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Abstract

The following thesis details the experimental process for the implementation of light beam
shaping into the current standard of ultrafast laser fabrication systems, allowing for the
development of a monolithic microspectrometer device. The implementation of beam
shaping aided in the correction of two limitations in the current writing system: long
manufacturing times and depth-related spherical aberration. Firstly, the addition of a pseudo-
Bessel beam allowed for a 12-fold reduction in manufacturing timescales, demonstrated by
chemical etching dicing of a fused silica sample. Moreover, it was shown that polarisation-
insensitive selective etching was achieved by tuning the writing laser’s pulse duration.
Secondly, it was shown that with the use of a magnitude-scaled Zernike polynomial phase
mask, the effects of depth related aberration could be counteracted. These experiments
showed that a volume Bragg grating written at a depth of 900 um produced a low diffraction
efficiency, however, this was increased by 36% when the appropriate phase mask was
applied. This was supported by an electron plasma imaging study which provided further data
without the need for an inscribed object. The knowledge and skills gained during these two
projects produced two published papers and the first steps toward the Czerny-Turner base
monolithic microspectrometer device.
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1. Introduction
1.1 Spectroscopy — techniques and applications

The characterisation of light and optical phenomena is a foundational topic in physics, with definitions
changing depending upon the context or field which is being discussed. Despite this one thing is always
true: it behaves both as a particle and as a wave [1]. This wave behaviour can be used in the fields of
photonics and optics.

In the wave interpretation, light is said to be an electromagnetic (EM) wave - a transversely
traveling propagation of electromagnetic radiant energy. The spectrum of EM waves spans from
ionizing gamma rays to low-frequency radio waves, crucially containing the typical ‘light’ wavelengths:
ultraviolet, visible, and infrared. Regardless of the area of the spectrum, an EM wave contains a
perpendicular oscillating pair of electrical and magnetic fields, with amplitude, wavelength, and
frequency components, always moving at the speed of light when in a vacuum. These variables
importantly dictate the energy of the traveling wave. There are many demonstrations that can be
carried out to show light’s wave nature. Overlapping propagating waves interact with each other,
producing an interference pattern, this occurs when two or more waves of different phases
interact [2]. This can result in greater (constructive) or lower (destructing) amplitude changes. This
effect can be produced via double slits, diffraction optics, or prisms [3]. The use of diffraction gratings
is ideal for this goal, especially when considering the other important properties of EM waves. Waves
at their simplest are monochromatic, an EM wave containing a single wavelength or frequency; this is
what is produced by a single frequency light source such as many laser systems. However, they can
also be polychromatic, a composite of waves of different frequencies. This polychromatic wave will
have a complex wavefront, which can be separated into its individual component wavelengths using
diffraction gratings. The ability to take a light source and either measure its wavelength or decompose
a complex spectrum into its component parts is an incredibly powerful analytical tool. Studying this
decomposition can give insight into a chemical or biological process and any other form of light-matter
interaction. The specific tools used to capture and interpret this information are called spectrometers.
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These devices are ubiquitous across all fields of science, with a large range of spectrometer
architectures, designed and constructed for a specific type of spectroscopic measurement.

To make full use of a spectrometer as a measurement tool it is necessary to first understand
the emission and absorption phenomena that can occur during light-matter interactions. The
particular absorption and emission characteristics are generally related to the atomic or molecular
structure of the studied sample, and as such has an impact on the light they are interacting with [4].
At the simplest level, an atom at equilibrium will have its electron clouds positioned at stable energy
levels. Electrons can be moved up energy levels with the addition of energy. However, an electron can
only move to discrete well-defined energy levels, therefore the excitation source must have the
correct wavelength such that individual photons match the energy transitions. In most cases discussed
in this thesis, the source of photons will be a laser. If the energy is insufficient the electron will return
to a stable state, emitting the absorbed energy. The emission is typically in the form of a photon of
related energy. In the case of a molecule, a bound collection of several atoms, it will then have
absorption and emission characteristics dictated by the interaction between the totality of atoms
within the system. Again, this includes higher and lower energy levels, but rovibrational states also
contribute to the absorption effects. The specific molecular structure results in a unique absorption
and emission spectrum, which when captured, can give insights into the underlying processes related
to the molecule. In the case of absorption: if a polychromatic source is incident on a sample only the
wavelengths of appropriate energy will be absorbed. If the light is not energetic enough for a level
change it will be transmitted without absorption. If the spectrum of light that has interacted with a
sample is studied, it will be observed that the spectrum will have darker regions compared to the
incident spectrum, denoting absorption at those wavelengths. For a solely emission case, a molecule’s
electrons can be elevated to higher energy levels via many methods: interrogation with EM waves, X-
rays, protons are common, but energy can also be injected into a sample electrical using an external
power source. The spectrograph of the light produced here will exhibit bright regions but will

otherwise be dark. If the sample produces light when probed with light, this is called fluorescence: will
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be discussed in section 1.3.1. For an illustrative example Fig. 1 depicts a sketch of the absorption and

emission process of a hydrogen atom.

2 Absorption b) Emission
Spectrum Spectrum

Fig. 1. Adiagram illustrating an absorption and emission process for a single hydrogen atom, with an example of the produced
spectrum. Detail the absorption of 410 nm, 434 nm, 486 nm, and 656 nm for the former case a), and emission the same
wavelength of the emission case b).

To take advantage of these emission and absorption processes specialized spectrometer
devices need to be manufactured. The method of collecting a light signal, and how that light is
analysed is dependent on the application and can take a range of different forms. Applications are
wide-reaching and varied, ranging from biomedical science to astrophysics with different wavelength
ranges, and different mechanical requirements. Even within disciplines, there is a huge range of

“architectures” - the way a device is spatially laid out.

1.2 How is spectroscopy from the UV to mid-IR conventionally performed?
1.2.1 Introduction

Despite the differences between all architectures of spectrometers, they all require similar processes:
a way of collecting the light, a way of transforming the light into a form that can be studied, and a
means of detection. The form each of approach, as well as any other components present in the
spectrometer, are all tailored to the specific application.

1.2.2 Dispersive spectrometer

One of the more straightforward spectrometer architectures uses some form of dispersive
component. This component spatially separates the individual spectral components from the optical
beam. This is commonly known as a dispersive spectrometer and the dispersive component can take

the form of a range of different diffraction gratings or a prism. Once the source light has been
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separated out, each order can then be individually measured using a detector. An early but important

example of this dispersive type spectrometer, used a prism to measure the spectrum of a sodium lamp

[5].

Rotating table

Eye piece

/

Collimator

N\

Sodium
lamp

Fig. 2. A schematic diagram of the basic sodium spectrum experiment. Depicting: the sodium lamp, collimator, prism, rotating
table, and eye piece. The light path is show passing through the prism and forming the sodium d-line.

While a relatively straightforward experiment, its use of minimal components (sodium lamp,
collimating lens, glass prism, a rotating optical table, and an eyepiece for viewing) has made it a staple
of undergraduate teaching. The typical setup depicted for undergraduate teaching is depicted in Fig. 2.
The produced spectrum shows spectral lines specific to the sodium atom, showing an early example
of a spectroscopic method for identifying an elemental or molecular compound. The prism in this case
separated the light from the lamp into two wavelengths which is called the sodium d-lines after their
Fraunhofer spectral line designation. As the field developed, photographic film was added, aiding in
the recording of the spectral data. This was of course then replaced with digital methods of data
capture in modern spectrometers while the prism is often replaced with a diffraction grating.

A diffraction grating produces similar results to a prism but physically they are totally different.
A diffraction grating is typically a surface with some kind of periodic structure. This periodic structure
can take the form of mechanically scored marks on a metal surface or regions of differing refractive
index in either two or three dimensions. The final separated-out spectrum is also slightly different
where different wavelengths of light are diffracted at a set specific angles into specific diffraction
orders [6]. The separation of the orders as well as the efficiency of the diffraction is related to the
dimensions of the grating. This includes: the spatial frequency of the repeating elements, the ratio of

the material between periodic sections, the shape or extent of index change of the material, the axial

15



thickness of the grating, the angle relative to incident light, and the material the grating itself is made
from. The fundamental equation is shown in equation (1), where d is the grating period, A is the
wavelength, n is the diffraction order, and © is the angle of diffraction.

dsin® =nAa (1)
The schematic in Fig. 3 shows the basic operation of a binary grating when illuminated with white light

(broadband source).

Binary grating
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Fig. 3. A schematic of a broadband light source incident with a binary diffraction grating. The diffracted light is separated out
both in wavelength and diffraction order, with the power in each order decreasing from the zeroth order.

Kﬂlﬂ“l

Broadband
light source

A binary grating has a simple repeating pattern of elements of the same amplitude, which in this case
are equally sized and spaced. The light, when it is polychromatic, will be split into individual diffraction
orders as well being separated out as a factor of wavelength. With the central order being the zeroth,
and the power distribution reducing with each subsequent order. Of course, this diffraction pattern
spans some distance tangential to the grating depending up the size of the input beam, which can be
limiting depending on the application, but it is by no means the only way of gaining useful data from
a light signal.

1.2.3 Fourier spectrometer

Modern dispersive spectrometers use detector arrays to detect the spatially dispersed signal. There
are applications, however, where large format detector arrays are either not available, or they are
expensive e.g., the mid-IR. For such applications, it is possible to use Fourier transform spectroscopy.
In this case, the optical signal analysed with an interferometer and the signal can be analysed using a
single pixel detector. Fig. 4 shows an interferometer, one arm of which contains a mirror or
retroreflectors whose position along the optical axis is modulated, while the other arm contains a

static reflecting surface.
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Fig. 4. A schematic of a basic interferometer set up. Depicting: A laser source, a static mirror, and oscillating mirror, a beam
splitter, and detector.

The modulated beam is overlapped with the reflection from the static arm via a beam splitter which
produces an oscillating interferogram, a plot of light intensity in time / distance. This data set contains
all the wavelength information, which can be extracted using a Fourier transform. This takes the data
and in effect changes its dimensionality resulting in a plot of optical power density as a function of
wavelength. It has the advantage of digitally recorded data, ready for post-processing and signal
filtering for noise reduction, but it is still limited in that it cannot provide phase-related information.
This technique is implemented in many scenarios but a particularly interesting one is FTIR (Fourier
transform infrared) spectroscopy [7].

1.2.4 Homodyne and heterodyne spectrometers

To gather phase-related information along with frequency information a homodyne or heterodyne
spectrometer can be used. Both systems make use of a single input signal and share a similar concept:
the light being studied is compared to a reference signal. In the homodyne configuration, a single
signal is split into two, where one is then modulated. This modulated source acts as a reference called
the local oscillator. The unmodulated beam is used as the systems probe. Both signals are then
combined before detection. This is in effect removing the unaltered components from the light,
leaving behind only the results of the preceding interaction. This system is insensitive to fluctuations
of the laser and is ideal for the measurement of weak or low-intensity signals from the probe source,
with the local oscillator source providing a level of compensation for the reduced signal. An adaptation
of this is the heterodyne spectrometer architecture, which uses two separate signals: a probe signal

and a local oscillator. The resulting combination of these two signals is then either the sum or

17



difference of the two frequencies, with an increased intensity compared to the probe signal in
isolation. It is ideal for weak signals and frequency instability in the light source. An interesting
example include: frequency modulation (FM) which has been demonstrated to effectively measure
weak absorption and emission signal with nano scale resolution [8].

1.2.5 Fabry-perot interferometer

There are other spectrometer devices which an interferometer architectures: for example the Fabry-
Perot interferometers based spectrometer. This architecture uses a cavity formed with two partially
reflective surfaces. This allows for the introduction of light into the cavity when it meets the cavity’s
resonance condition. As the light circulates a portion of the light exits from the second surface. After
a series of other such transmissions, the total transmission of light is capture. Fig. 5 is a schematic of
its operation, detailing the two surfaces of separation d, the light oscillation in the cavity, and the
transmission of the m+1 order. This is alongside a representation of the interference fringes m and

m+1 as it would appear after the focusing lens.

Partially
transparent
surfaces

/ N\

The interference

fringes at the focus
Incident light E

\_!_!

d
Fig. 5. A schematic of a Fabry-Perot cavity. Detailing the incident light, the two partially transparent surface, the beam
oscillation within it, and the transmitted light forming the m + 1 fringe order. This order is also depicted alongside the m
order, forming a set of concentric rings.

The complete interference pattern is a series of concentric circles the separation of which can give
insight to the wavelength of the incident light source. Due to this, this architecture is well suited to
spectral analysis. The high reflectance gives the cavity a high finesse, with the wavelength being
adjustable via the cavity spacing [9]. The resulting compact size and use of stable components make

it useful for satellite based spectrometer for atmospheric measurements [10].
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This is by no means a comprehensive list of ways spectroscopy can be performed, and as we
go forward to application specific designs many new architectures and spectrometer components will
be introduced. These are, however, a foundation of knowledge by which alteration are made to fit a
project’s specifications. What follows are more example of spectroscopic technique but with a primary
focus on the application and how that changes the spectrometers architecture and design

considerations.

1.3 Applications of optical spectroscopy from the UV to the mid-IR
1.3.1 Biological, medical, and chemical applications

As stated before, context is everything when it comes to the final decision on how a spectrometer is
to be designed for a particular application. Raman spectroscopy is a spectroscopic technique that is
widely used in materials science. It can be non-destructive, meaning no permanent damage to the
sample is incurred, making it ideal for the fragile samples. However, it is a difficult process to achieve
the non-destructive regime due to high power requires needed to compensate the weakness of the
ramen scattering signal. Raman spectroscopy relies on inelastic scattering where incident photons
excite to a vibrationally excited state via an elevated virtual state. Since energy must be conserved in
this inelastic scattering process, the Raman scattered light provides information about the chemical
bond structure in the material [11]. This has its own limitations as the Raman signal is typically very
weak either requiring long acquisition times or specialised optics. However, this has been
compensated for by using different forms of analysis of the captured light, using an interferometer or
through the Fourier spectrometer detailed above. This particular method has been put to use with
both in-vitro and ex-vitro measurements of cancer cells in soft tissue areas, such as the brain and lung,
as well protein identification [12,13]. These Raman spectrometer types are often paired with some
form of flexible probe or articulated viewer and have become more common in clinical scenarios.
Vibrational spectroscopy, the study of the vibrational state, is not just used in Raman, but also
for mid-IR spectroscopy. As the name suggest it is a form of spectroscopy which exclusively uses

wavelength within the infrared regime. This wavelength range only excites or vibrates electrons in
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covalent bonds, which have a range of different motions or modes that absorb different wavelengths
present in the infrared regime. The absorption is dictated by the chemical or molecular structure of a
sample, and thus are unique for each chemical compound. When a sample is exposed to a range of
frequencies (typically separated into bands of near-, mid-, and far-infrared) the re-emitted spectrum
will have a distinct fingerprint with missing frequencies, due to the absorption of vibrational modes.
This spectrum is typically measured via Fourier transform techniques [14]. With its low energy it is
ideal for non-destructive and non-invasive medical imaging with examples including detection of
infant cerebral palsy [15]. It is also used in the agriculture industry for large scale quality insurance of
materials such as soil [16].

A further and versatile spectroscopy technique is fluorescence lifetime spectroscopy. This
comes in many different forms depending upon the application, but all revolve around a physical
process. Fluorescence lifetime (FLT) is a measurement of the time a fluorophore spends in the excited
state before reducing energy and emitting a photon. A fluorophore itself is a fluorescent chemical or
molecule which will emit a photon once excited. The FLT of any particular chromophore can range
from pico- to nano-seconds depending upon the molecules being studied [17]. One example of a
techniques used to perform FLT analysis is time-correlated single photon counting (TCSPC). This
common technique uses both a reference and a probe signal. Data is captured via timing electronics
which are started with the detection of a reference light, then stopped by the detection of the probe
source fluorescence. A histogram of fluorescence intensity vs time will be produced by the
electronics [18].

1.3.2 Temporal measurements

Related to FLT are time-correlated measurements in general, which is enabled by the advent of readily
available ultrafast laser sources. Such time-resolved measurements have many applications in
different fields but all work on the basic principle of measuring the time between processes with an
accuracy from second to femtoseconds, and even attoseconds. Such time-resolved measurement can

come in many forms: for example, transient absorption spectroscopy where a sample undergoes initial

20



excitation via a pump, which is then followed by a probe pulse via an optical delay line [19]. In general,
this method is limited primarily by the pulse duration of the laser: the shorter the pulse duration the
higher the achievable temporal resolution. This technique has recently been revolutionised by the
development single photon avalanche diodes (SPAD) and other precision counting technologies [20].

1.3.3 Astronomical and spatial applications

Spectroscopy can be used to measure a range of physical phenomena, both temporal and spatial, as
well as chemical and molecular interaction. For example, there are several ways to perform distance
measurement using spectroscopy. A method for very long distances would be spectroscopic parallax,
which is used in astronomy for measuring the distance of stars. To perform this method the star’s
apparent brightness must be measured and compared against the spectral type of the star. This is in
effect a ratio of apparent brightness vs absolute brightness. This has provided distance measurement
up to a limit of around a thousand parsecs, however this won’t be the true distance as this method
does not include the extinction of the source light due to its propagation though interstellar
space [21].

For shorter distance, from micron to meters, a frequency comb has been used. In general, a
frequency comb is a series of equally spaced frequency lines, often generated by overlapping two
separate waves. One way this can be used for distance measurement is by separating one frequency
comb signal into three channels - one channel acting as a reference, one which propagates some
distance, and one which monitors the repetition-rate. By comparing these channels the distance can
be found from the phase difference [22].

Such a wide and diverse field as astronomy has many more specialized spectrometer devices
for specialised applications. A large amount of knowledge can be gained from studying a star’s light,
in addition to its distance from an observer or its chemical makeup. Another use is for the discovery
of extrasolar planets through a method called Doppler spectroscopy. A star is said to ‘wobble’, to move
away or toward an observer as a planet or significantly large celestial body orbits. This causes the light

spectrum to shift, blue as it moves towards the observer and red as it moves away. From this periodic
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Doppler shift it is possible to infer the radial velocity of the star and therefore the mass of its
companion. This has proven to be a highly effective detection method allowing ground-based
telescopes to identify hundreds of exoplanets [23]. The system struggles with the non-uniform light
output of stars, misidentifying them as planets. It also orientation depended, struggling to make
accurate measurement when the celestial bodies move perpendicular to the observer. A similar
method can be used to garner insight into other celestial bodies, by observing the red or blue shift in
their spectrum as they move through space. The same process has been applied on a planetary scale
as well, by taking wind speed measurements of the atmosphere of Venus and other planets in the
solar system [24].

1.3.4 Standoff detection of hazards

An application which encompasses many of the spectroscopic techniques covered so far is the
standoff detection of hazards. One of the major benefits of optical spectrometers is the ability to
probe an area or object using a laser source. With the appropriate optics, light can be sent and then
collected over very long distances, allowing detection of an area which may be hazardous.
Spectrographic techniques such as IR spectroscopy, FLT, and terahertz spectroscopy have been tested
in their use for standoff detection of explosive devices. This typically requires direct line of sight with
the sample, but work has been conducted on detection of hazards behind opaque objects, such as
explosives within cars [25]. Size is also an important factor - Raman based spectroscopes in particular
have been reducing in size, making them ideal candidates for hand held hazard detectors in a forensic
situation, allowing for the identification of chemical compounds on sight and without requiring the

manual collection of samples [26].

1.4 Integrated spectrometers
1.4.1 What do we mean by an integrated spectrometer?

With the growing ubiquity of spectrometer devices and the development of new fabrication
techniques, it was inevitable that attempts would be made to shrink devices and improve their

resistance to environmental strains. As has been clear in the preceding section, there is a large market
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for compact spectrometers for mounting on handheld devices, satellites, and drones - all situations
where space may be at a premium and correction to misalignment may be impossible. Due to this
constraint typically, these integrated spectrometers need to be passively aligned, in which the device
in its totality had no moving components. These integrated systems can contain light capture and
detection systems, or they can be outboard of the spectrometer. In this scenario the spectrometer
acts as a static component to a larger diagnostic platform.

1.4.2 Integrated spectrometers — state-of-the-art

A spectrometer device can be manufactured out of a single piece of substrate. This has the advantage
of allowing a small-scale, passively aligned device that can be produced, where the only additions are
an input light source and a detector. These integrated devices are often made with lithographic
techniques, where integrated versions of mirrors, lenses, and diffractive elements can be made to
design, such that they are passively aligned. While not allowing for any post-manufacturing
adjustments, but with the added stability, this makes it ideal for small-scale spectrometer devices with
a reduced chance of misalighment in adverse conditions. With the current state of bulk material
manufacturing centimetre scaled versions of Fourier transform spectrometer, dispersive
spectrometers and others have been developed [27].

A microring resonator is a type of optical cavity. In isolation, an optical cavity or resonator is a
circuit where the light is continually propagated. A microring resonator specifically works as a
wavelength filter. Cascading ring arrays can be used for wavelength division multiplexing (WDM),
which in essence can be used to take polychromatic light and separates it out into discrete frequency
bands, resulting in higher-order filter characteristics. This has many uses with compact integrated
spectrometer devices. The sensitivity they can add to a system is also an advantage in particular for
chip based bio and chemical spectrograph, an electron microscope image of such a device is show in

Fig. 6 [28].
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Fig. 6. A microring array captured by an electron microscope [28].

Their compact size means they can be used in other spectrometer devices such as a Fourier transform
base system. This allows for an increase in the spectral resolution while maintaining a compact size
[29].

An echelle grating is a low groove density grating optimized such that it can be used at high
diffractive orders. The benefit of this grating for spectroscopy is that it keeps distinct wavebands
widely separated. This, however, comes at an increased possibility of desired wavelengths overlapping
when diffracted at such high angles. To counteract this, when being integrated into a spectrometer,
they are typically paired with a prism to separate the orders and/or a mechanical slit to filter out
orders which may be unnecessary. This ensures the desired operating potential of the device. Despite
these requirements spectrometers of this type can be compact, with high resolution and high data
acquisition speeds. They have been put to the test in the design and manufacturing of spaceborne
probes for the analysis of the planet Venus. This was combined with an acousto-optical tuneable filter
and aimed primarily at the infrared wavelength band [30]. A CAD representation of this system is

depicted below in Fig. 7.

Fig. 7. A CAD representation of an echelle grating based compact spectrometer device [30]. Primary components are detailed
along with the beam path where 7 is the echelle grating and 10 is the detector.
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There are further interferometer designs that can used in integrated spectrometers such as
the Mach-Zehnder interferometer. This is used to find a shift in the phase of two collimated light paths,
both originating from the same source, but where one is modulated by the sample being studied and

the other acts as a reference. A basic Mach-Zahnder is depicted in Fig. 8.

Detector 1

Mirror1 Detector 2

Sample[] \
Beam splitter 2

Laser source

) Mirror2
Beam splitter 1

Fig. 8. A basic Mach-Zahnder interferometers. Detailed in the laser source, the two beam splitter, mirrors and detectors, along
with position of the sample being studied.

The beam paths, one modulated via the studied sample and the other unaffected, are propagated
through opposing sides of a partially reflecting surface (in Fig. 8 this takes the form of a beam splitter).
Both beams interact forming an interference pattern at the two surfaces, leaving two signals and thus
two detection points. When two detectors are placed on either side of the partially reflecting surface
- one detector will detect the constructive interference, while other receives destructive. In the latter
case, in a scenario with no sample there will be a zero signal. This relatively simple layout is ideal for
integrated spectrometer designs, with its limited number of components, requiring two mirrors and
two beam splitter. Mach-Zehnder interferometers have also been manufactured using waveguide
arrays. This is a highly space efficient method of manufacturing this spectrometer, making it ideal for
lab-on-chip applications requiring arrays interferometers on a single device. This has been put to use
in the manufacture of a spectrometer array with resolutions of 0.025 nm as well as increased optical
throughput [31]. This was shown for water vapour mid-IR spectroscopy, with Fourier transform
analytical methods.

Arrays of waveguides can also be used to create an integrated form of an Echelle grating.
Typically called arrayed waveguide gratings (AWGs) these devices operate by coupling a broadband

light source into a set of single mode optical waveguides. Each of the optical waveguides have a
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different length and therefor applies a wavelength-dependent phase shift that acts as a higher-order
diffraction grating. Individual wavelength can then be imaged directly or coupled into further optical
waveguides. It has the advantage of low cross talk between the fibres and has many application fields

such as astronomical spectroscopy [32]. Fig. 9 is an image such a device taken from a 2017 publication.

Fig. 9. A schematic of a AWG device taken from a publication [32]. Shown is the array of waveguides itself, as well as the
input and output couplers. Contained also as close up images of these features.

AWGs have been combined with photonic lanterns, a photonic device which can couple light
between single-mode and multi-mode optical fibres. These device in combination have been used to
make the PIMM device — photonic integrated multimode microspectrograph [33]. This proposed
device acts as a small-scale spectrometer whose function is independent of the telescope used to
source the input light. The design also open avenues for situation specific modification and allows for

complex astronomical measurements with lower cost and space restrictions.

1.5 The Aim and Motivation behind this project
1.5.1 Proposed design

This project proposes to develop a Czerny-Turner type spectrometer manufactured from a single
monolithic fused silica glass sample. The Czerny-Turner is a monochromator architecture and is
commonly used in spectrographs as a way of dispersing polychromatic light. This design typically
includes two curved reflecting surfaces and a diffraction grating [34]. The basic form of such a

spectrometer is depicted in Fig. 10.
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Focusing mirror

Collimating mirror

Diffraction grating

Sensor array

Light source
Fig. 10. The basic layout of Czerny-Turner spectrometer. Key components are depict including: a light source, the collimating
mirror, a diffraction grating, the focusing mirror, and a sensor array.

