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Summary of thesis

The purpose of this project was to investigate the feasibility of infrared pi-
cosecond laser machining of cuprous oxide (CuyO) by two-photon absorption
and to determine the effects that this has on its optical properties, specifically
those of its excitons.

Machining was achieved for pulse energies exceeding 0.4 1J for mid-sample-
only machining, and 0.21J for machining on the surface. The latter was in-
variably found to occur much more readily than the former. SEM images
of the damage revealed evidence of laser filamentation due to nonlinear self-
focusing which is known to result in multi-photon absorption - the absorption
mechanism for laser machining. The filament-like damage extended through to
depths within the samples on the scale of 10s of pm and demonstrated widths
as low as 30nm. SEM images of the surface effects of laser machining show
apparent sample melting which is consistent with the energy of the laser pulses
given the volume of melted material. Shifts in the exciton absorption peaks
(on the scale of 10s of peV), and the introduction of birefringence in the crystal
both occurred anisotropically in the material surrounding the machinings sug-
gesting the presence of an asymmetric strain field caused by the damage. The
phase difference induced by birefringence was indicative of a shift in the refrac-
tive index of the material of up to about An = 2 x 1073, Raman spectrometry
revealed an increase in the presence of split copper vacancies (or CuzOs) in
the material surrounding the damage as evidenced by changes in the Raman
activity and photoluminescence. The damage absorbed light for a broad range
of frequencies, though transmission imaging of the machinings showed that
the most significant change in transmission was not this absorption and was
attributed to variations in n surrounding the damage or increased scattering
due to surface damage.
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Chapter 1

Introduction

As the physics of semiconductors was becoming better understood from early
to mid-20"" century, one of the very first materials that was used in semicon-
ductor electronics was cuprous oxide (CuyO) [1]. As other semiconductors like
silicon (Si) and gallium arsenide (GaAs) grew in popularity due to their use in
the booming world of electronics, the research into other materials, like CusO,
was sidelined. More recently, however, the spotlight has begun to swing in
CuyO’s favour as it attracts interest for a variety of potential applications.
For example, it can be used in gas sensing [2], and in the field of solar energy
it is being investigated for use both in photovoltaic cells [3, 4, 5] (given that
its band gap is about twice that of silicon and thus tandem cells can create
higher efficiencies) and as a photocatalyst [6] (for example, in water splitting
[7]). But arguably the greatest attraction of CuyO is its excitons which are not
only an area of great interest in the field of Bose-Einstein condensates [8, 9],
but demonstrate desirable properties described by Rydberg physics; a branch
traditionally associated with atomic physics. Atomic Rydberg systems have
shown promise in quantum information processing, cavity quantum electrody-
namics (QED), many-body experiments [10, 11], and various photonics and
optoelectronics devices such as quantum gates and optical switches [12, 13].
If Rydberg excitons can be used in the same way as Rydberg atoms, these
functionalities could be integrated into advancing semiconductor photonics
technologies [14, 15].

One property of Rydberg atoms that has made them so useful in the afore-
mentioned technologies is the huge radius of the electrons when in high-n
Rydberg states which can be on the scale of microns [16]. This makes Rydberg
atoms in such states highly polarizable due to large induced dipole moments
making them capable of long-range interactions and very sensitive to electro-
magnetic fields [15] making them useful as probes for detecting weak electric
fields [17, 18, 19]. Furthermore, dipole-dipole interaction between atoms re-
sults in very strong optical nonlinearities since excited Rydberg atoms shift
the energy of nearby atomic Rydberg states such that the linewidth of an exci-
tation source is not broad enough to resonantly excite Rydberg states of other
atoms in the vicinity. This is a phenomenon called the Rydberg blockade and
results in local transparency of the medium at the excitation wavelength called
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CHAPTER 1. INTRODUCTION

electromagnetically induced transparency (EIT) [20]. This optical nonlinearity
is so strong that it is evident even at the single-photon level, opening the door
to single-photon switches and transistors [12] and allows for the mediation of
photon-photon interactions essential for quantum information processing [11].

Excitons are quasiparticles found in semiconductors; in fact, they were
first discovered in CupO [21, 22, 23]. The nature of semiconductors is such
that, at room temperature, there is sufficient probability of electrons being
promoted due to thermal energy in the system from a filled valence band to
an empty conduction band to significantly increase the material conductivity
above the level of an insulator. The probability of thermal excitation is scales
as exp(—£E,/2kpT) where E, is the energy across the band gap, kp is the
Boltzmann constant, and T is the temperature. At room temperature, this
gives B = 26 meV which is well below the band gap and is therefore why the
material does not behave as a conductor. This creates charge carriers in the
conduction band - the promoted electrons - but also in the valence band in the
form of unfilled electron states, the holes, which are positively charged. An
electron and a hole interact by the Coulomb interaction and a hydrogen-like (a
bound electron-hole pair) state called an exciton exists. Like hydrogen atoms,
excitons exhibit Rydberg energy series. Excitons were first discovered in Cu,O
where they are more easily visible than in other materials due to its band
structure which dipole-forbids optical transitions across the fundamental band
gap (thus reducing the radiative line broadening of the exciton), a relatively
high electron-hole binding energy (90 meV - for the Rydberg series of excitons
- due to low relative permittivity and high effective masses of electrons and
holes compared to other semiconductors). In Cuy0O, excitons with principal
quantum numbers far surpassing anything seen in other semiconductors (n=30
as opposed to up to about 3 for e.g. GaAs [24]) have been observed [25] so it
is no surprise that it is this material where exciton-based research is focused.

Excitons in CuyO with high principal quantum numbers also demonstrate
radii of their wavefunctions on the micron scale [15, 26] and so, just as with
Rydberg atoms, this results in large dipole moments, high sensitivity to elec-
tromagnetic fields, and strong optical nonlinearities at the few/single-photon
level. Rydberg excitons therefore promise a union between the functionalities
of Rydberg atoms and practical, solid-state semiconductor technologies, both
bulk and low-dimensional [14, 15] which is scalable, compact, and with exciton
properties that are tunable [27]. An essential step in achieving this is the local
confinement of excitons [28] for which a number of approaches are being con-
sidered including reduced dimensionality (quantum wells [26] or dots [29]) and
tailored structures (such as micropillars [27], microcrystals [30], and nanocrys-
tals [28]). An additional possibility is to create a localised strain field within a
bulk crystal to modify the band gap [31] and adequately confine the exciton.
The purpose of this project was to create such strain fields using ultrashort
laser pulses which have been shown to create very localised damage in other
semiconductors sufficient to cause the desired strain [32, 33, 34, 35, 36, 37].

More specifically, this project aims to investigate how the properties of
Cu0, and in particular the optical properties of its excitons, can be altered

-7 -



and controlled using infrared, two-photon, picosecond laser machining. This
machining has the benefit of being confined to the focal volume of the laser
which allows for machining at freely chosen positions within the bulk Cu,O
which can be used for the creation of nanometre-scale optical structures [32,
38, 39]. Furthermore, the use of an infrared laser means that the sample
is transparent at the laser’s wavelength so that machining can be performed
anywhere within the sample. For absorption to occur, a nonlinear, two-photon
absorption must take place which requires high light intensities. This results in
some sort of damage to the sample such as the formation of another material
or a void exerting strain on the surrounding sample which is expected to result
in alterations to the optical properties of the crystal and of its excitons.

In this project, both synthetic and natural samples of CuyO were laser ma-
chined using a 1064 nm laser with 30 ps pulses. Machining parameters such as
laser pulse energy, laser polarization, sample thickness, focal point of the laser
within the sample, defect concentration, and proximity to other machinings
were varied and the changes in optical properties observed. Analysis techniques
used include transmission microspectroscopy, transmission imaging, quantita-
tive differential interference contrast (qDIC), Raman spectroscopy, and focused
ion beam scanning electron microscopy (FIB-SEM).

Chapter 2 provides background going into detail regarding the optical prop-
erties of CuyO and its excitons. The process of laser machining will be de-
scribed as well as further phenomena expected such as filamentation of the
laser. Information on the samples and methods used is provided in Chapter 3.
Chapter 4 describes the optical setup used for laser machining as well as for
transmission microspectroscopy as these used the same optical arrangement.
Specific details on the nature of the laser machining for each individual sample
are also detailed here. Chapters 5 and 6 show the results of the analysis for
non-excitonic and excitonic effects, respectively. The research and findings will
then be summarised in Chapter 7.




Chapter 2

Background

2.1 Cuprous oxide

Cuprous Oxide (Cug0) is a compound semiconductor which occurs naturally
as cuprite in the form of a red gemstone. It can also be grown synthetically
[40, 41] as was the case for some of the samples used in this project, although
synthetic samples tend to contain higher concentrations of defects than their
best natural counterparts. Details of the specific growth method for these
samples are included in Sec. 3.1.1. Cuy0 exhibits a cubic crystal structure with
copper atoms arranged in a face-centred cubic lattice, and the oxygen atoms
in a body-centred cubic lattice such that the copper atoms are coordinated
with two adjacent oxygen atoms (see Fig.2.1a).

The relevant part of the band structure of CusO around the Brillouin zone
centre, or I'-point, is shown in Fig. 2.1b. It consists of two valence bands (VBs)
and two conduction bands (CBs). Both valence bands originate from Cu d-
orbital electrons and, given that this symmetry is not disturbed due to Cu,O
having a centrosymmetric, cubic crystal structure, are therefore even-parity
states. They are separated by an energy of 0.134 eV due to spin-orbit coupling
where the upper energy band shows 'Y symmetry whilst the lower band shows
I'y symmetry. The lowest conduction band originates from Cu s-orbitals and
has symmetry of I'f while the following conduction band originates from p-
orbitals and shows I'y symmetry; they are separated by 0.45eV. The bandgap,
E,, is therefore related to transitions between the I't and I'{ states with an
energy of 2.17eV. In order of increasing energy, the other gaps are at 2.304,
2.624, and 2.755¢V for Iy — I'y, I'T — 'y, and I'y — D'y, respectively, all
of which are direct transitions (i.e.the VB maxima and CB minima lie at the
same point in the Brillouin zone - the I'-point). These energies correspond to
yellow, green, blue, and violet coloured light and so the transitions are referred
to as such. Only the violet transition involves a change in parity between the
states and so is dipole-allowed whilst the other three are dipole-forbidden when
only considering the electron Bloch function. However, excitons with p-type
envelope functions have negative parity and so transitions to these exciton
states become dipole allowed [15].

Excitons are formed due to the excitation of an electron from the valence
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Figure 2.1: (a) Four unit cells of CusO. The light blue spheres represent copper
and the red are oxygen. [42] (b) The band structure at the I'-point of
CUQO. [43]

band to the conduction band which leaves behind a missing electron in the
valence band which can be modelled as a positively charged particle - the
so-called hole. The Coulomb attraction between the electron and the hole
can bind them creating the exciton. The states of such a system involving a
positive and negative charge bound by the Coulomb attraction is described
by Rydberg physics (much like a hydrogen atom with a few changes from the
hydrogen model due to differing effective masses) in which the energy of the
state scales with the quantum number n according to:

1
Although Rydberg physics is best understood within the context of atomic
physics, it is applicable in any system with a Coulomb-bound electron [44],
thus excitons in semiconductors also have a Rydberg series of energy levels.

The energies of the states in a Rydberg series are given by:

ERryd

E, = (n—0,)? (2.2)
where F, is the energy of the n'" state, Egyq is the Rydberg energy unique to
the material, and J, is a so-called quantum defect - a correction term taking
into account deviations from the model such as the frequency and wavelength
dependence of the permittivity determining the screening of the Coulomb in-
teraction inside the crystal, and a non-parabolic electron and hole band disper-
sion [44, 45]. This forms a series of excited states with energies below the band
gap. Note that the excitons themselves exhibit a dispersion in their centre of
mass motion (the states shown in Fig.2.1b apply only to the I'-point); this
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CHAPTER 2. BACKGROUND
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Figure 2.2: The k-dispersion of excitons. The dispersion of each state is inversely
proportional to the effective mass. (Figure adapated from [46])

dispersion is shown in Fig. 2.2 and is described by:

h?k?

2m*

E(k) (2.3)
where E(k) is the energy, k is the wavevector, and m* is the effective mass
of the exciton [46]. Excitons form for all VB— CB band edges so that there
are actually 4 series of transitions when also taking into account all of the
possible exciton states. These series are referred to by the same colours as
the transitions. Analysis in this project will focus on the yellow exciton series
related to the band-gap transition.

CuyO was the first material in which excitons were observed [21, 22, 23],
this was possible due to the high exciton stability (owing to high binding
energy), the availability of high quality natural crystals, and the appearance
of the exciton series in the visible light regime so that effects could be seen at
visible wavelengths. Whereas exciton quantum numbers up to roughly n = 3
are typically detected for other semiconductors (e.g. GaAs [24]), excitons have
been found in Cu,O with quantum numbers up to n = 30 [25]. This is due,
in part, to the high Rydberg energy of Cu,O, but also to its band structure
which forbids optical transitions to the lowest exciton energy (described in
more detail shortly). The Rydberg energy (Egyq) is given by:

pie’

32(ep€,mh)?

where p is the reduced mass and e, is the dielectric constant (or the relative
permittivity). In the case of the Rydberg series in Cu,0O, this value is roughly
90meV which is very high compared to a semiconductor like GaAs which
has a Rydberg energy of just 4.2meV [44]. This is due partly to having a
high exciton reduced mass (1), a quantity allowing a two-body system to be
treated as a single mass according to 1/p = 1/m.+1/my, where m? = 0.99m,
and mj = 0.58 m, are electron and hole masses respectively (for CugO, fie, =

ERyd - (24)

— 11 —



2.1. CUPROUS OXIDE

0.366 m.). Another contributor to the high Eg,q of Cup0 is its relatively low
¢.. For instance, the static dielectric constant, €(0), of CuyO is 7.5 as opposed
to that of GaAs which is 12.9 (their optical dielectric constants, €(c0), are
6.46 and 10.92, respectively) [15, 42, 47, 48, 49, 50]. These values of ¢, and
1 alone are not sufficient to explain the high principal quantum numbers seen
in CuyO excitons, however, since greater binding energies are seen in excitons
in other materials without the same effect. For example, the 1s-exciton in
CuCl has a reported binding energy of 131 meV [51] without showing the same
effect. The unique band structure of Cu,O must also be considered. In many
semiconductors, the exciton states result in a bright, spectrally-broad emission
due to exciton-polariton formation with high dispersion which can make other
states difficult to detect. In CusO, transitions to this state are parity-forbidden
making the other higher-energy states much easier to detect due to narrower
linewidths and the required breaking of the parity by the envelope function,
suppressing the 1s-exciton compared to higher states [44]. Thermal ionization
provides an upper limit (n,,.x) to the principal quantum numbers that can be
observed due to broadening of the exciton energies such that states above a
certain number, 1y, cannot be distinguished. This is given by [44]:

ERyd
maz = . 2.5
n VT (2.5)

Note that this does not take into account the quantum defect, J,. For a
temperature of 6.5K (the original temperature of the samples during laser
machining in this project), this is equivalent to states up to n = 12 and for
later sessions when the samples were cooled to 5K, this increases to n = 14.
In practice the highest quantum number seen is expected to be lower than this
due to imperfections in the crystal structure.

An absorption spectrum of synthetic Cu,O is shown in Fig.2.3. Absorp-
tion is clearly low for photon energies below the band gap and increases at
the exciton resonances. The laser machining described in the following section
relies on the use of a laser with a wavelength of 1064 nm which corresponds to
photon energies of 1.17¢eV - far into the transparent regime for Cu,O. Trans-
mission spectra for the yellow exciton series are shown in Fig.2.4 for both
synthetic and natural samples. The intervals between the peaks show the
characteristic energies of a Rydberg series as described by Eq.2.2. States with
principal quantum numbers up to n = 14 are observed in the natural sample
compared to only n = 10 in the synthetic showing that the natural sample is
of much higher quality in this case. The dominant peaks are those associated
with p-excitons as transitions to these states are dipole-allowed, although both
d- and f-states can also be observed, particularly the f-states which are also
dipole allowed. An additional absorption peak occurs for transitions to the 1s
orthoexciton state at 2.033eV (at 4K). As mentioned previously, transitions
from the VB to the 1s exciton state are dipole forbidden, however this state is
split into an orthoexciton and paraexciton (where the paraexciton is 12 meV
lower in energy) and orthoexcitons are quadrupole active and are therefore
weakly visible for sufficiently thick samples [52, 53].
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Broad absorption spectrum for Cu,O
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Figure 2.3: A typical absorption spectrum of CuoO at room temperature. The
black line shows data from an as-grown film, and the red shows data
from a film annealed at 930°C [42].

The vibrational properties of CuyO are also relevant to this project due to
the use of Raman spectroscopy. Phonon modes are vibrational resonances of
atoms relative to the crystal lattice that they lie in. Different crystals have
unique sets of resonances and thus investigating what these resonances are
can reveal the type of material, or what impurities or defects it may contain.
Raman spectroscopy is a method of measuring phonon modes (see Sec.3.4
for details). A unit cell of CusO contains 6 atoms which yield 18 phonon
modes (3 degrees of freedom for each atom) three of which are acoustic modes,
and the remaining fifteen are optical with symmetries given by the irreducible
representations:

Agy + By + Ty + Ty + 311, (2.6)

at the Brillouin zone centre (according to group theoretical analysis) where
the F and T modes exhibit two- and three-fold degeneracy [42, 54, 55]. One
of the T3, modes represents acoustic phonons and is therefore optically inac-
tive. The degeneracies of the two optical T}, modes are partially lifted by
LO/TO splitting (transverse-/longitudinal-optic) where the two-fold degen-
erate transverse-optical phonon modes are slightly lower in energy that the
longitudinal optical one. These are infrared active, but not Raman active.
The only Raman active mode is 75, and the rest are silent (i.e.neither IR nor
Raman active, see Table2.1). The dispersions of the optical phonon modes of
Cuy0 are shown in Fig. 2.5.

