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Pulsed Laser Deposition of Chalcogenide Glass Materials for
Potential Waveguide Laser Applications

By Paul Edmund Rivers

There are many applications for small scale, solid state lasers in the near infrared, where
conversely there are very few such devices. A lasing device in a rare earth doped
gallium-lanthanum-sulphide thin film is attractive due to emission at wavelengths in the 2 to
5 um region where many gasses and liquids have fundamental vibrations and overtones and
so are detectable. This region also covers the 3 to 5 pm atmospheric 'windows'. Some
examples of such detection is presented in this thesis.

Using Pulsed Laser Deposition, a relatively new deposition technique, we are able to grow
thin films of the chalcogenide glass; gallium-lanthanum-sulphide, gallium-sodium-sulphide
and variations of oxysulphides, on a variety of substrates. EXAFS measurements have
shown that some of the elements in the glass structure change their bonding arrangement
when grown at different energy density producing ‘wrong bonds'. This points to the origin of
the increased absorption and shift of the optical bandgap which is seen in the materials. It is
this tail absorption which ultimately prevented the production of an actual solid state, rare
earth laser device.

These amorphous semiconductors have a transmission range from the visible through to
the mid infrared part of the spectrum. Chalcogenides ¢an be photomodified, i.e. they have
an ability to change refractive index when illuminated with photons whose energies lie in the
optical bandgap of the material. This process can be reversible or irreversible depending on
post deposition treatment and so gives them potential applications such as optical memory,
holographic recording media, lithographically written waveguide structures and potentially
laser mediums. For such uses a detailed knowledge of the chalcogenide materials optical
parameters is needed.

A novel technique for the optical characterisation of the thin films has been developed
which has is able to measure differences in refractive index to an accuracy of 8-5 x 10°. We
are able to map refractive index changes across an entire surface and more uniquely whilst
they are occurring during, and after, photomodification or heating.
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1-1 The Beginning of the Laser

In 1917 Einstein predicted stimulated emission using thermodynamic arguments based on
Planck's explanation of the standard continuous spectrum emitted at a definite temperature
by an opaque object ("black body”), accepting the idea of photons, but not involving any
hypothesis about the electronic structure.

A laser is a device that amplifies optical radiation by stimulated emission to create coherent,
monochromatic light. The present day understanding was first suggested by Townes!"! and
demonstrated by his research group for microwave radiation ?! originally given the acronym
maser. Six years later Maiman showed that it could also work with optical radiation
(694-3 nm) using ruby as the gain medium 4 and another year on this was halved (usually
referred to by its reciprocal: frequency doubled) into the ultraviolet ! making it the first
non-linear optical experimenf. At about the same time, the first fibre laser was
demonstrated®. Ever since these discoveries, other materials and wavelengths have been
researched, making it a very active and still developing technology.

A laser consists of an optical material containing, usually, laser active ions inside a
resonator, which simplistically consists of two appropriate reflectors. The medium is
pumped: optically for most glass and crystal lasers, although there are numerous other
methods depending on the laser material in use (e.g. electrical field, electrons or ions,
radio/microwave and chemical). When the laser medium is excited, spontaneous radiation
is emitted, which is amplified by causing stimulated emission. In the resonator discrete
wavelengths of the radiation form standing waves, the different profiles in which these
standing waves oscillate in a particular resonator are called modes. The optical resonator
provides feedback for many of the modes but stimulated emission amplifies a few, meaning
that a considerable amount of energy is put into the selected modes. This concentration of
energy results in the characteristically great coherence of laser radiation.

The advantages of diode pumped solid state lasers were recognised by Newman I'! shortly
after the demonstration of the first diode laser. In 1964 Keyes et al. ® demonstrated the first
diode pumped solid state laser, U**:CaF. pumped by five GaAs diode lasers and this method
was extended to Nd:YAG in 1971 by Ostermayer®. The promise of efficient, high average
power, diode pumped solid state lasers began to be realised when Scifres et al. ['% in 1978
produced the first linear multi-stripe diode array. This opened the door to compact solid
state laser systems and partly explains the explosion in new laser materials based on rare

earth ions.

From drilling micron sized holes "'l to accurate alignment for boring tunnels under the
English channel, from entertainment to detecting antique forgeries '* the research groups of
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the mid 50's and early 60's could not have imagined how diverse our application and need
for lasers would become.

12 The Rare Earths

By definition the rare earths are the sesquioxides M.Os, where M represents the seventeen
elements now known to have the atomic numbers 21, 39 and from 57 to 71. The individual
metallic elements have been readily available, since about 1950, and are themselves often
loosely referred to as “rare earths”. Most of them belong to the group classed as the
Lanthanides (Table 1-1), from lanthanum to lutetium in the Periodic Table, they are rather
similar to the transition metals in that an “inner” sub-shell (4f) is being filled after an “outer”

sub-shell (6s). The “rare earths” are not especially rare; of the average crust 120 ppm are
lanthanides and 0-15 percent of the Earth's crust consists of the elements with Z above 30.

It is mainly for historical reasons that scandium is called a rare earth, since Nilson (1879)
found it in erbium-ytterbium concentrates. The trivalent ionisation state is the most stable

for the rare earth ions, it is formed by the removal of two outer 6s and one inner 4f electron.

5715815960 6162|633 64|65|66|67|68|69|70/71
La|Ce|Pr | Nd | Pm|Sm|Eu Gd!Tb | Dy|Ho|Er |Tm| Yb|Lu

Table 1-1. The Lanthanide elements with their respective atomic number,

Rare earth ions (RE) have a long history of optical and magnetic applications. They can be
easily incorporated into many glasses; so these systems represent in principle an interesting
area of research. It was noticed quite early that in glasses, as might be expected, the most
prominent feature of the RE crystal spectra, the extreme sharpness of the optical lines,
vanishes. Therefore, RE ions in glasses were not studied for some time. When it was later
realised that RE's in glasses could be used as laser materials, a number of investigations
into their spectra and fluorescence properties were undertaken* 4., In general, the spectral
lines are found to be broad compared to crystals and therefore not practical for a study of
glass properties; however, the transition rates and lifetimes are also similar to those found in
crystalline hosts.

Fluorescence measurements have been made on all of the rare earth trivalent ions with the
potential for laser action, Ce*, Pr, Nd*, Pm®, Sm®, Eu*, Gd*, Tb*, Dy*, Ho*, Er¥,
Tm?, Yb* and Lu* 2%, Trivalent rare earth ions in hosts have a number of features which
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maké them attractive for use in lasers; the most important of which are their narrow
absorption (and emission) lines. The main drawback of trivalent rare earth ions is that they
have small absorption cross sections, that is, they absorb only in narrow lines. The problem
has been alleviated since the introduction of the diode laser, we now have narrow
wavelength pump sources to suit the ions.

A pump wavelength can be absorbed by the ground state of an atom. This excited atom can
now decay to an intermediate state by the emission of either a photon or phonon. Then
finally another emission occurs returning the atom to its original ground state. Such a
process in a laser medium is called a “three level” laser. Some RE doped laser mediums
can be made to act as a “four level” system: this is the term given to laser materials which
can be pumped to an excited state, in tun decaying rapidly to a metastable state. The
lasing transition proceeds from this metastable state to yet another, lower, excited state.
Finally the atom returns to its ground state by a rapid, usually nonradiative, decay. The
advantage of a four level system is that an atom in its ground state is unable to absorb the
emitted photons from other excited atoms directly, hence not reabsorbing the photons
emitted by neighbouring ions. It is also easier to create a population inversion when there is

low lower level (electron) population.

1-3 The need for Infrared Optical Materials
1-3:1 The Infrared

The infrared is split into the three regions for which there is no general agreement on the
names of the various subsections: The near infrared (NIR) follows on from the visible,
starting at 0-75 pm. The longer wavelength limit is taken as 3 pm, with detectors for the
longer wavelengths of this region being different to those used in the visible. Most of the
other technology is similar in that ordinary glass is transparent and thermal emission is
negligible.

From 3 pm the mid infrared region begins (MIR) and most physicists and chemists consider
it to continue to between 20 and 50 pm. It contains the characteristic vibrational spectrum of
many molecules so is sometimes called the 'fingerprint' region (most commonly defined as
2-5to 25 pm).

Logically the final region, up to 1 mm, is known as far infrared (FIR) beyond which millimetre
waves and microwave waveguide technologies take over. Thermal emission at room
temperature is dominant in the mid- and far-IR, peaking at 10 pym. There are few

transparent materials, water vapour and carbon dioxide in the atmosphere absorb and poor,
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usually cryogenic detectors are needed. Combined with the lack of tuneable sources this is
a difficult region to operate within.

1:3-2 Temperature Sensing

It is fortunate that the two most common gases in the atmosphere, nitrogen and oxygen are
homonuclear diatomic molecules and possess neither a permanent nor an induced dipole
moment, hence they do not exhibit infrared active molecular vibrations which would result in
the absorption of infrared radiation. In the initial region of the infrared spectrum from
0.75 um to 14.0 um the absorptions of the minor atmospheric constituents, water vapour and
carbon dioxide result in three main 'windows' in the atmosphere, one from 0.75 um to
2.5 pm, another from 3.0 pm to 5.0 pm and a third from 7.5 ym to 14.0 pm. From the black
body spectral emittance curves shown in Figure 1-1 it is clear that to detect relatively hot
objects the 3.0 pm to 5.0 ym window is most suitable and to detect objects at room
temperature the 7.5 pm to 14.0 um window is most suitable. There is a major interest in
thermal surveillance systems at present and these practical uses of infrared radiation are
concerned with wavelengths up to about 12.0 um. In order to focus this infrared radiation
onto detection systems, windows, lenses and telescopes are required made from materials
exhibiting adequate transmission in this wavelength region. Generally the requirements for
infrared transmitting materials are set primarily by the black body curve and secondarily by
the atmospheric transmission range, the detectors and by the signal levels and bandwidth
requirements of particular systems.

1-3-3 Applications of 2 - 5 pm Lasers

The xenon-helium laser operates between 2:6 to 4 pm, CO laser around 5 and 6 ym and the
chemical lasers based on DF, HF and HBr all have transitions in the second window. The
only solid state commercially available laser to operate close to this range (2-94 Hm} is the
Er:-YAG pulsed laser. Water absorbs this erbium line far better than the 10-6 pm (COy) line
presently more common in medical applications. Changing to the erbium system would
leave a thinner damaged layer between healthy tissue and the area removed by surgery.
Here the water absorption is so strong that it could also be used to cut bone (so would
include dentistry). The military require eye-safe laser range finders and target designators
for training exercises between 1-4 uym, where dangers of retinal damage drop and 2-2 ym
where the eye becomes sensitive to corneal burns . There is a lack of compact, CW solid
state lasers which can operate effectively within the above region and this has sparked
research into materials suitable as laser mediums for practical systems.
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Spectral radiant emittance (W cm® pm)

Wavelength (um)

Figure 1-1. Black body spectral emittance curves against temperature.

Reproduced from Savage [27].

Wavelength Source Compound Target wavelength

achievable (Lm) detectable (um)
) hydrocarbons 3.39
3.3—35 praseodymium nitric oxide 3.44

36— 3.8 erbium hydrogen sulphide 3.73-3.83
. nitric oxide 3.81

3840 holmium sulphur dioxide 3.68 = 4.0
4145 dysprosium carbon dioxide 4.26
4.8—5.0 praseodymium carbon monoxide 4,67

Table 1-2.  Target lasing wavelengths for a selection of rate earth ions with a

potential gas sensing application.
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New laser sources operating at specific wavelengths in the 3 to 5 pm region can easily
identify trace amounts of toxic or undesirable gases. By measuring the amount of light
absorbed when a laser beam travels through a sample we can quantify the amounts of such
gases present in a given volume. The 3.9 um emission from Ho®** is an ideal wavelength for
atmospheric transmission. Diode pumped rare earth doped waveguide lasers would offer
compact and efficient alternatives to either relatively weak, or very complex MIR sources
currently available, such as thermal emitters, gas lasers, or semiconductor lasers.

14 Low Phonon Energy Hosts

Materials with phonon energies less than ~ 500 cm™ are classed as “low phonon energy”
materials. An excited atom will relax with the loss of some energy either radiatively (photon
emitted) or nonradiatively (phonons produced). Transitions with energies above the “phonon
energy” of the material are statistically more likely to relax with a mechanical loss to the
surrounding atoms, as lattice vibrations (heat). In crystalline materials these vibrations are
well defined, the quantised phonons characterise the phonon spectrum of the material. In
contrast, there is a spread of values in amorphous systems due to the lack of ordered
structure. In both cases the largest phonon value present is referred to as the “phonon
energy” of the material. If phonon emission is the preferential relaxational route for a
material intended to be used as a laser host, photon emission will be drastically reduced and
hence is detrimental. By moving to materials with lower phonon energies, the probability of
nonradiative relaxation can be decreased, improving the potential for lasing action.

The phonons in an amorphous material are quantised excitations of a known energy and the
interaction with the constituent atoms will be similar to those in a crystal. [f the electronic
states are closely spaced, rapid transitions will occur between them, involving only one or
two phonons, leading to the rapid thermal population of energy levels above the ground state
or excited state for energies of a few kT (where k is the Boltzman's constant and 7 is
absolute temperature). The gaps between energy levels are in general considerably larger
than kT and require several phonons to bridge them in order to conserve energy. The extent

to which an excited state is depopulated by phonon emission governs the efficiency of
luminescent processes originating from that state.

The analysis of multiphonon processes ! requires high order perturbation theory and since
the decay rate decreases rapidly as the order (number of phonons) of the process increases,
the highest energy phonons of the host material give the largest contribution to the process.
Hence, nonradiative rates are lower in materials which only support low energy phonon



Chapter 1: Introduction to Lasers 9

modes. The rate is found to be almost insensitive to both rare earth ion and the electronic
state involved 9,
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. Pr- G, —-— silicate
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Figure 1-2. Nontadiative relaxation rates of RE in different hosts.

Reproduced from Digonnet [28]. {Original in colour}

The probability of an excited state decaying nonradiatively by multiphonon emission
decreases exponentially with the increasing energy of the transition. The nonradiative

emission rate, ®,,, of a particular transition is found to obey the expression %,

0 = Cln(T)+11Pe®2E ... (1-1)

where C and « are host dependent parameters, p is the number of photons required to
bridge the gap, AE (i.e. the order of the process) and n(I) is the Bose-Einstein equation,

giving the number of phonon modes of energy 7ic at temperature T

Therefore the depopulation rate increases at higher temperatures. Figure 1-2 shows the
nonradiative relaxation rate across a range of 4f energy gaps at room temperature, for hosts
with different maximum phonon energies. Oxide containing hosts exhibit the highest
nonradiative rates due to their strong covalent bonds, giving rise to higher phonon energies.
Halide containing hosts are mainly ionic with much weaker bonds and’thus have lower
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phonon energies. A rough approximation that is often used to judge the phonon energy E,,

or the infrared cut-off E. of the host is,

This arises as significant infrared absorptions exist due to overtones of the fundamental
absorption, however these become progressively weaker and beyond the third overtone are
extremely small. This is one of the advantages of using Ga,;Ss-La:S; (GLS) glasses as a
laser host, it is classed as a low phonon energy material with transmission up to around 8 ym
giving a phonon energy of around 420 cm” and because of the lanthanum content, can
easily be doped with other rare earth frivalent ions. Rare earth chalcogenide glasses in
general, can have phonon energies of as low as 200 cm™. If we compare this to the
maximum phonon energy of about 1010 cm™” in silicate glass, we may expect the
nonradiative relaxation in the chalcogenide glasses to be much lower than in silicate glass
and emission from levels, which usually relax nonradiatively in the oxide glass, will be
observed in the chalcogenides.
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2-1 Introduction

Glasses have been made for over 4000 years and for most of that time the vitreous state
was considered to be prerogative of oxygen based compounds. Even in the late 1800's
when vitreous selenium, arsenic sulphide and selenide were discovered B, glasses based on
these materials still did not attract investigators’ attention. From the 1950’s, with the
requirement for IR optics, it became necessary to produce new IR transparent materials, so
investigations began looking at these materials again, both pure and with additions of other
chalcogenides 2%, In 1957 the American “Servo Corporation” began to advertise vitreous
As:S; as a commercial material: servofrax 81, Historically, the term 'glass' has been applied
to materials exhibiting a meta-stable state, whereas the term 'amorphous’ only designates a
state characterised by an atomic arrangement which lacks long range order.

Although many optical crystals are known, glasses are the principal material used in the
majority of optical systems. The technology of manufacture is comparatively easy, they are
lower in cost and can be produced in larger quantities. Most importantly glasses can be
produced with a broad variety of compositions and consequently of optical properties.

Silicates, borates and phosphates are only transparent in the near infrared range, with
glasses based on germanium dioxide transmitting into the mid infrared, up to 6 pm. This is
the transparency limit for the oxygen containing glasses because the third overtone of the
vibrational frequency of oxygen bonds with any other element in the periodic table
approximates this value.

The absorption edge for glasses in the infrared is determined by the frequency of vibration of
cation-anion bonds. Because of the disordered structure of glasses, this frequency cannot
be calculated with any accuracy. However, an estimate can be made from the relationship

for two bodies of given masses m; and my,, vibrating with an elastic restoring force of given

force constant, &, which is an indication of bond strength:

_ 1 [Kmy+my)
V=5 a T e 2.1)

The fundamental absorption frequency of a diatomic molecule consisting of two point
masses can thus be calculated. When this diatomic molecule is placed within a glass
structure, the influence of all the other constituents in the structure perturb the calculated
frequency. Bond strengths and bond lengths vary depending on the glass constitution.
However, a very rough approximation of influence of network-forming constituents on the

infrared absorption edge can be made from field strength, Z/#, where Z is ionic charge and
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7 is the crystal ionic radius. In devising glasses that transmit in the infrared, the general rule

is that anions and cations with lower field strengths will move the optical transmittance of the
material to longer wavelengths. Unfortunately, lower field strengths and weaker chemical
bonding also limit the available compositions that form glasses. Physical and chemical
properties also become poorer with weaker bonding.

Chalcogenides are compounds whose anions belong to group VI of the Period Table i.e.
oxygen, sulphur, selenium, tellurium and polonium. In vitreous systems, the term
chalcogenide is routinely used to distinguish sulphide, selenide and telluride glasses from the
oxide glasses. Polonium has no stable isotopes so is omitted from the chalcogenide
classification. Figure 2-1 shows the transmission characteristics of some oxide and
non-oxide glasses "l In contrast to the oxides, chalcogenide glasses clearly display long
wavelength transmission characteristics, a property of low phonon energy materials.
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Figure 2-1. Infrared transmission cut-off for some oxide and chalcogenide
glasses at ~ 2 mm thick [, {Original in colour}

Glasses based on fluorine compounds with heavy metals have been studied in recent years,
but their high crystallisation tendency poses problems for industrial manufacturing. Thus,
along side ZBLAN, chalcogenide glasses still represent the only true commercial vitreous
material transparent in the mid infrared range.

22 Other Attributes of Chalcogenide Glasses

Modulation methods based on the acousto-optical effect involve the change of the refractive
index of a substance under the influence of mechanical stresses®® 4% Such materials have
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uses as acoustically controlled modulators and deflectors for example. The effect occurs
when an ultrasonic wave is passed through a material, causing variations in refractive index
to give an effective acoustic diffraction grating within the glass.

The thermo-optical effect in chalcogenides relates to an index change due to heating and
because of this it is the slowest response of the optically induced effects. It has also been
used to measure the thickness of thin films ¥!. In chalcogenide materials a photoinduced
effect, photo- modification, also exists using photons to produce index changes. This will be
discussed further in Section 2-5 and chapters 5 and 6 in much more detail.

in 1956 semiconductor properties were first discovered in a chalcogenide glass during
research into the system TLSb,Se, “2. Chalcogenide glasses can be either p- or n-type
semiconductors depending on composition ¥, most are p-type and according to Sadeek and
Fadel, their electrical conductivity's are usually insensitive to added impurities 4.

Lanthanum based chalcogenide glasses are mainly covalently bonded materials with room
temperature resistivities between 10° and 10" Q cm®L There also exists a time dependent
electric relaxational processes and it has been shown that current flow in As;S; samples (at
fixed voltage) decreases with time to a constant residual current?l. The phenomenon is
named "high-voltage polarisation" and is probably due to a movement, redistribution and
capture of electrical charges inside or in the electrode regions. After the external electrical
field is switched off, a reverse depolarisation current appears and decreases slowly to zero.
The electronic properties of the glasses arise from changes in the electrical conductivity, at a
specific voltage, some chalcogenide glasses have been seen fo undergo structural change
and the glasses “switch” to a higher conduction state. This change in conduction can be
several orders of magnitude and is useful in switching circuit devices .. If the structural
change is irreversible, crystallisation would occur causing memory switching. These off and
on states of memory switching were demonstrated on the Ge-As-Se system %1, This shows
the potential of these materials when combined with photomodification and its mask-less
lithography.

2-3 Chalcogenide Glass Systems

231 Common Properties

The first goal in devising a useful composition is to form a stable giass and then find the best
combination of infrared transmission and other key properties %%, The advantage of
chalcogenide glasses is that they have the best IR transmission of any vitreous system that
can be formed into large pieces. It is possible to modify the structure and refractive index of
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the g|asses just by illuminating them with the correct laser wavelength and power density
(see section 2-5).

The disadvantages of chalcogenide glasses are: Difficulty of manufacture: oxygen
contamination is a serious problem because it is very difficult to eliminate and it seriously
damages IR transmission. Poor visible transmission; sulphide glasses are usually dark red,
selenides and tellurides are opaque. Poor physical properties; expansion coefficients are
very high, therefore thermal shock resistance is also poor. Mechanical hardness is low.
They sag at relatively low temperatures compared to oxide glasses. Finally they have poor
chemical properties; for example arsenic trisulphide dissolves above pHB, shows
appreciable swelling below pH6 and is hygroscopic 2,

Most of the early work on amorphous chalcogenide materials, concentrated on the arsenic
and germanium based sulphide and selenide glass compositions. However all these have
low devitrification temperatures so that manufacture of the glass by quenching is difficult.
Ga-La-S is easier to prepare because it is more thermally stable with a transition

temperature, T, of typically = 600 °C (50 °C above the crystallisation temperature, T,) .

Also it does not suffer from toxicity risks, a factor associated with the more popular
chalcogenide material, As,S;.

2:3-2 Sulphide Glasses

These materials are thermally stable with high melting points and are mechanically strong
with moderate expansion coefficients (compared to the other chalcogenides). The rare earth
sulphides (La to Er) are not glass formers but form reasonably stable glasses when mixed
with other glass-forming sulphides such as gallium, germanium and arsenic sulphides .
Glasses containing several rare earth sulphides with gallium sulphide and aluminium
sulphide are known to exist. While most of these glasses are stable with high glass
transition and crystallisation temperatures, the glasses based on aluminium sulphide are
hygroscopic. The gallium-sulphide based glasses transmit very well into the infrared with a
transmission cut-off at ~ 10 um 2,

Gallium sulphide by itself is not an easy glass former. However, additions of Ga.Ss to other
sulphide compounds results in glasses quite easily *'.. Extensive experiments carried out by
French researchers ***% have shown that Ga,S; forms glasses with a majority of sulphides
from the lanthanide series with the exception of thulium, ytterbium and futetium. In the case
of europium (Eu), two glass forming regions have been reported with the monosulphide of
europium. Lanthanum sulphide, La,S; shows the largest glass forming region.
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AlLS; glasses can be formed with most of the rare earth sulphides with the exception of
europium and terbium and the glass forming domain is again largest for La,Ss. The glass
forming region has been reported to extend from 63=>82 mol% Al,S; *. These glasses
transmit partially in the visible and into the infrared exhibiting a transmission cut-off at
around 6 pm. They show good thermal stability with glass transition temperature of
540=>560 °C and crystallisation temperatures of 660->680 °C for compositions
corresponding to 88=>75 mol% AlLSs, respectively. Since the glasses are not chemically
stable, their use is limited.

Glasses in the system Ge-La-S have been synthesised by mixing GeS; with La;S;. The
glass forming domain for these materials extend form 60=>100 mol% GeS.. Their colour
varies from ruby red to brown, with compositions richer in GeS; tending to be dark brown. In
the late eighties calcium lanthanum sulphide (Cala.S.) materials were developed 1% 54
having similar properties to zinc sulphide (ZnS), for example, transmission to 11-5 ym is
slightly better than the 10 um of the zinc sulphide.

Arsenic trisulphide, As:S;, is the best known of the sulphide glasses. It is one of the most
thoroughly investigated chalcogenide glass compositions and is a highly stable glass former.
I will return to this material through many comparisons with my work in the following sections
and chapters. Other sulphide examples include: Ge-P-S ¥, As-Ge-S ¥8, Ge-Ga-S ¥,
Ge-Bi-S 3, and Sb-S°8,

2-3-3 Selenide Glasses

Selenium and its compounds in thin film form have been used in the photocopying industry
and this glass must be regarded as the most important chalcogenide in terms of current
commercial exploitation. However, because of its poor general physical properties it was
found unsuitable for many bulk optical applications. It is particularly important that the
thermal and mechanical properties are improved without degradation of the infrared cut-off
limit.

Selenide glasses transmit further into the infrared, have higher refractive indices, densities
and have lower thermal expansions, than the sulphides for analogous compositions. The
systems in which most research has been concentrated are Ge-Sb-Se?! and As-Ge-Se ®l.
Of all the chalcogenide glasses, selenide systems provide glasses with the a good
combination of IR transmission, formability and acceptable (not ideal) physical and chemical
properties. Other researched examples include Si-Sb-Se %, Ge-Bi-Se *, P-Ge-Se " and
Pb-Cd-Se 2,
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234 Telluride Glasses

While telluride glasses have best IR transmission range (out to ~20 pm 531) their stability and
formability are poorer than for the sulphides and selenides. The largest glass-forming region
has been found in the Si-As-Te % system, but silicon is difficult to incorporate into the melts
because of its high melting point, making the glass difficult to produce and homogenise.
Impurities mean that there are two absorption bands at 10 and 14 pum that impair the infrared
transmission. While the Ge-As-Te glass-forming area is smaller, these glasses do have the
IR transmission predicted for the tellurides. Of the chalcogenide glasses, the tellurides are
least effected by oxide impurity due to limited solubility of oxide in telluride melts. Other

examples include Hg-Cd-Te®, Ge-Bi-Te*, Ge-S-Se-Te®®! and Cd-Te 9],

2:3'5 Adding Oxides to the Melt

Of all glass systems, silicate glasses have, by far, the largest compositional area, providing
very stable glasses with good physical and chemical properties. Unfortunately the IR
absorption edge extends only to between 4 and 5 pm, being limited by the first overtone of
the fundamental Si-O-Si stretching vibration at 9.1 ym (1100 cm™).

An interesting feature of Ga.S; is that its glass formation behaviour is not limited to other
sulphides, but is also observed with some oxides. From this point of view, glasses have
been formed with lanthanum sulphide, oxysulphide and oxide. Of the two ternary systems
La,0s-La,S:-Ga,Ss and La,0;:-Ga,S:-Ga,0s, a glass region is not observed in the latter and
we may conclude that a relatively high proportion of sulphur is necessary for the formation of
gallium rare earth glasses Pl With rare earth oxysulphides and oxides no glasses are
obtained after neodymium sulphide addition.

An extended region of glass formation has been observed in the gallium-lanthanum-
oxysulphide (La,Ss-La;0s-Ga,S;) system, towards the lanthanum rich area. The system
comprising La2,0.S and Ga.S; has been investigated with regard to glass formation by
Flahaut et al. ®", they can be obtained in the composition range roughly extending from
60=>80 mol%, Ga,Ss;. Glass forming domains have been shown to exist for glasses
containing oxysulphides of Ce, Pr and Nd ®l. The glasses are typically obtained by
quenching, following the conventional technique described in section 5-2. For lanthanum
oxysulphide - gallium sulphide glasses ™1 it is not possible to heat the samples at such high
temperatures because the partial reaction of the sulphide and oxide causes the evolution of
sulphur dioxide, which causes the sealed ampoule to explode, an open ampule would require
a sophisticated extraction system to remove the toxic gasses being emitted and would effect
stoichiometry of the melt. The highest, stable temperature of the molten mixture is about
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1100 °C. For lanthanum oxide - gallium sulphide glasses, the same difficulty is present with
similar consequences.

The glasses show much better chemical stability and are more resistant to atmospheric
moisture attack compared to the corresponding sulphides. They also exhibit reasonably
good thermal stability, similar to the gallium sulphide based rare earth glasses and show
glass transition temperatures around 600 °C which shows a decreasing trend with increasing
Ga,S; content.

Even a very small quantity of oxygen in the GLS mix would be highly detrimental to the
properties of the glass that we would like to use, mainly the infrared transmission range and
the low phonon energy. Because laser ablation can use pure chalcogenides as the target
material and can be performed in very high vacuum, oxygen can be avoided. Producing a
glass outside of this environment makes it far more difficult to avoid oxygen from entering
the mix.

2-3:6 Halides

To insert the elements of the VIl group - namely, fluorine, iodine, bromine and chlorine - into
chalcogenide glasses, should retain good transparency in the infrared, high chemical stability
and high refractive index. These atoms are similar in size to the chalcogenide group. Such
combination of halogen containing glasses' provides new material properties and possible
applications of chalcogenide materials. Since both halides and chalcogenides are
transparent in the infrared region, it is of interest to know if mixtures of these glasses are
also IR-fransmitting.

The investigation of chalcohalides began in the 1960's with the system As-S-I. Pearson and
his colleagues were the first to demonstrate that the addition of iodine reduces the softening
temperature ®®. Lin and Ho studied the compositional influence upon chemical resistance of
such glasses and established that iodine reduces it'®®. The glasses do not suffer attack from
moisture and acid solutions, but like other chalcogenide glasses, they are dissolved by
alkalis.

Chalcohalide glasses are becoming an important class of materials for optoelectronic
applications because of their high transparency in the mid IR-region up to ~ 10 ym. While
the bonds in chalcogenide glasses are predominantly covalent, in halides they are mainly
ionic. In practice, combination of glasses containing both chalcogen and halogen elements
can improve some of the weaknesses associated with the individual materials. On the one
hand chalcogenide glasses have relatively high refractive indexes but halide glasses exhibit
relatively poor chemical durability and low glass transition temperature. Examples include
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As-Te- % Ge-S-17" and La-Ga-S-CI-Cs "2 7. Unfortunately, the technical applications for
most of them have been limited due to having poorer thermal properties than the individual
chalcogenides and halides.

2-4 Doping Chalcogenides

Radiative and nonradiative transition probabilities of the rare earth ions in various host
media have raised great interest™). The electronic levels of Er** are well established and is
the most suitable ion for study of the multiphonon relaxation in oxide glasses . In such
glasses the multiphonon transition rates of the RE are independent of the coupling between
a given oxide glass and rare earth ion ', but dependent exponentially on the phonons
bridging the emitting and next lower level. Because of their low phonon energy and high
refractive index, the RE doped chalcogenide glasses form a new type of fluorescent
material 75 It has been found that Er is not so readily incorporated in the As.Ss network as
in the case of some other chalcogenide glasses 7, since it contains residual ErSs
crystallites. A high solubility of RE ion is not required for a glass to support a lasing ion
(typically 0-1—1%), but dispersion of the ions in the glass matrix is necessary to reduce
cross-quenching. In addition to the optical properties, glasses containing rare earths tend to
be more refractory than their counterparts that do not contain rare earths. The increase can
have positive advantages in the chalcogenide system a where small difference between

glass transition temperature (T,) and the crystallisation temperature (1) can inhibit the

practical workability of the glass.

Stimulated emission Radiative lifetime
Glass Wavelength (nm) cross section (pm?) (1)

Oxides

Silicate 1057 - 1088 09-3.6 170 - 1090

Phosphate 1052 - 1057 20-4.8 280 - 530

Borate 1054 - 1062 2.1-32 270 - 450
Halides

Fluoraoberyllate 1046 - 1050 1.6-4.0 460 - 1030

Fluorozirconate 1049 29-3.0 430 - 450

Chlorine 1062 - 1064 6.0-6.3 180 - 220
Oxyhalides

Fluorophosphate 1049 - 1056 22-43 310-570

Chlorophosphate 1055 52-54 290 - 300
Rare earth chalcogenides

GaS-LaS 1075 - 1077 7.9 100

AlS-LaS 1075 - 1077 8.2 100
Rare earth oxysulphides

GdOS-GaS 1075 4.2 92

Table 2:1. Radiative Lifetimes and Laser Cross Sections of various Nd** rare
(78]

earth doped glasses ™.
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The nonradiative relaxation rate in the chalcogenide glasses is much lower than in silicate
glass!"®. This phenomenon was studied with Er** in the As;S; chalcogenide glass %71 and
in lanthanum glasses doped with Nd* U879 Ep+ 7.3 and Ho®* °7, Some of the
lanthanum sites are easily filled by another rare earth ion dopant since they are closely
related in physical size and properties.

Some of the fluorescent properties of glasses doped with Nd** are shown in Table 2:1 for
comparison. The stimulated emission cross-sections and radiative life times at wavelengths
around 1077 nm are given for two chalcogenide glasses alongside values for other oxide,
oxysulphide, oxyhalides and halides. The cross-sections are larger and the radiative
lifetimes smaller than those reported for the oxide, oxyhalides and halide glasses. These
properties, therefore, make these rare earth glasses dope& with Nd*" good candidates for
laser application’®. In conclusion, fluorescence in rare earth chalcogenide glasses has very
interesting features: the fluorescence of rare earth ions are of higher intensity than in oxide
glasses and additional wavelength peaks appear. These facts are promising for other rare
earth ions. Nd is not the most desired RE ion for chalcogenide glasses as shown earlier in
Table 1-2 The 1:06 um transition works well in YAG and Vanadate for example, however
laser hosts based on doped chalcogenide glasses have the prospect of expanding this
performance to longer wavelengths in glasses doped with Nd*" and other trivalent rare earth
ions are of greater interest.

Table 1-2 showed examples of a need for longer wavelength lasers in the 3:3 to 5-:0 ym
region. The requirements of such a host medium is the longer infrared transmission, a low
nonradiative rate and a high refractive index, the latter making waveguide devices easier to
produce. The additional ability to photomodify makes GLS a good contender. The
lanthanum content means that the material is ready to incorporate rare earth ions.

2-5 Photoinduced Effects

2:5-1 Photomodification

Various photoinduced phenomena such as photosynthesis in plants chlorophyl and
photographic processes in inorganic and organic materials are well known. Understanding of
the mechanisms is of considerable scientific importance and in recent years growing
optoelectronic industries for optical mass memories have stimulating related researches in
photo-responsive glass materials. Such materials could be used to fabricate waveguide
devices using for example photomadified gratings and defined light guides to produce DFB
lasers. This would allow structures to be directly written into thin film layers on an
appropriate substrate without the need for a mask or implantation, meaning that very high
resolution could be achieved to create high definition devices on a large scale.
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Since the discovery of photoinduced phenomena ©% there appear to be two mechanisms
responsible for the changes induced by exposure to absorbed light; thermal and optical.
Changes in mechanical, particularly rheological, properties can also be induced by
absorption of bandgap light, for example the surface roughness can decrease on irradiation.
The main effect is a parallel shift of the absorption spectrum with respect to the
wavelength®. Measuring the optical properties at a wavelength above and close to the
bandgap, a parallel shift towards lower wavelength (higher energy) will give rise to a
decrease of absorption coefficient and, through the Kramers-Kronig relations, a decrease in
the refractive index. This shift in the absorption edge is referred to as photobleaching. If the
shift moves towards lower energy then the material photodarkens. Chalcogenide systems
also have potential as photo-resists for micro-lithography in the fabrication of integrated
circuits, since some of the effects can be stimulated by X-rays and electron beams, as well
as light and very high resolution can be achieved. The wavelengths of light required to
induce photomodification are in the optical bandgap region of the material, hence the power
density that is required to penetrate into the material to cause the photoinduced changes
needs to be large otherwise only surface effects will take place and so requires that thin films
be used. However, if thin films are used it is impossible to measure variations of light
transmission before and after photomodification in the weak optical absorption region.

The amorphous structure is stabilised during annealing and high temperature deposition
process. This happens due to the reduction of dangling bonds through a thermally activated
atomic rearrangement process. Thin films are known to relax over a period of time, this is
known as the 'ageing process' and any change in the stoichiometry or a major change in the
nature of chemical bonding is unlikely. Any changes in refractive index as a function of
ageing time and temperature results from a structural relaxation. This will be reported for
our GLS films in Chapter 6. There are implications from this; as the structure relaxes,
photomodified regions are changing refractive index with time, potentially destroying

devices.