The layout is very versatile, the use of two mirrors allowing a second set of x, y, z, and tip-tilt steering
as well as beam expanding and focusing qualities. The components can also be orientated in a range
of different ways, assuming the alignment is maintained. This makes the spectrometer well suited for
applications where space is at a premium, with the caveat that the components must be correctly
selected and aligned. Alignment can be challenging with added degree of freedom making alignment
relative to the diffraction object more complex. This can also be compound if the device requires
regular realignment, otherwise more cost and testing would be needed to sufficiently shock resist the
device. These drawbacks are counteracted with a monolithic design. With a sufficiently high-quality
design and simulation stage before manufacturing, the ideal spectrometer layout can be pre-
determined. Once a satisfactory design has been finalised the parameters — mirror curvature, grating
period, and their relative position to the input and output component — can then be recreated in the
chosen substrate using a computer-controlled manufacturing method. From there, alignment is then
static with instabilities in the system unable to misalign the optical components. The spectrometer
also benefits from the choice of substrate, in this case fused silica. Fused silica is highly chemically
resistant when pristine (unaffected by any form of modification) while also being highly transmissive.
Fig. 11 shows the proposed Czerny-Turner spectrometer design; both the ray diagram produced by
Dr. Calum Ross in the Zemax ray tracing software, and a schematic diagram detailing the important

components.
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Fig. 11. a) Ray diagram of the proposed monolithic Czerny-Turner spectrometer produced in Zemax by Dr. Calum Ross.
Detailed following the source is the collimating curved mirror M1, the Grating plane, the focusing curved mirror, and finally
the image plane. b) Schematic diagram of the proposed monolithic spectrometer with a more detailed description of the
individual components. This included a fibre slot for coupling of source light, a volume Bragg grating (VBG) in the grating
plane, and a sensor in the image plane.

Fig. 11. b) details an important aspect of the design - a fibre slot. This slot allows for the passive
alignment of an optical fibre for the coupling of an exterior source light. The slot/source in a) is
followed by a first mirrored surface M1. The curvature of this is such that the source light is collimated
and directed to the grating plane. In the Grating Plane a Volume Bragg grating (VBG) will act as the
diffractive element. VBGs will be detailed later in this project, but in short, the extra parameters
provided by the VBG will allow more control over the desired wavelength response and diffraction
order position. This is followed by M2 a curved mirror used to focus the diffraction light into the Image
Plane. The Image Plane itself is where a sensor or camera will be placed to study the diffracted light.
There are many microfabrication methods that can build such a device, however ultrafast
laser inscription is an attractive choice. This method allows volumes within a transparent medium to
be molecularly modified, while leaving the surround material pristine. The modification also has
tuneable effects; low power can produce a permanent refractive index change, while higher power
can make the structure of the substrate more susceptible to selective chemical wet etching. By
combining these processes, most of the components in the proposed device can be manufactured
with any exterior component, optical fibre and sensor, being passively aligned to the device. Selective
chemical etching can be used to create curved surfaces for the mirrors, as well as the fibre slot. The
mirror will, however, most likely need to be metal coated to ensure high reflectance. The pure
modification mechanism can then be used to generate a VBG. The present design uses a sample

50 mm x 50 mm x 0.5 mm fused silica sample, with a VBG designed for the visible light spectrum.
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With such specific requirements, the current standard of the ULl writing system was not
suitable enough and such most of the focus of this project is on the development of further
advancements to the conventional writing system. The added flexibility presented here resulted in
significant progress towards this proposed design, as well as allowing more usability from the ULl in

general, contributing to other projects.
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2. In-volume modification of dielectrics using ultrafast laser pulses
2.1. A history of in-volume modification
2.1.1. Introduction

With the rise of complex photonic applications, there is a need for a method of bespoke manufacturing
within transparent materials — a fabrication method that does not require glass grinding or machine
shaping while maintaining the optical qualities of the material is in high demand. Such a method would
need to be flexible, cost-effective, and would allow for a wide range of transparent materials to be
processed. Due to this demand, progress in this area has been steady over the last few decades, driven
by the availability of high-power laser sources. Such sources are required due to transparent material’s
large bandgap, where lower energy sources simply propagates through the material. The early stage
of in-volume modification made use of the rapid development field of lasers while latter iterations
took advantage of cutting-edge pulsed sources, however, it began with high-energy UV light sources.

2.1.2. UV base material modification

Early photolithographic techniques to overcome the large bandgap of transparent material used high-
energy nanosecond pulsed UV light and photosensitive materials. With this technique, the UV light
energy is larger than the bandgap, enabling absorption of light and therefore a permanent
modification, however, this cannot be achieved with all transparent substrates. This method requires
the use of photosensitive materials. These are typically doped glasses or polymers, with some
materials requiring heating after exposure to fully develop the modification [35]. When the conditions
for modification are achieved there is a permanent structural change in the material — these can be
observed as refractive index changes, structure damage, densification, or nano-crystalization,
depending up on the substrates and pulse energies used [36].

When the exposure parameters are appropriately tuned to induce a material change, UV light
illumination has been used to micro-fabrication several different types of photonics devices. An early
example was the manufacture of reflective filters within the core of silica optical fibres [37]. An Argon

laser was focused into the Ge-doped core of an optical fibre.
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Fig. 12. A schematic diagram of the Argon laser testing setup, used to measure the effectiveness of the reflector. Detailing
primary components, taken with permission from the publication by K. O. Hill et. al [37].

When the light, focused through the fibre, interacted with the doped core it resulted in a positive
refractive index change - which, when coupled into both ends of the fibre generated an interference
pattern that forms the periodic refractive index change. This example provided a high-resolution
wavelength filter, ideal for high-capacity wavelength-multiplexing commonly found in communication
systems. The system used to test the performance is depicted in Fig. 12, taken directly from the
publication.

As this method developed, beam shaping was added into the inscription system, which allow
further complexity to the inscribed structures. One interesting example used a photolithographically
imprinted phase mask, applying technique called side illumination, which generated a binary structure
made from monolithic silica glass. The grating is designed such that the light pattern formed in the
material has a periodicity of the desired final Bragg grating, which was imprinted, again, in the core of
an optical fibre. Fig. 13 depicts this process, showing a UV light order diffracted by the phase mask

and how the overlapping diffracted orders interact with the dope fibre core.
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Fig. 13. A schematic diagram of the phase mask writing systems, detailing the incident UV light, the grating, and the diffracted
order. Shown also is the optical fibre and the fridges that interact to form the material modification [38].

When the UV source is diffracted by the phase mask and orders interacted with the core of the optical
fibre, the interference pattern that is formed imprints the Bragg grating [38]. The addition of such a
phase mask allows for added repeatability as well as fine-tuning of the desired parameters prior to
the imprinting process. However, they do require a large diameter beam to fabricate large structures,
or else the material must be translated through interference pattern. While it has it a wide range of
uses, UV material modification does have its limitation — it can only manufacture within photosensitive
materials regardless of whether the device requires a phase mask or not. For similar reasons, only
high-energy UV sources can also be used. This is a major limit to the possible applications of such
manufactured devices. However, many of the steps and techniques present in these and other
examples do set a standard for what the preceding process and systems will need to be capable of.

2.1.2. Development of high peak power pulsed laser sources

To fabricate structures using sub-bandgap radiation it is necessary to exploit nonlinear absorption
processes. This in turn required the use of pulsed lasers, which can deliver the required peak powers.
For example, when an ultrafast laser pulse is focused inside a transparent material, the peak electric
field strength can equal or exceed the electric field that binds valence electrons to atoms or molecules.
To enable such high electric fields, a new source of high-energy pulsed light was required. In the case
of UV modification, for example, nano-second pulsed laser systems were selected because of the

higher peak power when compared to continuous wave sources. However, with limited peak powers,
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these examples compensate with certain wavelengths of light and the materials selection, restricted
to those that are optically sensitive. To achieve modification in arbitrary transparent materials a new
method of pulse generation was required.

As new methods of laser pulse generation have become widely available, pulsed systems have
become common in laboratories with many uses in contemporary physics, surpassing continuous
wave (CW) systems in some lab scenarios. A CW laser is a laser that produces a continuous stream of
photons, generating a continuous light wave. In general, the average power achievable from a CW
lasers does not allow us to access nonlinear light-matter interaction regimes, restricting their use in
material processing and preventing their use for in volume modification. The solution is to use pulsed
laser systems, which generate of a series of discrete pulses with higher peak power than a CW laser
that emits the same average power. These pulses come in a series of intervals called the repetition
rate and span a period called the pulse duration. These two parameters, when tuned appropriately,
can be used to get specific light-matter interactions, and can be generated is a range of different ways.

A basic form of pulse generation developed in the 1960s was Q-switching, which is capable of
nanosecond pulse durations [39]. The pulse is generated via an intra-cavity component which reduces
the quality factor of the cavity while the gain medium is being pumped. This causes energy to build up
in the laser gain medium. Once the gain medium becomes saturated, the cavity switches to a high Q
state and produces a high energy light pulse. The light is typically low repetition rate with long pulse
durations however the nanosecond range pulse duration does limit the available pulse energies to
produce nonlinear absorption effects. Shorter pulses, from picoseconds to femtoseconds, require the
use of the mode-locking technique, which was introduced shortly before the 1970s [40]. This method
is more complex and relies on coherently adding multiple longitudinal modes with fixed phase
differences within the laser cavity to synthesize a short pulse. Mode-locking can be enabled using
passive or active techniques, using different forms of saturable absorber or an external modulator

device. While this method can generate femtosecond pulses necessary to enable peak powers that
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can in principle drive nonlinear absorption mechanisms, it does however lack the appropriate pulse
peak power to drive the bridging of large bandgap materials such as fused silica.

The peak power that was achievable with femtosecond pulse systems remained capped until
the 1980s, when chirped pulse-amplification (CPA) was developed [41]. This Nobel Prize winning
process involves first stretching a short laser pulse via a highly dispersive optical element, typically
achieving the stretching via a diffraction grating, prisms, or long optical fibres [42]. The pulses then
pass into an amplifying medium where the energy of the pulse is increased. After amplification, the
pulse is compressed using a pair of diffraction gratings or similar. These steps can achieve ultrafast
pulse durations with high peak powers, reaching the gigawatt, terawatt and even petawatt range.
With CPA, the appropriate combination of high peak power and short pulse duration allow for in
volume modification of traditionally non-photo sensitive high-bandgap materials such as fused silica.
Despite being cutting edge, many of the principles used for UV modification do still apply for ultrafast
laser system and will be the focus of the following sections.

2.1.3. In volume ultrafast laser modification

With the development of CPA, a range of new materials were available for in volume modification.
Much like with UV based modification a cylindrical lens and phase mask system can be used to inscribe
periodic structures. Such a method has been used to inscribe Bragg reflectors in optical fibres and

volume Bragg gratings in bulk fused silica [9,10]. Fig. 14 is a schematic of such a writing system.
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Fig. 14. A schematic diagram of the cylindrical lens and phase mask base writing system using an ultrafast laser source. The
primary optical components have been detailed, and the position of modification highlighted in yellow.
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Figure 14 details the main components of a cylindrical lens and phase mask based writing system. In
this example a volume Bragg grating is being manufacture in a monolithic substrate. Material is first
modified along the y axis by translating the sample through the beam. Depth can then be added to
the VBG by adding a further layer of modification along the z axis.

While the cylindrical lens and phase mask system can be a highly effective method of
fabrication, it is highly dependent on qualities of the phase mask. To remove this dependency, direct
laser writing was chosen for this project. This approach involves focusing ultrafast laser pulses directly
in a substrate via a compound objective lens, with the focal volume determined by the parameters of
the objective in combination with the properties of the laser pulse. This system benefits from the
greater control of the peak power distribution within the focus volume. Furthermore, the tight focus
enabled by the use of a high NA objective lens can provide in-volume modification with higher spatial
resolution. However, this approach does require the use of computer controlled 3-dimensional
translation stages, with a detailed understating of its operation and limits to allow for the inscription
of arbitrary structures. Fig. 15 is a schematic of the basic operation of this system.
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Fig. 15. A schematic diagram of the objective based writing system, detailing the writing objective, the translation direction,
and the point of material modification (highlighted in yellow).

Figure 15 depicts how an ultrafast laser focused can be focused into a substrate material using a
microscope objective lens to drive nonlinear absorption in the focal volume. The inscription
“direction” is also indicated in the figure, which represents the direction that the substrate is moved

during the inscription process. There is of course a lot more to discuss regarding direct laser writing
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(also called ultrafast microfabrication or ultrafast laser inscription or ULI) which will be covered as this
thesis continues. The focus of the following sections is to layout the current standard of ULI, both the
system’s setup and the different applications devices manufactured from such as system can be

applied to.

2.2 The basic experimental setup

There is a set of key components which are required to make up the current standard of ultrafast laser
fabrication systems. The first component is the choice of ultrafast laser source. As CPA has become
widely adopted there are many different possible laser systems to choose from. For the work outlined
in this thesis, we chose to work with the 1030 nm light generated by a Light Conversion Pharos laser
system. The Pharos is a Yb:tungstate regenerative amplified system that is ideally suited for this device
fabrication due to the highly adaptable laser output — enabling the laser parameters to be tuned to
suit a particular applications. The pulse duration can be varied from ~185 fs to ~5 ps, well within the
boundaries required to drive nonlinear absorption and allowing for fine tuning of the desired response
with the material. This is assisted by the wide range of possible repetition rates spanning from 1 MHz
to single pulse. Finally, the systems exhibit a maximum output power of 10 W, allowing for power to
be lost as the beam propagates through the other components in the system. Fig. 16 shows the

standard components which then follow the laser source.
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Fig. 16. A schematic diagram of the current standard of ultrafast laser microfabrication system. The ultrafast laser system
depicted was the Light Conversions Pharos. This is followed by Power control provided by a polarising beam splitter (PBS) and
a half-waveplate (HWP). Following this is Polarization control provided by another HWP and a quarter-waveplate (QWP).
Finally there is the final writing objective. The objective leads to a sample mounted onto a 3-axis motion control translation
stage. C1is a camera arranged such that it captures light reflected off the sample, allowing for it to be position appropriately.

The laser is followed by power control and polarization control systems. This is necessary to ensure
that changes in power and polarisation can be controlled and synchronised via the same software
which drives the motion of the translation stage. For our purposes, the laser power on the substrate
was controlled via a half-waveplate (HWP) and a polarising beam splitter (PBS). This was then followed
by polarization control via another half-waveplate and a quarter-waveplate. There will be some loss
of laser light associated with these components, but the amount of loss is not critical due to the high
output power available from the Pharos laser. The final optical component is the objective lens which
is used to focus the laser light into the substrate material. Appropriate selection of this lens is crucial
to the operation of the ultrafast laser inscription system. The parameters of the objective lens, such
as its NA, focal length, and working distance, have a considerable effect on the flexibility of the system
and will be covered in a further section. By mounting the substrate material on a set of high-quality
translation stages, near-arbitrary shaped modified regions can be inscribed within the substrate. The
positioning of the substrate can be monitored using the camera C1, allowing for the sample to be
position appropriately before the inscription is initiated. Many of the key parameters are set by the
laser and can be used to change the extent of the light-matter interaction, which is key to the nonlinear

absorption effects.
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2.3 The physics of ultrafast laser inscription (ULI)
2.3.1 Light-matter interactions

As outlined in Section 1.1, if light of a sufficiently energetic wavelength interacts with a material,
individual photons can excite electrons from the valance band to the conduction band. This is however
not possible for longer wavelength with their lower energies, as laser material processing relies on the
ability to induce the nonlinear absorption of light using high peak intensities. This can be enabled by
using ns, ps or fs pulses of light. If the irradiation of the substrate material is controlled appropriately,
nonlinear absorption can be utilised to induce a permanent in-volume modification to the structure
of a dielectric materials. A diagram showing the distinct interaction present when ultrafast light has
been focused are detailed in Fig. 17, recreated from a detailed review paper [45]. As shown in Figure
17 there are the interactions and mechanisms which need to take place for the material to result in

modification, the specifics will covered in detail on the following paragraphs.

Carrier excitation Absorption of photons
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Thermalisation Carrier-carrier scattering
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Thermal and Shock-wave emission
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Fig. 17. Detailed here are the individual mechanism which make up the nonlinear absorption process separated into carrier
excitation, thermalisation, and thermal and structural events. They are displayed with their approximate timescale plotted in
seconds with the approximate starting and end times of each sub-process [45].

When an ultrafast laser pulse of sufficiently high energy is focused into a dielectric material,
the carrier excitation stage of the process starts, beginning with the absorption of the incident photon.
The leading edge of the pulse can excite electrons from the top of the valance band to the bottom of
the conduction band through either multiphoton or tunnelling ionisation. These excited electrons then
have a continuum of unfilled energy states above them, and so can be further excited through linear
single photon absorption (Joule heating). Electrons in the conduction band continue to absorb light in

this manner until they have sufficient energy to impact ionise another electron residing at the top of
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the valence band — a process known as avalanche ionisation, which causes the density of the free
electron plasma to increase leading to the absorption of the remaining pulse energy. This leads to the
thermalisation step of the process, once optical energy has been deposited into the hot free electron
plasma, the energy is then thermalized across the carrier sub-system through carrier-carrier
scattering, and then deposited into the material lattice through carrier-phonon scattering. This is
followed by the start of the thermal and structural events. Several nanoseconds after the initial optical
exposure a pressure wave separates from the heated volume. Within a femtosecond of the pulse
entering the material the heated volume begins to cool. Once completed a denser volume will remain,
producing a permanent refractive index change. With a more energetic exposure the index change
will be replaced with either a volume of material with weakened molecular bonds, or in extreme case
a hollow volume. This process is highly parameter dependent where subtle changes in pulse energy
and pulse duration can result in different outcomes. While this may make the system difficult to
optimise, it does offer a very high level of flexibility. This flexibility greatly increases the range of
photonic components that can be manufactured, and therefore the applications to which ultrafast
laser inscription it can be applied to.

2.3.2 Key material modifications in silica glass and their manifestations

If structural modifications are inscribed using pulse energies only slightly above the threshold for
nonlinear absorption and pulse durations below ~200 fs it is possible to induce a smoothly varying
structural modification which manifests itself through a smoothly varying refractive index change. In
silica glass, the maximum refractive index change that can be induced is ~0.5% [46]. Volumes of index
change can then be combined to form channels that act as optical waveguides or Bragg gratings.

If the pulse energy or pulse duration is increased beyond that required to induce a smoothly
varying structural modification, it is possible to enter a regime where the structural modification
involves the creation of periodic sub-wavelength nanogratings. These self-organising periodic
nanogratings form perpendicular to the polarisation of the writing beam. This is due to the formation

of a disk-shaped plasma volume created by the optical field enhancement within the material,
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deforming the normally spherical or elliptical optical volume. The periodicity, as well as the
consistency, of the structure is typically dictated by the number of pulse incident on the materials
volume. Similar nanogratings have been formed in several doped borosilicate glasses and sapphire but
have been studied extensively in Fused silica. These structures manifest themselves through form
birefringence, which can be used for a variety of applications, including the creation of novel types of
waveplate and data storage. One particularly useful manifestation is the increased susceptibility to
chemical etching, which can be used to create a large variety of functional components e.g.,
microfluidics, micromechanics and micro-optics.

If the laser pulse energy is increased beyond that required for nanograting formation, it is
possible to create a small micro-explosion, where hot material is driven into the cool surrounding
material, leaving behind a micro-void, which again can be used for applications such as volume
gratings and optical storage. Beyond just the pulse duration and energy, there are many parameters
which can be tuned to arrive at the desired modification type, volume of modification, and so on. Each
variable including a review of pulse duration will be briefly discussed in the following.

2.3.3 The ULl parameters and the roles they play
2.3.3.1 Laser wavelength

In-volume processing of dielectric materials requires the use of sub-bandgap wavelengths. The
available wavelengths for ultrafast laser microfabrication are generally limited by the laser sources
that are available from commercial ultrafast laser systems that supply pJ level pulse energies. There
is however a relatively subtle effect on the writing ability for a given wavelength. While there is very
little difference in the quality of the modification when all parameters are the same, there can be a
changing in the threshold energy required to bridge the band gap in certain materials. Therefore, the
selection of wavelength is dependent upon the flexibility of the prospective laser system. Different
wavelengths will require different peak pulse energies - this will also change depending upon the band
gap of the selected material. Furthermore, different wavelengths have different diffraction and
absorption characteristics, and where certain wavelength will fail to reach of suitable compact enough

focal region for some writing application. For this case, using fused silica, near-IR was an ideal choice.
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2.3.3.2 Laser polarisation

The selection of polarisation is dependent upon the application — specifically when writing structures
to be chemically etched. In that case it is important to have the laser polarisation to be perpendicular
to the direction the sample is being translated in. This ensures the nanogratings, which are key to the
etching process, are appropriately aligned. When the nanogratings are aligned to ensure a cohesive
surface the finally surface will a higher surface quality. With structures inscribed in all three x-, y-, and
z-axis, it may be necessary to vary the polarisation arbitrarily. This requires a method of active
polarisation control, ensuring a constant level of modification. This is the primary reason the
polarisation control detailed in 2.2 is computer controlled. Being able to synchronise stage motion and
polarisation is a major advantage when inscribing complex structures.

2.3.3.3 Pulse energy

Pulse energy is one of the most important of the ultrafast laser inscription parameters, since small
changes to the pulse energy can drastically affect the type of material modification that is generated
in the focal volume. As discussed in section 2.3.2, when working with fused silica as a substrate
material, there are three main modification regimes, primarily determined by the pulse energy used.
If too low a pulse energy is used, the peak intensity in the focal volume will be too low to drive
nonlinear absorption processes. There will be no transfer of energy from the pulse to the material and
no modification to the material. If the pulse energy, and therefore the peak intensity, is only slightly
higher than that required to drive nonlinear absorption then the threshold then a smoothly varying
structural modification can be induced that exhibits a spatial scale that can be controlled via the lens
used to focus the pulse inside the material. This smoothly varying structural modification can manifest
itself through a positive change in refractive index, which can then be used to inscribe structures such
as optical waveguides. If the pulse energy is increased further, it is possible to inscribe structures that
contain nanogratings, that manifest themselves through changes in the chemical etch rate and
birefringence of the modified material. If the pulse energy is increased even further, the modification

can take the form of microvoids or cracks in the material.
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2.3.3.4 Pulse duration
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Fig. 18. A plot of pulse energy vs pulse duration detailing the transition zones between different modification regimes, regime
1, 2, and 3. Results were obtained with a fused silica sample [47].

The pulse duration can also be used, to some extent, to control the fabrication regime. As shown in
Fig. 18, for example, when using a pulse energy beyond 400 nl it is possible to transition from Regime
1 (the smoothly varying structural modification regime) to Regime 2 (the nanograting regime) and
then Regime 3 (disrupted modification regime) simply by increasing the pulse duration beyond
~200 fs. Much like all aspects of ULI, the parameters ideal for producing a certain outcome in a
particular glass or crystal substrate material do not always hold when using a different material. This
project will focus solely on fused silica, and as such the following sections will be discussing just this
glass. When inscribing below 190 fs, and with low pulse energies, the form of modification present in
fused silica is said to be in Regime 1. In this regime the modification is said to be ‘pure’, where the
laser exposed volume contains primarily refractive index modified material. This is the primary reason
for the strict pulse energy and pulse duration parameters, and why the Pharos system was selected.
This project worked in both regime 1 and 2, for the inscription of diffraction optics and channels for
selectively etching respectively.

2.3.3.5 Pulse repetition rate

The laser pulse repetition rate, or rep-rate, is the last key laser parameter. The rep-rate controls the
rate at which laser pulses are exposed to the material. Using a higher rep-rate laser allows the material
to be translated faster while delivering the same number of pulses per unit length, but the laser rep-
rate can also affect the type of modification that is induced in the material. This is because heat takes

a finite amount of time diffuse away from the focal volume. Since this time is of the order of 1 ps,
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incident pulses will arrive on cooler material if rep-rates below ~1 MHz are used, and hotter material
if rep-rates above ~1 MHz are used. Therefore, if lasers with sufficiently high rep-rate lasers are used,
this can drive the process of thermal accumulation, achieving substantially higher temperatures in the
focal region than can be achieved with single pulses of the same energy.

2.3.3.6 Focusing optics.

The objective lens used to focus the laser into the substrate controls the size and shape of the focal
volume, and such the spatial distribution of the induced modification. However, this distribution is
also strongly impacted by the pulse energy and pulse duration required to modify the substrate
material. The main properties of the objective are its working distance, numerical aperture (NA) and
throughput. When selecting an appropriate objective lens, a balance between each parameter is
required, as these parameters will impact the volume and the extent of modification in the material.
The throughput of the lens will affect the maximum amount of power that is available in the system,
while the NA will determine the shape of the focal volume. Working distance is also vital in this project,
where a longer working distance allowed for thicker substrate material to be used for different
applications. Inscribing deeper within a material does have its own limitations, caused by aberration
effects, which will become more relevant as the study continued.

2.3.3.7 Substrate translation velocity

If all other parameters are held constant, the substrate translation velocity effectively controls the
amount of modification that is induced in the material without changing the material modification
regime. When inscribing individual tracks, a slower substrate translation velocity can be used to induce
a higher index or material change, up to some maximum. Higher translation velocities can reduce
inscription time but will also lower extend of modification, meaning there is a limit on how fast you
can inscribe a certain structure.

2.3.3.8 Substrate material

In many cases the material will be determined by the application of the final device. Each material
requires an independent parameter study to find the ideal inscription parameters. This project solely

used fused silica glass, although extensive studies has been conducted on many glass and crystalline
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materials. Fused silica has broadband transmission (including the near- and mid IR regimes) and is
highly chemically resistant without reducing inscription and etching fidelity.