In a perfect crystal one would expect to see only a single peak during
Raman spectroscopy since there is only one Raman-active mode, however, this
is not the case. As can be seen in Fig.2.6, the Raman spectrum of CuyO
shows many peaks - more than can be explained with only the 75, mode and
its overtones (for the dispersion of this mode, see the lines at 515 cm™ at the I'-
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Figure 2.4: Transmission spectra over the yellow exciton series of CuoO for both
synthetic - (a) and (b) - and natural - (c) and (d) - samples. Both
samples were 80 pm thick and measured at a temperature of 5 K. High-
n regions are shown in (b) and (d) [41].
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Figure 2.5: The phonon dispersion of CupO [56]. The lines show the dispersion as
predicted by calculations from first principles and the plotted points
show measurements from neutron scattering experiments [57].

point in Fig. 2.5). This is due to non-stoichiometry in the crystal. Point defects
in the lattice (e.g.vacancies) result in a local change in the symmetry of the
crystal, usually a reduction. This can cause some Raman forbidden modes to
become Raman allowed and thus Raman selection rules for a perfect crystal
cease to hold strictly [54, 55]. Which modes become Raman allowed depend
on the nature of these local symmetries which can be different depending on
the point defect. This can therefore be used to determine which point defects
are present in the crystal based on a Raman spectrum.

The most dominant feature of the Raman spectrum of Cu,O is the large
peak at 218 cm™ which is attributed to the first harmonic of the E, mode.
Peaks at 143, 482, and ~ 630 cm™ are attributed to the lower-energy T, Th,,
and higher-energy T}, modes respectively, though it should be noted that the
Raman active Ty, peak does not quite match up to the expected values given
in Table 2.1 as is the case in some sources [54, 55, 58] but not others [55, 59].
The peak at 408 cm™ is not attributed to a single mode, but to multi-phonon
scattering. Small Raman shifts can be difficult to detect since such strong
filtering is required to remove wavelengths near that of the laser (see Sec. 3.4)
which is why the first peak at around 108cm™ is a peculiar shape — it is
likely the edge of a peak which cannot be seen due to filtering of these shorter
wavelengths. Nevertheless, this could be the edge of a peak representing the 75,
or F, modes. Finally, there is a small amount of activity at around 300 cm™
which is often attributed to Ay, even though many sources put this much
higher at 350 cm™ [42, 55, 60]. Tt is possible that Raman activity at this shift
is, in fact, indicative of the presence of CuO impurities. The Raman spectrum
of CuO is also included in Fig.2.6 which is dominated by a large peak at
298 cm!. This line of inquiry is not relevant to this project, but is elaborated
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Typical Raman spectra of copper oxides
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Figure 2.6: Typical Raman spectra for both cuprite (naturally occurring CuzO)
and tenorite (naturally occurring CuO) [58].

on in Appendix C.

2.2 Laser machining

The purpose of laser machining in this project was to create microstructural
defects within a crystal. For this, the laser used needed to have both ultrashort
pulses, and be at a wavelength where the crystal is transparent such that a
pulse of known energy can be delivered to a point inside the crystal (rather
than just to its surface). This requires a multi-photon process using a laser at a
transparent wavelength. Prior to this project, this type of laser machining had
not yet been carried out on Cu,O, but other semiconductors have undergone
this type of laser machining. It should be stated, however, that much of the
current focus in literature prefers the use of femtosecond laser pulses [33, 62, 63]
whilst this project saw the use of picosecond pulses due to the availability of
equipment. Corbari et al. [62] define three distinct regimes where the pulse
duration, 7, is much greater than, much less than, or on the same time scale as
the electron-phonon scattering time 7._,. For the first case, a thermodynamic
equilibrium is reached between the electrons and the lattice. For the second,
the pulse is delivered on a time scale where phonon scattering can be ignored
such as with femtosecond laser machining. The third case is where picosec-
ond machining falls and is more complicated since heating of the lattice and
conduction band electrons occurs without reaching thermal equilibrium [64]
which can result in melting and boiling of the sample [34, 37] and a greater
amount of collateral damage compared to femtosecond machining which is
therefore preferred for high-precision machining. It has also been shown that
femtosecond laser pulses result in a much smaller statistical variation in the
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Mulliken Symbol | Symmetry | Wavenumber (cm™) | Nominal Activity
Tou I'55 85-100 silent

E, ' 105-110 silent
T1.,(TO) M 140-152 IR

T4 (LO) Y 150-160 IR

Ay, ry 307-350 silent

Tog s 515 Raman
T1.,(TO) I 608-640 IR

T, (LO) r.? 640662 IR

Table 2.1: Raman modes of CuyO. Ranges are given since reported values differ [42,
54, 55, 59, 60, 61]. Different sources may also use Mulliken symbols or
the symmetry of the modes to differentiate between the phonon modes,
both are given here. The acoustic modes, which are not seen in Raman
spectra but in Brillouin scattering, are excluded.

threshold fluence for laser damage (defined as ‘the fluence at which there is
a 50% probability a laser pulse with this fluence will cause breakdown’ [65]
albeit compared to nanosecond pulses) which shows that, for shorter pulses,
the statistical uncertainty with which damage is produced is reduced [37]. It
would nevertheless be wrong to argue that femtosecond machining is necessar-
ily preferred to picosecond machining for all purposes. For example, Zhang et
al show that picosecond pulses are preferred over femtosecond pulses for cre-
ating ultrashort-laser written waveguides with the lowest loss in fused silica
glasses [2] whilst Juodzakis and Misawa have shown the efficacy of picosecond
pulses in crack-free, three-dimensional recording in borosilicate glass [66]. As
for this project, it will be shown that picosecond machining was achieved, even
though it wasn’t the ideal pulse length, and was adequate for our purposes.

The absorption of the laser by the crystal can be understood using nonlinear
optics. Classically, the polarization in a dielectric by an electromagnetic wave
is related to the electric field by the equation:

P = ¢oxE (2.7)

where P is the polarization, E is the electric field, ¢y the permittivity of free
space, and x is the electric susceptibility. y is a second-rank tensor, but in
isotropic materials it is a scalar (neglecting spatial dispersion) having equal
values for all three field directions. Theory based on this relation between
P and E is called linear optics since the relationship between them is linear.
However, this is only true for low optical intensity, as high powers, such as
those of a laser, affect the optical properties of the dielectric. To account for
this, Eq. 2.7 is altered to the form of a Taylor series:

P=ec(Y\VE + x?PE2+ y®E? 4+ .. (2.8)

Here, the tensor rank of (™ increases with each element of the series such that
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2.2. LASER MACHINING

its rank is n + 1. Eq.2.7 represents the first element of this series. Further
elements describe higher order and thus nonlinear optical phenomena.

One such higher order phenomenon is the absorption process undergone by
the laser and the CuyO sample in this project. Since the sample is transparent
at the laser wavelength, linear optics dictates that it would not be absorbed
due to the incident photons having insufficient energy to bridge the band gap.
Instead, two-photon absorption must occur where the laser power (i.e. photon
density) is great enough that the probability of two photons being absorbed
simultaneously by an electron becomes significant. When combined, the pho-
tons have sufficient energy to bridge the band gap. Given that CuyO has a
band gap F, = 2.17eV, we can deduce that a laser of sufficient power requires
a wavelength between 571 and 1143 nm (wavelengths corresponding to photon
energies of E, and E,/2 respectively) to achieve this type of absorption.

For picosecond machining, most of the energy transferred to the crystal
by the pulse is nevertheless done by a first order (linear) mechanism. This
is because linear absorption can occur involving the electrons liberated in the
nonlinear mechanism which can, in turn, transfer energy to other electrons
which themselves may be ionised and undergo linear absorption and so on. This
is aptly known as avalanche ionisation [33, 67, 68] which becomes the dominant
absorption mechanism once the two-photon absorption has occurred. However,
avalanche ionisation cannot occur without some electrons having already been
ionised, thus the onset of the nonlinear absorption is the threshold at which
laser machining will occur.

An additional nonlinear effect that comes into play for this kind of ma-
chining is the optical Kerr effect which causes beam self-focusing resulting in
filamentation of the laser beam [36]. At high laser powers, the refractive index
of an optical medium is altered according to the equation:

n=ng+ nal (2.9)

where n is the refractive index, ng is the linear refractive index, no is the
nonlinear Kerr index, and I is the intensity of the light. This is actually
a third-order optical effect and is related to the third-order susceptibility in
Eq. 2.8 by x® = 4egcnyn? /3 [67]. Note that this is the same order phenomenon
as the two-photon absorption which is described by the imaginary part of x©®,
and x® need not be considered as it is zero in centrosymmetric crystals like
Cuy0. Assuming a Gaussian spatial intensity profile, and since no is usually
positive, this results in an increase in the intensity-dependent refractive in-
dex at the centre of the beam compared to the outside causing the beam to
focus by refraction thereby increasing the beams intensity and decreasing its
radius. Multi-photon absorption, such as the two-photon absorption described
above, eventually occurs at a high enough intensity and the subsequent elec-
tron plasma generated in this ionisation results in a decrease in the effective
refractive index to counteract the increase brought about by the optical Kerr
effect [67]. This can result in localised refocusing cycles, although it should
be noted that these cycles are temporal and not spatial (i.e.at a given point
in the sample the beam width may change cyclically with time) and so every
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point in the sample along the axis of a laser would still experience a filamented
laser in this scenario.

Self-focusing is expected to occur when the intensity of light becomes high
enough that the change in refractive index counteracts the diffraction of light
which is independent of intensity. By relating the Rayleigh length to the self-
focusing length, it can be shown that it is a beam’s power that determines
whether diffraction effects can be overcome according to the equation [67]:

3.7TA?

Pcr =
871'?10712

(2.10)

where P, is the critical power above which self-focusing dominates over diffrac-
tion (this is assuming a Gaussian beam). As will be expanded upon in Ch. 3,
the machining laser in this project had a wavelength of 1064 nm. Given that
no = 2.7 for a laser wavelength of A = 1064 nm [69], and assuming a value of
ny = 0.917 x 107" m?/W [70], this suggests a value of P, = 6.86kW. For a
30 ps laser pulse, this is equivalent to a pulse energy of 20.6 nJ.
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Chapter 3

Materials and methods

3.1 Samples

Samples of CusO of both natural and synthetic origin were investigated during
the course of this project. Due to how the samples needed to be mounted for
laser machining, and the thicknesses required for sufficient light transmission,
they were prepared such that they consisted of thin slices (less than 0.5 mm
thick). These were cut from rods or gemstones (for synthetic and natural
samples respectively) and polished to create multiple samples. To achieve
this, the rod was first encased in ViaFix™ cold setting resin, then relatively
thick slices (around 5 mm) were cut using a Struers Secotom-50 saw fitted with
an M1D20 diamond cut-off wheel. This slice was then roughly ground using
an MD-Piano 50 disk, then finely ground on a Struers MD-Largo disk with a
9 pm diamond suspension, and finally polished using a DP-DAC satin woven
acetate cloth disk with a 3pm diamond suspension. Sample thicknesses were
measured using an Olympus BX-50 transmission microscope by adjusting the
stage to where each surface was in focus, taking a reading for these depths
and finding the difference between them; this value was then multiplied by
the refractive index of CuyO for red light, n = 2.9 [69]. This could be done

Name Thickness (pm)  Origin ~ Laser-machined

AF00 140 synthetic v
AF01 150 synthetic
AF13 130 synthetic v
AF14 180 synthetic
AG15 230 synthetic v
ALO1 100 natural v
AMO1 100 natural v
AH n/a natural

Table 3.1: Showing all samples used in conjunction with this project.
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I L A
2 3 4 5 6

Figure 3.1: Rods of CupO grown using the optical floating-zone method. Thin
discs were cut from the rods to prepare the samples that were used.

for samples whilst they were in the cryostat to be machined by moving the
piezoelectric stage on which they were mounted (see Ch.4.1) to bring each
surface in focus; in this way, the thickness of the sample could be measured
in more localised areas since this setup used a greater magnification than the
Olympus microscope. In this case, the wavelength of the transmitted light was
centred around either 571 or 609 nm depending on whether the HRSI (high-
resolution spectral imaging) setup was set to scan the yellow Rydberg series or
the 1s-orthoexciton. Refractive index values for these wavelengths were taken
as 3.08 at 571 nm and 2.99 at 609 nm [69]. Thicknesses given in Table 3.1 were
based on the readings taken at the corresponding machining sites.

3.1.1 Synthetic Samples

The synthetic samples detailed in this chapter were all fabricated by Dr Ravi
Singh at the Indian Institute of Science Education and Research (IISER) in
Bhopal, India. To achieve this, a 5 mm diameter copper rod of 99.999% purity
was oxidised for roughly 40 hours in air at 1100°C and atmospheric pressure.
This was then fused to a seed rod by melting and Cu,O was subsequently
grown using the optical floating-zone method [41]. The resulting rod is shown
in Fig. 3.1.

The samples detailed in the next three subsections are addressed in the
order in which they were laser machined. The final two samples, and the
sample AH in the next section, were not laser machined but were used or
examined in other ways as part of this research.

3.1.1.1 AFO00 - Thin sample

The first sample to be machined, AF00 (see in Fig. 3.2), was a synthetic sample
which was around 140 pm in thickness. Since it was used in the first attempt at
machining, a lot of the work done on this sample was to confirm that machining
was, in fact, possible, and to determine the settings necessary to achieve said
machining. Once a working procedure was developed, machinings were done.
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Figure 3.2: A photograph of the sample AF00 taken through a microscope. The
sample is cracked into two pieces both of which were used in machining.
Three of the machining locations are shown in green; these will be
addressed further in Ch. 4.

This included machining the middle of the sample, although this was found
to be difficult to do without affecting either surface of the sample. Further
details of machining are given in Ch. 4.

3.1.1.2 AG15 - Thick sample

With the difficulties encountered in machining without affecting the surfaces
in sample AF00, a thicker sample was chosen so that when focusing the beam
in the middle of the sample for machining, the power density at the surfaces
would be reduced. This was achieved with sample AG15 (see Fig. 3.3) which
has a thickness of about 230 pm. However, the decrease in transmission close
to the bandgap was such that there was not enough signal to perform the
usual HRSI analysis on the exciton Rydberg series (more on this in Sec. 3.2).
Therefore, the spectral range of this analysis was shifted to the 1s-orthoexciton
wavelength - 608.5 nm where there is no background absorption (see Fig.2.3).

3.1.1.3 AF13 - Medium sample

A sample with a thickness between that of the previous two was selected next to
enable both mid-sample machining, and greater transmission. This was AF13
and had a thickness of 130 pm (shown in Fig. 3.3). As with AG15, transmission
signal at the yellow Rydberg exciton frequency was too poor to carry out trans-
mission microspectroscopy and only at the orthoexciton frequency was there
enough transmission for further analysis. This is odd given that the sample
thickness is comparable to AF00 so may suggest some alignment problem with
the setup rather than low transmission through the sample. Machining within
the sample without affecting the surfaces was feasible.
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1 mm

Figure 3.3: A photograph of the samples AG15 (left) ad AF13 (right) taken
through a microscope. The clear curve in the bottom left of AG15
was once the edge of the rod described at the start of this chapter.
The AF13 image comes from before it was cut from the disk, black
lines are drawn to enclose the region that later became the individual
sample.

3.1.1.4 AFO1 - Etch test

This sample was not used in laser machining, but was used to test a chemical
etching process that was as a possible way of removing impurities from the sur-
faces of samples (see Appendix A for further information on this). Ultimately,
the goal was to etch the natural sample ALO1 prior to laser machining, but
tests were performed to ensure that this sample would not be destroyed by
the process. The effect of the etching is shown in Fig. 3.4 where the surface of
the sample has clearly become more rough and transmission has been reduced.
This was in contrast to the effects seen for ALO1 where the the surface was
aligned to the (111) crystal plane which has been shown to reduce the effects
of this type of etch [7].

3.1.1.5 AF14 - FIB-SEM test

AF14 is another synthetic sample of thickness roughly 170 pm. It was not laser
machined, but was instead a test sample used in FIB-SEM (see Ch. 3.5) before
looking at machined samples to avoid the risk of damaging any machinings
unnecessarily with the FIB. An image of the sample is shown in Fig. 3.5 and
an example of some of the FIB milling done on this sample is shown in Fig. 3.6.
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Figure 3.4: The image on the left shows the sample AF01 before etching. The two
images on the right show each side of the sample after etching was
carried out.

Figure 3.5: An image of the synthetic sample AF14 (other samples cut from the
same disk of material can also be seen).

Figure 3.6: A FIB image of some of the FIB millings at various currents on sample
AF14.
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Figure 3.7: A photograph of the machined fragments of the sample ALO1 taken
through a microscope. The two fragments shown were broken apart
after machining and both contain machinings.

3.1.2 Natural samples
3.1.2.1 ALO1 - Thin sample

ALO1 (Fig.3.7) was the first natural sample to be machined. There were
two main benefits to testing a natural sample; firstly, it could be compared
to the synthetic samples to see if there are any differences in the machining
process. It is documented that even the best synthetic crystals have a differ-
ent concentration of defects than good-quality natural crystals, specifically a
greater concentration of copper vacancies [40] (V) believed to result from a
macroscopic crystal strain [41] which could have consequences in machining.
Secondly, due to this lower defect concentration, and resulting lower absorption
in the bandgap, natural samples can be used in second harmonic generation
(SHG) provided they have 111 crystal orientation; with the surfaces of the
crystal perpendicular to the [111] direction and therefore parallel to the (111)
plane. Propagation of the excitation light in this direction allows transitions
which would be dipole-forbidden [71]. Ultimately, the signal of the second
harmonic was unexpectedly weak and thus no distinction could be made be-
tween normal and machined regions of the sample, but the machining was still
carried out and the other analysis techniques employed. The sample thick-
ness was 100 pm although readings of the sample thickness for the final two
machinings sites were as low as 68 and 46 pm showing significant variation in
the sample thickness. The machinings were done in sets where each set had
a different purpose: investigating the effect of pulse energy, distance between
pulses, creating structures of machinings around a single point, and a set that
would be easy to look at using FIB-SEM.