2-5-2 Reversible and Irreversible Changes

Photomodification effects have been divided into two categories: Those where the original
state of structure and optical properties are recoverable, in which case the changes can be

removed by annealing to the glass-transition temperature, 7%, whereupon the changes can
be reintroduced. The second category are the irreversible changes, which invariably occur
in samples which are structurally unstable 13,

If a 'freshly deposited’ (virgin) film is illuminated, photomodification is generally irreversible

as a subsequent annealing of films at 7, only partially restores their initial optical
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transmission. However, the second and all following photo exposure-annealing cycles are
completely reversible. The virgin state of the film cannot be reproduced by any illumination
or heating. In some materials photoexpansion and thermal contraction are induced,
indicating that some atomic rearrangement occurs upon heating and illumination and the
change in optical transmission may be the result of such atomic rearrangement. However,
As;Q; crystallites are found on the film surface after light irradiation indicating that either
significant surface heating or photo-chemistry occurs during bandgap illumination in air.

Although a number of models to explain photostructural changes have been advanced
during the past fifteen years, its exact mechanism is still the subject of much debate. No
scheme has been proposed to tie all the related phenomena together. Conventional models
that have been presented so far suggest a transition between two sites in an adiabatic
potential diagram which assumes the existence of a double-well potential and a barrier
between two minima ®. The presumed potentials are variously attributed to self-trapped
excitons and 'wrong' bonds 4. It has been suggested ®¥ that the structural change induced
by light consists of minor bond rearrangements involving the chalcogen atoms relaxing
between the minima of these double-well potentials.

In amorphous chalcogenide semiconductors, the electron-lattice interaction is so strong due
to the structural randomness and low co-ordination character of the chalcogen atoms, that

electron motions are necessarily accompanied by lattice distortion. Such dynamics can be

written down explicitly by using energy/configuration (E/q) diagrams.

Tanaka 8 demonstrated that features of the reversible and dynamic photodarkening could
be considered qualitatively with an assumption of the existence of a defect, which is

represented by an E/q diagram as shown in Figure 2-2(a). The diagram has an excited
electronic state Z of a single well and a ground state consisting of double wells X and Y and

the minimum of Z is located above the well Y. (Such models of single and double wells
have already been used to clarify the electronic properties in ionic ! and ferroelectric ¥

crystals). When a sample is in the dark, the defects are in X or Y configurations and the
site densities Ny and Ny are modified by illumination and heat treatment. For instance, if the
sample is illuminated with bandgap light at a particular temperature, transitons X 2 Z - Y,
X « 7Z 5 Yand X 2 Y take place. If the sample is heat-treated in the dark, only the
last transitions X 2 Y are induced. Probabilities of the occurrence of these transitions

depend upon the temperature as well as the photon energy and intensity of the illumination.

Figure 2-2(b) shows a typical result of reversible photodarkening measured at 80 K¥. The
curve "annealed" is the optical absorption edge of the film annealed at 450 K, just below the
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glass-transition temperature and then slowly cooled to 80 K. The curve "illluminated"
indicates the absorption edge of this film illuminated at 80 K. If the illuminated specimen is
annealed again and the transmittance measured, then the results are identical to that for the
"annealed" case. With further illumination, the absorption edge shifts to "illuminated". Note
that the change in the transmittance is a nearly parallel shift of the absorption edge and the
magnitude is around 0.15 eV. A similar experiment can be performed at 20 K and it is found
that the edge shift is approximately the same, ~ 0.16 €V, this shift is retained even if the
specimen is warmed to 80 K.
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Figure 22. () Possible E - q diagram for energy levels in chalcogenide
material, (b) Example of As,S; transmission limit when annealed and
illuminated at 5145 nm. {Original in colour}

The configuration of the defects in these annealed and illuminated states can be assessed
by means of the SDW model (see, Figure 2-2(a)). Annealing at 450 K makes the process of
surmounting the barrier Er possible and the transitions X 2 Y are induced. Since the X
configuration is lower than the Y configuration by Exy, the process X « Y becomes more
and more dominant as the specimen is cooled. Finally, when the temperature is decreased
to 80 K, it is supposed that almost all of the defects have the X configuration. In contrast,
under bandgap illumination at 80 K, it is considered that only the transiton X - Z - Y is
induced and as a result the defects have the Y configuration; the reasons for the latter
being: first, the fact that the film illuminated at 20 K does not change its edge characteristics
after being warmed to 80 K, suggesting that the barrier height Ex/k > 80 K (k is Boltzmann's

constant) and the transitions X 2 Y are negligible at 80 K. Secondly, equal magnitudes of
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the photodarkening at 20 and 80 K imply that E/k > 80 Kand the fransition X « Z « Y
cannot be induced by the bandgap illumination at 80 K . Therefore, almost all of the

defects have a Y configuration after the bandgap illumination at 80 K.

When the sample is slowly cooled down o room temperature, the distribution between the

configurations X and Y are approximately given by:

Ny/Nx=exp(=Exy/kT) ................ (2-2)

where T = 300 K. In contrast, if the sample is rapidly quenched, then the distribution under
the heat treatment, which is determined by Equation 2:2 with T =473 K, can be frozen in.
This frozen-in state has more defects of Y configuration and as a result the film becomes

darkened.

2-5:3 Photoinduced Effects Seen To-date

A wide variety of light-induced changes has been observed in amorphous chalcogenide
semiconductors, ranging from relatively subtle effects involving minor atomic
rearrangements and manifested mainly by shifts in the optical absorption edge (i.e.
photodarkening and photobleaching), to more substantial atomic and molecular
reconfigurations which cause a variety of physical and chemical changes (e.g.
photo-polymerisation, photo-crystallisation, photo-enhanced dissolution of metals etc.).
These effects are of interest because of the information they provide on metastable
structural states in amorphous solids and because they are mostly unique to the amorphous

state. Listed here is a summary of those effects which have been identified to date.

Photoinduced bleaching or darkening: To briefly recap, photoinduced reversible
changes in local atomic structure are subtle effects which are induced by light of photon
energy close to that of the optical bandgap, £, of the chalcogenide glass. They are
manifested mainly by small red-shifts in the optical absorption edge (photodarkening)® or a
photoinduced blue-shift in the absorption 7edge is termed photobleaching. Both can be
accompanied by small changes in the radial distribution function and by barely discernible
changes in volume (contraction or expansion). Changing the proportions of the constituent
materials can switch a material from being one that photodarkens to one which
photobleaches and vice versa®. In chalcogenide materials, photodarkening appears to be
the preferred effect for the majority of materials. However for GLS thin films, it will be
shown that there is a decrease in refractive index through photomodification.
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Photo-decomposition, is the light-induced dissociation of a compound into its constituents.
It is frequent in amorphous As-S and As-Se compositions and illumination of photon energy
greater than [ is necessary. Absorption of a photon of energy greater than E, causes a
dissociation of the arsenic-chalcogen bond, and this is followed by thermal diffusion of the
arsenic to form arsenic clusters, which are highly absorbing®!. Photo-decomposition causes
small but detectable changes in X-ray diffraction and vibrational spectra. Provided the
energy and intensity of illumination are not too great the photo-decomposition is reversible

on annealing at 7,. Another associated phenomenon is increased solubility in alkaline

solution by photo-irradiation, known as the photochemical effect ©'],

Photo-crystallisation, of amorphous layers can be induced optically ®3. The opposite
phase change from the crystalline to the amorphous state below the melting point of the
corresponding crystals is rather surprising and has not been observed frequently. It was
mostly observed in intermetallic compounds . Optically induced athermal amorphisation 4
was also recently described in AsscSes; crystalline chalcogenide films ¥, the crystals can
also be amorphised thermally. Photoinduced crystallisation ! and 're-amorphisation' has
been studied in thin films of As-Te-Ge compositions®®.. "Re-amorphisation’ requires that the
temperature of the film first be raised to the melting point of the crystals and this can be
achieved with a laser pulse. Strictly, therefore, this is an irreversible process.

Photoinduced morphological changes, is a term used to denote effects usually described
in the literature as 'photo-volumetric changes' or “photocontraction’, since the phenomenon
has its origin in changes in the macroscopic structure of chalcogenide thin-films, that is in
their morphology. Changes in morphology have been observed in thin films of Ge-Se 1
compositions which grow on the substrate in a columnar structure. On illumination,
particularly with UV light, the films contract in volume. The magnitude of the change
depends to some extent on composition but mainly on the angle of incidence at which the
vapour-deposited film is grown. Prolonged exposures produce greater contractions, the
deepest ones of them being over 20% of the film thickness ! has been observed in 80°
incidence growth angle 8. Continuous increase in the photocontraction is observed with
increasing obliqueness. It should be noted that no thickness change is observed in normal
incidence (0°) deposited films. The magnitude of the photocontraction effect has been found
o depend on the Ge content in the alloy films. Volume changes were seen in GLS thin films
but were due to growth conditions and not photomodification as referred to in this section.

Surface contraction of the same order has been observed in amorphous Se-Ge films ®® and
Te-Se-l films B9, Another effect seen in As,S; thin films is thickness increases of up to 5%
with exposure to sub-band-gap light ', The expanded volume remain stable after
illumination is terminated, whereas the deformation can be recovered with annealing at the
glass-transition temperature; it has been used to produce 'micro-lenses' "9,
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Photo-dissolution of metals: To observe the photo-dissolution/photo-doping effect requires
the use of a thick amorphous chalcogenide film on (or beneath) a deposited thin metallic
layer, typically 0.01-0.05 pm in thickness. lllumination from either the chalcogenide or
metallic side with light above or below E, for the chalcogenide causes the metal to dissolve

rapidly into the amorphous film and migrate through it with very pronounced vertical
edges'®, with negligible lateral movement in most cases. For silver dissolution, it is
generally reported that the concentration profile for the dissolved atoms is step-like, which
implies that the phenomenon is not a straightforward diffusive process.

Experiments were conducted to see if silver could be used to dope tracks for waveguide
devices in thin GLS films, by increasing the refractive index slightly. The silver was
evaporated onto a substrate prior to the GLS thin film being grown. When the thin film layer
had been added, experiments were conducted to see if the silver layer on the underside of
the film would diffuse into the GLS layer and hence, cause an increase in the refractive
index within the region of illumination. No refractive index change could be seen using the
power densities for illumination that were available during this work.

It is probable, that the effect occurs in most amorphous chalcogenides. Silver and copper
are used most frequently as the dissolving metal 9, but gold also dissolves and it is likely
that other metals such as indium and thallium would be susceptible to photo-dissolution. In
the case of silver, for example, silver halides, silver nitrate, silver selenide and potassium
silver selenide have been used successfully. It is often sufficient simply to dip the
chalcogenide into a solution of a silver compound to produce the coating. Photo-dissolution
also occurs in chalcogenides deposited on bulk substrates, for example Ag.S %%,

Other effects in specific cases: Another local structural change has been proposed to
account for the appearance of optical anisotropy in certain chalcogenides when illuminated
with plane-polarised light . This phenomenon, which has been termed the vectorial
effect’, is believed to involve the reorientation of small anisotropic structural units already
present in the amorphous material. The principal axes of these units are initially randomly
oriented but under illumination with plane-polarised light the units are forced to reorient
themselves in such a way that the axes become aligned with some preferred direction
defined by the plane of polarisation. The induced anisotropy can be erased by unpolarised
or circularly polarised light.

Photo-vaporisation has been studied mainly in amorphous As,Ss thin-films. It is strictly a
photo-oxidation reaction followed by thermal evaporation of the volatile oxidation
products 193],
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Whilst this is an extensive list of photomodification parameters, usually only a selection are
seen in any one material. Changing the constituent elements ¢an reduce or eliminate one

photomaodification property and induce a new one. Photobleaching, photodarkening and
photo-chemical changes are seen in GLS glasses.
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3-1 Optical Thin Films and Waveguide Fabrication
Techniques

Thin film growth techniques can be categorised into equilibrium and non-equilibrium
processes according to the ways in which the source materials are vaporised or become
gaseous. An equilibrium process is typified by thermal evaporation including the
conventional resistive heating, e-beam evaporation and molecular beam epitaxy (MBE).
Non equilibrium processes include sputtering and similar forms such as ion beam deposition.
in comparison with these techniques, thin-film deposition by laser ablation does not fall
cleanly into either category. Depending on laser conditions, the ablation process can be
either thermal, non-thermal, or a mixture of the two.

Recently, chalcogenide amorphous films have become used in phase-change-erasable
optical storage technology. These films have ordinarily been prepared by two methods,
vacuum vaporisation and vacuum sputtering. RF sputtering makes it easier to control the
thickness and chemical composition of thin films and these thin films are more dense than
those made by evaporation. A selection of techniques for the fabrication of thin films or
waveguide layers are briefly detailed below. Many of them have been used to produce
chalcogenide thin films.

Dip coating and spin coating, have both used to deposit thin films usually of polymer
materials, such as photoresist, onto a substrate. [In spin coating, polymer materials are
dissolved and one drop is put on the substrate. The thin film is formed by rapidly spinning
the substrate. With dip coating, a thin film is formed by dipping the substrate in solution and
then lifting it. CdS is a chalcogenide that has been developed by sol-gel synthesis '®l. The
very high temperatures required in an environment free from oxygen make this technique
impractical for the growth of GLS thin films.

Thermal Evaporation: Thin films are produced by depositing a material vaporised in a
vacuum chamber, usually below 10 Torr, on a substrate. For low boiling point materials the
resistor heating technique is used and electron beam heating is used for high boiling point
materials. Whilst the method is suitable for the deposition of amorphous materials or metals
it is not ideal for more complex, multicomponent materials whose constituent parts can have
very different boiling points which cause preferentiat evaporation rates leaving the thin film
with a different composition to that of its parent target. Although it is more often used for
crystalline materials, binary chalcogenide thin films have been successfully grown by
evaporation, for example, GeS; """, As,S;!"® and As,Se;"*®. These materials are all binary
compounds, the extreme difference in vapour pressure of the components, make this route
inapplicable to our materials.
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Film fhickness depends on the separation between vaporising source and substrate. Larger
distances produce better thin film uniformity but has a lower deposition rate. Common to
many growth processes, the substrate can be heated to improve surface mobility for the
incoming species, particularly during crystal film growth.

Sputtering: Inert, nonactive gases such as Ar, Ne and Kr can be made into a plasma whose
positive ions collide with a target plate (with several kV applied), particles are kicked out as a
result of this impact and deposit on a substrate. This technique is used for high melting point
materials which can not be evaporated thermally. The majority of films grown by sputtering
are either in the amorphous or polycrystalline phase, although some results have suggested
that epitaxial layers can also be deposited.

The plasma produced is not always well confined and comes into contact with the walls of
the chamber, contributing to contaminants in the film. In the sputtering method described,
the gases do not react with target materials during sputtering. Reactive sputtering can be
achieved with an appropriate (background) gas to deposit thin films of its chemical
compound with a target material by chemical reaction, O: being a good example.
Chalcogenides have been successfully grown using RF sputtering for example,
Ge-Sb-Tel"'%, Sputtering would probably be a feasible route to thin GLS films due to the
similarities which exist with laser ablation.

Chemical Vapour Deposition (CVD): The CVD method causes the chemical reaction of
gases and vapours to deposit them on a substrate. A disadvantage of CVD is that it is
difficult to change materials so that deposition chambers are usually dedicated to only one
material. Diffusion layers could be formed between the substrate and thin film as often high
substrate temperatures are required. For example, thin films of Ga;S; have been produced
in both amorphous and crystalline forms using this technique """l and thin film layers of
Pb-Se-Te!"'a, Whilst work with Ga,S; have shown that this component can be grown by this
technique, the lack of volatile lanthanide precursors makes this a nonviable technique for
GLS.

Molecular Beam Epitaxy (MBE): Gives precise control of film thickness by using molecular
beams generated in effusion cells. An MBE chamber uses very high vacuum and is able to
grow monolayers of a material. Numerous effusion cells producing different molecular
beams are within the chamber, producing single or combined multilayer samples on a
substrate.

This sophisticated technique has been applied for the growth of optical materials"**l. It does
suffer from high capital costs, depositions are slow and the chamber is not quickly modifiable
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to grdw many different materials. Chalcogenides have been grown as thin film layers using
this technique, for example Pb-S, Pb-Eu-Se and Pb-Sn-Se "™ It would be possible to grow
GLS thin films this way, but low growth rates and huge capital costs do not favour this route.

lon Implantation: By implanting 20 to 300 keV accelerated ions into a substrate, laftice
disorder takes place, resulting in a change of refractive index layer. This method has the
advantage that it is able to control the ion dose distribution with good accuracy. As an
example, by implanting hydrogen ions into a As;Ss substrate, once annealed, can produce
good quality thin film layers!'*4,

Flame Hydrolysis: The FHD technique allows thick layers of high silica glass to be
deposited on to planar substrates 'l The metal chlorides of the species required are
hydrolysed in an oxyhydrogen flame to produce the metal oxide. The resulting oxide is
produced in the form of a low density soot, which is deposited on the a planar substrate held
on a rotating turntable. The soot is consolidated into a uniform glass film by sintering. The
B.O: : GeO:; : SiO, glass composition has been shown to have a photosensitive response
and could allow potential integration of rare earth doped lasers with photosensitive writable
mirrors. Rare earth ions can be incorporated into the glass film; the rare earth oxide is
dissolved in water and the resulting solution nebulised to produce an aerosol. This aerosol is
fed directly to an oxygen rich flame, where the rare earth is directly incorporated into the
film.

Pulsed Laser Ablation: This technique was chosen for its complete versatility. If the GLS
films were to be doped with rare earth sulphides, it is much easier to mix the starting
powders into their required starting quantities and ablate the target than have separate
constituent components. The method of multiple targets allows growth to be achieved either
from the individual binary compounds or the stoichiometric melt. The target can be powders
or a glass and so material proportions which do not form a glass through standard guenching
techniques, could be investigated with pulsed laser ablation. The aim of this work was to
look at some of these possibilities as well as the GLS waveguide device potential.

32 The Beginning of Laser Ablation

3:2:1 The Introduction

Research involving laser-material interactions began in the 1960s setting the stage for many
aspects of laser ablation. Brech and Cross!"'® collected and spectrally dispersed the emitted

light from ruby laser ablated metals. Linlor"""! made measurements of the energy of ejected
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ions by time-of flight determinations. This work, along with that of Honig and Woolston '),
was the first example of laser mass spectrometry. Muray ! was the first of many to
investigate laser photoemission of electrons. The study of ablation plumes by photography
was initiated by Ready "®! in 1963. Other important papers appearing in 1963 were by
Rosan et al. 12" for the first ablation studies of biological material and Howe 2l who used
rotationally and vibrationally resolved molecular emission bands to measure temperatures of
ablation plumes. Berkowitz and Chupka "*! were the first to observe particulates in an
ablation plume.

Basov and Krokhin (24 made the first suggestion of laser fusion and as higher power lasers
were used, vacuum ultraviolet [ and X-ray emissions!'?®! were detected in ablation pulses.
Higher power also led to the observation of multiply charged ions *1 and to two- *! and
three-photon '2%! photoemission. Finally, of great importance in terms of modern applications
of ablation, the first laser deposition of a thin film was demonstrated by Smith and Turner 1130)
in 1965. Unfortunately these early films were of poor quality and the technique could not
compete with other established techniques. It was a further twenty years before laser
produced films were competitive.

During the 1970s and early 1980s the understanding and development of laser desorption
and ablation processes were incremental and steady. The availability of new, brighter lasers
with shorter pulse lengths, combined with a broader wavelength capability led to the
application of ablation studies to ever more types of materials. However, the principal use of
laser ablation continued to be in emission and mass spectrometry for chemical analysis.

In the late 1980s the situation changed dramatically, Zaitsev-Zotov et al. "*" first produced
superconducting thin films by laser ablation in 1983 but the technique went virtually
unnoticed until Venkatesan and co-workers [1*2 '3 demonstrated in 1987 the growth of the
newly discovered high-temperature superconductors by laser ablation of bulk Y-Ba-Cu
material followed by annealing in air or oxygen. The stoichiometry of the thin films was
virtually identical to that of the bulk. The ablation technique offered several advantages of
simplicity, versatility, and experimental ease over traditional methods of sputtering or
coevaporation. Over the past decade there has been an order of magnitude increase in

laser ablation research’.

The diversity of this technique is reflected in the fact that it does not have a common name
and acronym. Names such as: laser assisted sputtering 2, Laser Assisted Deposition and
Annealing (LADA) 1384, Pulsed Laser Evaporation (PLE)"*%, Laser Molecular Beam Epitaxy
(LMBE) 1" Laser-Induced Flash Evaporation (LIFE) ['*®'¥"], Laser Ablation Deposition

1 A search of the Bath Information and Data Service (BIDS) for the word ‘ablation’ generates 277 hits for 1988, this
increases to 2637 hits for the single year 1998, showing a ten fold increase of the publication rate in as many years.
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(LADj 1% |aser pulse vapour deposition [*l, Laser-induced evaporation 186,131 - Laser
sputtering deposition % and Pulsed laser irradiation 141 Pulsed laser ablation 4> 4 and
Pulsed Laser Deposition 4% have so far been used, the latter, being adopted as standard
over the past few years.

The basic experimental design is similar to any other physical vapour deposition processes,
the major difference being the evaporation technique. In laser deposition, the power is
supplied by a laser located outside of the vacuum chamber. This reduces the requirements
of the vacuum chamber size. The principal is shown diagrammatically in Figure 3-1.

Emerging

«— Plume

Target 4

Focused . Thin Film_~,
KrF Beam fay Layer
=~ Lens Substrate

Figure 3-1. Schematic of the basic principle for Pulsed Laser Deposition.
{Original in colour}

Congruent evaporation is undoubtedly one of the most significant advantages in laser
ablation. The stoichiometry of a multi-component source can be preserved during thin film
growth if the thermal cycle (heating and cooling of a region on the target) is short in
comparison with the segregation time of the individual components. This condition can be
achieved not only by pulsed laser but also by CW laser with a fast scanning rate.

The current increasing use of PLD is due to rapidly developing interest in the use of thin film
materials for many applications (magnetics, microelectronics, optics) coupled with the need
for a technique which is easily adaptable to materials with widely different properties.



Chapter 3: Pulsed Laser Deposition 34

Although the underlying ablation process is complex, PLD is conceptually and
experimentally simple. It has become the natural choice for preparing high temperature
superconductor films "2, Its increasing use in the preparation of many other classes of films
(metals"™71, X-ray mirrors!"*!, semiconductors * diamond-like carbon [139]) also bears witness
to its advantages and versatility and along with traditional substrate heating techniques, the
substrates can also be heated using CO; laser, avoiding problems associated with the poor
thermal contact between heater and substrate. The targets can be made compositionally
rich in a particular element if a thin film appears to lose stoichiometry as is occasionally

seen ',

322 Ablation Without Thin Film Growth

Particularly spectacular has been the growth of laser-based medical procedures which
started in the late 1980s 2. Laser based ophthalmology is now widely available and laser
reshaping of soft tissue of the throat for the treatment of sleep apnoea and control of snoring
is an established technique. Laser ablation is a useful tool in the dermatology field for the
removal of birthmarks or tattoos and most recently for cosmetic smoothing of wrinkled skin.
Dental applications are being studied as well "*%. In 1965, Schawlow proposed and
demonstrated the first ‘laser eraser 'l The different absorbencies of the paper and ink
allowed the laser to selectively remove typewriter print without damaging the underlying
paper. With the evolving sophistication of laser ablation, 35 years later we have a tool for
graffiti removal 152 1%, for art restoration "> and cleaning 11581 |asers are even used to cut

and carve wood without carbonisation €],

Nd:glass and ruby lasers were used for a major portion of the pioneering work. CO; and
Nd:-YAG laser offer excellent long term stability and long operating lifetime, while the
excimer lasers offer short wavelength photons for ablating metals. Like the excimer, TEA
CO; also has a high energy content at a few joules per pulse however, its main drawback is
the long output wavelength which requires special transmissive optical materials compatible
with ultra-high vacuum equipment. The choice of laser is usually dependent on the
wavelength. The material being removed must absorb the incident radiation and the higher
the absorption coefficient at the laser wavelength the lower the fluence (energy density)
which is needed to instigate material removal.

3-3 Laser Deposition

3-3-1 Laser-Matter Interaction

While laser ablation is simple conceptually and experimentally, the physics are complicated,
given that they involve laser solid interactions at the target, plasma formation off the target,
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vapoﬁr/plasma plume transport toward the deposition substrate with its associated

hydrodynamics and atomic physics, as well as plume-solid interactions at the deposition

substrate. Laser induced desorption and ablation result from the conversion of an initial

electronic or vibrational photoexcitation into kinetic energy of nuclear motion, leading to the
| ejection of atoms, ions, molecules and clusters from a surface.

The nature of laser-solid interaction depends on many factors such as power density, pulse
duration, wavelength, and the thermodynamic and optical properties of the solid. In
principle, any laser which is strongly absorbed and having sufficient output power, can be
used to induce evaporation. The ejected particles contain a mixture of ions, electrons,
hyperthermal neutral atoms and molecules, neutral species in their electronically excited
states, UV photons, and even soft X-rays. The evaporation is basically a thermal process
with the temperature of the plasma plume reaching 2x10* KI'?l and pressures of up to 107
atmospheres can be reached on the target surface!'").

For film growth, the "ablation" regime is defined as the laser energy density range for which
congruent transfer of material is obtained. The reason for this definition is that the process
of pulsed emission of atoms/ions/molecules from a surface actually involves two successive
energy density thresholds, E; and E;. The first (lowest) threshold is that for the onset of
laser etching, accompanied by particle emission. This pulsed atomic/molecular emission
process is highly nonlinear in laser fluence and also may be highly selective for a particular
chemical species!'®. The second threshold is for simultaneous stoichiometric transfer of all
chemical species from target to substrate; for a multi-element target material, this occurs
only at higher E,. For example, for GLS the KrF (248 nm) etching threshold is near 1 J cm?,

but film deposition is not obtained until 25 J c?, (data presented later in Table 5-1).

The reason for the two different thresholds is that atomic/molecular emission at low Ey
results either from pulsed heating or from selective desorption from particular near-surface
sites (e.g. defects, cracks, impurities). At low energy E,;, variations in melting points and
vapour pressures among the constituent elements of a target will result in noncongruent
transfer. The stoichiometric transfer regime is reached only when the pulse energy is
sufficiently high to form a laser-generated plasma; congruent transfer and the ablation
regime for thin film growth. Consequently desorption studies at low laser fluence usually are
not directly relevant to film growth in the useful ablation regime.

The onset of stoichiometric deposition coincides with the threshold fluence for formation of a
dense laser generated plasma just above the target surface ™. The plasma's formation and
expansion is self sustaining throughout the laser pulse, being continuously fed material
removed from the target by absorbing incident laser energy. Visible light emission from the
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plasha is continuously present during this period "*%. Consequently the very bright emission
from near the target surface is a useful indicator of the onset of the plasma hence laser
target interaction that preserves stoichiometry in film deposition. When comparing long and
short pulses, longer pulses eventually do not increase the ablation rate, this behaviour is
consistent with self regulating ablation rate controlled by plasma shielding of the target ..

When using a low power density laser source, the material to be evaporated must be
opaque, having a large absorption coefficient ['é'l. For transparent materials, compressed
tablets of fine powders were often used as targets to enhance absorption by increasing the
surface area and localising heat more efficiently due to the low thermal conductivity [137. 1621,

During CW laser-induced evaporation, the volume of material being heated is large
compared to when using a pulsed laser. The thermal cycle is also much longer when the
beam is rastered. Therefore, CW laser evaporation is similar to a conventional e-beam
evaporation process in many ways and a “warm-up” period is needed before evaporation
begins. Again due to differing vapour pressures of the constituent components of GLS, CW
thin film growth is not suitable for this glass material.

The thermal evolution of the irradiated target is dictated by the balance between the
absorption of the laser light and the dissipation of the thermal energy in the target surface
according to the heat flow equation. To give an idea of the heating and cooling rates
involved in the process, consider the heat flow in the target surface as the laser pulse

impinges upon it. The energy absorbed during the time 7 of laser irradiation is confined to a

surface layer of approximate thickness d = (4D17)*, where D is the thermal diffusivity. For
nanosecond irradiation of metals this is about 1 ym. The fact that a single laser pulse is
capable of inducing melting, i.e. heating the surface to a temperature of the order of some

10° K, reveals that extremely high heating rates of up to 10" K s and thermal gradients as

high as 10° K m* are achieved. The associated heat flow «VT of 10" W m™ leads to

subsequent rapid cooling at rates of the order of DVT/d = 10" K s* and solidification may
proceed at several tens of meters per second. Non-equilibrium processes, which are

governed by reaction kinetics rather than thermodynamics, are likely to occur under such
extreme conditions.

Evaporants can be classified into six categories according to their chemical states either as
individual atoms or combinations, forming molecules. They are neutrals, ions, electronically
excited species, electrons and photons, and macroscopic particles 1'% (this sixth set will be
dealt with in Section 3-4). Such a diversity is unmatched by any other deposition technique.

Neutrals: These dominant species are induced by low and intermediate power density laser

radiations. More than 95% of the matter in an expanding laser-induced plume is neutral ['5.
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lons: As the power density of the radiation increases, so does the fraction of the ions in the
evaporation plume. Atomic and molecular ions produced by laser evaporation are positively
charged "4, They are formed either by direct laser-solid surface interaction, or by indirect
processes such as radiation heating of the plasma, plasma-solid surface interaction and
processes involving direct electronic transitions in the solid. The ions are mostly in atomic

form, but dimeric and polymeric positive ions are also present.

Electronically Excited Species: Luminescence from excited electronic states of neutral or
jonic species is often observed in PLD I'®. Excitation has well-defined laser power level
thresholds 68, Luminescence from the excited species in vacuum has been observed in
targets of metals, semiconductors, chalcogenides and non-metallic surfaces. Bhat and
co-workers '8 detected optical emission from InSb induced by PLD. The emission spectrum
was resolved and identified to result from the luminescence of excited In and Sb atoms,
showing that the colour of the glow is dependent on the chemical constituents of the target.

Electrons and soft X-ray emission: Although electrons are inevitably a major constituent
of the plasma, particularly at high ablation energy, the studies on their properties are very
sparse. Hoing"®! investigated the emission of electrons from Ta and Ge targets.

3-3:2 Plume Dynamics and Background Gases

The absence of heating elements allows the introduction of various gases into the vacuum
chamber without burning out heaters. Therefore, laser ablation is an ideal technique for
reactive deposition. Such gases, if added, will be incorporated into the plume or the growing
film surface. The plume cooling in a processing gas is a natural consequence of collisions
between fast components at the expanding front of the plasma and the background atoms
which cool the plasma and can slow its progress. Background gases are virtually always
introduced to the vacuum chamber when an elemental or molecular component is to be
incorporated into the depositing thin film layer. Oxygen is by far the most popular
background gas (65 681, however nitrogen 1'% 77, N,O ['"") and OCS [1721 gre other examples.
Water has also been used as a background medium7%,

Experimental observations have shown marked differences between plume expansion in
vacuum and in the presence of a background gas. Ablation into ambient gases results in
shock waves and expansion fronts propagating through the background gases. Camera
images of plume development have revealed two different emissive components in the
plume I3, The first and fastest one, whose expansion takes place at a velocity of about
10¢ m s, shows the development of a shock wave in its front, resulting from the interaction
between the species released from the target and the background gas. A gas can slow this
component to values of about 3x10° m s*. The second and slowest component expands at



Chapter 3: Pulsed Laser Deposition 38

a constant velocity of 5102 m s and is constituted by hot particulates leaving the target.
Hence, there is an energetic component that propagates at vacuum speed (as if the gases
were not present) and another that is can be significantly slowed down, depending on the
pressure of the background gas.

Papakonstantinou et al. found that the photon emission intensity from a plume depends on

the oxygen pressure, Po, and the distance from the target 4. Generally, it decreased with

distance and increased with Po.. The emission from this process increases with oxygen

because the background gas acts to confine the plasma to a smaller volume close to the
target, facilitating increased collisional photon emission rates of all plasma species.
Chemi-luminescence may well begin to increase photon emission as the oxygen pressure
increases and the molecules combine with the plume matter. The emission also decreases
with distance because the expanding plume cools and collisions become less frequent in the
expanding gas.

These workers continued to show that, at distances less than 5 mm from the target, the
effective velocity of the plasma species was not influenced significantly by the presence of
oxygen up to 0-5 mbar. However, a much more pronounced influence was observed at large
distances, as increasing oxygen pressure resulted in the evolution of much broader and
slower temporal profiles with intense emission. The overall optical plasma emission clearly
demonstrated how increasing the oxygen pressure confines the plasma, slows its expansion
and enhances the emission, particularly at its expanding front.

It is concluded that the role of oxygen pressure is not only to supply the oxygen constituent
in the film but also to slow down the highly energetic species which otherwise will cause
damage to the film deposited. However, if the pressure is too high, the velocities of the
atoms and ions will become too slow and there will be little surface activation "4l At high
pressure (0-5 mbar) the plume is restricted to short distances and non-luminous thermalised
species reach the substrate.

Unlike vacuum PLD, the interaction of the laser produced plasma flux with the gas changes
the dynamics, chemistry and energy spectrum of the plasma species. Flux parameters
critical for film growth change drastically with distance from the target "> 7. At a specific
distance, characteristic to the material, the flux loses its unidirectional velocity, scatters and
themalises. It has been experimentally discovered that this distance provides the optimum
conditions for film growth.

The molecuiar weight of the ambient gas is found to markedly affect the expansion
dynamics of the spherical plume in much the same way as the ambient pressure '’ Plume
splitting is of great interest because the fast component may damage the growing film or
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otherWise affect its microstructure. Also, clustering of film constituents in the gas phase or
on the surface presents difficulties of non-uniformity and localised different structures.

For GLS to maintain its infrared transmission range, oxygen must not be incorporated into
the thin films. This could be either by having a poor vacuum or from background gas added
after initial pump down. However other gases could be investigated to monitor various film
parameters grown under different conditions. Nz and Ar could be used for plume control
properties for possible interest. Sulphur containing gases have safety issues associated with
them. H.S is a possibility but might introduce hydrogen into the thin films which like the
oxygen is undesirable. H-S bonds have various absorption bands in the 2 to 4 ym

region!"® 7%,

3.3-3 Non-Laser Induced Ablation

Energy input by non-thermal means is a powerful and widely used process tool in thin film
deposition. Energy may be directed into any of the three process steps: to vaporise the
source material, to activate it during transport, or to modify film structure during deposition.
The energy may be delivered by electrons, photons, or ions. Table 3-1 compares the
energy-beam technologies that are used for vaporisation. The key feature to note is that in
each of the first four processes listed, the electrons, ions, and photons, respectively, are
directed at the source material in a narrow beam of at most a few millimetres diameter,
whereas in "sputtering,” the 'ion beam' used covers a much broader area. The use of narrow
beams leads to intense heating of the source material at the point of impact, so that the
vaporisation mechanism is thermal even though the energy input is non-thermal.
Conversely, sputtering involves direct momentum transfer from bombarding ions to the
surface atoms of relatively cool source material.

Typical Beam . Beam Operating Particulate

Technology Species (eV) Mechanism Diameter pressure (Pa) problem
Electron beam 10 000 Thermal 5 mm <107 Small
Cathodic arc 20 Thermal 10 pm <10 Large
Anodic arc 20 Thermal S mm <10 Small
Pulsed laser 4-7 Thermal 5 mm <10? Large
fon-beam oo~ Momentum 4 o 102 - 102 None
sputtering , transfer
Glow-discharge Momentum 2101 Negligible
sputtering 500 transfer 20 cm 10%- 10 <20 Pa

Table 3:1. Energy-beam vaporisation methods for thin film growth,
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Theré are several advantages to using energy beams for vaporisation rather than directly
heating sources. One is that any material can be vaporised, no matter how refractory in the
narrow beam processes, because of the very high energy density and surface temperature
which can be achieved. In sputtering, it is because the bombarding ions have energies far
exceeding the chemical-bond strengths, which are a few eV. In all of these cases, one can
(and must!) avoid energy input to the materials of the structures which enclose the target.
This is not possible with conventionally heated sources. Energy directional control is often
claimed to result in a higher-purity evaporant; however, conventional sources can be
extremely clean, as evidenced by the impressive achievements of molecular-beam epitaxy.
The ability to vaporise any material is an important advantage of pulsed laser deposition plus
the depth of source material removed is only tens of nanometres, which results in
stoichiometric (congruent) vaporisation of multi-element materials. This does not guarantee
a stoichiometric deposit, because the sticking coefficients of the vapour species can differ.
The size of the glass target that we manufactured means that only the narrow energy beams

are possible contenders as an alternative to the excimer laser in our work.