2.3.3.9 Substrate scanning strategy.

Ultrafast laser inscription can be used to inscribe near-arbitrary volumes of material modification
inside dielectric materials. To build-up these volumes requires the formation of multiple
laser-inscribed “tracks” layered together, inscribing the necessary surface or channel the devices or
structure requires. Thus, the substrate scanning strategy is an important consideration when

fabricating complex structures.

2.4 Applications of ultrafast laser inscription (ULI)
2.4.1 Refractive index modification
2.4.1.1 Optical waveguide inscription

As discussed earlier, optical waveguides are a basic building block of integrated photonic components
that can be manufactured using ULl and are some of the earliest examples of direct laser written
structures. The 1996 paper demonstrated tracks of modified material with an elliptical cross section
[48]. These were inscribed in a range of silicate glasses with an 810 nm femtosecond laser source,
using direct laser writing via an objective lens. The paper proposes the uses of these tracks for beam
guiding purpose, where the damaged region can confine and guide propagating light. This proposal
for direct laser written optical waveguide was developed further in 1998 where a similar laser system
was used to manufacture pure modification light guiding channels [49]. The publication shows optical
waveguide whose core diameter could be modulated via the input power, allowing for the inscription
of single and multimode waveguides.

By the mid-2010s, optical waveguide manufacture via ULl had development to the point
where they are now an emerging manufacturing technique for industrial applications. The different
types of waveguides that can be made are commonly split into three categories, which are
represented in the previous examples. Waveguides which guide light between pairs or arrays of

damaged material are called type Il and type lll respectively [50]. The advantage of this method is

44



diameter of the guiding cavity can be adjusted via the spacing of the damaged track. Type | refers to
waveguide written using pure modification, as demonstrated in the 1998 publication. The simplest
form of these produces a single mode optical waveguide. Fig. 19 depicts these three main types,
showing region of pure modification and material damage in pristine material. The light guiding

cavities of type Il and type Ill waveguides are also marked [49].
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Fig. 19. A sketch of the three standardised waveguide types. Type I: pure modification, type Il: two parallel lines of damaged
material with the guiding cavity in the centre, type lll: an array of damaged material forming the light guiding cavity.

A further advancement to this method is the manufacture of multimode waveguides. These
can be made by writing multiple tracks within close proximity, a process called multiscan [51]. This
does come with its own limitations - requiring multiple identical tracks means an increase in
manufacturing time. To reduce this inscription time beam shaping has been used elongate the focal
volume in one axis. By constraining the beam via a mechanical or digital slit multimode waveguide can
be writing as few as one track of modified material [52].

Along with the singlemode and multimode guiding structures the inscribed tracks can also be
used for evanescent field coupling. When two ULI written waveguides are written close to one another
there is a level of cross coupling, the magnitude of which can be precisely controlled via the interaction
length and waveguide-to-waveguide separation [53].

A further example of optical waveguide-based structures that can be manufactured using
ultrafast laser inscription is a 3-dimensional optical reformatters. One particular example here is 3D
‘fan-outs’ which reformat optical signals, for example from a multicore fibre, into a linear array for
coupling to a standard photonic integrated circuit. One recent devices involved a ULl written fan-out
that could reformat light from a 121 core multicore fibre and separating it out into a defined pattern.

This device exhibited an insertion loss of around 1.7 dB [54]. Another example of a ULI fabricated
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optical reformatter is “integrated photonic lanterns”. A photonic lantern is a device which takes a
multimode source and redistributes it across a series of single mode waveguides. [55].

Applications for ULl fabricated waveguides extend well beyond optical reformatters. The wide
range of materials that ULI can be used in allows specialised dope glasses and crystal to be applied to
certain applications. This has uses in waveguide optical amplifiers. By laser writing a waveguide into
an optically active gain material, it can increase the output of a laser coupled into the materials. For
example, using Er-doped GeGaS glass shows a net gain of 16 dB [56]. With appropriate development
and coupling such a device can make for a compact and efficient alternative to other methods of
optical amplification.

ULl can also be used to fabricate waveguide lasers. This is a major benefit for solid state laser
systems. A solid-state laser typically uses a solid gain medium such as a crystal line or doped glass
substrate, in contrast to other laser systems which use gases or liquids (there are also optical fibre
based solid state lasers). Typically, these types of lasers involve the imbedding of a waveguide within
a section of gain medium. The gain medium is then inserted into an optical cavity and coupled into
some form of pump - in many examples this is a diode laser. If appropriately developed, this approach
results in a high power single mode laser, which is compact and rugged [57]. Common lithographic
techniques can be used to manufacture such gain mediums, however ULl is well suited this to
application — allowing for modification of bulk materials.

2.4.1.2 Diffractive structures

Light guiding structures are not the sole use of ULI, it can be used to manufacture a wide range of
diffractive optics. Making use of the refractive index change, ULI can be used to write a series of lines
parallel to each other. When incident light interacts with these lines it diffracts, in a manner like the
way light diffracts from gratings made using lithographic techniques or even by simply scoring a metal
surface. The grating parameters can be tuned by varying the spatial dimensions, but also the ULI
parameters. The most common type of ULl fabricated gratings is the transmissive grating, which is

fabricated by writing lines of index modification within the volume of a material. Light passes through
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the glass, where it is then scattered when it encounters the modified regions. At normal incidence the
diffraction pattern will be as expected with a monochromatic source: producing spaced orders with
decreasing power distribution leaving from the central 0™ order. However, when a tilt is applied to
the grating, the power distribution across the diffracted orders can be changed - this is called applying
a blaze or simply a blazed grating. This is used to direct more power into a specific order. The
application of these gratings is relevant to the project and will be covered in more detail as the thesis
progresses. Of course, with such a versatile manufacturing system many different grating types can
be manufactured, in particular Volume Bragg gratings (VBG), a device that benefits from ULI. A VBG is
a grating which spans a volume within a substrate, containing not only a period of parallel lines of
modification but also a significant thickness of the grating spanning perpendicular to the lines’ writing
direction. This added parameter gives VBGs a level of flexibility in terms of the wavelength response
that can be encoded into the grating. ULI’s advantage here is that the process will result in an
embedded grating while maintaining the pristine nature of the surrounding material. The computer-
controlled precision of the ULl system is also an advantage when tuning the response of a 3-
dimensional device.

2.4.1.3 Optical storage

In the current digital world, there is a need for more forms of data storage. By using ULI, high capacity,
low energy, and long lifetime optical storage devices can be manufactured. The first approach here
used ULl and higher energy pulses to form voids within a material. The position of voids in the material
in effect form the binary digits from which data can be written and read. There can be many different
ways to read the inscribed data: one foundational example uses the Nomarski differential interference
contrast laser microscope [58]. Optical storage devices using voids can be very data dense and can use
the material’s inherent resistance to decay to store the data over long periods of time. Further
development from this involves using more complex written structures. Instead of individual voids,
shapes with a defined direction can be inscribed: this give a further dimension in which to store data

which can further increase the storage density [59].
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Recent progress in optical storage device from Microsoft has shown the use of nanograting
instead of material voids can further increase the storage capacity. Current examples show evidence
of a 5-dimensional storage solution where data is encoded via layers of ULl inscribed nanogratings,
the birefringence of which encodes the stored data. The data can then be read by studying the
polarisation angle change and retardance that nanograting applies to an interrogation beam [60]. This
method of data storage is proposed as a low cost and stable form of cloud storage.

2.4.2 Selective chemical etching
2.4.2.1 Introduction

Selective chemical etching has just as many applications as refractive index change and has been used
to manufacture a wide range of optical devices. Individual tracks or arbitrary shaped surfaces can be
inscribed and etched. A basic demonstration of chemical etching capabilities is using it to dice material
or to produce a hollow channel. The former case is depicted in Fig 19 as Set 1, where 1(a) shows the
modified material, (b) shows the void produced during the chemical etching process and, (c) shows
the final sample split in two. Set 2 in Fig. 20 shows the steps for a channel along the axial extent of the
beams focus, with modified ring marked out in (a), (b) shows the void created during the etching and

(c) shows the final channel.

b)
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Fig. 20. 1: dicing of a substrate using chemical etching assisted ultrafast laser inscription. Detailing steps — a) the initial
modified regions, b) the modified region being removed via the chemical etchant, and c) the final outcome with the sample
diced into separated section. 2: the removal of material from a sample producing a hollow channel. Detailing steps — a) the
initial modified regions, b) the modified region being removed via the chemical etchant, and c) the final outcome with a hollow
channel etched into the substrate and the cylinder of removed material.

As Fig 20 demonstrates, the shape and position of the modified regions has a major effect on the

outcome of the etched material. The choice of chemical etchant also has a considerable effect on the
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selectivity of the etching - the ratio of etched pristine and modified material. The chemicals range
from bases to acids, diluted and heated and is typically selected based of the sample being etched.
For fused silica, hydrofluoric acid (HF) was originally used as an etchant, although its use within the
field has gradually been replaced by potassium hydroxide (KOH), which not only provides higher
selectivity, but is also significantly safer to use [61]. For other examples, such as crystalline materials,
H.0, and NH4OH mixtures have produced high selectivity results [62]. This project was primarily
focused on fused silica and KOH: the particular temperatures and dilutions, as well the goals of the
study will be detailed in the relevant section.

2.4.2.2 Microfluidics

A basic application of chemical selective etching is that it allows the fabrication of hollow channels in
a bulk substrate. These channels are written much like pure modification tracks but with pulse
energies sufficient to alter the molecular structure such that the modified volume become susceptible
to chemical etching. While coming with their own challenges (such as over etching) these channels
have been applied in a wide range application and devices in particular microfluidics [63].

An interesting example is the use of micro fluid channels for 3D liquid mixers. These structures
would be difficult to fabricate without ULI, with channels written in different axes forming a series of
interconnected cells. The orientation of these channels allows liquids to flow together and passively
mix, giving result far beyond what is achievable with a one dimension mixers [64].

Microfluidic channels can also be used in lab-on-chip devices, specifically for analysis or
spectrographic purposes. The main advantage of a lab-on-chip structure is the system of liquid
separation and delivery can be designed in tandem with the spectrometer device, resulting a system
which requires less optical and fluidic alignment or mechanical assistance to function as desired.
Examples have such fluid channels paired with an AWG, and operate via measuring the chemical
fluorescence [65].

In a similar vein these channels have been used for cellular analysis. More specifically they

have been used to make a cell stretcher, where a microfluidic channel is flanked on both sides by
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optical waveguides. When a cell flows through the channel a laser coupled into the fibres traps the
cell. The force exerted upon the cell by the laser light can then be used to stretch or squeeze the cell.
This gives a viewing window to study in detail the cell with a certain level of control provided by tuning
the laser power. A particularly interesting example used this process to trap and stretch a red blood
cell, however data acquisition was limited due to the surface quality of the channel obscuring the view
to the cell [66]. Surface quality is a challenge associated with much of chemical etched device. Such a
device can be further augmented with different sensors and sorting channels for further application
specific readings.

In a similar fashion these channels have been used as part of a selective plane illumination
microscopy (SPIM) on-a-chip device. SPIM is a measurement technique with high spatiotemporal
resolution. It uses a side mounted light source to illuminate a single section of a biological sample.
Then by scanning this light up and down this sample a series of image sheets of different cross sections
can be acquired. This is a typically fast microscopy technique which reduces the possibility of photo-
damage, meaning living samples can be studied. The ULl written device contains an input and output
tube. This is used to ‘flow’ sample within the field of view of the microscope. There is also a slot for a
passively aligned optical fibre, in front of which a cavity acts as a focusing objective and can be filled
or empty with differing refractive indexed liquids. This cavity is arranged so that it creates the light
sheet to cross-section the samples as they pass through the objective’s field of view. The main
advantage of this design is that its small size and portable nature allows for any standard fluorescence
microscope to be converted into a SPIM system [67].

2.4.2.2 Micro-optics

Ultrafast microfabrication assisted chemical etching has further uses: when volumes of modified
materials are stacked together they can be used to manufacture whole surfaces. A simple example
involves individual tracks the width of a glass sample stacked together which when etched will in effect
dice the material. With correct motion and polarization control the same technique can be used to

make arbitrarily shaped surfaces including spherical and hemi spherical shapes. These types of
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surfaces are useful for the manufacturing of microlenses. A particular focus has been microlens arrays,
a periodic structure of identical lenses used in small scale applications. These are used in devices such
as projectors, cameras, medical instruments, and applied in fields such as optical communications.
One method of making such an array involves inscribing a grid into a glass sample. When chemically
etched the gridlines will etch faster than the pristine material between the gridlines. Because of this
there will be a gradient of etched material, consistent across the entirety of the sample. The resulting
material pattern will depending upon this grid - it can be a series of pyramid shapes, but can be
hemispherical or asymmetrical [68]. This can help produce rapid prototypes for testing, with the pulse
energy affecting the etch rate and therefore the final shape. The only possible issue would be selecting
the ideal pulse energy and etchant: the chemical, as well as the temperature, etching time, and the
dilution.

Similarly, such design principles have been used for small scale optical devices for in vivo
medical imaging. One interesting design is for a microfiber Raman probe. In many ways it
demonstrates many of the relevant design principles that were vital to this project. The probe is made
of two separate parts which are joined together using UV curing glue. One is a cylinder which contains
passively aligned fibre slots aligned to an array of lenses formed into a ‘flower petal’ shape. The second
part contains a focusing object with one large convex focusing surface [69]. When both probe parts
are combined the final device has a sub-millimetre length and diameter, making it ideal for attaching
to the current standard of medical imaging endoscopes. The main issues regarding this device - and
why it is relevant to section further on in this write up - is the manufacturing times. The curved surface
of the cylinder requires layers of modification to be stacked, which greatly increases the
manufacturing time. This is an issue that ULl device fabrication struggles with and often holds the
system back from mass production applications. Long manufacturing time can also lead to instabilities
in the laser or optical system. When the laboratory cools or heats during evenings and mornings, the

consistency of the laser writing can be negatively affect typically through things such as shifting in
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optical alignment. An example of this temperature change within this project ULl laboratory was

captured by Dr. David MacLachlan over a period of 20 hours and is plotted in figure 21.
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Fig. 21. Plot of the temperature change in degrees Celsius over the course of 20 hour for two sensors in the ULl laboratory.

The plot shows a change in the ambient temperature over time. It also shows that, with two separate
temperature 1 and 2 in blue and red respectively, there was also a temperature gradient within the
lab. This gave a very general overview of the temperature change over a single day, but not over a
longer period or the temperature change on key components.

This project focuses on optical components, but ULl is of course not exclusive to photonic
devices. It can also be used for mechanical devices and due to the high precision, it offers it can be a
very effective method. A good example is the displacement measuring device developed by Bellouard
et el which is partially photonic and inscribed into fused silica [70]. Large volumes of a substrate are
removed via the ULI process leaving thin but flexible fixtures. With an appropriate amount of these
“flexures” attached to a single slab of materials, the slab can be moved back and forth, returning to
an equilibrium position due to the elasticity of the flexures. One end of the slab has an array of
waveguides with varying throughputs, while the other end extends outside the device where it can be
moved by an exterior source. When the slab is moved the waveguide array will move across the path
of another pair of waveguides. This means the light traveling through the second waveguide set will
be modulated as the displacement changes. By recording this modulated light the displacement of the
slab can be calculated [70]. The main advantage of this silica device is that it can be used in
environments where standard electronics may negatively affect, such as areas with a high EM field.

With this foundation of knowledge, the key investigations of the project can be introduced.

The focus will be on the limitations in the current standard of ULl systems, how they will affect the
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manufacturing of the spectrometer device, and what solutions to these problems can be applied to

the system.
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3. SLM-enabled focal elongation for reduced manufacturing times
3.1. Introduction to ULI manufacturing times.

The process of ULl enables the manufacturing of precision glass components ranging in scale from um
to mm, and cm in some cases. However, even for small structures, the manufacturing time can be in
the scale of hours or even days. This is due to a multitude of factors ranging from the mechanical
limitation of translation stages to the limitation of the available laser source, but the primary limitation
comes from the complexity of the structure and the small focal volumes of the inscription laser. With
a focal volume of a few microns in dimensions, it takes time to manufacture a larger-scale structure
or surface. Doing so requires layering together modified regions, which means as the size of the object
increases more regions need to be layered, leading to longer manufacturing times. Object size and
focal volume limitations will always be the biggest bottleneck when attempting to manufacture
devices in small time frames.

Single scan tracks of laser-modified material are typically the easiest and fastest structure to
inscribe. For tracks spanning to the edges of a sample, the substrate needs to begin some distance
away from the focus of the ultrafast laser system. This distance must be sufficiently long to allow the
stages to accelerate to the desired translation velocity, ensuring it remains consistent across the
breadth of the modified track. The same holds for the end of the track, as the translation stage requires
time to safely decelerate. This acceleration, or ramp rate, and the target translation velocity are set
within the stage translation control software, measured in mm/s? and mm/s respectively. The distance
preceding and following the desired track length is called the runoff and is measured in mm. This
requirement is true when using ULI for both pure refractive index modification and chemical etching-
rate enhancement applications. As an example, when writing tracks in this project for making VBGs, a
velocity of 4 mm/s gave the best modification results. For this, a ramp rate of 500 mm/s? over a
0.25 mm runoff was given on each end of the track. This was longer than the minimum needed but
ensured the stages could safely accelerate and deaccelerate while allowing the laser shutter to

complete opening or closing. If faster velocities or lower ramp rates are needed due to mechanical or
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optical constraints the runoff may require a more precise value. Of course, a single track can take a
very short amount of time to manufacture, in the region of seconds depending upon the size of the
track; however, this time increases when writing a structure with a larger number of modified tracks.
For a simple example, when writing multiscan waveguides, the manufacturing time will be increased
proportionally to the number of scans. It’s important to note that the time for a single track in this
case may also include both the fly back with the shutter closed and bringing the sample into a position
from another inscription run. A further complication can be added if the tracks are to be curved
because then the translation velocity and stage movements need to be synchronized in such a way as
to ensure a consistent arch.

Tracks, even when very long, curved, or combined, are often still on the shorter end of
manufacturing timescales, taking from seconds or minutes to several hours. The long manufacturing
times occur when writing complex surfaces and three-dimensional devices, which can take days of
continuous ULL. The repositioning can be more complex in these cases as well — either including a fly
back to the starting position then a change in the z-axis, or a change in the z-axis with the inscription
direction going in the reverse assuming the surface is being inscribed tangentially to the x- and y-
plane. The former is slower but will produce a smoother surface post-etch due to the consistent
alignment of the inscribed nanogratings, meanwhile, the latter is faster but with the alternating
nanograting orientations the surface quality is reduced. Larger surfaces also require more tracks with
the focal volume dictating the spatial separation between adjacent tracks and therefore the total
number of tracks. A longer distance will result in less track per surface but will affect the consistency
of material modification. If the separation between tracks is too large, there will no longer be a singular
surface, but individual tracks. The Optosigma objective selected for this project produces a focal
volume of ~1 um transversely and ~8.3 um axially which, depending upon the pulse energy, allows a
track separation of up to tens of um along the optical axis. If the inscribed surface is millimetres in size
it can take dozens of written tracks to complete the whole surface. This is further complicated when

attempting three-dimensional devices on the scale of mm or cm. Such large timescales may increase
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the risk of instabilities in the laser writing system, impacting the inscribed device. An inscription run
over days will have stability issues as buildings heat and cool as the day turns to night, shifting
optomechanics noticeably. These challenges will affect the fabrication of the monolithic spectrometer
when using the current standard of ULI systems.

In total the proposed integrated monolithic spectrometer device has four surfaces that
require chemical etching: two will act as mirrors and therefore need to be curved, one requires a slot
for passively aligned optical fibre, and the fourth surface will be the image plane. In addition to these
surfaces, the spectrometer also requires a VBG inscribed into the centre of the device. The surfaces
themselves may take up to an hour in total, but the VBG will take considerably more time. Work that
will be detailed in Chapter 4 showed volume Bragg gratings that were 3.5 mm by 3 mm by 0.1 mm
took ~12 hours to be fabricated. However, the spectrometer will require a larger grating 15 mm wide
and 100 um thick, spanning the sample's total z-axis depth of 500 um, note this axis is relative to both
the substrate and the translation stage, each axis is detailed in Fig. 22 — a CAD image of the writing

stages, the granite arch, platform and the breadboard.

Fig. 22. CAD image of the ULI writing stages produced in Autodesk inventor.

This VBG will require close to a week of continuous writing. For a prototype device, such a time scale
may be acceptable, even considering system stabilities. However, if these devices are to be mass

manufactured, the time must be dramatically reduced. With current “standard” ULl systems, there is
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very little room for optimization. This issue with long ULI manufacturing times is common for all other
devices but is a particular issue with the proposed spectrometer. A method of decreasing this
fabrication time is required. This would be advantageous for not just the spectrometer but would
allow for a wider range of device types to be manufactured using ULI.

The method proposed and implemented here for decreasing ULl fabrication times involves
controlling the shape of the writing laser’s focal volume, specifically, elongating it. Beam shaping is a
vast subject and will be touched on throughout this thesis. In this particular section, methods of
elongating the beam will be covered in detail. Beam elongation in this context means enlarging the
axial length of the focal volume while maintaining intensity above the modification threshold. This
would allow for a larger volume of the material to be modified at once, meaning fewer tracks per
surface, reducing the manufacturing time required. The method of achieving this elongated beam is
detailed in the resulting publication - reproduced in its entirety in appendix 8.1. However, beam
shaping and methods of doing so will be introduced first, as this step of the project was key not just

for beam elongation but for all results depicted within this thesis.

3.2 SLM-assisted beam shaping for enhanced ULI
3.2.1. The experimental approach

The beam shaping assisted laser writing system used to achieve the goal of increased manufacturing
speeds is depicted in Fig. 23 and makes use of an LCOS (liquid crystal on silicon) spatial light modulator
(SLM) to drive this beam shaping. Key components are detailed and separated into their spatial planes

on the optics table—x/yory/ z.
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Fig. 23. A schematic diagram of the beam shaping assisted ultrafast laser inscription setup. The new additions to the standard
setup are highlighted in the green boxes, including the beam expander, the SLM, and the 4f spatial filtering system. Noted in
the spatial filter system are the two Fourier transform lenses Ft1 and Ft2, the iris used to remove unneeded orders, and the
position 1st diffraction order. The grey dashed boxes separate sections of the system which are in different spatial planes,
these are the xy plane for the first section and yz plane for the second.

Shown are the same primary components that were included in the ULI system schematics in Chapter
1 - along with the additional components necessary for effective beam shaping. Immediately following
the Pharos and power control system is a beam expander. This is needed to expand the beam width
from 4.5 mm to 13.2 mm (measured at the 1/e? points of the intensity profile), slightly overfilling the
SLM’s 16 mm x 12 mm active area along one axis. The overall fill factor was ~71%. While the SLM’s
operation will be covered in detail in Section 3.2.2 it is important to note now that for ideal operation
the SLM must have an angle of incidence of around ~5.5° (with a total of ~11° field of view in front of
the SLM). This is to ensure the light interacts with the LCOS array as efficiently as possible.

Following the SLM was the 4f Fourier filter system. The operation of this set of components
will be covered in Section 3.2.3; however for now it is important to know that the system contained
two biconvex lenses which spanned the distance between the SLM and the final writing objective,
while also applying the appropriate demagnification to counteract the beam expander. The lenses
selected were: a 1000 mm focal length, 2-inch diameter lens (F:1) and a 400 mm focal length, 1-inch
diameter lens (F:2), both anti-reflection coated for near-IR light. The optics following the 4f system
depicted in the y / z plane in Fig. 23, as well as the translation stages themselves, were mounted on a
granite platform and arch. This along with the optical table added stability to the writing system. The

stages were mounted directly to the platform, while a breadboard was added to the arch for the
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mounting of optical components. Fig. 24 is a photograph of the stages, the granite platform and arch,

and the breadboard.

translation stages, and d) the sample mount.

The granite platform (a) measured 715 mm by 675 mm by 125 mm, depicted with the stages (c)
attached. On the stages was a sample mount d) where the substrate being inscribed was held. The
breadboard (b) measured 750 mm by 750 mm and had a cage system attached - this simplified the
alignment of any mounted optics. Mounted on the breadboard within the cage system in they / z
plane were the F:2 lens, the polarisation control system, and the final writing objective. There were
also three mirrors with low group delay dispersion dielectric laser line mirrors (042-1030, EKSMA
optics). The 4f spatial filtering system, including the SLM, was implemented between power and
polarisation control systems detailed in Section 2.2. This was due to the SLM’s horizontal polarisation
dependency. Horizontal in this case is said to be parallel to the optical table and is the polarisation
state outputted by the Pharos. The translation stages were controlled via a piece of software called
A3200 which runs off a proprietary scripting language called Aerobasic. An additional piece of coding

was required however to allow for control of the power and polarization control systems. This was
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written in C++ and allowed for the changing of power and polarisation to be synchronized with stage
movements. A similar script was used to control the SLM but this will be covered in Section 3.2.2.

For the most part, this system was consistent throughout the entirety of the project, with any
change being noted in the relevant sections. The main variable being tuned during the
experimentation phase was the laser’s parameters and the phase masks projected onto the SLM.
These masks were vital to the success of the project and this beam-shaping assisted system. The choice
of different phase masks applied and the reasons for this will be discussed in their own dedicated
section: in particular, this will detail the blazed grating which was required for an ideal operation of
the SLM.

