the deposited film. Conversely the lanthanum
was found to decrease as a function of radial distance [76]. The deposited films also had

flaws in the form of sub-micrometer particulates [38].

The properties of the resultant film can be altered through careful control of the back-
ground gas pressure, pulse energy, laser wavelength, pulse duration, substrate tempera-
ture and target-substrate distance. This alteration of film properties is noticed on the
atomic scale. In GaLaS films it has been found that the local environment of the Ga
atom is significantly changed by altering the deposition energy density but the bond
lengths were found to be independent[78].

2.6.4 Chemical Vapour Deposition

Chemical Vapour Deposition (CVD) is a process of reacting gasses on the surface of
a heated substrate. The heat from the substrate supplies energy which can activate a
chemical reaction to form a solid film of products within the chemical composition of
the gasses. The principle advantage of this technique is its ability to uniformly and
conformally coat non-planar surfaces. In electrical phase change chips, holes, tens of
nanometers diameter with high aspect ratios must be completely filled, thus CVD is a

desirable technique for such problematic devices [79].

CVD can be a complicated deposition process since there are several factors occurring
simultaneously and non-uniformly whilst in the gas phase. These factors include: forced
convection (flow due to pressure gradients), free convection (flow due to buoyancy of hot

gas), homogeneous reactions and diffusion.

Table 2.2 has summarised all four deposition techniques discussed. Each has its merits,
but the chosen deposition method is dependent on the film properties which are to be
achieved. For routine deposition of a known material with good uniformity, sputtering
is probably the most suitable, but the resultant film is usually non-epitaxial and voids
are often unavoidable. PLD and thermal evaporation processes are a little bit more
involved and are not as suitable as sputtering for a manufacturing process. In this
thesis all four methodologies have been employed to deposit chalcogenide materials.
The choice of deposition technique was dependent on the desired outcome. In some
cases the composition of the deposited film was deliberately varied across the substrate;
in such cases, an evaporation technique was used (discussed in section 2.7). In another
case, a specific composition was doped with different amounts of another element; the
sputtering technique was used. The ability to control the composition of a film deposited
from a multi-component target was also explored and PLD was chosen as the desired

deposition technique.
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Technique

Advantages

Disadvantages

Sputtering

Evaporation

Chemical
Vapour Depo-
sition (CVD)

Pulsed Laser
Deposition
(PLD)

Good uniformity possible, cost-
effective, bonding at molecular
level allows for good strength, good
control possible, any type of ma-
terial for substrate, compounds
volatilised stoichiometrically, ki-
netic energy of sputtered atoms
falls largely within the energy win-
dow for displacing surface atoms
on film without causing sub-surface
damage

Simple method, good uniformity
can be achieved

Possible to create shapes and de-
signs of the deposited material,
high pressure of fluid flow decreases
the need for pumping, conformal
coating or large areas possible

Multilayered structures possible,
many parameters can be controlled
to achieve films with different prop-
erties.

Vacuum required, large sputtering
target discs need to be created, ex-
pensive to perform trials over a
wide range of compositions

High vacuum required, stoichiome-
try lost, difficult to evaporate com-
pounds due to vapour component
ratios drifting with time and chang-
ing source composition

Complex, difficult to ensure homo-
geneous reactions, high temp re-
quired limit imposing substrate re-
strictions

Stoichiometry change, problems
with particulates, often poor sur-
face quality

TABLE 2.2: The advantages and disadvantages of various thin film deposition tech-

2.7 High Throughput Methodology

niques [73]

Historically, material experimentation and characterisation has been on a sample by

sample basis. This is a very expensive and time consuming process. However, in recent

times, component miniaturisation has allowed a high-tech solution to this process thus,

combinatorial experimentation is becoming an increasingly popular and powerful tool

for efficient material synthesis and characterisation[80]. The concept of high throughput

is simple: systematically vary the material composition of a large number of samples

and measure the change in properties as a function of composition. Ideally, the whole

material system is covered by the compositions synthesised.
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Spatially varying thin film synthesis is sometimes performed such that the films compo-

sition is spread over the substrates area [80, 81].

In chapters 4 and 5 measurements are made on samples fabricated using a compositional
spread Physical Vapour Deposition (PVD) technique [81]. The method consists of evap-
oration of the elemental samples in a Ultra High Vacuum (UHV) by either Knudsen cell
or e-beam heating. Simultaneous evaporation was possible from six different elemental
sources but for this work only three sources were used; allowing fabrication of ternary
systems. Fach source was positioned off-axis from the substrate and separated by an
angle of 60°. The silicon and quartz square substrates were 32mm by 32mm. Shutters in
the vapour beam allow masking, thus the vapour beam casts a shadow onto the substrate
allowing a deposition rate change as a function of position on the substrate and growth
of a wedge. Therefore deposition from multiple sources at different angles allows the
atoms to have an opposing component to their velocity. This is clearly maximised when
the sources are separated by 180°. Since each source produces a wedge, the composition

of the film changes as a function of position, this can be seen in figure 2.11.

Vapour

Source Stream

Shutter

UHV Chamber Substrate

FIGURE 2.11: A schematic showing how composition varying thin films have been
synthesised

Characterisation of the synthesised materials is also performed in a high throughput
manner; ideally the characterisation of the whole system is performed in parallel. Thus
the individual compositions are treated exactly the same and the characterisation of all
samples is performed at the same time. This increases reliability by ensuring elimination

of measurement differences due to a variable sample history.

In order to map the data from a Cartesian co-ordinate system on the substrate to a
ternary plot, it is necessary to measure the composition at the points where measure-
ments are made. Energy Dispersive X-Ray (EDX) analysis is used to measure the
composition as a function of position. Further measurements and characterisations are
also made as a function of position on the substrate thus they can then be linked and

mapped with the EDX data and plotted in compositional space.
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A number of characterisation methodologies were adopted to characterise the data stor-
age properties of the chalcogenide thin-films. Table 2.3 lists the measurements which
have been adapted to either high throughput, parallel or sequential, characterisations.

The details of these measurements are discussed in detail in section 2.8.

Technique Measures Type
EDX Composition as a function of position Sequential
XRD Crystalline areas and crystal structure Sequential

Hot plate Crystallisation temperature Parallel

Ellipsometry n and k Sequential
4PP Sheet Resistance Sequential

Profilometry Film depth Sequential

Static Tester Crystallisation time Sequential

TABLE 2.3: Compositional spread characterisation techniques

The above techniques are also valid analyses for constant composition films and bulk
pieces of the material. In addition, measurements of crystallisation activation energy and

ultraviolet-visible transmission spectra have been made on single composition samples.

2.8 Characterisation Methodologies

In this section the characterisation methods, listed in table 2.3, are described and the

conditions used for experiments conducted for this thesis given.

2.8.1 Composition Measurements

Two non-destructive methods of composition measurement were used in this thesis; X-
Ray Fluorescence (XRF) and more frequently, Energy Dispersive X-Rays (EDX) spec-
troscopy. Both methods are based on the analysis of the X-rays ejected from a sample

illuminated with either X-rays or an electron beam.

In XRF analysis, high energy X-ray photons from a X-ray tube are projected onto a
sample at a specific angle. The absorbed photons give rise to either X-ray photons or
Auger electrons. If the incident photons have sufficient energy to ionise atomic inner
electrons, the atom is rendered unstable and an electron from a higher energy orbital
must fall into its place. In doing so a photon with energy equal to the difference of the
two orbital electron levels is ejected; this is fluorescence. Every element has electron
orbitals of characteristic energy. By using the broadband Bremsstrahlung radiation, the
electrons from a range of energy levels can be excited. A diffracting crystal is used to

select a specific wavelength from the X-ray photons emitted from the sample. These
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monochromatic photons are then projected onto the detector. Since the wavelength
and relative intensity of the photons are known, an accurate measurement of the film’s

chemical composition can be made.