3-3-4 Deposition Analysis Techniques

Laser evaporation carried out in vacuum is compatible with other UHV-based techniques.
All of the in-situ analytical tools used by MBE can be applied here without any modifications.
Deposition flux is the vapour flux arriving at the substrate times the sticking coefficient and
there are several approaches to deposition flux monitoring, principally: (1) mass deposition
on a vibrating quartz crystal in the vicinity to the substrate, (2) change in optical reflection
intensity, or phase in the case of ellipsometry, from the film itself with increasing
thickness!"® and (3) periodicity in the reflection high-energy electron diffraction (RHEED)
signal from epitaxial films"®". All of the techniques are extremely sensitive, with monolayer
resolution being achievable in some. It is important to keep in mind that none of these
actually measure film thickness, it must be calculated by knowing or assuming a film
property, namely for the above cases, (1) density, (2) index of refraction and (3)
monomolecular layer (monolayer) thickness.

The quartz crystal mass-deposition monitor is one of the most widely used diagnostic
instruments in thin film technology. A quartz crystal generates an oscillating voltage across
itself when vibrating at its resonant frequency, as the deposition flux coats one side of the
crystal, this mass loading causes the resonant frequency to decrease, monitoring this
frequency provides indirect film thickness measurements. A quartz crystal was added to our
deposition chamber in the latter stages of the project.

The optical techniques of deposition flux monitoring have several advantages: they are
applied directly to the depositing film, yet they involve too low an energy density to perturb
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the déposition process and they can be used in high pressure or plasma environments. On
the other hand, their interpretation requires considerable knowledge of the optical properties
of the film and substrate, finally the film must also have some transparency. The matter
being deposited from an ablated plume does perturb the surface reflected energy beam
momentarily 1'*”! because of the high density cloud and refractive indices depend on
temperature. This would be an issue in high repetition rate pulsed laser ablation.

Optical thickness measurements were made at 655 nm using a collimated diode laser and a
silicon detector both placed inside the deposition chamber. In principle the arrangement did
work and hence could be used to monitor film thickness if multiple films were to be produced

whose thicknesses needed to be the same.

Real time growth rate measurement is desirable for accurate control of layer thickness in
device fabrication. The structural information provided by RHEED to monitor surface quality
has proven to be very useful for in situ monitoring, its pattern gives information about atomic
arrangement of the film surface and the growth rate which can be accurately resolved from
the oscillation period of the RHEED specular beam intensity, intermittently in a gas or
continuously in vacuum. Because GLS is amorphous, RHEED is not a suitable thickness
measuring technique. Crystalline films could take advantage of this.

3-3-5 Other Considerations

During thin-film deposition, some evaporants will inevitably condense on the vacuum window
and attenuate the laser beam passing through it. The condensation of evaporants could
gradually slow down the deposition rate and limit the film thickness. Whilst in our case the
windows were coated over a period of time, rendering viewing ports unusable, the excimer
laser would clean the inner area of the window through which the pulses passed into the
chamber. This prevented degradation of performance in our system.

The experimental set-up is very flexible. Multiple sources can be evaporated simultaneously
by splitting and focusing the laser beam onto separate sources or by exposing individual
targets to the laser beam sequentially. Other beam processing techniques such as substrate
surface cleaning and in-situ annealing can also be adapted easily by using the appropriate
optics to direct the laser onto the substrate either before (substrate cleaning) or during

(in-situ laser annealing) thin film deposition.

A separate target can be used to grow each layer, with a multi-target “carousel” for rapid
target exchange. Growth is inherently 'digital' because each layer's thickness can be
controlled precisely simply by calibrating the deposition rate per laser pulse and counting the
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pulseé. By choosing a low deposition rate, it is possible to control film growth near the
atomic layer level. Typically an average GLS layer would grow for 25 minutes at 20 Hz
pulse rate, producing a thickness of 300 nm. From this it can be seen that the effective

deposition rate is 0-1 A per pulse.

3:4 Particulates

3:4-1 The Problem of Particulates

Parameters such as the photon energy and density incident on the target, the surface
contamination, as well as the nature of the environment present during ablation strongly
affect the kinetics and nature of the species emitted from the target and subsequently
influence the film stoichiometry and physical quality. Also important are the laser pulse
width, repetition rate and the thermodynamic properties of the target material.

Microscopic particles (droplets) from the target, first discovered in 1964 0123 are common in
laser ablation. The presence of these 'particulates' can severely deteriorate the film quality
and morphology and is a disadvantage of this deposition technology. Particulates are
usually spherical or disk shaped with smooth surfaces, indicating condensation from molten
globules. The presence of particulates has been reported for many materials['®? and range
from a few tens of microns to sub-micron dimensions. Their velocity is size-dependent
through an inverse linear relationship determined by Lubben and co-workers 182 Fora1 pum
size particle, the velocity is approximately 10* cm s™.

The particulates can arise in three ways: They are either droplets of the liquid phase carried
off by the plume momentum from the surface of the target, they are formed by condensation
of the vapour as it expands into the vacuum or they are fragments of material ejected due to
the shock-wave which travels through the target'®l. The problem of particulate debris is not
exclusive to laser ablation and the thin films prepared by electron beam evaporation and
sputtering aiso show the presence of large numbers of particulates on the surface. Although
easily reduced to a certain density, particulate elimination has not been achieved with
conventional PLD, only with some special variations ' ®°l (see Section 3-4-2). Two kinds of
particulates in laser deposited films have been reported. Droplets which usually have
rounded shapes and the same composition as the film matrix 1®>**! and others that have a

composition different to the film matrix ",

One significant problem is texturing of the target by the incident laser beam due to the laser
impinging at a non-normal incidence angle to the target. As the target is irradiated the
shadowing effect amplifies surface features, which results in the formation of cones. Cone
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formation leads to three problems: a drop in the deposition rate with time, an increase in the
incidence of particle formation on the films and a shift in the angle of the emitted evaporant
toward the laser by as much as 20 degrees!"”.. Since the composition and the film thickness
is optimum at the peak of the emitted plume, a shift of the plume direction is a serious
problem for the production of high quality thin films.

A polished target will have a flat surface at the start of a deposition run, as the deposition
continues, the laser etches a trench in the rotating target surface. The evolution of this
trench alters the laser spot shape and fluence, as well as modifying the angular distribution
of the ejected mass species as a function of time. The density of particulates is reduced for
the first few films deposited using a newly polished target.

After removal of the top layer from a fresh target by PLD, the surface becomes rough with
the formation of micro-cracks, pits, craters, and loosely attached particles. These features
are mechanically weak and disintegrate under the thermal shock induced by subsequent
laser pulses. Consequently surface 'nodules’ are susceptible to ejection from the target by
subsequent laser pulses, ultimately forming micron-sized particulates. A small contribution
may occur due to the rapid expansion of trapped gas bubbles beneath the surface during
laser induced heating.

The true splashing effect and plume formation, as described by Ready (120 can only occur if
the transfer of laser energy into heat occurs at a faster rate than is needed to evaporate a
mass volume. The theory assumes superheating of a subsurface layer before the surface

itself has reached the vapour phase.

Since the particulates are solidified from molten droplets expelled from the target, cooling
rate is the major parameter that controls the microstructure of the particulates. At the
present time there is still scarcely any available theory or experiment pertinent to the cooling
process of the laser ablated liquid droplets. Crude estimates on the cooling rate obtained by
two different methods are presented here. When the ablation experiment is done in
vacuum, cooling is predominantly radiation. The cooling rate can be expressed as:

where d is the particulate diameter, p is the material density, C, is the heat capacity of the
material, € is the radiant emissivity, ¢ is the Stefan-Boltzmann constant, T is the

temperature of the particulate and T) is the ambient temperature. This formula is adapted

from a more general formula applicable to "conventional” powder fabrication process [188],
Considering a micron-sized La molten droplet ablated into an ambient background at room
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temperature and assuming the physical properties of the molten state are similar to those of

its solid state counterpart, namely, p = 5:96 gcm®, C, = 0195 J g" K", € = 0-254 and typical

T ~ T,, = 920 K"®I, the cooling rate % is of the order of 52 x 10* K s™.

It should finally be pointed out that particulates are not always undesirable. In the process
'pulsed laser vaporisation controlled condensation’, particulates are produced using a cold
screen and the ablation of a target material "* and can have novel electric, optic, magnetic,
photochemical and catalytic properties, depending on their composition.

3-:42 Reducing and Removing Particulates

Particulates between 0-1 and 10 pm in size and the production of high energy species which
enhance film quality are often coupled phenomena. To take advantage of the higher energy
species for better thin-fiim quality, the splashing of microscopic particulates must be
reduced. Table 3-2 provides a summary list of the methods which have been reported in the
literature. Some of these tabulated methods could be incorporated into our system with
relative ease and little, if any expense; these are referred to below. Many of the other
techniques which are listed as successful for reducing or removing particulates could be tried

with further investment of specialist equipment.

Laser fluence on the target has the most significant influence on the particulate size and
density. The simplest approach is to reduce the laser power density, at the same time, the
benefit of having the high energy species, which can improve the thin-film quality, is
sacrificed ['91. 143,

A change in wavelength of the excimer laser would be possible. Currently the laser is filled
with a krypton and fluorine mix to operate at 248 nm, it would be possible to switch to an
argon and fluorine mix, reducing the wavelength to 193 nm to look at film deposition at a
higher photon energy ' %2 The target could be spun at a much higher rate vesl - The
problem with this remains overheating of the motor itself since conduction into the chamber

is minimal and convection is not possible in vacuum.

The surface of the target could be polished after a small number of film growth runs. This
would drastically reduce the number of films that could be produced in a given time due to
the extra labour involved but would provide a smooth target surface at regular

intervals'® %51 Small substrates could be orientated end-on so that both sides are slowly

coated simultaneously 1'%, It will however be shown that the angle which the substrate
makes relative to the plume direction can affect the film thickness. Changing the target to

substrate distance might find a more optimum separation to reduce the particulate density
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Technique

Comments Reference

Charged Substrate

Laser fluence

Twin targets

Hot screen

Laser wavelength

Twin laser ablation

Spinning target

Chamber pressure

Surface quality

Substrate orientation

Target-substrate distance

Gas jets

Liquid or heated target

Mechanical filter

Gas directioning

Thermal conductivity

Pulse length

Beam homogeneity

Symmetrically centred beam

A negative potential applied to the substrate repels charged particulate matter.

There is an optimum fluence for a given material which produces minimum
number of particulates.

Two targets orientated so that their lines of normal incidence cross. If a laser
pulse is split so as to ablate both targets simultaneously, the intersection
produces a high pressure zone redirecting the lighter species towards the
substrate surface.

A heated screen reflects the plume matter, additionally heating the particulates,
s0 reducing their cooling rate.

Choice of wavelength for the ablating laser can reduce the number of
particulates, the absorption coefficient of the target is critical to particulate
generation.

Two pulses are separated by a short delay, the first ablates the target and the
second parallel to the target surface (delayed slightly) heats the plume.

If the target spins at high speed, the tangential momentum of the abfated matter
will divert larger particulate matter away from the substrate centre.

A lower quality vacuum or a background gas in the chamber increases particulate
size due to increased number of molecular collisions and combinations.

Rough target surfaces, have out growths from previous pulses has increased
particulate matter when compared to recently polished surfaces.

A substrate which is end on, i.e. forms the nomal to the target surface, has both
sides coated simultaneously with a reduction in particulates.

An optimum separation of the target and substrate reduce particulate density.
Too close and the thin film is not steichiometric and conversely the plume cools
and condenses into larger particulates.

Nozzles eject high speed gases into the plume after a pre-set delay, collisions
can be capable of momentum transfer to the larger particulates due to increased
diameter.

Heating the target material into its liquid state has been shown to reduce the
particulate density of the deposited thin films.

Spinning discs or rotating vines are used to capture material travelling less than a
predefined speed. Based on the principle that particulates are slower than the
initial plume components.

Using an atomic gas to redirection lighter plume components towards substrate.
The heavy particulates are unaffected. Continuos flow at slower speeds than the
gas Jets approach above.

Addition of elements which improve the thermal conductivity of the target has
been shown to reduce the formation of particulate producticn, e.g. addition of Ag.

The duration of the ablating pulse changes the particulate density, CW laser
evaporation often has a lower particulate density as longer pulses heat the
developing plasma plume further. Linked to laser fluence value.

Excimer and CO;, gas lasers have low quality beam homogeneity. The intensity
variation across the beam profile can increase particulate density.

Symmetric positioning of the beam over the target centre automatically reverses
the direction of the laser beam with respect to the target, avoiding shadowing
effects and reducing surface texturing.

[83]

[181]
[143]

[198]

ne7]

[188]
[192]

{198]

[193]

[189]

[194]
[195]

[184]

{200}
[201]

[202)

(203]
[204]

{205)
(206)

{207)

[208)

[160]
[168]

[209]

[210]

Table 3-2.

Methods used to reduce the undesirable particulate material

inherent in PLD.
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which has been successful for a number of other researchers 2020, Some of these ideas
will be shown in Section 5-3 and 5:4 when looking at the optical properties of the thin film
deposition parameters.

3:5 The Design of a New Vacuum Chamber
3-51 Vacuum Technology

Vacuum pumps have an optimum pressure range over which they operate, this does not
always start at atmospheric pressure and so requiring a ‘roughing’ pump to first reduce the
pressure to one which is safe fo start pumping via the second device. This creates a
sequential link of pumps, each pumping the chamber to lower pressures than the preceding
one. Rotary pumps are most commonly used as roughing pumps to reduce gas pressure
before connection to either one or more of the following: Molecular drag, Turbo-molecular and
cryosorption (trapping type pump). It should also be noted that some gases present special
pumping problems. H, and He have high molecular speeds because of their low mass. This
limits their compression in molecular-drag, turbo-molecular or oil-diffusion pumps, all of which
use supersonic velocity of the pumping medium to push molecules along.

Load
Lock
Gate T
Valve ™ [
Valve B
Ablation X
|——] ‘/V3|Ve D { - ]
Chamber
Valve A
Turbo b ¥
rag
]
Valve C
Diaphragm
Pump

Figure 3-2.  Schematic of pumping system for Pulsed Laser Deposition
Chamber. {Original in colour}

The materials used in the deposition chamber must be chosen carefully to minimise
contamination. Pumping down from atmospheric pressure can stir up dust and particles from
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previous depositions, throwing them onto the substrate. Regular chamber cleaning is required
for high quality samples to be repeatedly produced.

3-5-2 System Design

The main stainless steel chamber has a diameter of 50 cm and a volume of 59 litres. Three
vacuum pumps were used to reduce the pressure to 1 x 10 7 mbar, all being oil free to help
reduce contamination. The chain starts with the a diaphragm pump used to reduce the initial
chamber pressure to 10 mbar, this precedes a molecular-drag pump capable of reducing the
pressure to 1 x 102 mbar before the final stage is achieved via a turbo-molecular pump. The
finished system takes five hours to pump down to operating pressure and because of this a
‘load-lock’ arrangement is used. Having a volume of around an eighth that of the chamber we
can reload with a new substrate and return to growth pressure within an hour.

To reduce the duplication of pumps the load-lock is roughed using the first two main system
pumps via an arrangement of valves, before the gate valve is opened. A schematic of the
arrangement is shown in Figure 3-2. During deposition, the valves labelled B and D are
closed. To change a substrate after deposition the gate valve is closed and the load lock
opened. Once reloaded valve A is closed and B opened to rough the load lock. When the
pressure has reduced to 10 mbar valve B is closed and A reopened. By following the same
procedure with valves C and D the load lock pressure is quickly reduced to 1 x 102 mbar and
upon restoring the valves to their operating positions, the gate valve can be opened again.
This increases the chamber pressure to around 10 ° mbar, but only takes in the region of
twenty minutes to recover. A two litre volume has been added between valve C and the turbo
pump. This acts as an enclosed volume for the exhaust gases whilst this valve is closed
during load lock pump downs.

We designed the resulting chamber to have many ports strategically placed around the walls
and one viewing port on the lid. Some ports are for electrical feed-throughs, pressure gauges,
some for possible interferometric film measurements and three with ultraviolet windows for a

range of excimer laser input angles.

3-5-3 Internal Features

A versatile substrate holder was designed so as to take advantage of the proposed substrate
lowering facility to move new, clean substrate materials from the load lock to the chamber,
mechanically. The substrates are lowered into the chamber on a 700 mm stainless steel pipe,
the lower end of which is at the top of the load lock during the substrate change. Figure 33
shows the substrate holder. The four main sections are made from alternating stainless steel
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and aluminium so to prevent seizure of the dovetail joints during substrate heating. The
arrangement allows for angular changes i.e. the target and substrate not necessarily parallel,
target-substrate separation ( 40 mm), plume centre alignment ( #10 mm) and substrates of
various shapes and sizes to be accommodated (60 cm? max.).

Angle
Change

Distance
From
Plume

Centre
of Plume

Substrates
held here

Figure 3-3. Pictures of the components and their individual function for the
substrate holder in the Pulsed Laser Deposition Chamber.  {Original in
colour}

A coil of vacuum compatible heater wire is fastened to the back of the substrate holder which
is capable of heating the substrates to in excess of 600 °C. The pipe over which the cup at the
top of the substrate holder fits can be filled with liquid nitrogen increasing the range of
temperatures available to us, down to -124 °C. Early work with thin films of GLS showed that
growth at room temperature shifted the visible cut-off to shorter wavelengths when compared
with films grown at 150 °C. This introduced the need to cool the substrate further to examine
this trend.

Figure 3-4 is a schematic of the above arrangement with the load lock position shown for the
two states. In the lower position the substrate is mechanically oscillated vertically by + 13 mm
to improve film uniformity in one dimension. Uniformity is improved in the second dimension
by means of a “wobble device”. Shown in Figure 3-5, the target holder spins off axis which
achieves two objectives, firstly the spinning target prevents hole drilling by the incident excimer
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laser and since the ejected plume is always perpendicular to the target surface, this constant

angular change scans the plume in a horizontal direction.

N

Cluster Flange
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Gate Valve

Handle ’)

<«—Load Lock—

&
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Figure 3-4. Schematic of substrate mounting and extraction using load lock
arrangement for Pulsed Laser Deposition Chamber. {Original in colour}
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Figure 3-5. Schematic of the target holder, nicknamed the 'wobble device'
which was used to continually alter the direction of the plume and so create a
painting effect, before and after rotation, (a) and (b) respectively. {Original

in colour}

3-5-4 Summary of the Final Design

The ablation chamber has been designed to allow access to the substrate holder without
returning the main chambers pressure to atmospheric. This was achieved by mounting a
gate-valve on the lid of the chamber and below a load-lock, allowing the substrates to be
taken out of the chamber whilst only having to increase the load-lock pressure to open the
system. The arrangement also prevents air and other contaminants, particularly water
vapour, from entering the main chamber each time a substrate is changed. The main
chamber only has to be opened to replace worn out targets or change type. With a bellow
construction above this load-lock it was possible to mechanically raise and lower the
substrate holder between the load-lock and chamber below, ail at around 1 x 107 mbar.

Prior to insertion into the chamber load lock, the substrates were cleaned and degreased.

The substrate holder is attached via a dovetail joint to a stainless steel cup. In turn this cup
fits, snugly over the end of a 700 mm stainless tube. Any temperature between -124 and
600 °C can be selected, for substrates up to 60 cm? which in turn can be moved in three
dimensional space relative to the target. During deposition, the target was rotated
azimuthally while the laser beam was directed off axis to provide a uniform circular erosion
pattern. With the mechanical oscillation in the vertical plane and the “wobble device”
controlling the horizontal oscillations, uniform films are routinely produced by our system.

Laser irradiation was provided by a rare-gas halide pulsed-excimer laser operated with KrF
(248 nm, or 5 eV, photons) and a pulse duration of ~ 20 ns. The beam was focused through
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a sphérical lens with a 20 cm focal length, passed through a fused quartz window in the
growth chamber allowing the incident laser flux was varied from 2 to 16 Jcm? by changing
the beam area on the surface of the target. The ablated plume of material is ejected
perpendicular to the target surface and deposited onto the substrate, positioned either
parallel or at some oblique angle to the target at a distance of = 4—12 cm.

3-6 Large Scale or Commercial PLD

Over the past decade Pulsed Laser Deposition (PLD) has become a routine laboratory fool
with which to grow a wide variety of complex chemical compounds. A recent review of the
literature has shown that this process can be used to grow uniform films over substrates up
to 200 mm (8 inch) diameter in size with growth rates compatible with competing physical
vapour deposition techniques #'22'%. One of the drawbacks confronting laser-deposition is
that there is little infrastructure or standardisation to support either laboratory or production
process equipment. PLD has drawn on the infrastructure which presently exists for the
semiconductor and electro-optics industry for tools such as vacuum gauging, mass flow
controllers and vacuum pumps. However, for production-oriented applications, this laser
driven process will require other types of monitors and controls which are presently
unavailable from the semiconductor industry. Areas which need to be addressed before PLD
becomes more than a research tool include keeping the chamber's entrance window clean
from film deposits, monitoring and controlling On-Target Laser Fluence (OTLF), measuring
and controlling film deposition rate and issues relating to target size and target resurfacing.
With the right types of monitors and control systems in place the PLD process could be
completely automated in such a way as to yield highly uniform and reproducible film growth
properties.

As the PLD process is scaled up to large substrate sizes the diameter of the ablation target
will need to be increased. Typically the focused laser beam is rastered across a complete
target radius in order to achieve a high degree of film uniformity across the opposing
substrate 2223, Increases in the target diameter will produce changes in the focused spot
size and therefore in the OTLF as the laser beam is rastered from the centre of the target to
the target edge.

As the substrate size increases so does the amount of material that needs to be deposited,
thus 156 times more material is needed to cover a 125 mm diameter substrate compared to
that of a 10 mm diameter sample. This has significant impact on the laser requirements,
target size as well as deposition chamber design. Possible ways to scale up the substrate
size are:
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Off-axis PLD: The simplest scale-up approach is called "off-axis" PLD "% |n this case a
focused stationary laser beam is directed at the outer edge of a small rotating target at an
angle of 45° with respect to the target normal. The location of the ablation plume is offset by
a fixed distance, from the axis of a rotating substrate. However, care has to be taken to
prevent the plume direction change as a groove is slowly cut into a rotating target with
stationary laser . ‘

Laser-beam rastering: Growing large-area films by PLD utilises a rastered laser beam #°],
The focused laser beam is first reflected off a mirror and projected onto a large diameter
rotating ablation target. The laser beam can be rastered with a variable velocity back and
forth across the entire target diameter if desired. By allowing the beam to dwell longer at
larger radii the centre of the plume is directed at the outer edge of the rotating substrate

which greatly improves the films uniformity.

Laser ablation has been very successful mainly in the production of high temperature super
conductors. Most of its success to date has been with films which contain or are grown in a
background gas of oxygen. As more elaborate arrangements develop this will become a
standard manufacturing technology, to produce high quality commercial thin films. Further
work is needed to reduce particulate matter so that other materials can be produced with

similar results.
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4-1 Production of the Glass Targets
4-1-1 Methods for Synthesis of Chalcogenide Glasses

The production technology of chalcogenide glasses differs from that of oxides, mainly due to
the necessity of removing from the glass melt traces of oxygen and hydrogen, present
mainly as oxides of various elements (extrinsic and intrinsic), hydroxides containing
OH-groups, sorbed molecular moisture, etc. Also intolerable are carbon and carbon
compound impurities. Chalcogenide glasses with high transparency must not contain these
impurities. There two principal methods of synthesis:

1) Synthesis in a flow of inert gases or other oxygen-free gaseous substances (in
practice nitrogen).

2) Synthesis in evacuated vessels or in the atmosphere of inherent vapours.

The first method generally involves mixing the dry starting powders in a crucible and heating
the mixture at the required temperature, for the necessary duration. An advantage of having
an open crucible is that it is possible to mix/stir the molten glass during this initial processing
stage. However a disadvantage is that sulphur and selenium vapours can escape. In the
case of arsenic based materials being used arsenic oxide could easily form in these
conditions. Together these examples show that there are complicated safety procedures to
instigate.

This drawback is removed by the second method. The starting powders still need to be
mixed, initially in an inert gas to prevent oxygen, water vapour or other contaminants
entering the mixture before it is sealed in the required, gas or vacuum conditions.

4-1-2 Glass Targets Manufacture

High purity powders of Ga;Ss and La,S; were supplied by Merck, UK and combined in a
glovebox containing dry nitrogen. For GLS targets, the powders are thoroughly mixed,
unless otherwise stated, with 70% molar mass of gallium sulphide and 30% molar mass of
lanthanum sulphide. When targets are doped some of the LaS; is substituted by a
trisulphide of the required rare earth, usually 1=>3% melar mass of the total. Approximately
10 g of thoroughly mixed powder is transferred to a vitreous carbon crucible, pre placed in a
silica ampoule. The carbon is required to prevent the glass melt from reacting with the silica
ampoule walls. This reaction devitrifies the meit. The ampoule is evacuated, sealed and
placed in a furnace at 1200 °C for 2 hours to melt the powders. To prevent crystallisation
the liquid is quenched in room temperature water, resulting in a 10 mm thick glass disk. The
edges of the finished target showed signs of bubbling where the sides were in contact with
the crucible walls, but these however affected only the first one millimetre of material.
Finally one surface is polished to give a clean, smooth finish which will face the laser pulses
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when transferred to the chamber. This methodology is standard for the production of similar
materials with appropriate variations on temperature, time and quenching methods.

The above procedure is almost identical for the production of the other glass materials.
Sodium sulphide has to be stored in a sealed blackened container as even small amounts of

UV change the starting powders from white to a lilac/pale purple colour.

Smaller disks are also made from a percentage of the original powder, following the above
procedure. These are ~ 12 mm in diameter and 5 mm thick. They are used as bulk samples
for measurements which are taken to compare with the deposited films. The target holder in
our chamber is designed to hold glass targets with a diameter of 39-0 £0-5 mm. The holder
has been carefully designed to provide a surface to radiate the absorbed power load and
minimise conduction to the in-vacuum stepper motor. The rotor of this motor is poorly
cooled owing to the absence of convection and gas conduction in vacuum, and very poor
thermal conduction via the bearings. Hence thermal load on the rotor via the shaft must be
minimised. This is achieved by having a large surface area on the target holder with
minimal contact on the rotor shaft itself.

4-1-3 Quality of the Final Material

The principal property of optical glass, which sets it apart from glasses of other applications,
is its high homogeneity. Optical glass must have a homogeneous composition, i.e., it should
not contain inclusions (threadlike or laminated) with a refractive index different from that of
the major giass melt, so-called striaes. There must also not be long range chemical
heterogeneities, which cause continuous changes of the refraction index in the glass volume.
It must also be free of heterogeneities arising from irregularities of a physical character,
namely, double refraction, caused by mechanical stresses. Apart from high homogeneity,
optical glass must have a maximum transparency in the required wavelength interval.
Whilst most of these properties are not required in our targets, they are in our bulk samples

when optical measurements need to be made.

The absence of the crystalline phase and other defects in oxide and some chalcogenide
glasses is easily seen with the naked eye during examination in transmitted light or under a
microscope. Whilst GLS is an exception, chalcogenide glasses are as a rule opaque for
radiation with wavelengths less than 580 nm, i.e. they transmit only in the red/orange part of
the visible spectrum range. The presence in the glass volume of different defects, such as
bubbles or dark inclusions, deriving from unmelted powders or contamination, changes the
physical properties. However the principal defect is usually partial crystallisation. It is worth
pointing out that chalcogenide glasses which are opaque in visible light, require viewing with
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an infrared microscope or lengthy X-ray structural analysis to check their optical quality.
Acoustic surface waves have also been used to look for surface cracks #%,

Gallium-lanthanum sulphide glasses are transparent and are yellow coloured; the intensity of
the colour decreasing with increasing oxygen content on substitution of either La:Os of
Ga,0:s for one of its sulphide analogues. Fortunately, all of the glasses used in this work had
partial transmission in the visible region which makes it possible to inspect the quality of the
material by eye. Small bubbles appeared on many of the target materials which were easily
removed by polishing the material on one surface. Whilst not essential when being used as
an ablation target, due to congruent evaporation, at least one high quality piece is needed
for bulk optical measurements, with both surfaces being polished and parallel.

4-1-4 Early Research with GLS

The gallium-lanthanum sulphide glasses were originally reported by Lozac'h et al. *'® and the
extent of the glass-formation domain has been discussed by Flahaut ef al. *". The rare
earth sulphides (La-Er) are not glass formers but form reasonably stable glasses when mixed
with other chalcogenide glass-forming sulphides. Glasses containing rare earth sulphides
with gallium sulphide are stable with high glass transition and crystallisation temperatures
(with a large separation between the two). The gallium sulphide-based glasses transmit very
well into the infrared with a transmission cut-off at 10 ym.

La -4 P
Ce >

Pr

Nd - |
Sm -} I
Eu kb b Aok oo kbR oo ok b

Gd
Tb -
Dy i
Ho -

Er *

&

. 4

A

4
¥

[ 1 1 1 T
L,S; o5 06 07 08 09 Ga,S,
Ga
Ga+L

Figure 4-1. The extent of the glass forming region of Ga,S; with other rare
earths. (¢, *) homogeneous glass formed; (+) glass with crystals.
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Figure 4-1 shows the extent of the homogeneous glass forming region for all the rare-earths.
Lanthanum glasses have the most extended domain of composition and are formed with
compositions from n = 0.50 to n = 0.85 when quenched from 1200 °C (n = Ga/Ga+lLa).
Moreover, lanthanum glasses constitute a very convenient matrix for fluorescent materials
like other rare-earth sulphides, due to ion size and valency equivalence that makes
substitution easy 515 %8751,

The gallium lanthanum sulphide glasses have a high transition temperature (about 600 °C)
which slowly decreases with increasing proportions of gallium sulphide. The crystallisation
temperature is more rapidly decreasing, from about 680 °C for La,S;'Ga,Ss glass to about
600 °C for La,S:'6Ga,Ss glass. So, from the thermal point of view, these glasses have a
good stability at room temperature and they can conveniently be annealed at 500-550 °C.

42 EXAFS Analysis

4-2:1 Introduction

Whilst a crystal lattice is well defined and has an ordered structure, amorphous materials do
not. Atomic arrangement for glass materials is more complicated as they have both local
structure and long range structure which are very different. One technique for looking at the
atomic arrangement of materials is EXAFS, although this technique requires a synchrotron
radiation source and hence is expensive. The following subsections discuss the merits and
limitations of EXAFS and show the results that were obtained during three visits to the CLRC
synchrotron facility at Daresbury.

4-2-2 Synchrotron Radiation

A synchrotron accelerates charged particles, such as electrons, to speeds close to that of
light. A series of magnets is used to bend the path of the electrons into a circular shape. As
they pass these 'bending' magnets, the path of the electrons is deflected and they emit
intense beams of light, known as synchrotron radiation. Discovered in 1947 #'), the first
facility became available in Washington in 1961 %l A Synchrotron Radiation Source (SRS)
is usually a three stage machine, comprising a linear accelerator (an 'electron gun’), a
booster synchrotron and a storage ring. Electrons are fired from the linear accelerator into
the booster synchrotron, where they are accelerated to almost the speed of light before
being injected into a storage ring. Here the electrons travel in a vacuum inside a tube
around the circumference of a ring and remain stored in orbit producing synchrotron
radiation. This radiation is produced at each of the bending magnets and covers part of the
electromagnetic spectrum, from infrared through gamma-rays. This light can be fed to a
number of experimental areas, where researchers select the proportion of the spectrum that
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they need and use it to perform experiments. It is used to investigate the structure and

properties of all forms of matter.

Whilst there are presently around 30 synchrotron facilities throughout the world today, only
the Central Laboratory for the Research Councils (CLRC) exists in the UK. The present
facility is a 2 GeV source, 96 m radius storage ring. There are 40 stations along the various
beamlines all simultaneously using the source which lasts approximately 20 hours between
‘beam dumps’.

4-2:3 X-ray Absorption Fine Structure

In the XUV region (Extended Ultra Violet, which encompasses wavelengths down to
7 nm2'®)), for example, much insight has been gained on the band structure of pure and
mixed solids by observing the properties of ejected photoelectrons using the well defined
polarisation characteristics and continuous spectral nature of synchrotron radiation. The
XAFS (X-ray Absorption Fine Structure) region yields details of the local order around a
spectroscopic centre (absorbing species) such as a metal atom. Thus irrespective of the
sample state, detailed information has been gained on diverse materials such as
metallo-proteins, surfaces and glasses. There is a close interplay between XAFS and
crystallography. Indeed, XAFS is a special case of diffraction, where the modulations in the
absorption spectrum are observed due to the diffraction of the photoexcited electron from
the neighbouring atoms. In this way, the XAFS technique encompasses features of
diffraction and spectroscopy.

X-rays can be absorbed by atoms in molecules. Generally, the proportion of X-rays
absorbed (the absorption coefficient) will decrease as their energy increases, approximately
as 1/E°. At certain values of energy, specific to each element, a sudden increase in the
amount of energy absorbed is observed. This sudden rise in the absorption at the edge
occurs when an incident X-ray photon has just sufficient energy to cause transition of an
electron from the 1S state of some element (first edge, K) in the sample to an unfilled state
of predominantly p-character (i.e. angular momentum [=1). In the near edge region, called

XANES (X-ray Absorption Near Edge Structure) transitions may occur to unfilled bound
states or nearly-bound states (resonance's). Well above the absorption edge, in the EXAFS
(Extended X-ray Absorption Fine Structure) region, transitions are to a continuum of states.
Edges due to transitions from the less deeply bound levels (e.g. 2S, 2Pip, 2P3;2, 3S... which
are designated L, Lu, Lu, Mi... edges) also occur at lower X-ray energies. These contribute
a smooth background absorption to the K-edge spectrum. The L-edges are themselves
suitable for measuring XAFS, particularly for higher atomic number elements for which the
K-edge energies maybe experimentally difficult to reach.
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Consider the wave nature of the ejected photoelectron and regarding the atoms as point
scatterers a simple picture can be imagined in which the backscattered waves interfere with
the forward wave to produce constructive and destructive interference. The phase of the
back scattered wave at the central atom will change with the energy of the incoming photon.
This leads to the oscillatory nature of the interference effect. Since backscattering amplitude
and phase are dependent on the type of atom doing the backscattering and the distance it is
from the central atom, information regarding the co-ordination environment of the absorbing
atom can be obtained by analysing the EXAFS data.

EXAFS spectroscopy differs from diffraction X-ray techniques as it is sensitive only to
short-range order and can be applied equally well to crystalline or amorphous solids, liquids
and gases. As EXAFS is element-specific, the presence of impurities which either do not
contain the absorber, or are far from the absorber, will not cause interference.

Once analysed the EXAFS data can provide information as to: how many, what type of atom
and at what distance from a specific atom site it is located. These covalent bonded
distances can be measured very accurately ( = 0:02 A). Other than the need for a
synchrotron radiation source, structural information requires a high concentration of atom
sites and probes a radius of 4-5 A from them. Co-ordination numbers and atom-type
determinations are inaccurate. The data analysis is only straightforward for elements with
atomic numbers greater than or equal to 20 (Ca).

It has become clear in recent years that there is no fundamental distinction between the
physics of EXAFS and XANES; the distinction is only one of complexity of the spectra. For
example, effects such as multiple scattering and energy dependence of the central atom
absorption are more important in the XANES region. Modern theories are capable of
modelling the entire spectral range within the context of multiple scattering theory. For this
reason EXAFS and XANES are now referred to jointly under the more general term ‘XAFS’.

4-2-4 Experimental Procedure

Typically a synchrotron radiation source is divided into ‘beamlines’ to allow many experiments
to run concurrently. Our experimental results were produced during time spent on stations 3-4
and 7-1 at CLRC in Daresbury. Table 4-1 shows the basic parameters of the two beamlines for
comparison.

The simplest XAFS experiments are done in transmission mode. X-rays are produced at a
desired energy band of approximately 1 eV bandwidth and selected by diffraction in a silicon
double crystal monochromater. Only those X-ray photons that are of the correct wavelength,
will be reflected from the first crystal: The parallel second crystal is used as a mirror to
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restore the beam to its original direction. The monochromatic X-rays then pass through the
sample, which should absorb approximately 50%-80% of the incident X-rays. The incident
and transmitted X-ray fluxes are monitored with gas ionisation chambers, containing an

argon-helium mixture. This was the arrangement on Station 7-1 where absorption spectra

for the gallium K and lanthanum Ly edges where recorded.

Property Station 3-4 Station 7-1
Energy Range (keV) 0-8to3:5 4010 10
Beryl  0-8-1:56
Double Crystal YBy  1-07-2:00
Monochromator Quartz  1-50-1-83 si(lil)

InSb(lll) 1-68-4-00

(with energy range, keV) Ge(ll) 1-93-4-00

Beam size (mm) 30 10 x 0-8
Detector Ammeter, Standard ion chambers,
ec for current flow 20% Ar : 80% He
Substrates for thin Copper Mylar
films (for conduction) (for X-ray transmission)

Table 4-1. Comparisons of the two beamline stations at the CLRC
Laboratory at Daresbury, used for GLS analysis.