3.2.2. Spatial-light-modulator
A Spatial Light Modulator (SLM) is an optical device that enables the amplitude and / or phase profile

of anincident light beam to be actively controlled [71]. Applying a spatial change to light is called beam
shaping and has a wide history in optics - in particular, laser microfabrication as detailed in Chapter 1
where fused silica diffraction gratings were used as a beam shaping phase mask [38]. The advantage
of an SLM over these methods is its digital nature which allows for active beam shaping with essential
arbitrary phase masks. SLMs come in several different forms with different methods of interacting
with light and ways of applying beam shaping. For our purposes, we chose to use an SLM technology
that imparts a computer controllable spatially varying phase profile — this is referred to as a phase-
only SLM [72]. This type of SLM applies a phase change in a pixelwise manner to the beam upon
reflecting off the active area of the SLM. The active area is the name given to the area that through
one means or another applies a phase change. The X13138 SLM chosen was manufactured by
Hamamatsu and used an electronically addressed LCOS (liquid crystal on silicon) array as the active
area [73]. This LCOS array had a resolution of 1280 pixels x 1024 pixels and a pitch of 12.5 um, and a
pixel bit-depth of 256. A photograph of the SLM as it was mounted for use in the ULl system is included

in Fig. 25.
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Fig. 25. A photograph of the Hamamastu pat:al Ilgh‘t modulator, mounted and positioned within the final beam shaping
assisted ULl system.

With correct calibrations, this SLM can allow for a peak phase delay of up to 2mt for 1030 nm. The
tuning of this delay is what allows for the phase control of the light. The liquid crystal molecules that
make up a single pixel of the SLM can have their physical orientation adjusted via a computer-
controlled electronic system, where the applied phase delay is related to this orientation. When light
passes through these orientation-shifted pixels the light has its phase component changed. With
appropriate coding this method can give fine control over the incident light phase, and therefore how
the light is shaped. This LCOS array is in front of an aluminium mirror, which sacrifices high power
reflection efficiency for broadband reflectivity. When a collimated beam is incident with the active
area the wavefront moves through the LCOS layer and is reflected off the aluminium mirror back
through the array: upon these interactions a phase change is applied to the beam. Figure 26 shows a
cross-section of the SLM’s active area, detailing the main components involved in this process.
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Fig. 26. A schematic cross-section of the active area of a LCOS (liquid crystal on silicon) SLM operation in the reflection mode.
Details included are the glass surface, followed by a transparent electrode layer which in tandem with the pixelised electrode
layer controls the orientation of the liquid crystal layer. Finally included is the aluminium mirror.
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There are many ways to control the LCOS array. For our purposes, rather than use low-level
programming, the SLM was coupled to a computer monitor with an identical resolution. When an
image was set as the desktop background of the PC - the same image was displayed on the SLM. This
means that the desktop background would need to be an image that contains the required phase
information which could produce the desired final beam shape. Such phase masks were generated
using Python or Matlab. Phase masks could be cycled through by using the translation stage software,
enabled by extension script written in C++. The masks themselves were greyscale 8-bit images with
256 grey-levels, whose distribution of pixel depths directly related to the applied phase change of the
SLM. An example of the masks used in this project are shown in figure 27, where a) is an example of a
flatness correction mask provided with the SLM, b) is a blaze diffraction grating in isolation (covered
in detail in Section 3.2.3), and c) is both combined and was used for ULI fabrication using a Gaussian
beam. This method of encoding the SLM was highly flexible and required an understanding of Fourier
optics to take full advantage of its beam shaping capabilities. Fourier analysis specifically will be a main

topic of discussion as this thesis continues.

0D

Fig. 27. A set of phase masks used to produce Gaussian beam laser writing with an SLM where: a) is the correction mask
packaged with the SLM and calibrated for 1030 nm, b) is a_blazed diffraction grating with 16 pixel per line for a density of
6.25 lines per millimetre (L/mm), and c) is the final phase mask of both a) and b) contribution combined.

There were many issues to consider when adding beam shaping to the current standard of ULI
system, with one issue related to the SLM itself. The LCOS array does not give 100% efficient phase
control, meaning a portion of the incident beam will be reflected off the active area with its phase
unaffected. There will of course be further optical power losses due to such things as scatter and
absorption. The unmodulated light results in a collection of power in the centre of the shaped beam

th’

profile. The ‘zero™ reflection order is suitable for many applications, however, with the goal of not
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only producing a ULl system capable of manufacturing the proposed device but a general long-term
addition to the system, a more flexible solution was required [74]. The solution that is proposed here
is heavily reliant on optical Fourier transforms, which is part of the field of Fourier optics. A basic
understanding of this and the related process was key to the successful application of beam shaping
in microfabrication.

3.2.3. Fourier optics and filtering

Fourier optics is the mathematical study of light in which a single wavefront is regarded as a
combination or superposition of plane waves [75]. In a practical optics environment, a “perfect” thin
lens performs a Fourier transform on a propagating wavefront when positioned 1-f away from an
object. 1-f after this lens (from here on called F:1) will be the Fourier transform of the object. This
position, 2-f away from the object, is called the Fourier plane. In a scenario with an SLM, the active
area of this device acts as the object plane and the Fourier plane will contain the Fourier transform of
the applied phase mask. For example, if the Fourier transform of a target is projected onto the SLM,
this target will then be reproduced at the Fourier plane [76]. The same process takes place when the
light propagates through the final objective lens used to focus the light inside the substrate. Therefore,
the Fourier transform of an object 1-f away from the objective will be formed within the substrate.
While an interesting subject, it is relevant here as it is the key to overcoming the limitation of the LCOS
array.

To overcome the negative effects of the un-phase shifted zero™ order a method of removing
or supressing it was required. To this end a blazed diffraction grating phase mask applied to the SLM
in tandem with a Fourier optics system, added to the ULl system. This ensured the maximum power
was distributed into a single diffracted order. The grating period dictated the spatial separation of the
diffracted order after the first Fourier transform, in this case, 6.25 L/mm (lines per millimetre) with 16
pixels per line. This spacing allowed for efficient spatial filtering with no overlaps when producing
beam profiles with a large area. Along with a varying pixel height from 0 to 2 it, a peak diffraction

efficiency of ~82% relative to the power incident on the SLM was produced - the highest achievable
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with our system. The remaining unwanted orders still require filtering to ensure they do not interfere
with the operation of the systems. There is a wide range of different filtering techniques that could
have been implemented, however, when using an SLM-based system a Fourier optics filtering system
has been shown to be ideal. As shown in Fig 28, when an SLM is placed in the object plane of Fi1 while
a blazed grating is projected onto it, distinct diffraction orders will be generated in the Fourier plane
as depicted in Fig. 28 a).
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Fig. 28. Pair of diagrams illustrating the Fourier spatial filtering system. a) depicts the system, where light from the object
plane is Fourier transformed in the Fourier plane by the Fourier transform lens F:1. The image formed in this plane is a series
of distinct orders. The second Fourier transform lens F:2 does another transform resulting in a field present in the image plane.
b) is the same system but with a spatial filter, demonstrating the effect this would have on the results present on the image
plane. The orders of light are separated out into three colours: yellow -1st, orange Oth, and red +1st.

The system of lenses shown in Fig. 28 is, in effect, taking the near-field Fresnel diffraction pattern
produced close to the SLM and converting it into the far-field Fraunhofer diffraction pattern, a pattern
which forms very far downstream of the initial interference source [77]. This brings the pattern into a
position that is both easy to access and easier to spatial filter [78]. This method is both energy-efficient
and information efficient, which is important here as the blazed grating will not be the only element
projected onto the SLM. At the Fourier plane, each individual diffraction order will also contain the
Fourier transform of any other phase mask applied to the SLM. This is where a second Fourier
transform lens (F:2) becomes necessary. When F;2 is placed one focal length away from the Fourier
plane, shown in both Fig. 4 a) and b), a further transform is applied. When no spatial filtering is applied
(a) the wavefront in the Fourier plane will be identical to that of the object plane. With spatial filtering

(b) the image plane will contain all phase components present on the SLM bar the blazed diffraction
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grating. The final beam will then no longer have the power distributed into the centre, maintaining
the integrity of the desired beam shaping. When coupled into the final writing objective a final Fourier
transform is conducted. The system in its totality (F:1, F:2, and the final writing objective) is a 6-f
Fourier system, where three optical Fourier transforms are conducted. Implementing such a technique
into a conventional ULI system did come with its own challenges which were covered in Section 3.2.1,
where optics and optomechanics where selected to ensure idea operation. When this was achieved
arbitrary phase masks could then be applied to the SLM allowing for testing of different methods to
obtain an elongated focus.

3.2.4. Vortex beam-assisted ultrafast laser inscription

The blazed grating, depicted in plot b) of Figure 27, was one of many different phase components
required for beam shaping and combined with the other phase masks — a process made available by
the large bit depth and high resolution of the SLM. Along with this grating, there were other necessary
phase masks that had to be applied for all inscription runs done on this system. Firstly, a flatness
correction mask had to be added. The aluminium mirror which makes up the back surface of the SLM
is slightly bowed due to manufacturing imperfections, resulting in aberration. The SLM was supplied
with a set of predetermined correction masks for particular wavelengths: in this case the correction
mask for 1030 nm was selected. This is depicted in isolation in plot a) of Figure 27. One further phase
mask was used to crop the profile of the beam. The addition of this pupil crop allowed for efficient
coupling into the back aperture of the final writing of object. This crop was encoded directly onto the

blazed grating as depicted in Figure 29.

Fig. 29. A digital phase mask containing: the blazed grating, the flatness correction mask packaged with the SLM, and the
pupil crop.
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Figure 29 shows the final combination of the three phase masks and displays the characteristics of the
flatness correction mask, the blazed grating, and the pupil crop. The sum of these masks required
phase wrapping to ensure the peak 2m phase delay — as the final phase mask may produce beyond 2n
values. The value use to wrap the phase mask was wavelength dependent and scales via an integer
number, in this case for 2mt phase delay at 1030 nm the integer value was 150. The data was provided
by the manufacture alongside the SLMs documentation. The final addition to the SLM for this project
was for the generation of beam elongation, by utilising a digital axicon lens.

As was introduced in Section 3.1, beam elongation shaping is commonly performed using an
axicon lens, which in turn generates a Bessel beam. A true Bessel beam is a propagating beam which
does not experience diffraction when formed with an infinitely large wavefront [79]. However, the
physically achievable version is a pseudo-Bessel beam (which will simply be called a Bessel beam in
much of the following text) which manifests as a focal point that is elongated along the optical axis.
Along with being in effect an elongated focus it has other distinct attributes. Due to the way it is
typically generated the wavefront focuses a series of rings extending out from the elongated focus:
this contributes to another quality where a Bessel beam can reform if disrupted [80]. As with many
beam functions, this can be generated in several ways, but the most relevant to this project is the

axicon lens as depicted in Fig. 30 [81].
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Fig. 30. A diagram of the basic operation of the axicon lens. Detailing: the wavefront diameter D, the axicon gradient o, and
the position of the pseudo-Bessel beam.

Figure 30 shows the basic effect of an axicon on a wavefront with diameter D. The conical-shaped
axicon lens refracts the propagating wave in such a way that the constructive interference forms an

elongated focus called a pseudo-Bessel beam. When this is formed using a Gaussian beam the
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produced elongated focus is called a Gaussian-Bessel. The angle a of this axicon dictates the length of
the beam elongation as shown in equation (2). In this case the elgonation of the beam is reference to

as the depth of focus (DOF), and R is the radius of the beam incident upon the axicon (D/2)

DOF =

R
Do (2)

(n—
The initial goal of this project was to generate a Bessel beam using the SLM, using a digital facsimile
of an axicon. In a Matlab script, a series of digital axicons were generated: this took the form of a series
of concentric circles with a gradient of pixel value within each ring, in effect building up a conical lens.

The initial conical phase mask for an axicon with a phase angle of 4.27 mrad is depicted in Fig. 31 (a).

Fig. 31. (a) a phase mask of a digital axicon with a phase gradient of 4.27 mrad. (b) is the final vortex beam phase mask
containing the blazed grating, pupil crop, and flatness correction.

The application of such a digital axicon did produce an elongated focal volume, with an axicon phase
gradient of 4.27 mrad producing a focal volume extending close to 300 um along the optical axis.
However, upon closer examination it was found that these elongated foci were not pseudo-Bessel
beams. It was found that the digital axicon as implemented was generating an optical vortex, an
optical field that has a point of zero intensity at the centre. This vortex forms at the Fourier plane
because of the digital axicon being in the SLM’s object plane, meaning the Gaussian-Bessel beam was
formed immediately after the SLM. As the wavefront propagates away from the SLM, it separates out
into a series of orders which when focused through F:1 to form the optical vortex, which can be seen
as a ring on each diffracted order in the Fourier plane. After spatial filtering the conjugate of the
vortex, the vortex focus, is reformed at the back aperture of the writing objective. Therefore, at the
focus of the writing objective an optical vortex is formed, which is within the substrate. However, with
the large demagnification occurring in the 6-f system, the focus is essentially elongated. This method
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of beam elongation scaled in a manner that is inverse to the behaviour expected for a Bessel beam,
where an increase in the angle of the digital axicon extends the focal axial length. This implies that
when the digital axicon angle is 0° a Gaussian beam is recreated, an advantage as the elongated and
standard beam laser writing is often required for device manufacturing. This is reflected in the
equation which governs the phase shift applied by a Bessel beam, show in equation (3). Where the
change is phase is represented by ¢, A is the wavelength, and R in this case is the semi diameter of the

incident beam.

— 91
&= SR (3)

The process from Gaussian-Bessel beam generation to the formation of the optical vortex was
simulated by Dr. Calum Ross in the Zemax wavefront simulation software: the results are shown in

Fig. 32.
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Fig. 32. A Zemax simulation of the optical system spanning from the SLM while displaying the digital axicon to the image
plane of the second Fourier transform lens. Highlighted is the wavefront immediately after the SLM, showing the generation
of a Gaussian-Bessel beam. Next, the Fourier plane is highlighted which shows the ring-shaped focus formed 1f away from
the first Fourier transform lens (F:1). Finally, the vortex beams focus is highlighted, formed in the image plane 1f away from
the second Fourier transform lens (F:2).

The simulation shows the wavefront as it propagates through the first two lenses of the 6-f system.
Key sections are highlighted starting with the SLM. What is shown is the Gaussian-Bessel beam
generated after the SLM when a digital axicon is applied. After this the Fourier plan is shown - this is
after the first Fourier transformer lens (F¢1) where a ring-shaped wavefront is generated. Finally, the
optical vortex focus is shown. This is formed in the image plane of the second Fourier transform lens
(F+2).

When this vortex focus is focused it is from the elongated focal volume as shown in Fig. 33

which shows the cross-section of the inscription focal volume over a series of distances along the
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optical axis. This figure shows that as the optical is focused the produced focal volume maintains its

size over a distance of 200 um along the optical axis.
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Fig. 33. A series of photographs of the focal volume along the optical axis. What is shown is that as the ring wavefront is
focused the final axial volume is maintained over a distance of 200 um. The distance between each image is 20 um, with the
image plane moving towards the writing objective.

While this form of beam elongation was not the expected result it did prove to be beneficial. With
further study, it was found that using a true pseudo-Bessel beam (generated either with a digital or
physical axicon) would require a radically different writing system. To incorporate this form of beam
shaping, the Fourier plane would need to be one focal length before the writing objective. This would
present a further challenge when applying the other, non-axicon, phase masks: in particular with the
translation stage spatial filtering would prove difficult. If the project demanded it, two optical systems
could have been coupled into the same writing objective, which would then require a method of
switching between each line during a run for both forms of inscription and the manual removal of
components. This would add now unnecessary complexity and further area instabilities into the
system. However, with the use of Vortex beams, these issues can be circumvented — with a system
capable of a range of beam shaping applications as well as traditional unshaped laser inscription.
Once the optical setup of the SLM-enabled ULI system was finalized a detailed study of these
vortex beams was conducted. The main goal of this was to increase the focal region’s axial length such
that fewer written tracks were required to produce a complete surface that could be chemically
etched. A range of parameters were tested, including pulse energy, repetition-rate, translation

velocity, and digital axicon angle, to strike a balance between the elongation while maintaining a
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consistent etching selectivity. In tandem with this, pulse duration and polarization were also studied,
not only to test the effects on the etch rate but to also find at what pulse duration the selectivity
become polarisation independent. A ULI process that requires little in the way of polarisation control
for curved surfaces would prove beneficial.

In the investigation vortex phase masks were generated to produce a peak phase shift of O,
37.5,75,112.5, and 150 radians. This corresponded to the conical phase-based angles of 0, 1.07, 2.13,
3.20, 4.27 mrad for a semi diameter of 5.76 mm. Again, it is important to note that when applying the
0 mrad phase mask the beam will inscribe as a Gaussian beam. This can be seen in micrographs (a)
and (b) in figure 34. Where (a) shows the generation of an electron plasma while using a Gaussian
beam, while (b) shows the elongation of the electron plasma when a 3.20 radian vortex beam was
applied. Further depicted in figure 34 are micrograph images of a selection of etched channels. These
shows that position of the area modification forms prior the nominal focal plane, due to the
overlapping waves as they propagate to form the optical vortex. These micrographs also further show

that the thickness of the channel is dictated by the pulse energy — not the conical phase-based angle.

(a)

1ase|

Fig. 34. (a) and (b) are micrographs of partial free-electron plasma emission from the focal region inside fused silica under
irradiation with a Gaussian and vortex focus (generated by imparting a 3.20 mrad conical phase front) respectively. (c) is a
series of micrographs showing etched channel facets written with a range of pulse energies and conical phase masks to
highlight the DOF elongation. The repetition rate was 50 kHz, polarisation was circular, translation speed was 4 mm/s and
the pulse duration was 1440 fs when writing the channels shown. Inset: A corresponding channel cross-section prior to etching
(at same scale).

These channels were all written at a nominal depth of 500 um for a pulse duration range of 500 nJ to
2250 nJ for all conical phase front bar 0 mrad which was capped at 350 nJ to prevent the influence of
filamentation. Figure 34 only shows a subset of the written sample while the data from the first phase

of investigate is show in figure 35.
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Fig. 35. Line graphs displaying etching selectivity (left) and DOF (right) for several SLM generated conical phase masks for
varying pulse energy and pulse duration. In each case, the laser polarisation was circular and the translation speed was 4
mm/s. The uncertainty in the selectivity is approximately 5.2%.

This data set shows the etch rate and DOF (or beam elongation) vs pulse energy for each tested conical
wavefront at a range of pulse durations. The selected pulse durations being 180, 360, 770, 1440, 2880,
and 5900 fs. Beyond demonstration further the ability of vortex beam to elongate the beam it also
showed that the etching selectivity was higher for longer pulse durations. As all channel were written
with the same polarization, circular, this implies selectivity became polarisation insensitive at longer
pulse durations. The data does show an increase beam elongation for increased conical phase front
however the pulse energy did need to be increased to facilitating the increase in modified area. The
results also show that an increase in pulse energy can increase the modified volume for the Gaussian
case. This method may also incur filamentation at high pulse energy which could also further increase
the elongation. Pulse duration was also shown to affect the beam elongation, where the pulse
durations 2880 fs and 5900 fs show a drop in the elongation. This is suspected to be due to the

reduction is the peak intensity within the focus, reducing the modified area.
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Following these results, a second investigation was conducted, this time included translation
speed. Translation speed is an important variable as it dictates the overlap between pulses. The speeds
selected were 1 to 8 mm/s, which corresponds to an overlap of 75 to 10 pulses, with the same pulse
energy range as the previous investigation. A further change to this investigation was the pulse
duration range. It had been shown that 720 and 1440 fs was the minimum needed to produce the
optimal selective etching at 4 mm/s and such a further number of pulse duration were test: 1080,
1440, 2160, 2880, 4390, and 5900 fs. To narrow the focus onto the effect of translation velocity and
pulse duration the vortex beam phase mask was fixed at a gradient of 3.20 mrad. The results are

depicted in a similar fashion as before in figure 36.
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Fig. 36. Line graphs displaying etching selectivity (left) and DOF (right) for several pulse durations with varying pulse energy
and writing speed. In this case, the laser polarisation was circular and the axicon base-angle was fixed at 3.20 mrad. The
uncertainty in the selectivity is approximately 5.2%.

It was observed that translation speed only had a significant effect on etching rate for 1080 fs and
1440 fs, while the effective beam elongation decreased with increased pulse durations. The result do

suggest that for the longest beam elongation while maintaining selective etching pulse durations
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between 1080 and 1440 fs at a translation speed above 3 mm/s are require. However, if translation
speed is limited longer pulse duration can compensate for that limitation.

With the parameter space narrowed a final set of parameters was investigated. This final
studied covered a wide range of differing repetition rates, pulse energies, translation speed, and again
over the range of vortex phase masks. The one laser parameter kept constant in this case was the
pulse duration which was set to 1440 fs due to the high performance of polarisation incentive etching

and DOF elongation it had shown up to this point. The results are depicted in the heat map in Fig. 37.
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Fig. 37. Heat maps displaying the results of the final parameter space investigation. The selectivity (top) and DOF (bottom)
were measured for channels written with several pulse energies, writing speeds, conical phase base-angles and pulse
repetition rates. The minor tick marks along the pulse energy axis represent doubling sample translation speeds from 1 to
128 mm/s, while the minor tick marks along the repetition rate axis denote base-angles from 0 to 4.27 mrad. Circularly
polarised light was used throughout. The uncertainty in the selectivity is approximately 5.2%.

Each heat map represents the effect the same parameter space had on first selectivity and secondly
beam elongation. The y-axis on both maps shows the pulse energy where each energy is separated
into eight divisions representing a different translation speed. For this investigation a different range
of translation speed was selected, going to a much larger final value. These speeds were: 1, 2, 4, 8, 16,
32, 128 mm/s — going below and well above the 3 mm/s minimum limit highlighted by the previous
investigation.
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These results are detailed but breaking them down they give a good indication of how
parameters selection should be done going forward — maximizing the desired outcome of the material
modification. First the data shows that the pulse energy threshold for modification increases as the
conical base angle of the vortex phase mask increases. The etching rate is negatively affected by slow
translation speeds, which produced a low focal volume overlap. This was the inverse for the effective
beam elongation, where slower translation speeds increased the total DOF. Also observable in the
result was that an increase in repetition rate for like pulse energies increased the optimal translation
speed. This could be advantageous in a mass manufacturing environment where increasing the writing
laser repetition rate can allow for the increase in manufacturing speed, however it would require the
selection of a spatial light modulator with a sufficiently higher average power limit to take full
advantage of this.

One final interesting observation for the data supports a previous assertion. While using the
0 mrad vortex phase mask the elongation was increased by increasing the pulse energy. This was
mostly due to filamentation via Kerr-focusing and did not produce beam elongation close to maximum
measured using higher conical base angle vertex beam phase mask.

The outcome of study was a demonstration of this beam elongation technique in the
inscription of a series of geometric shapes. These examples were done with both a traditional Gaussian
beam and then the 4.27 mrad conical base angle vortex beam. The initial testing was on finding the
maximum layer separations for the raster scan which built up the surface. Figure 38 (a) and (b) show
micrographs of these tests. Testing was done in 2 mm thick fused silica samples which were then
chemically etched in 8M KOH at 85°C for 2 hours. It was found that for the Gaussian example had
maximum a layer separation of 16 um. This was more than the 4.4 um theoretical limit for the 0.6 NA
writing objective, meaning some form of filamentation was present. When using a vortex beam a layer
spacing of 200 um was found to be acceptable, a significant increase when compared to the Gaussian
written surfaces. With these values set a series of shape were written. The geometric shapes were a

star, circle, and triangle, within a greater ellipse. These were writing in a 10 x 10 x 1 mm substrate and
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are depicted before selective chemical etching in figure 38 (c). With a writing speed for both Gaussian
and Vortex beam set to 4 mm/s. It was demonstrated that for the Gaussian case the sample took 15
minutes to complete, while using a vortex beam this took just 72 seconds. This was a 12-fold reduction
in the manufacturing time which did require an increase in the writing pulse energy from 1620 nJ for

the Gaussian case to 8100 nJ for the vortex beam.

Fig. 38. (a) and (b) show chemically etched tracks written with a vortex beam to determine the maximum z-spacing for
continuous modification through silica glass. The surfaces were formed by raster scanning 2 mm long tracks in 2 mm thick
glass. Note the micrographs were taken with the surfaces tilted. (c) shows a star, triangle and circle within an ellipse, each
inscribed into a 1 mm thick fused silica substrate. The separated components, written with a vortex beam in 72 s, and
subsequently etched for two hours, are shown in (d). (e) and (f) are surface profiles of the 1 mm thick etched surfaces inscribed
with a Gaussian and vortex focus respectively.

Both beam examples was chemically etched for 2 hours with the post etch sample shown in figure 38
(d). Also included are roughness measurements of the Gaussian and vortex beam examples in (c) and
(f) respectively. Both roughness’s were significant, with the Gaussian case measuring 336 nm mean
roughness. Also observable with the Gaussian case was a depth dependency. The vortex beam also
yielded interesting results showing a surface roughness of 460 nm with a periodic variance due to the
non-uniform energy distribution present in the vortex beam shaped focal volume. Going forward more
work would be required to find the best method of mitigating this roughness. This could include
limiting the pulse energy or doing post-etching grinding and polishing on the surface.

This study not only resulted in a publication but also provided a strong foundation of
knowledge for later projects. It not only progressing the work on the proposed microspectrometer

device but also contributed to the body of knowledge of ultrafast laser writing as a field.

3.3. Author contributions

The majority of the lab work was conducted by myself with Dr. Calum Ross acting as the primary RA.

His role was to provide advice and support for the initial implementation of the SLM into the ULI
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system, as well as contributing several simulations and the final set of etched objects for the final
publication. Mr. Jacopo Siliprandi worked closely with the SLM and this project at the beginning and
was instrumental in gaining a deeper understanding of the SLM device. He later contributed the
significantly to the proceeding publication on beam shaping for aberration compensation. Professor
Robert Thomson was the principal investigator offering advice on the project and providing the final
feedback on the publication. Professor Thomson was also instrumental in the concept and design of

the microspectrometer device.