After machining was carried out on the previous samples, the setup was
altered to allow for the recording of the sample by a video camera during
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Figure 3.8: A photograph of the machined fragment of the sample AMO1 taken
through a microscope. This sample was split into 3 fragments during
re-mounting, but only data from machinings in the fragment shown
here are included in this thesis. Other fragments can be seen on the
edges of this image.

machining (see Fig.4.1). This is explained further in Ch.3.2. In addition,
this sample was chemically etched before any machining was carried out (see
Appendix A). The etching procedure was tested beforehand on samples AH
and AFO01 (see Subsects. 3.1.2.3 and 3.1.1.4), but unlike those samples, there
was no clear effect on ALO1 due to its orientation.

3.1.2.2 AMO1 - Thin sample

To help to achieve mid-sample machining, sample AM01 was prepared which
is another natural sample (see Fig.3.8). This was also oriented in the 111-
direction but was slightly thicker (100 pm). Mid-sample laser machining was
achieved in this sample, but only in 7 cases, all of which were preliminary test
machinings (more detail in Ch. 4.4.5).

3.1.2.3 AH - Etch test

AH is a natural gemstone bought from Quebul Fine Minerals and originated
from Poteryaevskoe Mine in western Siberia. It measures approximately 20 x
20 x 15mm and two other samples have been taken from it - AHO1 and AH02
- which are unrelated to this project. The remaining stone was used in the
preliminary test of the procedure for the wet etching technique mentioned in
Sec. 3.1.2.1 before it was carried out on any of the thin, polished samples. The
effect of the etching is shown alongside an image of the original sample in
Fig. 3.9 where the surface of the sample seems to have become rougher and
greyed compared to the original red sample.
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Figure 3.9: The image on the left shows the sample AH before etching. The two
images on the right show the sample after etching (and after samples
AHO1 and AHO02 were removed from it).

3.2 Absorption microspectroscopy

The setup for the high resolution spectral imaging (HRSI) is shown in Fig.4.1
alongside the laser machining setup. The sample was Kohler illuminated us-
ing an LED light and adjustable apertures controlling the illumination size on
the sample and in directional space. The light was filtered through a band-
pass filter centred at 572nm with a spectral width of 10nm to remove light
with wavelengths outside the range measured to reduce optical excitation and
heating of the sample, then passed through the sample. The transmitted light
was directed into the Iris 2000 Mark II spectrometer and Pixis:100BR CCD
detector which had 100 pixels in the vertical direction along the spectrometer
input slit at which a spectrum was taken over a wavelength range of roughly
10-12nm over 1340 spectral pixels. The CCD camera was later replaced with
the Pixis:400BR model with a 400 vertical pixels range prior to the machining
of ALO1 and AMO1. In practice, the vertical range became limited instead by
the height of the image formed but this still allowed for an increase in range
in the y-direction of a factor of roughly 2 (to roughly 200 pixels). A verti-
cal stack (of 100 or 400) of spectra constituted a single data acquisition at a
given x-coordinate. In order to map the sample over a two-dimensional spatial
region, the piezoelectric stage on which the sample was mounted was moved
horizontally whilst the CCD performed a number data acquisitions (usually
100, but this depended on the width of the scanned region and the required
spatial resolution). This resulted in a grid of 100 x 100 spectra having been
acquired.

The spectrometer was set to the 2°¢ order diffraction for all scans to increase

the spectral resolution (at the expense of the signal strength due to greater
dispersion at higher order of diffraction). For excitons at the yellow Rydberg
series for which a nominal centre wavelength of 571 nm (2.171 eV) was used, the
resulting spectral range was 4.2nm, or 16 meV. To address the s-orthoexciton,
the centre wavelength was 608.5nm, or 2.0370eV. Note the relation between
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Figure 3.10: Examples of absorption spectra for the various samples used in this
project from n = 3 upwards.
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energy and wavelength according to the following equation:

_he

E
A

(3.1)
where F is the photon energy, h is Planck’s constant, ¢ is the speed of light in
a vacuum, and A is the light wavelength.

To calibrate the resulting data, a helium neon discharge lamp was placed in
the beam path after the hot mirror (see Fig.4.1) directed towards the detector
and a spectrum taken. The known emission peaks from neon were then used
to calibrate the spectra accurately. For wavelength, the scaling was linear and
a dispersion of -3.1725 pm per pixel was found for the second order diffraction.
This was multiplied by the pixel number and added to a constant - the highest
wavelength (Ay) in the spectrum. For all subsequent scaling, the same disper-
sion was used, and the position of the emission lines of the helium neon lamp
were used to determine ;.

In order to obtain an absorption spectrum two further sets of data were
collected. One provided a background scan of 5 acquisitions with the LED light
blocked. The acquisitions from this scan were averaged and then subtracted
from the data taken with the LED unblocked in order to have data proportional
to the detected intensity. Then, a reference scan of 20 acquisitions was taken in
a region of the sample mount away from the sample itself to get a measurement
of the source intensity without the sample. These were then averaged and an
absorption spectrum, A(w) obtained by combining this with the scan of the
sample according to the equation:

A-mn (5_‘5) (32)

where A is absorbance, [ is the intensity, b is the background intensity, and I is
the intensity of the reference scan. Acquisition times varied depending on the
sample but would typically be around 5-6s. The resulting spectrum (examples
shown in Fig.3.10) contain absorption peaks according to the energies of the
photons absorbed (hc/A) by the excitons. Note that calibration was performed
in air whereas this formula assumes vacuum wavelength so is only approximate.
CCDPlot software was used to fit a differential Lorentzian curve to these peaks
one at a time including a vertical offset, O, the equation for which is given by:

1+d,(v—1)/T
1+ ((2(v = w))/T)?
where 1 is the peak centre, I is the full width of half maximum (FWHM), B is
the peak amplitude, and §;, the differential amplitude - a measure of the peak
asymmetry. Such an asymmetry is seen in Fig.3.11 which shows an example
of an absorption peak with its associated fitted peak. The asymmetry of the
peaks is described as a Fano resonance which arises due to the interference of
discrete spectrum of transitions with a continuous one; in the case of Cuy0,
this is occurs for direct exciton absorption transitions and indirect phonon-
assisted transitions, respectively [72, 73, 74]. This fit was repeated for each

y=0+1D8 (3.3)
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spatial point and the value of each of these five variables was then plotted in
a 2D map. The results of this are shown in Ch. 4.

As mentioned previously, the use of thicker samples resulted in a decrease
in transmission hindering the use of the above technique in the Rydberg series
wavelength range. This change can be calculated using:

L exp(—aV)) (3.4)
Iy
where I is the transmitted intensity, Iy is the input intensity of the light, a/(\)
is the wavelength-dependent absorption coefficient for Cu,O, and L is the
distance the light travels through the sample. « varies over the wavelength
range scanned during HRSI acquisition (570-575nm). Taking L to be the
additional distance through the thicker sample rather than the thinner one
that the light must travel (~ 100pm) and = 20 mm™ [69], then we should
expect the transmitted intensity through the thicker sample, AG15, to be
13.5% of that through the thin sample, AF00, according to Eq. 3.4 (although
errors in the values of @ and L put this value in the range of 0.8-20%). In
practice, the signal was found to decrease to 12% of the previous sample.
Although the light transmitted through AG15 was enough to show the
absorption of the Rydberg series, the signal to noise ratio was low, in some
cases the SNR was only 2 - this was due to the low transmission. When
performing the analysis of these peaks, the resulting maps therefore lacked
the fine structure of previous maps which is why the Is-orthoexciton peak
was looked at instead which lies in a much more transparent region of the
spectrum (see Fig.2.3). To fit this peak a normal, symmetric Lorentzian fit
was used (i.e. without the differential amplitude parameter) since the peak was
much more symmetrical. The fit was also made more difficult by the splitting
of the 1s-orthoexciton states. Theoretically, orthoexcitons exhibit threefold
degeneracy [44, 75], but in practice splitting was evident in the samples even
without any laser machining present due to the linewidths of the absorption
peak for the 1s-orthoexciton being narrower than the energy shift by internal
strain. Two examples of this are shown in Fig. 3.12. The peaks would fluctuate
between being combined and distinct and thus fitting them as either separate
peaks or as a single degenerate peak often resulted in a poor quality of fit
producing parameter maps with features that did not correspond to physical
effects.

3.3 Absorption cross section

With the additional lens in place for laser machining of the final two samples,
ALO1 and AMO1, videos could be recorded using the video camera in Fig.4.1
whilst the laser pulse was delivered to the sample using the same illumination
source of the absorption microspectroscopy. This reduced the depth offset
required for laser machining from 115pm to 17pm. Although there would
ideally have been no depth offset, by this point laser machining was understood
to have an effect that went over a range of depths in excess of this value
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Fitting Cu,O absorption peak
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Figure 3.11: An n = 5 absorption peak from AF00 and the differential Lorentzian
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Figure 3.12: Two vertical stacks of absorption spectra at 6.5 K over the range of

the 1s-orthoexciton absorption peak at different x-coordinates in the
sample AG15 about 60 pm apart. The absorbance is represented by
the brightness. The 1s-orthoexciton is a triply degenerate state, but
splitting is evident throughout the sample.
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and, furthermore, most of the effects seen in transmission photography were
on the surfaces anyway. To increase the depth of field of this acquisition,
the illumination NA was reduced to minimise the aperture without a sharp
reduction in the transmission (compared to the that used for HRSI for which
the NA was maximised) so that out-of-plane effects - such as machining on
one of the surfaces - could be seen much more easily.

The resulting videos were converted to bitmap format and the frames be-
fore and after the pulse were averaged to create a before- and after-image of the
machining. Then, by dividing the after-image by the before-image and inte-
grating over the area affected by laser machining, the absorption cross section
(oa) could be calculated for each machining according to:

01— B (b - ]IO) , (3.5)

where o4 is the absorption cross section, B is the area over which I/1lj is
averaged in (pm)?, I and I, are the transmitted intensities after and before
machining respectively, and b is the value of the non-machined background
of the I/I, image. B was chosen to be the smallest area enclosing the laser-
affected region, and b was calculated by averaging I /1 in the area surrounding
this region.

A similar procedure was used to calculate a value for the transmission
change cross section (o7¢) to account also for increases in transmission for
certain pixels. Using the above method, the overall change was a decrease
in transmission due to laser machining, but the method used assumed that a
decrease was the dominant effect. To confirm this, Equation 3.5 was altered
to:

1
ore=Y I~ 7 (3.6)
z,y 0

where x,y denotes the x and y values of the pixels in the region affected by
the laser machining. The two important changes here are finding b — I/1 for
each pixel, and finding the magnitude so that increases in transmission for
individual pixels could be found. The result was compared to values of o4 for
each machining.

3.4 Raman spectroscopy

Raman spectroscopy is an analysis technique that allows us to measure vibra-
tional modes within a sample. A monochromatic light source is used to illumi-
nate a sample with narrow-band light, typically a laser. Generally speaking,
light incident on matter will be absorbed, transmitted, or experience Rayleigh
or Raman scattering. In Raman scattering, some internal excitation is involved
in the scattering which causes the scattered photon to experience a frequency
shift equal to the energy of the internal excitation according to £ = hf. Typ-
ically, these excitations are vibrational and are represented by phonons which
can be absorbed (Anti-Stokes scattering given by Eq.3.7) or emitted (Stokes
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scattering given by Eq. 3.8). The relations between incident photons, scattered
photons, and phonons are given by:

Ein + Eph = Esc
1 1 1 3.7
1,11 (37)
)\in )\ph )\sc
Ein = Esc + Eph
1 1 1 3.8
BEUNE Y (3.38)
)\in /\sc >\ph

where the subscripts in, sc, and ph refer to the incident photon, the scattered
photon, and the phonon respectively. The scattered light is picked up by a mi-
croscope which is coupled to the spectrometer consisting of a grating and CCD
detector which provides a spectrum in which the peaks appear that are shifted
from the wavelength of the incident laser. The energies of the phonon modes
can be calculated from this using Eq.3.8. Though, the convention is rather
to show Raman shift in cm™! instead of wavelength where Raman shift is the
shift in wavenumber of the scattered photon. This value is constant no matter
what the wavelength of the excitation laser is whereas the the wavelength shift
is not.

This setup was also used to measure the photoluminescence (PL) in the
sample. Here, the laser which is intended to provide a monochromatic light
source for Raman scattering also acts as a source of electronic excitation.
Electrons in the sample may be excited if the incident photons have enough
energy to achieve this. The amount of energy that the excited electrons have
is much greater than phonon energies and so, as these electrons relax, they
emit light with photon energy equal to the energy lost during relaxation -
photoluminscence - which is picked up by the microscope and spectrometer in
exactly the same way as the Raman scattered light is. Resulting spectra may
therefore involve both of these features.

The equipment used was a Horiba Scientific LabRAM HR Evolution Ra-
man Spectrometer [76] with 3 excitation lasers of wavelength 473, 532, and
660 nm and operated through LabSpec 6 Software [77]. An integrated BX41
microscope was used to collect the light from the sample. This was also used
to position the sample correctly and provided images of the sample’s surface
by reflection contrast. The microscope was coupled to a spectrometer which
consisted of a diffraction grating which acts as the monochromator and a mul-
tichannel, air-cooled CCD Detector (at -60 °C). Diffraction gratings of 1800,
600, and 3001/mm were available, with the spectral range scaling approxi-
mately inverse to the groove density. It was found that the 3001/mm grating
had sufficient resolution to show any relevant peaks and provided such a spec-
tral range (660-765 nm using the 660 nm laser) that a PL peak was also covered
by the CCD at a single spectrometer position; this was therefore used in the
majority of this analysis. During scans the sample was mounted on a motorised
XY7Z stage driven by the LabSpec6 software.
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Figure 3.13: A reflection image using white light showing the effect of using a
473 nm laser to perform Raman analysis on CupO. The large spot at
the top was the result of 6s of laser exposure. The spot below was
created with a 3s exposure with the laser attenuated to 50% of its
full power. Laser exposure at 25% power and lower were performed
below this with no visible effect.

The 660 nm laser was predominantly used since it was the only laser with
photon energy lower than the band gap energy of Cu,O; E; = 2.0eV at room
temperature [78]. This is equivalent to light of wavelength ~ 620nm which
is consistent with the energy of the first PL peak measured when using the
473 nm laser in initial scans. The higher photon energy lasers still yield Raman
spectra, but the high absorption of the sample at that wavelength prevents
penetration into the sample so only the surfaces could be analysed. Higher
energy excitation lasers were also found to damage the sample even when
attenuated, whilst the 660 nm laser did not. Fig. 3.13 shows the effect that the
473nm laser had on the surface of a sample. Extinction coefficients (k) for
Cus0O at the three given laser wavelengths are 0.67, 0.03, and 0 for 473, 532,
and 660 nm respectively [69] (the value of zero here means that the value is
< 107%, the values provided here are also for thin films so may differ slightly for
bulk Cuy0). Given that the penetration depth, d, (the depth into a material
after which the intensity of light falls to 1/e of its original value), is given
by the expression 6, = A\/4mk = 1/c, and assuming the maximum extinction
coefficient at 660 nm given the above value (k = 107°), this is equivalent to a
penetration depth of at least 1 mm - far more than the thickness of any of the
samples. The use of the 660 nm laser therefore meant that 2D x-y scans could
be taken at multiple z-depths to create a 3D array of data points (see Fig. 3.14).
Further parameters for Raman acquisition can be found in Appendix C.

The resulting data were then analysed with the hyperspectral analysis soft-
ware HIA (hyperspectral image analysis), ‘a method to factorize the hyperspec-
tral data into the product of component concentrations and spectra’ [79]. This
involved first the denoising of a hyperspectral data set using singular value de-
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Figure 3.14: A screenshot taken during a Raman spectroscopy session using the
20x microscope objective. It shows a white light reflection image
acquired by the colour camera within the LabRAM system of the
front surface of a machined sample, the machinings themselves can
be seen. In green is the grid of points at which a Raman spectrum
was acquired. This was repeated at multiple depths to achieve a 3D
array of points (shown on the right).

composition (SVD) followed by a factorisation into spectra and concentrations
of chemical components (FSC?). To achieve SVD, the data, represented by a
matrix A of size m X n was decomposed into 3 separate matrices given by:

A=UxVT (3.9)

where U is an m x m orthonormal matrix, VT is an n x n orthonormal matrix,
and X is an m x n diagonal matrix where the terms A;; are called the singular
values which are positive and sorted in descending order. The smallest singular
values, which represent noise-like spatial and spectral distributions in U and V,
are set to zero thereby removing them from the reconstruction of A. Therefore,
noise can be removed from the data whilst preserving the signal by considering
only the first singular values up to a certain threshold. This threshold was
determined separately for each set of data to ensure that the removed singular
values did not contain any discernible signal. Typically, this would be in the
range of 6-14 (i.e.the first 6 singular values would be used to reconstruct A
for a threshold of 6).

The resulting data, represented by a matrix D then underwent further
factorisation into matrices C, ST, and E where C represented a (spatial) con-
centration of a number of chemical components, ST represented the spectra
associated with these components, and E was an error matrix to be minimised.
The relationship between these matrices is given by D = C ® ST + E. The
additional physical constraint that C and ST must be non-negative was also
introduced, this factorisation is called non-negative matrix factorisation. This
provided Raman spectra of each chemical component with an associated spa-
tial distribution of the concentration of that component. This technique is
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called factorisation into spectra and concentrations of chemical components
(FSC?) [79, 80]. The number of components was chosen in advance of the
FSC? analysis and was varied to ensure that this number was equal to the
number of materials with different Raman spectra in D. Without laser ma-
chining, only one component should theoretically be sufficient to describe the
single crystal, but a change in chemical composition due to laser machining
could be detected by increasing the number of components.

3.5 FIB-SEM

Focused ion beam (FIB) - scanning electron microscopy (SEM) was used to
reveal the profile of the machinings both on and beneath the surface using a
Carl Zeiss 1540XB CrossBeam workstation operated using SmartSEM V5.06
software. SEM is an imaging technique capable of generating extremely high-
resolution images. This is achieved by scanning the surface of a sample with
a electromagnetically focused electron beam causing secondary electrons to be
emitted from the sample’s surface due to inelastic collisions with the electrons
from the beam up to a depth of only a few nm [81] [82]. The value of each
pixel in the image is the sum of an offset (the brightness) and contrast where
the latter is linearly scaled with the current of the detected electrons. Both
brightness and contrast were controlled by knobs on a control board and were
adjusted to achieve a useful imaging of the regions of interest, but the control
of these values was not recorded.