Films for this station were deposited on Mylar substrates. Mylar (aluminised polyester film)
absorbs very little of the X-ray range in the region of gallium and lanthanum absorption edges.
Typical XAFS data acquisition times on this station were 30 mins, with each sample being
repeated three times for each edge. The three spectra were averaged after manual removal of
the occasional obvious ‘glitch’.

The sulphur K edge data were obtained on station 3.4 (SOXAFS: Soft XAFS), which has a
chromium plated mirror to focus the beam at the sample. The mirror also has a high energy
reflectivity cut-off at about 3.5 keV so that harmonic contamination of the monochromatic
beam is minimal. The energy of the X-ray beam was defined using, an InSb(111) double
crystal monochromater. Samples are placed in an evacuated chamber (10® mbar), since soft
X-rays are appreciably attenuated in air. The electron drain curent method was used to
measure the absorption coefficient, u(E) #*®. This method requires conducting samples;
hence, the thin-film samples were deposited onto copp/er substrates for these experiments.
Bulk glass samples are of high resistivity and the drain current method proved impractical.
Measurements were made using powdered glass (30%) diluted in graphite and pressed into
pellets and hence allowing the use of the drain current technique. Data collection from this
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statioh typically took 45 minutes per scan. As with station 7-1 collection of at least three sets
were taken and averaged.

4-2'5 Data Analysis

There are five variables which are fit to the EXAFS data. These are: The Debye-Waller

factor (o) which takes account of thermal vibrations and static disorder at a distance r; away;

#; is the inter-atomic distance between the neighbouring atoms; Eeg. is the minimum energy
required to eject an electron out of a particular atomic state, known as threshold energy;

The number of neighbouring atoms (V); and the mean free path of the incident or ejected

electron, A.

The traditional method of data analysis involves a sequence of steps: correction for
instrumental effects such as detector dead time losses and resolution; spectrum averaging
and removal of monochromater ‘glitches’; normalisation of the spectrum to unit edge step to
compensate for variations in sample thickness or concentration; selection of the energy

threshold E, and interpolation to k-space; subtraction of smooth background (typically using

cubic spline functions) to generate the EXAFS intensity y(k); fourier transformation and

filtering to produce single shell amplitude and phase; determination of model parameters
using the ‘ratio method’ of nonlinear least squares fitting of data using empirical or
theoretical standards.

A suite of programs are available at the Daresbury Laboratory, notably EXCALIB, EXBACK
and EXCURVO2 229 o fulfil the above requirements. The EXCALIB program was used for
summation of multiple data sets and calibration of their edges and absorption intensities. Pre-
and post-edge backgrounds were removed by fitting low order (1-3) polynomials to the
appropriate regions of the experimental spectra using the program EXBACK. The normalised

EXAFS function x(E), was first converted into x(k) using
h2E?
S =[E—Eeagel * Eo oot 4.1

Where E is the incident photon energy, E.qe is the appropriate threshold energy and E is the
energy offset, being the difference between the energy of a k = 0 photoeletron and the lowest

unoccupied energy level. y(k) is then multiplied by k® in order to compensate for the

diminishing amplitudes of the experimental spectrum at high k-values?®., In order to obtain
structural information, the program EXCURV92 was used to make a comparison of the

least-squares fitting of the k° - weighted experimental spectrum to the theoretical spectrum
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Figure 42. A typical XAFS spectrum for; (a) the gallium K-edge and (b) its
respective Fourier transform function using the experimental data and the
theoretical fit. {Original in colour}

which was calculated using the rapid curved wave theory " 221, The basic formula describing
the theoretical EXAFS spectra for K edges is?%

1) =22 z %M(k, 7)| exp(-202k?) exp( 52 ) sin(2kr; + 25(0) + w, (k) (4.2)

where k is the momentum of the photoelectron, N; is the number of atoms at a distance 7; each

with a back-scattering amplitude f{k, 7). A(k) is a cormrection factor for absorption events that
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do not result in EXAFS, such as muiti-electron excitations. A is the elastic mean free path of
the photoelectron (only elastically scattered electrons can interfere). It is this factor which

restricts the range of contributions to (k). The exponential term is a Debye-Waller factor in
which o/ is the mean square variation in the inter-atomic distance between emitting and

scattering atoms. This accounts for both thermal motion and static disorder. The term d is the
phase shift produced by the passage of the photoelectron through the emitting atom potential

and @ is the phase of the back-scattered wave.

Structural information was obtained by multi-parameter fitting of the experimental data to the

EXAFS function in k-space. The parameters fitted were bond length (r;), co-ordination number

(V) and mean square variation in bond length (c?). The amplitude reduction factor (A(k)),
which takes account of events such as shake-up and shake-off process at the central atom %),
is obtained from EXAFS data for a crystalline MnsGa,Mn,S1s+ sample taken during the same
experimental shifts as our glass samples. This factor was varied on the standard sample to
obtain a most likely value for each atom type; its magnitude was fixed at this ‘best’ result
thereafter. The useful energy range of the spectra extended to 500 - 600 eV for gallium and
sulphur, and 400 eV for lanthanum above the edge and Gaussian windows were used in the
Fourier transformations. The result of a Fourier transform is a series of peaks, corresponding to
each shell at atoms contributing to the EXAFS. Figure 4-2 shows an example of the k-edge
data as seen during (a) initial acquisition and (b) its resulting Fourier transform.

4+2:6 Results and Discussion

4-2-6-1 The Data

The compositions of the samples were determined by a DS 130 scanning electron microscope
(SEM) to which an energy-dispersive X-ray analyser (EDAX) was attached. No significant
variations in composition were found between different areas of the same samples, showing
that the GLS films were compositionally homogeneous, at least down to a scale of 5 x 5 pm
(the area probed by the EDAX measurements). Transmission electron microscope
measurements yielded electron diffraction patterns consisting only of a few diffuse rings,
indicating that the ablated GLS films were amorphous. The samples were grown with 8000
pulses (10 Hz) from a 70Ga,S5:30La,S; target and substrate located parallel at 80 mm away in
vacuum. The energy density used to grow the thin films were 3.0, 3-5, 4-0, 5-0 and 6:0 J cm?2,

Figures 4-3, 4-4 and 4'5 give examples of the background-subtracted EXAFS function x(k),

weighted by k*, and their associated Fourier transforms. As always with EXCURV2 output (2201,

the Fourier transforms are phase-corrected so that the peaks appear at the true inter-atomic
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Figure 4-3. A typical example of a k’- weighted EXAES curve for the GLS
thin film (prepared at 3 | cm™ energy density) at the Ga K-edge together with
the corresponding Fourier transform. ®** - experimental results and — is the
best fits to the data. {Original in colour}
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Figure 4-4. A typical example of a k- weighted EXAFS curve for the GLS
thin film (prepared at 3 ] cm™ energy density) at the S K-edge together with
the corresponding Fourier transform, eee - experimental results and — is the
best fits to the data. {Original in colour}
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Figure 4-5. A typical example of a k- weighted EXAFS curve for the GLS
thin film (prepared at 3 ] cm™ energy density) at the La Lu- edge together with
the corresponding Fourier transform. ®** - experimental results and — is the

best fits to the data. {Original in colour}
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distarices. In most cases described here, the noise level was sufficiently low to allow data out
tok=10- 12 A" to be used. Gallium K edge spectra (Figure 4-3) were typically excellent with
very good fitting to the observed spectra. Sulphur K edge data (Figure 4-4) were also
generally good, but slightly inferior to the gallium edge data in signal to noise and quality of fit.
Typical lanthanum Ly edge data are shown in Figure 4-5. The relatively short data range for
the La Ly edge spectra was unavoidable as the La L edge lies only about 400 eV above the Ly
edge. The EXAFS specfra obtained from the La L, edge measurements each show an
additional peak between 5-7 A" due to double excitations involving the 2p and 4d electrons 224,
However, in spite of this we were still able to analyse the La Ly edge data. The La edge
EXAFS spectra (typical example shown in Figure 4-5) have a remarkably constant phase and a
slowly decreasing amplitude with increasing energy density, suggesting that the La
environment is constant.

The data are unusual in that they include EXAFS data derived from all three elements present,
allowing a detailed picture of the glass structure to be derived, and internal consistency checks.
The EXAFS results, for bulk GLS, are in good agreements (within experimental error) with that
found by Benazeth et al. #*. However the earlier data was much more limited as it only
provided data from the Ga and S atom environments.

4-2-6-2 Co-ordination Numbers

Figures 4-6(a) and 4-6(b) show that the gallium and sulphur, and lanthanum partial

co-ordinations, as well as the total co-ordination number for both gallium, Ng..r, and sulphur,

Ngs.1, as functions of the thin film deposition energy density. The dotted horizontal lines in this
figure and subsequent figures correspond to the values in the bulk glass sample. It can be
seen that for the ablated films the partial co-ordination number of Ga, Ng.s, and S, Ns.ca,

decreases with increasing energy density. This behaviour may be interpreted as the breakage
of Ga-S bonds and the formation of homonuclear bonds (‘wrong bonds"), i.e. Ga-Ga and S-S.

This view is clearly supported by the associated increase in the Ga-Ga, Ng,.gq, and S-S, Nss,
co-ordination numbers. It should be noted that, within the error limits indicated, the total
gallium co-ordination Ng.r (obtained by summing the partial Ga co-ordinations) is

approximately 4-0 throughout the energy density range studied. The fourfold total
co-ordination of gallium in GLS samples, together with twofold sulphur, implies that the
bonding is covalent, obeying Mott's 8N co-ordination rule ¥25, By means of EXAFS
measurements on GaAs flash-evaporated samples, Theye et al. ?2” and Del Cueto et al. 2® did
detect Ga-Ga bonds at distance of 2.46 + 0.03 A227 and 2.45 A 229,

It is also clear from Figure 4-6(a) that lanthanum (Nias) was always approximately

eight-coordinated by sulphur, indicating that there is no observable change in the local
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environment of the La atoms. The EXAFS experiments could not detect any La-La bonds in
any of our samples. Attempts to fit La-La bonds at 3.1 A (the first nearest neighbour distance in
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Figure 4-6. (a) The partial co-ordination numbers obtained from EXAFS
data as functions of the energy density in GLS thin film samples. (b) Total
Ga and S co-ordinations as functions of the energy density. The solid lines are
drawn as a guide to the eye. {Original in colour}

metallic La) or at distances around 3.4 A (twice the covalent radius of La) did not produce
significant improvements to the fits. This could reflect a very large spread in the bond length
of any La-La bonds, or more probably a low level of La-La bonds. Our results show that
gallium is always four-fold co-ordinated in the GLS network. Both Ga-Ga and S-S bonds occur
in GLS thin-film samples but the lanthanum atoms remain co-ordinated by sulphur alone.
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4263 Bond Lengths

The fitted values for the various bond lengths are plotted as a function of thin film deposition

energy density in Figure 4-7. 7.5 denotes the Ga-S interatomic distance fitted from Ga edge
EXAFS data while rsc. represents the same bond length but deduced from S edge

measurements; 7., is the La-S bond iength measured from La Ly edge. Inspection of the
figure reveals that there is clearly consistency, within experimental emor, between the
experimental values for re.s and rsg.. All of the bond lengths determined by our analysis
were found to be independent of deposition energy density and within their uncertainties
essentially the same as those found in the bulk glass. This shows that the mean bond length is
unaffected by the type of bonds surrounding each atom. The lengths of the Ga-Ga and S-S
bonds, as determined from our EXAFS analysis, were found to be 2.8 £ 0.02 A and 1.9+ 0.02 A
respectively. The values reported for the Ga-Ga bond length are 2.76 A in amorphous Ga 229
and 2.48 A for dimers in crystalline orthorhombic Ga®*!, The close similarity of our measured
bond lengths to those of stoichiometric materials strongly suggest that the covalent bonds are
well defined and unchanging entities in thin-film samples.
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Figure 4-7.  First-shell bond distances for GLS thin film samples prepared at

various ablation energy densities, © - 5, ® - g5, O - Log, {Original in colour}

4-2-6:4 Debye-Waller Factors

The Debye-Waller factors, Figure 4-8, for Ga-S bonds determined from Ga and S edge data
are clearly consistent with one another at all energy densities within experimental error. This is



Chapter 4: Gallium-Sulphide based glasses 70

expected since they both show the spread of the same bond length, namely Ga-S bond, and
thus provide a consistency check on the fitted values. The values of 626as and 6%, increase

with increasing energy density, indicating an increase in the configurational (static) disorder of
the bond length. This result is also consistent with optical data, where the Urbach parameter
(disorder parameter) is seen to increase with increasing deposition energy density, see Section
5-3-2. For an amorphous structure, the Debye-Waller factor determined experimentally has

contributions from both thermal and static disorder 6%y = CXhemaiensty + Cluare.  In the

crystalline state, the above equation becomes cz(exp, = Gz,hgm,az(c,ysf_) which allows as to estimate

the static disorder of the amorphous materials. From our EXAFS analysis on the standard
(crystalline) sample, the Debye-Waller factor for Ga-S was found to be 54 x 10% A2 By
comparing this value with observed samples values (Figure 4-8) we can conclude that there is
a considerable static disorder in the Ga-S bond length in our samples. It is also clear from the
data presented in Figure 4-7 that there is no significant change in Debye-Waller factor for La-S

bonds, 67,5, with energy density, which within experimental error are the same as that found

in bulk glass. This suggests that the configurational disorder in the local environment of the La
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Figure 4-8.  The energy density dependence of the mean square deviation in
inter-atomic distances, 62, obtained from the EXAFS data for GLS samples.
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atoms is much the same across the energy density range studied and is consistent with the
constant co-ordination number of La-S bond lengths described previously. The room

temperature thermal contribution to ¢ for the La-S bond is equal to 150 x 10 A2 (the value for

the crystalline sample). Therefore, there is very little static disorder in the La-S bond length in



Chapter 4: Gallium-Sulphide based glasses 71

our samples. The Debye-Waller factors for Ga-Ga and S-S bonds in our thin film samples
remain low (90 x 10* A? and 70 x 10* A2 respectively) at all deposition energy densities,
indicating that bond length disorder for these bonds type is low. To my knowledge, there is no
data available in the literature for comparison.

4-2"7 Summary of EXAFS Results

The EXAFS results clearly indicate that the deterioration in the properties of the films produce
a high density of Ga-Ga and S-S ‘wrong bonds', whilst the La co-ordination remains identical to
that of the bulk glass to within experimental error. Although at low energy density the level of
‘wrong bonds' falls below the EXAFS detection limit, the overall trend strongly suggest that
significant densities of these defects remain even in the films prepared at low deposition
energy density. It is also clear that this chalcogenide system is very much more difficult to
ablate as a low-defect-density film than the extremely wide range of oxide based materials
which have been successfully ablated 2311,

The results for thin film samples indicate that there is a significant change in the local
environment of the Ga atoms as the deposition energy density is increased and the structure
appears to be chemically disordered with Ga-Ga bonds favoured due to their lower
configuration energy. Optical data are consistent with this (see Section 5-3-2). The bond
lengths were found to be independent of the energy density and were the same as those
found for bulk glass. Although the nearest neighbour is well defined, there is a considerable
bond-angle variation, hence a wide variation in second neighbour distance.

The Debye-Waller factors for Ga-S determined from both the Ga and S edges were
consistent with each other and vary appreciably with deposition energy. There is
considerable static disorder in the Ga-S bond length, but little in the length of the La-S bond.

4-3 Different Components and Impurities

4-3-1 Components Used to Make Our Glasses

The backbone of the work undertaken throughout the course of my research was based on
the gallium-lanthanum-sulphide components for starting materials. The initial and standard
mix of 7Ga;S;:3La;S; was replaced by 3Ga,S::7La,S; once the EXAFS results had shown
that there was a general loss of bonding to sulphur and that the Ga atoms were forming
'wrong bonds' with each other. It can be seen from Figure 41 that this is outside of the glass
forming region which ends at 50%. This reversed percentage material produced a target
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that appeared as a chacolate brown disk of firm sponge like ceramic material with lots of
voids. Whilst this is not an optical glass, the extremely high quenching rates achieved
during laser ablation made it possible to produce an amorphous thin film from the target.
Figure 4-9 shows the resultant thin films produced by pulsed laser deposition from pure
Ga,S;, pure La,S; and the above two amorphous mixes. All of these films are amorphous as
determined by X-ray analysis. Surface resistivity measurements showed that the La,S; thin
film has a value of around 1 kQ cm™. For the other samples this was greater than
10 MQ cm™, indicating they are non-metallic (Lanthanum based chalcogenide materials
typically have resistivity values of 10° - 10'" Q cm 49). It can also be seen from Figure 4-9
that higher lanthanum concentrations have a detrimental effect on the optical transmission of
the films.

GﬁzSg} 70Ga283:30La2’S3 3OGRQS3I7OL3.2$3 LaQS3

Figure 4-9.  Thin films of differing percentages of Ga to La, starting at pute
Ga to pure La, on both CaF, and BK7 glass pieces. {Original in colour}

Whilst it had been shown that the thin films were not stoichiometric and that both Ga-Ga and
S-S bonds increased in the thin film structure, the pure Ga,S; film does not appear to adopt
the more brown colour which was reminiscent of the La containing films. The pure Ga,Ss
target was later ablated at the highest energy density which showed the most detrimental
effects in terms of the EXAFS detectable values for the Ga and S properties. For GS films
we found that the optical band gap had negligible difference (2:41 eV and 2-:35 eV) for thin
films grown at low and high ablation energy density (3-0 J cm? and 5-0 J cm? respectively,
see Section 5-3-2). This suggests that whilst the structure of the material is not the same,
there is virtually no difference in optical transmission due to the Ga-Ga or Ga-S bonding.
The visual evidence in Figure 4-9 and the EXAFS results show that there is a very high
possibility that an undetectable level of La-La bonds creates high optical absorption. One
final point that should be noted in regard to this postulate is that thin films of
lanthanum-oxide do not show this film darkening which is seen in the sulphide equivalents.
This suggests that if the La is bonded to oxygen atoms, it finds it more difficult to form La-La
bonds in the final laser ablation grown thin film. The much higher La-O bond energy (5-85
€V) as compared to La-S (4-60 eV) is probably the root cause of the difference 232,
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This observation led to a change in the general direction of the project. Work which was
being conducted within the ORC (Optoelectronics Research Centre, here at Southampton
University) with GLS fibres had found that the purity of the La-S starting powder was not
adequate for the production of long, low loss fibres and impurities were causing
unacceptably high losses. At the same time a literature search 2% 234 showed that research
had begun with a new material based on mixtures of 7Ga,S::3Na,S, which were being
produced as optical fibre for further investigation.

A GNS target is produced in exactly the same way as GLS, but with a lower melting point of
900 °C3. Optical glasses can be formed in the range of 76 - 58% Ga,S; ! and are paler
yellow than their GLS counterparts. Our laser ablation resuits have shown that GNS has
typically a 50% lower ablation threshold (1-5 J cm?2, see Table 5:1) than that of GLS. The
material shows much improved losses and a very large change in refractive index when
photomodified, which would potentially make it a possible thin film waveguide candidate. It
has also been shown it can easily be doped with rare earth ions and fluorescence
measurements have been made (Nd * ¢ and Pr3* 2% are examples) and because of the
ease by which these ions incorporate, the GNS tertiary system has been produced with
proportions of La.S; added **". However, GNS is hygroscopic which is very detrimental to
uncapped thin film layers.

4:3-2 Loss Mechanisms in Infrared Optical Materials

In chalcogenides the short wavelength cut-off frequency is determined by electronic
transitions across the bandgap while the long wavelength cut-off results from lattice
absorptions due to the vibrational modes of the atoms or ions of the solids. When
electromagnetic radiation is incident upon a material some radiation is reflected and some
maybe scattered at the surface of the solid and/or in the bulk. The bulk scatter can arise
from defects, inclusions or perturbations in the refractive index, particularly in a complex
solid consisting of several atoms of different elements of the mix as with chalcogenide
glasses. The mechanisms which give rise to bulk absorption may be classified as intrinsic or
extrinsic ones. The intrinsic absorption mechanisms are those which result in electronic and
vibrational structural absorptions in vitreous material of specific chemical composition.
Extrinsic mechanisms are those associated with impurity atoms and molecules and
deviations from stoichiometry. The intrinsic mechanisms define the region of transparency
to electromagnetic radiation in a solid and the ultimate transmission achievable within this
region, while the extrinsic mechanisms generally determine the percentage of the theoretical
level of transparency achievable in practice within this region.

The intrinsic bands can be identified on the grounds that they must be ébserved in the
spectra of glasses of the given compositions, independently of the purity of the initial
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materials and changes in the synthesis regime. Their intensity in a glass of given
composition must remain practically constant across many samples prepared under different
conditions or starting material batches. If any of the bands are absent in the spectrum of at
least one specimen, the loss is extrinsic.

4-3-3 Intrinsic Absorption Mechanisms

The total intrinsic optical loss in an optical glass in its low loss region is due to three factors

and the corresponding attenuation coefficient o can be approximated by:
a=dexp(2)+Bi*+Cexp(%) ..., (4.3)

The first term is associated with multiphonon absorption mechanisms and is dependent on
the IR edge. The second term represents Rayleigh scattering and is due to electronic

absorption fluctuations on a microscopic scale. At long wavelengths, A, this term is

negligible. The third term, the Urbach tail, is related to the bandgap absorption and
describes the limitation of transmission in the visible part of the spectrum.

In order to transmit infrared radiation a solid must be an insulator or a semiconductor
exhibiting an energy gap E; (i.e. the energy to excite bound electrons to a conduction band).

It is the bandgap that sets the transmission limit at the short wavelength end of the spectrum
of a solid. This short wavelength cut-off is given by the relationship shown in equation 4-4,

where 4 is Planck’s constant and ¢ the velocity of light:

The low frequency tail of this short wavelength cut-off extends slightly into the transparent
region of the solid. This is known as the Urbach tail *® and as shown in equation 4-3, it can
be rewritten in the form:

where o is the frequency, k being Boltzmann's constant, T is absolute temperature and B

represents the absorption coefficient.

An explanation of this exponential tail in the visible inter-band edge has been recently put
forward. It is known that the random structure in glasses gives rise to varying local electric
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fields on a microscopic scale. Theoretical work by Tauc % provides evidence that such
local microfields cause intrinsic absorption in chemically pure materials in what is normally
the transparent region below the fundamental inter band absorption edge. The mechanism
is due to local field induced broadening of exciton levels which are created at optical
absorption energies close to but below the inter-band edge.

The long wavelength cut-off in a solid is set by lattice absorptions which in a solid is usually
set by an overtone of the fundamental lattice absorption. In the case of multi-element
chalcogenide glasses equation 2:1 can be used to provide general rules as to the likely long
wavelength transmission limit, as discussed in section 2:1. A sufficiently wide spectral
window exists between these two limits, where these materials are usefully transparent.
Figure 4-10 shows the both the long and short wavelength cut-off for a 1 mm thick sample of
GLS and GNS for comparison. The samples are each polished on both sides to the same
optical quality. The Figure also suggests that whilst the glasses have good infrared
transmission, there could be absorption problems if a short wavelength pump laser is to be
used in a waveguide laser device using these materials as host.

A
100

Transmission (%)
3
|

0 i 1 \/\ ] § 1 1 »

0-5 1 6 7 8 9
Wavelength (nm)

Figure 4:10.  Transmission through I mm thick glass pieces of both GLS
(—) and GNS (—) to compare optical transparency. {Original in colour}

4-3-4 Extrinsic Loss Mechanisms

Extrinsic loss mechanisms determine the transparency achievable in a glass in practice
within the available window region. These mechanisms are scatter and absorption arising
from the optical quality of the material and impurity absorption. For instance OH,
hydrocarbons and oxygen in chalcogenide glasses give rise to unacceptable absorptions at
specific wavelengths and inadequately homogenised glass can give rise to unacceptable
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scatter in the near and middle infrared. The extrinsic loss mechanisms are specific to a
particular glass or family of glasses and the method of synthesis gives an appreciation of the

problem of extrinsic loss be obtained.

30 T T T T T T T T T T T
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Figure 411, Reflection from thin films of La,S; in a background of O, (—),
Ga,S; in a background of O, (—), La,O; (—) and Ga,O; (—) all grown by
pulsed laser ablation with an energy density of 40 J em? and Target-Substrate
separation 80 mm. {Original in colour}

Material Growth Rate Thlgiiless
& (m)
GasSs 0-122 308
LayS; 0-119 291
Gay0; 0-101 317
Lay0Os 0-096 301

Table 4-2. Growth rates and thicknesses of thin films of La,S;, Ga,S;, La,O;
and Ga,O;, to ensure that all samples are of equal thickness. All grown at 5 ]
cm? and 20 Hz.
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P(()Sﬁ;m Cause Reference Cogigfi n Cause P(()Slrtrlgn Reference
a2 OH 7] HO 276284 @™
1.92 OH e 0000 1.44 W
505 SH 1) 1.92 1el
2.29 0-H 78 0000 2.29 o
2.54 S-H 7] e 0-H 2.74 e
2.74 o-1 1240} ) 2.90-2.92 [1718;92]42'

276284 WO P8I 4.57 o

290292  OH O 6.27 -
3.11 S sl o 2.05 -
3.69 SH [178] o6 2.54 (78]
3.94 S-H (2431 oe 3.11 (78]
4.03 SH (s, 179 oo >4 3.69 o
4.57 O-H [17e 0000 3.94 o
6.27 o-H (18] 0000 4.03 [178, 179
7.78 S-S Bl oe 7.78 >
108 oS B3] $-S 10.8 el
11.9 .S 331 11.9 =

Table 4-3. List of identified absorption peaks found in thin films of @ La,S;,
® Ga,S;, ©® La,O; and @ Ga,Os. Second half of the table groups similar
bondings.

Thin films of La,Ss, Ga:Ss (these first two samples were ablated in a background of oxygen
gas), La,0; and Ga,0s (ablated in vacuum) were produced for comparative purposes, to
examine if the oxygen incorporates to produce the same film when ablated with the O atoms
as part of the compound and when O. molecules are introduced to the plume as a gas and
hence via collisions. Figure 4-11 shows an overlay of the above results. It should be noted
that the films were grown for different times (after an initial run to determine growth rate) to
achieve the same thickness in all cases for a better visual comparison of the data, Table 4-2
details the variations. The identified absorption peaks are referred to in Table 4-3 with their
respective literature references. Water absorption appears in some of the spectra due to
water in the atmosphere whilst the reflection measurements were being made.

4-4 Absorption and Fluorescence

The lanthanum content of the GLS glass material is easily substitutable with another
lanthanide element, in the trivalent form. This allows the GLS host material to be used as a
laser gain medium. A number of doped glass samples have been produced and reported
extensively in the literature, i.e. so far Ere* (244241, prd+[246,247) N+ 1248, 2491, D+ 12601, T3+ 297,
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Ho® [25“. The glass forming region seen in Figure 4-1 and the similarity in atomic size of the
lanthanide range indicates that all of the rare earth should incorporate into GLS. We needed
1o ensure that the rare earth ion is transferred from a bulk target and into a thin film which
has been grown by laser ablation.

Fluorescence measurements can be made via the FTIR in the region 0-7 to 1-8 um.
Emission can be directed into the external port of the spectrophotometer and the data
recorded as a background reference. The resulting spectrum is not a true representation of
the emission due to the wavelength dependent throughput of the instrument. A 'standard
lamp' is then used to calibrate the FTIR data. Figure 413 shows a schematic of the
experimental arrangement for measuring fluorescence spectra and the normalised results
which are achieved.

The thin film doped with 1 mol% Nd** is illuminated with a pump source at 488 nm (single
line from Ar* laser) and any surface emitted light forms the external source of the FTIR. The
results show that the thin films contain the Nd* rare earth and have the potential to become
channel or slab waveguide lasers. This does not provide a potentially new lasing
wavelength, as many hosts achieve 1-08 pm radiation and lase here, but it does show that
the ion is incorporated into the thin film layer. Nd** doped GLS has already been shown to
lase as a bulk sample and a fibre laser by other researchers in the Optoelectronics Research
Centre here at Southamipton 2°2 2%, The main peak shown in Figure 4-13 from the thin film
fluorescence spectrum is at the correct wavelength region for Nd** incorporated in the bulk
piece of doped GLS (see Table 2-1).

4-5 Conclusion

Chalcogenide glasses must have all traces of oxygen and hydrogen removed from the glass
melt, to reduce intrinsic absorption bands. The optical absorption of GLS makes the glasses
appear yellow coloured; the intensity of the colour decreasing with increasing oxygen
content. Laser ablation is required és a growth technique due to congruent evaporation.
Results showed that there is no detectable difference in the absorption of the thin films of Ga
or La sulphides and oxides, if the initial material contains the oxygen as one of its
constituents or the chamber is back-filled with O,. This is believed to be due to the higher
bond energy of oxygen than sulphur and this being the favoured recombination in the plume
or on the film surface.

Atomic scale structure changes in GLS bulk glass and PLD thin films have been studied by
the X-ray absorption fine structure technique. EXAFS spectra have been recorded at the S
and Ga K-edges and the La Ly-edge for thin films grown at different energy density. This
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allowed us to construct a picture of the local structure in the bulk glass and thin films. The
lanthanum environment is constant into which other rare earths could be substituted,
suggesting low inhomogeneous broadening. The high “wrong bonding” which has been
found demonstrates the structural origin of the absorption problems which we have found in
the shift of the Urbach tail (presented and discussed in Section 5-3-2). The
photomodification results (Section 6-3-1) show that the films grown at higher energy density
have a larger refractive index change when illuminated with an Argon ion laser. Since
photomodification is believed to involve bond breaking and small scale restructuring, films
grown at a higher energy density are less structurally relaxed, which indicates why this
happens. Visual evidence and the EXAFS results show that there is a very high possibility
that the undetectable La-La bonds (due to low sensitivity of the EXAFS technique) create
high optical absorption.

The La-La bonding observation lead to a change in the general direction of the project,
producing a GNS target in an attempt to remove the La content of the glasses without
removing the ability to incorporate rare earth trivalent sulphides. A selection of doped glass
targets were produced and the bulk and thin film absorption spectra were produced on the
FTIR. The results show that the thin films contain the respective trivalent rare earth ions and
have the potential to become channel for slab waveguide lasers. The long wavelengths
transmission shows the suitability of GLS for mid-infrared operating devices that can be
operated with pump sources above the visible radiation region. The next chapter looks in
more depth at the optical properties of these materials and shows how they changed due to
different laser ablation growth parameters. More specifically the set of films grown with
increasing energy density and analysed by EXAFS will be investigated further.
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51 Current Techniques for Film Parameter
Measurement

Characterisation of a thin film includes determination of its optical constants; the refractive

index, n, absorption coefficient, o and the film thickness, #. For effective characterisation of
any thin film, its optical constants should be determined over a range of wavelengths, A.

The n(A) spectra can then be correlated to film properties, such as chemical composition or

transmission range.

Optical methods are used in thin film technology for in-situ characterisation of the growing
films. Amongst these methods ellipsometry 2542 reflectance-difference techniques 257 2581
and laser interferometry #%°°2%2 have so far gained the greatest attention. In all these
methods the knowledge of the basic optical constants of the characterised material at the
growth femperature plays an important role. This is especially frue when one intends to
continually evaluate instantaneous absolute values of the determined quantities, e.g. growth
temperature, growth rate or surface morphology of the film.

A well known method to determine refractive indices of films in the infrared region is the
measurement of the absolute reflectance of the film-substrate combination at a maximum or
minimum value of the reflectance - wavelength curve. A second method often used in
conjunction with the above technique is the measurement of the physical thickness of the
layer, followed by the derivation of the film refractive index from the wavelengths of
reflectance or transmittance extrema.

The non-destructive techniques for measuring the thickness of a transparent film make use
of the interference phenomenon between the radiation reflected from the film-air interface
and that from the film-substrate interface, e.g. CARIS (constant angle reflection interference
spectroscopy) #%® and VAMFO (variable angle monochromatic fringe observation) ®4 are
commonly used. CARIS determines the film thickness spectroscopically by measuring the
reflection from the sample film at a fixed angle. In VAMFO interference fringes are formed
by varying the angle of incidence. In both techniques the film thickness and refractive index
cannot be determined simultaneously without an iterative algorithm to compare the
theoretical calculation with the experimental data. Laser based techniques tend to find

refractive index values, 7, at a specific wavelength, whilst  is truly a function of wavelength

and is often given a real value in a region where the index change is negligible with respect
to wavelength.

Various, angles of incidence for 'polarisation independent reflectance matching' (PIRM) 2%
provides a technique for the simultaneous measurement of thickness and refractive index of
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transparent thin films on any substrate. It is simple and accurate, but requires that the
thickness of the sample film be greater than A/4 and that part of the substrate has an

uncoated area. The thickness limitation is also common to CARIS and VAMFO.

Ellipsometry is an accurate technique for measurement of both the refractive index and
thickness of a thin film. This method is more useful for extremely thin films than the above
mentioned methods, but for thick films the order of thickness periodicity has to be known to
obtain the exact value. This limitation is overcome by multiangle of incidence (MAI)
ellipsometry, but it needs more complicated apparatus and more involved data analysis than
the relatively simple methods previously described. Infrared ellipsometry is very rare and so
not a viable, practical assessment technique for our work.

The FTIR Spectrophotometer can be used to provide transmission or reflection intensity
spectra with respect to wavelength. Such data is 'fit' to an algorithm which is based on an
optical parameter model to match the data and the best fit parameters for the sample under
investigation. The more parameters which are known, the more accurate the resulting
optical or physical constants.

The transmission / reflection data could be recorded over a large infrared wavelength range
(beyond the transmission of the materials  under investigation), but the method chosen to
assess the optical parameters in our samples was based on modelling the transmission and
reflection of the thin film layer on a bulk substrate and comparing the FTIR transmission
spectra to the appropriate algorithm. This allowed the refractive index to be found as a
function of wavelength which is more practical for assessing the suitability of waveguide
devices which require detailed knowledge of very small index changes.

5-2 Fitting model: Basic Optics and Equation
Derivations

5:2:1 Normal and Anomalous Dispersion

The complex index of refraction, N = n - ik, describes intrinsic optical properties of a
material, where 7 is the refractive index and k the extinction coefficient. Both » and k are
functions of the wavelength of light, A, i.e,, n = n(A) and k= k()). For pure crystalline
materials 7(A) and k(A) are characteristic of the chemical structure of the crystal. On the

other hand, for amorphous materials, n(A) and k(A) are not easily predicted, so they depend

on processing conditions. If processing conditions for thin film déposition vary,
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microstructure and composition of the film can vary. Any changes in microstructure or

composition will generate changes in n(A) and 4(A). However, the n(A) and k(\) values

cannot be measured directly. In order to determine the n(A) and k(L) spectra of any
material, i.e., in order to characterise any material, observable quantities such as

reflectance, R(A), or transmittance, T(A), are measured, from which intrinsic material

quantities such as n(A) and k(A) are determined.

For a thin film on a substrate, reflectance, R(A), depends on thickness of the film, optical

constants of the film, optical constants of the substrate, surface roughness of the film and
substrate, the angle of incidence and polarisation. For a multi-layer structure, reflectance

depends on the thickness, # and k values of each layer and all of the other properties

already listed.

n and k can also be described as functions of photon energy, becoming n(E) and k(E)
respectively. The principle of causality **® leads to a fundamental relation between the real,

n(F) and imaginary, k(E), parts of N(E), the Kramers-Kronig relation. This relation dictates
that if the equation for k as a function of E is known, then n(E) is determinable by a Hilbert
Transform of k(E). The complex index of refraction, N = n - ik, is related to the complex
dielectric function, & = & - i&, via £= N°. Thus, & = n’ - k* and & = 2nk. In the limit E— 0

(A—>0), &£, where & represents the electrically measured dielectric constant of the
medium,; thus, an important correlation exists between optical and electronic properties of
materials. n(E) is determined empirically by fitting data to various model equations. In 1836
(67l Cauchy showed that in a region of normal dispersion, i.e. regions of low absorption with

relatively small refractive index variations with respect to wavelength, that the change in
refractive index, n, with wavelength can be represented by an expression of the form:

where 4, B and C are constants characteristic of the medium and A is the vacuum

wavelength. Alternatively, Sellmeier-type equations are also commonly used or equations
involving a sum of Sellmeier terms, all valid for a limited range of energies (see Equation
5-4 for example). The particular equation applied to a given material is determined by the
quality of the resulting fit it gives to measured data. The average error between the actual
data and the theoretical curve is used to judge which refractive index form has the closest
match.
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Whilst this is not true of all absorption regions throughout the transmission spectrum,
insulating and semiconductor materials have, in general, two broad ranges of absorption as
a function of frequency, known as anomalous dispersion regions. The lower frequency
range, associated with lattice vibrational absorption bands, occur in the far-infrared. Higher
frequency bands usually occur at or above optical frequencies and are associated with
electronic transitions between the valence and conduction bands. Between these two bands

there is normally a region in which the imaginary part, £(®), of a complex dielectric
response function, £(®), is low causing the optical properties of the material to be dominated
by the real part, £1(®). If €2(®) can be represented as a sum of peaks at frequencies ®; and
the optical region frequency @ is far from these peaks, then from the Kramers-Kronig
relation 22 the real part of the response function, €:(®) can be derived as:

2

31(03)'1:2 2

i @i

—?