For the measurements carried out in this thesis, thin film samples were prepared on
top of silicon substrates. A Rigaku RIX 2100 XRF system was used to measure 10mm
diameter samples, with film thicknesses of typically 300nm. Measurements were usually

made with the following system settings:

e Generator acceleration voltage = 50kV

Generator current = 50mA

LiF diffraction crystal

Slit = fine

e aperture = 30mm

Chamber Pressure < 10Pa

The EDX analysis is similar to the XRF, only accelerated electrons are used to excite
X-rays in the sample. The electron beam of a Scanning Electron Microscope, (SEM)
is projected onto the sample and similarly, to XRF, electrons from the sample can be
ionised resulting in instability and the falling of a higher energy electron to fill the place
of the ionised electron, thus emitting a photon. The energy of the emitted photon is
characteristic for each element. Thus, to identify the composition of a material it is
necessary to, initially, know the photon energies generated and, secondly, the relative
intensities of each photon energy. By comparing the intensities it is possible to measure

the relative composition of each atom.

Composition measurements of thin film samples on top of Si substrates were performed
in this thesis. The films were prepared by PVD and they were typically between 70nm
and 150nm in depth. For thin film samples the penetration depth of the electrons
into the sample becomes very important. If too many X-rays are generated in the
substrate, the X-ray signal from the film under test will become very weak and therefore
reducing measurement accuracy. Thus it is desirable to make measurements at lower
accelerating voltages, such that the electron’s kinetic energy is reduced so that a larger
fraction is absorbed by the film; thus increasing the X-ray generation from the film.
However, the acceleration voltage should be greater than the excitation edge of the atoms
which are present in the sample. For materials studied in this thesis an acceleration
voltage of TkeV was sufficient. At 7TKeV the absorption of electrons occurs within a few

hundred nanometers. Figure 2.12 shows the X-ray generation from the silicon substrate
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as a function of Ge film depth. The Monte Carlo simulation was performed using the
NISTmonte[82] java program. Ge was chosen since it is the lightest atom deposited
by PVD and therefore has the lowest electron stopping power [83]. The simulation

parameters were: 10000 electrons, 7keV electrons, 33° detector angle.
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FIGURE 2.12: Transmitted X-ray intensity from a silicon substrate as a function of a
Ge film layer depth.

It is clear that, for film depths between 70nm and 150nm, between 60% and 80% of
the signal will be from the film with the remainder of the X-rays generated in the Si

substrate.

Figure 2.13 shows the paths of 10 000 electrons in the Ge film and silicon substrate
for electron acceleration voltages of 5keV and 20keV. The effect of electron energy on
the penetration depth is shown and it is clear that lower energies are required for a

measurable fraction of the x-rays to be generated in the film.

For the measurements reported in this thesis, the EDX analysis, unless otherwise stated,
was performed in a JSM 5910 SEM and using an Oxford Instruments, 7247 detector.

The measurement conditions are as follows:

e acceleration voltage of TkeV
e beam current of 0.426nA

e working distance of 20mm

This ensured, that more than 40% of the X-rays were routinely generated in the film

allowing quantitive analysis of the film composition.
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FIGURE 2.13: Monte Carlo simulation of electron trajectories in a film and substrate
accelerated at (a)bkeV and (b)20keV )

EDX analysis is fast; a useful spectra is achievable within 60 seconds, however the
accuracy of the composition measurement is not better than 5%; this accuracy becomes
even worse if elements with similar atomic transitions are analysed. By comparison the
XRF-wavelength dispersive measurement is comparably slow with collection times for
thin films around of 10 to 30 minutes depending on the composition of the film analysed.
However, the compositional accuracy can be better than 1%. Another limitation of
this technique is the size of the X-Ray spot on the sample; it is large, thus reducing
the sample diameter also increases the detection time. For compositional spread films,
where property trends are important, the accuracy can be compromised for time and
then EDX is the most suitable analysis method. But for an accurate measurement of a

specific composition, a wavelength dispersive method is the most suitable.

2.8.2 Optical Characterisation

Optical characterisations routinely carried out in this thesis works include transmission
spectroscopy of the thin films samples using a Perkin-Elmer spectrophotometer and

ellipsometry using a 532nm, NFT-2000, imaging ellipsometer.

Spectroscopy was primarily used to measure the electronic absorption edge and trans-
mission properties of the chalcogenide films. This involved passing a broadband light
source through a diffraction grating such that only a single wavelength could pass. This
light was then passed through the film and a standard (usually a substrate without the

film). Each beam then passes to a corresponding photodetector. The diffraction grating
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is then rotated by a small angle such that another wavelength is selected and the mea-
surement is repeated. The resultant measurements are used to build the transmission

spectra of the sample.

Ellipsometry is a technique through which the refractive index or thickness of a thin film
can be established. Electromagnetic waves undergo a change in phase upon reflection
from a surface. This phase change is known as A. The reflected light intensity of the
perpendicular, p, parallel, s, polarisation states is used to define the quantity ¥. Where
tan ¥ = E—f;,
reflected intensities. Each refractive index has an associated A and W. Determination

i.e. the angle whose tangent is the ratio of the magnitudes of the total

of the refractive index is carried out via a rather involved numerical procedure. The
essence is that each refractive index is a point on a trajectory plot of A against W. The
trajectory is dependant on the thickness of the film. Hence A and ¥ are dependent on
the film depth and the refractive index [84]. To find n, from a single measurement and a
specific angle, it is necessary to know the film depth. Conversely it is also necessary to
know the refractive index for a measurement of depth. A numerical algorithm, is used
to find a trajectory for the specified depth of film which gives the measured values of A
and V. For measurements in this thesis an algorithm which uses the simplex routine,
implemented by Dr B. Greef, University of Southampton, was used to find n and k from
A against V.

2.8.3 Electrical Characterisation

A four point probe was employed to measure the electrical resistivity dependence on
the phase of the chalcogenide. The intrinsic electrical resistivity of the chalcogenide film
is then simply the sheet resistance, Rs; multiplied by the film depth, t; p = Rs x t. A

schematic diagram showing the experimental arrangement is given by figure 2.14.

100um probes —» |[*|* Thin Film
m Silica Substrate
I3mmI

FIGURE 2.14: Schematic of the in-line Four Point Probe used to measure the sheet
resistance of chalcogenide thin films
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A constant current is driven across the outer two probes (1 and 4) and the voltage drop
is measured across the inner probes (2 and 3). This way the arrangement eliminates the
measurement problem of contact resistance. The driven current is set and is therefore
independent of the contact resistance. The contact resistance on the voltage measure-
ment probes can also be neglected since the voltmeter has a very high input impedance
compared with the contact resistance. This means that very little current will flow
through the probes and hence the difference in potential between the two probes will
be far greater than the voltage drop caused by a very small current flowing through a

resistive contact. This is a significant advantage over a two terminal measurement.

The spatial resolution of the four point probe is set by the probe spacing. All of the
measurements undertaken in this thesis were made with a spacing of lmm. Despite all
four of the probe tips spanning 3mm, the measurement only involves the inner probes

(2 and 3) therefore the actual resolution is just lmm.

The sheet resistance is given by:

s |4
Rs=—x—xk 2.10
In2 I ( )
where V is the measured voltage, I is the source current and k is a geometric correction

factor [85], for a sample of infinite area, k = 1.

All of the four point probes used in this thesis had a probe spacing of Ilmm and a tip
diameter of 100pm. An automated 4-Dimensions measurement system was employed to
make multiple measurements at different positions on the same substrate. For measure-
ments on single composition samples, a Keithley 238 and a Jandel RM3 electrometer

were used.