The ions used in the FIB are gallium and, just as with the SEM, these
can generate secondary electrons upon collision with the sample which can be
detected in the same manner. The beam itself is formed from a liquid metal
ion source (LMIS) in which melted gallium is deposited onto a tungsten needle
with a large voltage applied which causes the gallium atoms to ionize and
be emitted from the needle and directed towards the sample by electrostatic
lenses. Unlike SEM, this can be quite destructive to the sample due to the
high mass of the ions and therefore can be used not only to image, but also
to mill away parts of a sample with high precision. The FIB’s axis was chosen
to be perpendicular to the surface of the sample while the beam used in SEM
was at a 54° angle to the FIB (see Fig. 3.15).

To uncover any features beneath the surface, the FIB was used to mill a
trench in front of it with a high current (2nA for around 30 minutes), and
then the end of the trench closest to the machining was gradually polished
away with a much lower current (20-50 pA for 1-2 minutes) to result in a finer
polish. Fig.3.16 shows the milled trench in front of a machining (from the
perspective of the SEM) before polishing. Since the SEM gun was at an angle
to the polished wall, it could image the wall between each polish to reveal
any inhomogeneities due to laser machining. When such effects were found,
higher quality SEM images were acquired by changing the SEM acquisition
method, scan speed, and/or resolution. The standard acquisition method was
to perform a pixel average in which a single frame was scanned at a rate of
100 x 29~1ns per pixel where S is the scan speed setting - an integer from
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Figure 3.15: a) The sample sits at the coincidence region of the ion and electron
beams. The FIB is perpendicular to the sample surface and the SEM
is 54° from it. b) A representation of FIB-milling and SEM-imaging
(these do not occur at the same time). The FIB removes layers from
the back wall of a trench until the laser machining is reached which
can be imaged by the SEM. c¢) The sample itself is attached to an
adhesive copper pin which is then mounted.

1 to 15, resulting in pixel dwell times of 100ns to 1.6 ms. Pixel average was
faster than other methods so was useful in providing a real-time display of
the sample. For higher quality images, the line integration method was used.
Here, each line (horizontal row of pixels) was scanned multiple times and the
average was stored and displayed. For scans over a large area, the slowest scan
speeds could take hours to complete. In later sessions as the procedure was
improved to reduce the time taken for scans the area scanned was reduced to
include only the region of interest allowing for the use of very slow scan speeds
without having to wait more than 10-20 minutes. Finally, the resolution of the
images was also increased when looking at very small effects from 1024 x 768
pixels to 2048 x 1536. This had the effect of increasing the total acquisition
time of the image so was mostly useful when even the slowest scan speed using
the lower resolution didn’t produce an image of good enough quality.

In many cases, especially early in the development of the above procedure,
no inhomogeneities were seen beneath the machinings which were visible as
small craters on the surface. Now it may well be possible that there simply
was not any discernible effect below the surface, but it is also possible that
the machinings may have been completely destroyed in the polishing step or
lay deeper in the sample was seen. The smallest polishing thickness was about
200 nm due to limitations in the magnification of the system used, whilst some
of the subsurface effects were <100 nm across in the direction of polishing (as
will be shown later). It would therefore not only be possible, but likely for the
back wall of the FIB-milled trench to be so close to the machining that even the
smallest polish would destroy it in one go. This may beg the question as to why
so many effects were then seen using this technique for which there are three
answers. Firstly, not all of the sub-surface effects were so small - larger ones
were easier to find. Secondly, a very small tilt in the sample would have been
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Figure 3.16: An SEM image at 8,000x magnification at scan speed S = 7 showing
a trench milled using FIB in front of a machining which has affected
the surface of the sample. The trench is 17 pm long and we see to
a depth of 12.4pm (since there is a 54° angle between the FIB and
SEM).

enough to allow a polish to reveal part of the machining without destroying
it as long as the FIB-milled trench was deep enough. For example, over the
height of a 30 um deep trench, a 100 nm diameter machining would double its
range in the polishing direction with a tilt in that direction of only 0.2°. Given
the numerous demounting and remounting, and even sample cracking, between
when the laser machining was carried out on sample an when FIB-SEM was
performed, it could reasonably be expected for the sample to have become
tilted by around 1°. This is seen in some of the results in Ch.5. Finally, in
later sessions the procedure was optimised to allow for a finer polish (as little
as 60 nm) by intentionally creating a spatial offset between both FIB and SEM
so that a greater magnification and therefore precision could be used on the
FIB whilst also being able to image deeper in the sample with the SEM.

3.6 qDIC

Differential interference contrast (DIC) is an imaging technique performed us-
ing a microscope setup capable of producing high contrast images of structures
that exhibit phase contrast created, for example, by birefringence. CuyO is not
a birefringent material, birefringence can be introduced in a sample due to, for
example, strain induced from a local defect. In our case this defect is, of course,
due to laser machining.

DIC microscopy was carried out by passing polarized light from a Kohler
illumination source through a Wollaston prism which separated the light into
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two orthogonally polarized beams which were directionally separated from each
other by a small amount. These two beams were then focused onto a sample
by the condenser lens, converting the directional split into a spatial split called
the shear distance. As these beams passed through the sample, they acquired a
phase difference, 64 due to a spatial- and polarization-dependent refractive in-
dex. Then, an objective lens collimated the transmitted light into a Nomarski
prism which recombined the beams at the far-field of the objective lens. This
prism was also translated perpendicularly to the beam path to create a phase
offset, 1), between the two beams by changing the relative thicknesses expe-
rienced by the beams of the birefringent wedges that formed the prism. The
light was then passed through a polarizer oriented orthogonally to the original
polarization so that the resulting intensity upon reaching the camera could be
given by:

Lyt = [;“(1 — cos(th — 3,)) (3.10)

This was repeated for a phase offset of —¢ and the images were combined to
create the contrast image with pixel values I according to:

_ Iout("i_w) - out(_w)
Iout("’w) + Iout(_w)

Values of ¢ were used such that the criterion d4 << 1 < 7 was met which
allows Eq. 3.10 to be linearized to the approximation:

I — dpsin(1))
“T 1= cos(1)

This means that the resulting pixel values are directly proportional to the
phase difference of the two beams [83] [84] and converting the pixel values to
represent d, for a known ¢ is trivial. This setup is shown in Fig. 3.17 [85].

The equipment used were an Olympus BX-50 microscope with a 20x ob-
jective and Canon EOS500D Camera. This analysis was performed at multiple
depths throughout a laser-machined sample and also at multiple sample ori-
entations as it was found that this had an effect on the result. Rotating the
sample by 180° around the optical axis has no effect on the birefringence but
does alter the phase gradient. Images were then paired with their 180° ro-
tated counterpart to separate the phase gradient effects from the birefringent
effects by aligning the images with each other, then either subtracting them
or averaging them respectively using the software ImageJ. An example of how
these images are created is shown in Fig. 3.18. The two left images are phase
difference images which are added to or subtracted from one another to create
the images shown on the right representing birefringence and phase gradient
respectively.

(3.11)

(3.12)
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Figure 3.17: A diagram showing the differential interference contrast microscopy
setup. [86]
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Figure 3.18: This figure shows the result of qDIC analysis for two rotations of
the sample 180° apart from each other (left). One of these images
is then rotated and translated to match the other and the result
subtracted or averaged from its counterpart to create the following
two images respectively (right). The greyscale is linear between -
0.162 and 0.3072 for the first image, and -0.1461 and 0.2352 for the
second and represents the phase difference in radians.
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Chapter 4

Laser machining setup

4.1 Design

Fig. 4.1 is a diagram of the optical setup used during both laser machining, and
absorption microspectroscopy analysis. The laser used was a 1064 nm EKSPLA
PP-2250 Nd:YAG laser capable of firing 30 ps pulses either individually or at a
rate of 20 Hz with pulse energies (E,) on the millijoule scale. This was located
in a separate lab so the laser was delivered via a relay using four mirrors to the
optical table. The beam was then passed through a spatial filter (represented
by two telescopes and a pinhole in the diagram) to remove any distortions
or imperfections and to create a well-defined optical mode. Both the input
iris and the pinhole were chosen to be smaller than the beam arriving at that
point to allow a small amount of beam walk and spatial walk off. This reduces
the beam intensity, but the pulse energy of the laser was around 100 times
larger than was required for laser machining so this was not a problem. The
telescopes consisted of a convex lens with focal length f = 150 mm and and
concave lens of f = —100mm and the distance between them was adjustable
to create a variable focal length. The second telescope in the spatial filter was
reversed to become a beam expander. Originally, the output beam from this
filter was collimated until it reached the aspheric lens L4 at the window of the
cryostat, but this was altered prior to the machinings detailed in this report to
be slightly diverging. This was due to the difficulties encountered in machining
within the sample without affecting the surfaces. For this reason, the beam
was made to intentionally become diverging to overfill the lens at the front of
the cryostat to provide a more homogeneous laser power spread at the sample
surface.

The laser next passed through a Thorlabs WPH10ME half-wave plate (de-
signed for use at 1064 nm) on a rotation mount located between silver-coated
mirrors M1 and M2 so that its polarization could be altered from its default -
vertical - but for earlier machining prior to site AF00/C this was not present.
After this, optical density filters of value 0.25, 0.5, and 1.0 OD were used as
required in the beam’s path and rotated about a vertical axis in order to fine-
tune the laser power by increasing the optical path length in the filter. This
could be used to alter the pulse energy measured with the photodiode whilst
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Figure 4.1: A diagram of the setup of the optical table on which laser machining
was carried out. Both the laser path and LED path for absorption
microspectroscopy are shown. The four mirrors are separately labelled.
The distances and sizes in this diagram are not to scale.
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Figure 4.2: Reflectance and transmission curves for the hot mirror which was used

to direct the machining laser onto the sample without obstructing the
view of the sample from the video camera.

the laser was operating at a pulse rate of 20 Hz according to the procedure
detailed in the Sec.4.3. The OD filters were designed for the visible range and
were individually characterised before use by taking 10 readings of pulse en-
ergy without an OD filter, and then 10 readings with the an OD filter using a
COHERENT FieldMaxII-Top power meter. These values were then averaged
and compared to work out the effective optical density of each of the filters.
To ensure there was no significant drift in pulse energy over time, readings of
pulse energy without an OD filter were taken regularly. The effective optical
density at 1064 nm was found to be about 1.57 times larger than the given val-
ues which is expected for the material (Soviet NS8 glass). Finally, a Thorlabs
M254H00 hot mirror was used to reflect the laser (see Fig.4.2 for reflectance
and transmission curves) through the lens L4 and into the sample which could
be simultaneously imaged by the video camera as the hot mirror allowed the
visible light through (94% transmission at 571 nm). The aspheric lens L4 was
a Lightpath 345105 with a numerical aperture of 0.56 and a focal length of
5.5mm. The sample was mounted on an Attocube ANC350 piezoeletric stage
which was itself housed in a Montana Cy Cryostation cooled to 6.5 K for most
samples, and later to 5K when the efficiency of the cryostat was improved
after helium refilling; this was for the sample AMO1 only.

A further change to the setup, as mentioned in Ch. 3, was the addition of
lens L5 to the setup between L4 and M4 in Fig.4.1. The purpose of this was to
allow the video camera to acquire transmission images in the same plane as the
machining laser focal point so that a video could be recorded of the sample
at the same time as the laser machining occurred. The focal length of 1.4
was significantly different (~ 115um) for the LED illumination (of wavelength
roughly 580 nm) as compared to the laser (of wavelength 1064 nm) due to the
different wavelengths experiencing a different refractive index. An f = 75 mm
lens (L5) was used here (shown immediately before the pinhole near M4 in
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Fig.4.1). Light from the sample in a plane further from L4 than the previous
focal plane would be converging after L4 rather than be collimated. This
resulted in an even greater convergence due to the lens after the hot mirror
which resulted in a re-imaging before the f = 75 mm lens which was then used
to create an image at the pinhole as normal. The videos captured using this
updated setup were used to generate images that could be used to calculate
absorption cross sections for the machinings.

In the last two sessions of laser machining, the profile of the laser had
become affected by faults in the laser unit itself that could not be rectified
on a workable timescale. As will be seen later, this resulted in the machining
of line-like features rather than spots or circles. This could not be entirely
solved with the spatial filter set up, but could be improved by it. Machining
was carried out multiple times whilst varying the aperture of the pinhole and
the input and output irises of the two telescopes forming the spatial filter to
improve the quality of the laser beam profile without too much reduction in
the laser power.

4.2 HRSI setup

Two cameras were mainly used in the characterisation of the machinings. One
was a Sony TRV-620 camcorder which was used both to position the sample,
and in later sessions to record the sample as the laser pulse was fired. These
pulse videos were then used in later analysis. The other was a Pixis:100BR
CCD camera used in conjunction with the Iris 2000 Mark II spectrometer built
by Wolfgang Langbein and Stefan Schneider. Together these provide high res-
olution spectra (~ 10pneV) over a narrow range (~ 0.016eV). As mentioned
in Ch. 3, the CCD camera was replaced for later sessions - this was because
the old camera was registering too many dark counts due to not being able to
maintain a vacuum and therefore sufficiently low temperature. The replace-
ment camera was a Pixis: 400BR and improved the vertical range, quantum
efficiency, and reduced the number of dark counts due to operation at a lower
temperature.

The illumination was provided by a LXML-PX02 lime LED which was fo-
cused through a pinhole by lens L1, then was refocused by L2 through an
Omega 575BP10 bandpass filter centred at the same wavelength as the spec-
trometer was set to collect - 572nm - with a width of 10nm (fine tuning of
the centre wavelength was achieved by rotating the filter about the vertical
axis). The beam was then focused through the far-field aperture which could
be adjusted to alter the depth of focus of the image. Finally, the beam was
collimated by L3 before it entered the cryostat to uniformly illuminate the
sample. For imaging of the sample, 1.4 (the same used to focus the laser in
machining) is the objective lens which collimates the beam, which then passes
through the hot mirror and is focused onto the aperture next to mirror M4 by
an Edmunds Optics achromat lens (L5) with focal length f = 300 mm. The
next lens, L6, was described above. Without M4 in place (see Fig.4.1), the
transmitted light could be picked up by the video camera after being colli-
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Figure 4.3: A trace shown on the oscilloscope connected to the photodiode. Ver-
tical dotted lines show the range over which the peak was integrated
in order to measure the energy of each pulse, F,.

mated by another Edmunds Optics lens (L7) with f = 200 mm. This was used
both in positioning the sample and, for samples ALO1 and AMO1, recording
the pulses. With mirror M4 in place, the light was directed towards the spec-
trometer through a series of lenses which imaged the sample onto the entrance
slit of the spectrometer which helped to avoid vignetting [87].

4.3 Measuring pulse energy

At two points in this setup a small portion of the laser was either transmitted
(at the hot mirror) or reflected (at the half-wave plate) where most of the
beam was not. This made it possible to measure the energy of each pulse by
the addition of a ThorLabs PDA100A-EC photodiode to the setup to pick up
this signal. Originally, the transmitted laser light through the hot mirror was
used but once the additional lens had been put in to allow the video camera
to record the pulses, the transmitted laser was obstructed and the reflection
from the half-wave plate was used instead.

The photodiode was connected to a Tektronix TBS1052B oscilloscope to
record voltage against time. An example of the signal from the photodiode is
shown in Fig.4.3. The peak displayed on the oscilloscope would be integrated
in the range -400—700 ns (where 0 ns is defined as the point at which the pulse
was first detected). After a value was taken of the pulse, a further value was
taken of the background, as this was non-zero, which was subtracted from the
integrated peak of the laser pulse. This value was expected to be proportional
to the pulse energy so just needed to be calibrated which was done as follows;
before machining, the power meter (see Sec.4.1) was put immediately in front
of the cryostat and readings were taken from both the power meter and the
photodiode over a range of pulse energies from the minimum that could be
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Figure 4.4: The pattern of the first set of laser machinings on the AF00 sample at
site A. All pulses used were vertically polarized. Letters and numbers
in grey are used to identify each individual machining; thin grey lines
are also included to make it clear which labels apply to which machin-
ings.

detected by the photodiode up to energies far exceeding those that would be
used in machining. This was also done for both 0° and 45° rotation of the half-
wave plate as this also resulted in a small decrease in signal at the photodiode.
Readings from both the photodiode and the power meter were plotted against
each other to confirm that their relationship was linear, and the conversion
factor between the two variables was found. In this way, the photodiode could
be used to measure the energy of each laser pulse.

4.4 Laser machining

Laser machining varied depending on the properties of the samples, these in-
clude: thickness, natural/synthetic sample, and defect concentration. These
will be elaborated upon in the following subsections. It is also believed that
surface composition of the samples has an effect during machining, but this
would be confined to specific regions of samples, not to a sample as a whole.
Below is an account of the laser machining done on each of the samples with
a focus on those for which further analysis is included in Ch.5 and 6.

4.4.1 AFO00

Different machined sites on a sample are denoted in the following using capital
letters. The first set (at site A) included here is the first set in which machining
in the middle of the sample without affecting the surfaces was first achieved.
The location of this set is represented in Fig.3.2 by the middle green mark
where the thickness was measured to be around 120 pm. This machining set
consisted of a row with varying laser focal depths and pulse energies which
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Figure 4.5: A diagram showing the pattern in which the two sets of laser machin-
ings at sites B and C were done on the AF00 sample. Lines show the
orientation of the laser polarization for each machining. a) machinings
at site B consisting of two rows. b) site C machinings, a set of 3 rows,
the first two of the top row were machined too close to the middle row
so this was adjusted for the machinings 1c to 1f. The scale included
applies to both sites.

were altered depending on whether the previous pulse had a visible effect or
affected one of the surfaces. For example, if the pulse affected the front surface
only, the focal point of the laser was shifted to be closer to the back surface
by 2-5um (or to a depth between two depths known to have affected either
surface). If a pulse affected both surfaces, the subsequent pulse would be
decreased in energy by about 20% (and increased by the same amount for
pulses with energy too low to cause any effect at all). Once mid-sample-only
machining was achieved, groups of 3 machinings at the same depth and pulse
energy were machined roughly 10 pm vertically below this initial row to test
the repeatability. Further mid-sample-only machinings were achieved multiple
times and it was found that the range of depths at which this was possible
was <lpm. A diagram showing the relative positions of these machinings is
shown in Fig.4.4 . Only HRSI data and transmission images were acquired of
this set as this region was damaged by the laser after machining during laser
alignment.