In which S; is a dimensionless oscillator strength. Converting to the vacuum wavelength

form (using A=2nc/o), this equation becomes the Sellmeier dispersion formula for the

material:

8,42
e(M)=1+2 TR RPRRPRPTITII (53)
1 i

The number of terms, i, required to satisfactorily define the dispersion between the

absorption peaks depends on the material, however three terms are usually enough, two for
electronic oscillators and one representing lattice vibrations.

Sellmeier equation:
S1A2 Sy A2 S3A2

+ 5t o e
A2-23 1 2213 A2-2%

w=1+

Herzberger published his dispersion formula in 1958 *%% and modified it slightly in 1959 2701,
He concentrated his efforts on the electronic effects as these were nearer to the visible

region than the infrared asymptotic behaviour. This makes his formula useful for visible and

near infrared refractive indices. In the following equation A—>E are constants for a given

material and Ao2 is substituted by 0-028 pm? being, the square of, the average position of the
ultraviolet asymptote in most materials. In its final form Herzberger's dispersion formula
differs from Sellemeir's formula in that the latter relates #* as opposed to n with A%, both

have infinite numbers of terms and are usually approximated to the first three (as with
equation 5-4) when used:
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Herzberger equation:

n=A+BL+CL*+DJ*+E} ... ......... (5-5)

Where L= ,/12-0-028 and is the same for most materials.

In all cases, once the absorbing region is encountered, it is no longer possible to consider
only the real part of the complex dielectric response function £(®). Both formulae are used

extensively in publications since their introduction to define the refractive index of a material
at constant temperature. Cauchy's formula has since been expanded to include dispersion
due to temperature changes ?®"! with respect to wavelength; still however, over ranges away
from the anomalous dispersion regions. All three versions of the various formula for the

refractive index were fitted to transmission data for GLS samples. Values of n(\) based on the

Sellmeier formula produced the least deviation compared to the actual data and hence was
used throughout the investigations in this work in preference to the other two alternatives.

522 Reflection and Transmission from a Single Surface

The refractive index of a material is the ratio of the sine of the angle of incidence and the
sine of the angle of refraction. If both media at an interface are non-absobing to the incident
radiation, it can be seen from the previous section that this ratio will be real and conversely
complex if either media absorbs the beam. An incident light ray is represented by two
orthogonal, incoherent, equal amplitude polarisation components (Transverse Electric
component, TE and Transverse Magnetic component, TM). At a boundary or interface of
two differing index media, such an incident beam is partially reflected and transmitted with
proportions based on the well known Fresnel formulae®" for the intensity of light:

For a TE wave:

B Ni-cos @y — Ny-cosr 2
Rs = | NycosOy 3 Nawcosf, | - vrorroiee (56)
~ 2-Njy-cos0 2 N1-c0s01>
~8= | Nyj-cosy+Np-cosfy | ~\Nycosr/ *w 7 mrw o (67)
For a TM wave:
| Nawcos 61 — Ny-cos 62 2
Re= | Nycos0, 7 NicosOy| 7 o e (5-8)
~ _ 2:N3-cos 01 2 Nl-cosel)
~Sp = N2 «COS 61 + A]'1 «COS 92 * N2'COS 02 ........... (59)
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In these equations N; and N: are the refractive indices of the first and second media and 0;
and 0, are the angles of incidence and refraction respectively. Whilst the resulting s and p
reflectivity curves are well known, they are reproduced in Figure 5-1 for reference. Rs (L)
increases monotonically with 0, whilst Re (1) initially decreases, reaching zero at the
Brewster angle (0s) before rapidly increasing. It can be seen from Figure 51 that as the
refractive index of the substrate material, 712, is increased Rs, Re and O all increase. The
total reflectivity, B, is the combination of these polarisation components such that:
R =Rg-cos2g + Rp-sin’p, where @ is the polarisation angle. A similar, inverted, profile

follows for the two transmission components, Js and 3.

T Polarisation Orientation

P 8
%g/é(
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, ,
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Reflectivity
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0 1o 20 o %o éo 60 70 30 %o
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Figure 51.  The reflectivity from a surface with different refractive index in
air.  Showing relative intensity of reflected radiation polarised parallel to

plane of incidence, Rp (—) and petpendicular to the plane of incidence (—)

Rs (Absorption of the material is assumed to be zero). {Original in colour}

5.2:3 Transmission Through a Thin Film Layer

Light incident upon a surface will undergo a change in phase and direction at the boundary
of differing refractive index. Some of this light is reflected and some refracted. The
refracted component travels through the medium until it impinges on another boundary,
where as before some is reflected. This will also emerge from the initial upper surface
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causing interference with the previously reflected component. The optical path difference

dictates the resultant signal intensity.

Transmission through a thin film layer on a substrate requires that the incident radiation
cross three boundaries: the air-film interface, film-substrate and substrate-air. At normal

incidence the transmission equations for s and J3e (equations 5:7 and 5-9 respectively) are
equal and the equations are very much simplified when cos 0; is substituted by 1 at normal

incidence.
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Figure 52.  Following the schematic of a ray tracing diagram to show the
path that the reflected and transmitted components of a laser beam incident
on a thin film - substrate combination. {Original in colour}

For a thin film layer on a substrate material two surfaces have to be combined, at normal
incidence and the refractive index for air being 1, it can be shown that (2711
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| GG, oo
SsorP = 1-N N+{—N. *UV2 e .
L ()

+ 1+N1 N1+N2 -

where N, is the refractive index of the film and N, that of the substrate; A is a term which

takes into account the phase difference between the transversing wave and the two surfaces
of the thin film material, given by:

LA AT
A= TN (5-11)

where / is the thickness of the film. If incident radiation passes through the thin film and

transparent substrate combination. Figure 5-2 shows a schematic of the path of both the
reflected and transmitted individual contributions to the total transmission through the
combined sample.

The total transmission, Jr, is the sum of all these components which when simplified as a
geometrical progression and summed to infinity is: first term/(1-common difference). |f

surface 1 (the thin film side) is represented by Equation 5:10, 7y, and surface 2 (back

surface of substrate), 7'S,, is obtained from Equation 57 with the substitution for normal

incidence radiation and air being beyond the back interface, the sum of transmissions
becomes:

~ TS:1-1S> 512
JT— 1“'RS2‘RS] .................... ( )

Here RS, and RS; are the surface reflections for the respective sides as shown in the figure.

This theoretical representation of the transmission of light through a transparent substrate
with a thin film layer is used to deduce the optical thickness of the thin film itself from the
experimental data in the following sections and chapters.

5.3 Refractive Index and Thickness
5-3-1 Fitting the Optical Thickness

Representing a thin film layer on a substrate and the respective refractive indices with
Sellmeier equations, allows the transmission to be modelled in the near infrared region. The
substrate optical constants are available from the literature (CaF. @272 ZnSe 12732714,
ZnS 273.2751 and Si 2761 were used in the project). The transmitted intensity of light through this
combination for calcium fluoride can be represented by Equation 5-12, so as to include the
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multiple reflections which also occur between the thin film and the back surface of the
substrate.
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Figure 53. Two examples of GLS thin films on BK7 glass substrates
showing the actual FTIR spectra (—) and the computer 'fit' (—) using the

total transmission equation model (Equation 5:12) to find refractive index
and film thickness. {Original in colour}

Data from the FTIR spectrophotometer can be compared to show the deviation between the
actual data and the models theoretical data. The refractive index and thickness of the thin
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film can be resolved using an iterative algorithm based on the Levenberg-Marquardt 77~
method. When the sum of squares error between the modelled data and the experimental
data are minimised, the refractive index as a function of wavelength and film thickness of
the sample are deduced.

Figures 5:3 shows two examples of such a model representation. The red and blue lines
sometimes do not completely match accurately at the maxima and minima, this is thought to
be because of the necessity of a 3 mm aperture during data collection and a slight variation
in the thin film thickness over the aperture. The refractive index and virtually all of the
thickness information for the samples in this project are found using this technique. All of
the samples which were additionally measured mechanically using a Talysurf to confirm their
thickness were the same as the data fit to within the error of the instrument and the data
error, confirming the accuracy of this analysis model. Figure 5-4 shows, by means of an
example, the two thin films shown in the previous figure for comparison of the two thickness
measuring techniques. Figure 5:5 shows how the refractive index of the thickest GLS
sample shown in Figure 5-3 varies with near infrared wavelength.
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Figure 5-4.  Two examples of GLS thin films on BK7 glass substrates whose
thicknesses are measured to compate with the values fitted to the optical
transmission as detailed above and shown in Figure 5:3. {Original in colour}

Most of the GLS films were grown as part of a set, mainly to vary one or more of the
deposition parameters. Table 5-1 presents the data for a set of films grown with the same
number of pulses and at the same pulse repetition rate with a variation from 2:0 to 6-0 J cm?
energy density range. No film was detected as a result of the ablation run at the lowest
energy density, hence the threshold value for the ablation of GLS is 25 J cm?. Whilst it is
logical to assume that greater energy densities will ablate more material to produce thicker
films for the same number of pulses, it is obvious from the data that the refractive index of
the films decreases. If this is considered along with the EXAFS results from the previous
chapter (Section 4-2-6 and 4-2:7), the conclusion is that an increased number of S-S and
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Figure 5:5.  An example of the variation of GLS thin film refractive index
with wavenumber, for the thick sample shown in Figure 5:3. {Original in
colour}

Energ-zy Fit;i%ie;['l;fglgx(l)ess R{;gz:{'[:;e
Ter®)  puisesm) 633 nm
20 no film N/A
2:5 12241 331
30 347-43 317
35 62627 291
40 734-36 302
45 868-07 305
>0 940-46 283
>5 970-84 272
6:0 992:56 254

Table 51.  Physical thickness and refractive index of GLS thin films grown

at increasing laser energy density.

Ga-Ga 'wrong' bonds, amongst other things, changes the refractive index of the film.
Visually the film becomes a darker brown with increasing energy density and although this
could be related to the increased thickness, it is probably due to a reduced thin film density
as a likely result of increasing disorder. This darker brown appearance would then be a
result of an increase in the Urbach absorption edge. These films will be reintroduced in the
next chapter during further analysis. However at this point, it is worth mentioning that
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increased film thickness is also accompanied by the increased size and density of particulate
matter which results in inferior optical properties.

Background  Rep. Rate Fitted Thickness Refractive
3N of Ablating  after 9,000 Index at
(mbary  Laser (Hz)  Pulses (nm) 633 nm

25 26941 335

g 5 274-34 321
§ 10 273-72 322
> 20 260-97 329
40 26521 324

2 25 24310 3-02
A 5 24619 2:96
; lf:‘] 10 240-75 2-89
v A 20 236-01 2-93
% 40 23223 2-89

e~ 2-5 220-42 2:52

(\"CD E 5 213-75 242
'; \[‘IJ 10 190-62 2:29
- £ 20 17122 222
E’ 40 159-53 2-:08

Table 5-2. GLS thin films grown at increasing pulse repetition rate

(constant fluence) in vacuum and for comparison in different background
pressures of oxygen. The results show changes in physical thickness and

refractive index.

A second example of parameter fitting is presented in Table 5:2; here the aim is to see how
the thin films optical properties change when the energy density remains constant and the
films are produced by being grown with the same number of excimer laser pulses. The table
also shows similar data for two different background oxygen pressures. The mean free path
(MFP) of the oxygen molecules is noted in the table; at one value (126.6 mm) ~ 50 % of the
plume travelling the 80 mm from target to substrate should statistically meet with an oxygen
molecule en-route. The resultant thin film is 10% thinner and has an equally reduced
magnitude (10%) of refractive index than the equivalent thin films grown in vacuum. For this
oxygen pressure and the vacuum deposition, the film thickness does not decrease much as
the repetition rate of the excimer laser is increased. When the mean free path is much lower
than the distance from target to substrate (6:33 mm in this case) the film thickness is more
drastically reduced. This is commonly reported in the literature and is reported to be due to
a slowing down of the plume as it interacts with the gases present in the chamber 42 174,181}
These interactions spread the cross-section of the plume and whilst producing a thinner
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packgound  Pressure  Fitied Thickness Refractive
s after 9,000 Index at
(mbar) Pulses (nm) 633 nm
Vacuum | 5x107 374-34 3-11
1x 10° 291-18 275
1x 10* 264-04 247
5 5x 10* 242:92 2:33
%’3 1x10° 26835 225
5 1x 107 207-24 2:09
5% 107 234-86 2-01
1x 10" 173-89 176
1 x 10% 221-97 3-09
1x 10* 179-04 285
g 5% 10% 159-82 2-89
&0 1x 10? 159-72 276
< 1x 102 101-16 2:68
5% 102 100-81 2:61
1x 107 98-42 254

Table 5-3.  Physical thickness and refractive index of GLS thin films grown
in vacuum and, for comparison, in different background pressures of oxygen
and argon gases at constant fluence.

sample, it is more uniform and covers a larger area of the substrate. The larger the
molecular weight of gas the greater the plume spread and consequently the thinner the film
layer; this is also true for a lower MFP of the background gas. As with the previous table,
the higher repetition rate causes an increased size and density of particulate matter, so
reducing the optical quality of the layer.

Table 5-3 is presented to show how the oxygen background gas incorporates itself into the
layer. The previous results showed that even very low pressures of oxygen in the chamber
reduced the film thickness but only when the chamber is filled with other gasses does it
become clear that oxygen is incorporated into the material. Argon, being an inert gas does
not react with the atoms of GLS as they travel between target and substrate. So when
comparing equivalent pressures of these two gases (the atomic mass of argon is 39-9 and
O; has an equivalent value of 32-0, i.e. they have similar masses and momentum transfer),
it can be seen that oxygen has a film thickening effect, i.e. incorporation. The more obvious
proof was presented in Section 4-3-4 with the obvious presence of oxygen based absorption
bands. This table is also shown graphically in Figure 56 to show the change of film
thickness and the refractive index decrease when ablation takes place in the two gasses. |t
is worth mentioning at this point that the interaction between plume and background gas in
the chamber can be seen visually during the interaction between the plasma and gas species
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present. The emitted light is smallest in vacuum, slightly increased in Ar and N, and

becomes quite spectacular in O,. Examples of the pulsed laser ablation plume for each of

the afore mentioned conditioris are shown on the title page to this chapter.
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Figure 5:6.  Graphical representation of the data in Table 5:3. (®) oxygen

and () argon gas data points with the respective coloured best fit line as a

guide to the eye.

Finally, Figure 5-7 presents the data of a film set which was investigated by changing the

angle of the substrate relative to the target (at a fluence of 3-5 J cm? and 9000 pulses).

Zero degrees represents a substrate which is parallel to the target and 90° relates to a

perpendicular substrate orientation. Whilst films grown in vacuum or inert gasses show a

decreasing thickness with angle, oxygen incorporation has the ability to increase the thin film
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thickness dramatically once the parallelism of the target and substrate holder is removed.
This is likely to be a structural property, and it will be shown later that the increased
thickness due to angle can be virtually removed when the thin film is photomodified.

4-0 T
30 g
20T

10 T

Film Thickness (um)

0-0 :
0 15 30 45 60 75 90

Angle (degrees)

Figure 57.  GLS film thickness changes rapidly as the parallelism of the
caroet and substrate is removed and the angle between them becomes more
obtuse. The films were grown in a background of 10 mbar of O, and 0°
refers to a parallel target and substrate orientation. {Original in colour}

5-3-2 Absorption Coefficient of GLS

The optical absorption coefficient, o, was determined from measurements of transmittance
T and reflectance R, for wavelengths ranging from 0-4 to 2:5 uym. In the low-absorption

region (o < 10* cm™), the absorption coefficient of a film with thickness d was determined

from the expression %,

1-R1)(1-R3)(1-R -ad
7= {2 12—)1(22R33)exp(a)><{1—[R1R2+R1R3(1—Rz)z]exp(—Zad)} .. (513)

where R, R., R, are the reflectivities of the air-film, film-substrate and substrate-air

interface. When o is very small the imaginary part of the refractive index is negligible and

Ri=(ELY (5-14)
Ry=(m) (5-15)

s—Ha \2
Ry=(332) (5-16)
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Since o is small in this region, the coherent multiple reflections become extremely important

and the appearance of the interference fringes makes it difficult to estimate o.. The maxima

and minima of the interference fringes were then averaged for transmission spectra.

For the high absorption region (o0 > 10 cm™), when the fringes in fransmittance and

reflectance disappear (a typical example is shown in Figure 5-8(a)), the following
approximate relation was used ?"!

T=(1-R)exp(-ad) ............... (517)

where T is the transmittance and R is the measured reflectance. This relation gives good
results for absorption coefficient as long as T + R remain significantly less than unity. The

absorption coefficient as a function of energy for the low- and high-absorption regions
overlapped and matched well using the two expressions.

Representative absorption edges for several films of different deposition energy density
obtained from the above calculations are shown in Figure 5-8(b). The absorption edge shifts
gradually to lower energy with rising energy density. Apart from the shift, the spectra
broaden but remain essentially similar in shape at all energy densities.
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Figure 5-8(a).  Transmission and reflectivity with wavelength for GLS thin film
sample. (b) Absorption coefficient spectra deduced from T and R for GLS films
ptepared at different energy density.

Analysis of optical absorption spectra is one of the most productive tools for understanding
and determining the band structure and energy gap of both crystaline and amorphous

non-metallic materials. The absorption coefficients (@), of the optical absorption near the
band edge in many amorphous materials show an exponential dependence on photon

energy, /4, and obey Urbach's empirical reaction 222%2!
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alw) =agexphw/E, .............. (5-18)

where ap is a constant, @ is the angular frequency of the incident photon, % = 4/27r where h

is Planck’s constant and E. is the width of the band tails of the localised states in the band

gap.

In the high absorption region (where absorption is associated with interband transitions), the
form of q(w) with photon energy was given in quadratic form by Tauc et al. %%, and

discussed in more general terms by Davis and Mott?**, whose equation was of the form
ahoo = P —Eop)’ oovioiint (5-19)

where S is a constant, # is the refractive index, E, is the optical gap and s is an exponent

that characterises the transition process and may take values 1, 2 or 3 as found for various
amorphous semiconductors. The best fitting of equation 5:19 for the studied samples is

obtained with s=2. The functional dependence of the optical absorption (a/%w)* versus /7
for the mean that the values of E,, can be obtained from extrapolation of the linear regions
and ﬂ'I calculated from the slopes of the curves and are given in Table 5-4. Comparison of

the data reveals that as the energy density reduces, both the optical gap and ,B" parameter

increases. The results infer that the band tails increase continuously as the deposition
energy density increases.

Enezigsl)lslty Optical Gap (eV)
30 1-92
35 1-76
4-0 1-62
50 1-50
60 1-39

Table 5-4.  The optical band gap for the thin films grown by pulsed laser

ablation at different energy densities.

It is clear from these optical and the EXAFS results in the previous chapter that the
deteriorating properties of the films deposited at high energy density are a result of Ga-Ga
and S-S "wrong" bonds. For device applications optimum quality films are deposited at
energy densities close to the ablation threshold. Although the degree of near infrared
absorption caused by gap narrowing and tail absorption remains inconveniently high for
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devices requiring very near infrared pumping (e.g. 810 nm pumped Nd** based devices) it is
more promising for longer wavelength based systems (e.g. 980 nm pumped Er** based

devices).
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Figure 5:9. A typical transmission spectra through a thin GLS film (—),
after saturated photomodification (—) and after annealing at 400 °C for three
houts (—). {Original in colour}

In order to improve the quality of the GLS thin films, we annealed samples for a duration of
three hours at a temperature of 400 °C in a nitrogen environment. The effect of the
annealing is that the optical gap increases (from 1.9 to 2.1 eV) and the absorption edge
shifts to higher energy. A typical example of film transmission is shown in Figure 5-9 for
reference and will be discussed in more detail in Section 6-3. This may due to the breakage
of the "wrong" bond and the formation of heteropolar bonds in GLS film samples. Street et
al. 285! suggested that the major contribution to the biue shift of the gap in chalcogenide
(GeSe) thin films was from the reduction in the density of homopolar bonds.

5-4 Thin Film Uniformity
5-4-1 Thickness Profiling

The optical characterisation of amorphous films from only the transmission and reflection
spectra at normal incidence should take into consideration the possible lack of film thickness
uniformity. Thus, the assumption of considering a film as a layer of parallel faces leads
inevitably to potential errors. In practice, thin film thickness is not constant but varies across
the substrate. A plume of material, be it from laser ablation or a boat in an evaporator, will
form a more even coating on a parallel substrate with greater separation. Plume expansion
means that increasing this distance results in a lower area density of material coming into
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contact with the substrate, hence causing increased growth times. The angular distribution
of ablated material was initially regarded as a disadvantage of PLD because uniform
thickness films were obtained only in a small region in the forward direction.
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Figure 510. (a) The experimental arrangement used to produce the thickness
profile of a thin film layer, (b) a plot of the interference fringes and (c) the
averaged data (****) and the film thickness change (—) {Original in colour}
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Figuré 5-10(a) shows the experimental arrangement used to plot the film thickness as it
changes from the plume centre zone, the so-called 'bulls eye' region due to the apparent
concentric circles which appear on the film surface (caused by the interference patiern in
incident white light). Two multimode fibres, one to deliver laser light at 635 nm, normal
incidence (polarisation state is irrelevant) and one to collect the reflected light, are used to
monitor the intensity changes as the pair are translated across the varying thickness of the
thin film layer. The thickness at the centre of the film is found by fitting the data to the
multiple surface transmission Fresnel equation 5-12. The thickness variation can be
characterised as a deviation from the centre thickness, Figure 5:10(b) with (c) show the
averaged data and the thickness profile, for the same film, shown in the first spectrum of
Figure 5-3.

Because the substrate holder was oscillated in the vertical plane to improve film uniformity it
was not noted for some time that the three dimensional shape of the ablation plume is not
actually conical. Horizontally, the thickness profile matches that of a traditional point source

evaporation crucible, which typically has a cos™ 0 distribution profile where m ~ 4% |n the

vertical (un-oscillated films) thickness distribution fits to m =~7. To produce highly uniform
films requires that methods need fo be found to create a more evenly distributed area
density and reduce the 7:4 ratio of thickness profile in the respective perpendicular
directions.

5:4-2 Improved Film Uniformity

The laser pulse yields a highly forward angular distribution of the ejected mass and this fact
has limited most laboratories to producing ablated thin films over relatively small substrates
(1 or 2 cm in size). The profiles are highly non-uniform with thickness variations from
substrate centre to edge and furthermore, there are significant differences between the
distributions obtained from the same substrate in the two perpendicular directions. The
maximum in the profile obtained in the "paralle!" direction is located close to the centre. This
peak of the ablated flux is actually tilted back toward the direction of the incident laser beam
by about 5°. Results clearly indicate that a plume generated by a small rectangular laser
spot yields an asymmetric and non-uniform flux distribution which can lead to non-uniform
film properties.

Numerous techniques have been developed to improve thin film uniformity. These usually
involve scanning the incident laser beam across the surface of the target and moving the
plume centre location or, for example, using a half cylindrical target and a scanning mirror
for the laser, to “paint” a plume across the substrate at different tangential angles which in
turn moves the plume in both perpendicular directions 1224, One expensive extreme has
been developed which paints a long narrow rectangular, homogenised beam across a large
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target and an equally sized parallel substrate ®®.. The only limitation of substrate size in this
example is the quality of the homogeniser and the energy of the laser pulse. Larger
target-to-substrates distances also increase thin film uniformity, but the results have shown
this reduces the film quality which creates ultimately a trade-off.

1st Channel
« >
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2nd Channel
_’ .
Trigger Frequency
Combined

Pulse Train
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Plan View

ate with schematic
Film deposit

Front View of Target

Figure 5-11. The electronic waveforms required to drive the laser pulses
which work with the 'wobble' target holder to paint the plume and ultimately
produce more uniform films across the substrate surface. {Original in colour}
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A method was developed which is inexpensive and when calibrated can produce extremely
uniform films. The technique is based on two simultaneous oscillations in perpendicular
directions, one aims the plume and the second translates the substrate relative to the plume
position. Figure 3-5 showed a schematic of the mounting arrangement and plume expansion
direction based on the 'wobble device'. Remembering that the plume is ejected
perpendicular to the target surface irrespective of the incident angle of the excimer laser
beam (assuming a recently polished target surface, otherwise as previously stated, the
plume axis tends slightly towards the incident angle of the pulsed laser), the plume direction
can be adjusted.

With the ejected plume not being symmetrical, the two oscillation modes had to be
combined to produce the best thin film uniformity. The substrate oscillation speed controlied
the vertical uniformity and was used from the beginning of the project. The wobble device
has to restrict its plume “painting” to horizontal sweeps. However with the spinning target
being 'wobbled' a continuously changing plume direction results which, without additional
control, provides a circular trace of deposited material on the substrate surface.

To remove this circular profile, a more elaborate laser triggering control circuit was
produced. A pulse generator was set to match the current range of trigger speeds which
were available from the lasers own internal trigger unit. Using the Boolean logic AND to
combine this and a much slower pulsed signal, the resultant output (which acted as the laser
trigger) was short bursts of higher frequency puises. It is now possible to produce plumes
which are 'painted' to the left or right of the substrate and omit pulses when the plume would
be aimed up or down in the substrate plane. Figure 5-11 represents the trigger waveforms
and the resultant ablation positions on the target which were achieved to 'paint' the plume.

) Range of variance
Parameter (units) )
minimum intermediate  AaXimy

mark-space ratio 1:5 1:10 1:20
trigger speed (Hz) 5-0 10-0 20-0
target spin rate (Hz) Y 812 /12
target-substrate separation (cm) 6-0 - 9-0
target mounting angle  (°) 55 - 85

Table 5-5.  Parameters which are believed to effect the thin film grown
uniformity, showing the respective change in values which can be easily
achieved, to experimentally find the optimum set of conditions for thin film
production.

With this control unit an extensive investigation began to find the best combination of
mark-space ratio, laser trigger speed, target spin frequency, target to substrate separation
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and target mounting angle, which could produce the most uniform film profile over the
largest area. Growth speeds were reduced by a factor of 3 or 4 as the laser was effectively
turned on and off, producing pulses for a fraction of the original time. This also caused
target wear in 2 sectors rather than a complete uniform removal in the more traditional ring
pattern. This could be improved somewhat by turning the target by 90° every ten ablation
runs. Table 55 lists these parameters, their easily achievable extreme values and the
number of possible steps chosen for the experiment.

The range of variables were chosen and given values which would be easy to set as
deposition conditions. The corresponding thin film which was produced using this set of
parameters for a duration of sixty minutes, had its thickness profiles measured using the
previously described back surface reflection technique (Figure 5-10). The centre thickness is
recorded and the maximum deviation from this, recorded as a percentage of this value. The
two important values which can be found from this are the thickness variation as well as the
width of the uniform profile. The width of the thin film was determined as the distance
between the two edge roll-off points with the same value as that recorded at the centre. This
produced a fair comparison, since the centre value always exhibited a slight dip in thickness
which the pulse control box induced. Table 56 shows the experimental data and the
variables used. It can be seen from the data that relatively large area uniform films can be
produced when using the electronic control for thin films growth in these conditions to
achieve an optimum value.

Optimum growth conditions are obtained from the largest of the ratio - width of uniformity to
percent deviation, which is shown in the final column of Table 5:6. All of the films had a
characteristic dip in their thickness profile, shown schematically in Figure 511. The
thickness of the film was measured at this point and then the difference between this and the
point of maximum thickness recorded as a percentage. As previously stated the width of the
uniformity is defined from the roll-off edge points where the film thickness falls below the
centre thickness. The larger the width - deviation ratio, the better the film uniformity. In all
three parts of the table, the two highest values are achieved with the largest target to
substrate separation and the largest angle of sweep as would be expected. However these
also exhibit slowest growth rates. The optimum trade-off between speed of growth and
uniformity uses a width : deviation ratio above the average 6-55. The thickest film is formed
from the shortest plume travel distance, the smallest sweep angle, and the higher repetition
rate, as expected. The resuits show that the most uniform films are produced at longer
target to substrate distances, higher target spin rate with slow trigger speeds to pulse the
excimer laser, i.e. a small mark-to-space ratio. Figure 5-12 shows the improvement in thin
film uniformity with only 10% (central) thickness when composed with the previous film
shown by the data in Figure 5-10 (c). The difference was due to the lower growth rates with
controlled growth, but still acts as a good comparison.
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Mark-space Trigger speed Target spin

ratio (Hz) rate (Hz)
Y2
5-0 2,
1,
1,

10-0 %fy
/s
1/12

20-0 s
s

Target to

substrate

separation

(cm)

60

90

6-0

90

60

90

60

9-0

60

9-0

6-0

g0

60

90

60

90

60

90

Target
mounting

angle, (°)
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55

85

Centre

thickness

(nm)
262-97
195-88
132:50
100-81
3217
24-98

1665

1265

1799

12:42

848

6-59
62474
396-15
295-38
197-01
6579
52:69
35-96
2527
3395
24-84
1675

12.87

1048-66
776-95
530:59
392-48
130-56

98-37
65-81
4927
6573
4894

3457

24-3%

Width of
uniformity
(mm)
339
337
581
617
1086
1166
20-74
2379
1593
17°95
31-86
35-61

2:60

10-82
11-80
20-82
2317
15851
17-30
30-96
35-08
261
3-00
562
5-81
10-36
11-61
20-79
23-23
15-34
17-55
31-85

34-94

Width
% Deviation
0-46
0-40
0-47
0-55
1109
13-06
13-53
1742
22:43
21.72
2732
34.26

017

355
453
562
1049
11:95
1476
17-38
0-09
010

013

1-82
1-94
241

277

527
701

873

Table 5-6(a).  GLS thin films grown with the various deposition parameters
shown in Table 5-5 and rearrangement for providing imptoved uniformity

presented schematically in Figure 5-11.
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Target to .
. . Target Centre i f .
Mark-space  Trigger speed  Target spin substrate £ . W dth o Width
kn
ratio Hz) rate (Hz) separation mounting thickness uniformity % Deviation
(1]
oy Ee ) @ (mm)
55 136-83 591 049
60
. 85 101-34 588 0-43
ha
55 6881 10-11 0-54
9:0
85 5189 1074 0-65
55 1673 18-90 13.23
60
5.0 ) 8-5 12:24 20-30 12-58
. /3
55 875 3608 14-03
9-0
85 655 41-41 1917
55 931 2774 2666
60
85 698 31-23 24-75
1,
55 412 56-43 30.7¢
90 Vilue used
85 398 55-89 ia Flgure
S
55 271-06 4-54 021
60
85 20535 5-22 018
Y/
12
55 137-91 9-60 026
9-0
85 102-69 10-11 028
55 33-51 18-03 4-07
60
1:10 10-0 85 2671 20-20 451
. 0 2
a
55 18-24 3618 523
90
85 13-63 4057 636
55 17:06 2672 12-57
60
8-5 12:96 30-54 12:62
1,
55 875 5469 15158
9-0
8-5 603 60-80 18-93
55 543-54 4-53 011
60
85 402-55 569 0-11
1
12
55 27471 9-55 0-13
90
85 20312 1071 016
55 67-64 18-83 2:20
60
0 85 5053 2001 1-98
20 2
3
55 33-89 36-22 250
90
85 2563 40-31 3-09
55 3337 21-98 509
60
85 2586 30-11 5-95
1,
58 17-33 53-87 750
90
85 12:91 6104 9-41

Table 5:6(b).  GLS thin films grown with the various deposition parameters
shown in Table 5-5 and rearrangement for providing improved uniformity
presented schematically in Figure 511
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Mark-space  Triggerspeed  Target spin

ratio (Hz) rate (Hz)
sz
50 s
1,
12

1:20

10-0 2y
1,
"y

200 2,
1,

Target to

substrate

separation

(cm)

6-0

90

80

90

60

90

6-0

90

6:0

9-0

60

9-0

6:0

90

60

90

60

90

Target
mounting

angle, (°)
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
55
85
&5
86
&5
85
&5
85
55
85
55
85
55
85
55
85
55
86
55

85

Centre
thickness

(nm)
75:30
5614
38-01
2869
933
7-04
4-85
3-85
510
358
2:52
191
150-26
113-50
7611
56-49
1871
14-91
10-04
723

8-55

475
363
30034
22265
151-91
112:62
3744
2613
18-69
1423
1877
1406
993

71

Width of
uniformity
(mm)

559
1044
1122
19-93
22:88
2:50
314
528
592
327
325
559
593
14-91
1664
2976
3372
996
1531
3022
33-59
10:40
1726
19.99
2227
10-55
1106
3062
3424
11-41
1687
22:41

3347

Width
% Deviation
0-26
026

033

1271
278
2:99
352
439
017
015
017

0-21

3.96
4-96
624
553
7:29
1007
12-44
0-27
0-39
031
0-38
1-47
132
255
317
a17
401

374

Table 5:6(c). GLS thin films grown with the various deposition parameters
shown in Table 5'5 and rearrangement for providing improved uniformity

presented schematically in Figure 5-11.
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Figure 5-12. (a) Data from Figure 5-10(c) with the averaged data (*****) and

the film thickness change (—) repeated for comparison with, (b) the thin film,
only 10% thickness, but with optimum width:deviation ratio of 37°25 (see
highlight in Table 5-6(b)). The respective thickness changes are indicated for
the 5589 mm uniformity width detailed in the Table. {Original in colour}

5.5 Conclusion

A variety of different expressions maybe used to describe material properties to characterise
glassy materials through the determination of their optical constants. For GLS thin films,
refractive indexes based on the Sellmeier formula produced the closest match between the

modelled transmission equations and the actual experimental data.

The GLS films were grown with variations in one or more of the deposition parameters. Two
examples were the fixed number of pulses and at the same pulse repetition rate with a
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variation from 2:0 to 6:0 J cm? energy density range. The thin films optical properties
changed when the various deposition parameters were changed. It has been shown that
energy density on the target surface affects the optical bandgap of the subsequent thin film
layer and hence its region of transparency.

When thin films are grown in a background gas it has been shown that the larger the
molecular weight of gas the greater the plume spread and consequently the thinner the film
layer. Interaction between plume and background gas lowers its range and is emphasised
by the visible emission during the interaction between the plasma and atoms present.
However, results have shown that oxygen at low pressure in the vacuum chamber still
affects the optical properties of the thin film significantly. This is probably due to surface
reaction during the deposition process rather than a plume interaction. As Table 5-3 shows
the film grown in higher pressures of oxygen (0-1 mbar) appears to be becoming an oxide
with the much reduced refractive index.

A phenomenon which became apparent during a specific experimental data set, whilst trying
to establish if a non-parallel orientation of target and substrate would make more uniform
thin film coatings, was that the thin film thickness increases dramatically once the emerging
plume and substrate holder are not perpendicular. This is believed to be a result of
structural changes of the material. The results show there is an optimum orientation angle
for thin film thickness before the effective surface area of the substrate reduces significantly
and hence the rate of deposition drops.

The three dimensional shape of the ablation plume is not conical due to the rectangular
shape of the excimer laser beam profile. Throughout the course of this work the ablating
spot size was a 1 x 3 mm horizontal rectangle which defines the energy density for a fixed
fluence. Horizontally, the thickness profile matches that of a traditional point source
evaporation crucible. Extensive investigative work showed that by periodic re-deposition of
material leads to improved uniformity of the plume, thin film uniformity can be optimised.
This can be used in addition to translating the substrate relative to the plume position, but
this reduces growth speeds by a factor of 3 or 4 as the laser was effectively turned on and
off causing target wear in two sectors rather than a complete uniform removal in the
traditional ring pattern.
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6°1 Introduction

By way of a reminder, photomodification in chalcogenide materials occurs when the material
is illuminated with above bandgap radiation causing a change in the refractive index and a
shift of the absorption edge. It falls into two categories: those that photodarken (a red shift)
and those that photobleach i.e. produce a blue shift in the absorption edge. In most
chalcogenides this is achieved with the Blue and green lines of the argon ion laser or UV
lasers. Although the mechanism by which this process occurs is not yet fully understood it is
thought to arise from a structural change caused by the breaking of atomic bonds *%%, The
majority of current non-chalcogenide waveguide devices presently use thermal diffusion, ion
exchange or ion implantation to increase the refractive index of a channel in a thin film or
bulk substrate of the waveguide material. Since chalcogenide materials can be directly
'written' into, tracks and gratings for example can easily be introduced without the need for
masks and etching.