2.8.4 Thermal Characterisation

The properties of phase change materials drastically change upon crystallisation. This
transition is initiated at a definite temperature. Since the properties of the material
change, they can be observed as electrical resistivity, optical transmission and reflectiv-
ity changes. Also the exothermic crystallisation reaction and the endothermic melting
transition can be measured using Differential Thermal Analysis (DTA), but bulk or

powdered samples are required for this.

In this thesis, all of the above techniques have been used to characterise the chalcogenide
phase change materials. Optical reflectivity measurements, as a function of tempera-
ture, were made on thin film samples by placing the sample on a thin film heating plate

and measuring the intensity of the reflected light from the sample with a CCD camera.
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The heating ramp rate can be controlled up to 350°C. The camera is mounted such
that the whole of the sample is visible. A map of reflected intensity, as a function of
sample position, is generated. The camera takes snap shots at a predefined temperature
resolution. For samples in which the composition is spread over the entire sample, the
optical response due to heating can be measured as a function of composition. Figure
2.15 shows a schematic of the set-up. A similar set-up was also used to make measure-
ments at a specific wavelength or wavelength range. In this case a laser or broadband
source was passed through the sample in a Linkham Scientific TK1500 microscope fur-
nace. The transmitted light was then passed through a monochromator and collected
by a photodiode. Again the temperature and heating rate could be controlled to within
+1°C.

CCD

Sample

Controller

Hotplate “am

F1GURE 2.15: The hotplate and CCD camera arrangement used to map reflected in-
tensity as a function of sample and position.

A purpose-built high temperature four point probe was also used to measure the electri-
cal response as a function of phase change. A technical drawing of the four-point-probe
is included in appendix B. For a heating plate arrangement there is a large thermal
difference between the probe tips and the surface of a film. Hence the tungsten tips
act to remove the thermal energy from the film. To make accurate measurements it is
necessary to heat the whole arrangement in an oven or furnace. Electrical sheet resis-
tance measurements (see section 2.8.3) are made as a function of temperature and at
the transition temperature, a large reduction in the sheet resistance is observed with

temperature.

Differential thermal analysis is based on the difference in temperature of a well ther-
mally characterised inert reference (usually alumina powder) and an unknown sample.
Both reference and sample are positioned on top of thermocouple at the centre of a
small furnace where the temperature distribution is uniform. As the furnace tempera-
ture is increased, a difference in temperature between the reference and the sample is
recorded. Upon crystallisation of the sample, energy is liberated in the form of heat

(an exothermic reaction) this results in a large spike in the difference of temperature
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between the reference-sample as a function of temperature. Similarly, sample melting
results in a large dip in the DTA trace indicating an endothermic reaction. In this thesis
two different Perkin-Elmer DTA systems were used; the DTA-7 and the more modern
Diamond DTA/TGA. In both systems, the furnace was purged with flowing nitrogen to
limit oxidation of the samples. Figure 2.16 shows a schematic of a thermogram, which
is typical for some of the Ga:La:S materials studied in chapter 6 of this thesis. It is clear
that the endothermic glass transition temperature, T}, is observed as an endothermic

dip in the thermogram.
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FIGURE 2.16: A schematic of a typical Differential Thermal Analysis thermogram

Since the DTA provides T,, T, and T5,, much information can be gained about single
compositions. Some samples have more than two phases dissolved into one another. In
such cases the peaks and dips for all of the associated phases can be observed. The
width of the crystallisation peak also gives some information about how quickly the
crystallisation is occurring. If a strong narrow peak is observed, the crystallisation is
likely to be very quick. However, if the peak is broad and not so well defined, this is
indicative of multiple crystallisation events occurring. Also, the separation between T,
and Tp gives some indication of the crystallisation viscosity; a small separation suggests
a low viscosity [24]. For phase change memories, ideally crystallisation is single phased
and has a low viscosity since the crystallisation growth rate increases with decreasing
viscosity, n [15]. Therefore, for phase change materials, both the crystallisation peak
and 715, — T}, will be small.

2.8.5 Activation Energy Measurements

Activation energy is the threshold energy necessary for a the phase change to take place.
The amorphous and crystalline states of a phase change material are effectively stable
because they are minima separated by a barrier in potential energy. A schematic is
given in figure 2.6 showing how the activation energies for crystallisation (AE,.) and

amorphisation (AFE,,) and enthalpy of formation (AH) are related.



Chapter 2 Background 45

Since the rate of crystallisation is dependent on temperature, crystallisation is an acti-
vated process and thus has an associated energy. For the crystallisation to happen at
a high rate there must be a large proportion of atoms with energy above the activa-
tion energy. If all experimental conditions are fixed, with the exception of heating rate,
measurements of crystallisation temperature result in a shift in temperature which is de-
pendent on the heating rate. The higher the heating rate, the higher the crystallisation
temperature. The faster the material is heated, the less time the atoms have at each
temperature thus a lower proportion of the atoms have an energy greater than the ac-
tivation energy. This means that the crystallisation temperature is shifted to a greater
temperature where a larger proportion of the atoms are excited above the activation
energy. This is the basis for Kissinger analysis, which allows the activation energy to be

extracted from crystallisation measurements conducted at different heating rates.

DTA is a popular technique applied to the study of non-isothermal nucleation and growth
during crystallisation of a material [86, 87, 88]. Phase transformations have been studied
using both isothermal and non-isothermal techniques. The isothermal technique involves
quickly ramping the glass’ temperature above T, to a constant temperature and then
monitoring the heat involved in crystalisation as a function of time. The two main
disadvantages of this technique are: (1) it is impossible increase to the test temperature
instantly and (2) the sample’s temperature takes some time to stabilise and hence no
measurements are possible during this period. In contrast, non-isothermal techniques
involve heating the sample at a constant rate. The heat involved in crystallisation is
recorded as a function of both time and temperature. This method does not have the

two drawbacks of the isothermal method previously described [87, 88].

The formal theory of phase transform kinetics was developed by Johnson and Mehl [89]
and Avrami [90, 91, 92] and is known as the JMA model. In short, the theory is used to
analyse the fraction of a material crystallised, x, as a function of time, t, the nucleation

frequency per unit volume, I, and the crystal growth rate, u.

Isothermal analysis of reaction kinetics was originally developed for the solid = solid +
gas reactions by Kissinger [86] and later applied to the kinetics of polymer crystallisation

by Ozawa [93]. For a sample heated at a constant rate, the JMA-theory yields,
r=1—exp(—g' Lu™") (2.11)

where m takes the values 1, 2 and 3 for one, two and three-dimensional interface con-
trolled crystal growth respectively. For diffusion controlled growth, where the growth
rate falls as t*/2, m takes the values 1 /2,1,3/2 for respective dimensionalities of the
growth. n =m+1 for I, # 0 and g’ is a shape factor. It can be seen from equation 2.11

that the effective overall reaction rate is the product of ¢, I, and «™. This product is
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assumed to take an exponential Arrhenian-type temperature dependence and is termed
the reaction rate constant,
K = Kygexp(—E./RT) (2.12)

where K is a pre-exponential factor, E. is the activation energy for crystallisation, R
is the molar gas constant and T is the temperature of the sample. Thus the fraction of

a sample crystallised can be expressed as,
r=1—exp(—(Kt)") (2.13)

The crystallisation process is thought to be well understood when the three kinetic

parameters E.,n and Ky are determined [88].

Assuming a constant heating rate of «, the temperature of the sample is T = Tyat.
Differentiating equation 2.13 with respect to time and taking consideration that the
reaction rate constant is a function of time, through the temperature dependence on

time, the rate of crystallisation is,
i =nK"t"" 1 + at](1 — ) (2.14)

where a = (aE./RT?).