The next set was on a different part of the sample (site B, shown in green
on the right hand side of Fig. 3.2) and had the same aim as set A. The thickness
of the sample varied across this region from 120-137 pm. It consisted of two
rows, one of 6 and one of 4 machinings, and small adjustments were made to
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the focal depth and pulse energy after each machining in the manner described
above. The first row (of 6) was performed with laser pulse energies from 1.94 -
2.18 pJ whilst the row of four beneath it used pulse energies from 0.81 - 0.92 j1J.
Mid-sample-only machining was not achieved and the effect of changing the
focal depth was inconsistent - the laser for the penultimate machining was
focused closer to the front surface than for the final machining, but affected
the back surface and the final one affected the front. This lack of consistency
was attributed to local sample effects such as inhomogeneous defect concen-
trations or surface compositions. The middle of the sample was nevertheless
affected, albeit along with the surfaces, so analysis was still performed. These
machinings also feature later in FIB-SEM.

Prior to the final set of machinings a half-wave plate was installed to allow
for the investigation of the effects of the orientation of the linear polarization
of the machining laser (see Sec.4.2). Asymmetric effects had been picked up
by the HRSI scans (more on this later) which may have been evidence of an
effect of the orientation of the linear polarization of the machining laser pulse.
The location of this set is shown in the leftmost green mark in Fig. 3.2 where
the thickness was measured to be 135um (site C). Here, three rows were
machined (the first two of the top row were a little too close to the middle
row, see Fig.4.5b). The bottom row was machined with vertical polarization
along with the final two of the middle row. The rest (top row and the first four
of the middle) used horizontally polarized laser pulses. With the exception of
the first machining on the middle row which was created by a 2.01J pulse,
these were all machined by laser pulses of 3.2 £ 0.4 puJ.

One additional set from this sample is included in Sec. 6.2. These machin-
ings were part of a row and were performed early in this project to find the
correct value of the offset that was required between the focal distances of
the laser versus visible light, not for the purposes of mid-sample machining
(referred to as site X). For this reason, the exact pulse energies used in ma-
chining are not known, but are estimated to be around 8-9 j1J. The reason they
are included here is that they were later found to show interesting results in
orthoexciton scans, they are otherwise not explored further in other types of
analysis.

4.4.2 AG15

Exclusive, mid-sample machining was routinely achieved with this sample due
to the increased thickness. Fitting of the Rydberg series was still preferential,
however, and so other samples were preferred as candidates for laser machin-
ing. Nevertheless, one set of machinings is still included here. The thickness
measured at this region was 225 pm. The machining consisted of two ‘cross’
structures in which four machinings were performed around a central point at
a distance of 10 pum from that point (above, below, left, and right). This was
meant to create a combined strain effect on the region that the machinings
enclosed. The pattern was machined twice; one with a radial laser polariza-
tion, and one azimuthal polarization (see Fig.4.6). All used pulse energies of
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Figure 4.6: A diagram of the arrangement of machinings on the AG15 sample
including laser polarization direction. The cross structures are on the
top with two rows of six machinings beneath them
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Figure 4.7: A diagram of the arrangement of machinings from the AF13 sample.
All used horizontally polarized laser pulses.

4.9 + 0.4 nJ. Below this were two rows machined using a higher pulse energy
of 11 + 11J (see Fig.4.6). The final three of the first row and the final one
of the second row were machined with horizontally polarized laser pulses, the
rest were vertically polarized.

4.4.3 AF13

One set in this sample was successful in achieving many machinings within the
sample even whilst varying the depth of focus of the laser. This provided some
useful findings using qDIC analysis and so is also included here. This set was
made up of 3 horizontal rows of 10, 12, and 12 machinings from top to bottom
in a region of the sample with thickness measured to be 125 pm (see Fig. 4.7).
The purpose of the first row was to find the machining threshold energy by
keeping other settings such as the laser focus depth constant and decreasing
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the pulse energy until machining ceased to occur according to:
E, = Eyexp(—0.1n) (4.1)

where F, is the pulse energy used in the n-th sequential machining, and
Ey=1.3911J. This resulted in machinings that affected the middle of the sam-
ple, but also the front since the laser’s focus depth was not correct. This also
meant that the threshold found would not necessarily be correct when the laser
was focused at the correct depth. Therefore, for the second row, pulse energies
of 1.2+ 0.2 nJ were used and the depth of laser focal point varied until surface
machining occurred (after about 20 pm). The purpose of the final row was
another attempt to find the threshold pulse energy for machining using Eq. 4.1
and a starting value of Fy = 1.231J. While this did result in mid-sample ma-
chining, every pulse also affected the front surface meaning the chosen depth
was not correct. As with the first row, the threshold energy found in this
case would be lower than the intended value. Despite this, much mid-sample
machining was achieved and the resulting findings using qDIC are shown later
in Ch. 5.

It is difficult to say why it was so difficult to find the correct laser focus
depth. It could be that measuring where the surfaces were (and by extension
the sample’s middle) was not particularly accurate (£2pm). This measure-
ment was done using the LED transmission light and video camera; with the
LED on, the far-field iris was opened fully to minimise the depth of focus. The
stage was then positioned so that a surface of the sample was in focus on the
video camera and the coordinate on the piezoelectric stage corresponding to
this depth was recorded. Additionally, fluctuations in the sample’s thickness
or tilt in the sample would introduce an inaccuracy here. Another possibility
was mentioned earlier and that is the surface composition. There have been
many instances where the depth of the machining has suddenly jumped to
one surface or other with little-to-no change in the laser focus depth and little
change in location on the sample. This would suggest that the composition
on the surface had become significantly different and that these changes are
specific to very localised areas. It was thought that this could be addressed
with chemical etching which was attempted with mixed results (see Appendix

A).

4.4.4 ALO1

Site A in this sample explored the effects of pulse energy by milling rows of
machinings such that the n-th machining was done with a pulse energy:

E, = Eyexp(0.1(n — 1)), (4.2)

where Ey = 0.4pJ which was determined beforehand to be in excess of the
energy required to reliably machine with every pulse and was done for values
of n = 0 — 11 increasing the pulse energy exponentially. The separation
between machinings was 15 pm to ensure each was spatially isolated from other
sufficiently to suppress any effect of existing machinings on the machining’s
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Figure 4.8: A diagram showing two sets of machinings in the ALO1 sample. a) is
the first set where the spacing was varied. The top row used vertically
polarized pulses and the bottom used horizontal polarization. b) shows
examples of the structures machined around a central point with radii
8 and 4 pm. Each structure was separated by a distance of 15 pm and
laser polarizations perpendicular to those shown in the image were also
used.

outcome. This was both to investigate the effects of changing the pulse energy,
and also to determine the threshold pulse energy for machining. Machining in
this manner was carried out for both vertical and horizontal laser polarizations
at a region of the sample roughly 100 pm thick.

Similarly, in the site B, the distance between the machinings was decreased
according to:

1—
D,, = Dy exp ( 3 n) , (4.3)

where D,, was the distance from the n-th machining to the (n + 1)-th ma-
chining and Dy = 15 um which had been determined to be large enough that
machinings could be considered to be independent of each other. This was
to investigate the cumulative effect that the machinings may have on the sur-
rounding crystal due to induced strain. Again, this was performed separately
for vertical and horizontal laser polarizations. The sample thickness at this site
was 110 pm. The vertically polarized pulses had energies of 0.5 £+ 0.05nJ and
consisted of n = 22 machinings whilst the horizontally polarized pulses were
of energy 0.85 £ 0.1 1nJ and consisted of n = 20 machinings. Fewer machinings
were performed in the second instance since it was clear in the first row that
previous machinings on the row were interfering with machining. The pulses
energies used in each row were intended to be the same but were different due
to a calculation error.

The reason machining on site C was performed was for later examination
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Figure 4.9: A diagram showing the pattern of selected machinings in the AMO1
sample.

with FIB-SEM. These were machined at a 100 pm thick part of the sample and
consisted of four rows each machined with pulse energies of about 0.4,0.5,0.7,
and 0.9pJ. The FIB-SEM analysis was not performed on these due to time
constraints, and transmission videos of them appear to show only surface ma-
chining.

Finally, structures comprised of multiple machinings were created. These
were done both in triangular and square shapes where the polarizations of the
laser pulses for each were either all in the same plane as the centre of the struc-
ture, or orthogonal to this plane (see Fig.3.7). These structures were created
in two sizes with the distance from the central point to each machining (r)
being either 2pm or 4 um. Similar to the distance-varying set, this geome-
try was chosen to create regions of high strain using three or four machinings
rather than just two. The triangular shaped structures used pulse energies
of 1.15 + 0.1 11J whilst the rectangular ones used 0.6 + 0.1 pJ (these were in-
tended to be the same energy, but the compensation for the effect of rotating
the half-wave plate on the pulse energy was incorrectly compensated). These
structures were machined in regions of the sample of thickness 70 and 45 pm
for the triangular and rectangular structures respectively.

4.4.5 AMO1

In all 7 cases of mid-sample machining, the machinings were test machinings
to check that some quantity (e.g.depth, laser power) was correct before com-
mencing with machinings proper. The relative positions of these are shown
in Fig.4.9. Data relating to the laser machining of this sample is included in
Sec. 5.4.

Besides these test pulses, laser machining in this sample consisted of four
structures similar to those shown in Fig.3.7, and rows with varying pulse
energy, laser focus depth, and laser polarization. There was also a row of
points machined with the laser focused on the surface of the sample and the
pulse energy varied to find the threshold energy for machining on the surface
which was expected to be considerably less than for machining in the middle.
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For the majority of cases, the pulse energies used lay between 0.3 and 0.75 pm
with the exceptions being for the surface machinings which used a pulse energy
of roughly 0.2J. As with the previous sample, all laser shots were recorded
so these machinings were included in this type of analysis.
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Chapter 5

Non-excitonic effects of laser
machining

5.1 Birefringent effects

In this section the focus will be on the images resulting from the qDIC analysis
of samples AG15 and AF13. As the thickest samples, these were the ones
for which mid-sample machining was the easiest and thus provided the most
amount of machinings appropriate for this kind of analysis given that it aims to
measure birefringence induced due to strain within a sample. Images showing
the phase shifts created by the machinings in these two samples are given
in Fig. 5.1 which gives a direct indication of the birefringence in the sample
according to the method outlined in Sec.3.6. Maximum and minimum values
of the phase shift (8¢ maz & 0pmin) Were taken from the two images (excluding
the large burn in the bottom right of the AF13 image) in order to calculate the
change in refractive index due to laser machining according to the equation:

ApA
M
20 ym
m

Figure 5.1: gqDIC images of machinings in sample AG15 (left) and AF13 (right).
The pixel brightness corresponds to phase shift. Minimum (m) and
maximum values (M) are m = —0.1685, M = 0.1455 for AG15, and
m = —0.1754, M = 0.2512 for AF13 (all in radians).
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Sample Max. Max. >5 Min. >5  Min.

dp/rad | 0.136 0.0964 -0.0973  -0.139
An | 0.0019  0.0014 -0.0014  -0.0022
dp/rad | 0.201 0.138 -0.122 -0.165
An | 0.0028 0.0.0019 -0.0017 -0.0023

AG15

AF13

Table 5.1: Values of phase shift and refractive index change for laser machinings
in sample AG15 and AF13.

where A is the wavelength of the transmitted light, and L is the distance over
which the phase shift occurred - though this cannot be measured. The effective
length will be approximately the depth of field of the imaging which can be
estimated with the expression An/NA?. For A = 650 nm, NA=0.5, and n=2.9,
this gives a length of L = 7.5nm. Additional values of d¢ were also obtained
since the maximum and minimum values were only present for single pixels
that were relatively far removed from other values so could represent atypical
results. These additional values were found by binning the values of all pixels
in the area occupied by machinings across the range given by 04 maz — 04 min
into 128 bins and using the additional criterion that a bin’s count must be
at least 5 to be accepted. This value is denoted as d4~5. These results are
shown in Table 5.1. Despite being machined with far lower pulse energies
(<2J rather than up to 11 pJ) AF13 showed a larger phase shift due to laser
machining. This was the thinner of the two samples and surface machining did
occur on some occasions. Out of focus surface effects may have contributed to
the value given here.

As detailed in Ch. 3, further images created during the course of qDIC
analysis were made by the combination (either the average or difference) of two
phase difference images with reversed shear direction (in practice, the samples
were rotated in the plane of their surfaces by 180° in order to achieve the same
outcome). These are referred to hereafter as birefringence and gradient gDIC
images respectively.

These two samples were the thickest two and therefore mid-sample machin-
ing was far easier to achieve (particularly without affecting a surface). This is
important as there is a specific effect on the birefringence of the sample sur-
rounding a laser machining that was only apparent for mid-sample machining
- an anisotropic effect evident in the birefringence images (curiously for spe-
cific sample rotations, more on this later). This effect can be seen in Figs. 5.2
and 5.3, where a positive phase difference is observed along one axis passing
through the machining, and the opposite effect is seen along the axis perpen-
dicular to this. This is consistent with a uniaxial, tensile strain along one of
these axes which causes a compressive strain in the other axis (or vice versa)
related to the original strain by Poisson’s ratio, v, by: €, = —1p€y,. Even
if not uniaxial, the strain is, at the very least, asymmetric so the question
remains, however, how does a laser pulse result in a uniaxial strain with an
orientation consistent across all machinings? One possibility is that the dam-
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Birefringence Gradient

a)

Figure 5.2: Birefringence (left) and phase gradient (right) gDIC images for samples
AF13, shown in a) and b) the same site rotated 45°, and AG15, shown
in ¢). The greyscale represents the phase difference ranging from a)
m = —0.15to M =0.12b) m = —0.16 to M = 0.11 and ¢) m = —0.10
to M = 0.18 radians.
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Figure 5.3: A focus stack of birefringence images through AF13

from the front

surface to the back in which the phase difference is represented by the
greyscale from between £0.065rad. The individual images are sepa-
rated in depth by 20.3 pm (taking into account the refractive index).
The depths at which the machining was intended are shown on the
scale on the right. Numbers on the left show the coordinates of the
planes in which images were captured for qDIC relative to the centre

of the sample measured in pm.
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age itself is asymmetric and is somehow aligned with some axis of the crystal
- though why this might occur in an isotropic crystal is unclear. Fig.5.2c
shows the birefringence and gradient qDIC images for AG15 in which radial
and azimuthal laser polarizations were used to create the ‘cross’ features (see
Sec. 4.4.2). This shows that the orientation of this birefringence pattern is not
dominated by an effect of laser polarization. It is worth noting that, for AF13,
the light and dark axes on this pattern flip depending on the depth in the
crystal as shown in Fig.5.3 which shows cropped images of the middle row
of machinings from Fig.5.2a at various depths compared with the intended
depth of each machining. For machinings deeper in the crystal, the ‘light’ axis
is top left to bottom right and the ‘dark’ axis is perpendicular to this - bottom
left to top right, but this is reversed for images taken of the same machinings
but closer to the front surface of the sample. This was not seen for other
machinings and the reason for it is unknown.

As can be seen in Fig.5.2b, the orientation of the crystal relative to the
shear direction was important for seeing this anisotropic effect insomuch as
the shear direction had to be parallel to one or other of the light or dark
axes in order for them to be seen. When the sample was rotated in-plane by
+7/4 radians relative to a position where the pattern was seen, the pattern
was either greatly reduced or disappeared completely as shown in Fig 5.2. The
reason for this is that the polarization of the ordinary and extraordinary beams
that pass through the sample are along and orthogonal to the shear direction.
At a certain orientation of the crystal compared to the shear direction, the
beams’ linear polarization directions are aligned with the fast and slow axes in
the birefringent crystal. At a m/4 rotation from this position, both beams will
become equally misaligned from both fast and slow axes (assuming the axes
are orthogonal) and thus will experience the same refractive index resulting in
vanishing phase difference.

The difference images show a much smaller affected region than the bire-
fringence images. FIB-SEM images will later show that the damaged part of
the sample is small - smaller even than the shear distance in qDIC. Firstly,
this shows that the birefringence effect extends beyond the machining which
itself is shown in the gradient images. But what this means for this analysis is
that, for the central point of each machining, there is a significant difference
in the refractive index This is not due to birefringence, but the formation of a
void or a different material entirely.

Confirmation of the a connection between the orientation of the strain pat-
terns with the crystal axes is worth pursuing and could be done with Laue
imaging of the samples. This being the case, the superposition of the strain
fields caused by the four machinings in the cross-like features of AG15 would
not cause the same strain shift in the centre as might be expected if the pattern
orientation were due to laser polarization, but cancel each other out. There-
fore, structures made of just two machinings aligned with the light/dark axes
of the strain patterns which are close together (but not so close that machin-
ing of the second causes further damage at the first i.e.2-5pum) could be a
better alternative to creating localized traps (see Fig.5.4). If strain fields of

— 58 —



CHAPTER 5. NON-EXCITONIC EFFECTS OF LASER MACHINING

Shiftin exciton energies due to strain

Localized __—1

exciton traps

Laser machinings

(normalto image plane) L
Laser machinings

(inimage plane)

Figure 5.4: Two diagrams showing how the superposition of the strain fields due
to laser machining could create localised exciton traps. On the left,
machinings normal to the plane of the page cause the exciton energies
in the region between them to shift by a greater amount than if there
were just one machining. On the right, six machinings performed in
the plane of the page (3 vertically and 3 horizontally) create 9 localized
regions of high strain at their intersections showing the potential for
arrays of exciton traps.

adjacent machinings can be superposed in this way, one could also consider
laser pulses delivered to the same point in a bulk crystal from orthogonal an-
gles such that the strain is singularly large at the point of their intersection,
and localized enough to trap a single, high-n exciton; a single crystal could
even contain 2D or 3D arrays of confined electrons; a simplified version of this
is shown in Fig5.4. Alternatively, laser machining could be employed along-
side other methods of confinement (e.g micropillars containing only sections of
laser-induced damage could also contain sufficiently localized strain).