In any waveguide device an accurate knowledge of the obtical characteristics (e.g. refractive
index profile, mode profile, cut-off wavelength, propagation losses) is necessary for device
design and specification. We routinely produce thin films of chalcogenide glasses on a
variety of substrate materials®®3.. [t is necessary to characterise, amongst other parameters,
the refractive index of the material and its ability to photomodify as a function of deposition
conditions. A novel technique has been developed which allows both the mapping of
refractive index changes across a surface and measurement of the rate of photomodification
in a given region of a GLS thin film. The technique is based on intensity measurements of
reflected signals from two adjacent points on the surface of a material. A galvanometer
mirror ‘dithers’ a polarised laser beam onto a sample surface and a phase sensitive detector
(PSD) produces a differential reflectance signal which is converted to a refractive index
change from the data by using the appropriate Fresnel equations. However, angle variations
in the 'dither itself affect surface reflection and these errors have to be minimised to achieve
accurate results. The method then allows refractive index changes with a sensitivity
~8:5x10°% to be monitored. Measurements can be made at any wavelength and since it is a
non contact technique. The material can be treated whilst being analysed, for example
film/substrate temperature changes.

For the majority of applications requiring index modification, accurate knowledge of the
absolute refractive index is rarely required but a measurement of the difference between two
adjacent regions is essential. This technique developed here addresses this second
demand. Other methods for index profiling include the ‘Propagation mode near field'
method % which requires propagating a beam for some distance along the guide and
measuring its output intensity profile. In turn this means that the technique becomes subject
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to material losses, coupling losses and is restricted to discrete wavelengths for the given
material. It is also in general not applicable to the measurement of the time dependence of
the photomodified refractive index, another strength of our technique. Similar problems
occur for slab waveguide techniques such as WKB 2°1: 222 and inverse WKB %% 2%41 (Wentzel,
Kramers, Brillouin and Jeffreys, also called the phase integral method). Our method
requires no guiding and can map large areas of sample surface where multiple waveguides
can exist, at any wavelength. It has the additional advantage of measuring both increases
and decreases in refractive index where waveguides are not easily formed. Our technique
was developed to measure the magnitude and sign of the refractive index change in the thin
films that we produced. This method of measurement is used extensively throughout this
chapter.

6-2 Differential Reflectance Technique

6-2:1 Theory
6-2-1-1 Bulk Materials

We measure the reflectivity of a bulk or multilayer surface as a function of angle of
incidence at two different positions using plane polarised, monochromatic light at any
desired wavelength. If the incident angle is measured and the thickness of any thin film
layers known, the difference in the refractive indices at the two points can be determined
from the variation in the reflected intensity. Since dithering a laser beam introduces small
angle differences in the two incident beams, the resultant reflection differences have to be
addressed to prevent errors arising.

An incident light ray is represented by two orthogonal, usuaily equal amplitude, polarisation
components. The individual components of reflectance are given by the well known Fresnel
formulae ¥ which are given by equations 5-6 and 5-8 and using Figure 5-1 for reference. It

can be seen that at incident angles less than &5 (the Brewster angle) the partial differentials

g;f’ and g: *.are of opposite sign, see Figure 6:1. Hence for a specific polarisation angle the

first differential of the total reflectivity with respect to incidence angle can be forced to zero.
The required polarisation angle is dependent on the incident angle of the beam and
refractive indices of the media, hence on the wavelength of the incident light ray. Figure 6-2

shows the required polarisation angles to force the gradient of Rs cos® ¢ and Rp sin’ ¢ to
have equal and opposite magnitudes, thus ‘}% =0, for five materials with refractive indices

of 1-5, 2:5, 3-0, 3-5 and 4-0 in air, over a range of incidence angles.
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Differential Reflectance (67)
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Figure 6:1. The differentials ofg%s and %“zf when n, is 15 (—), 25
(--=-)and35(-.-+). {Original in colour}
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Figure 6-2. ‘Optimum’ polarisation angle as a function of angle of incidence
with respect to p plane. The graph is plotted for media of refractive index, n,;
5,25, 30,35 and 40 in air. {Original in colour}



Chapter 6;: Measurements of Photomodification 114

Whilst the introduction of an incident polarised beam at the required angle reduces the rate
of change of total reflectivity (with respect to incident angle) to zero there is a consequential
reduction in the derivative of the reflected beam intensity with respect to the index of the thin

film layer, n2. If we are to map small changes in the refractive index of a material based on

R

these reflections, <.~ needs to be as large as possible to increase sensitivity. Figure 6-3

shows the ratio of the reflected beam intensity from unpolarised and plane polarised incident

laser radiation, at the angle required to reduce ;Lg‘;— to zero, y, by showing the difference ratio
oRp

Bn 2

for the two cases (Tl uramen i S rmm). It can be seen that

for the partial differentials
after polarisation (%-»0) approximately 50% of the reflected signal is lost at small

incidence angles with less degradation for lower refractive indices and higher incidence
angles. Up to a factor of ~ 2 loss in the signal is the consequence of forcing %to Z€ero.
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Figure 6:3. The ratio of the partial differential g;

orientation at the angles calculated for Figure 62, with values for n, at 15,

25, 30, 3-5 and 4°0.

before and after

6:2:1-2 Thin Films

Whilst the principles detailed above remain valid for multilayer materials made of many thin
film layers on a substrate, the two equations for the polarised reflectivity become more
complex. In this section the samples used are thin films of GLS (initially 70% Ga;S; and
30% La;Ss) on BK7 giass substrates. However the method is extremely flexible and
applicable to a very wide range of bulk or thin film multilayer materials. Fora single thin film
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layer, equations 5-6 and 5-8 need to be modified to take account of the additional interface,
with the substrate and media behind being defined by ns, ns, 0; and 04 (in our example
media 4 is the same as media one, air). A thin film of refractive index #,, with thickness 7 on

a substrate material #;, requires that the original equations for the intensity of the two

polarisation state reflectances from the single surface, combine the Fresnel formulae as a
geometrical progression to sum the total multiple reflections and transmissions which take
place at each boundary. To simplify the presentation of these equations the individual

interface reflectances and transmissions are generalised with the subscript x representing
the media through which the light beam is incident prior to reaching the interface. R, T, S
and P in the following equations refer to reflection, transmission, s and p polarisation
respectively with equations 6-1 and 6-2 being the resultant surface reflectivity for a thin film
on a bulk substrate material and « is the phase shift of the light as it passes through the thin

film layer.

781-18y-a 2 pgcosfs
2 -RS3| -
R _’ RS1+RS3-a 1+RS1 RSy a ny-cosfy
s = |T+RS;-RS;-a RS 1K, 4 7 e 61)
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TP -TPy-a 2 njcosty

R RP{+RPy-a |2 LRPy -RPy+a ™3] "ngcosfy
P~ | 1+RP1-RPy-a

R T e (62)
1- 1+RP1'RP2-E. 3

2 ne+cos B TP, = 2+ Pea1°008 O RS, = 7:CO8 B ~ Ny41+COS Bt
Ny 008 By + Nyi14€05 Orqr I X 7 frnecos O +Necos By I X T 008 By + Nei12008 Ora

Where: a = exp[i - 2% -2 - cos 03], TSy = and

RP 241:608 O = 1:¢08 Bt
X = cos . F oS Bt

T Rreeco8 Br + 120008 Beer

As the index of the film increases the multilayer combination has no Brewster angle, the
characteristic dip in Rp begins to disappear and at the same time moves towards higher
angles and increasing reflectivity. As an example Figure 6-4 shows results for a sample
grown by laser ablation and using a 633 nm laser beam which is not absorbed by the GLS
thin film (n,=2-76) or the probed glass substrate. The thickness of the film and a Sellmeier
equation for the refractive index were determined by fitting the optical thickness to the
transmission intensity over a range of wavelengths producing the quoted value for n; and a
thickness of 0-151 ym. The example in Figure 6-4 shows the calculated parallel polarised
reflectance, Rp, of 0-151 pm thick film as its refractive index is varied. The figure also
shows the effect of ir{creasing the angle of incidence on the reflectivity profile. Good
accuracy requires c}% to be large. The smallest practical, mean angle of incidence is 15°

(See section 6:2:2). This also produces the greatest value of —3% for our thin film sample.
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Increésing the thickness of the film layer increases the number of periods (See Figure 5-3),
hence it is possible to maximise %%‘f by selecting the optimal angle of incidence for each thin
film thickness. At 15° incidence a polarised, dithered laser beam needs to be used because
the two polarisation orientations do not have equal reflection intensities. As demonstrated

earlier this will degrade the overall differential signal by up to a factor of 2.

=
= .
§ n; fixed
[¢b]
2
£ )
i n, fixed
BAY)
(@]
|_.
n s fixed

Refractive Index of Film (n,) or Substrate (ns)

Figure 6:4. Reflectivity of a O-I5I pm thin film over a range of refractive
indices on a BK7 glass substrate (n;=1.51) at incidence angle: (a) [5° (=),
(b) 60° (- - -) and (¢) a GLS film (n;=2.76) on an imaginary theoretical
substrate () for p polarised light. {Original in colour}

The refractive index of GLS is slightly higher than most materials used in similar waveguide
devices and optical arrangements. Growing thin films of different thickness can position the

maximum of Z2for the more common film indices of 1:7 to 2:2, for the first order peaks,

with larger incidence angles producing higher reflectances. As well as maximising %ff by

changing the angle of incidence, it is also possible to move along the abscissa by changing
the wavelength of the incident radiation as this produces a different effective n; for the film
layer; this technique uses any convenient laser wavelength as a measuring source. Finally it
can also be seen from Figure 6-4, that even large refractive index changes of the substrate

for a fixed index, 7., produce only small variations in the overall surface reflection.
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Figure 6:5. The optical layout as a
dithered light beam is reflected
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detector. {Original in colour}

6-2-2 Experimental Arrangement

Figure 6-5 shows the main components of the apparatus and the path taken by the laser
beam. Three milliwatts of polarised 633 nm laser light are reflected from a mirror mounted
on a galvanometer, through a cylindrical lens and onto the multilayer sample at an oscillation
rate of 67 Hz. The galvo-mirror is driven by a square wave input signal whose amplitude
determines the spot separation at the surface of the thin film layer, which is at the focal point
of the lens. A 25 mm focal length, standard plano-convex lens produced focused spots
which resulted in. noisy signals due to the high sensitivity of the arrangement to tiny
imperfections and particulate matter ! in the deposited film. Channel waveguides are
produced from relatively long, narrow areas of photomodified film, so a cylindrical lens is
chosen to produce a thin stripe, allowing the reflections from the sample surface to be the
average of a small linear surface area. On leaving the sample the intensity of the reflected
dithered beam is measured by a single large area silicon photodiode. This signal is input to
a phase sensitive detector using the galvanometer driving signal as a reference. As it can
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be difficult to locate a photomodified region (by eye) the sample is mounted on a motorised
travelling table with a transducer able to record positions to within £ 0-5 ym accuracy. The

spot separation at the focal point is f*A&; (> laser divergence) where A g, refers to the small

change in the scan angle due to the dithering and fis the focal length of the lens. This is the

separation between the spot centres and care should be taken to ensure that the spots do
not overlap. The dithered beam should also be symmetrical about the centre of the lens to
reduce errors caused by astigmatism and coma.

6-2-3 Calibration

Figure 6-6 shows, diagrammatically, the dithered beam as it travels across a photobleached,
index reduced, area of a surface and the differential reflectance signal against the respective
sample positions. The GLS sample used was prepared in our chamber by 9000 laser pulses
(delivered at 10 Hz) at 3-5 J cm? with a target-to-substrate separation of 80 mm. Starting in

region/position A, both parts of the dithered beam are reflected from outside the

photomodified area (the region of increased/decreased refractive index) which on a uniform
film produces no difference in reflectivity, hence an almost zero differential output. As the
sample is translated, one spot (the first location of the dithered beam) begins to enter the
modified region of the film which in turn changes its reflectivity. When one spot is fully

inside the modified region the increased differential reflectivity is marked area B in the
figure. As the second spot begins to enter the photomodified zone, the differential signal

decreases, reaching zero again as both spots are of equal reflectance (C in the figure).
The sequence reverses as the first spot leaves the modified region (position D) and finally
enters region E, the same as A, as the sample translates further the equal reflectances from

the surface produce zero signal. The difference in signal amplitude between A and E is due

to the film being slightly non-uniform.

The spot separation and width of the photobleached area can be found directly from the
differential reflectance signal, Figure 6:6. The reflectivity change between regions A and B
is due to one of the dithered spots transferring between two areas of differing reflectance.
Assuming, initially, that the spot separation is less than the stripe width, then at the half
maximum point of the trace the spot is equally divided between the two areas, hence the Full
Width Half Maximum (FWHM) distance is the separation between the dual beam centres
and in the example shown is 0:47 mm. Region B and D represent the same half of the
dithered beams two components entering and leaving the modified region respectively,
hence it follows that the separation of the centre of these two regions defines the width of the
photobleached stripe, 1-95 mm for this sample. However, if the spot separation is greater
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than the stripe width then the relative measurements are interchanged. If neither value is
known the two can be distinguished by adjusting the spot separation slightly and rerunning
the same scan. The measurement which remains unchanged is that of the stripe width. On
knowing the spot separation the apparatus can be used to map multiple, varying width,
modulated regions across a single surface. Sharp edges of the photomodified areas and
tightly focused laser beam spots allow mapping of thinner areas and produce more rapidly
changing differential reflectivity results, but were unnecessary in our application.
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Front view of sample Photomodified region Dithered laser spots

Region: A B C D E

Figure 6:6. Differential reflectance signal as a photomodified sample of GLS
travels through the path of a dithered, polarised laser beam for each respective
region of translation. {Original in colour}.



Chapter 6: Measurements of Photomodification 120

In the experimental arrangement a cylindrical lens was used which created the thin laser
lines shown schematically in Figure 6-6, rather than focused spots. The lines were 1:35 mm
in height, this being the collimated beam diameter of the HeNe laser at 633 nm. The spot
width can be deduced from Gaussian beam focusing theory ! which gives the
approximation:

where @, is the radius of the beam waist located at the focal length of the lens £ (25 mm), A

is the laser wavelength and o(f} is the radius of the laser beam at the lens. For the 633 nm

reflectance measuring beam, the spot widths were ~ 15 ym.

A direct and simple measurement of the sign of An, is in contrast to the difficulty of

measuring the sign of the induced change by grating techniques. It can be determined in
several ways, for example a maft black line has a lower reflectance (simulating a lower
refractive index). If this is scanned the differential reflectance signal will have the same sign
as the experimental data if the index of the photomodified region is lower than the
surrounding film and vice versa. Alternatively the sample can be transiated until the first
dithered spot is no longer reflected from the surface (i.e. missing the sample altogether).
The signal then directly relates to the same spot arriving at the photomodified area, hence
if this is in the same direction as before then the refractive index due to modification has

decreased. This is true for the GLS thin film example shown: An; is negative.

Finally, it is necessary to calibrate the signal intensity in order that we find the magnitude of
An,. Based on equations 5-6 and 5-8, Table 6-1 shows the polarisation angles required to
force %‘;to zero for CaF,?2 and ZnSe "4 at room temperatyre and the relative refractive
indices at three temperatures including air *%l. Calibration is achieved by mounting two
halves of a single substrate on o two Peltier effect heat pumps, connected to operate with
opposite current flow. This causes one half to be heated to up to 70 °C and the other to be
cooled to a minimum of 1 °C changing the refractive index of the materials. It is assumed
that the air at the sample surface is at the same temperature as the sample itself, a good
approximation for both indices at the boundary layer. Since the refractive index of air is not
exactly 1 and is temperature dependent, its value differs at the two positions of the dithered

beam during a 3”—91 experimental investigation. An error of 1° in the polarisation angle (in this

case at 15° incidence) would result in an error of 0-:049% for Am, in CaF,, based on the

values calculated in Table 6-1.

Using ZnSe, with its increasing refractive index with tempeérature, as the calibration sample,
CaF. (having a negative temperature differential) can then be used to test the apparatus.
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For CaF; (from Table 6-1), An, has a theoretical value of -7-47x10* for a temperature

increase of 69 °C. Table 6-2 shows the differential reflectance resuits for the arrangement
shown in Figure 6:5. Starting with the ZnSe results, a difference of 128-6 pV for a 3-39x10*
reflectivity difference produces a refleclivity gradient of 2:64 V. Combine this with the
experimental differential reflectance signal for CaF: to find the actual reflectivity difference
of the material as: -13-9x10® x 2-64, giving -3-7x10°%. Using this figure and utilising the

Fresnel equations it is possible to convert this to an experimental An, of -7-02x10* for CaF..

Given the very small changes involved, the difference from the calculated value (4:8x10?) is
considered satisfactory.

Material Refractive Indexat 3 Initial polarisation angle required  Calculated Total Reflected
Temperatures at 20 °C (degrees) Signal in air (%)
1°C =1-43251 1-57461
Calcium Fluoride (CaF.) 20°C =1-43230 463 1-57355
70°C =1-43176 1-57064
1°C =2-5821 979647
Zinc Selenide (ZnSe) 20°C =25934 454 9-80572
70°C = 2-5969 9-83041
1°C =1-0002007
Alr (at 1 atmosphere) 20°C =1-0002718 N/A N/A
70°C =1-0002321

Table 68:1. The characteristics of the materials used for calibration.

Interface Calc. An Calc. AR Signal (BV) Measured Ar;
ZnSe, 20°C 0 0 1-4 - offset -

ZnSe, 69 °C diff. 48x10° +3-39x 10+ 1286 Calibration
CaF2, 20°C 0 0 1-7 - offset -

CaF;, 69 °C diff. -7-5x10% -3-97 x10° -13-9 -7-02 x 10°*

Table 6:2.  PSD output signals for the calibration and test sample interfaces.

The electronics of the experimental arrangement produces the fundamental limitation of the
technique. This would be mainly evident in the silicon detector where the dominant noise in
such a p-n junction is shot noise'. Equation 6-4 shows the noise current as a function of the

bandwidth, B, and the current flow through the device, I;: e is the charge on an electron.

! Semiconductor devices display a type of noise which is temperature independent and is due to the fact that the current carrying
mechanism involves randomly distributed doping impurities creating either excess electrons or positive charge carrying holes. The
random way in which the carriers are swept across the p-n junction and then recombine, creates a variance in the operation of the
junctions which s called Shot noise.
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1, is calculated from the product of the diodes responsivity and the laser power incident upon
it. It is found from the square root of the sum of squares of the signal current and the
constant ‘dark’ or leakage current present. With a diode responsivity of 390 mA W at
633 nm a dark current of 0-9 pA (negligible in this application), an incident laser power of
4-7x10* W using a bandwidth of 1 Hz, results in a signal noise of 7:7x10*® A. For this
detector the signal-to-noise ratio is 2-4x10”. Hence when the reflectivity signal is 1 V the
noise signal is 4-2x10° V, which in the case of the CaF. example would correspond to a

minimum measurable A, of 8-56x10°. The observed noise signal was % 4-0 uV which relates

to a An, change of 9x107%, in excellent agreement. In this case the overall signal to noise

ratio, S:N, is proportional to the square root of the incident laser power.

Different experimental arrangements and wavelengths would employ different types of
detector. For example for a pyroelectric device, whose noise level is not dependent on the
incident signal, the S:N is directly proportional to laser power. Johnson noise is dominant in
photo conductive detectors and because this is a thermal effect it remains constant for a
specific detector unless the laser power incident on the detector is large enough to cause
heating.

The arrangement does not measure the refractive index of a material but the difference in
two adjacent areas on a surface. This technique has successfully been used to resolve
small negative changes in the refractive index of thin GLS films to one part in 10° whilst only
knowing the actual refractive index of one area to three significant figures.

This experimental arrangement can also monitor the photomodification process in-situ,
which is not generally possible with other techniques. For these measurements the sample
remains stationary and the signal is recorded as a function of time. The dithered beam is
initially on a fresh sample, hence the signal is zero. If an argon ion laser beam covers only
one of the two dithering spots (a few tens of milliwatts is used to photobleach GLS films), the
area at this intersection will be photomodified. As the process progresses, the refractive
index of the film changes and is monitored by the differential reflectivity measurement.
Figure 6-7 shows a plot of this type. Initially the signal is zero (O—A) and at A
photomodification begins producing an instantaneous increase in the refractive index of the

thin film material (A—B) which then over the % hour period completely photomadifies the
sample to saturation (B—C). This initial rise is considered in more detail in Section 6-4.

When the Ar* laser is turned off, the refractive index decreases further (C—D). At any stage

in the modification the light can be interrupted and the signal will show the same magnitude
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of change (A—B or C—D), returning to almost the same point if allowed to continue. Colour

filters and non-photomodifiable samples were used to ensure that this step in the signal
change is not merely Ar* light falling onto the detector. Thin film samples with a few tens of
degrees centigrade differential across them have also been studied to assess the magnitude
of temperature change on the reflectivity, which in itself shows diverse applications of the
experimental technique. This showed that neither is responsible for the rapid, reversal of
index change which is believed to be an effect in GLS itself. However this example does
show how a film of known thickness can be photomodified to reduce the refractive index by
an exact amount, in-sity which makes the arrangement unique. The experimental
arrangement and principles of operation were published elsewhere 71,

0 10 15 20 2 30 35 40 45
Time (minutes)

Differential Reflectance (arb. units)

v

Figure 6-7. Differential reflectance signal from a GLS thin film being
photomodified in-situ. One of the dithered spots is positioned in the area
being modified whilst the other is in an adjacent area. As the refractive index
changes the plot shows both the magnitude and direction of this change.

6+2-4 Summary

We have developed, and demonstrated, a highly accurate way of measuring very small
changes in the refractive index of a material. The apparatus has the advantage over other
techniques of being able to make in-situ measurements of, and map, index changes across
an entire surface to an accuracy of 8:5x10% in the arrangement presented here. This would
of course vary for different laser powers and detectors etc. The detailed, dimensional,
mapping of changes in refractive index is limited only by the focused spot diameter and the
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need for a separation between them when dithered, the surface quality and the noise
associated with the combined detector and PSD electrical noise and can readily be
implemented at any laser wavelength.

One of the important properties of Gallium Lanthanum Sulphide (GLS) that is utilised, is its
ability to photomodify. The apparatus was designed to determine the refractive index
change, found to be ~ 1% for these thin films, to an accuracy of 3 x 10* %. The technique
presented provides an accurate value for the difference between two adjacent surface areas,

with both the magnitude and sign of An being determined.

Once calibrated, it has been shown that a dithered laser beam at almost any desired
wavelength, can be employed to measure the dimensions and magnitude of index changes
for regions on fiim surface which have been modified in some way. The simple
experimental arrangement allows for rapid changes in optics and detector to suit the
wavelength chosen. The apparatus is best suited to bulk samples or thin film layers with a
thickness below ~ 20 uim.

When using a polarised incident beam, errors due to the slight angle difference in the dither
process itself are shown to be minimised with an optimum choice of polarisation angle for
small spot separations. The ability to record reflectance changes in-situ is also unique.
Samples can be heated, illuminated or processed in other ways, with a constant record made
of the refractive index changes which occur. The remainder of this chapter will utilise this
experimental arrangement to its fullest potential, showing that this simple technique is
extremely versatile. The technique could for example be applied in vacuum during ion
implantation, or in a furnace during diffusion.

63 Photomodification of Thin Films

6'3-1 Measurements of Refractive Index Changes

With the fully calibrated arrangement it was possible to measure the magnitude of the
refractive index change, due to photomodification. Using the set of films previously detailed
in Section 5-3 (Table 5:1 and Table 5-3), it is necessary to locate a common point in the

reflection verses wavelength plot for each material to keep the sensitivity of the An
measurement at a maximum for all samples. The maximum reflectivity change due to a

: o . . dR
change in refractive index occurs at the maximum or minimum of the -~ plot. For ease of

data processing the maximum reflectivity is calculated for each thin film sample based on
the refractive index and thickness data which is obtained using the fitting technique
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discuésed in Section 5-3-1. The data from Tables 5-1 and 5-3 are reproduced in Table 6-3
and 6-4 respectively with additional columns, giving the calculated values for the maximum
reflectivity achievable with the film and the required thickness needed to centre this
maximum at 633 nm. Continuing this assessment, the number of pulses required from a
laser ablation run, under the same original growth conditions which are required to achieve
this. Each of the films were then produced and repeat measurements were made. The next
3 columns present the actual reflectivity and thickness of the film produced and its deviation
from the theoretical target value.

Using a set of films previously detailed, the effects of background gases and Excimer laser
energy density are derived. A multi-line Argon ion laser is tuned to each of its single lines
and the ability of the same sample to photomodify with respect to wavelength are reported.
Finally the effect of one single line from the argon laser at differing output powers and the
speed of photomodification are presented.

These thin film structures can now be compared in photomodification experiments in order to
assess how growth conditions during laser ablation, already known to change the structure
and elemental bonding, affect the ability o photomodify. The final column in Tables 6-3 and
6-4 shows the decrease in refractive index which is produced using a multi-line argon ion
laser with an output Gaussian beam of 0-8 mm diameter and a power of 300 mW (596-8 kW
m?) for a duration of thirty minutes. These data were obtained using the differential
reflectance technique detailed in the previous section. It can now been seen that for films
grown in a background gas of Argon the percentage decrease in refractive index of the
material remains constant. Argon atoms are not easily incorporated during growth but
merely act to slow the plume and change the refractive index.

For the films grown at differing energy density, there is a change in photomodification
achievable. As the energy density increases, the quality of the material decreases and so
does the ability to photomodify. These results show that as the GLS films lose stoichiometry
they also reduce their ability to photobleach. These results are similar to those of the thin
films which are grown in a background gas of oxygen. As the gas pressure increases the
material becomes thinner and includes a higher percentage of oxygen atoms. lts ability to
photomodify actually disappears under the experimental arrangements used here.

Using a film grown in vacuum (Va:1) photomodification effects were measured using five,
single argon lines all at 46 mw (91-5 kW m?). This power was chosen in the interests of
consistency as it was the maximum achievable on the lowest power line. Figure 6-8 is a plot
of the refractive index change, An, which is achieved using each wavelength from the argon
ion laser. In summary the shorter the wavelength the greater the refractive index change
which occurs. However, as Table 6:5 shows, if exposure time is sufficiently long for
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saturation to be reached the value of Az is not as large if saturation is eventually reached.

Higher photon energy leads to greater absorption by the thin film layer and hence greater
refractive index change in the same time period. The higher energy photons break bonds in
the GLS structure more easily and so photomodify quicker.

457-¢ nm

] J ] i ] ’
0 5 10 15 20 25 30
Time (min)

Figure 6:8. GLS photomodified with the various single lines of an Argon ion
laser. Over a 30 minute period the same power of each line achieves a
different magnitude of refractive index change. {Original in colour}

Anreached Time taken
Wavelength %) (min)

514-5 1-40 56

496-5 1-44 49

488-0 1-47 40

4765 1:49 30

457-9 1-49 15
Table 6:5. Decrease in refractive index and time taken to reach this
saturation for a GLS thin film photomodified at various argon ion laser
wavelengths (all at 46 mW).

Using a single wavelength from the argon ion laser at different powers and exposure times
allows the same number of photons to be incident on the thin film layer. [t was found that

the time necessary for An saturation decreases with incident power. This means that
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independent of power, the same quantity of photons creates the same change in refractive
index. Figure 6-9 shows these results. [t can be seen that the refractive index change
results from photons changing the atomic structure of the chalcogenide glass and the higher
this energy, the faster the process occurs.

4 49:9 min 98:3 min 145 min
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An (%)

0 1 ] T ’

] i ]
25 50 75 100 125 150
Time (min)
Figure 6:9. GLS photomodified with the 458 nm line of an Argon ion laser

at differing output power and constant beam diameter, until saturation is

reached. {Original in colour}

6-3-2 Ageing of Chalcogenide Thin Films

Due to the nature of laser ablation deposition, films are not thermally stable after ablation
growth and relaxational structural changes start to take place **%. Relaxational structural
changes are inherent in all non-crystalline materials due to their thermodynamic instability.
After deposition in vacuum a GLS thin film has stored some excess free energy because of
the structural disorder and non-homogeneity. This excess energy decreases with time owing
to relaxational structural changes. The driving forces behind this are the internal mechanical
stresses arising during the film deposition and which diminish in the course of the
relaxation?®, This is facilitated by the non-rigidity of the film lattice. Only the short range
order changes with time at room temperature. The main effect in sulphur based
chalcogenide thin films is likely to be played by sulphur atoms themselves. Relaxational
changes result in a decrease of absorption and an increase of refractive index . The
saturation values of the refractive index changes are smaller than in the case of
photostructural changes ..

Here the findings on the difference in photomodification between aged and fresh
non-annealed GLS films shows that the age of the films should always be taken into
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account. Five non-annealed thin films laser ablated onto optical glass subsirates were
studied over a two year period.

To show how the relaxational structural changes affect the as-ablated and photomodified
thin film samples due to ageing, four of the films were used in a simple experiment to see
how temperature and ambient light could relax both the unmodified GLS and a
photomodified region, if left for an extended period of two years. Each film was attached to
a copper block, one of the blocks was heated to 70 °C and the other cooled to 1 °C. One of
the cooled films was covered in black cloth to reduce the light which reaches its surface and
the other was illuminated with two white light emitting diodes (LED). The same illumination
arrangement was also applied to the heated pair. Table 6-6 shows the measured refractive
index, thickness and percentage of photomodification for the four films described above (the
fifth film will be discussed later in this section). After the two year period, the refractive
index and photomodified difference were again evaluated and recorded in the table. It can
be seen that both heat and light assist in the relaxation process of the film, reducing the
magnitude of the refractive index change. it should be noted that all samples were returned
to room temperature before any measurements of reflectivity were made.

The fifth film sample was left in the laboratory and was then subjected to the light from the
fluorescent tubes during the day and darkness over night. The room temperature was
moritored to be within the range of § to 30 °C over the full period. This film was monitored
for the full duration of the experiment with one data point taken each month to within a day.
Figure 6:10 shows a plot of the refractive index difference with time as this sample relaxes
over the period. Finally at the very end of the experiment, the fifth film was photomodified
for a second time in a slightly different region (but close enough for the difference in film
thickness to be negligible) to show that the structurally relaxed film is not as efficient as
when it was first manufactured. The white LED's were intended to mimic the fiuorescent
room lights and they are an ideal source of light which has no infrared component and
produce essentially no sample or environmental heating.

The results show that both light and heat affect the refractive index of the thin film layer.
The experiment would have to be run for a time-scale beyond the scope of this work to
conclusively show if the dark, cold sample would reach the same refractive index change as
the illuminated, hot sample. However the results seem to show that light induced changes
leave the GLS in a state from which thermally the structure can change further.

For samples to be of use in practical -applications, the ageing process needs to be
accelerated. It may not be possible to completely stop this process as it has already been
shown that eventually the same number of incident photons will create the same saturated
effect. One way to slow down the 'ageing' of the samples could be to control the
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temperature of their environment (mainly substrate) and apply a capping layer to the thin
film which would be capable of preventing light from reaching the underlying layer. In
conclusion, due to the long relaxation time of the structural changes, the degree of
photostructural change depends on the age of the as-ablated films.
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Figure 6:10. GLS refractive index as the structure self-relaxes over a two year
period. The refractive index is measured on a monthly basis using the fitting
technique detailed in Section 5:3-1, refractive index is quoted at one micron.
{Original in colour}
2 START FINISH
5 Control
é conditions Refractive ~ Thickness An Refractive ~ Thickness An
= ind index
= (at 6339 nm) (nm) (%) (at 633 1m) (nm) (%)
1 & [ ) 3-121 372-21 1-61 3-109 372-12 1:51
2 @ O 3-063 369-87 1:63 3-042 369-89 1-14
3 @ o 3:-104 370-01 1-59 3-082 369-92 1-16
4 ® O 3-081 369-93 1-61 3-052 370-03 0-97
5 N/A 3-087 371-75 1-62 3-064 371-65 1-22
Re-modified Data 3-066 372-57 1-40

Table 6:6.  GLS thin films, refractive index (An) and thickness changes due
to heating and room light over a two year period. @ .old, © hot, @ dark and
O light. {Original in colour}.
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6-3-3 Monitoring the Photothermal Parameter, in-situ

Using the heater-cooler block which was initially designed for use in the calibration of the
differential reflectance measurement arrangement, the optothermal parameter dn/dT was

obtained for a GLS thin film grown in vacuum at ~ 107 Torr.

The refractive index was originally measured at 1 °C, using the standard fitting technique
based on the transmission spectra from the Perkin Eimer FTIR Spectrophotometer. This
provides a value by which the differential reflectance technique can monitor the change in
refractive index with respect to temperature. One half was held at 1 °C and the other heated
to 70 °C. The measured sample resulted in a temperature coefficient of refractive index,

dn/dT equal to 3-2 x 10° K* for a virgin film. For the second result the heated sample was

first photomodified at room temperature, before being re-heated and its refractive index
relative to the reference sample recorded. Finally if both halves of the sample are held at
1 °C, the refractive index difference with respect to temperature could be found. For the
photomodified thin film the value reduced to dn/dT = 2-4 x 10° K' showing that
photoinduced changes strongly influence the optothermal coefficient. Similar values are
found in the literature i.e. 21 x 10° K™ and 1-8 x 10 K respectively for As,S; chalcogenide
glass 01,

6:3:4 Other Chalcogenide Thin Films

GLS is not unique in its ability to photomodify. Earlier chapters (mainly Section 2-4) have
discussed extensively the various phenomena which have so far been found. One other
chalcogenide glass; Gallium-sodium-sulphide (GNS) was briefly investigated during the
course of this work.

In a similar way to the GLS samples, GNS was investigated using the same five single lines
from an argon ion laser at increasing laser power and the results are presented in Figure
6:11. With 46 mW (91-5 kW m2) on each line, GNS will photomodify considerably in thirty
seconds and the exposed film appears transparent to visible radiation when viewed by eye.
Sodium sulphide safety data states that the starting material should be contained in a
darkened environment due to reaction with visible light. Indeed the starting powders change
from white to lilac if exposed to daylight for a few tens of minutes. This might explain why it
is so efficient when exposed to laser light in the argon ion laser emission region. As with
GLS, this material shows no signs of volumetric changes due to photomodification.
However GNS is not stable in air and within a few months it was possible to see the thin film
layer beginning to flake away from the substrate in various isolated patches at first, growing
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larger over time. Time-scales did not allow as much investigation work with this material as
would have been necessary to complete a more detailed comparative picture.
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Figure 6:11. GINS photomodified with the various single lines of an Argon
ion laser, Over a 6 minute period the same power of each line achieves a
different magnitude of refractive index change. {Original in colour}

64 Fast Photomodification Effect

Figure 6-7 showed a typical in-situ monitoring of photomodification. Clearly visible, and not
yet discussed, is the initial rise in refractive index of the material before the longer
decreasing curve which follows indicating, a refractive index reduction. To investigate this
further, the initial rapid change needs to be analysed on a much faster time scale. The rise
time of the reflectance signal varies between a few hundred microseconds for very thin films
{o around ten seconds for thin films up to three microns in thickness. Figure 6:12 shows an
example of a thin film, with thickness 3 ym showing the fast initial response of the surface
reflectivity (blue line) due to the illumination by 300 mW (29-8 kW m™?) of singlemode,
multi-line radiation from the argon ion laser. The reflectance line does not appear to fall
below zero even after 100 s in this figure, but it should be noted that Figure 6-7 shows that
this point is not reached for around 4 minutes and so is not expected on the shorter
time-scale. The second line (red) shows the intensity of the argon laser radiation which
passes unabsorbed by the thin film layer through the substrate and onto a second detector
during the photomodification process. The transmission initially dips before furning upwards,
continuing through its original value as the photobleaching sets in and progresses even more
positive. These observations are in keeping with the original in-situ photomodification
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profilé, where the reflectivity from the surface increases showing an increase in the
refractive index which is atfributed to photodarkening. As the photomodification turns into a
bleaching effect (index decrease) the absorption of the thin film decreases. This interesting
concept will be discussed in the next section which refers to bulk samples. These are
photomodified and a similar effect of bi-directional photomodification is seen to occur with
the naked eye.
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Figure 6:12.  Comparison of the reflectivity change during in-situ
photomodification and the intensity of the argon beam which passes through
the GLS sample as it induces the struccural change. Transmission can be seen
to fall and rise again as the process progresses. {Original in colout}

The lack of this initial rise in the profile when the thin film layer is grown on high thermal
conductivity substrates, such as copper, suggests that this is a thermal effect. To investigate
this idea further, the end of a thermocouple was coated with a 3 ym layer of GLS. The tip
was illuminated by the argon laser and the temperature change monitored. Over exactly the
same time scale as the reflectivity profile changes, the thermocouple tip heated to 310 °C
where it remains until the argon laser beam is removed. As a check, an uncoated
thermocouple was held in the beam path and no temperature change was recorded. From
this it can be deduced that the thin films are strongly heated due to absorption of above band
gap radiation by the GLS thin film layer. The temperature of the coated thermocouple is
dependent on both power and wavelength which are incident upon it. Any changes in thin
film reflectivity which are observed due to heating are erased when the radiation is removed.
This means that photothermal changes are erasable and the photo-optical changes are
permanent. The heating process incurred on the substrate would be different as the thermal
constants and geometry would not be the same as the thermocouple tip. Equation 6-5
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represents the best fit to the thermal component of the thin film reflectivity %!, [ represents
the reflectivity intensity, 7 is the time taken to reach that value and £, is the saturation time at

which point the profile ceases to increase and £ is a constant. The best fit to the data in this

case shows saturation to occur at 1.67 s for this particular thin film. The same equation can
be used to fit to the initial rise of the optical data from the reflectance signal, showing that
they have equivalent forms.