Kissinger suggested that the term at could be neglected if (E./RT?) < 1. So, re-
arranging equation 2.13 to make ¢ the subject, substituting into 2.14 and neglecting
(E./RT?) <1,

&= AnK(1 —x) (2.15)

where A = [—In(1 — x)]("*l)/n

The peak of crystallisation occurs at a temperature 7). At T}, the rate of crystallisation
is a maximum and thus, on a DSC curve, the exothermic crystallisation event is also
liberating the maximum amount of heat and, thus, is identified as the maximum of
the peak. At maxima the rate of increase of the crystallisation rate is zero, & = 0.
Assuming A = [—In(1 — z)]»~D/" is constant with time and differentiating equation

2.15 with respect to time and equating to zero,
In(a/T,?) = In(C) — E./RT, (2.16)

where C' = (ARnK,/E.), a constant.

From equation 2.16, it can be seen that a plot of In(a/T},?) against 1/7), would reveal

the crystallisation energy through the gradient of the plot.
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2.8.6 X Ray Diffraction

X-rays interact with the electronic orbitals within an atom causing the incident X-ray
photons to scatter. The penetrative power of the X-rays means that the photons can pen-
etrate a large number of atomic layers, thus a large proportion of the scattered photons
come from deep within the solid. Within a crystal, the regularly spaced atomic positions
are repeated sequentially to form a superlattice. Each repetition forms a fundamental
unit. Within the superlattice there are many possible planes of atoms. The frequency
at which an atom occurs is dependent on the plane angle of intersection. Therefore
reflection of X-rays occurs from a very large number of atomic layers. Superposition of
the wavelets from each atomic layer leads to interference fringes. For constructive inter-
ference, the wavelets must be in phase, hence the difference in path length between that
traversed by a wavelet from different planes must be an integer number of wavelengths.
This only occurs at specific angles. Deviating from these angles results in destructive in-
terference and a sharp drop in the reflected intensity. The condition for high reflectivity

is called Bragg’s Law and is given by equation 2.17 [94].

2dsinf = nA (2.17)

where d is the separation of the reflecting planes and is known as the lattice constant,
0 is the angle of the incident X-ray beam with respect the the crystal planes, n is an
integer corresponding to the number of wavelengths traversed between the atomic planes

and A is the wavelength of the incident x-rays.

So, by measuring the reflected intensity as a function of angle, a number of peaks will
occur at different intensities corresponding to reflections from different crystallographic
planes. From this data it is possible to calculate the structure of a crystal and the lattice

spacings.

For the diffraction measurements carried out in this thesis, a Bruker C2 instrument was
used with a Cu target, generating K — o line A = 1.541A4 and spectra for 29° < 26
< 62°. To increase the statistical distribution, each composition was typically measured
for 600 seconds. The spatial resolution of this instrument is defined by its spotsize which

is ~ 100pum.

2.9 Summary

The chapter has given background information and theory on chalcogenide glasses and

phase change data storage materials. Deposition and characterisation methods which
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have been applied in this research have also been described. Theoretical concepts for
electrical conductivity and phase change have been described in some detail. These will

be used in the analysis of measurements made on films in chapters 4, 5 and 6.



Chapter 3

High Throughput Static Tester

3.1 Introduction

The static tester apparatus designed and developed as part of this work is used to test
the phase change kinetics of chalcogenide data storage materials. Unlike a dynamic disc
tester, which is used to measure the performance of phase change materials in a spinning
optical disc system, the samples here are static. This type of system is much more suited
for measurement of intrinsic material properties (such as crystallisation time, reflectivity
change, energy requirement) rather then engineering parameters (such as SNR, jitter,
minimum marks lengths)of optical discs and lends itself well to the high throughput

methodology.

In 1968, Stan Ovshinsky’s TeGeSbS research showed that an Ar-ion laser with pulses
varying in length between 1us to 16us and powers between 10mW and 100mW (focussed
through a x10 objective) could be used to reversibly change a material’s phase. He then
measured the thermal performance of the material by Differential Thermal Analysis
(DTA); this allowed him to attribute the phase change as a purely thermal effect; the
laser’s role was simply to provide short pulses of heat [95]. The principle behind the
optical measurement, to find the effect of heat energy on phase changed films, initiated
a flurry of further papers from various research institutions [96]and companies [97] [98,
99, 100]. With the advent of the compact disc, in the early 1980s, and improvements in
semiconductor technology, optically re-writable phase change material research peaked
in the late 1980s and early 1990s. The term static tester was coined by Ross et al. in
1986 [101] to describe a system which was designed to test the phase change properties of
static samples. In 1987 Rubin, of the IBM labs, published the first optical power, time,
reflection matrix, called a Phase Transform Kinetics (PTK) plot [102]. This graphical

representation of the effect on the material of different pulse conditions enabled the

49
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selection of the ideal pulse parameters for crystallisation, amorphisation, and reading
the written state. From these plots it was also possible to make a measurement of the
quench rate for amorphisation and a figure of ~ 4 x 10°C's™! was suggested. The array
of marks on the film could also be examined under a microscope and directly related to

the pulse conditions.

In more recent times, Mansuripur published a number of papers discussing the design
and use of static testers [103, 104, 105, 106]. His design is advanced; it is capable of
measuring changes in polarisation and the ability of the material to hold a magnetic
moment, by including a large electromagnet in the system next to the sample. The
incorporation of a second, low power, cw laser to probe the heated spot allows reflectivity
measurements to be made during the writing pulse. A high speed photodetector means
that this measurement has a time resolution of 10ns. The whole system is based around
a Scientific Instruments, Inc., MINIMAX microscope built with Olympus components
including a 0.6NA objective lens. The two lasers are introduced to the microscope using
a dichroic mirror. The diode lasers (680nm and 643nm) are limited to 50mW but can
achieve pulses of 5ns. The combination of the two beams into the same optical path
is achieved through a specifically designed optical stack which is placed at 45° to both
beams. The stack reflects one of the lasers and transmits the other. Before entering
the optical microscope the beams pass through a polarisation beam splitter, since both
beams are polarized, they pass with minimal loss into the microscope. Upon reflection
from the sample the beams are passed back to the polarisation beam splitter and are

directed towards a detection optical circuit.

Mansuripur’s static tester design has a number of very useful features. The dichroic
mirrors and polarisation beam splitters for beam combination ensure that the system
is power efficient; the pump/probe dual laser design in combination with fast detectors
allows the measurement of the phase change dynamics. The ability to measure the
Magneto Optic (MO) properties of materials is also useful for other data storage mech-
anisms. The design is however limited. The large electromagnet prevents measurement
of the films’ transmission, it is built around a commercially available microscope, thus
this part of the hardware is fixed and also, finally, the diode lasers used are of relatively
low power. All the measurements obtained are made in a multilayered film stack which
might suggest that the optical power is too low for the amorphisation of single layer

samples.

Another recent design by Wuttig’s group automates the collection process by incorpo-
rating a knife edge auto-focus unit into a static tester set-up [107]. In this case a 830nm
diode was focussed through a 0.9NA objective. This high NA lens enables measurement
of samples, without a disc structure, at modest incident powers. However its small depth

of focus means that a systematic, repeatable, focussing mechanism is required; hence
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the autofocus. The autofocus is used to control a z-piezo stage, but the piezo’s limited
z-range reduces the sample’s measurable area to 60um by 60pum. The substrates on
which the chalcogenide films are deposited cannot be considered to be optically flat and
any slope of the sample mounted on the stage could cause the system to require manual

focussing outside the range of the piezo stage.