5.2 Cu30; formation

As detailed in Sec. 3.4, the confocal Raman imaging of the machinings provides
data on both the change in the Raman modes and photoluminescence of the
sample. Fig. 5.5 shows the result of this analysis for AF00/B-4a (sample AF00,
site B, machining 4a, see Sec.4.4.1). Figs.5.5a,b show spectra for both the
machined and unmachined parts of the sample in the PL. and Raman regime
respectively. Figs.5.5¢,d show a weighted difference between the spectra above
them to highlight the change in the spectra due to laser machining. This
was obtained by multiplying one spectrum by a constant before subtracting.
The constant used was found manually by trying different values and finding
the one for which the Raman peaks disappeared. The spectra given were
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Figure 5.5: a,b) Raman spectra corresponding to the machining AF00/B-4a and
the surrounding sample. c,d) a weighted difference between the spectra
to show the change due to laser machining. e) concentration distribu-
tions of the two components showing which is the unmachined (top)
and machined (bottom) material. Each pane measures 5pumx7pm
(data rotated during analysis) and are separated by depth intervals
of 5.8 um (taking into account refractive index at 660 nm). Greyscale
ranges from 0 to 1 for relative concentration.
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Figure 5.6: As Fig. 5.5 but for machinings AG15-2b, 3a, 3c, and 4a-c. The panels

are 26.3 pmx 50.4 pm.

— 061 —



5.2. CU302, FORMATION

Figure 5.7: Two adjacent cubic unit cells of CuoO with a split copper vacancy
(VL) where a copper atom is split between two adjacent copper sites
in the lattice. Large spheres represent copper atoms while small ones
represent oxygen atoms. [55]

attributed to the machined and unmachined material using Fig.5.5e which
shows a stack of images of the relative concentrations of material with a given
spectra (blue spectrum for the upper stack, and red for the lower). Since the
scans took place over a point-like machining at multiple depths, it is clear that
the first component is related to the unmachined material and the second to
the machined material. These attributions are the ones used in the spectra.

The first 10 depths at intervals of 5.8 pm (corrected for refractive index n =
2.9 for A = 660 nm [69]) were scanned over a 7 pmx5 pm region. In the Raman
spectral range (up to 750 cm™), there is a clear peak at 94 cm™ associated with
the laser machining. This peak corresponds to the Ty, phonon mode which
is not Raman active in a defect-free CuyO crystal due to symmetry. The
presence of defects breaks the crystal symmetry and allows for the observation
of such vibrational modes. In the case of the 94 cm™ peak, only one type of
defect is able to render the mode Raman active, and that is the VE&ltdefect
[54, 55] which is a split copper vacancy where a copper atom is shared between
copper locations in two adjacent unit cells (see Fig.5.7). This shows that, at
the machinings, this type of defect is increased in its concentration. In some
cases, such as for AG15, this peak is also present in unmachined regions but
was found to appear or increase at the machinings.

In the photoluminescence, the laser machining resulted in the increase of
a broad peak around 750 nm accompanied by a decrease of a PL peak around
900 nm (see Fig.5.6a) although some samples did not have the 900 nm peak
to begin with. According to Lefez et al.[88] Cu3Oy has shown PL around
760-780nm. This is red-shifted to 750 nm but is spectrally closer than other
defect-related PL known in CuyO - the closest of which are 810 nm and 720 nm
for singly and doubly charged oxygen vacancies respectively (V&F, V&) [42].

It should be noted that both V&t and CuzO, are actually two conceptions
of the same physical effect since CuzOs can be seen as a ‘defect structure of
CuyO’ [89]. The presence of one copper vacancy per double unit cell which
has two copper sites and 4 oxygen sites represents a material with composition
Cu(4-1)O2. This supports the attribution of the 750 nm PL emission to the
V&t defect.

The same analysis was also carried out for AG15-2b, 3a, 3c, and 4a-c over
a slightly larger area - 26.3 x 50.4 nm, this was 5 depths at 8.7 pm intervals (see
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Fig.5.6). This shows the same trends as for AF00 in Fig 5.5. Additionally, for
AG15, a decrease in luminescence at 910 nm, which is a PL associated with
copper vacancies (V¢y), was found [42]. This could be the result of pre-existing
copper vacancies being converted to the split configuration as a result of laser
machining.

Thus far, the FSC? analysis has used two components - which were found
to represent the unmachined and machined parts of the sample. However,
more components can be used. Often, the additional components result in
the splitting of certain features between different components artificially rep-
resenting a non-physical effect. The analysis works by using the same number
of components as there are materials with different spectra, this is the result
of using more components than necessary. An example of this is shown in
Fig. 5.8 where machining spectra 1 and 2 show sharp, non-Lorentzian peaks as
part of their PL that are equal and opposite and therefore cancel each other
out when combined suggesting that 4 components is more than is required to
reveal physical effects in this case.

5.3 Laser machining spatial structure

The spatial structure of the machining was investigated with FIB-SEM (see
Sec. 3.5). Surface FIB and SEM images of AF00-B and AF00-C respectively
are shown in Fig. 5.10 with the machinings themselves shown in the light blue
circles. These correspond to those shown in Fig.4.5 where the first set has
been rotated clockwise by approximately 110° and, in the second set, only the
last four machinings of the bottom two rows are seen - these have also rotated
by 180° between laser machining and FIB-SEM imaging.

As outlined in Sec.4.4.1, pulse energies of about 2 and 31J were used to
machine the top row of the first set, and the second set respectively whilst
the second row of the first set was made with pulse energies of ~ 0.911J. The
higher pulse energies resulted in a larger effect on the surface of the sample.
Surface modifications created at sufficiently high pulse energy typically consist
of a central, round depression of some 0.1-1 pm in diameter surrounded by a
smooth, raised area with diameter 1-3um - a structure that would appear to
be consistent with a localised melting and re-forming at the point of entry of
the laser pulse with the central region having been melted and the surrounding
area made up of a ‘splatter’ of this material (note that machining was carried
out in a vacuum at 6.5 K). An expression for the mass of material that can be
melted by a given amount of energy, F, is:

M= o (5.2)
Cm<TM - T)

where m is the mass of the material that can be melted, M, is the molar mass
of the material, ), is the molar heat capacity, Ty, is the melting temperature,
and 7' is the initial sample temperature at the time of machining. Using values

of E=E,=2pJ, M, = 143.09 gmol", C,, = 70 JK 'mol [90], Ty = 1505 K,
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Figure 5.9: Raman spectroscopy data using 3-components in FSC3 for the same
machinings as described in Fig. 5.6.
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Figure 5.10: a) FIB image of site AF00/B. The size of the beam at the surface
calculated with Eq. 5.3 is represented by the orange arc centred on
AF00/B-le. b) magnified image of AF00/B-1d. ¢) SEM image of
AF00/C, only machinings 2c-f and 3c-f are seen (the sample was
rotated 180 ° relative to orientation during laser machining). Light
blue circles are included to show where the machining has affected
the sample surface.
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Figure 5.11: SEM images of the surface profiles of 3 machinings part way through
FIB polishing. These and other images were used to estimate the
amount of material displaced during laser machining. The widths of
the back walls seen are 5, 8, and 10 pm for respectively.

and T = 6.5 K, we find m = 2.7ng. While C,,, depends on temperature, a con-
stant value of T = 600 K is used to provide an estimate. This value is around
half of T); and above the Debye temperature (©p) for CusO (©p ~ 500 K
[56]). Note that we also assume complete absorption of the pulse energy to
get an upper limit. Given a density of 6.04 gcm™, the volume of melted ma-
terial would be 450 pm?®. As can be seen in Fig. 5.10, the machined areas that
may have undergone melting are approximately 2.5 pm across. The depressed
region in the middle of these features and the raised region surround them
suggest that the melting actually occurred in only the smaller interior area,
but even assuming this whole area was melted up to a depth around the same
scale (2.51m), this melted volume would only be about 12pm?. This is far
below the value calculated above and thus the laser pulses used in machining
contain sufficient energy to cause this kind of melting. Note that the whole
pulse is not absorbed by this area as much of the pulse is involved in further
machining below the surface of the sample, and much of it may also simply
pass through the sample entirely.

Fig.5.11 shows three SEM images of laser machining on the surface of
samples when FIB polishing has milled away part of the machining. It is
clear in these cases that some material on the surface has been displaced due
to laser machining. This cross-sectional view of the machinings, alongside a
further 15 images of the same machinings taken between polishes, were used
to calculate the amount of displaced material. The images were first rotated
so that the top ridge seen was horizontal. Then, the contrast of the images
was adjusted so that the ridge was sharply delineated by black and white only.
These were then loaded into CCDPlot software where they were fully binned
vertically and scaled to create plots of the ridge heights. The background
was subtracted from these and the depressed region integrated to find the 2D
area that had been displaced. Three of these stages are shown in Fig.5.12
including the spatial plot. Assuming a conical-like depression in the surface
of the sample, this could be used to estimate the total volume displaced. The
measured volume would differ for each polish depending on how close to the
centre of the depression it got with a maximum value reached at the very centre.
For this reason, values of the displaced volume are given as both an average
from all images of a given machining (V,,,), and also as the maximum value
calculated from the set of images of a given machining (V,,,.). For the three
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Machining Vg (nm?)  Vipee (nm?)

AF00/B-1a 0.0655 0.0740
AF00/B-1b 0.0457 0.0620
AF00/B-1c 0.0367 0.0560

Table 5.2: Calculated volumes of displaced material on the surface of AF00 due to
laser machining.
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Figure 5.12: A plot of the profile of laser machining on the surface of the sample
for AF00/B-1a. This was obtained from the SEM image by using
high contrast to sharply delineate the top ridge (images shown in top
right) then vertically binned the image to get the plot.

machinings in Fig.5.11, these values are given in Table 5.2. The upper limit
estimate included previously was assumed the size of these volumes to be much
larger than they really were. In reality, the region visibly affected was not as
large as the region that material was actually displaced from. Additionally, the
depth of this displaced volume was about 10 times smaller than was assumed
and the shape of the displaced volume was more conical than cylindrical. This
confirms that the laser pulses contained more than enough energy to melt this
volume.

The question that remains is why the affected area is so small. Given that
the NA of the aspheric lens used to focus the beam during laser machining was
0.56, and assuming a circular beam, the radius, r, of the area of the surface
that would have been irradiated by the laser beam if the sample was focused
on the middle of the sample is given by:

r=056d/n (5.3)
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where d is the depth within the sample were the laser was focused (in this case,
half its thickness), and n is the refractive index. For AF00, this means that
r = 83pum - far larger than the features evident in Fig.5.10. It is not clear
what the reason is for this discrepancy in sizes. It may simply be the case that
only the centre of the laser beam is powerful enough to be absorbed by the
sample at such a beam radius, although the separation between the surface and
in-sample machining in Fig.5.16 shows that no machining occurred after the
surface until the beam further reduced in radius meaning that there must be
some additional mechanism that allows the laser to be absorbed at the surface
of the sample that is not present below the surface. Another explanation
could be that the laser machining proceeds in a somewhat similar manner to
that described by Kononenko et al. [33] where laser machining begins at the
focus and grows backward towards the laser source, although the nature of
this machining is quite different in that it uses multiple femtosecond pulses in
diamond. They did consider picosecond pulses but stated the ‘diameter of the
modified region substantially changes over a single shot’ and that the growth
rate was only 10 um per shot. In addition, the nature of the damage caused
by this machining was drastically different to that seen in this project; none
of this agrees with findings in this project.

The subsurface effects of the laser machining have been investigated using
FIB-SEM as described in Sec. 3.5. An example of a subsurface effect is shown
in Fig. 5.13 which contains a sequence of SEM images acquired between uses of
a FIB to remove 100 nm-thick layers of material in sequential steps. The visible
features appear to be indicative of filamentation within the sample. There is
one dominant filament, but others seem to form with increasing depth which
is expected at high powers [67]. In addition, slightly further from this central
filament there are non-parallel effects that don’t continue through the sample.
Effects of this nature are also shown in Fig.5.14 where no filamentation was
seen alongside it. This may be indicative of the laser beam interacting with
defects, voids, or other inclusions already present within the sample resulting
in machining at an orientation at least partly dependent on that of the pre-
existing inclusions which is why they are not parallel to the filaments when
they do appear alongside them.

The 4th panel in Fig.5.13 is shown again in Fig. 5.15 alongside two plots
of the widths of the laser machinings against their depth in the sample. Both
are 50-70nm wide. This type of analysis was performed for many images of
machinings and the widths given above are representative, the only exception
found in the data is shown in Fig.5.16 (similar figures are shown for other
machinings in Appendix D). Of all the filament-like machinings analysed in
this way, this one was far closer to the surface than the others. In addition,
the pulse energy used to create this machining (~ 0.91J) was lower than for
all other instances were sub-surface effects were seen suggesting that greater
pulse energies result in thicker sub-surface machinings.

In addition to being thinner, the machining in Fig.5.16 also has a well-
defined start point which is thicker than elsewhere. Roughly 0.51m deeper
there is another spot-like feature that is about the same thickness. Similar
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Figure 5.13: A stack of SEM images of machining AF00/C-3e taken between
100 nm FIB polishes showing the effect of laser machining below the
surface of the sample. Each image is 4.7 pm wide and the depth of
the front image is approximately 31 pm. The white frame in the first
panel is an artefact of the software.
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Figure 5.14: An instance in which laser machining resulted in effects without fil-
amentation is shown here for AF00/B-1b. The width of the main
feature here (shown by the red bracket) is also plotted against the
depth.

spots are seen in Fig. 5.14 without a filament-like machining which could sug-
gest their origin being an interaction between the laser and inclusions already
present in the crystal. It is difficult to say whether the same can be said for the
beginning of the machining in Fig. 5.16. Whilst it is a similar width, which may
suggest that it was an inclusion which then triggered the subsequent damage,
laser filamentation does not require such inclusions to trigger it and it is known
that the two photon absorption mechanism only begins at a certain threshold.
Therefore, a distinct beginning to a laser machining is expected over a gradual
one suggesting that this is what is seen in Fig. 5.16. Furthermore, the spots in
Fig. 5.14 did not result in filament-like machining.

5.4 Laser pulse energy dependence

Plots showing both the absorption cross section (o) and transmission change
cross section (o7¢) as described in Sec. 3.3 are shown in Fig.5.17. As would
be expected, the plots show that, generally speaking, higher pulse energies
result in a larger change in transmission. or¢ (calculated using Eq. 3.6) was
considerably larger than o, (as shown in Fig.5.17a). o4 is almost always
positive and shows the same trend as for opc. The overall effect is a decrease
in transmission by absorption and scattering beyond the collection directions
of the 0.56 NA optics. But the absolute change transmission was dominated
by changes which consisted of both increases and decreases in transmission in
the area surrounding the machining due to variations in the refractive index
brought about by strain and interference effects. Fig.5.17a indicates that the
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Figure 5.15: An SEM image of laser machining AF00/C-3e with plots of the fila-

ment thicknesses shown either side. Red brackets on the SEM image
show the depth ranges of each of the plots.
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Figure 5.16: An SEM image of laser machining AF00/B-2d which is relatively

close to the surface of the sample. There also appears to be a very
distinct beginning to the sub-surface effects.
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Figure 5.17: (a) Measured changes in oa and opc for laser machinings in sam-
ple ALO1. (b) A plot of calculated transmission change due to the
machinings on AMO1 as a function of the pulse energy used. All ma-
chinings affected at least one of the surfaces, but the laser focus was
positioned at the front surface (data points shown in blue) or at the
centre of the sample (data points shown in orange).
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threshold pulse energy when focused on the middle of the sample ALO1 was
around 0.4 pJ.

The data for AMO1 shows two separate threshold pulse energies. This is
because some machinings were performed with the laser focused in the middle
of the sample as normal, but for others the laser was focused on the surface.
Fig.5.17b shows data for surface-focused machinings (blue), and mid-sample-
focused machinings (orange). For mid-sample machining, a threshold pulse
energy around 0.4 11J is found, similar to ALO1. When focused on the surface
of the sample, this dropped to around 0.15 nJ. It should be restated here that all
machining in both of these samples affected the surface and very few appeared
to affect the middle of the sample. It is therefore to be expected that focusing
the laser on the sample surface would reduce the pulse energy required for
machining since this greatly increases the intensity at the machining location.

Machinings with features rendering the analysis of the cross-sections un-
reliable (as detailed in Appendix D) have been excluded from Fig.5.17. Ap-
proximately 38% of machinings were plotted for ALO1 and 82% for AMOI.
One factor that altered the outcome was machinings that were performed very
close together such as in the distance variant set of the ALO1 sample. To show
this graphically, a line of best fit was plotted on the o, versus pulse energy
graph for this set of machinings and the vertical distance of each point to the
line was calculated. This distance was then plotted against the distance to the
closest neighbour of each machining, shown in Fig.5.18. We clearly see that
the machinings only deviate from this trend when they are closer together than
about 2 um. It is believed that the increased absorption of a machining means
that the usual threshold power does not need to be met in order for further
machining to occur. This means that for a machining performed close to an
existing one, machining may occur as normal, but a weaker part of the beam
that overlaps with a previous, presumably absorbing machining gets absorbed
and results in further damage at the existing machining location and thus a
greater change in transmission is measured than normal. This is supported by
the images in Fig. 5.18 which were created using the pulse videos which show
the change in transmission. For most machinings the effect is consistent as
shown in the first two images, but for the instances where machinings were
too close to each other, there is machining that does not fit this pattern. More
specifically, there is more machining at the location of the previous machining
as well as the new one.