I= k[l - 1+1L) ................ (6-5)

ts

Figure 6-13 shows the peak increase in refractive index achievable from the multi-line argon
emission at various optical powers. This profile can be seen 1o tend towards saturation and

can also be fit to Equation 65, in this case the optical power would be substituted for ¢ and f;

has a value, when fitted, of 274.4 mW (545-9 kW m2) which indicates the power at which
saturation of heating induced changé occurs.
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Figure 6-13. Comparison of the initial increase in GLS refractive index during
in-situ photomodification and the required laser power. Also shown is the
best fit line to these data points. {Original in colour}

In summary, there are two effects which occur when thin films of many chalcogenide
materials are subjected to laser light whose wavelength lies above the optical band gap of
the material. The first and initially most obvious is a heating effect which rapidly increases
the refractive index of the material. For most materials the temperature coefficient of
refractive index is negative at visible wavelengths and temperatures ranges of a few
hundred degrees centigrade. As a material is heated it becomes less dense reducing the
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refractive index. in some materials this can be offset by a much larger positive index
change due to shift in the materials optical bandgap, for example ZnSe also has this positive
coefficient. It is erasable and disappears when the light is removed. The second effect is
typical photomadification in which the refractive index is permanently decreased (in the case
of GLS).

6°5 Bulk Photomodification
651 Change in Refractive Index

Whilst the project was primarily to look at photomodification properties of thin films, no
assessment would be complete without looking at how bulk samples respond to the
photomodification process. Using the standard in-situ differential reflectance technique it
has been found that the refractive index increases by up to 0-8%, usually with a 'red' shift in
the absorption edge, known as photodarkening. This is contradictory to the photobleaching
seen in the thin film samples.

A large bulk sample of GLS (20 mm? with a 5 mm thickness) was polished to an optical
guality on all edges and used in this small scale investigation. As in the thin films of this
material a photomodified region is visible by eye if viewed through a sample with a white
light source behind. When modification is induced by a muiti-line argon ion laser at 300 mW
(596-8 kW m) an obvious dark brown spot appears on the surface after only a few minutes.
Another key difference to the thin films is that this spot begins to fade. In under 10 minutes
this photodarkened spot begins to disappear. Closer inspection of the photodarkened spot
shows that before the region has a chance to fade, a pale ring appears to surround the
darkened region. This is in keeping with the transmission intensity measurement which was
observed in the previous section whilst considering the fast initial response.

To investigate this further, a slight modification was made to the differential reflectance
technique to improve its ability to look at this effect. A digital gain amplifier? is combined
with a pulse generator and a binary counter. The amplifier begins with a unity gain and the
pulses from the square wave signal generator oscillate the galvo-mirror and act as a
reference signal to the PSD. After 128 pulses are counted, the digital amplifier increases its
gain slightly, which combined with the pulses results in a slightly increased amplitude and
hence a shifted rest position for the galvo-mirror at one extreme. One rest position for the
galvo-mirror is defined by zero voits in the drive signal and the other extreme of mirror swing
is defined by the amplitude of the driving pulses. After a pre-set period the rest location of

2 A digital gain amplifier is an operational amplifier configured as a closed loop gain device whose feedback resistor is a discrete
semiconductor which has an equivalent resistance proportional to the number of square wave pulses which it receives. This allows
the gain of the overall amplifier to be increased of decreased using clock pulses and counters.



Chapter 6: Measurements of Photomodification 137

A
17
Gaussian Laser Profile
Photomodification

_ 10— whilst luminated

s

[ ==t

< After 5 minutes |

T
e
\ After 10 minutes
L
0 ! . -~
03— 04

Distance (mm)

Figure 6:14. Comparison of the changes in refractive index from just before
the laser is turned off, then 5 and 10 minutes after turn off. This is a bulk
sample of GLS and hence has the characteristic increase in refractive index.
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Figure 6:15. Change in refractive index during photomodification at various
Argon lon laser lines all at same power density on a bulk GLS sample.
{Original in colour}
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the second laser spot in. the 'dither' experimental arrangement, moves across the sample
surface as thé gain of the amplifier increases the pulse amplitude. The quantised step size
of this move is controlled by the gain step of the amplifier and the speed is set by the
number of “dithers” between gain increments and is set by the binary counter.

With the argon laser in place to instigate photomodification, the dither spot is translated
across the region using the above mapping technique. Figure 6-14 shows the resultant plot
as such a scan is performed. The paler and darker, photo- bleached and darkened regions
can now be better understood. The figure also shows two profiles taken five and ten minutes
after turning the laser off. It is evident that the pale ring disappears more quickly than the
centre region.

Two further investigations were now undertaken as a result of this observation. A combined
graph (Figure 6:-15) looks at how a bulk sample photomodifies with increasing argon power at
five laser wavelengths. Again a maximum of 46 mW (91-5 kW m?) is used as this is the
highest intensity from the weakest line of the argon ion laser. The graph shows how bulk
samples of GLS photomodify over a range of laser powers and a range of wavelengths. [t
can be seen that whilst all of the wavelengths cause a decrease in the refractive index at low
powers, the shorter the wavelength, the more effective the refractive index change. At
longer wavelengths the beam begins to transmit further into the bulk sample and the
photomodified region gains depth (when viewed from above). The depth profile can be seen
by eye and it appears as a dark brown approximately Gaussian profile which matches that of
the singlemode beam. In all cases, removing the source of energy allowed the bulk sample
to return to its original condition and properties.

A novel reversible change in the optical transmission and refractive index, due to light
irradiation has been found in the bulk GLS glass material. lllumination causes variation in
the optical properties of the glass having two competing effects: thermal and purely optical.
From this data it can be concluded that an optical effect, which appears upon illumination by
low energy light, shifts the absorption edge to shorter wavelengths (photobleaching), causing
an increase in the optical transmission of the film. The thermal effect, appears upon
illumination with higher power density and shifts the absorption edge to longer wavelengths
making the film less fransparent.

652 Measurements at Longer Wavelengths

Whilst in principle the differential reflectance technique can measure reflectivity changes at
any wavelength, variable reflectivity creates difficulty when measuring thin films. It is still
possible to conduct multi-wavelength measurements in thin films, by fitting to the
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transmission spectra and combining with the reflection technique to measure An under such

conditions. Bulk sample measurements are very easy to make over a wide range of
wavelengths. It has already been shown that the range of argon wavelengths photomodifies
the material and hence these frequencies can not be used for data acquisition. The next
wavelength that was available is 633 nm from the HeNe laser. There is no evidence that
this wavelength changes the refractive index, tests carried out to measure the refractive
index of GLS at 980 nm using a collimated diode having 26 mW output power at 641 nm for

photomodification, results found no refractive index change (A») and so confirms this.

Figure 6:16 shows the refractive index for a bulk sample of GLS when being photomodified
with the argon laser at 300 mW (596-8 kW m?) multi-line. The diodes (all set to 1 mW
output power) used to make the differential reflectance measurements are shown on the
abscissa and the respective index change at that wavelength shown. From these results it
can be seen that the photoinduced index changes are too small to measure above 980 nm
with our apparatus and given the sensitivity of the technique it is practical to deduce that
they do not actually exist. Assuming that no change occurs at these wavelengths, structures
made from GLS could be used to transmit longer wavelengths and interact with red and near
infrared frequencies via photoinduced grating based structures etc. It would be important in
such devices to maintain device stability which in a GLS sample means an element of
temperature control would be necessary and the samples shielded from light in the visible
region.
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Figure 6:16. Change in refractive index at various wavelengths during
photomodification by an Argon lon laser in a bulk GLS sample. {Original in

colour}
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66 Photoinduced Gratings
6+61 Introduction to Gratings

When longitudinally pumping a laser, it is necessary to ensure that the pump radiation is
coupled into the lasing medium with a high efficiency and the lasing radiation is coupled out
from only one of the mirrors. One mirror must therefore be highly transparent at the pump
wavelength and highly reflective at the lasing wavelength.

Most thin film slab or channel waveguides have their end surfaces perpendicular to the
optical axis, cleaved or polished to produce flat, smooth faces. However, there are two
problems which occur with polishing. Polishing gives truly flat surfaces if the polish rates of
the film and substrate material are the same. The friction that results between the thin film
surface and the polishing pad causes localised heating and softening of the glass. Particles
of the fine-grained polishing powder may also become embedded in the last few
micrometers of the thin film layer giving rise to a small loss by scattering and absorption.

When light is incident on an end surface, Fresnel reflection takes place. In the majority of
situations, reflection can be an unwanted source of feedback. One solution is to immerse the
end faces in refractive index matching oil. However, index matching fluids do not exist for
the higher index chalcogenide glasses. The end surfaces and the mirrors must be mounted
so that they are at an angle that is as close as possible to 90° to the ends of the waveguide
structure. This necessitates the use of micropositioners, which offer both translational and
rotational movements. Another difficulty that can arise in practice is bending of surface
mirrors, which occurs when excessive force is applied in an effort to avoid separation from
the end of the guide.

Another solution for cavity reflectors is to use directly coated ends®** in which one or more
layers, usually a dielectric stack, are evaporated onto the waveguides end surfaces. The
benefits of such a strategy are that many samples can be simultaneously mounted in an
evaporation plant and thus the cost is lower. Similarly, it is not necessary to devise a means
of mounting a separate mirror against the end. However, there are two serious
disadvantages associated with directly coated lasers: End-coated mirrors are more sensitive
to imperfections because they are usually multilayer dielectric coatings, cleaving must be
performed to a higher standard B°4. Second, if damage to the coating is caused by using
excessively high power focused pump light, the whole laser is destroyed. In contrast, pump
laser damage to bulk mirrors is usually restricted to a small area and the waveguide can be
moved relative to the mirror surface to reinitiate lasing.

Photosensitive gratings can be written into our thin films by transversely exposing the
surface to intense interfering wavefronts from a visible or ultraviolet laser. Optically induced
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defect sites are thus created, causing a periodic perturbation in the refractive index. The
variation of the pattern depends on the intensity of the exposing beams and the length of
exposure. The reflectivity and the bandwidth that can be achieved by the photosensitive
gratings in waveguides are determined by both the refractive index change and the grating
length. Photosensitive gratings offer the potential of comparative ease of preparation.

An induced refractive index change in chalcogenide materials permits the fabrication of high
spatial resolution grating structures using either laser % of e-beam %! addressing, with
applications such as Bragg reflectors, waveguide couplers and mode converters in
integrated optical devices. To recall earlier results, photomodification is maximised after
illumination for around forty five minutes at our power densities. In order that gratings be
written into GLS thin films over this duration would require active stabilisation of the
interferometric equipment.

6°6-2 Stabilised Interferometer
6-6-2-1 Introduction

Over the past twenty years gratings ‘written’ into fibres and thin films have been used as
reflectors and in wavelength multiplexing applications ¥, Usually these are written into a
material by means of a refractive index change resulting in a permanent grating. For GLS
thin films the argon ion laser interferometer produces an interference pattern to manufacture
a grating taking at least 20 minutes depending on the thickness of the target material. In
these circumstances, there is a need for the stabilisation of the interferometer.

During these long exposure experiments, the fringe pattern is very susceptible to
temperature variation and vibration from the surrounding environment causing a smearing of
the interference pattern®7’. The fringe drift associated with vibration can be largely
removed with the use of a good optical table; however, removal fringe drift due to
temperature change requires active stabilisation ®%®l.  Most unwanted path changes
associated with mechanical vibrations and thermal changes lie in the frequency range from 0
up to approximately 200 Hz. Therefore, to achieve practical stabilisation, a technique is
required which is capable of producing optical path length changes and is able to operate
over this frequency range. One solution is to alter the wavelength of the light by laser tuning
B This approach is expensive, complicated and possible at only a small selection of
wavelengths. An alternative solution is to alter the path length in the reference arm by
physically moving the mirror. In its simplest form a mirror is mounted on a piece of
piezoelectric material . A third technique involves the use of optical fibres and producing
path length changes by straining the fibre #'"l. Stabilisation is achieved by employing some
active element, in this case a piezoelectric multimorph™ crystal, together with a driving and
detection system. The detection and driving system is controlled by a negative feedback



Chapter 6: Measurements of Photomodification 142

loop. Herbst and Beckwith®'4 stabilise the cavity spacing of a Fabry-Perot interferometer for
the use as a tuneable filter during astronomical observations.

6-62-2 The Interference of Two Beams of Light

An important consideration, vital to designing an effective system to detect fringe drift, is the
shape of the interference pattern. Several methods can be used to calculate the resultant
intensity profile of two interfering waves of equal wavelength and amplitude. The resultant

distribution, Z, is a function of amplitude, g, and the phase difference, 0, in the form:

I=4a*cos® (%) .................. (66)

The greater the difference between the fringe maximum and minimum the larger the change
in intensity when the fringes drift. Drift of the interference pattern occurs when the optical
path length of either arm of the laser beam varies. The reduction in fringe intensity due to
the lack of constructive interference gives the impression of the pattern moving to either left
or right and hence the term drift. The fringe period, is defied as the distance from one point
to the same position on the next cycle.

6:6-2:3 Active Stabilisation

Whilst there are several alternatives that can be used to stabilise the fringe pattern, the most
readily achievable in the laboratory and the most inexpensive method is to change the path
length of the reference laser heam. This is achieved by altering the position of the mirror
within the interferometer, which effects the path length and moves the fringe pattern to
counteract the drift (demonstrated in Figure 6:17)
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Figure 6:17. Basic principle of an interferometer used to write gratings into
samples of GLS. {Original in colour}
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The drift of the fringes is slow; approximately several fringes per minute. This as an
advantage, as a slow control loop could be used and therefore the reaction time of the mirror
could also be relatively slow. A fast reaction time would be hindered as the weight of the
mirror on the mount would increase the momentum of the system. The following methods to
mount the mirror were considered: piezoelectric ceramic, bimorph ™ strip, metal expansion
and a loudspeaker.

Using the latter, a 7 mm? mirror was mounted in the centre of the speaker using epoxy resin.
The speaker has a frequency operating range of 300 Hz to 20 kHz but this is severely
reduced by the additional momentum of the mirror. It was necessary to carry out an
experiment to see how much dc voltage would be required to drive the speaker. To achieve
this, the speaker was held by an optical clamp in the interferometer configuration illustrated
Figure 6:17. The experiment required the interference pattern to be magnified as describe in
the following section. The results of the experiment are shown in Figure 6-18 where it is

seen that there is a linear relationship between fringe shift and driver voltage. The 470 Q

resistor allows for more sensitive adjustment of the fringes and, most importantly, that the
speaker system was capable of counteracting a drift of at least 10 fringes.
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Figure 6-18. "The correct choice of resistor shows how the control signal can
move one arm of the interferometer 1is sensitive to fringe translation.

{Original in colour}

6:6:2-4 Magnification of the Fringe Pattern

In the overlapping region of the two laser beams the width of the fringe period is related to
angular separation of the laser beams®' 314, Simple geometric considerations show that the

relationship between grating periodicity A and the beam angle o is given by:
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From this it is obvious that A is limited to values greater than A./2. For the 458 nm line from
an Argon ion laser the fringe period can vary from 5-24 ym for o = 5° separation to 0-32 pm

for oo = 90°. At these periods it was very difficult to lock the fringes with conventional

components due to size and hence detectable area available for one fringe. This meant it
was necessary to expand the fringe pattern.

The amount of magnification required depends on the size of the original fringe pattern. At
35°, the interference pattern at the intersection of the laser beams would require
approximately 150 times magnification {0 obtain a fringe width of at least 0-1 mm. This is an
arbitrary minimum value and can be achieved with a microscope objective and another lens.
This proved very successful, fringes of 2 mm being obtainable at a distance of 850 mm from
the intersection of the laser beams. The optimum separation of the objective and lens was a
compromise between light intensity and magnification. The fact that the fringe size could be
varied from a fraction to several millimetres made the limitations of the detection system
less critical. The microscope objective selected was a Melles Griot with a magnification
factor of 63, a working distance of 0-14 mm and a focal length of 3-1 mm. The laser beams
were recombined on the aperture of the microscope objective meaning the objective was
focused on a virtual object at infinite distance as shown in Figure 6:19. Matching the focal
points of the microscope objective with that of a second lens creates magnification on the
detector surface. This method allows the laser beams to have an initial wide angular
separation and therefore the corresponding interference pattern to have small fringe period
with which to write on a photosensitive material.
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Figure 6-19. The principle of fringe magnification used in our interferometet.

{Original in colour}

6:6-2-5 Method of Detecting Magnified Fringes

With the enlarged fringe pattern, it is possible to select a narrow area of the illumination (half
a fringe) by using a mask to select a particular fringe. The preferred option is based on a
feedback loop in combination with an oscillating input to ‘dither’ the fringe pattern. This
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‘dither’ was achieved by summing a square wave onto the speaker, forcing the fringes to
artificially drift. Using this ac signal as a reference signal allows the use of a phase sensitive
detector (PSD). The PSD compares the phase of the signal from the fringe detection system
to the reference from the signal generator. Any drift of the fringe pattern will create a phase
change and therefore a positive or negative output from the PSD dependent on the direction
of drift. This detection method can be refined to allow rejection of various kinds of unwanted
response 1'%, for example noise can be electronically induced to simulate environmental
changes. The use of a dither signal also negates the effect of errors induced by small
vibrations of the optical table.

To maximise the amount of light intensity on the single detector means increasing the
number of half fringes incident, the best option is to use a grating as this provides a
maximum number of evenly spaced slits. 50:50 transmissive gratings are used in
meteorology and are therefore easily available from commercial sources. The period of the
transmissive gratings available, varying from 100 lines per mm up to 1 line per mm. We
utilised a grating with a period of 2 lines per millimetre. This is a compromise between
maximum maghification and maximum light intensity. An additional advantage of using a
transmissive grating is that it gives an indication of the quality of the interference pattern and
not, in the case of a single slit, one half fringe. The positioning of the grating over the fringe
pattern is still vital. To match the period of the grating to the fringe width the grating is
rotated in the vertical plane so that its period with respect to the plane of the fringe pattern
decreases. The experimental arrangement is shown in Figure 6-20. Rotating the orientation
of the grating means that instead of altering the size of the interference pattern to match the
grating size, effectively the period of the grating is altered to match that of the interference
pattern. The fringe pattern and the fransmitted light through the grating produce Moiré
fringes. When the periods of both the grating and fringe period match, the Moiré fringes
disappear.

The signal from the photodiode is amplified by two stages of inverting amplifiers. Changes
in temperature are slow, so there is little requirement for fast correction to counteract the
drift of the interference pattern. This is an important factor as it affects the sensitivity and
stability of the feedback loop.

6:62:6 Feedback electronics

To convert the photo-current from the silicon detector into a relative voltage requires a low
noise transimpeadance amplifier. Inverting amplifiers were constructed from operational
amplifiers (Op-amps) employing negative feedback. The number of inversions must be such
that the feedback of the loop remained negative i.e. an odd number of inverting amplifiers.
Several stages of amplification were required to increase the output of the photodiode, by a
factor of around 5000 V A™. Figure 6:20 shows the relative locations of the amplifiers used.
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This circuit is connected to the PSD which has the input from the signal generator as a
phase reference for the amplified detection signal. Since one arm of the interferometer is
being oscillated at this frequency, any mismatch in the phase of the amplified photodiode
signal is caused by the drifting of the interference pattern. The output of the PSD is a dc
voltage whose magnitude is directly proportional to the phase difference between the
reference signal and the photodiode detected signal. The direction (sign) relates fo the
phase of the drift indicating the need to increase or decrease the path length of one arm of
the interferometer.

The amount of amplification required depends on the operating environment, i.e. the amount
of noise in the room induced by lighting. Separately, the loudspeaker has a 'fringes moved
per volt' transfer function and the photodetection system has a voltage dependent on the
intensity function. The amount of gain is critical in all feedback loops as it affects the
reaction speed of the complete system. More gain means a faster reaction; however the
gain also effects the stability of the system, so if the correction is too quick, the system over
corrects and has then to respond to its own over reaction. As with most control systems a
small over shoot is acceptable, i.e. under damping, but if the gain is increased above this
level the system tends to oscillate and cause instability.

6:6:2-7 Test Results

Initially simulations were required to prove that the interference pattern has actually
stabilised. As stated in the previous section the PSD indicates when the fringe drifting
begins to occur and the path difference required to return the interference to its original
state. The signal intensity from the photodetection system (Figure 6-21) increases to a
maximum by rotating the grating to the correct angle.

The square wave also shown in Figure 6-21 is that which is produced by the signal
generator, providing the 'dither to the loudspeaker. The signal from the photodetection
system is exactly in phase with the reference signal. The photodiode signal is low pass
filtered by the movement of the speaker cone, whereas the driving signal is a square wave,
this is due to the delayed response caused by the extra momentum of the mirror and glue on
the front. This effect could be counteracted if a lighter high quality mirror had been readily
available instead of the aluminium coated microscope slide used in these experiments.

Drift can be simulated by summing a dc component into the dither signal. Figure 6-22 and
Figure 6-23 continue on from Figure 6-21 to illustrate the simulated fringe drift over half a
period i.e. from a maxima to a minima. More specifically, Figure 6-22 shows the fringe drift
profile at 90° out of phase with the dither signal; the mismatch of phase is indicated by the
PSD output being zero. Figure 6:23 illustrates the modulation waveform 180° out of phase
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Figure 6:21. Fringe detection signal (—) is in phase with the reference mirror

driver signal (—). {Original in colour}
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with the dither signal and so the PSD output provides a feedback signal for the speaker cone
to adjust and correct it. If the fringe pattern is made to drift more than one period the system
locks on to the new fringe. To make the fringes drift more than one fringe period requires a
fast change, which would not happen in a realistic situation i.e. with an increase in
temperature or small physical vibrations. The output from the PSD is monitored via a
voltmeter clearly showing the PSD detecting the change in phase.

Without the mirror the manufacturers quoted, effective frequency range of the speaker is
300 Hz to 20 kHz. Experimentation showed that the working frequency range for the loaded
loudspeaker was between 400 Hz and 1-5 kHz. These are the 3 dB roll-off points of the
relationship between driving signal and physical movement of the cone. The degradation in
performance is due to the mass of the mirror causing increased momentum, returning to its
initial position more slowly. The dither frequency used in this apparatus was set to 627 Hz,
at this level there were no distinguishable effects or interference from mains electricity, room
lighting or harmonics of them.

6-6-2-8 Final System

As a simple proof of principle the open loop drift, X and the closed loop drift, ¥ were

measured. The 90° out of phase profile similar to that shown in Figure 6-:22 was taken as
the start/stop profile when all peaks were of equal amplitudes. Hence as the next tests were
performed, the profile starts as above, has some random shape for a time period during
which recovery takes place and finally when the profile returns to its original state the timing
is stopped and recorded.

The first test was to time how long it took for the fringes to drift as the room temperature was
reduced from 24 °C using the air-conditioning unit in the laboratory. For the open loop case
the fringe drifted one whole period within the first 1 °C, in total moving 16 periods in 5 °C.
With feedback activated no drift could be seen over the fifteen minutes needed to reduce the
room temperature by 5 °C.

The second test used a hot air stream (from a decorators hot air gun) to heat the mirror
mount of the fixed path length arm of the interferometer. For both open and closed loop drift
the fringes drifted badly whilst the air stream was in place. However the time taken to return
to a stable steady state when the air flow was removed was 41 seconds and 4 seconds
respectively: An order of magnitude improvement.

Use of the system to write stabilised gratings in photosensitive materials requires an
additional component, a beamsplitter positioned as shown in Figure 6-:24. This transmits
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90% 6f the light and reflects the remaining proportion. The photosensitive sample is placed
in the combined transmitted beam and the stabilisation system described here, is placed in
front of the reflected component. The results in the following section are produced using this
stabilised interferometer and an argon ion laser on photosensitive thin film layers.

< Photo detection system

’5. e Grating

tens

L Microscope objective

Argon lon

Beam splitter
Laser -

Photo
Sensitive

/‘ Material

&

Beam Splitting
cube

Fixed mirror M1

Figure 6:24. The full system layout combining sample holder and active
stabilisation, showing schematic layout of components. {Original in colour}

6:6:3 Mapping Photomodified Gratings

To recap; full photomodification of the GLS thin films takes in the region of forty five minutes
at our experimental intensities, meaning that active stabilisation is obviously necessary to
achieve maximum diffraction efficiency of the grating structure. An optimum grating
structure requires that the difference in refractive index between the periodic structures be
as large as possible, with the steepest rise or fall possible at the edges. The technique of so
called amplitude mapping, detailed in Section 6-5-1, is particularly useful in this application
to measure both magnitude of the index change and the width of the individual grating
features. The plan with this technique was two fold, primarily to look at the difference in the
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gratings produced with the active stabilisation on or off and secondly to measure the physical
dimensions of the grating period and structure. It is important fo point out at this stage that
the refractive index change measurements are less accurate using amplitude mapping than
the original dither technique. This is due to slight angle changes between the beams as the
spots separate, the spot size increases slightly and the surface reflectivity changes with the
angle of incidence.

The versatility of this differential reflectance technique is further demonstrated in the
following examples. The amplitude mapping technique is used whilst the active stabilisation
arrangement is in place and operational. This allows constant scanning of the interference
region on the thin film surface and continuous mapping of this area whilst the grating is
produced. Figure 6-25 shows the map of scans after various time periods showing the
refractive index change as the grating is produced, stabilised. The physical depth of these
structural changes which produce the gratings is unknown as this measurement technique,
can only monitor surface changes. Any differences in the map profile between the two
halves of the figure is solely due to active stabilisation. It can be seen from Figure 6-26 that
the active stabilisation has the effect of increasing the difference between maximum and
minimum refractive index values. The stabilisation does however appear to square the
profile of the peak index change, which could be due to the forced vibration which is used to
drive the speaker cone via the phase sensitive detector.

Figure 6-27 is a theoretical plot of light intensity for the two recombined halves of the laser
beam from the interferometer (red line). If the fringes drift, unstabilised by i-é— fringe period
(locations shown diagrammatically by blue dotted lines at their exireme locations) the
refractive index difference will be reduced by the smudging of the grating structure. [f the
intensity required to photomodify is shown by the horizontal dashed line, it can be seen that
a stabilised interferometer will produce regions of unmodified GLS, whereas the theoretical
drift shows that the whole of the surface region will be subjected to some photomodification.

Before leaving this section, it is worth pointing out how the grating structure begins to fade as
the refractive index contrast decreases over a period of time due to the ageing effects seen
in Section 6:3-2. The film in the earlier figure (Figure 6-25) which had a stabilised grating
written into it was re-scanned nearly two years after the initial photomodification had taken
place. Figure 6:28 shows the original scan after forty minutes and the relaxed structure for
comparison. Over the intermediate period the whole thin film structure had been stored at
room temperature in an opaque container, so light reaching the GLS thin film would have
been lower thgn that of the room. It can be seen that the ageing process relaxes the
structure to a point where the refractive index difference has reduced, but more importantly
the maximum value of the derivative of the index with respect to distance is decreased.
This follows on from the previous discussions of aged films and their photomodification
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Figure 6:25. Grating profile written on the surface of a GLS thin film after
different photomodification time periods. The measurement technique can
only measure the difference in refractive index so all traces appear to start at
0% and must be viewed relative to each other rather than absolute. {Original
in colour}
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Figure 6:26. Grating profile written on the surface of a GLS thin film whilst
being stabilised using the technique detailed in this section, and with
stabilisation turned off for comparison. {Original in colour}
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Figure 6:27. Intensity profile of a recombined laser beam (—) which if
moved across the surface of a photomodifiable thin film by an amount shown
(+++) as two extreme positions, will cause a resultant photomodified profile

normalised and shown here (—). Theoretical intensicy for the onset of
photomodiﬁcation is shown to stress this point (- = =). {Original in colour}
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Figure 6:28. Grating profile written on the surface of a GLS thin film after
photomodiﬁcation and after being left for 21 months. The measurement
technique can only measure the difference in refractive index so traces appear
to start at 0% and must be viewed relative to each other rather than-absolute.
{Original in colour}
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propeﬁies of the earlier section. It would be expected that further exposure to room light
would reduce the refractive index difference even further.

67 Conclusions

A technique was developed to measure the magnitude and sign of the refractive index
change on the surface of the thin films that we produced. This can map changes as they
occur or the permanent changes induced. The apparatus was used throughout this Chapter
to look at photomadification effects associated with films produced in different pressures of
background gases and growth with various Excimer laser energies. A multi-line Argon ion
laser was tuned to individual single lines and the ability of the sample to photomodify with

respect to wavelength were investigated. The time necessary for An saturation, is inversely

proportional to the pumping power. This means that independent of power, the same
quantity of photons creates the same change in refractive index. Also represented is the
effect of one single line from the argon laser at differing output powers and the relative
speed of photomodification. It was shown that when photons change the refractive index,
the higher their energy the faster the process occurs.

For films grown in a background gas of argon, the percentage decrease in refractive index of
the material remains constant when illuminated at equal power densities. However for
samples grown by laser ablation at differing energy density the degree of photomadification
achievable varies. As the power density increases the ability to photomodify decreases.
However oxygen shows the biggest effect in terms of photomodification, for as the gas
pressure increases the material not only becomes thinner, but includes a higher percentage
of incorporate oxygen atoms. The ability to photomodify actually disappears with the
experimental argon ion laser power densities available to us. It was seen in the previous
chapter that oxygen addition to the deposition chamber incorporates into the GLS thin films.
Results in this chapter have shown that the oxygen also reduces the ability to photomodify,
so the improved optical transmission losses of the material will not have the same ability to
write waveguides and make changes in the refractive index of the material.

There are two effects which occur when thin films of many chalcogenide materials are
subjected to laser light whose wavelength lies above the optical band gap of the material.
First and initially most obvious is a heating effect which rapidly increases the refractive index
of the material. If a thin film layer is grown on high thermal conductivity substrates
photomoadification is not achievable which suggests that there is a thermal effect present in
thin GLS films. Normally this would be seen as an initial rapid refractive index increase.
The temperature achieved is dependent on both power and wavelength of the incident
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radiation. A second effect is typical photomodification in which the refractive index is
permanently decreased. It has been shown that the photothermal changes are erasable
while photo-optical changes are permanent. These two competing effects: thermal and
purely optical are also found in bulk samples of GLS, but both appear reversible

Structures made from GLS could be used to transmit longer wavelengths and interact with
red and near infrared frequencies. An induced refractive index change in chalcogenide
materials permits the fabrication of high spatial resolution grating structures using a laser. In
order to achieve this requires practical stabilisation, which is done by altering the path length
in the reference arm via feedback electronics to close a feedback loop which incorporates a
Phase Sensitive Detector. The PSD senses when drifting occurs and adjusts the path
difference so as to return the interference to its original state.

Constant scanning of the interference region on the thin film surface whilst the grating is
produced showed in-situ how the grating evolved. However the grating structure begins to
fade over a period of time due to ageing effects. The ageing process relaxes the structure
and the refractive index difference is slightly changed and the vertical walls of the grating
bars are less well defined. The ageing process needs to be accelerated shortly after growth
of the thin film layer; however it may not be possible to completely saturate this process and
null the effects.

Whilst many processes affect the ability of the chalcogenide films to photomodify, for
practical devices to take advantage of mask-less lithography, both optical transmission loss
and the long term ageing effects need to be considered. It has not been possible in the time
scales of this work to determine if the structure does eventually settle and stabilise enough to
become a useful commercial product. Refractive index changes which are seen in the thin
film samples are only seen at lower wavelengths. Beyond around nine hundred nanometres
the functional dependence of refractive index does not change. This means that with the
ultimate goal being to find if rare earth doped GLS could become a suitable thin film
waveguide laser, index changes will not be effective in the two to five micron emission
region. For photoinduced gratings to be suitable for waveguide devices at these
wavelengths, a refractive index change at both the pump and emission laser wavelength is
required.

Despite some attractive properties, GLS glasses are of limited interest as materials for bulk
glass lasers too, because of the poor thermal properties of the glass. Interest centres on
fibre optic and planar waveguide devices. Such devices offer a possible means of
incorporating sources and amplifiers into integrated optical circuits. The interest in these
devices is to exploit the advantages offered by the planar geometry and the optical
properties of rare-earth ions. For example, wavelength division multiplexers, distributed
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Bragg mirror or distributed feedback structures may be monolithically integrated to allow
pumping and tuning of the lasers, complex multiple-cavity devices may be readily printed
photolithographically, and gain regions may be selectively defined in the substrate. In
addition, the devices are small, stable and easy to handle.
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7-1 The Design Brief

GLS appeared to have potential for waveguide devices to be produced in them. With the
potential of producing laser devices able to operate in the 2 to 5 pm region, there was a
possibility of using this material in sensor applications for detecting absorption bands due to
overtones of various gases and liquids whose overtones lie in this region. As the detailed
properties of GLS expanded throughout the course of this work, it became more obvious that
a lasing device was not a viable possibility.

Table 1-2 presented a selection of absorption bands in various gases and hence potential
wavelengths which could be monitored to detect the presence of such a gas. In exactly the
same way the presence of water in a damp material could be detected to distinguish a
particular sample from one which is dry or dryer. Figure 7-1 shows the absorption bands
between 1 and 5 microns of standard tap water. The peaks at around 1-5 ym and 1-9 ym
are the most dramatic and could be used to monitor the amount of water which appears at
the surface of a sample if the light at these wavelengths was monitored. This requires a
laser in this wavelength region whose intensity can be monitored as it is reflected from the
sample for which rare earth doped GLS would have been a candidate.

Approached by a sponsor wishing to invest a small sum of money to asses the feasibility ofa
hand held instrument able to monitor water content of various materials, mainly those used
in the construction industry, proof of principle investigations began. However for this to be
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Figure 7-1. The absorption spectra of water used to identify the

characteristic fingerprint of the molecules (3161 The dotted markers are at

129 um and 147 um wavelength, referred to in the text. {Original in colour}
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practical, commercially available products need to be used and currently diode lasers are the
cheapest option.

Two wavelengths are required to form reflectivity measurements at different wavelengths.
One has to be chosen to show absolute surface reflectivity independent of water content, the
other wavelength has to directly relate to one of the absorption bands and from the two
results the water content could possibly be deduced.

The design requirement was initially split into two stages, the first to look at the reflection
spectra of a sample of building materials to see if two such diode wavelengths could be
found. If so, could a portable system be constructed which a surveyor could use to test for
'‘dampness' of a building up to 10 m from their standing point? Six materials were chosen as
being representative of typical materials used in the building of a house: Plasterboard,
plywood, brick, paving slab, chipboard and carpet tile. The reflection spectra of all of these
samples are presented in Figures 7-5 (a) through 7-10 (a) when each are completely dry’,
wet and various levels between these extremes. The two dotted marker lines on Figure 7-1
show the selected diode wavelengths chosen to investigate the feasibility of a portable
measuring device. Because one of these markers is within one of the water absorption
bands it can be used to measure the strength of the absorption dependent on the intensity of
the reflected signal. A second wavelength is needed as a reference to the general
reflectivity of the investigated material independent of water content.

7-2 Schematic Design

7-2-1 Basic Components

The two laser wavelengths were selected from commercially available devices, 1-290 pm
and 1-467 pym to be outside of, and within one of the absorption bands of water respectively.
The 'wetness' of a sample can be measured from the ratio of the intensity of the reflected
signal at these two wavelengths. The key requirement though is the need for this ratio to be
known for a dry sample before it is possible to make 'damp’ measurements.

The basics of such a system require a diode driver circuit, a phase sensitive detector, a
photodiode and transimpedance amplifier, an adjustable gain amplifier and the output
display. These are the basics of both systems detailed below. The (nicknamed) “analogue”
system is a more basic signal measuring system which requires the manual calculation of
the two diode reflected signal ratios. It was only the success of this system which lead to the

! Completely dry in this context means that the samples had been stored at room temperature in an indoor cupboard for at least 2
months prior to the beginning of any tests.
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second 'digital' version able to produce ratios internally and display a value of 'wetness'
without manual calculation.