3.4. Review and future studies

The work outlined in the publication included in it entirely in the appendix enabled a impressive 12-
fold decrease in ULl manufacturing times. As such, it is clear that the use of vortex beams was
successful in addressing the long manufacturing times encountered during some ULI applications. The
results presented here lay a strong foundation for further application of this beam-elongating process
in both this and other ULI projects. Progress has been made in this regard. Dr. Ross presented at CLEO
2022, a method of ULl manufacturing optical fibre using this very process [82]. His presentation
showed the manufacturing of 6 mm thick disks of fused silica, which were stacked, and laser welded
together. Once welded the preform was extruded using an optical fibre pulling tower. Without a beam
elongated to 200 um the inscription time of a single disk was reduced by over an order of magnitude
and enabled the inscription of 50 disks required for a single preform, which would otherwise be
impractical. This was a good demonstration of the beam elongation technique and provided much-
needed background for further studies. Shortly after this success, the first microspectrometer was
fabricated. This made use of the vortex beam elongation process. The success and failure of its

development will be covered in detail in Chapter 5.

3.5. Conclusion

The goal of this study was to produce a method of decreasing the manufacture time of ultrafast

inscribed optical devices. Large manufacturing times can result in a decrease in the quality of the
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optical device as well as reduced applicability of this manufacturing method for industrial use. The
first step was the introduction of a phase controlling spatial light modulator, which when coupled with
a 6-f Fourier spatial filtering system allowed for near arbitrary beam shaping. On to this SLM a digital
axicon was projected. This resulted in the formation of an optical vortex at the Fourier plane of the 6-
f system: when this vortex was focused through a writing objective an elongated focus was achieved.
Through the application of a digital axicon with a phase gradient of 4.27 mrad focal extension of
~300 um was achieved. Results showed that even with the elongation etching selectivity remained
high and practical demonstrations showed a 12-fold decrease in manufacturing time. These results
showed promise in the introduction for this method for a range of different ULl applications including

the proposed microspectrometer device.
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4. SLM-assisted aberration compensation during ULI
4.1. Introduction
4.1.1. Ultrafast laser microfabrication at depth

Chapter 3 introduced the use of an SLM for focus elongation as a method to decrease ULI
manufacturing time, achieved via increasing the volume of the modified material. Beyond decreasing
the manufacturing time, modifying larger volumes of the material may allow for larger, close to macro-
scale, objects and structures to be inscribed. However, when trying to inscribe deeper into large
substrates, certain limitations come into play which would limit the size of manufactured devices.
When focusing light into a transparent material, the focal volume will not match that formed in a
vacuum due to aberration imparted on the beam.

As an optical wavefront passes through an interface between two regions of differing
refractive index, the wavefront is modulated through refraction [83]. In the simplest case, the ratio of
the incident angle and refracted angle on a flat surface is related to the ratio of the two refractive
indices. In more complex situations, a curved interface can be used to form a lens, which can focus a
wavefront to point at some distance from the lens. By precisely designing the shape of the interface
and selecting the appropriate transparent substrate the desired focal characteristics of a lens can be
achieved. If a wavefront were to be focused into the volume of a substrate - refraction would distort
the lens’ focus. Figure 39 is a schematic of such a process showing a) a lens that focuses the light to a
focal point, and b) where the lens results in an aberrated focal volume.

Material interface

a) b)

Focal point

Aberration distorted
focal point

Fig. 39. A schematic of two biconvex lenses where — a) produces a focal volume and b) results in a focal point that is distorted
due to the material interface.
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Lenses can be designed such that they compensate for aberration although this is limited to a single
point within the material. This is an important effect to take note of when manufacturing using ULI
because when the focal volume is distorted the material modification is negatively affected.

The form the substrate-induced aberration takes can be varied depending upon the type of
substrate and writing objective: for a case such as ULl the aberration will be non-chromatic in nature
due to the narrow bandwidth of the laser source. The aberration present during ULI will be called the
‘substrate aberration’ and it is a combination of individual forms of aberration all combining to distort
the focal volume. One example is the effect of numerical aperture (NA). Often high NA objectives will
be used because of the high resolution they provide, however, a large NA results in a more diverging
beam and therefore the focus becomes more susceptible to spherical aberration. This is further
complicated when attempting to focus deeper into a transparent medium. When the material depth
increases, the aberration contribution will also increase. A distorted focal volume will then reduce the
generation of electron plasma and there reduce the quality of the modified material. A schematic of

how the aberration scales with depth during the ULI process is shown schematically in Fig. 40.

.

Fig. 40. A writing objective focusing a laser source into a transparent medium. This shows that as the depth of the focus inside
the substrates increases from d; to d, to ds; the plasma generation depicted in yellow decreases. The material is denoted as
index ny, while air is denoted as index n;.

The figure shows that when inscribing at greater depth within a dielectric substrate the distortion of
the focus directly affects the plasma. At extreme depths, there will be no material modification

present. The reduction or absence of material modification is due to the distribution of the pulse
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energy change such that the nonlinear absorption process is negatively impacted. As stated, in
extreme depths this effect can result in no material modification; however, at shallower writing depth
or where weak aberration is present, the extent of refractive index change can be reduced, affecting
both the quality of pure index change guiding structure, and the rate of selective chemical etching.
These side effects have a particularly negative effect on ULI-fabricated VBGs, both in general and more
specifically when they would be applied to the proposed spectrometer device.

VBGs, or volume Bragg gratings, are diffraction devices first covered in Chapter 1 of this thesis
but are particularly relevant to this chapter. These gratings have both a periodic surface structure and
thickness all contributing to the diffraction and Bragg characteristics [84]. The tunability of these
grating allow them to act as efficient Bragg filters which can discriminate wavelengths through the
diffraction of a transmitted source or the reflection of certain wavelength, depending upon the
orientation. Fig. 41 shows a schematic diagram of a VBG orientated in the transmission, where the
periodic structure is present on one axis and spans some distance perpendicular to that axis.

Diffraction
orders

Light source

]

=P
)

Grating
period

Grating
thickness

Fig. 41. A volume Bragg grating: depicting the period structure axis marked as grating period and the distance the structure
spans along the axis marked as grating thickness. Also depicted is an input light source and the subsequent diffraction orders,
demonstrating the primary orientation the VBG operates in this case.

Also shown in Fig. 41 is the direction of an input light source and resulting diffraction orders. This is
how VBGs are employed in the proposed spectrometer device, but they can also be used in other
configurations depending on the desired application. The thickness of this grating gives a further
dimension to tune the desired grating response including diffraction efficiency and bandwidth. The
Bragg condition of the transmission form of this grating is typically given as the equation (4).

Ap = 2nyAcos(6) (4)
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Where Aj is the wavelength at the Bragg condition, no is the refractive index of the material, A is the
grating period, and 6 is the angle of incidence. Typically, when designing a VBG for a particular
wavelength it is the grating period, A, which has the greatest impact. These gratings are commonin a
wide range of applications, in particular metrology and astronomy. For example, an astronomical
instrument has recently been proposed that involves the stacking of different volume Bragg gratings,
combining their characteristics to separate and diffract different wavelengths simultaneously [85].
This design is potentially an ideal application for ULl manufacturing, however, the axial stacking of
VBGs will encounter aberration deeper into a substrate. This is a problem many forms of VBGs will
encounter, even in the proposed spectrometer device.

VBG manufacturing can be performed in a range of ways, but ULl is particularly well-suited
because it allows the device to be embedded into the substrate and constructed layer-by-layer [43].
Structures with the periodicity of the desired VBG require stacking with a separation sufficiently close
to ensure a consistent material modification is achieved. The periodicity or the grating period is
strongly related to the dimension of the modified region of material which is related to the chosen

writing objective and the writing wavelength. An example of this process is depicted in Fig. 42 [44].

1stLayer —{

J—2nd Layer

Fig. 42. A depiction of the process of manufacturing a volume Bragg grating. Shown is the direction of the writing beam
relative to the grating. The translation direction is depicted along with the completed first layer, and the second layer.

As Fig. 42 shows, the first layer is inscribed the deepest into the material with each subsequent layer
being written ‘above’ the other. This means the final surface is written at a shallower depth within the
material meaning it is less likely to be significantly affected by the substrate aberration. A grating made

81



from a few layers at a relatively shallow depth in a substrate can be manufactured with no measurable
degradation to the expected diffraction characteristics. However, for a VBG spanning many layers or
written at greater depths, the far surface (the layer deepest within the material) of the VBG may have
a drastically different extent of modification. In extreme cases this may result in the layer failing to
inscribe properly. The result will be a VBG with a gradient of refractive index change over the gratings’
thickness, or in extreme cases, a thickness different to that encoded in the writing system due to
uninscribed layers. When speaking on spherical aberration in particular the aberration can be
expressed as an extension in the longitudinal focus, given by equation (5). Where LA is the focal
elongation, f4is the focusing depth within a material, n is the refractive index of the material, and NA

is the numerical aperture of the writing objective [86].

LA = f—d< /"Z'NA; = 1> (5)
n 1- NA

In the case of inscribing in fused silica at 500 um and 900 um the elongation would, approximately, be

on the scale of ~250 um and ~450 um respectively. To overcome this challenge a method of aberration
compensation that could be applied during the ULI process for an arbitrary set of depths needed to
be developed [87].

With the SLM already implemented into the ULI system there was immediate scope for the
addition of such an aberration correction. The goal of this phase of the project was the selection of a
correction method, then testing and developing the techniques as required. The result was a
publication in Optical Materials Express, detailing the successes of this project [88].

4.1.2. SLM-assisted Zernike polynomial generation

With the end goal to compensate for aberration, the form and extent of this aberration first needs to
be quantified. These forms can be variable, depending on what substrate is being focused into and
with what writing object and laser source; however, many of these are higher-order aberrations,
contributing only a small amount to the true aberration. A monochromatic light source such as the
one being used here can have aberration of the form of astigmatic, coma, trefoil, quadrafoil, and so
on, but it was decided early on that the primary aberration contribution was spherical in nature [89].
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This decision was made based of the state of the experimental set-up and the choice of writing
objective. With the alignment of the writing objective and the sample being static and repeatable the
chance of off-axis aberration such as coma was significantly reduced. The objective itself was also
designed to reduce astigmatic and spherical aberration within a vacuum. When focusing within a
material these aberration source will become more significant but, with the machined and polished
surface astigmatism is most like to be of a lower significant when compared to spherical. We are also
focusing solely on correcting fundamental orders of aberration, with higher order not being taken to
account in this case. Spherical aberration is common with lenses, mirrors, and writing objectives,
which due to their curvature can cause the outer section of the wavefront to be focused away from
the desired focal point.

To compensate for the spherical aberration a phase mask that can reverse these aberration
effects at a specific depth needed to be generated and applied to the SLM. For our purposes, Zernike
polynomials were selected as the basis for this correction [90]. Zernike polynomials are a set of
orthogonal polynomials which represents the deviation from a flat unit circle [91]. Their orthogonal
nature means there is no overlap between each individual polynomial, and as a result they can be
added or subtracted from each other without repetition of values. These polynomials have a wide
range of uses in the field of optics, but in particular optometry, where they are used to mark specific
forms and magnitude of aberration [92]. They contain radial and azimuthal components which are
used to denote forms of aberration including: astigmatism, defocus, coma, but most importantly
spherical. The general equation is depicted in equation (6) where R;* represent the radial polynomial,
p is the radial distance, ¢ is the azimuthal angle, and m and n are integer values.

2™ = Ri'(p) cos(me) (6)
The Zfﬂ Zernike polynomial depicts the phase / spatial deviation of radial and azimuthal components
associated with spherical aberration [93]. This polynomial has the radial component shown in
equation (7).

RY =6p* —6p% +1(7)
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As a phase mask, this contained all the information necessary to compensate for the aberration in the
focus, however, the singular polynomial is not enough. For a comprehensive correction method, a way
of scaling the amount of correction applied based on the inscription depth was also needed. To this
end the spherical aberration polynomial was scaled via a Zernike expansion coefficient, also called the
aberration coefficient. This magnitude factor took the form of a negative integer value which was
applied to the normalised version of the spherical aberration Zernike polynomial, and increased or
decreased the contribution of phase change that was being applied. This is illustrated in Fig. 43 which

shows the 22 polynomial in grey scale as well as the multiplication of the aberration coefficient X.

 (———— 0 Y
X*Z% =2Z(X) | "
\ 2m

Fig. 43. Depiction of the normalized ZJ polynomial in greyscale, alongside the equation showing the polynomial the expansion
coefficient X, and the final notation used.

When the polynomial is scaled as required and added to the required blazed grating phase masks, as
detailed Chapter 3, the phase mask is denoted as Z(X), where X is the aberration coefficient. When the
coefficient X is 0, it means no spherical aberration compensation is applied. Inscribing with this phase
mask, Z(0), results in Gaussian beam focal volume without any wavefront shaping. Fabrication using
this beam produced a reference value to compare the success of the aberration compensation. A
different range of X coefficient were tested throughout this project, these were: 0, -3.0, -3.5, -4.0, -
4.5,-5.0,-6.0, and -7.0. Investigations where each of these values were tested will highlighted as they
become relevant. When the base Zernike polynomial was multiplied by one the coefficient it went
beyond the 256 bit-depth limit of the SLM, however this was already compensated for when the final
phase mask was phase wrapped. When the necessary elements of the phase masks are combined
before they can be projected on to the phase mask, they must first be numerically wrapped, then
phase wrapped. The former means the totality of the image does not go beyond 256-bit depth. While
the later ensures that the final phase contribution the desired phase delay - 2rt for the maximum bit

value.
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Once they were generated, the different magnitude phase masks required testing to gauge
the success of the correction and understand the effects different magnitudes had on the writing
fidelity. To test the effectiveness of Zernike polynomial-based aberration compensation via an SLM a
test structure had to be selected. For the reason detailed earlier a VBG was an ideal candidate. They
are not only a vital component in the proposed micro-spectrometer, but they can be easily
characterised — giving an indication of how successful the compensation was. The first experimental
section focuses purely on the development of a VBG suitable for aberration testing.

4.1.3. Preliminary volume Bragg grating studies

Research has shown that VBGs fabricated with ULI can exhibit diffraction efficiencies of ~90% for a
633 nm beam [94]. Whilst an impressive result, such an efficient grating was not required for this
study. This study required a VBG sufficiently efficient to get a measurable change in diffraction
efficiency between two VBGs written at different depths. A set of parameters for a reference VBG was
therefore necessary. As depicted in Fig. 42, the VBGs were inscribed layer-by-layer, where the main
parameters that are of concern are the pulse energy, grating period, grating thickness, and grating
separation. These parameters dictate the diffraction characteristics of the VBG.

To study these gratings two different laser sources were used — the first and primary source
was a simple 633 nm HeNe laser. This was selected for several reasons. First, it isa common and readily
available source and emits light in the visible spectrum — the main spectrum that the proposed
spectrometer device will be operating with. The focus on calibrating the gratings on a single
wavelength did make the following experiments more straightforward; however, for both
completeness and to ensure the VBG is well tuned for 633 nm, a wavelength study was also
conducted. This was done via a supercontinuum source where select gratings were tested with a range
of different wavelengths. The wavelengths tested ranged from 500 nm to 633 nm, and 700 nm to
1100 nm, in steps of 100 nm. These discrete wavelengths were achieved via a set of 10 nm bandwidth

line-pass filters.
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The 633 nm efficiency study was conducted for each individual VBG, which were written in
sets on one or more 1mm thick fused silica samples. A schematic and photograph of the

characterisation setup is depicted in Fig. 44, as is it including in the final publication.

Fig. 44. (a) Annotated digital photograph of characterization set-up, showing the HeNe beam path (red arrows), and the SC
beam path (white arrows). The beam paths are followed by a half-wave plate (HWP) and polarizer (Pol) for the HeNe and SC
respectively. The bandpass filters (BPF, FKB-VIS-10, Thorlabs) in a rotating turret is depicted on the SC line. (b) Schematic of
the grating showing the grating rotation axis, the first and the zerot" orders and the position of the power meter (PM). The
two polarisation states P (p-polarization) and S (s-polarization) are also depicted. This is pictured with: (c) a digital photograph
of a sample in the foreground, and the integrating sphere and a diffraction pattern in the background.

Image (a) in Figure 44 shows the beams path of the two sources used to test each grating, the 633 nm
HeNe and the broadband supercontinuum source (SC). The polarization for each source was controlled
via a half-wave plate (HWP) for the HeNe source and polariser for the SC. This allowed for the selection
of two polarisation states to perform tests with. For our purposes, P-polarisation was defined as the
polarisation when light aligned perpendicular to the direction of the gratings’ periodic structure, and
S-polarisation was defined as when the light was polarised parallel to them. The polarisation states
are detailed in plot (b) along with a schematic of the VBG containing sample. The samples were
mounted onto a system with rotation, x-, y-, and z-axis translation. The latter was used to centre the
beam on the surface of the VBG while the former was used control the angle at which the laser beam
interacts with the VBG. Adjusting the angle was used to maximise the power into the positive first-
order diffraction point, similar to a blazed grating. This ‘blaze angle’ was maximised for each VBG
regardless of whether this angle was different, thus ensuring the ‘ideal’ performance of the grating
was captured. This power of the first-order diffraction spot was compared to the power of the laser
beam after passing through pristine (unmodified) substrate. Thus, the evaluated efficiency considered
the losses associated with reflection and absorption losses in the substrate material. The diffraction

efficiency evaluated in this manner is thus referred to as ‘relative diffraction efficiency’. This procedure
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was conducted for both light sources and over both P- and S-polarisation states. depicted with this is
an example of a mounted VBG sample, note the cloudiness of the VBG suggesting some degree of
glass modification beyond Type | [95].

The work conducted on finding a set of parameters was not detailed in the final publication
reproduced at the end of this chapter. These studies involved the development of a reference VBG at
a shallow depth including VBG thickness and writing pulse energies. Many parameters were decided
upon early in the development process, such as the grating period and line separation, with the
primary work done on establishing the other variables. The result of this study did not produce a VBG
with the highest available diffraction characteristics but a grating that was suitable for the aberration
correction study. The grating period was 6 um, this was initially selected to ensure distinct regions of
pristine material between modified regions. This, however, result in a much higher order grating
period for 633 nm light and was mostly one of the main reason the VBGs diffraction efficiency was
capped at close to 50%. A period of ~1.5 um would have been more sufficient, matching the period
found in commercially sold diffraction gratings and other ULl written gratings [94]. Equation 4
indication sub 1 um period would be ideal at normal incidence but this may be below the limit of the
writing capabilities of the present ULI system.

Moving on, for the layer separation a value of 2.26 um was selected, giving sufficient overlap
between layers to provide a consistent gradient of volume modification. These values were decided
after reviewing the literature and discussion with Dr. David MaclLachlan. They can of course be tuned
to improve the results, however settling on these values allowed for more time to be allocated to the
aberration compensation aspects of the project. Although these parameters were finalised early a
study of the inscription pulse energies and the number of layers was still required.

For this project, a shallow grating means a grating writing between 100 um and 250 um, with
the final VBG being written at a mean depth of 200 um. However, this final configuration was not
decided upon until after several rounds of parameter studies. The early studies were focused on a set

of VBGs made with 8 layers of modified material. These 8-layer VBGs were written for a range of pulse
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energies with the shallowest surface starting 100 um below the substrate’s surface. This ‘thin grating
study’ showed that VBGs with so few layers were inadequate for the depth studies. The result of the

pulse energy study and subsequent wavelength study are depicted in Fig. 45.
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Fig. 45. Relative diffraction efficiency for P- (square markers, blue line) and S- (circle markers, red line) polarizations in
percentage with respect to: a) writing laser pulse energy, showing a peak efficiency for horizontal light for a writing pulse
energy of 400 nJ characterized using the HeNe laser, b) wavelength measurements using the SC assisted by a set of bandpass
filters with a FWHM of 10 nm and showing a peak at 633 nm. Insert: a) diffraction pattern of the grating written with a pulse
energy of 400 nJ, b) diffraction pattern of the grating written with a pulse energy of 400 nJ with the SC source without the
bandpass filters.
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The pulse energies used for the ULl process ranged from 300 nJ to 480 nJ, with the relative
diffraction efficiency showing a peak at a pulse energy of 400 nJ - producing the first-order efficiency
of 32.5% for S- polarised light, and 38% for P- polarised. This result was deemed to be too low for the
aberration correction depth study. It was decided that above 40% was a suitable goal. This allowed
for a measurable (via studying the manufacture VBG) decrease in reflective index change across the
depth of a substrate while not prolonging this phase of the project. The wavelength dependent study
showed a peak efficiency at 633 nm for both polarisations, meaning the grating period was selected
appropriately. However, the thickness and pulse energy still needed further refinement. To this end,
a series of VBGs were written with 400 nJ for a range of thicknesses: the theory being that the
refractive index build-up over 8 layers did not allow for a higher diffraction efficiency. The VBG
thickness ranged from 10, 15, 25, and then 40 to 80 microns in steps of 10. The results, while not

producing the desired grating, did inform the next phase of parameters studies.
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Fig. 46. Relative diffraction efficiency for P- (square markers, blue line) and S- (circle markers, red line) polarizations with
respect to number of inscribed grating layers, fabricated with a laser pulse energy of 400 nJ. Experimental result measured
for 60-layer grating points is presented in a grey dashed circle due to the relative diffraction efficiency result significantly
deviating from the global trend presented.

Fig. 46 shows a peak in efficiency at 40 layers, producing a result close to that seen with eight layers —
with the layer numbers before and after dropping in efficiency for both polarisation states. One
outlier, which is highlighted in the figure, was the efficiencies of the 60-layer grating showing values
far below the expected trend — this was most likely due to instabilities present in the system. These
instabilities became more pronounced as the layers were increased: the increased manufacturing time
made the system more susceptible to changing environmental conditions. Returning to Figure 46: the
result with 40-layers was close to that with 8 and therefore was sufficient for the aberration correction
study. The results obtained here showed that the grating thickness was not at the required extended,
which was supported after returning to the literature to review the Mitukus et. Al paper.

VBGs with a thickness of around 100 um did produce efficiencies close to 40% and as such this
was the thickness selected for the next set of inscribed VBGs [94]. To produce a VBG of this thickness
would require 45 layers, close to the 40 layers which produced the previously highest performing
grating. A further alteration was the pulse energy. However, the writing pulse energy was significantly
reduced, the reasoning being that with the increase in layers the combined refractive index change
will result in increased scattering. The result in Fig. 47 shows the effects of these changes in

parameters.
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Fig. 47. Measured diffraction efficiencies for P- (square markers, blue line) and S- (circle markers, red line) polarized light. a)
First-order diffraction efficiencies for VBGs fabricated using a range of pulse energies. It is observed that diffraction
efficiencies >40% are realized using a pulse energy of 225 nJ. Here, the diffraction efficiency was measured using a HeNe
laser at 633 nm. b) Measured diffraction efficiency vs wavelength for the VBG fabricated with 225 nJ pulses, showing that
diffraction efficiencies above 40% relative diffraction efficiency could be obtained for wavelengths between ~600 nm and
~1000 nm.

The results show that a 45-layer VBG written at 225 nJ produced diffraction efficiencies for both
polarisations over 40%. The wavelength study showed above 40% efficiency for values between
600 nm and 900 nm, with the peak value at 633 nm. This was an improvement on the previous set of
gratings, however still not close to the ~90% efficiency - but this was not necessary for this study. The
parameters were used for the depth study, where sets of gratings were written at a mean depth of
850 um for a range of aberration coefficient masks and compared against a reference grating written
at a mean depth of 150 um.

While the grating parameters were set, there were still many challenges — often solved
through trial and error. Issues arose early on when trialling early iterations of the Aerobasic scripts.
VBGs were being inscribed at incorrect depths, or with incorrect layers and phase masks - this was
exacerbated by the 12 hour manufacturing time for a single grating. The manufacturing times delayed
the implementation of correction, which was further complicated when writing sets of five gratings.
A set of five VBGs took two and half days of continuous laser writing, to complete which not only
further delayed the diagnosing and solving of potential issues, but also increased the risks of
environmental changes influencing the inscription. Continuous writing was necessary to ensure
continuity with parameters - which may change over time, due to other researchers interacting with

the system or environmental changes over days or weeks.
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After much work a set of VBGs of suitable quality were manufactured at two depths and across
six different aberration coefficients. The VBGs were inscribed within a 20 mm by 20 mm sample with
a 1 mm thickness and with gratings at a mean depth of 200 um and 900 um for shallow and deep
respectively. The shallow reference VBG was written with the Z(0) Zernike coefficient phase mask,
meaning no aberration compensation was present. For the aberration coefficient, parameters ranged
from Z(-3) to Z(-5) in steps of 0.5 — included again was the Z(0) phase mask. The final results showed
the Z(-4.5) aberration correction phase mask produced a P- and S-polarisations relative diffraction
efficiency of 42% and 36% respectively, an increase from the result of a VBG written at the same depth
but with no correction mask (6% for P and 8% for S). Figure 48 (a) plots the change in relative
diffraction efficiency as function of differing Zernike polynomials. Plot (b) in the same figure of the

wavelength response of the best preforming grating. Showing the 633 nm was still the best preforming

wavelength.
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Fig. 48. (a) Relative diffraction efficiency versus aberration coefficient for a set of VBGs written at mean depth of 900 um for
a range of SLM profiles ranging from Z(0) to Z(-5), measured with both p- (square markers, blue line) and s- (circle markers,
red line) interrogation beam polarizations. A blue dashed arrow highlights the best performance improvement when using
the Z(-4.5) aberration coefficient mask. (b) Relative diffraction efficiency versus wavelength for a VBG written at a mean
depth of 900 um, for corrected (solid curves) and uncorrected (dashed dot curves), for both p- (square blue) and s- (circle red)
polarizations. Inset: the Zernike polynomial component of the mask projected onto the SLM, for Z(-4.5) in grey scale from 0
to 2rm.