Analysis of the structure of the damage caused by laser machining in
Sec. 5.3 showed certain other effects of varying pulse energies. The largest
pulse energies had the greatest effects on the surface of the sample - this was
for energies of 2 1J and above. These are thought to be due to the sample melt-
ing and reforming and so it is no surprise that a laser pulse containing more
energy would increase the amount of melted material. For machining below
the surface, there was one instance where the resulting filament-like damage
was narrower than for other cases. This was for the only machining below
11J where subsurface effects were seen. As with the surface machining, this
suggests that a greater pulse energy causes a thicker machining.
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Figure 5.18: The relative change in o5 (by measuring the deviation of points from
a line of best fit) due to laser machining in the vicinity of previ-
ous machinings (left). The images (right) show the change in trans-
mission intensity from before laser machining to after (scaled from
—4500 — 2500 counts). The first two images show examples of spa-
tially independent machinings (indicated by blue points on the plot),
and the final image shows one affected by the presence of a previous
machining in its vicinity (indicated by a the red point on the plot).
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Chapter 6

Control of excitons by laser
machining

This chapter contains the findings from the absorption microspectroscopy
(setup described in Sec.4.2 and analysis in Sec.3.2) which reveal the effects
of laser machining on the optical properties of the excitons. Both the yellow
exciton series (n=3 to 6) and the ls-orthoelectron were analysed using this
method. Errors calculated for each of the fit parameters for all machining
sites can be found in Appendix B.

6.1 Yellow Rydberg series

The main results considered in this section are taken from the sample AF00.
This was the only sample that was thin enough for there to be sufficient trans-
mission at the wavelengths around the yellow Rydberg series of excitons (spec-
trum shown in Fig. 6.1), whilst also being thick enough to enable laser machin-
ing in the middle of the sample, not just on the surfaces. The results come in
the form of greyscale maps over a machined region of the sample where the
black-white value relates to one of the fit parameters of one of the peaks in
the aforementioned Rydberg series. An example of one of these fits for the
n = 5 peak is shown in Fig. 6.2; this is for the site A on AF00. As outlined
in Sec. 3.2, these parameters are: offset (O), peak energy (vy), FWHM (I'),
amplitude (A), and differential amplitude (Jy).

Fig. 6.3 shows the maps resulting from this analysis of site AF00/A for
excitons of n=3 to 6. The maps show that the effect of laser machining was
similar for the different n. This is especially true for the 1 plots where shifting
in the peak energies appears to be constant. 0; varied the most between
the different absorption peaks both in its initial value, and how the value
changed due to machining. Without any machining, for the n = 3 peak, J;,
was -0.49 which decreased in magnitude with n and it was just -0.28 for the
n = 6 peak. Both increases and decreases in this value were seen due to laser
machining thereby increasing the range of values of §; in the region of the
sample surrounding each machining. This range, R, was dependent on the n
following the dependence R = 2"~1/100.
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Figure 6.1: An example spectrum of the yellow Rydberg series for AF00 from the
n = 3 peak upwards.
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Figure 6.2: An example of a fit (red line) to the measured absorbance (black line)
calculated using Eq. 3.4 close to the n = 5 exciton, using a differential
Lorentzian curve (see Eq.3.6) with the parameters: O = 3.80,vy =
2.168201eV, I' = 0.24meV, A = 6.38, and d;, = —0.65. An example of
an absorption peak at a machined part of the same site (AF00/3f) is

also shown.
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Figure 6.3: Maps, across site AF00/A, of the five curve fit parameters for the ab-
sorption peaks of the excitons with quantum numbers n =3,4,5. Black
and white in these maps correspond to a minimum (m) and maximum
(m 4+ R), R being the range. For ease of comparison, the scales are
kept for different n where suitable. Values of m or R deviating from
the defaults given on the left are shown below each map.
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6.1.1 Peak centre maps

Fig.6.4 contains the maps of peak centres for the three machining sites for
spectral imaging in the plane of the middle of the sample. For the three sites
shown, different peaks were fitted depending on which peak showed the clear-
est effect on the parameters. These were the peaks associated with exciton
n = 3 for sites A, B, and C respectively. In the maps of the 5 parameters,
the vy map shows the largest effects spatially and they are the most clearly
anisotropic with both positive and negative shifts in its value. Much like with
the patterns seen in the qDIC images in Figs. 5.2 and 5.3, there are ‘light’
and ‘dark’ axes perpendicular to the polarization direction of the laser dur-
ing machining along which an increase or decrease in v are seen respectively.
Furthermore, these patterns are only seen for machinings in the middle of the
sample, not merely on the surface just as with DIC. Unlike qDIC, however,
there appears to be a link to laser polarization. In the images of sites A and B
in Fig. 6.4, the increase in vy is extended in the horizontal. All laser machin-
ing at these two sites was performed with a vertically polarized laser. On the
other hand, machinings AF00/C-1a-f and AF00/C-2a-d all used horizontally
polarized lasers whilst the rest used vertical polarization (see Fig.4.5). For
the instances in which a horizontally polarized laser pulse was used, there is a
decrease in vy for horizontal displacements relative to the machining. Further-
more, machinings AF00/C-3c,d show an increased vy between them (having
been machined using vertically polarized lasers). An alternative explanation
for the patterns’ orientation was mentioned in Ch.5 which is that orientation
is determined by the orientation of one of the crystallographic axes.

Results from qDIC analysis (see Sec. 5.1) do not show any change in the pat-
tern seen due to laser polarization, but the similar pattern for mid-sample laser
machining and the fact that both a 14 shift and birefringence can be explained
by a strain field suggest that these two things may indeed be connected. It
should also be noted that, despite not being due to laser polarization, changes
in the orientation of the anisotropic birefringence patterns were seen in qDIC
images but such changes were related to the depth of the machining. In the
case of the 1y map of site C in Fig. 6.4, the machinings 2c-f and 3c-f included
effects on the front surface of the sample while the others all affected the back
suggesting the there could also be a difference in depth at play here provid-
ing an alternative cause for the changing pattern between different machinings
(although this cause itself is not well understood). Fig.6.4 also shows qDIC
analysis of the same site of machinings performed early in this project. Note
that there is a phase difference between the machinings on the top row which
is aligned with that seen in the peak centre map. It is known from further
gDIC analysis that the shear direction has to be aligned with this pattern in
order for it to be seen properly which could explain why it is so weak in this
case. Further qDIC including sample rotation has unfortunately not yet been
possible as the sample AF00 was badly damaged during FIB-SEM analysis.

A further comparison to draw between the findings of the peak centre maps
and qDIC images is the area over which there is an effect. For other maps in
this chapter (e.g. offset, see Fig. 6.4) the affected area is quite small and distinct
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from other machinings, whereas the 1y maps see the pattern extend between
the machinings - a distance of up to 15 um. Again, this similarity supports the
idea that the patterns seen in both qDIC images and vy plots are a result of
the uniaxial strain field at each machining location.

6.1.2 Other fit parameters

The offset parameter maps are also shown in Fig. 6.4. The most distinguishing
feature of these maps is the small size of the area over which O was affected
compared to the other maps. Both the largest and smallest seen are in site
B which shows features on the top row measuring roughly 3pm across and
features on the bottom row only 1.5 pm across. Whilst the top row was created
with higher pulse energies than the bottom, the pulses were still weaker than
those used to create the array of machinings seen in the first image so this alone
does not explain their increased size. The main difference between the larger
effects and the other machining effects was that they also had a significant
effect on the surface (see SEM images in Fig.5.10). These surface effects are
the same size as the effect seen on the O maps suggesting that the larger
spots are out-of-plane effects from the surface. This could be an increased
absorption, but could also be due to incident light at these surface effects
being diffracted from their normal path since the surface features are not flat.
As for the rest of the small effects, including those in the first image where
there was not visible surface machining, they are compatible with findings
from qDIC and FIB-SEM in that the machinings appear to consist of a small,
highly absorbing central damage which results in a strain field surrounding it
which has further effects on properties such as the band gap.

The maps of I' and A are also shown in Fig.6.4. In both cases the area
over which the parameter was affected by laser machining is larger than for O -
roughly 3pm. For I', the effect is an increase due to laser machining, whilst for
A a decrease is observed. Transmission imaging up to this point has all shown
an increased absorption due to laser machining so it may seem odd at first that
A should be seen to decrease. However, most of that additional absorption is
accounted for by O which represents a background absorption across a broader
range of wavelengths. This could also go some way to explain the decrease in A
too. A broad absorption occurrs instead of the specific exciton absorption but,
in the first and third images specifically, the sizes of the affected areas are not
the same for both O and A and thus the change in O alone is not sufficient to
explain the change in A. As mentioned above, however, the areas are similar
to those in the I' map. This suggests that the exciton resonances surrounding
the laser machining are being shifted due to strain such that material that
would previously have absorbed at the unshifted exciton energy - which would
have contributed to the amplitude of the absorption peak - is absorbing at
slightly different energies resulting in both a broadening and shortening of
the absorption peak. If this were the only factor involved, the total oscillator
strength of each peak would be unchanged. This was often found to be the
case, but not invariably (see Appendix F). For some sites, particularly for peaks
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Figure 6.4: Maps of the differential Lorentzian fit parameters for machining sites
AF00/A,B,C for the n = 3 exciton peak. Greyscale ranges are given
as in Fig.6.3. A phase difference image is also included from gDIC

analysis of site C.
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Figure 6.5: An example of an absorption peak for the ls-orthoexciton (after a
background subtraction) for AG15. The Lorentzian curve used to fit
this is shown in the inset along with the data that was fitted.

with n > 3, the oscillator strength would be unchanged, but for others, laser
machining resulted in a decrease in oscillator strength suggesting an additional
factor affecting the amplitude (such as background absorption as mentioned
above).

07, was discussed briefly above due to its strong dependence on which ab-
sorption peak was fitted. As can be seen in the maps in Fig. 6.4, it is also the
only other fit parameter where there was consistently both a positive and neg-
ative change in value due to laser machining and often displayed anisotropic
patterns. Despite the above similarities, both the shape and the clarity of
the laser machinings in these maps was not consistent across the three ma-
chining locations with the second site showing a top-bottom positive-negative
asymmetry, and the effects being weak, but also showing opposing effects for
different machinings on the final site. In most cases, the overall effect on o,
was to decrease its magnitude which is compatible with the I' findings - a peak
which broadens tends to become more symmetrical.

6.2 1s-orthoexciton

In order to investigate the effect of machinings on excitons in thicker samples,
they were measured at a transparent wavelength range of the s-orthoexciton
around 608.5nm. This would result in a single absorption peak which could
be fitted as before, only with a symmetric Lorentzian peak (i.e. without the 4,
parameter). As mentioned in Sec. 3.2, fitting this peak was more difficult than
the Rydberg peaks due to the absorption peak splitting into its three states
due to the linewidth being smaller than the energy shifts for the 1s exciton.
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Figure 6.6: As in Fig. 6.5 but for where peak splitting has occurred.

Examples of these fits for AG15 are shown in Figs. 6.5 and 6.6 for instances of
an accurate fit, and a fit where peak splitting has occurred. Fig.6.7 includes
examples of some of the clearest maps resulting from these fits, but even these
are often unclear and show regions of very sharply delineated properties where
the fit would flip between considering all the peaks as one degenerate state,
or just one or two of them independently of the other/s (see the left side of
the AG15 1y map and the right side of the second AF00 maps for both 1y and
I'.) The first column in Fig. 6.7 is the AF00/B site described in Sec. 3.1.1 also
shown in Fig.6.4 though it has been flipped in the y-direction. The middle
column shows the AG15 site described in the same chapter with qDIC and
Raman in Ch.5. The final column contains maps for the row of high pulse
energy test-machinings in AF00. These were much larger and were performed
over a larger area so a different scale bar is used here compared to the other
two.

The effects seen are largely comparable to the fits from the Rydberg series
of excitons. O increases due to laser machining, albeit only by a small amount.
Similarly, A decreases significantly. The slightly larger area over which A is
affected is evident only in the first column. This is also the case with I" which,
as with the previous fits, increases due to laser machining. Finally, v appears
predominantly to decrease due to laser machining, but the maps of AF00 also
show a slight increase too. In the first set, the pattern formed is not clear, but
in the high pulse energy machinings, the same pattern seen in Fig. 6.4 is evident
though they appear to be at an oblique angle to the laser polarization. This
shows that both the ls-orthoexciton and the yellow rydberg excitons appear
to undergo comparable energy shifts due to the strain field formed from laser
machining, although this effect is far clearer for the p-exciton series fits. This is
likely due to the lifting of the degeneracy being less obvious for these excitons
where the spectral linewidth of the states was greater than the energy shift in
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Figure 6.7: Maps for the parameter fits of the ls-orthoexciton peak: O, vy, T,
and A for laser machining sites AF00/B, AG15, and AF00/X. The
first scale bar applies to the first two sites and the second only to the
final site. The greyscale values m and R are used in the same way as
Fig.6.3.
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the state splitting. The main difference between these maps and their Rydberg
counterparts is that shifts in the parameter values occur in between machinings
for both ' and A, not just for 1y as seen previously (see the bottom two rows
of machinings in AG15 in Fig.6.7). For A specifically, there are bright regions
between the two rows showing an increase in absorption in an area that was
not machined, but would most likely be strained compared to the rest of the
sample. Alternatively, this could represent increased peak splitting as the
peaks shift in energy compared to one another (see fit in Fig. 6.6).
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Chapter 7

Conclusion

The aim of this project was to confirm two-photon laser machining in CuyO
and to determine the effects that such machining has on the crystal’s opti-
cal properties, particularly those of its Rydberg excitons such that their local
confinement might be achieved. Such analysis included: absorption microspec-
troscopy, focusing on excitonic properties; transmission imaging; Raman spec-
troscopy, to investigate structural and chemical changes; focused ion beam -
scanning electron microscopy (FIB-SEM), to produce high magnification im-
ages of the machinings both on and below the sample surface; and quantitative
differential interference contrast (qDIC), which is used to show birefringence
in a sample. All of these techniques were valuable in showing certain effects of
laser machining.

Before any of these analysis techniques were employed, laser machining in
Cu,0 first had to be shown to be feasible. Such machining was governed by
a nonlinear, two-photon absorption mechanism in which single 30 ps pulses of
a 1064 nm laser with photon-energies below the bandgap of Cu,O was used.
The machining was performed at cryogenic temperatures and analysed in situ.
The lower pulse energy meant that the crystal was transparent for light at
this wavelength, but at very high intensities, two photons could be absorbed
simultaneously by electrons in the valence band which had enough energy to
overcome the bandgap when combined. The electrons liberated in this process
could then become involved in a linear absorption which dominates the ab-
sorbed energy leading to subsequent local damage/modification. This type of
laser machining is fairly common for other semiconductors [36] [37] [33] [34],
but was carried out for the first time on Cuy0O in this project. Such machin-
ing was successful, although repeatability of machining exclusively within the
sample was challenging. This was not entirely unexpected as the threshold
power for picosecond laser machining is known to fluctuate much more than
that of femtosecond laser machining [33] and picosecond machining is also
more susceptible to defects [62]. Other fluctuations (such as laser focal depth
and machining success/failure) in this project were attributed to inhomoge-
neous defect concentrations on the surfaces of the crystal where it was found
that surface absorption occurred much more readily than for the middle of the
sample.
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Absorption microspectroscopy was then performed in situ on the sites of
the samples where laser machining was carried out and the exciton peaks of
the resulting absorption spectra were fitted as a differential Lorentzian curve
added to a background absorption. This could be defined by 5 parameters:
an offset value for the background, and four parameters for the peak itself -
peak energy, FWHM, amplitude, and differential amplitude (an asymmetry
factor). The result of machining included an increase in the offset and FWHM
- or an increase in the background absorption and a broadening of the peak.
There was also a decrease in the amplitude of the absorption peak. A decrease
in the magnitude of the differential amplitude showed that the peaks became
more symmetrical as a result of laser machining, although the opposite effect
was also present at the very centre of the machinings. Both positive and
negative changes were also present in fits of the peak energy where a biaxial
pattern was evident with the peak energies along one axis increased, and along
the other, decreased by some tens of micro-electron volts. The orientation of
these patterns are thought to be related either to the laser polarization, or
the crystal orientation. This effect was also evident over areas roughly 20 pm
across, a much larger area than both the damaged one and also areas over
which other parameters were affected suggesting a strong dependence on the
crystal strain.

Transmission imaging was performed by recording videos of the sample
as the machining was performed and averaging the frames before and after
the pulses to get before- and after-pulse images of the sample. These were
then used to calculate the absorption cross section of the machinings at visible
wavelengths. This assumed that the dominant effect of machining was an
increase in absorption. To confirm this, the calculations were adjusted to
include any change in transmission due to laser machining, This was an integral
of the absolute transmission change which showed refractive index contrast -
a value referred to as the transmission change cross section (or¢). Whilst
the overall effect of machining was almost always an increase in absorption,
the value of op¢ was considerably larger than that of the absorption cross
section showing that the most significant change in transmission due to laser
machining was not the increase in absorption, but phase effects from variation
in the refractive index due to strain.

Raman confocal microspectroscopy was used to acquire Raman spectra
over a 3D array of points surrounding a machining at room temperature and
hyperspectral analysis software was then used to produce spectra related to
both the un-machined and machined parts of the sample. The laser used in
Raman spectroscopy can also act as a source of excitation and thus this analysis
provided data on both the changes in the vibrational Raman modes of the
crystal, and also its photoluminescence (PL). Changes in both the Raman and
PL regime both indicated the formation of CuzOs/ V@litdefects, both of which
represent the same physical change. This was present in the area surrounding
the centre of the machining.

High magnification images of the effect of laser machining both on the
surface, and within a sample was accomplished using FIB-SEM. Both beams
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were used to image the sample’s surface, but the FIB was also used at a higher
current in order to mill parts of the sample. The axis of the electron beam was
at a 54° angle to the FIB so the SEM could subsequently be used to image what
had been revealed of the machinings below the surface. Scans of the surface
showed what appeared to be small amounts of melted and re-solidifed material.
This has been shown to occur for picosecond machining in previous findings
[37] and the required energy for melting such a volume of CuyO was shown to
be far below the pulse energy of the laser used for machining. Damage below
the surface took the form of long, thin structures with widths of the order of
tens of nanometres consistent with damage caused by a laser filament. Laser
filamentation is caused by the nonlinear, self-focusing phenomenon where a
laser beam of sufficiently high power will increase the refractive index of the
medium that it’s travelling through resulting in the beam collapsing in on itself
by refraction. Furthermore, one of the factors that arrests such a collapse is
multiphoton absorption [67] which is the mechanism by which the laser is
absorbed by a transparent medium (such as an infrared laser in CuyO). Self-
focusing occurs at a critical laser power where an increase in the refractive
index of an optical medium dominates over the effects of diffraction. This
critical power was found to be well below the powers used in laser machining.