The diode lasers have to be setto a maximum of 1 mW to prevent issues of eye safety. To

( improve signal to noise, the lasers are modulated. The frequency of modulation has to be
chosen {o avoid overtones of mains frequency at either 50 or 60 Hz and since room lighting
is usually modulated at twice this frequency, 100 and 120 Hz need to be avoided. In the first
system 135 Hz was chosen (15 Hz from both the 150 and 120 Hz overtones). An amplifier
able to amplify between 0.1 and 500 times was required to accommodate the difference in
reflectivity of the six materials and a 1 to 10 m required sampling range. A liquid crystal
display and potentiometer able to measure potentials of 0 to 2 V are used to display the
output ratios. The emission unit needs to hold three collimated laser diode units, which are
on axis with the field of viewing area of a short focal length lens. A silicon filter is used to
remove visible light from reaching the detector. The divergence of the diode lasers is such
that at 10 m the spot size is of the order 10 cm and the field of view of the detector lens
combination is 2 m. The 1 mm? InGaAs detector is connected to a transimpedance amplifier
and has its own power supply in the 'head unit'. The third diode laser, previously mentioned,
is at 670 nm and is used if necessary as a position locator so that at longer distances the
region that is being illuminated and 'looked at' by the detector can be seen.

7.2 First Analogue System

The first version of the system, designed to produce a fully portable system, was made using
the components and sub-units listed above. With the variable gain amplifiers set to 1, a dry
sample of the material to be investigated is used as a reference. The reference ratio is
obtained by turning on the 1:29 pm laser diode and increasing the gain of the amplifier until
the signal is in the mid-range (1 V). For short ranges the gain in some cases could be less
than unity. The reference ratio is now defined by firstly turning on the 1-47 pm diode without
changing the gain of the amplifier. This value is divided by the first (from the 1-29 um diode
and usually 1 V as set and stated above) and forms the dry reference ratio.

With this recorded, it is now possible to move to a wet (also dryer if necessary) area (at a
distance which does not have to be equal to that at which the reference was made). Now
repeat the above stages with the two diodes to achieve a ratio for the test area. The ratio of
these two ratio's shows the “wettness” of the test area as more damp than that of the
reference area. The smaller this value the more wet the sample region. The implications of
'how wet' and defining this are considered in more detail in Section 7-4.
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7-2:3 Progression to Digital Measurement System

Proving that in principle a system could be made portable and provide signals over the
required 1 to 10 m range, sparked further interest from an industrial sponsor. However a
commercial prototype would have to be demonstrated to prove that a more 'user friendly'
system could be made. An improved system would eliminate the need to record two ratio's
manually and then divide these to produce a “dampness’ reading. lIdeally a reference
sample would not be needed. This could be a possibility for future consideration by having a
store of ratios for the various building materials. This could be extensive but as will be
shown in the results in Section 7-4, a range of 3 or 4 settings could be used to group the
materials into woods, bricks and plaster, concrete and plastic/oil based materials. The
manual calculation of the ratio itself is cumbersome, time consuming and not ideal for field
measurement.  Finally, the handset needs to record both ratios by having both diodes
measure their signals from exactly the same area. This is not easy with the various stages
involved in switching and recording values in the first system. If both diodes are modulated
at the same time then they could measure the same physical area. There are three possible
methods able to achieve this:

Rapid Sequential Sample Hold. The two diodes could be pulsed sequentially swapping
rapidly between the two and having a sample and hold circuit to measure the intensity of the
signal at the two wavelengths. The ratio from the dry sample can be held for a period of 20
to 30 minutes (based on currently available devices, to the accuracy that we would need)
allowing various regions of a similar material to be 'damp tested' in that time. The unit would
need some method of indicating if the next reading is to be a new reference signal or an
actual reading.

In Quadrature Modulation. Both lasers can be modulated simultaneously at the same
frequency but in phase quadrature. This now requires two PSD's that are given quadrature
reference inputs, however if the quadrature reference is not exact there will be cross talk and
it is important to ensure that any phase shift is stable with time and temperature. This
technique would be a good choice for low frequency modulation, say 25 Hz (half way
between 50 Hz and DC).

Two Frequency Modulation. Both diodes can be modulated simultaneously at different
frequencies, having two PSD's and diode drivers. Consideration of the choice of modulation
frequency depends to some extent on the assumptions made about the amplitude spectrum
of the interfering light. If we make the pessimistic assumption that both odd and even
harmonics are important and wish to avoid both the 50 and 60 Hz 'problems’, two pairs of
frequencies are particularly good choices. The first is near 300 Hz, the sixth harmonic of
50 Hz and the fifth harmonic of 60 Hz. So we operate at 275 Hz and 325 Hz then the two
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measuring frequencies are 50 Hz apart, the maximum possible from the 50 Hz harmonics
and 25 Hz from the 60 Hz fifth, odd harmonic and 35 Hz from the adjacent even harmonics.

7:3 The Next Generation System
7-3:1 Principles of Operation

The two frequency modulation method referred to above was chosen for the digital version
of the system using the 275 Hz and 325 Hz modulation frequencies. A switch on the control
panel indicates if the reading required is a reference value or a reading. To reduce cost as
much as possible during this development stage, the laser headset remained unmodified. In
its simplest form the system has two automatic amplifiers, two diode drivers and two PSD's.
During a reference reading (dry sample), both diodes are pulsed and both PSD's have the
respective output potentials. With the output of the 1-29 ym PSD being monitored, clock
pulses are being provided (by a 3rd clock pulse generator) to a digital amplifier (see footnote
on page 160) to increase or decrease the gain of the incoming muilti-pulse signal. When the
potential achieved at the output of the 1-:3 PSD reaches 1-25 V the amplifier locks its gain
value. A second amplifier monitors the output of the 1-4 PSD and in turn alters the gain of
this amplifier so as to match the 1-25 V target voltage. The PSD signals are always positive
as the reflected signal is always in phase with the reference signal in this particular system.
Throughout this section the 1-3 and 1-4 prefix PSD, amplifier and diode driver to distinguish
the control of the signal to and from the 1-:29 ym and 1-46 pm laser diodes respectively.

To take a sample reading the system behaves in a similar way, the whole signal is subjected
to the first amplifier with the gain level being set by monitoring the 1-3 PSD output signal.
However on this occasion the second amplifier, that which increases or decreases the 1-4
signal alone is not allowed to change. If the sample is wetter than the reference (as in most
cases), the 1-4 signal will be lower than before and the output reading is a direct measure of
‘wetness'. Figure 7-2 shows a schematic of the initial logic circuit and selector switches
which control the amplifiers.

A monostable is included in the control circuit to force the system to make its reference
signal measurements for at least 3 seconds. This was found by experiment to be the time
required for the amplifiers to swing at least half of their full scale, assuming that the
amplifiers would not often need to change over the whole range between readings.

The dotted lines in Figure 7-3 show what the various outputs of the logic section control on
the amplifiers. The first shaded box in this figure highlights the two stage amplifier that
increases the gain of the incoming signal which is the reflected pulsed combination of both
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Figure 7-2. A schematic of the logic citcuit and respective switch locations to
select the amplifier operation of the digital moisture measurement system.

{Original in colour}

diodes. The first amplifier has large gain steps and is required to bring the detector signal to
within a “window” region, in this case between 0-60 and 1-24 V, the amplifier increases or
decreases its gain (count up or down) using the clock pulses to “digital” resistors. The gain
range can be 0-5 to 100 times in 100 possible steps rapidly increasing the signal to within a
small range of potentials. This window is intentionally set just below the target voltage, so
that a “fine” amplifier does not need to have a gain of less than unity or a large gain range.
The gain of this amplifier is from 1 to 4 times in 500 steps. This amplifier aims to increase
the whole signal, so that the 1-:3 PSD output signal is exactly 125 V. In practice this is never
achieved, the actual value is up to + 0-005 V away and the resting value purely depends on
the state when the reading trigger is released and the clock pulses in turn are stopped.
Potentiometers are also shown in the figure (7-3) but these are still in place from testing
where many manual overrides are often required during construction. '

As previously detailed, if the current reading is to provide a reference for future readings the
1-4 amplifier (follows on from the 1-4 PSD in the figure) has to change the gain applied to
the signal from the 1-4 PSD to also match the 1-25 V target. The amplifier has to have a
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gain range which starts at less than 1 as the value currently being measured might be dryer,
so the range is 0-4 to 3-4 in 500 steps. This potential actually registers as 1-000 on the LCD
display to show a ratio of 1. For further versatility a manual switch is added to this amplifier
which allows the gain of this amplifier to be set via a potentiometer on the control panel.
This potentiometer has a mechanical counter which records ten thousand possible
referenceable positions directly setting the gain for the ratio of 1-3:1-4 signal intensity. This
function allows a range of dry samples to be measured and the gain ratio recorded for each.
In the 'field’ this means that a reference sample that is dry is not needed. This function was
needed during the results presented here as the gain had to be continually changed as all
the samples were measured every few hours sequentially. For multiple materials to be
measured in this way the automatic reference is not suitable as it only “remembers” the last
referenced material.

7-3-2 Model of System Response

The speed by which the whole system can respond is determined by two settings. The
amplifiers have to be able to select up to 600 levels of amplification, stepping one unit for
each clock pulse. For this to be done quickly, an ideal clock frequency would be in the
region of 600 Hz and so allowing full scale movement in only one second. However, each
gain step will change the size of the incoming signal and so change the output from the
PSD's. The low pass filter of the PSD's restricts the output reaction speed, otherwise by the
time the PSD has indicated the new signal level, the clocked amplifier has over shot its
target gain value. The slower the PSD time constant the less noisy the output. A trade off
then exists between rapid amplifier changes with a low noise usable signal. The system
response can be modelled to see how the amplifier clocking frequency effects the overall
system performance.

If, fairly arbitrarily, we require the reading to “settle” in one second we require a CR time
constant of less than 0-2 seconds (settles to 0:76% in one second). This gives the low pass
filter of the of the PSD a 0-8 Hz bandwidth; the effective bandwidth (3 dB) is twice this, or
1-6 Hz. Any potential interfering frequencies, either background light or the other modulated
laser, must be kept sufficiently far enough away that they are adequately rejected. For a
simple first order filter a decade, or 8 Hz will give 20 dB (a factor of ten in voltage) and
80 Hz would give 40 dB.

The system response was computer modelled to find the resulting ampilified output voltage
and measure the time needed to reach the desired target value of 1 volt. The basis for
modelling this output is shown in Figure 7-4. If the amplifiers clock their gain too fast then
the output potential is unstable because the gain changed faster than the PSD's can monitor
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the new result. Too slow and the instrument takes a long time to settle, increasing the time
needed to make dampness measurements and the amount of time that the lasers need to be
held in the same position, pointing to the same sample region. The results show how if the
amplifiers are clocked at 50 Hz for example, the system response is slow, taking 7 seconds
to settle at 1 V, if clocked at 150 Hz and above the output never reaches a stable value.
The peak to peak value in amplitude of this oscillation increases with greater amplifier clock
rates. In the final system the amplifier clock runs at 100 Hz which in turn could mean that
because there are 500 levels it is possible to take 5 seconds to make a reading. However,
statistically it is unlikely to have to swing full gain between readings so the time to take a
reading will be much reduced. In practice 3 seconds was ample time for the results to be
achieved.

7-4 Results and Conclusion
741 The Experimental Materials

The Table 7-1 below shows the six materials chosen for the comparative analysis of the
Protimeter device. The actual materials were placed directly onto a flatbed scanner and in
the enlarged 1 cm? surface picture reproduced here, the computer image is recorded as a
red, green and blue component for each of the 1000 pixels shown, on a scale of 0 to 255.

Brick Paving Slab | Chipboard | Carpet Tile | Plywood | Plasterboard

Dry

Average 0 0 D7: 089,064

Wet

Average 05:058.0 079, 064. 044 087.0 04 8, 044, 04 48; 0910 g: (96,0

Weight
(g)
Dimensions
HxWxT 210x65x89 145x124x29 150x121x12 150x120x8 148x120x6 151x121x10

(mm)

2414 1648 170 95 53 132

Laser device

manual gain 25 5 88 15 54 25

setting

Table 7-1. Characteristics of the six materials used to evaluate the feasibility
of damp measurement using infrared surface reflections. {Original in colour}
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The average value for each colour is indicated in a thin section of the resulting colour below
each surface scan. This represents the average colour code for each of the dry starting
materials and can be used as a guide to indicate a dry surface. Similarly the “completely
wet” 2 values are also shown for visual comparative purposes only, both the actual scan and
the average values of the red, green and blue components.

The dry weights are given in grams and refer to the weight of each sample at the start of the
experiment. All of the materials had been stored indoors at room temperature for at least
two years prior to this research and hence it is accurate to say that they are “completely dry”,
in the sense that they were equilibrated with air at typical indoor UK humidity and had had no
exposure to liquid water in that period.

The dimensions of each sample are also given in their dry state with only the plywood and
chipboard showing any volume increase once wet, which was more that 50% in the latter
case with the original values never being recovered.

7-4-2 Methodology and Results

Figures 7-5 to 7-10 are split into seven subsections (a) to (g). The processes required for the
production of each graph is detailed below. In all cases, 'wet' means straight from the water
bath, 'dry' being the starting values before submersion. The times shown on the abscissa
represent hours since the removal from the water bath and so represent drying time (the
temperature of the laboratory during the 24 hour measurement period was within the range
of 16-3 to 20-1 °C):

(a) These are reflection spectra produced with a Perkin Elmer PE2000 FTIR
Spectrophotometer. The 6 coloured lines represent spectra from ‘dry’, completely 'wet', after
2 hours, after 5% hours, after 13% hours and 24 hours. The values of reflection on the
ordinate are all normalised to 100% reflection, the absolute figure is thus of little
significance. In wavenumbers (cm™) the laser diodes used in the actual device are at
7752 cmt (1-290 pym) and 6817 cm (1-467 pm) which represent the peak output of the
devices when measured. The important information to extract from this graph is represented
by graph (b), i.e. the relative reflectivity values at the two laser wavelengths.

(b) The reflection value for the nominal 1-3 um diode is shown in red, the nominal 14 ym
diode is shown in green and the difference between then shown in blue. This blue line
shows the difference in reflection from the sample surface at the two wavelengths as the
sample dries. The dotted lines in the respective colour represent the “dry” value which in
some cases was never actually reached within the 24 hour period.

2 The samples were submerged in a bath of water for 3 days. This ensured that all six were “completely wet”.
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(c) Thisis a copy of the 'wet' and 'dry' surface scans, shown in Table 7-1, reproduced here
as a quick aid as to the material whose results are being displayed in the figure and as a
reminder as to how the values in graph (g) are produced.

(d) A “Draper Tools” damp tester was used to measure the surface moisture of each
sample. It has two prongs which are 29 mm apart and the device produces an audio output
proportional to the surface water between these two. In reality the instrument presumably
monitors conductivity. A frequency meter is connected to the loud speaker terminals to
record the audio frequency being emitted. 0 Hz represents 'dry' and pure water produces a
signal of 4-45 kHz although this figure will depend on the conductivity (purity) of the water.
This represents the current, traditional method of measuring dampness of building materials.
The 'dry' values for all materials tested is 0 Hz.

(e) The laser based digital moisture detector output for the material: In this case, a value
of 1 represents a 'dry' sample and a smaller value 'wet'. The wetter the sample surface the
smaller the number. The readings were taken in a closed laboratory whose windows are
blackened, but with the fluorescent tubes on (room lighting). The lines shown here should be
very similar to the blue line in the respective section (b).

(f) These are the weights of the sample as it dries out during the 24 hour period. Once
again the dotted line represents the value for the completely 'dry’ sample.

(g) Using (c) as the visual representation, this graph represents the average red, green
and blue component from the 1000 pixels recorded by placing the samples directly onto a
flatbed scanner and recording the image. This was primarily done to attempt to represent
when the samples looked visibly dry and see if water could still be detected. This is a
practical, quantitative way to describe the samples appearance.

Figures 7-11 through to 715 are a display of the same type of experiment with all six
materials. This has been done to aid comparison and better assess the performance of the
instrument. The figure captions show the data set being displayed. Finally Figure 7-16 has
been produced as a combination of all the results for all 6 materials. All data points are
graphed after being subtracted from 1. This inverts the resuits providing a signal for “dry” as
0 and the wetter the sample the closer to 1 the lines become. Figure 717 displays the same
information in 3 parts, splitting the materials into three major groups, the clay based building
materials, the wood type materials (plasterboard fits in here due to the cardboard outer
surface) and synthetic materials which in this case is the carpet tile. The ordinate in this
figure has 20 grid lines to provide a simple visual guide as to the practicality of having a
display consisting of an array of 20 light emitting diodes (LED's) from green, through amber

to red, to indicate a level of wetness respectively.
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Figure 7-16.  'Dampness' ratio from "Protimeter” prototype laser damp
detector, (—) brick, (—) paving slab, (—) chipboard, (—) carper tile, (—)
Plywood and (—) plasterboard.
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All of the samples were tested in the order of their appearance in Table 7-1, i.e. Brick was
always measured first and plywood last in all experiments. For the infrared spectra results it
took up to twenty minutes to take a set of data points for the six materials, meaning that
brick values are being measured ten minutes before the time on the graph and plywood up
to ten minutes later. All other experiments were completed within five minutes per data
point set.

7-4:3 Analysis of Data

For all materials the difference in the reflection spectra at the respective diode wavelengths,
the blue lines of Figures 7-5 to 7-10 (b), should be an identical shape to the laser device
results, (e) in the same figures. Other than the occasional anomaly, this is the case for all 6
materials. Where the first point appears slightly higher than expected, it is most probably
due to surface water being present after the initial removal from the water bath.

For the weight data, Figure 7-5 to 7-10 (f), it can be seen that the loss of water from all but
one sample is linear. Only the carpet tile actually lost all of its acquired water within the 24
hour period. This is more likely due to it being a synthetic material which would not absorb
water but merely trap it at the surface until it all evaporated. The plywood, being the thinnest
of the materials almost became dry.

It should be noted that relative weight changes are affected by the 'storage’ of internal water
which the laser device will not detect. A relatively small change in weight may reflect the
loss of surface water which will produce a disproportionately large decrease in apparent
'dampness’. The qualitative measurement of surface colour gives an indication of these
more rapid, superficial changes. The electrical meter is probably intermediate - its reading
will tend to be dominated by the conductivity near the probe tips, but some what affected by
deeper moisture in the current path between the probes.

The frequency measurement provided by the two probe damp meter, Figure 7-5 to 7-10 (d),
shows a very similar, but inverted, profile to that of the laser device results (Figure 7-5 to
7-10 (e)). As above, it is the thinnest material and the non-absorbing synthetic material
which are the only two to show complete dryness. Comparing the two sets of data, (d) and
(e), across the whole range the frequency measurements seem to be more sensitive for the
first few hours with the laser device results grouped together indicating “wet’, as the drying
process continues; it gives a more accurate midrange set of values, before they both settle
again towards the end. This is an advantage for this device as its maximum sensitivity falls
in the region where real results, from a true building environment, are most likely to be. Few
building materials are going to be as wet as the samples were at the beginning of the
experimental runs.



Chapter 7: Remote Surface Moisture Detection 185

7-4-4 Future Requirements and Considerations

There are number of issues connected with the practical realisation of the remote wet/dry
indicator. Improvement of its performance under high background light conditions is of
particular concern. A further optical filter is one addition which could improve this. The
objective of the filter is to pass the 129 ym and 1-46 pym signals with minimum loss, whilst
blocking as much stray light as possible. Since the InGaAs detector does not respond
beyond 1-7 um stray light at longer wavelengths is of no concern.

Stray light has two effects. |f it overloads the input pre-amplifier, the device ceases to work
at all. If we reduce the pre-amplifier gain to reduce the chance of overload its dynamic
range and signal to noise ratio all suffer. However even if there is no overload the
continuous background current caused by the sunlight etc. induces shot noise in the detector
again worsening the signal to noise ratio. This effect is fundamental and can only be
reduced by preventing stray light hitting the detector.

Stray light overload can be improved with the reduction in the stray light level, but the shot
noise only reduces as the square root of the stray light level. Note that whilst the desired
signals are modulated, which distinguishes them from the continuous (sunlight) or 50 Hz
modulated and overtones of this in the (most artificial sources) background. This fact does
not eliminate the saturation and shot noise problems. Optical filtering reduces all stray light
problems, and is the best solution, if it is practical.

Filters can be categorised into four designs, listed here in order of increasing complexity:
Long pass filter closer to 1:29 pm than the existing silicon filter; a short pass cutting off just
past 1-47 um; “bracket both wavelengths” i.e. high and low pass filters transmitting in the
range 1-25 to 1-50 um; a double narrow pass filter which is similar to the previous “bracket’
with an additional “notch” in the spectrum between 1-29 and 1-47 pym. The single range
cut-off filters would give modest reductions in stray light, hardly worth while on their own, but
could be part of a multilayer design. If the “bracketing” filter is a high and low pass just
above and below the two laser wavelengths, as close as tolerances and filter cut-off slopes
permit. It can be accomplished with a substrate and multilayer combination. The “notch”
filter is the best possible option, but if we make it too narrow, the diode laser tolerances and
temperature drifts become a concern.

Electronic techniques can be considered as a method for reducing background light effects.
There are four problems associated with background light: shot noise from its DC
component is unavoidable electronically, only optical filtering can help; saturation from
mains harmonic AC components; saturation from its DC component and interference to the
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required signal from harmonics of mains frequencies 'breaking through' the PSD. These can
all be considered for improved performance of a production device

The issue of lens and detector choice are tightly coupled. At first sight only the lens aperture
would appear to matter, since that is what collects the returned scattered light; however the
spot size scales with the focal length and smaller spots means smaller and less noisy (also
cheaper but harder to align) detectors. However it is important to realise that these
assumptions only apply in the absence of significant aberrations. Provided the situation
remains dominated by pre-amplifier noise and not by detector noise, then making the
detector smaller no longer reduces the noise. Smaller detectors have higher shunt
resistance and eventually the transimpedance amplifier becomes the limiting factor and not
the detector.

The alignment tolerances of the lasers and the detector are set by the need to keep the
target area illuminated by the 1-3 and 1-4 pm lasers within the field of view of the detector
and the need to keep the two differing wavelength spots close enough together that they
measure essentially the same region. Additionally the red aiming laser needs to give a
meaningful indication of where the measurement is being made. The lasers are initially
about 4 cm apart and a reasonable alignment specification would be that the spots do not
move more than 4 cm over a 10 m range. This implies bore sighting the lasers to each other
to within 4 mRad or 0:23°14” of arc. This is an easy machining tolerance for alignment by V
grooves for example.

A related issue is that of lateral offset. If the lasers are accurately bore sighted and
collimated, the measurement spot is off-axis by the axial offset of the lasers to the detector

axis which we denote O. With focal length f and range R the image is offset to a good

approximation by a distance,

The problem is worse at close ranges; if we take f'= 50 mm, O = 30 mm and R= 1 m, the
offset is 15 mm and at 10 m is 0-15 mm. With a 1 mm detector, the image would miss
altogether at the 1 metre range, yet in practice the device worked well. The apparent
contradiction is caused by the deliberately large aberrated spot and by defocus. The
detector is overlapping the edge of the offset spot and a lot of signal is wasted, but at close
range the signal is very intense and the loss 'affordable’. In fact the progressively improving
centration at longer ranges helps to offset the reducing signal and reduces the dynamic
range. It would be better to offset the detector by the calculated offset at the longest range
envisaged, especially if small detectors are used, but this does add some mechanical
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complexity in that centration is easy (e.g. in turned parts), with a controlled de-centration
perhaps more difficult, but certainly achievable. Aside from the size of the aberrated spot,
defocus helps. If we focus the lens on infinity, the image from one metre away is
significantly defocused.

The lens F number, the ratio of focal length to the diameter, determines how much light it
collects (as in a camera). It also strongly affects the lens aberrations and cost. The lens
focal length determines the length of the optical part of the measuring device, since the
detector is located at the focus and also determines the effective spot size and hence
detector size. Strictly speaking optical calculations need to include all the components
(filters, detector window efc.) since they all effect aberrations.

The aperture actually used was about 32 mm, so the lens was operating at an F number of
1:56 and aberrations obviously severe. Calculation showed that the 1 mm diameter detector
captured around 90% of the energy for a source at infinity, hence the use of a 1 mm
detector. A further reason for using this size, was the offset argument above. It was clear
that for a small detector and good lens system the spot could walk off the detector at short
ranges and in this respect the aberration is helpful, as is the defocus .

7-4-5 Conclusions

There are a considerable number of design trade-offs, especially in a cost benefit sense. In
other cases decisions depend on factors which are rather badly characterised, such as the
likely background light levels and sources in real usage. In these conclusions suggestions
are made regarding the best way to build a practical commercial instrument, based on the
arguments set out above.

If using a bandpass, 'bracketing' multilayer filter on a silicon substrate in sunlight we get
considerable benefit from the reduced solar spectrum near 1-45 ym. If in practice this proves
inadequate when combined with electronic measures, the double notch filter approach must
be used but the cost may be excessive. The optimum electronics use two PSD's, at
275/325 Hz, with a two pole output filter at about 0-8 Hz. It should be possible to a single
compromise feedback resistor in the transimpedence amplifier and see if the stray light
performance is adequate under real conditions. The range versus stray light performance
compromise can be made with this single component. There is a significant chance that to
retain performance under brightly sunlit conditions: (but at short range), electrical switching
will be needed. This is most easily done by switching the detector between two
pre-ampilifiers, not by switching the feedback resistor itself. Only two values will be needed.
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There are arguments in favour of nine volt (more would be better) battery operation to
improve PSD dynamic range and background light saturation effects. Low voltages (three
volts) would make good performance much more difficuli. Lens and detector size are tightly
coupled issues. The prototype is somewhat non optimum for long range; a 0-5 mm detector
and 25 mm aperture would be smaller, cheaper and perform slightly better, with a
re-optimised pre-amplifier. However the short range performance, currently better than
needed, will be compromised. If this is excessive, a small static detector offset would help,
but some form of range adjustment moving the detector sideways by around 1-5 mm might
become essential. If the reduction in short range performance does not prove excessive,
then use of a high index glass lens would be worth considering with very minor extra cost.

Finally the target effects. Performance will undoubtedly be best in a 'local reference’ mode,
where the instrument indicates other regions as wetter or dryer than a given reference spot.
In a pre-set mode, where the instrument is “told” this is a brick wall etc., by setting the
manual dial or selecting from a pre-printed list, only an extensive trial with a variety of brick
walls for example can show how accurate the instrument will be. There are a considerable
number of other possibilities and “fall back” options identified in this chapter if various types
of difficulty are encountered. The above represents my view of the likely format of a device
which should be very close to final form, but might require some final optimisation before
production engineering is done.

In principle the results show that it is possible to measure the “dampness” of a surface in a
given region from a distance of up to 20 m. This opens up possibilities for use as a
commercial product in more than water detection for the construction industry. By changing
the wavelength of the lasers themselves (and maybe the detector if necessary) other
chemical or compounds could be monitored, including gases. One single unit could be
designed which has different detector "heads” which if changed would allow the instrument to
“look” for another material.
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8:2
Future Considerations

The people that made the GLS team included (left
to right) Harvey, myself, Ken, Andy and Rasool.
We are all gathered round the pulsed laser

deposition chamber prior to its first use.
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8:1 Conclusions

Despite some attractive properties, GLS glasses are of limited interest as materials for bulk
glass lasers because of the poor thermal properties of the glass. This means that research
has centred on fibre optic and planar waveguide devices. Thin chalcogenide films offer a
possible means of incorporating sources and amplifiers into integrated optical circuits. The
interest in these devices is to exploit the advantages offered by the planar geometry and the
optical properties of rare-earth ions which may be monolithically integrated to allow pumping
and tuning of the lasers. Complex multiple-cavity devices may be readily printed
photolithographically, and gain regions may be selectively defined in the substrate. This
requires that the bulk material be transferred congruently from glass target into thin film
form.

Using laser ablation our results show that the most uniform films are achieved at longer
target to substrate distances, higher target spin rate with slow trigger speeds to pulse the
excimer laser. Laser ablation is usually conducted with the target and substrate in parallel.
A phenomenon which became apparent during a specific experimental data set is an ability
to increase the thin film thickness dramatically once the emerging plume and substrate
holder are not perpendicular. This is believed to be related to a specific structural
organisation of the material with results showing that there is an optimum angle for thin film
thickness. EXAFS analysis of these films should reveal how the structure differs with
deposition angle.

For waveguide structures to be produced in thin film layers, a detailed knowledge of the
optical parameters is needed. A variety of different equations may be used to characterise
the glassy materials through the determination of their optical constants. For GLS thin films,
refractive indexes modelled using the Sellmeier formula produced the closest match with the
actual experimental data. Using a fitting technique, it has been shown for example that
energy density on the target surface will affect the optical bandgap of the subsequent thin
film layer and hence its region of transparency.

Chalcogenide glasses must have all traces of oxygen and hydrogen removed from the glass
melt, to reduce intrinsic absorption bands. Brief work here at Southampton showed that
laser ablation warranted further investigation after initial tests with a simple laser ablation rig
showed that thin films of GLS could be grown on substrates. The vacuum pressure was
three orders of magnitude greater than the unique chamber which we manufactured and
used throughout this work. When the new chamber produced its first films, the optical
absorption was found to be very high in the visible transmission region and the original
chamber conditions were simulated by back filling the new chamber with a background gas
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mix of oxygen and nitrogen to approximate atmospheric percentages. When oxygen gas is
introduced to the chamber it becomes incorporated into the thin films. For comparison a
gallium-lanthanum-oxysulphide thin film was grown in vacuum. Results showed that there is
no detectable difference in the absorption of the thin films of Ga or La sulphides and oxides,
if the initial material contains the oxygen or if the chamber is back-filled with O.. This is
believed to be due to the bond energy of oxygen being higher than sulphur and hence
favoured in reactions in the plume or on the film surface.

Argon and nitrogen have also been used as background gases when thin films are grown. [t
has been shown that the larger the molecular weight of gas the greater the plume spread
and consequently the thinner and more uniform the film layer. Interaction between plume
and background gas is emphasised by the photons which are emitted during the interaction
between the plasma and atoms/molecules present. Results have shown that oxygen at low
pressure in the vacuum chamber still affects the optical properties of the thin film
significantly. This is probably due to an on-surface reaction during the deposition process
rather than a plume interaction. Films grown in higher oxygen pressures appear to be
becoming an oxide with a much reduced refractive index. Oxygen also shows the biggest
effect in terms of photomodification; as the gas pressure increases the material not only
becomes thinner, but includes a higher percentage of incorporated oxygen atoms. Its ability
to photomodify actually disappears with the experimental argon ion laser power densities
available to us. Results have shown that the oxygen reduces the ability to photomodify, so
that although the visible optical transmission improves it becomes more difficult to write
waveguides and make changes in the refractive index of the material.

Atomic scale structure changes in GLS bulk glass and PLD thin films were studied by
EXAFS. Spectra have been recorded at the S and Ga K-edges and the La Ly-edge for thin
films grown at different energy density. The lanthanum environment was found to be
constant, into which other rare earths could be substituted, suggesting low inhomogeneous
broadening. The high “wrong bonding” which has been shown demonstrates the structural
origin of the absorption problems which were found in the shift of the Urbach tail. The
photomodification results show that the films grown at higher energy density have a larger
refractive index change when photomodified. Since photomodification is believed to involve
bond breaking and small scale restructuring, films grown at a higher energy density are less
structurally relaxed, which indicates why photomoadification is more easily seen in these
samples. Visual evidence and the EXAFS results show that there is a very high possibility
that the undetectable La-La bonds create high optical absorption.

Using a multi-line Argon ion laser tuned to individual single lines the ability of the sample to
photomodify with respect to wavelength were studied. The time necessary for An saturation,

is inversely proportional to the pumping power. This means that independent of power, the
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same quantity of photons creates the same change in refractive index. Also investigated
was the effect of one single line from the argon laser at differing output powers and the
relative speed of photomodification. It was shown that when photons change the refractive
index, the higher their energy the faster the process occurs.

There are two effects which occur when thin films of chalcogenide materials are subjected to
laser light whose wavelength lies above the optical band gap of the material. First and
initially most obvious is a heating effect which rapidly increases the refractive index of the
material. The temperature achieved is dependent on both power and wavelength of the
incident radiation. A second effect is typical photomadification in which the refractive index
is permanently decreased. It has been shown that the photothermal changes are reversible
yet photo-optical changes are permanent. These two competing effects: thermal and purely
optical are also found in bulk samples of GLS, but there both appear reversible. Because
the refractive index does not change across the whole transmission range, structures made
from GLS could be used to transmit longer wavelengths and interact with red and near
infrared frequencies. Beyond around nine hundred nanometres the functional dependence
of refractive index does not change. This means that with the ultimate goal being to find if
rare earth GLS could become a suitable thin film waveguide laser, index changes will not be
effective in the two to five micron emission region. For photoinduced gratings to be suitable
for waveguide devices at these wavelengths a refractive index change through
photomodification is required at both the pump and emission laser wavelength.

Whilst many processes affect the ability of the chalcogenide films to photomoadify, for
practical devices to take advantage of mask-less lithography, both optical transmission loss
and the long term ageing effects need to be considered. It has not been possible in the time
scales of this work to find if over time the structure does eventually settle and stabilise
enough to become a useful commercial product. However results gathered over a two year
period have shown that some relaxational effects do occur.

In the beginning, GLS appeared to have many attractive properties which would make it
suitable for use as waveguide based structures which can be written into thin films. When a
target of pure sulphur was ablated and no thin film layer was produced on the substrate, this
confirmed our suspicion that sulphur based films were more difficult to produce using this
growth technique. This suggests why the majority of films grown by PLD in the current
facilities are oxygen based. Oxides can be grown successfully by this techniques, but very
little literature exists to show laser ablation being successfully used for anything other than
these materials. Background gasses such as hydrogen sulphide produced virtually no
change in thin film optical properties when tested. Sulphur does not appear to interact with
the substrate surface in the same way that oxygen does and again this is likely to have
something to do with the bond energy differences.
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The problems of particulates was never properly addresses as they did not appear to
deteriorate the film quality. However proper analysis of the macro structure of the surface
will become more important if further research into sulphide materials proves to be more
promising. This is the largest reported difficulty with this growth technique in the literature
and often limits the expansion of the system to other materials including oxides.

With the ultimate desire to produce a small solid state laser to use in the 2 to 5 pm region
obviously beyond the reach of this project, diode lasers were purchased to assist in a
demonstration device for the kind of sensing application that GLS thin films were intended
candidates for. With a proof of principle system built, results showed that it is possible to
use infrared reflection to measure the “dampness” of a surface in a given region from a
distance of up to 20 m. This opens up possibilities for use as a commercial product in more
than water detection for the construction industry. By changing the wavelength of the lasers
themselves (and maybe the detector if necessary) other chemicals or compounds could be
monitored, including gases. One single unit could be designed which has different detector
"heads” which if changed would allow the instrument to “look” for another chemical.

82 Future Considerations

It is unlikely that GLS is going to fulfil its potential as a mask-less lithographic thin film
structure into which various systems could be written’. However there are many parameters
of laser ablation which were not investigated in depth in the present work. For example the
influence of substrate temperature during growth of the thin film was studied analysed even
though temperatures as low as -100 °C were achievable. At lower temperatures the film
composition might change as it does when the substrate is heated in comparable crystal
growth techniques.

The chamber was equipped with the ability to install two targets. This would allow pulses to
be directed to either target which could alter the composition of the final thin film layer,
dependent on how many pulses hit each respective target. This would also allow for capping
and under layers to be added to the structure without the need to raise the pressure of the
chamber to atmospheric and increase the risk of airborne contaminants reaching both the
substrate and target surface. Capping layers would allow thin films to be grown which are,
for example, sensitive to atmospheric moisture and protect the whole structure after
deposition. They could also be used to change the refractive index difference at the
boundary and so increasing or decreasing the thin film thickness required to produce a
waveguide device. '
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Other materials could also be tried. Aluminium sulphide and iodine sulphide are two
examples which when mixed with gallium sulphide might be grown more successfully by
PLD than the materials presented in this thesis; however these materials are hygroscopic
and so would need to employ a capping layer as referred to above. More EXAFS analysis of
the materials would be useful to look in detail at how the bonding changes during the
photomoadification process. This 'beam time' is hard to obtain as the synchrotron radiation
sources is a precious resource in most parts of the world.

The moisture measuring instrument has a lot of potential as a commercial product and could
be developed further. More effort needs to go into the problem of reference materials whose
characteristics are known well enough to prevent the need for an actual 'on-site' dry area.
Microprocessor control should speed up the process of taking readings with the instrument
and neglecting the need for the two signals having to aim for a specific target value. Full
software control would allow the system to ‘'remember’ the various figures and
mathematically calculate the ratio's.
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