This result, while a clear improvement upon the uncorrected value at the same depth, was also close
to the diffraction efficiency of the reference grating which produced an S- and P-polarisation relative
first order diffraction efficiency of 48% and 44% respectively. The work is further detailed in the final

publication included in its entirety at the end of this chapter.
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Beyond the results depicted in the final publication, a study of blaze angle vs relative first-
order diffraction efficiency was also conducted. As covered, all results produced in the figures were
taken at the ideal blazed angle, the angle which maximizes the positive first diffraction order. It was
appropriate for the main studies but meant the angle dependency of the gratings was not reviewed.
After questioning by one of the reviewers of the paper, the two best-performing gratings, the Z(0)
shallow grating and the Z(-4.5) deep grating, were then studied for diffraction efficiency versus the
angle of the grating. The result plotted in Figure 49 (a) shows a peak for a blazed angle of -4.5° for the

reference grating, and -2.5° for the grating at depth.
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Fig. 49. a) Plot of relative diffraction efficiency vs angle for the reference angles (dashed curve, light blue), and corrected VBG
written at a mean depth of 900 um (solid curve, dark blue), showing peak efficiencies at -4.5° and -2.5° respectively. b) Plot

of relative diffraction efficiency vs wavelength for the reference grating and the corrected grating at 900 um, at -4.5° and -
2.5° respectively.

What is clearly shown in Fig. 49 (a) is that angles preceding and after the ideal blaze angle show a
profound decrease. More interesting are the results depicted in (b) which show the wavelength
dependency for both gratings at their ‘ideal’ angle. While the trend for the corrected grating at depth
(dark blue, solid curve) follows close to that seen when maximising the angle, the uncorrected shallow
grating is a drastic change. Before, as depicted in Figure 3 in the publication, there was ~40% efficiency
for a band 600 nm to 900 nm; this has dramatically reduced. It appears to be the case that the grating
writing without Zernike polynomials and at a shallow depth are far more angle dependent with respect
to wavelength, where the correctly selected angle can greatly improve the diffraction efficiency.
There were more limitations with this approach to the study. While other depths and Zernike

coefficients were studied briefly, none of the results made it to the point of a complete detailed study:

92



this was primarily due to time, but also due to an attempt to keep the project and results focused on
one specific point. Although VBG writing was an important and time-consuming part of the project it
was not the only component. For a complete understanding of the results gained with the grating, a
plasma study was also conducted. This study was performed with the same depths and Zernike
polynomials and allowed for a deeper understanding of the mechanics at play when correcting the
aberration.

4.1.4. Introduction to free electron plasma imaging

The results detailed in the VBG study provided strong evidence that the method of adding Zernike
polynomials to the ULI process did aid in maintaining the performance of VBG grating when inscribed
at depth from 850 um to 950 um. These results were promising and with further development should
be able to achieve aberration correction at arbiter depth for a range of different ULI written photonic
devices. However, the steps taken to acquire this data, and to write and test sets of VBGs, were time-
consuming and provided conclusive results only for a limited depth and phase mask range. What was
proposed was another study that provided results that would both aid in supporting the results
acquired during the VBG study and could also stand on their own as a set of results and methods that
take less laboratory time to acquire. Such a method could greatly accelerate the rate at which
conclusive data can be acquired and decrease the time to successfully write structures or devices.
Looking through the literature indicated that imaging the light emitted by the free electron plasma
was the best method [96]. This was a complex procedure requiring a rigorous procedure to be laid out
and followed to ensure accurate results were obtained. This made up the majority of the second half
of this project, and the second half of the results in the publication attached at the end of this chapter.

The main challenge with this phase of the project was implementing a method of imaging the
plasma to the now beam-shaping assisted ULl system. The method needed a high magnification, three-
axis motion, and to be compatible with a range of optical filters and other components. For simplicity,
an identical camera to the C1, depicted in Fig. 5 in Chapter 2, was selected to capture the plasma

images. This camera needs a focusing objective and given the clearance available around translation
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stages, a 6.5x zoom lens made by Thorlabs was selected. This lens contained a variable zoom which
added flexibility — allowing for focus at varying depths within the fused silica substrate. On this
objective was mounted firstly a near-infrared filter. From the initial testing of the lens, it was found
there was a significant near-IR scattering within the substrate which obscured the broadband plasma:
the filter rectifies this by removing the scatter. There was one further addition which was a neutral-
density filter, specifically 0.5 ND. This was applied during certain conditions for which the intensity of
the plasma over-saturated the camera. The system in its totality is depicted in the schematics in

Fig. 50.

Fig. 50. Schematics of the plasma image camera setup. Details the camera, the zoom lens, the short pass filter, the neutral
density filter, and the position of the fused silica sample.

Depicted in Fig. 50 is the camera, with the ND filter, IR filter, and zoom lens attached. This entire
assembly was mounted onto a set of translation mounts, which allows it to be moved along the x, y,
and z-axis so the camera can be positioned to better image the plasma. It is arranged such that the
fused silica sample, which is mounted under the translation stage platform, is in full view at the lens’s
lowest zoom. One alteration had to be made to the writing stages: in their normal state there was not
enough clearance below the sample mount to image the fused silica, so a similar mount, which was
thinner along the edge was used instead. While that change in weight may affect the resulting
inscription process and would need a recalibration of the air-bearing stages, in this case, it was
unnecessary as any resulting structure of this study was not analysed. These additions to the writing
systems were straightforward enough to be removed when nominal laser writing was being conducted
and could be added in again within a matter of minutes. What took considerably more time was the

design of a protocol to accurately and consistently capture the electron plasma.
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One thing to consider when imaging the electron plasma is the extinction rate. When the laser
pulse enters the substrate and generates the plasma the material begins to be modified. As the
material changes the plasma generated will drop, often on a very short time scale. This fast extinction
rate made capturing images of the plasma at its peak difficult. One possible solution is scaling up the
pulse power as the material is being modified. Doing so, even after complete plasma extinction, will
produce further plasma. However, this will give a misleading data set as the injection of further pulse
power will result in plasma being generated within already modified material. The best solution for
this project was to translate the substrate through the laser focus and to time the image captured
such that the peak generation in pristine material was acquired. For each depth and phase mask, a
single image was captured, as close to the peak plasma emission as possible. The capture was initiated
shortly after the shutter was opened, while the substrate was positioned such that the modification
was formed in pristine material. The peak pixel value of the image was taken as an indication of the
plasma intensity. These steps were repeated five times per value, and then averaged. This process was
conducted for four depths (including the reference depth) in the substrate for six Zernike coefficient
masks. The depths related to the VBG's inscription positions, the first at 200 um which was the mean
depth of the reference grating. As with the VBG study this value acted as a reference as well as
normalisation value. The remaining three depths represent positions of the VBG written at a mean
depth of 900 um. After the VBG inscription study it was clear the applied correction did not fully return
the efficiency of the VBG to that which was achievable at shallower depths. One interesting possibility
is that for a 100 um spanning VBGs may require more than the single corrected phase mask to fully
increase the performance. The plasma study was shaped to reflect that, where the range of Zernike
coefficients were tested over 850 um, 900 um, and 950 um depths within the substrate — reflecting
the top, middle, and bottom of the VBG respectively. A wider spread of Zernike coefficients was also
selected, giving an expanded view compared with the previous selection. Selected were: the -3, -4, -

5, -6, and -7-polynomials, as well as the Z(0) phase mask. The peak pixel intensities of these values
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were then compared to the intensity of the reference value: the closer the value was to the reference
the more successful the correction was.

Along with a change in the selection of phase masks, the pulse energy was also changed.
Certain depth and phase mask combinations produced a plasma intensity sufficiently high to saturate
the camera. To solve this, the 0.5 ND neutral density filter was added which reduced the incident light
by ~32%, below the saturation point of the camera. This allowed for an increase in pulse energy from
225 nJ to 300 nJ, improving the signal-to-noise ratio. The filter was applied to all values bar the Z(0)
phase mask at 850 um, 900 um, and 950 um depths, due to the amount of plasma generated at these
conditions being considerably smaller. The pixel values were increased accordingly before the
averaging and normalisation steps.

While difficult and time intensive this was found to be the best method to get the desired
result within an appropriate time frame for this project. The results that were acquired were very
enlightening and support the VBG study as well as providing another avenue for tuning the
appropriate aberration compensation mask. The results regarding this study, which was included in

the final publication, are depicted in Fig. 51.
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Fig. 51. The normalized average peak pixel intensity recorded when imaging plasma produced with a range of aberration
coefficients at shallow and deep depths, namely: 200 um (shallow reference, black point), 850 um (dark-green upward
triangle), 900 um (green diamond), and 950 um (light-green downward triangle). Each point is the normalized average of five
measurements and the error bars represent the minimum and maximum measured values. The blue line represents the
relative diffraction efficiency of a VBG written at 900 um (interrogated with horizontally polarized 633 nm light).

The normalised average pixel intensities are plotted in three shades of green and are depicted with
the relative diffraction efficiency of the best performing writing VBG (blue square); also included is the

normalised average reference pixel intensity (black circle). The plot shows an increase in pixel intensity
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with the application of Z(-3), however the increase and subsequent decrease of the pixel intensity is
not homogenous across all layers. All layer depths have close intensity values when using the Z(-4)
phase mask, close to the Z(-4.5) phase mask which produced the best performing written diffraction
grating. This set of result not only supports the initial plasma study, but also provided some data
toward the theory that more than a single correction coefficient maybe required for ideal correction
of a 100 um depth spanning structure. Fig. 52 shows a subsection of these results in more detail,
depicting plots of the average pixel intensity for the Zernike range at the depth of 900 um alongside

the reference value.
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Fig. 52. A series of unnormalized plasma images split by depth. First shown is the 200 um reference value where a) is the
colourised and scaled image, and b) is the original plasma image. Second are the 900 um depth plasma images for Z(0) to Z(-
7). Images were taken with a monochromatic CMOS camera, colourised, and scaled in Origin. Shown is the peak pixel intensity
in dark red for its respective plot.

These images are unnormalized but scaled when an ND filter was present to closer represent the
intensity value. The reference shown in plot a) is well-defined and set the bar for what should be

achieved with the Zernike correction mask. The plot b) is the image of electron plasma at the same
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configuration but without the false colour and contour marking. These plots are followed by a
selection of images taken at 900 um. When no aberration correction is applied no plasma could be
visualized at this scale. Along with the clear change in intensity value these plots also show a shift in
the plasma’s position relative to the camera. As the polynomial increases the focal volume, it also
shifts it deeper into the substrate - further along the optical axis. It is currently believed that with the
higher polynomial the SLM is attempting to focus the beam deeper into the substrate. This may mean
that such a coefficient may be used to correct aberration at a deeper depth. A further study will need
to be carried out to confirm whether that is the case. With development, improving data acquisition,
and looking at a large range of depths and coefficients, this method could be used to truncate the
parameter space, especially when this aberration compensation process is applied to the more

complex structures in large volumes of substrate.

4.2. Author contributions

The majority of this work was conducted by myself. This included the coding and running of the
inscribed VBG grating, the design and construction of the characterization setup with both laser
systems, and the plasma imaging study. The second author of the paper, Mr Jacopo Siliprandi, was
instrumental in the success of the paper. He produced a method of generating Zernike polynomials of
the spherical type at a range of different magnitude coefficients. He did this using Python where he
also combined the polynomial with the other phase mask component that was generated in Matlab.
Along with his experimental contribution, he assisted in many sections of the paper, primarily in the
written section on the Zernike polynomials, while | took the lead in the majority of the writing of the
final publication.

Dr. David Maclachlan offered advice on the formation of volume Bragg gratings in fused silica.
He has considerable experience in this area, manufacturing volume gratings in a range of materials to
great success in many cases. His advice on both the manufacturing of the VBGs and their

characterization greatly reduced the amount of time needed early in the project. Dr. Aurélien Benofit
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assisted in the formation of the plasma imaging protocol and was present during the initial
measurements, offering his feedback on the quality of the results. This was developed into the final
consistent protocol. On top of this, he offered advice and feedback on the presentation and content
of the figures and diagrams present in the paper. The final two authors, Prof. Robert Thomson and Dr.
Calum Ross, were my academic supervisor and the lead post-doctoral researcher | worked with
respectively. Prof. Thomson conceived the application of aberration compensation for enhanced VBG
fabrication, provide support and feedback on the final written publication, while Dr. Ross supervised
much of the paper writing, offering criticism and feedback. He also assisted in corrections and

additions to the paper after the comments from the paper reviewers were received.

4.3. Review and further study

While limited in its scope the project shows promise in the use of the Zernike polynomial for the device
manufactured by this group and in particular the spectrometer device. The main limitation of what is
presented here is the focus only on one depth for one photonic device. Primarily this was done to
keep the study as short and concise as possible. Regardless this set of results did produce a good
foundation to build on for further studies, where more depths can be tested, as well as a lookup table
of coefficients for a given depth within certain materials.

Since the paper was published the results have been presented at CLEO 2022. This included
both VBG and plasma studies. Further work has, additionally, been carried out since then. Mr.
Siliprandi has been applying aberration compensation to the inscription of channels for chemical
etching. The goal of this study is not only to test for change (if any) to etching selectivity but also to
test in a range of different depths, from around 1.5 cm. At the time of writing there has been no
publication regarding this work. However, solely looking at the results depicted here, the knowledge

and techniques gained greatly assisted in the development of the micro-spectrometer device.
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4.4. Conclusion

The goal of this study was to produce a method of maintaining a consistent level of material
modification across the depth of a dielectric substrate. With the SLM previously introduced into the
ULl system - methods of aberration compensation were tested. This was firstly conducted via the
manufacture of volume Bragg gratings. The results showed that via the application of a correctly scaled
Zernike coefficient a VBG written at a mean depth of 900 um produced comparable diffraction
efficiency to that written at 200 um. When the Z(-4.5) phase mask applied there was a ~42% increase
in the relative first-order diffraction efficiency. However, the long manufacturing times limited the
possible parameters this study could review. A method, which decoupled phase mask testing form
device manufacturing, was conceived to allow for fast acquisition of aberration correction values. The
proposed method was to image the electron plasma generated by ULI directly. Implemented directly
into the ULI system, a set of result which supported the VBG manufacturing study were obtained. The
plasm images acquired showed an equal intensity across three depths when generated with the Z(-4)
phase mask. Results also showed evidence that multiple phase mask maybe be require to maintain a
constant plasma intensity across the 100 um the VBG spanned when writing at a mean depth of
900 um. By applying these two studies together, spatial light modulator assisted beam shaping using

Zernike polynomial, there is scope for correction of spherical aberration at arbitrary depths.
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5. Prototype integrated spectrometer device
5.1. Development of a microspectrometer device via beam shaping-assisted ultrafast laser inscription
5.1.1. Review of current capabilities

With the implementation of beam shaping into the ultrafast laser microfabrication system, new
avenues of manufacturing are now open. The two methods developed so far (beam elongation and
aberration compensation) were vital to understanding the new SLM implemented system, but also
provided tools necessary for the microfabrication of the proposed monolithic device.

The introduction of vortex beams allowed for a significantly reduction in inscription time —
this allowed for the development of the mircospectrometer. Each surface of the device and the VBG
will need some form of material modification, and a short inscription time will aid in iterating the
device development. The following sections cover the application of beam elongation in the starting
stages of spectrometer development.

While the relatively thin 500 um substrate is unlikely to impart severe spherical aberration
onto the inscription laser, a subtle reduction in intensity may affect the consistency of the
modification. This will not be an issue when inscribing surfaces to be etched due to the higher pulse
energy requirement. This means you can increase the pulse energy to the point where aberration does
not significantly reduce the selectivity. Where this reduction in the consistency of material
modification will become important is when inscribing the volume Bragg grating. The VBG designed
for the spectrometer needs to span the entire depth of the substrate (500 um) and needs a length
tangential to the optical axis within the spectrometer of 15 mm. If the entirety of its length has an
inconsistent amount of modified material the diffraction efficiency will be negatively affected. The
work carried out in Chapter 4, with a magnitude-scaled spherical aberration Zernike polynomial, can
be used to maintain the modification of material across the entirety of the VBG.

5.1.2. Review of the current idea from the spectrometer device

The basic design of the spectrometer we aimed to develop was previously detailed in Chapter 1 of this

thesis but will be reviewed again here. The spectrometer is based on a Czerny-Turner design,
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containing two reflective surfaces and a diffraction grating. Fig. 53 is a schematic diagram, the same

as the one shown in Chapter 1.

M1

Sensor

Fibre
slot ©

M2
Fig. 53. Schematic diagram of the proposed monolithic spectrometer with a more detailed description of the individual

components. This included a fibre slot for coupling of source light, a volume Bragg grating (VBG) in the grating plane, and a
sensor in the image plane.

Detailed are the specific components needed for the proposed device. Firstly, an etched fibre slot
allows for both the attachment and passive alignment of an input fibre. The fibre is permanently
attached using a UV-cured refractive index matching glue. The optical beam coupled into the glass
slab first diffracts, and then interacts with the first parabolic curved mirror (M1). This mirror is again
formed by chemical etching and collimates the input beam as it directs it to the volume Bragg grating
at the centre of the device. This VBG is formed via tracks of modification, stacked together to form a
3-dimensional volume. The diffraction characteristic of this grating is designed such that the resulting
diffraction orders for the visible light place the positive first orders sufficiently far apart from each
other for independent detection via a linear array sensor. The grating is followed by a second parabolic
curved mirror (M2) that focuses the orders onto the image plane where this sensor is placed. The
spectrometer in its totality will require both forms of material modification with pure modification
and selective chemical etching.

With the addition of beam elongation, the manufacturing time of certain surfaces could be
decreased; however, such a method could not be implemented for the VBG. During early calculations,
it was found that manufacturing a grating suitable for this study would require days of continuous

writing. This is beyond the acceptable timescale to effectively manufacture a grating with predictable
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characteristics due to the manufacturing system being susceptible to shifting environmental
conditions in the laboratory. Even with the temperature controls available in the labs, over the course
of days, minor fluctuations in the optical components can reduce the writing fidelity of the laser
inscription. This becomes more noticeable with the relatively low pulse energies required for pure
modification.

There were two options available at the time to resolve this issue: commit time to the
development of an elongated beam written VBG or revise the design of the micro-spectrometer. The
former, while an exciting research avenue, did present several issues. The previous VBG study took a
considerable amount of time to conduct, even with the low diffraction efficiency requirement. In the
case of the spectrometer, the VBG would need to be as efficient as possible for the visible spectrum,
as well as requiring a specific layout to ensure orders are not overlapping. Therefore, another
parameter study would need to be conducted which would need to cover the change in grating
parameters, as well as the range of vortex beam gradients. Regarding the vortex beam specifically,
while a longer elongation would require fewer modified tracks to build up the VBG along the optical
axis, the longer beams would have an increased thickness perpendicular to this axis. The increased
thickness of the modified tracks will have to be considered when designing the VBGs, but a thorough
test would be required regardless of how detailed the planning is. This is further complicated by the
VBG needing to be in a different geometry, the opposite of that which was used for the previous
grating study. While the application of a vortex beam would decrease the manufacturing time, the
change in the thickness of the beam would also have to be considered when designing this study - in
particular, considering that different vortex beam gradients will have different volume thicknesses.
While the end goal of this proposed device will require such a study, it was not within the timescale
available to this particular student and project. The alternative was to then redesign the spectrometer
device such that the VBG is no longer required. The revised design would redesign the spectrometer
so that the light propagating with the substrate interacts with an exterior diffraction grating. These

changes are detailed in the following section.
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5.1.3. Revisions to the spectrometer device

By removing the VBG from the spectrometer, the design and manufacturing process can be
significantly truncated, allowing for a prototype device to be manufactured and tested before the end
of the project. The main addition to the design was a large surface, where a blazed grating could be

placed: Fig. 54 shows this altered design.

Blazed
grating

M2

Fig. 54. Schematic diagram of the revised monolithic spectrometer. This included a fibre slot for coupling of source light, an
exterior blazed grating, the two curved reflective surfaces, and a sensor in the image plane.

Several components were carried over to this revised design: this includes the fibre slot, the two
reflected surfaces, and an image plane, shown in Fig. 54 without the linear sensor. The main difference
was the introduction of the exterior blazed grating. To facilitate this the two curved mirrors had to be
repositioned while maintaining the same collimating and focusing. M1 was positioned such that the
beam is collimated onto the new surface with the exterior grating. M2 has moved accordingly,
capturing the first-order reflections from this exterior grating, and focusing them onto the image
plane. The quality of this surface must be sufficiently high to allow as few losses as possible during
light transmission through and back through the surface. While not by any means a perfect solution
(the use of this grating will require further alignment issues to be considered), it did mean the
manufacturing time was significantly reduced.

The blazed grating itself was an off-the-shelf item, bought for this purpose from Thorlabs

(GR25-0608). The selection available was of course limited but for the first prototype demonstrating
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the basic operation of the device it was sufficient. The selected grating blazed wavelength was quoted
as 750 nm for a blaze angle of 13°. This is formed via an aluminium reflective coating on a glass
substrate: the repeating structure had a period of 600 / mm. The diffraction efficiency of the blaze
wavelength at the blaze angle is between 60% and 80%, with a drop off to ~40% for wavelengths
between 500 nm and 1000 nm. While this means the diffraction efficiency for the broadband light
source will be very low, for a simple proof of concept the results should be sufficient. Once the design
had been settled on, the process of scripting the inscription run, and the later chemical etching was
relatively straightforward. One thing that needed to be kept in mind was the surface quality of certain
surfaces. This was the main deciding factor on whether beam elongation was implemented. This will
be covered in the next section.

5.1.4. Device inscription and etching

Once the spectrometer design revisions had been completed, the first prototype device was
manufactured. Even without the integrated VBG, this provided a good opportunity to test the basic
writing and etching parameters. Each surface of the spectrometer was split into two types: optical and
non-optical. The primary difference between these two types is the surface quality requirements.
Optical surfaces refer to any surface which interacts with a wavefront as it propagates in the material.
For this design, these included curved mirrors and the interface for the diffraction grating, which are

highlighted in red in Fig. 55.
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Fig. 55. Schematic diagram of the revised monolithic spectrometer with the main components labelled and the optical
surfaces highlighted in red.
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Along with the highlighted surfaces, the curved surface mirrors M1 and M2 are depicted, with the
fibre slot, grating interface, and the image plane. Since optical surfaces interact with the wavefront,
they need to be written with a high surface quality to prevent scatter losses. This restricted the use of
vortex beams to surfaces that were not interacting with the wavefront, as it was found that the surface
quality can be negatively impacted when elongation is applied. These optical surfaces, therefore, had
to be written with the traditional line spacing and a Gaussian beam. The line spacing was set to 4 um
and the pulse energy was set to ~600 nJ, which produced a smoother surface after selective chemical
etching, meaning these surfaces took the normal amount of time to inscribe. However, the non-optical
surfaces were written with a vortex beam. By applying the 148 radians phase mask, a beam extension
of ~200 um was achieved, increasing the track separation to 160 um along with an increase of the
pulse energy to ~8000 nJ. This was a significate gain in manufacturing efficiency, resulting in a 1.5-
hour total inscription time. Note that this time included inscribing the fibre slot which could only have
been manufactured via traditional Gaussian beam inscription. The global laser parameters were a
50 kHz repetition rate and a pulse duration of 1.5 ps.

The selective chemical etching was done in 8 mol/L of potassium hydroxide (KOH) and heated
to 85°C. The etchant was also circulated continuously with a magnetic rod, ensuring as close as
possible to an even heat distribution within the liquid volume. It took around 2 hours to etch the final
device. After this, a multimode fibre was UV glued into the fibre slot. Once fully dried the device could
then be moved and brought to the characterization set up.

5.1.5. Device testing

For testing, the spectrometer was attached to a 5-axis translation stage. This allowed the image plane
to be positioned, but the main use was for moving the device relative to the blazed grating. Fine
control of this position is a requirement as the grating’s surface is delicate. The spectrometer needs
to be as close to the grating as possible, to limit scattering losses. However, if the edge of the

spectrometer touches the grating it can scratch and damage the repeating structure. The grating was
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mounted separately from the spectrometer, again to reduce the chance of damage. The schematic in

Fig. 56 details the setup.

Tube lens

X

X Objective
lens
z

Blazed grating

Optical
fibre

Fig. 561. Schematic diagram of the setup used to test the prototype spectrometer. Detailed are the optical fibre used to couple
light into the spectrometer, the blazed grating, the objective lens, tube lens, and camera C1. Along with this are the directions
of travel available to the spectrometer and imaging components.

An objective lens was used to image the image plane of the sample. The 4x objective lens (RMS4X,
Thorlabs) was paired with a tube lens (TTL180-A) and mounted on its own set of translation stages,
allowing it to be positioned appropriately. This alongside a CCD Thorlabs camera would theoretically
be able to capture the separated orders of the probe’s light as it finishes its propagation through the
device. Fig. 57 is a photograph of the spectrometer mounted on the analysis system (a) along with an

image of the device as light propagated through it (b).
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Fig. 57. Photographs of a) the prototype spectrometer mounted in the analysis systems, depicting the prototype, the grating,

the fibre slot, and the objective lens. b) the spectrometer as the super-continuum light is coupled into it, highlighted is the
image plane illuminated via the input light.