Cu,0 is typically an optically isotropic material, but can become birefrin-
gent when strained such as in the areas surrounding laser machining. Bire-
fringence in a sample can be measured using qDIC transmission microscopy.
To achieve this, the incident light is first split into two orthogonally polarized
beams and separated by a small shear distance. They then pass through the
sample where they will take on some phase shift relative to the other if the
sample is birefringent. They are then recombined and the intensity of the
resulting recombination due to constructive or destructive interference can be
used to calculate the phase shift between the two beams. This was represented
as greyscale images where the values of each pixel in the image represented
the phase shift at that point in the sample. Biaxial patterns similar to those
seen in the peak energy maps from the absorption peak fits in the absorption
microspectroscopy analysis were evident for machinings within the sample (as
opposed to surface-only machining). The pattern itself reflects a uniaxial strain
field where a tensile strain along one axis results in a compressive strain in the
perpendicular axes and vice versa, although it is unclear why this might be the
case. It is possible that the orientation of this pattern is determined by the
crystal structure, but such an explanation is not well-developed at this time.

Whilst picosecond laser machining was certainly achieved, any future at-
tempts at this sort of two-photon absorption laser machining would likely ben-
efit from the use of femtosecond pulses as predicted in the literature. One of
the most critical factors for both laser machining in the middle of the sample
and the subsequent absorption microspectroscopy was the sample thickness.
The first sample that underwent laser machining, AF00, turned out to be the
only sample where both of the above processes were viable. Given a similar
setup to the one used in this project (see Ch.4) further preparation of the
samples should also be carried out in future to include polishing to a thick-
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ness of roughly 100 um. Conversely, laser machining could be carried out on
thicker samples such as AF13 and AG15 and then polished or even FIB-milled
afterwards. All analysis techniques employed after laser machining, except
FIB-SEM, involved light propagating along the same axis as the machining
laser, but if the sample could be made into a cubic form, the laser machinings
could also be investigated from other angles in order to form a better picture
of the effects with respect to depth.

In regards to exciton confinement by the creation of localized strain traps,
it was indeed possible to create both local increases and decreases in exciton
energy levels due to the presence of a strain field created by laser machining.
However, energy-shifted regions tend to follow the shape of the filament-like
damage that causes them which is larger than the few-micron scale required
for the confinement of even very high-n excitons. Superposition of multiple
strain fields may be a solution to this. This was investigated in some samples
using the cross-like structure wherein 4 machinings might all contribute to
an increased strain in the area that they enclosed, but this was never shown
to be the case. However, if the energy-shifted regions are related not to the
laser polarization, but to the crystal orientation, such a structure would cause
the strains to cancel out in the centre. Structures consisting of two nearby
machinings with superposing strain fields may therefore be preferred. Con-
firmation that the strain fields are aligned with the crystal axes could also
be accomplished with Laue images of the samples used. In this project, the
axis of laser machining was kept constant (normal to the flat surfaces of the
samples), but laser pulses delivered at orthogonal angles, if their contributions
to strain could be superposed, would be capable of creating localized strain
traps for high-n excitons. This could even be done in the form of arrays, or in
conjunction with other confinement methods. If viable, this would be a vital
step towards the practical integration of Rydberg physics-based functionalities
with solid state,semiconductor technologies.
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Appendix A

Chemical Etching

Laser machining was found to preferentially affect the surfaces of the samples
even when the laser was focused in the middle. One possible explanation
for this was that the surface of the sample contained a greater concentration
of defects which were more absorbing - specifically, this was thought to be an
oxidation to cupric oxide (CuQO). Chemically etching the sample surfaces could
remove this (oxidised) layer. The procedure for this was developed in advance
of machining on the natural sample ALO1. High-quality natural samples such
as this are valuable in research so two other samples, AH and AF01, were
tested before etching was carried out on ALO1.

The etching procedure used was taken from Takahata and Naka [91] and
involved immersion in 2M HCI for 10s followed by 13M aqueous NHj for
10s. Immersion in a reservoir of deionised water after the NH3 was added
to procedure also. The samples used by Takahata and Naka were around
10x thicker than ALO1 and presumably larger in their other dimensions too
and immersion in the chemicals for ALO1 would not be straightforward. The
solution for this was to use 3D-printed, chlorinated polyethylene (CPE) cages
with small holes in them to house the sample to be etched (see Fig. A.1). The
entire cage could then be submerged in the chemicals by holding onto it with
plastic tweezers so that the chemicals flow through the holes in order to expose
the sample inside to the them without applying such a force to it that may
damage it. The entire procedure was performed in a fume cupboard.

AH was tested first. The purpose of this was to ensure that the reaction
between CuyO and HCI would not be a violent one. It was etched in HCI and
no violent reaction was observed, so it was immediately rinsed in the DI water
reservoir. Images of AH before and after etching are shown in Fig. A.2. The
sample surface appeared to remain smooth, although it did taken on a silvery
colour. The synthetic sample AF01 was tested next. This had much more
similar dimensions to ALO1 and the exact procedure to be used with ALO1
was followed for it. Images before and after etching are shown in Fig. A.3.
In this case, the surface of the sample became very rough. Black spots seen
on the surface are believed to be inclusions that were previously inside the
sample now brought to the surface by the removal of material. Due to the
roughness there was a lot more scattering at the surface and much less light
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APPENDIX A. CHEMICAL ETCHING

Figure A.1: Images of CPE cages that were 3D-printed to hold the samples during
etching.

Figure A.2: A photograph of the sample AH before submersion in HCI, and two
photographs of it afterwards.
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Figure A.3: A photograph AF01 before chemical etching (left) and two of it after-
wards, one of each surface (right).

was transmitted through the sample compared to before it was etched. Finally,
the procedure was carried out for ALO1 but this resulted in no clear visible
effect. Furthermore, when it underwent laser machining shortly after this,
no significant change in ease or difficulty in machining was observed. Images
of ALO1 alongside un-etched samples are shown in Fig. A.4. The smallest
fragment here is also from ALO1 (referred to as ALO1b) and can be compared
to ALOla (the second largest in the images). In the first image there appears
to be very little difference between ALOla (the second largest fragment in
the images) and ALOl. In the second image, however, the surface of the
etched sample appears to be much clearer than the un-etched one. However,
the similarities betwen ALOla and ALO1b in the first image suggest that the
difference seen in the second image could be due to a tilt in on of the samples
or perhaps features on the CaFy; windows. The clarity of ALOla in the second
image is comparable to that of AMO1 suggesting that even if the etching did
improve the sample surface, this improvement is no better than what can be
achieved with standard cleaning and polishing. Compared to AF01, the visible
effect of etching ALO1, if any, was far less

The two main differences between AF01 and ALO1 are that AFO01 is a syn-
thetic sample and ALO1 is natural, and that ALO1 is oriented in the (111)
crystal direction. Niu et al. [7] investigated the effects of concentrated am-
monia etching on cuprous oxide, including for different crystal orientations.
They found that for etching of a surface with (111) orientation, the surface
remained mostly flat and etching was much less effective. In fact, of all of the
orientations tried, surfaces with (111) showed th smallest effect due to etching.
An effect was seen nonetheless, though ammonia exposure times used by Niu
et al. were significantly longer - up to 1 hour.
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APPENDIX A. CHEMICAL ETCHING

Figure A.4: Photographs of ALO1 and AMO1 after ALO1 had been etched. In order
of size the fragments are AMO1, ALOla, and ALO1b. ALOla was the
etched fragment.
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Appendix B

Exciton Peak Fits

Spatial resolution in y-direction for all maps included was 1.16 pm/pixel. The
x-resolution scans of sites A, B, and C was 0.900 pm/pixel, 0.548 pm/pixel,
and 0.861 pum/pixel respectively. Scans at the 1s-orthoexciton range covered
a slightly different distance in the x-direction. The spatial resolution of the
resulting maps was 0.613 pm/pixel for AF00/B, 1.269 pm/pixel for AG15, and
2.129 pm/pixel for AF00/X. Errors associated with the fit parameters were
calculated using the spread of data in a homogeneous region of the map and
are given for all peaks in Table B.1.
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APPENDIX B. EXCITON PEAK FITS

Errors
Site Peak O  wvy/peV  T'/ueV A or,
n=31 0.02 4 12 0.04 41073
AF00/A n=41 0.05 3 14 0.11 0.012
n=>5 | 0.05 4 12 0.14 0.012
n==6 | 0.04 5) 12 0.14 0.03
AF00/B n=31 0.03 3 9 0.04 3 x 1073
ortho || 0.04 0.4 2 6 x 1073 n/a
AF00/C | n=3 || 0.02 3 9 0.04 3 x 1073
AG15 ortho || 0.02 8 8 x 1073 n/a
AF00/X | ortho || 0.06 0.7 0.4 7 x 1073 n/a

Table B.1: Errors associated with all of the fit parameters for all of the exciton

absorption peak fits calculated using the spread of data in homoge-
Note that there is no d; parameter for
the orthoexciton fits since symmetrical Lorentzian curves were using to

neous regions of the maps.

model these absorption peaks.
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Appendix C

Raman Spectroscopy

C.1 Metadata

This subsection contains metadata on the collection and analysis of data from
confocal Raman imaging.

Scans of AG15 were performed over an area 26.3x50.4 pm covered by 11x19
points, this was 5 depths at z-intervals of 3 pum which corresponds to a depth
of 8.7pwhen accounting for the refractive index n = 2.9 at A = 660 nm [69].
Each point used the following settings: acquisition time = 0.04s, diffraction
grating = 3001/mm, wavelength range detected = 660-1000 nm, laser operated
at 50% of maximum power, confocal hole size = 50 pm.

A 7 x 5 grid of points separated by 1pm was used in the scans of AF00.
The stage was moved by z-intervals of 2 pwhich corresponds to 5.8 pm. Each
point used the following settings: acquisition time = 0.5s, diffraction grating
= 3001/mm, wavelength range detected = 660-1050 nm, laser operated at 25%
of maximum power, confocal hole size = 50 pm.

Metadata for FSC? analysis is given in Fig. C.1.

C.2 CuO impurities

Fig. C.2 shows the Raman spectra of some CuyO samples that were acquired
prior to any laser machining while the procedure for the use of the Raman
spectrometer was being developed. All three samples show activity at around
298 cm™ which is not uncommon in other samples in the literature [42, 54, 55,
59]. Generally, this is attributed to the As, mode, although this mode tends to
appear at around 350 cm™ in some sources. The CuO Raman spectrum is also
included in Fig. C.2 which is dominated by a well-defined peak at the same
Raman shift. The presence of such a peak in a spectrum of Cuy,O (such as
in AP0O, in particular) may therefore suggest the presence of CuO impurities
rather than be due to Cuy,O phonon modes.
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APPENDIX C. RAMAN SPECTROSCOPY

Data selection
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Figure C.1: Setting used for FSCs analysis. The number

Target stop criterion
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Stop criterion Error -
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C.2. CUO IMPURITIES

Raman spectra of various Cu,O samples with a spectrum for CuO
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Figure C.2: Raman spectra for a collection of CusO samples; ACO3 is a natural
sample and the other two are synthetic. Also included is a typical CuO
Raman spectrum. Alignment of the dominant CuO peak suggest CuO
impurities in the CuyO samples.
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Appendix D
FIB-SEM

SEM images of machinings are shown with plots of their widths with depth.
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APPENDIX D. FIB-SEM
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APPENDIX D. FIB-SEM
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APPENDIX D. FIB-SEM
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Appendix E

Laser Machining Settings

The following table contains machining parameters for the machinings in sam-
ples AF00, AG15, and AF13. Samples ALO1 and AMO1 were also machined
but analysis of these samples is limited to cross section calculations so they are
not included in the table. Around 200 machinings were created in ALO1 with
pulse energies ranging from 0.35 to 1.71J with a few additional pulses used
as markers up to 3pJ. AMO1 had about 140 machinings from pulses between
0.16 to 1.5nJ with marker shots using pulses up to 2.911J.
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Machining | Polarization/° Pulse Energy (1J) Depth (pm)
AF00/A-1d 0 4.2 0.3
AF00/A-1e 0 1.7 -11.5
AF00/A-1g 0 23 -4.5
AF00/A-1h 0 4.2 -2.1
AF00/A-1i 0 104 -1.7
AF00/A-2d 0 4.2 -4.2
AF00/A-2¢ 0 4.2 4.2
AF00/A-2f 0 4.2 -4.2
AF00/A-2g 0 4.2 -2.5
AF00/A-2h 0 4.2 -2.5
AF00/A-2i 0 4.2 -2.5
AF00/A-3a 0 4.2 3.4
AF00/A-3b 0 4.2 3.4
AF00/A-3c 0 4.2 -3.4
AF00/A-3d 0 4.2 -6.5
AF00/A-3e 0 4.2 -6.5
AF00/A-3f 0 4.2 -6.5
AF00/A-3g 0 4.2 3.6
AF00/A-3h 0 4.2 -3.6
AF00/A-3i 0 4.2 -3.6
AF00/A-4d 0 4.2 -4.5
AF00/A-4de 0 4.2 -4.5
AF00/A-4f 0 4.2 -4.5
AF00/A-4g 0 4.2 4
AF00/A-4h 0 4.2 4
AF00/A-4i 0 4.2 -4
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APPENDIX E. LASER MACHINING SETTINGS

Machining | Polarization/°® Pulse Energy (1J) Depth (pm)
AF00/B-1a 0 2.06 -4
AF00/B-1b 0 1.94 -3.1
AF00/B-1c 0 2.15 0
AF00/B-1d 0 2.18 -1.1
AF00/B-1e 0 1.97 -0.5
AF00/B-1f 0 no data -0.3
AF00/B-2a 0 0.84 0.3
AF00/B-2b 0 0.81 -0.1
AF00/B-2¢ 0 0.92 0.1
AF00/B-2d 0 0.88 0.3
AF00/C-1a 90 2.00 -1.5
AF00/C-1b 90 2.15 1.6
AF00/C-1c 90 2.04 -1.6
AF00/C-1d 90 1.99 4
AF00/C-1e 90 2.17 4
AF00/C-1f 90 2.12 4.1
AF00/C-2a 90 1.69 0.7
AF00/C-2b 90 1.92 0.8
AF00/C-2¢ 90 2.04 0.8
AF00/C-2d 90 1.95

AF00/C-2e 0 2.15

AF00/C-2f 0 2.08 0.1
AF00/C-3a 0 2.22 47
AF00/C-3b 0 2.22 4.7
AF00/C-3¢ 0 2.19 45
AF00/C-3d 0 4.63 4.7
AF00/C-3e 0 2.73 -4.7
AF00/C-3f 0 3.05 -4.7
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Machining

Polarization/° Pulse Energy (1J)

Depth (pm)

AG15-1c
AG15-1f
AG15-2b
AG15-2d
AG15-2e
AG15-2g
AG15-3a
AG15-3c
AG15-3f
AG15-4a
AG15-4b
AG15-4¢
AG15-4d
AG15-4e
AG15-4f
AG15-5a
AG15-5b
AG15-5¢
AG15-5d
AG15-5e
AG15-5f

0
90
90
90

90

4.74
5.20
4.65
4.53
4.70
0.12
4.97
4.78
4.78
11.80
11.42
11.68
11.40
11.79
11.86
10.11
10.28
10.77
9.89
10.89
10.95

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
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APPENDIX E. LASER MACHINING SETTINGS

Machining | Polarization/° Pulse Energy (pnJ) Depth (pm)
AF13-1g 90 1.76 -11
AF13-1h 90 1.89 -11
AF13-1i 90 1.83 -11
AF13-1j 90 1.25 -11
AF13-1k 90 1.31 -11
AF13-11 90 1.17 -11
AF13-1m 90 3.14 -13
AF13-2a 90 1.32 11
AF13-2b 90 1.28 9
AF13-2c 90 1.38 7
AF13-2d 90 1.3 5)
AF13-2e 90 1.11 3
AF13-2f 90 1.18 1
AF13-2¢ 90 1.06 -1
AF13-2h 90 1.24 -3
AF13-2i 90 1.13 -5
AF13-2j 90 1.10 7
AF13-2k 90 1.20 -9
AF13-21 90 1.23 -11
AF13-3b 90 0.92 )
AF13-3c 90 0.90 5
AF13-3d 90 0.89 5)
AF13-3¢ 90 1.07 5)
AF13-3f 90 1.15 5)
AF13-3¢ 90 1.04 5
AF13-3h 90 1.15 5)
AF13-3i 90 1.20 5)
AF13-3] 90 1.01 4
AF13-3k 90 0.97 -3
AF13-31 90 High -3
AF13-3m 90 1.27 0

Table E.1: Parameters used in laser machining for the machinings shown in all
analysis except cross-section calculations.
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Appendix F

Oscillator Strengths

Maps of relative oscillator strength changes due to the machining were cal-
culated from the absorption (in turn calculated as log1/T where T is the
transmission) peak fits by multiplying the amplitudes (A) and full width half
maxima (I'). The results are maps of the machining sites on AF00 where the
greyscale represents the relative oscillator strength of each peak. The oscilla-
tor strengths without machining were obtained from the background of these
images (referred to as background oscillator strength) and the range of the
greyscale was determined by this value where black and white represent a re-
duction of 20% and an increase of 10% of this background value, respectively.
This is shown in Fig F.1.

For site AF00/A, most machinings showed a decrease in oscillator strength
due to laser machining suggesting that strain-shifted resonances alone are not
responsible for the decrease in amplitude of the absorption peaks. However,
for sites AF00/B and C, for peaks n > 3, and indeed some machinings in at
AF00/A, there is little-to-no change in oscillator strength due to machining
meaning that the decrease in amplitude is fully accounted for by a commen-
surate broadening of the peak due to strain-induced shifts in resonance.
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AF00/A

Background Oscillator
Strength /meV

AF00/B

AF00/C

5.01 2.51 1.39 0.64

Figure F.1: The relative change of oscillator strengths of the Rydberg peaks n = 3
to 6. The ranges in each map are from -20% to +10% of the back-
ground value of the relative oscillator strength given underneath each

map.
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