The aim of the static tester developed here is to aid the understanding of the materials’
response to heat on a nanosecond time scale. The static tester described in this thesis
will be used as a tool to analyze films with the hope of discovering improved phase change
materials for predominantly electrical data storage devices. The choice of a static tester,
over an electrical test chip for routine switching time measurements, was made due to

the following drawbacks of a test chip:

e Many fabrication steps are required

e Time consuming direct e-beam writing or focussed ion beam etching is required to

define sub-micron electrodes
e They are expensive

e Nanosecond time-scale, square pulses are required to travel within the chip, hence
pulse deterioration, reflection, coupling and other RF design issues need to be

considered

e The only active areas which can be tested are where the electrodes are present,

therefore compositional resolution is limited

e It is not possible to achieve the three dimensional PTK array of data on com-
positional spread samples since the measurement is made on the same portion of

material

The static tester’s ability to measure a material’s intrinsic switching properties on inex-
pensive simple substrates makes it an appealing tool which can be used as an interme-
diate measurement, between the primary screening and the final characterisation of the

film’s performance in the expensive electrical chips.

For this work, a static tester has been designed that is capable of measuring a composi-
tion spread sample. The design has been influenced by both Wuttig’s and Manuripur’s
systems which were described earlier. However there are some important differences.
It was decided that the incorporation of a commercial microscope was too limiting.
Therefore, a simple, bespoke microscope has been built which is fully adaptable. An
autofocus capability has been installed with the capability of focussing over a an entire

substrate through control of both a long range stepper-motor stage and a high resolution
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FIGURE 3.1: Schematic of the semi-automatic static tester

piezo stage; thus allowing automated focussing across all of the deposited compositions.
Higher power, visible, diode lasers have been selected which allow phase change out-
side of a conventional disc structure. In this chapter the system and its various design
considerations are discussed, before discussing the PTK measurements of composition

spread films.

3.2 Set-up

Semi-automatic (figure 3.1) and fully automatic (figure 3.2) systems have been imple-
mented; the set-up considerations are discussed. The main difference between the two
systems is the ability to auto-focus. In the fully automated system an additional auto-

focussing system with a 200um piezo stage is incorporated into the system’s design.

3.2.1 Laser Selection

The choice of laser is of critical importance when considering the design of a static tester,
since any problem with the laser’s performance will be passed on in turn to the phase

change mark written on the film. The basic criteria for the choice of laser were:
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e Pulse duration
e Short Wavelength

e Power

Since the angular resolving power of a lens is limited at diffraction to 1.22X\/D [67], the
read laser’s wavelength is critical, if it is to be focussed within a written mark. Thus this
puts a simple restriction that the reading wavelength should be less than the writing
wavelength. The wavelength should be also absorbed by most chalcogenides, since most
chalcogenides are transparent in the infrared and opaque in the visible, the lasers should
have a visible wavelength. There is no standard wavelength for testing phase change
materials, but there are three types of commercially available rewritable optical discs:
CD, DVD and the more recent Blue-Ray disc. Each use a different wavelength diode;
780nm + 10nm, 650nm + 10nm and 405nm respectively. Since data is available for these
discs, a laser of a wavelength similar to one of the above would make comparisons easier.
A diode laser was also preferred over a gas laser since since they are inexpensive, they
can be easily pulsed on the nanosecond time scale using suitable drive electronics and
they take up less space. 650nm red diodes, suitable for DVD drives, are inexpensive,
visible (which makes alignment easier) and readily available. Hitachi offered a suitable
658nm (HL6535MG) which offered peak powers of 240mW when pulsed.

Simply supplying a diode with an RF signal is not recommended since any ringing on
the signal would cause the diode to reverse bias and hence potentially cause damage.
Thus the use of a bias-T is necessary. A bias-T allows the addition RF and DC signals.
The bias-T had a bandwidth of 500MHz, therefore 2ns sinusoidal pulses are achievable,

and consequently, square pulses of 10ns are also possible.

The read laser can be operated in CW; a 635nm diode was chosen. The 20nm difference
between the read and write wavelengths gives a sufficient separation such that com-
mercially available, off-the-shelf, filters can be employed to extinguish one of the two
wavelengths. The shorter, read, wavelength also allows it to be focussed within the write

laser’s spot. This is discussed in section 3.2.3.

3.2.2 Filters

Two different dielectric filters are required for a manually focussed static tester, but five
are required in the case of an auto-focussed system. For the manual system, a long pass
filter is required on the detector and a 45° mirror at the write wavelength is required
to direct the write laser into the objective whilst allowing white light to pass through it

for the imaging system.
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The auto-focussed system requires filters that allow:

e Only the AutoFocus Laser (AFL) to pass
e The read laser to pass and protect the autofucus system from the write laser

e Short wavelength light to pass but block the write and read lasers from the auto-
focus system. This short wavelength light can then be used for in-situ viewing of

the writing process with the CCD camera.

3.2.3 Lens Selection

A correct choice of lens is of vital importance. The numerical aperture of the lens dictates
the minimum spot size achievable, thus influencing the area of the written marks and,
ultimately, in a data storage disc, the capacity of the disk. For this project, a somewhat
more physical/thermal restriction is imposed by the spot size. As discussed earlier,
the molten phase change layer needs to rapidly cool, or quench, into an amorphous
structure. The cooling of the film is dependant on the heat energy stored in the film.
Thus, a material with a large thermal capacity, or a large volume, will cool much slower
than a smaller volume of the material at the same temperature. To demonstrate this
a Finite Element Model (FEM) was used to simulate the cooling of a circular region
within a GesSboTes film, of depth 100nm on top of a Si substrate. The spot’s diameter
was varied and the time necessary for the spot to cool to 450°C' was plotted. A five
parameter exponential growth curve was fit to the data. This is given by figure 3.4.
One can see that the cooling rate decreases with increasing spot size until it saturates
at 20pm. Although this model is very simple and does not accurately portray the heat
trapped around the circular mark when the laser is switched off, it does demonstrate
the basic principle that, for a smaller spot, the quench rate is greater and therefore the

possibility of achieving an amorphous mark is greater.

The theoretical minimum waist size of a Gaussian beam T E My is is given by equation
3.1.
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FI1GURE 3.5: Schematic of the focussing of a Gaussian Beam

For a Gaussian beam focussed by a lens of focal length, f, this becomes (from Svelto,

principles of lasers, [108])

A 1
wz) = wolt+ (L (2)
w A
2 = 1
run[l + (55)?]2
But usually Zr >> f thus:
wy = 2L (3.3)

TWw1
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The numerical aperture of a lens is described by

D
NA =nsin(0,,) = sin(tan(ﬁ)) (3.4)
Making % the subject and inserting into equation 3.3, the waist of the focussed beam
becomes:
A
wo = (3.5)

7 tan(sin~! (N A))

The chosen write diode has a wavelength of 658nm and the read has a wavelength of
635nm. Using equation 3.5, the theoretical minimum spot radii for a Gaussian beam
would be 242nm and 236nm, thus the diffraction limited spot sizes are 484nm for the

write beam and 472nm for the probe beam.

For such a system the depth of focus is defined by the point when the waist size expands

to /wq:

2mw3
A
Therefore the focus depth of a 0.65NA lens at 635nm is 551nm. Other researchers have

used a 0.9NA lens; for the wavelengths used in this project, the write and read spot

dof =

(3.6)

radii then reduce to 101lnm and 97nm. However further constraints are placed on the
focussing accuracy. In fact the depth of focus becomes just 93nm; six times less than
for the 0.65NA lens.

3.2.4 Auto-Focus System

To enable full automation of the static tester, an automated focussing system is required.
The substrates under test are usually 32mm by 32mm. It has been shown, in section
3.2.3, that the depth of focus for the 0.65NA lens is just 551nm, thus practically ensuring
that the lens is consistently within such a small displacement of the film is extremely

difficult to maintain without an active focussing system.