A super-continuum (SC) source was coupled into the multimode fibre and acted as the source

light used to test the capabilities of the spectrometer. The light was successfully coupled into the
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device and did propagate to the first optical surface M1, but the losses were too high, and no light
was captured at the image plane. This was essentially where the project ended. Even when increasing
the output power of the SC source, no light was present at the image plane, and as such, no power or
throughput was measured. This means beyond the proof of applying a vortex beam to the design of
the spectrometer very little quantitative data was acquired. If this specific test setup would be to be
carried forward, there are several alteration that could be made. First surface polishing and sliver
plating could be applied, reducing loses on the reflective surface. Secondly refractive index matching
fluid could be added between the blazed grating and the spectrometer surface, removing losses
present at the air-grating interface.

Regardless of the result this was the first step that would need to have been taken for the
proposed monolithic integrated spectrometer and did allow for further planning for the following

prototypes to be manufactured and tested by the next research on this project.

5.2. Discussion
5.2.1. Further development

Despite the failure of this first phase of prototypes a foundation for the future was laid. Given the
limited time available for this specific part (the majority of the experimental focus being put into the
development of the tool to manufacture such a spectrometer) this was a positive outcome, leaving a
significant amount of useable data for the next researcher involved in the project.

First and most importantly a VBG writing study with vortex beam and aberration
compensation must be devised. This may be one of the longest development stages in the path to a
final spectrometer with a wide parameter space to study. The study, or studies, would need to
consider the grating period when writing with vortex beams, taking into account the thicker transverse
beam profile. It would also need to deduce the ideal axial elongation to use. A shorter focal extension
will require more inscription time but produce a more consistent refractive index change across the
volume of the grating. This will of course require a new pulse energy parameter scan. While the work

carried out in Chapter 3 is directly relevant to this study one of the major changes that will affect the
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characterisation is the change in the geometry of the VBG. The VBGs in Chapter 3 were written such
that the interface of the grating was parallel to the top surface of the substrate. In the case of the
spectrometer, the grating’s interface will have to be perpendicular, such that it can interact with light
propagating within the substrate. This change in geometry will require studying and planning to
ensure it is done correctly; however, using the elongated beam will make increasing axial modification
easier, requiring fewer or no stacked layers of inscribed material.

Some form of aberration compensation covered in Chapter 4 may also be required for the
integrated spectrometer, particularly when it comes to fine-tuning the spectrometer's performance.
The proposed plasma imaging study could be used to truncate the process of finding the ideal phase
mask or masks for the 500 um spectrometer. The result of this could then be integrated into the VBG
study, ensuring a consistent level of modification can be achieved across the volume of the grating.
However, an etching study would also have to be conducted. The primary goal would be to test surface
quality versus aberration correction as the poor surface quality also contributed to the losses in the
first prototype.

A further addition to this would be other methods of ensuring the optical surface has a high
reflectance. A solution suggested during the project but never implemented would be silver coating
those surfaces. An attempt was made to polish the surface using a Dremel and colloidal abrasive fluid.
While this did make a difference in the surface quality, however, this had to be done carefully due to
the fragility of the sample. Once these two steps have been studied to a satisfactory standard, they
can be combined to manufacture a micro-spectrometer closer to that of the proposed design. Laser
polishing may also be suitable for polishing the mirror surface assuming one is available. The
characterisation system proposed here would be suitable for further studies of later iterations of the
device.

The process of designing, manufacturing, and testing such a device is a long one and may take
the work of many different researchers. With the work demonstrated here, the integration of beam

shaping shows promise for the manufacture of an integrated spectrometer device. The basic
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prototype shown at the conclusion of the work is the start of further development which may prove
ULl to be an ideal process for a monolithic device, meeting future demands in a wide range of

applications.
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6. Conclusion
6.1. Vortex beam elongation

As the complexity of the structure being manufactured increases, so does the required manufacturing
time. When time scales move from hours to days, the quality of the inscribed device can be negatively
affected — this can be caused by changes in temperature and other environmental conditions. Even
when subtle these can cause small changes in the optical alignment which can reduce the throughput
power and other qualities one would desire to be stable. Proposed in this project was a method of
decreasing the manufacturing time via the elongation of the focal volume of the inscription laser.
When direct laser writing, both with refractive index change-based modification and those designed
for selective chemical etching, regions of modification need to be stacked together to generate a
structure. When forming a surface along the optical axis these regions need to be placed on top of
each other with a sufficiently short distance between regions to ensure as close to a consistent level
modification as possible. For very large surfaces or volumes, this will take very many individual regions
which greatly increases the amount of inscription time. By the application of an elongated beam, the
number of stacked regions can be reduced, decreasing the manufacturing time.

On-the-fly control of the focus elongation was enabled via a spatial light modulator (SLM)
which was integrated into the current standard of the ultrafast microfabrication setup. The SLM
allowed the writing beam to be phase shaped to produce the behaviour and in this case, was used to
apply a vortex beam. A vortex beam was formed via a digital axicon where the encoded conical phase
dictates the beam’s axial extension. A series of parameter studies found high chemical etching
selectivity of close to 1000 for a beam extension of ~350 um was achievable. These results were put
to the test by the manufacture surfaces using both traditional approaches using a Gaussian beam, and
also the SLM-enabled vortex beams. When a vortex beam with a conical phase of 4.27 mrad (close to
350 um) was used to write a 2 mm thick surface it showed a 12-fold reduction in manufacturing time.
The only addition aside from beam shaping was an increase in the pulse energy, from 1620 nJ to

8100 nJ. Both surfaces showed comparable selectivity when etched with 8 M of 85°C KOH. These
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results are detailed in the final publication produced at the end of this aspect of the project
“Investigation focus elongation by spatial light modulation for high-throughput ultrafast-laser-induced
selective etching in fused silica” [97]. Detailed is the use of vortex beams as a method of beam
elongation which greatly decreased the laser inscription time. This has utility in industrial mass
manufacturing, allowing more devices to be manufactured in shorter time scales. However, its main
purpose in the context of this project was to aid in the manufacturing of the proposed integrated
spectrometer device, where the elongated beam reduces the time required to inscribe the surfaces

of the device.

6.2. Aberration compensation

A further impact of manufacturing complex or large structures is the depth-related aberration
imparted onto the writing focus. As the focus moves deeper into a dielectric transparent material the
refractive index change between the material and the air produces aberrant effects, which affect the
fidelity of the focus. This causes a reduction in the energy and spatial distribution of the free electron
plasma, which in turn reduces the extent of material modification. In effect, this means there are
regions within a substrate that are inaccessible through the standard ULI process. This will in one way
or another impact the proposed spectrometer design, in particular the VBG component of it. Looking
at VBGs specifically - a high-efficiency VBG that operates as designed requires a consistent gradient of
material modification across its entire volume. Even for very shallow depths (such as the 500 um
substrate selected for the proposed device) the reduction in electron plasma will produce a sub-
optimal grating.

A method to compensate for this aberration would be beneficial for not just the spectrometer
device but for direct laser writing photonic devices. With the SLM already integrated into the system,
it was an ideal way to implement the correction. The spherical component of the beam aberration
was compensated using a Zernike polynomial which directly represented the deviation from a unit

circle spherical aberration produces. To control the amount of the compensation that was applied this
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polynomial was scaled via an expansion coefficient, giving a range of different magnitude phase masks.
The success of the aberration compensation was first demonstrated in this thesis in a VBG study.

VBGs that spanned 100 um were written at two mean depths: 200 um and 900 um. The
former shallow depth acted as a reference, where the final grating has a reduced amount of
aberration. The latter, deeper gratings, were written with a series of different Zernike magnitude
phase masks. The success of the correction was determined by the grating with the first-order
diffraction efficiency closest to that of the reference measurement. The VBGs were designed primarily
for 633 nm light and as such were studied using a HeNe laser; however, a broadband supercontinuum
source was also used. This was mainly to ensure that a peak diffraction wavelength of 633 nm was
achieved but also provided insight into the overall wavelength response of the VBG.

The results showed that a VBG written at 900 um using the Z(-4.5) phase mask produced a
positive first-order relative diffraction efficiency of 41.9% for horizontal polarization. This was
comparable to the 47.9% measured with the reference grating and was a 35.7% increase in the
efficiency measured for an uncorrected grating at 900 um. While a promising result, the 12-hour
manufacturing time made doing larger parameter studies for more depth and Zernike expansion
coefficient impossible in the timeframe available for this aspect of the project.

What was required was a faster method of gauging the success of the applied aberration
correction, ideally without manufacturing and characterizing an optical device. To this end, a study to
image the plasma directly was devised. In a similar fashion to the VBG study, a reference value was
measured at 200 um. Then to closely match the previous study three depths were studied,
representing the top, middle, and bottom surfaces of the VBG written at a mean depth of 900 um.
Furthermore, a wider selection of phase masks was selected, giving a broader overview of the effect
different Zernike polynomials had on the electron plasma. The results show a peak pixel intensity close
to that at the reference for all depths at Z(-4). However, by looking at a range of depths it was seen
that there was an increase in the plasma intensity at a depth of 850 um for the Z(-3) phase mask. This

added evidence to an earlier assertion that devices or structures over a certain size may require many
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different Zernike magnitudes to maintain the same level of modification throughout. The results for
both methods are detailed in the final publication “Volume Bragg grating written in fused silica at
depth via spatial-light-modulator assisted aberration compensation” [88].

By combining both methods there is scope for the correction of spherical aberration present
at arbitrary depth within a transparent substrate. The plasma study could be used to truncate the
parameter space, reducing the amount of writing time needed to find the ideal Zernike magnitude for
a certain depth. While having application in most forms of ULI-based devices, this method will have a
major benefit to the integrated spectrometer device. It will ensure all components operate at their
optimal configurations in a scenario where even minor losses will have a major effect on the utility of

the final device.

6.3. Prototype spectrometer

These two developments were vital in gaining an understanding of and familiarity with beam-shaping-
assisted ultrafast laser writing systems. However, at this early stage of development, the tools were
not available to manufacture the spectrometer as initially designed. With the embedded VBG there
was not enough time left in the project to fully develop the grating using both aberration
compensation and beam elongation. To allow a prototype to be inscribed before the project ended,
the design was altered. The reflective and imaging surfaces were moved to allow for an exterior to be
used in place of the integrated VBG. While a departure from the original plan this did offer an
opportunity to test the use of beam elongation for the etched surface. Via the application of the vortex
beam phase mask with a 148 radians phase gradient, certain surfaces were manufactured at a faster
rate. This was exclusive to surfaces that did not interact with the wavefront, as the currently available
vortex beam writing did not produce sufficiently high surface quality. The final manufacturing time of
the device was 2 hours. However, there were significant losses that resulted in no image being
captured on the image plane. Despite the time restrictions and the failure of the final results, the

results, and technique detailed here show promise for the use of ULI for the manufacture of monolithic
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integrated photonic devices, where beam shaping can enable avenues of design that were before

inaccessible to traditional systems.

6.4. Looking forward

The work in this project has laid a foundation of knowledge and techniques for the further
development of a versatile ultrafast laser inscription system assisted by spatial light modulator driven
beam shaping. With the SLM integrated ULI system already built and tested there is scope for further
development, both with the techniques shown within thesis and many more. The application of vortex
beams has shown significant increase in manufacturing times, while the use of aberration correction
shows promise for the reduction in the loss of writing fidelity within large substrates. Both combine
open knew avenue for what ULl is capable of manufacturing. This includes but not limited to the

proposed microspectrometer.
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Abstract: Ultrafast-laser-induced selective chemical etching is an enabling microfabrication technology
compatible with optical materials such as fused silica. The technique offers unparalleled three-dimensional
manufacturing freedom and feature resolution but can be limited by long laser inscription times and widely
varying etching selectivity depending on the laser irradiation parameters used. In this paper, we aim to overcome
these limitations by employing beam shaping via a spatial light modulator to generate a vortex laser focus with
controllable depth-of-focus (DOF), from diffraction limited to several hundreds of microns. We present the results
of a thorough parameter-space investigation of laser irradiation parameters, documenting the observed influence
on etching selectivity and focus elongation in the polarization-insensitive writing regime, and show that etching
selectivity greater than 800 is maintained irrespective of the DOF. To demonstrate high-throughput laser writing
with an elongated DOF, geometric shapes are fabricated with a 12-fold reduction in writing time compared to
writing with a phase-unmodulated Gaussian focus.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

1. Introduction

Sub-bandgap ultrafast laser pulses (pulse width < 10 ps) can induce non-linear photon absorption processes when
focused into wide bandgap materials such as fused silica. Depending on the irradiation parameters, various
permanent material modifications can occur to material that is placed in the tightly confined laser focus, while the
surrounding material is left unchanged. One of the most intriguing and applicable modifications induced by
ultrafast laser inscription in fused silica is an enhanced chemical etching rate of the laser modified material [1-3].
This enhancement allows complex three-dimensional micro-components to be fabricated by first laser inscribing
a structure into a substrate and subsequently subjecting the substrate to a chemical etchant to preferentially remove
the inscribed material. This technique offers several advantages over other microfabrication techniques which
make it highly desirable, including micrometre feature resolution, the ability to write embedded features, and
maskless etching. Conversely, there are some limitations which must be considered when designing a component
for fabrication, including: polarization dependent etching rates, long laser writing times and geometry dependent
etching selectivity. These limitations have hindered the translation of ultrafast-laser-induced selective etching
from a predominantly research-based tool towards wider adoption as an industrial microfabrication process.

To overcome these limitations, several groups have investigated optimal laser writing parameters and
advanced laser writing techniques. A vast parameter space exists in terms of the laser irradiation and etching
parameters that affect the resultant selectivity of the etching process. Parameter space investigations typically
involve writing arrays of channels or surfaces with different parameters and measuring the subsequent etching
rates [4-9]. These studies reveal interesting characteristics of the laser writing and etching process. For example,
etching selectivity is found to be highly polarization dependent under certain irradiation conditions [10] due to
the formation of directional nanogratings which facilitate etchant transport anisotropically. Nanogratings can
facilitate very high etching selectivity but present a challenge of how to modulate the laser polarization while
writing complex surface geometries. Recently however, longer pulses (> 2 ps) were shown to overcome the strong
polarization dependence [11], achieving high selectivity even for circularly polarized light. Early work on laser-
induced selective etching primarily used hydrofluoric acid as the chemical etchant, with optimal writing
parameters delivering a selectivity of up to 100 [12]. In more recent years, heated potassium hydroxide has been
shown to offer an etching selectivity of over 1000 [13], while maintaining similar etching rates to HF [14], and
has therefore become the most commonly used etchant. Etching conditions [6,15], writing speed [6,7], pulse
energy [8,16] and pulse repetition rate [4] are just some of the other parameters that have been investigated
through parameter studies.
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Further to using optimal irradiation and etching conditions, advanced writing techniques have also been
explored for improving the fabrication process. These include cross-polarised double-pulse writing [17], multispot
writing [18], pulse-train modulation [19], pulse front shaping [20,21] and spatiotemporal focusing [22,23].
Recently, beam shaping has become extremely appealing in laser machining [24], enabled by advances in adaptive
optics instrumentation such as spatial light modulators (SLMs), which are now more cost effective, offer higher
pixel densities and better optical power handling. SLMs allow near arbitrary phase profiles to be imparted across
the laser beam pixelwise, and can mimic the role of traditional optics and compensation plates to perform
aberration correction and beam shaping amongst an abundance of other applications. Of particular interest is the
ability to shape the laser focus to suit a particular laser processing task more efficiently. For example, Bessel
beams, which are “non-diffracting” and maintain a high-intensity central lobe over relatively long axial distances,
can be generated by passing a Gaussian beam through an axicon lens (strictly speaking, forming a Gaussian-
Bessel (GB) beam). The elongated focus of a GB beam permits more material to be processed in a single laser-
pass while maintaining lateral resolution. Bessel beams formed using physical axicon lenses have been used for
several glass microfabrication applications including low-loss waveguide writing, volume gratings [25,26],
microchannels [27,28] and glass dicing [29]. Beam shaping using physical optics is limited by the discrete nature
of the optic form, introduces alignment challenges, and offers less design freedom. SLMs provide a practical
solution to generating Bessel beams without introducing the restrictions of incorporating physical axicon lenses
into the beam path and have also been utilised for glass dicing [30], and fabricating microchannels [31] and micro-
holes [32].

There are two common approaches for generating GB beams using an SLM: The first involves displaying a
simple annular grating on the SLM, which transforms into a GB beam in the far field [33], i.e. 1-f after a lens
positioned 1-f away from the SLM. In fact, any complex amplitude can be obtained in the far-field by generating
its Fourier Transform (FT) at the SLM plane. The second method requires a conical phase profile to be imposed
on the SLM, analogous to a physical axicon lens, forming a GB beam in the Fresnel plane immediately upon
reflection from the SLM. The former method is inefficient as it makes use of only a small portion of the SLM
display, while the second approach is efficient but typically incompatible with the 4-f imaging system used to
relay image the SLM onto the back aperture of the writing objective to perform aberration correction or write with
a diffraction limited Gaussian focus. For many manufacturing applications, it would be beneficial to write with
both a traditional Gaussian focus and a GB focus depending on the component geometry.

Recently, zero-order vortex beams, formed by performing the FT of a GB beam [34] (by passing through a
lens, for example) were demonstrated for laser-based microfabrication, exhibiting an elongated high-intensity
focal region [35,36]. Here, we explore the use of a vortex beam generated by introducing a conical phase front to
a Gaussian beam via an SLM, forming an optical vortex at the laser processing focal plane after propagation
through a 4-f lens relay system and a flat field objective lens — the ideal optical path for several beam shaping and
aberration correction applications used during microfabrication. Crucially, we find that material modification is
confined to an elongated high-intensity region preceding the focal plane, with the degree of elongation determined
by the magnitude of conical phase front imparted on the beam.

In this paper, we present the results of a thorough investigation into the effects of laser irradiation parameters
and SLM generated conical phase front on the etching selectivity and cross-section of microchannels written in
fused silica. Writing parameters investigated include the pulse duration (180 — 5900 fs), pulse energy (0.12 — 14.4
wJ), pulse repetition rate (25 — 500 kHz) and sample translation speed (1 — 128 mm/s). The axial laser depth-of-
focus (DOF) was varied by applying phase fronts with conical tilt ranging between 0 to 4.27 mrad. To illustrate
the benefit of controllable DOF during laser writing, the rapid fabrication of various geometric fused silica forms
by laser writing and subsequent chemical etching is presented.

2. Materials and methods
2.1 Laser inscription and etching

For this work, ultrashort pulses with tuneable pulse width (180 — 5800 fs) were generated by a diode-pumped
ytterbium-doped bulk laser system (Pharos, Light Conversion), with a central wavelength of 1030 nm. The pulse
repetition rate was varied between 25 and 500 kHz and an average power of up to 10 W was available. Fig. 1
depicts the functional components of the laser inscription system.
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Fig. 1: A schematic of the laser inscription system. BE: 3 x beam expander, L1: 1000 mm biconvex lens, L2: 400 mm
biconvex lens, inscription lens: 0.6 NA long-working-distance objective. Inset: Three phase masks are combined to
form the desired beam: a flatness correction mask to compensate for SLM imperfections, a blazed grating to efficiently
diffract light into the first order, and an axicon lens for generating the vortex beam.

The laser was first passed through a Galilean beam expander with 3x magnification to increase the beam width
from 4.5 to 13.2 mm (to 1/e?) in order to sufficiently fill the aperture of the SLM. We used a reflective liquid
crystal on silicon (LCOS) SLM (X13138-08, Hamamatsu) with a 1272 x 1024-pixel array measuring 16 x 12.8
mm. The laser was directed onto the SLM at an angle of incidence of 5.5°. The SLM was configured to diffract
light into the first order, the details of which are discussed in Section 2.2. We observed a dramatic reduction in
the SLM’s diffraction efficiency when the average incident power was above ~ 2.4 W and therefore limited the
average power to below this value. We speculate this drop in efficiency was due thermal effects, a known
limitation of SLMs and particularly those relying on an aluminium reflective coating such as that used here, as
opposed to a dielectric coating.

After the SLM, the beam was passed through two biconvex lenses in a 4-f configuration (L1 = 1000 mm, L2
= 400 mm), to demagnify and image the SLM display onto the entrance pupil of the writing objective. A 4-f
system is required to relay not only the amplitude profile of the image but also its phase, as imaging with a single
lens introduces an undesirable quadratic phase term. The 4-f system also provides a convenient intermediate image
plane at which an aperture can be positioned to filter out unwanted diffraction orders. After L2, the collimated
beam was passed through a zero-order quarter-waveplate followed by a zero-order half-waveplate mounted within
motorized rotation mounts (DDR25/M, Thorlabs) for polarization control. Finally, the beam was passed through
a long working distance (10 mm) objective with NA = 0.6 (PAL-50-NIR-HR-LCO00, OptoSigma) and an effective
focal length of 4 mm, and focused into the sample. Sample translation was provided by a 3-axis air-bearing direct-
drive stage (ABL1000, Aerotech). A useful guide to implementing SLMs for laser processing and microscopy is
offered by the Dynamic Optics and Photonics Group, University of Oxford [37].

The glass used in this study was 1 mm thick high purity fused silica (7980 OF, Corning). After laser inscription,
samples were submerged in an etching bath containing 8 mol/L potassium hydroxide (KOH) heated to 85°C and
magnetically stirred throughout the etching period. These conditions have been investigated previously and
provide high etching selectivity [14]. The thinning rate of pristine material under these etching conditions was
previously reported by us to be 0.38 £+ 0.02 um/h, and this value was used to determine the etching selectivities
reported here.

2.2 Vortex beam generation
The SLM imposes a phase front across the laser beam by controlling the effective path-length of light passing
through the liquid crystal display, pixelwise. Each pixel typically allows up to 27 of phase delay. For most
applications, the phase profile required spans a larger range than 0 — 2z and this is achieved by wrapping the
required phase value to the modulo of 2z. To apply the phase profile, an 8-bit (256 intensity levels) bitmap with
phase encoded intensity values was simply projected on the SLM display via a digital video interface (DVI) cable
connected to a computer.

The bitmap is a summation of various phase maps carrying out specific functions: Firstly, it is necessary to
correct for any physical flatness deviation on the SLM display itself by applying a flatness correction mask which
is often supplied by the SLM manufacturer, though can be determined experimentally [38]. Secondly, it is often
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beneficial to apply a multilevel blazed diffraction grating via the SLM to diffract the laser light efficiently into
the first diffraction order. This prevents unmodulated light in the zeroth order from degrading the desired beam
profile. Here, a 16-level blazed grating was applied with an effective grating period of 6.25 Ip/mm, providing a
diffraction efficiency of ~82% into the first order. Finally, to mimic the function of an axicon lens, a positive (i.e.,
positive maximum phase shift on the optical axis) conical phase mask was generated. The magnitude of phase
shift at the centre, ¢ (radians), is related to the conical phase base-angle, o (radians) and semi-diameter of the
active area of the SLM imaged onto the pupil plane of the objective, R, for a given wavelength, 4, by Eq. 1:

_ ol
27R

Note that the base-angle of a physical axicon lens producing a phase shift, ¢, is equal to a/An, where An is the
refractive index difference between the lens and the surrounding medium. The base-angle is a common axicon
parameter and is useful for comparing systems utilizing SLM-generated and physical lenses. In our investigation,
we generated phase masks with peak phase shifts of 0, 37.5, 75, 112.5 and 150 radians, corresponding to conical
phase base-angles of 0, 1.07, 2.13, 3.20 and 4.27 mrad for a semi-diameter, R, of 5.76 mm. The combined phase
mask is simply the sum of the flatness correction, diffraction grating and conical front, wrapped at 2=, as depicted
in Fig. 1. When the laser reflects off the SLM, the conical phase mask produces a GB beam in the near-field,
which is reimaged to the back aperture of the objective lens and transformed into a vortex beam at the laser-
writing focal plane. A mathematical description of a vortex beam generated by the FT of a GB beam is provided
in Ref. [34].

2.3 Parameter investigation

a

o))

A parameter-space investigation was carried out to explore the effects of laser irradiation on both the laser-induced
etching selectivity and the elongation of the modified region, for a range of conical phase fronts. Three parameter
space subsets were investigated: firstly, a preliminary scan of pulse duration, pulse energy and axicon gradient;
secondly, a finer scan of pulse duration, pulse energy and writing speed, and thirdly, a comprehensive study of
pulse energy, writing speed, conical phase front and pulse repetition rate. As noted, previous studies have
demonstrated that high etching selectivity can be achieved with circularly polarised pulses under certain
conditions, overcoming the need for polarization alignment during fabrication. This benefits the fabrication
technique greatly, and therefore we used circularly polarized light at the substrate throughout the work presented
here.

For each parameter combination, a single transverse channel was written into the substrate, with the focal
plane positioned 500 pm nominally beneath the surface, i.e., a stage movement of 500 pum into the glass. To
account for beam clipping at the substrate edge, the samples were mechanically diced 2 mm in from the edge to
expose the channel facets prior to etching. The channels were then etched for 3 hours before micrographs were
taken of the channels’ cross-section and the etched lengths.

3. Results
3.1 Parameter space investigation

The first parameter investigation was carried out to determine the influence of pulse energy, pulse duration and
conical phase angle on the etching selectivity and channel cross-section. For this parameter set, the repetition rate
was fixed at 50 kHz, the beam was circularly polarised and the sample was translated at 4 mm/s. For these
parameters, the number of spatially overlapped pulses irradiating the material was approximately 19 (see
Supplement 1 for calculation). In order to reduce the occurrence of self-focusing and consequent filamentation
due to nonlinear Kerr lensing, the pulse energy was limited to 350 nJ for the Gaussian focused beam (conical
phase angle = 0 mrad), compared to 2200 nJ for the vortex beams. Light emitted from the partial free-electron
plasma, formed within the laser focus, was imaged from the side to indicate the modification threshold and focus
elongation. Micrographs of the plasma emission with and without a conical phase font are presented in Fig. 2 (a)
and (b) respectively. Selected channel cross-sections written with both Gaussian and vortex beams for different
pulse energies are presented in Fig. 2 (c). Although the vortex beam is expected to form a ring at the focal plane,
it is evident that ionisation is dominant within a central high-intensity region just prior to the focal plane, resulting
in the elongated modification channel observed. We observed no significant difference in the channel widths for
channels formed with Gaussian and vortex beams, and rather the width was determined predominantly by the
pulse energy.
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Fig. 2: (a) and (b) are micrographs of partial free-electron plasma emission from the focal region inside fused silica
under irradiation with a Gaussian and vortex focus (generated by imparting a 3.20 mrad conical phase front)
respectively. (c) is a series of micrographs showing etched channel facets written with a range of pulse energies and
conical phase masks to highlight the DOF elongation. The repetition rate was 50 kHz, polarisation was circular,
translation speed was 4 mm/s and the pulse duration was 1440 fs when writing the channels shown. Inset: A
corresponding channel cross-section prior to etching (at same scale).