A commercially available Prior Scientific microscope auto-focus system was chosen to
enable automated focussing. The system encompasses a 690nm collimated, circular,
beam which is cut by a knife-edge to create a semi-circular spot. This beam is passed
through the microscope’s focussing elements and reflected from the sample. The reflected
image is analyzed using a Si split detector. When the sample is at the focus of the lens,
the semicircular laser spot is reflected back onto the split detector. Moving in and out
of focus causes the projected image to distort away from a perfect semi-circle and the
signal on the detector is changed. By analysising the detector’s signals, a quantative

measurement of the focus is achieved. Autofocussing systems based on this principle,
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and others, are quite common, many of which have been reviewed by Wolpert [109].
However this particular system was chosen as it is fully integrated and the disruption
to the system and alignment procedure is minimal in comparison to other autofocussing
mechanisms. It also has the advantage that it can be programmed to control a piezo
controller such that focus is maintained or signals from the quadrant detector can be

read by a computer for external control; this is useful for controlling the stepper motors.

Since the piezo stage is limited to a 200um range of movement the stage has been fixed
to a stepper motor. The stepper motor has a range of 50mm but its accuracy is limited
to around 200nm. For fine adjustment to a diffraction limited focus the z-motion will

be controlled by the piezo stage which is mounted on the stepper motor, see figure 3.2.

3.3 Development of the Static Tester

The development of the static tester has passed through a number of important design
steps. The first system used a single laser to read and write. A 300nm thick, sputtered,
GeaShoTes film was used to see whether crystallization via the static tester was possible.
Since the film had not been capped to protect it from the atmosphere and it was quite
thick, the laser pulse parameters for a phase change were unknowns. The focussing
system was also primitive; the sample was mounted a top of a manual micrometer
translation stage. The stage’s resolution was just 50um. Since the focussing constraints
placed on the system are demanding, the focussing procedure was highly inconsistent and
extremely challenging. However, despite these difficulties, it was still possible to induce
a phase change in the film and a voltage change on the detector from 2.1V to 2.3V was
consistently observed when a 7V, 200ns pulse was applied to the laser above its threshold.
Figure 3.6 shows a typical measurement where a DC current was set at 40mA and a
voltage pulse of 8V was applied to the laser whilst the duration was incremented in 20ns
steps. In this experiment, both lasers were implemented, the 658nm laser crystallised a

small area of the film whilst the 635nm laser read the mark.

The detector sampled the reflected light for 1 second at 1kHz before and after the pulse.
A knowledge of the laser’s parameters for phase change allowed a judgement of how well
aligned and focussed the system was. Over many iterative improvements to the basic
system and its alignment, it was found that, in practice, it is possible to measure a 20%
to 25% change in the as-deposited GesSbyTes film’s reflectivity for a crystallising pulse
of 200ns. Therefore, the system was judged to be setup well if such a change could be

realised.

If one compares this experiment with a single laser measurement where the write laser

is also used to measure the change in reflection of the film, an order of magnitude signal
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FIGURE 3.6: An early measurement of the reflection change as a function of pulse
duration for a GeySboTes film.

improvement is apparent, see figure 3.7. The poor signal, measured initially, is due to a
misalignment of the read and write beams or is because the reading spot is not focussed

to within the written mark. From this very early system some necessary improvements
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FI1GURE 3.7: An early single laser measurement of the reflection change as a function
of pulse duration for a GesSboTes film.

were obvious:

1. Include a motorized z-stage with sub-micron resolution to aid focussing

2. Develop methodology to quantify the system’s focus and alignment
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3. Isolate the system from external vibrations

4. Improve the detector circuit such that a stronger signal is possible

3.4 Initialisation Steps

3.4.1 Alignment

Once both lasers have been collimated, their beams are set-up as per figures 3.1 and 3.2.
It is essential that the two lasers are incident normal to the sample’s surface, this implies
that the beams should also pass through the optical axis of the objective. An error in
beam positioning induces a swing in the reflected beam as the stage is moved in and out
of focus. Since the PiN diode has a relatively small surface area, such a swing means that
the modulation, as a function of z-measurement, is only possible over a short z-range;
further, some materials change in depth upon crystallisation [110]; this change might
be enough to swing the reflected beam off the detector, thus leading to an inaccurate
measurement of the change in reflectivity. In addition there are other complications in
that the reflectivity change is reduced as the angle of incidence is moved away from

normal; this is discussed in section 3.4.3.

To overcome such problems a LabView script was used to oscillate the z-stage through
43000 motor steps. The swing can be observed, at first, on a screen next to the PiN,
and later, on the CCD camera. The periscope set-up is then used to alter the position
and the angle of the beams whilst simultaneously monitoring swing. The mirrors are
altered to reduce the amplitude of the swing on the screen and hence, eventually, the
CCD image. Once the spot’s centre on the CCD image remains static, whilst the stage
moves in and out of focus, the PiN is positioned such that its centre is in the centre of
the reflected beam.

3.4.2 Manual Focussing

In order to make repeatable measurements of switching times, an assessment of the
degree to which the sample is in focus is required. If the spot-size doubles in size,
the laser’s intensity is quartered; thus, ensuring that the sample is in focus is of great
importance for reproducible data. Focussing by eye is a rather qualitative and time
consuming method of focussing, for this work a quantitative method was sought; this is

discussed later in this section.

When the system is focussed, the light reflected from the sample will be collimated if the

light incident on the sample is collimated. For a well aligned system, this should mean
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that the reflected power incident on the detector decreases as the spot is defocussed
and beam collimation is lost. This allows some measure of how focussed the system is.
Figure 3.8 shows how the voltage on the detector varies as the position of the sample
on the z-stage is moved through the focus. The test was conducted using a single laser
(power set to < 1mW) after minimisation of any focus wobble and repositioning the
detector in the centre of the reflected beam. Measurements were made for z-increments

of 100 motor steps.
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FIGURE 3.8: Detector voltage as a function of z)

It is shown that the curve has a FWHM of around 5.4um; this profile is too wide to allow
the system to be focussed repeatedly to the diffraction limit. However this signal is still
of use to position the stage initially in an approximate range of a more sophisticated,

short-range, focussing system.

The chosen, manual, focussing method involved positioning a virgin sample of GeaSboTes
under the lens and measuring the reflection of the laser before and after pulsing with
a 200ns, 7V pulse (parameters described in section 3.3) then incrementing the z-stage
by 20 nanometers and repeating the measurement; the result is a graph of modulation
as a function of z height. The peak in the graph determines the z-height at which the
sample is focussed. A control program was written to collect this data. This process can
be used in an automated system but it is ‘material expensive’ and each substrate tested
would require a standard phase change material to be deposited alongside the material

under test. This is not desirable; thus a high magnification lens was introduced between
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the camera and the objective. This increased the sensitivity of the imaging system to

changes in z-position.

Now the same modulation, as a function of z-measurement, is only required as a cali-
bration step. Once the system is determined as ‘in focus’, by looking at the modulation,
the camera and imaging lens position is altered such that the image is focussed. For
consequent focussing, the image is focussed and since it is in focus when the film is at
the height for maximum modulation, the film is also considered as in focus. This action
made focussing far more repeatable and much faster. Although the system is actually
focussed by eye the calibration of the imaging system is quantative and the powerful

imaging lens reduces the operator’s error.

There are, however, some other issues regarding this measurement of modulation as a

function of z-position. These are discussed in the later section 3.4.4.

3.4.3 Misalignment Effects

The focus wobble application, described earlier, has been used to ensure normal incidence
of the laser’s beams on the film. The affect of off-axis light incident on an objective lens
will cause the angle of incidence on the film to move away from normal (see figure
3.4.3). This could lead to large variations in the reflectivity change, especially if the
light is polarized. Since the NA of the objective is large (0.65), even a small deviation

from the optical axis causes a large change in angle.
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F1GURE 3.9: A schematic of how an off axis beam could lead to large changes of incident
angle
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By consideration of basic geometric optics, a model has been created to measure this
effect. The objective was assumed to have a refractive index of 0.65 and be hemispherical
with a radius of 2mm. A plot of the angle of incidence on the sample as a function of
displacement from the lens’ optical axis is given in figure 3.10. It can be seen that the
system is sensitive to radial alignment; a misalignment of just 0.5mm leads to a 20°

angle of incidence on the film.
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FIGURE 3.10: A model which shows the effect of incident angle and spot displacement
as a function of the radial displacement from the objective’s optical axis

The reflectance as a function of angle of incidence has been modeled using a commercial
package called ‘Concise Macleaod’. This package essentially calculates the reflectance
and transmission by solving the Fresnel equations at each interface in a structure of
thin-films. For this work it has been used to model the reflection of the single and
multiple layer structures that the static tester is likely to encounter. Each measurement
was made for both the crystalline and amorphous states from this reflectivity increase
has been calculated and also plotted. Figure 3.11 shows (a) the reflection as a function
of angle for a simple 300nm thick GeaSbeTes film on top of a Si substrate and (b) the

structure’s corresponding reflectivity increase.

It is seen that, in this case, the unpolarised light shows very little sensitivity to angle
and it is not until the angle of incidence is greater than 45° that the crystallised film’s
reflection begins to decrease, thus reducing the difference. However, should the read
diode laser show some polarisation dependence, it is clear that a problem starts to occur.
The difference in S-state polarisation decreases dramatically once the angle exceeds 10°.
In contrast, the difference in reflection of the P state shows a radical increase; this is
something that could possibly be exploited in both an improved static tester design or

an optical disk reader.
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FIGURE 3.11: (a)The reflectance of a 300nm GST film as a function of incidence angle
(b) The percentage increase in reflectivity between the crystalline and amorphous marks
as a function of incidence angle.

These problems become even worse when one considers a more complex and realistic
disk structure. Figure 3.12 shows the results of a structure comprising an upper surface
of (ZnS)gy — (Si02)20 (115nm), a phase change layer of GeaSboTes (15nm), a lower
(ZnS)go — (Si02)20 (20nm), a reflective layer of Ag (100nm) and a polycarbonate sub-
strate. The mean reflectivity is strongly affected by the angle of incidence. It can be
can seen that deviating by 40°, which equates to a radial lens insertion misalignment of
1mm leads to a drop in the reflectivity of 25%.
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FIGURE 3.12: (a) The amorphous and crystalline P, S and mean reflectivities of the
plasmon stack (b) the amorphous and crystalline P, S and mean increase in reflectivity
between the amorphous and crystalline states

Since diode lasers tend to have some intrinsic polarisation [111] good alignment of the

beams onto the film is imperative for accurate measurements of reflectance change.



Chapter 3 High Throughput Static Tester 65

Probably the most challenging part of the alignment process is ensuring that normal
incidence of the beams on the film is maintained whilst aligning the read laser, such
that its centre is coincident with the write laser, thus projecting onto the written mark.
The effect of misalignment is a disproportionate ratio of reflectivity signal from the
unchanged film to that of the phase changed film. Clearly, this reduces the measured
change in reflectivity. In practice, good alignment could only be guaranteed by checking
the reflectivity change of a standard GeaSboTes film and comparing it with past mea-
surements. The minimum standard at which the system was considered well aligned and

with satisfactory beam coincidence was AR = 20%.

Clearly, the collimation of the lasers and the necessity of ensuring that both lasers are
free from clipping apertures and edges are also important concerns for successful writing

and reading of marks.

3.4.4 Effects of Over Power

On a number of occasions, when performing the measurement of reflection change as
a function of z-height, a dip in the reflectivity peak occurred at the exact z-position
where a peak was expected. This is apparent in figure 3.13. It is known that ablation
of the film is possible for short, high power, pulses of laser light [15]. Images of the film
were collected as the film is moved through the focus, see figure 3.14. At first normal
crystalline marks are created in the film (picture A). Then the percentage change in
reflectivity increases (approximately 1000 steps). At around 1500 steps the chnage stops
increasing and tails off, this corresponds to the beginning of the film being ablated
(picture B). As the ablated mark becomes larger (picture C) the modulation is quickly
reduced. Picture D shows the film at a point very close to the focus; the mark is largest
and this corresponds to the bottom of the valley (approx 2500 steps) in the reflectivity
change curve. As the film is moved through focus and the spot expands, the intensity
drops; thus ablating a smaller volume of material (picture E). Pictures F and G show the
ablation mark reducing in size to zero corresponding to an increases in the modulation.

Picture H shows no ablation and corresponds to around 4000 motor steps in figure 3.13

The dip in the modulation curve can be reduced to zero by careful selection of pulse ener-
gies. There is a minimum threshold power necessary for crystallisation and a maximum
above which ablation occurs. This is further demonstrated by figure 3.15 which shows
how the modulation dip decreases as the 100ns pulses vary in power. The measurement

points 40 to 50 show a dip as the added voltage on the laser increases from 7 to 9V.
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F1GURE 3.13: Modulation as a function of z position.

FIGURE 3.14: Marks showing ablation as the sample is moved through the laser spot’s
focus.
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3.5 Application of Static Tester to a Graded Composition
Film

This static tester has been designed for high throughput analysis of composition spread
phase change films. To do this the system is programmed (described in section 3.5.1) to
run a power, time, reflectivity measurement on each composition. A matrix of data is
collected as a function of position on an array of samples deposited by PVD, as described
in section 2.6. The result is a three dimensional power, time, reflectivity matrix within
a two dimensional position matrix. For each position the corresponding power, time
reflectivity data set is mapped against the compositional EDX data. This is by far the

most complex data set described in this thesis.

Analysing this data set leads to a number of possible options. For instance one could:

e Analyse power or times for a specicific AR

e Analyse power or time for a maximum crystallisation rate by differentiating the

reflectivity change - time data

e Plot the time or power for a specific trait in in the data such as a power/time

inflection point

The main hardware parameters to consider when designing a system to operate over a

breadth of compositions include:

1. Laser power required for unoptimised films
2. Focussing over a large area

3. Ability of high accuracy z movement across the whole substrate

The first item on this list is the power required to change the phase of these films. The
system has been designed such that pulses of 100mW are possible on the film. This is
five times the power required to amorphise Gea SboTes. However problems may occur if
new compositions are transparent to the 658nm laser, in which case a shorter wavelength

should be considered or alternatively an electrical switching methodology adopted.

Since the depth of focus of the lens is just 0.5um, focussing at one corner of the 30mm by
30mm substrate almost certainly means that the system will not be in focus at the other
corners of the substrate. However, each measurement of the PTK array is just separated

by 5um thus for a 20 by 20 PTK data set, the area needed to collect the measurements
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is just 100um by 100um. It has been found that the system usually retains a good focus
over such a small area and that refocussing is not necessary. The system is therefore
designed such that, if the system is focussed on a new composition, the whole PTK plot
is generated without refocussing, and then the sample is moved to a new composition

upon which refocussing is performed before the PTK data is collected.

The system has been designed to cope with very uneven substrates which do not neces-
sarily have to be perfectly flat. The high accuracy, piezo, z stage has a range of 200um
and is mounted on a stepper z stage with a range of 50mm. Consequently the system has
a focussing range of 50mm with a resolution of 0.4nm. This makes the system extremely
versatile and able to cope with thick as well as thin substrates. Since the substrate is
unlikely to be perfectly perpendicular to the lens across its whole area, the system is

able to refocus at each new composition with sub nanometer resolution.

The final point to be aware of is the compositional change over the analysis area. Usually,
to collect a PTK matrix with reasonable resolution a 100um by 100um area is required.
Over this area the composition of a film is assumed to be constant. However since the
composition is deliberately varied, as a function of position, this assumption has some
error. The worst possible scenario would be a chip which varied to cover the whole
ternary system. This would mean that, for a ternary system of elements A, B and C
deposited to cover all ternary space on a chip 32mm by 32mm, there is thus a variation
of 0.3%/100um for each element. If the variation in A and B are opposite one another
and element C is perpendicular to this line, the compositional variation over the 100um
area is VA2 + B2 = 0.42%. This worst case scenario is well within the accuracy of the

EDX composition analysis and is therefore not considered to be problematic.

3.5.1 Control Software

The two main areas of software developed for the static tester are (1) Calibration Tools
and (2) Data Collection!. Figure 3.2 shows how the hardware is connected and interfaced
with the control PC. Table 3.1 lists the automated hardware, its connection and any

comments.

The calibration software makes it possible to perform a test of modulation as a function
of z and hence check the focus wobble (section 3.4.1). The control software for collection
of compositional PTK matrices is more involved. The basis of the control flow is outlined
in figure 3.16. Within this core procedure there are also two subroutines for collecting
the PTK data for an individual composition (figure 3.18) and for focussing at each

individual composition (figure 3.17).

! Acknowledgement: The initial PTK subroutine and alignment tools were developed my myself. The
focussing subroutine and integration of the subroutines were developed by Ilika Technologies.
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Hardware Interface Comment
Pulse Generator GPIB n/a

Stepper Motors RS232 n/a

Piezo Stage and AF Rs232 via USB adapter
Filter Wheel RS232 via USB adapter
CCD Camera FireWire n/a

ADC PCI n/a

TABLE 3.1: Computer controlled static tester hardware

Move x-y stepper
motors to 0,0

Measure stepper
positions of sample
corners

E 5

Calculate positions for a
12 by 12 sample array

R 3
Move to position sample
1,1 carry out focussing
procedure

Perform Focus ¢
Procedure Al
E 2

Perform PTK Procedure

Move x motor to Move x back to row 1

next composition and move y down by
1 column

FI1GURE 3.16: The main control flow for compositional mapping of PTK data

The software initially makes a measurement of the size of the deposition area and mea-
sures the corners of the deposited film relative to the stages’ zero position. Once this
measurement has been made it calculates the necessary Ax and Ay which each PTK
array should be separated by for a predefined composition matrix. The x and y stages
use these measurements to find the position of the first analysis area. At this point, the
focussing subroutine is activated whereby the current generated by the detector pho-
todiode is measured. The z-stepper motor is moved to increase this generated current.
Once the peak in the generated electrical current is found, the stage is within the range
of the high resolution piezo stage and the z-control is passed to the autofocus system;
a command is sent to it, asking it to autofocus. Once focussed, the AFS is switched
off and a command is sent to the piezo stage to maintain the voltage necessary for a

focussed position. The filter wheel is moved to a 635nm notch filter. This allows only
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the read laser to pass and protects the AFS from the 658nm write laser. The focussing

subroutine is finished and control is passed to the PTK subroutine.

Filter wheel to 635nm|
notch

£ 3

Move z-stepper until
peak on PiN

R 2

Filter wheel to 690nm|
notch

E 3

Instruct AF box to focus

Instruct Piezo controller
to hold Piezo at current
position

Filter wheel to 635nm

END

F1GURE 3.17: The control flow for focussing.

The PTK subroutine initially measures the signal on the detector via a transimpedance
amplifier and the ADC within the Data Acquisition (DAQ) card. The filter wheel is then
switched to a position which contains a beam block. The pulse generator then sends a
voltage pulse to the bias T where it is coupled onto the laser diode. It is necessary to
block the write beam from entering the AFS to protect the quad detector from damage.
The filter wheel is then switched back to the 635nm filter and the signal of the detector is
read again. If the number of time increments made for this power is equal to a predefined
number of time increments, the flow continues to a check point to verify if the number
of voltage increments is equal to a predefined number of voltage increments. If it is,
the program ends and the data is saved to a text file. However, if it is not true, the
program enters a concatenated loop whereby the time increments are increased until the

first time query is met and then a second loop until the voltage query is met.

The final part of the program checks which position has been analyzed relative to the
overall array of compositions. If the system is at the end of a row, it is moved back to
column 1 and the y column is incremented. This is performed until the whole chip has
been analsysed. The result for a 12 by 12 array is 144 text data files each containing
PTK data for a specific position and consequently, a specific composition. Each file’s

composition is then linked ready for analysis in composition space.
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F1GURE 3.18: The control flow for collecting PTK data.
3.5.2 Phase Transform Kinetics Plots

A typical Phase Transform Kinetics (PTK) plot for a 300nm GeySboTes film, prepared
by RF sputtering, is given by figure 3.19 (a). The voltage on the write laser has been
calibrated against optical power on the film. The plots therefore show the reflectivity
increase as a function of optical power on the film and pulse duration. Data of this sort
is commonly presented on logarithmic scales; the reasons for this will be discussed in

chapter 4.

It is interesting to analyse this data by selecting a particular power and plotting AR
as a function of time or vice-versa; picking a pulse duration and plotting the AR as a

function of power; this data has been processed in this way and plotted in figures 3.20.

The graphs can then be differentiated to find the power or time necessary for the max-
imum crystallisation rate. For a compositional spread sample this figure can be then
plotted on a compositional map to show promising fast crystallising phase change com-

positions. This is just one example of a wealth of information which can be extracted.
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F1cure 3.19: PTK plot for crystallisation of as-deposited GeSbaTes
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FIGURE 3.20: Reflectivity increase plotted as a function of time(a) and optical power(b)
for an as-deposited GeaSboTes film

To demonstrate the static tester’s capability to measure composition spread samples,
a Ge:Sh:Te was prepared by PVD. The sample’s composition was deliberately spread
around the GeaSbaTes composition to ensure that known switching compositions were
analysed. The resultant data was processed using the ‘Paradise’ Matlab toolbox 2. The
resultant PTK plots have been arranged in figure 3.21 as a function of position on the
substrate. Even with this data in a relatively raw format, it is possible to see, positional,
trends of crystallisation across the diagonal stretching from the top left hand corner to
the bottom right hand corner of the PTK array.

To process this data, the time reflectivity plots have been averaged across all powers. The
plots have also been plotted as a function of position on the substrate; shown in figure
3.22. Taking the mean reflection across all powers is a further tool to reduce the data

to a more manageable average that can be used for relative composition comparisons.

2The Paradise toolbox was developed by John Tetteh of Ilika Technologies LTD to aid the data
processing of high throughput measurements
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Ficure 3.21: PTK plots as a function of relative substrate position

This also has the effect of smoothing the curves, which allows the differentiated plots’

characteristics to be distinguished from noise more easily.

The data has been processed further by plotting in composition space, the crystallisation
time for a 15% reflectivity increase at a power of 20mW. The colour of the marks
are graded to show how the crystallisation time, for a 15% change in reflectivity, is
dependent on composition. It can be seen that the fastest crystallising compositions are
centred around the GeySboTes composition. A full analysis of this system, including

the crystallisation times, is presented in chapter 4 of this thesis.

3.6 Potential Development of the Static Tester

The static tester has potential to yield accurate data and other information related to
the phase change of 658nm radiation absorbing materials. Improvements and future

developments to the system are now discussed.
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F1GURE 3.22: Mean reflection as a function of time plots as a function of relative
substrate position

The most imminent development to the system is enabling it to not only generate PTK’s
of crystallisation but also vitrification, thus making possible re-writable PTK measure-
ments. Some initial sw