Graphs displaying the selectivity and elongation of the etched channels from the first parameter investigation
are presented in Fig. 3. The most significant uncertainty in the selectivity originates from the variation in
temperature of the etching bath which dramatically affects the etching rate of the pristine material. Therefore, the
uncertainty in the selectivity is approximately equal to the percentage uncertainty in the pristine etching rate of
silica at 85 + 2 °C, i.e. 0.38 £ 0.02 pm/h or £ 5.3%. Note that some degree of variance in the laser writing and
etching process is expected beyond this, but repeated measurements for each parameter set was impractical given
the size of the parameter-space investigated. Several clear trends were observed, and others more subtle: As
expected, a minimum pulse energy threshold was required to induce selective etching; this threshold increased for
longer pulses and steeper conical front. The selectivity generally plateaued at higher pulse energies for the range
investigated. The selectivity was generally higher for longer pulses and particularly, noticeably lower for 180 and
360 fs pulse durations (note, polarisation was circular). This observation is in agreement with previous research
suggesting that for longer pulse durations, the nanogratings that enable high selectivity lose their directionality
and become randomly orientated, facilitating highly selective etching even for circularly polarised light [11]. The
height of the channels after etching, i.e., the DOF, denoted as the elongation here, was found to increase with
pulse energy gradually to a broad peak before falling again slightly in most cases. Most significantly, introducing
conical phase profiles via the SLM resulted in channel elongation proportional to the conical phase front base-
angle. This observation was true up to a conical angle of 3.20 mrad, beyond which the elongation began to
decrease. Prior research has demonstrated that the focal volume intensity distribution of a vortex beam is a
complex combination of writing depth, conical base-angle and direction and pulse energy, and that the elongation
increases with base-angle only up to a point, at which the focus becomes less well-defined and the elongation
reduces [35]. We also note that for steeper conical phase fronts, the diameter of the propagated annular beam
increased and became susceptible to aperturing. It is also apparent that simply increasing the pulse energy
increases the DOF even when no conical phase is applied. For the pulse energy range investigated here, this
elongation can be attributed simply to an increase in the extent of the focal volume above the modification
threshold. At higher pulse energies, filamentation is also expected to contribute to the elongation of the modified
region and this was explored further in the third set of parameters investigated.

The elongation of the preferentially etched material was also less for longer pulses with comparable pulse
energy, particularly for pulse durations of 2880 and 5900 fs. We suspect that this is due to the reduction in peak
intensity within the focus, leading to a smaller laser-affected volume. An optimum pulse duration exists, then, in
which both selectivity is high for circularly polarized light (> 720 fs) and the modification volume is efficiently
elongated (< 2880 fs).

The substrate translation speed is another important factor when considering efficient microfabrication. To
investigate the influence of translation speed on the etching selectivity and focus elongation, it too was
investigated as a function of pulse energy and pulse duration. The results of this investigation are presented as
line plots in Fig. 4. Channels were again written at a nominal depth of 500 um, with translation speeds ranging
from 1 to 8 mm/s (corresponding to 75 to 10 overlapped pulses) and pulse energies from 500 to 2250 nJ. Since
the first parameter investigation determined that a minimum pulse duration between 720 and 1440 fs is required
for optimum etching performance, pulse durations from 1080 to 5900 fs were investigated here. A fixed conical
phase angle of 3.20 mrad was used, as this resulted in longest elongation after the first investigation.
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We observed that the substrate translation speed was only significant for pulse durations of 1080 and 1440 fs,
for which slower writing speeds resulted in significantly lower etching rates. We also observed that the
modification elongation decreased slightly as the pulse duration increased. The results suggest that to achieve
longest modification elongation along with highly selective etching, pulses with durations from 1080 to 1440 fs
with translation speeds > 3 mm/s are optimum. For scenarios in which the translation speed is limited, longer
pulses may give better results.
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Fig. 3: Line graphs displaying etching selectivity (left) and DOF (right) for several SLM generated conical phase masks

for varying pulse energy and pulse duration. In each case, the laser polarisation was circular and the translation speed
was 4 mm/s. The uncertainty in the selectivity is approximately 5.2%.
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Fig. 4: Line graphs displaying etching selectivity (left) and DOF (right) for several pulse durations with varying pulse
energy and writing speed. In this case, the laser polarisation was circular and the axicon base-angle was fixed at 3.20
mrad. The uncertainty in the selectivity is approximately 5.2%.

With the optimum parameters narrowed down, a third and final parameter set was investigated, exploring a wide
range of pulse repetition rates, pulse energies and writing speeds for several conical phase angles starting at 0
mrad. Again, single-pass channels were inscribed in fused silica at a nominal depth of 500 um and chemically
etched for 3 hours. The achieved selectivities and DOFs are presented as heat maps in Fig. 5. For this investigation,
the pulse duration was kept constant at 1440 fs, because this produced highest selectivity and elongation for the
broadest set of irradiation parameters in the initial studies. The dark blue regions represent parameters in which
no material modification was observed, and the grey regions represent inaccessible parameters due to the average
power surpassing the maximum efficiently handled by the SLM as discussed earlier. Each pulse energy increment
along the x-axis of the heat map is subdivided into eight increments which represent eight translations speeds use:
1,2,4,8,16, 32,64 and 128 mm/s.

The results highlight that the pulse energy threshold for modification increases with larger conical base-angle,
as expected. An interesting behaviour was observed when varying the translation speed parameter: For lower
pulse energies, faster writing speeds resulted in a lower etching rate, suggesting that the optimum fluence was not
reached at those speeds. However, we also observed etching rates were sub-optimal when slowest writing speeds
were used in many cases, suggesting that pulse overlap also has an optimum value. This behaviour was not
observed for the elongation however, where an inverse relationship between writing speed and elongation was
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observed. Further, we observed that the optimum translation speed for high etching selectivity increased with
higher repetition rates for similar pulse energies, suggesting the total fluence determines the morphological change
rather than the individual pulse energy, in agreement with previous studies [16]. This observation is significant
for industrial manufacturing applications as it implies that fabrication time can be reduced simply by increasing
the writing speed and repetition rate proportionally. Challenges remain however in overcoming the average power
limits handled efficiently by modern LCOS-SLM’s. Indeed, we observed that only the lowest repetition rate,
corresponding to lowest average power, resulted in fully elongated channels.

Again, channel elongation was proportional to the conical base-angle where sufficient pulse energy was
available. For this parameter set, channels were also written at high pulse energies for a base-angle of 0 mrad. In
this regime, filamentation due to Kerr self-focusing is likely, and indeed we recorded DOF elongation up to 147
um for 14.4 pJ pulses. However, this is still substantially less than the DOF observed when writing with a vortex
beam.
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Fig. 5: Heat maps displaying the results of the final parameter space investigation. The selectivity (top) and DOF
(bottom) were measured for channels written with several pulse energies, writing speeds, conical phase base-angles and
pulse repetition rates. The minor tick marks along the pulse energy axis represent doubling sample translation speeds
from 1 to 128 mm/s, while the minor tick marks along the repetition rate axis denote base-angles from 0 to 4.27 mrad.
Circularly polarised light was used throughout. The uncertainty in the selectivity is approximately 5.2%.

An alternative representation of the data provided by the heatmap in Fig. 5 can be found in Supplement 1.
Here, the data is offered in terms of the number of overlapped pulses and the net fluence for each pulse energy
investigated. It is common to consider pulse repetition rates below 1 MHz to be thermally non-cumulative;
therefore, one may expect the repetition rate and translation speed to be inherently correlated, with the material
modification influenced by the pulse overlap alone. We observed this to be the case in general, however, we note
a trend for the modification threshold to be more readily reached with higher repetition rates for a given pulse
energy and pulse overlap. We also observe a stark reduction in selectivity when writing with many overlapped
pulses (approximately >50). We suggest that this may in fact be due to thermal accumulation leading to the
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spontaneous annealing of the material defects that drive selective etching. The observation of thermal
accumulation at repetition rates < 1IMHz [39], and even as low as 1 kHz [40], supports this. As expected, the
threshold for modification in terms of net fluence increases with applied conical phase. Generally, once the
threshold is reached, the selectivity achieved is consistently around 700, regardless of the degree of elongation.

In terms of the focus elongation, we observed the DOF to increase with conical phase as expected. We further
observed the degree of elongation to increase with the number of overlapped pulses for a given pulse energy. At
lower pulse energies, the elongation achieved by applying steeper conical phase decreased, and was eventually
surpassed by that achieved with shallower conical phase applied. This is likely due to the pulse energy distributed
at the extremities of the focal region dropping below the modification threshold.

3.2 Demonstration of glass dicing

To demonstrate the benefit of controllable DOF during inscription, we compared the time taken to inscribe simple
geometric shapes, namely an ellipse, star, circle and triangle, into fused silica, both with and without beam
elongation. The components were chosen as they demonstrate highly selective polarisation insensitive etching,
rapid laser inscription via beam elongation, and are not manufacturable using traditional methods. Firstly, we
determined the maximum raster scan layer spacing that resulted in sufficient overlap of the modified regions to
facilitate highly selective chemical etching across layers. Surfaces were written through 2 mm thick fused silica
substrates with a length of 2 mm and a variable raster spacing. Both Gaussian and vortex (generated with a 4.27
mrad conical phase front) foci were used for comparison. For both beam types, the pulse duration was 1440 fs
and the repetition rate was 50 kHz. The pulse energy was 1620 nJ for the Gaussian focus, and 8100 nJ for vortex
focus. For the Gaussian focus, the raster spacing was initially set to 2 pum and gradually increased to 20 um in
steps of 2 pum and for the vortex focus, the raster spacing was varied between 100 and 450 pm is steps of 50 pm.

The substrates were then etched in 8M KOH at 85°C for 2 hours to allow the etchant to penetrate through the
inscribed material. Afterwards, brightfield micrographs were taken of the etched surfaces to clearly identify the
surfaces with overlapped modification regions through the substrate, as shown in Fig. 6 (a) and (b). We found that
a spacing greater than 16 um resulted in disconnected channels that prevented etching through the sample when
writing with a regular diffraction limited Gaussian focus. Conversely, by using a vortex focus, we observed
continuous modification of the glass and subsequent highly selective etching at a layer spacing of up to 200 pum.
We note that the theoretical confocal parameter of the Gaussian beam waist when focused with an NA of 0.6 in
fused silica is 4.4 um (for a beam quality, M, of 1.2), less than the 16 um scan spacing that resulted in continuous
modification. This observation may be attributed to spherical aberration-induced focus elongation within the
substrate [41], self-focusing, or simply because the modification threshold energy extended beyond the confocal
parameter in this case.

With the maximum beam elongation established, geometric shapes were laser written in fused silica substrates,
measuring 10 x 10 x 1 mm, and etched in KOH for 2 hours. The full thickness of the substrate was modified layer
by layer, with each layer separated by 16 and 200 um when using a Gaussian and vortex beam respectively. The
inscribed substrates and post-etch shapes are presented in Fig. 6 (c) and (d) respectively. With a writing speed of
4 mm/s, the total inscription time was approximately 15 minutes when using the Gaussian focus, and just 72
seconds when using the vortex focus.
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Fig. 6: (a) and (b) show chemically etched tracks written with a vortex beam to determine the maximum z-spacing for
continuous modification through silica glass. The surfaces were formed by raster scanning 2 mm long tracks in 2 mm
thick glass. Note the micrographs were taken with the surfaces tilted. (c) shows a star, triangle and circle within an
ellipse, each inscribed into a 1 mm thick fused silica substrate. The separated components, written with a vortex beam
in 72 s, and subsequently etched for two hours, are shown in (d). (e) and (f) are surface profiles of the 1 mm thick etched
surfaces inscribed with a Gaussian and vortex focus respectively.

The 12-fold reduction in inscription time highlights the potential for ultrafast-laser-induced selective etching
to be used for industry level manufacturing tasks. The two-hour etching time is compatible with rapid prototyping
and, as a serial process, does not present a barrier for large scale manufacturing.

The surface quality of laser fabricated components may also be of interest for certain applications, such as
when manufacturing micro-optics and microfluidic devices. The form of etched surfaces written with a Gaussian
focus and a vortex focus (with the irradiation parameters stated above) through 1 mm thick fused silica was
measured by focal-variation microscopy (S neox, Sensofar), and the corresponding surface plots are presented in
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Fig. 6 (e) and (f). The roughness measured was significant in both cases: the arithmetic mean roughness (ISO
25178) was 336 nm and 460 nm for Gaussian- and vortex-written surfaces respectively. It is evident from the
depth dependence of the surface texturing when writing with a Gaussian beam (Fig. 6 (¢)) that laser damage was
at least partly responsible for the roughness; unsurprisingly, given the relatively high pulse energy (1620 nJ) used.
Perhaps more significant is the clear appearance of laser-scan layers when writing with the vortex beam (Fig. 6
(f)). The layers are formed with the same period as the layer spacing, 200 um in this case, and are indicative of a
non-uniform energy distribution over the DOF. In this instance, the peak-valley variation on the surface between
adjacent layers was approximately 6 pm.

It is worth noting that lower roughness has been achieved by writing with a diffraction limited focus and lower
pulse energy, particularly in the nanograting regime [5, 42]. For surfaces requiring a smooth finish, writing with
less energy and a smaller layer separation, at the expense of longer writing times, may be beneficial.

4. Discussion

Over the past two decades, ultrafast-laser-induced selective etching has been refined to the point where it may
now be seriously considered for industry-level manufacturing; aided by the development of robust and less-
expensive femtosecond laser systems. Advanced techniques, such as beam shaping, continue to improve the
efficiency of laser energy deposition during writing, leading to significant reductions in laser processing times.
Adaptive optics offers unparalleled control of the beam intensity profile; facilitating near arbitrary spatial control
of the focal volume in real-time, generally without the need to alter the position or alignment of physical optics
in the beam delivery path. A significant exception to this occurs when generating a Bessel beam using a diffractive
axicon via an SLM, since the Bessel beam forms in the near-field of the axicon rather than in the laser processing
plane.

In this work, we have used SLM-generated conical phase fronts, analogous to small-angle diffractive axicon
lenses, to generate a high aspect-ratio laser focus extending to the focal plane and demonstrated that the degree of
elongation can be controlled simply by increasing the base-angle of the conical phase front. We applied this
technique to ultrafast-laser-induced selective etching of fused silica and found irradiation parameters for which
the etching-rate enhanced region formed by a single-pass of the laser focus can be elongated by 12.5 times that
inscribed with a Gaussian focus. Crucially, the etching selectivity remains high (approximately 800 - 1000) and
polarization insensitive for the optimum parameters found. These findings are beneficial in both research and
industrial settings: the significant reduction in laser writing time resulting from the elongated modification volume
further enhances the rapid-prototyping appeal of laser-assisted etching and enables the fabrication of larger
components and quantities which would otherwise be impractical. Further, circumventing the need for strict
feature-dependent polarisation alignment while writing greatly reduces the complexity of the laser inscription and
hardware control systems.

Interesting trends were observed from the parameter investigation: For a given pulse energy, the elongation of
the DOF increased with the number of overlapped pulses, particularly when a conical phase was applied, as long
as the pulse energy threshold requirement was met. A consistently high selectivity was achieved for the full range
of conical phase amplitudes investigated when sufficient pulse energy was used. However, the selectivity also
displayed a characteristic drop-off for each pulse energy investigated when the number of overlapped pules was
high. This suggests that there is a point at which additional laser pulses undo the modification that facilitates
increased etching rates. Since circular polarisation was used throughout this study, we expect that the enhanced
etching rate was not driven by the formation of directional nanogratings, but rather the formation of molecular
defects, nanopores and nanocracks within the laser affected zone. Therefore, we propose that when sufficient
pulse overlap is reached, thermal accumulation locally anneals the laser affected zone leading to the drop in
etching rate.

One may expect the spatial resolution when writing with a vortex beam to decrease compared to writing with
a Gaussian beam. However, we found that this is not generally the case, and that high aspect-ratio channels can
be formed irrespective of the conical phase applied. Writing with a vortex beam does affect the surface quality,
however, and therefore, this approach is best suited to fabricating large structural surfaces in dramatically reduced
laser inscription times, and less suited to forming surfaces in which high surface quality is needed, for example
forming optical flats.

The vortex focus offers a key advantage compared to a more typical GB focus, in that the optical path is
compatible with several adaptive-optics-enabled beam-shaping applications without any necessary mechanical
changes during laser writing, for example, aberration correction [43], adaptive slit shaping [44], multispot
writing [44] and accelerating beam writing [46,47]. This implementation facilitates the fabrication of complex
components consisting of a variety of surface types and features such as intricate elements requiring high
resolution, deep surfaces, and large planes. The reduction in inscription time by 12-fold highlights the potential
for industrial level glass cutting, drilling and shaping.

Challenges remain in terms of the power handling capabilities of LCOS-SLM’s, however, recent progress in
thermal management promises significant improvement in SLM performance at high powers [48].

130



5. Conclusions

In this paper, we have demonstrated a method of varying laser focus DOF using an SLM for applications in direct
laser writing and selective chemical etching. By introducing a conical phase delay to the laser beam via an SLM,
a vortex beam was formed at the focal plane after propagation through a 4-f lens relay and objective lens, forming
an elongated high-intensity focal region permitting high-aspect ratio glass modification of up to 350 pm along the
optical axis. Meanwhile, the chemical etching selectivity of the laser irradiated material remained high, above
1000 in some cases, as confirmed by comprehensive parameter-space investigations. Further, laser inscription was
performed with circularly polarized light, demonstrating that the need for maintaining strict polarization alignment
to achieve highly selective etching can be overcome. To demonstrate the benefit of elongating the DOF for glass
microfabrication applications, a selection of fused silica geometric shapes were fabricated by ultrafast laser
induced selective chemical etching with writing time reduced by 12-fold when compared to writing with a more
typical Gaussian focus.
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8.2. “Volume Bragg gratings written in fused silica at depth via spatial-light-modulator assisted
aberration compensation”

Ultrafast laser inscription of efficient volume Bragg
gratings deep in fused silica using active wavefront
shaping
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Abstract: The maximum depth that photonic structures such as volume Bragg gratings (VBGS) can be precisely
fabricated inside dielectric materials using ultrafast laser inscription (ULI) is limited by the aberration imparted
on the laser beam by the air-substrate interface as it is focused into the substrate. Here, we use a computer-
controlled spatial light modulator (SLM) to shape the wavefront of the ULI laser before it is focused into the
substrate, such that the impact of this aberration on the manufacture of VBGs is minimized. We show that this
technique allows us to inscribe efficient VBGs at depths in fused silica that would otherwise result in low
efficiency VBGs. We find that an optimized “reference” grating fabricated at a mean depth of 200 um without
wavefront shaping exhibited a maximum relative first-order diffraction efficiency of 48%, whereas a grating
fabricated at a mean depth of 900 um using identical parameters exhibited an efficiency of 6.2% — both measured
with 633 nm light polarized perpendicularly to the grating lines. Using the SLM to control the wavefront of the
ULI laser beam, we were able to pre-compensate for the effect of the substrate surface aberration and fabricate
gratings at a mean depth of 900 um that increased the first-order relative diffraction efficiency to ~42%. A further
plasma study provided significant evidence to the effectiveness of Zernike polynomials for spherical aberration
correction. Combing both plasma imaging and laser writing approaches, a set of polynomials for aberration
correction at a range of depths was produced with scope for arbitrary depth correction.

© 2022 Optica Publishing Group under the terms of the Optica Publishing Group Open Access Publishing
Agreement

1. Introduction

Ultrafast laser inscription (ULI) is an emerging advanced laser manufacturing technique that exploits focused
ultrafast laser pulses of sub-bandgap laser radiation to induce localized structural changes inside dielectric
materials [17]. Depending on the ULI parameters, the laser induced modification can manifest itself in a variety
of ways, examples of which include variation to the refractive index and/or chemical etch rate [18-20]. Using
these modifications, three-dimensional (3D) optical components, such as mode-multiplexer, integrated photonic
lanterns and volume Bragg gratings (VBGS) can be fabricated [4,15,21-23].

One issue that is commonly encountered when performing UL is that the maximum depth at which structures
can be fabricated inside a substrate is limited by the effect of spherical aberration imparted on the ULI laser beam
by the air-substrate interface [1] (we will refer to this aberration as the “substrate aberration”). The substrate
aberration distorts the laser focus and resultant material modification. Since the amount of substrate aberration
imparted on the laser beam increases as the depth of the focus inside the substrate increases, the laser modification
itself becomes a function of depth, even if all other ULI parameters are held constant. This is particularly
significant for high-numerical aperture (NA) focusing, where substrate aberration becomes severe even at shallow
depths. High-NA inscription is desirable because the resolution of resolvable features increases with NA,
according to the Sparrow criterion. Therefore, the substrate aberration limits the fidelity of structures fabricated
at depths where aberrations become significant, and in the context of VBG fabrication, potentially limits the VBG
thickness and depth at which high quality VBGs can be fabricated. The latter of these could be particularly
important for fabricating advanced VBG structures, such as the stacked VBGs that have recently been used for
astronomical spectrograph applications [24]. Previously, femtosecond laser written VBGs spanning a depth of
600 um in fused silica has been demonstrated [5]. We note though that performance variation over the grating
depth was not reported.

One solution to address the impact of the substrate aberration is to use a spatial-light-modulator (SLM) to
shape the incident laser wavefront via the application of a “phase mask”. SLMs have been used previously to tune
the periodicity when writing Bragg gratings with a traditional mask and cylindrical lens [25], and for correcting
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for aberrations when writing Bragg gratings in fibers [26]. Here we propose that with an appropriately designed
phase mask, the writing beam wavefront can be shaped such that the substrate aberration effects are pre-
compensated for [16,27,28] in order to write VGBs deep within a substrate. In this work, we investigated how the
surface aberration affects the performance of VGBs fabricated in fused silica and demonstrate the use of a liquid
crystal SLM for writing high quality VGBs at depths where substrate aberration would otherwise prevent this. We
find that by using the SLM for aberration compensation, we can fabricate optimal gratings at a mean depth of
900 um that exhibit a first-order relative diffraction efficiency of 42% for linearly polarized 633 nm light, close
to the range of the 48% measured for optimal VBGs fabricated near the substrate surface without aberration
correction.

2. Experimental methods
2.1 The ultrafast laser inscription system

Figure 1 is a schematic of the ULI system used in this work, which incorporates an SLM for surface aberration
compensation. The fabrication laser used was a diode-pumped ytterbium-doped bulk laser system (Pharos, Light
Conversion) with a 1030 nm central wavelength, allowing tuneable pulse duration and repetition rate. The
components following the laser include a power control system directly at the output of the laser consisting of a
half-wave plate (HWP) and polarizing beam splitter (PBS). The linearly polarized laser beam was expanded using
lenses L1 (plano-concave, f=-25 mm, LC1054-B Thorlabs) and L2 (plano-convex, f=75mm, LA1608-B
Thorlabs) to overfill the active area of the SLM, increasing the beam diameter from 4.5 mm to 13.2 mm (1/e?).
The phase-only reflective liquid-crystal-on-silicon (LCOS) SLM (X13138, Hamamatsu) had an active area
consisting of 1272 x 1024 pixels with a pixel pitch of 12.5 um, each providing a 0 - 2z phase modulation at
1030 nm by applying an 8-bit value from 0 - 150, giving a pixel phase resolution of ~0.042 radians. To enable
shaping of the laser beams amplitude profile, a blazed grating was applied to the SLM to direct ~80% of the
incident power into the positive first diffraction order. A 4f imaging system was used to image the SLM onto the
back aperture of the objective lens (OBJ1) which then focused the laser beam into the substrate. The first Fourier
transform lens (Fr1) had a focal length of 2000 mm (bi-convex, LB1859-B Thorlabs) whereas the second (Ft2)
had a focal length of 400 mm (bi-convex, LB1391-B Thorlabs). An iris (LCP50S, Thorlabs) placed at the focus
of Fr1 was used to block all but the positive first diffraction order. The polarization of the laser reaching the
substrate was controlled using a quarter-wave plate (QWP) and second HWP placed before OBJ1. The choice of
writing objective (OBJ1) has a significant effect on the available dimensions of the modified volume and depth
achievable within the selected sample. The selected objective lens had an effective focal length of 4 mm, an NA
of 0.67, and a 10 mm working distance (PAL-50-NIR-HR-LCO00, OptoSigma). For this work, we underfilled the
objective to achieve an effective writing NA of 0.6, producing a focal volume with theoretical diffraction limited
dimensions of 1.0 um in the transverse plane and 8.3 um in the axial plane. The substrate was mounted on
computer controlled 3-axis air-bearing translation stages (ABL1000, Aerotech) that allowed the sample to be
translated through the ULI laser focus with sub-micron precision and with a maximum travel of
100 mm by 100 mm by 25 mm along the x-, y-, and z-axis respectively. Two imaging systems, labeled C1 and
C2 (both DCC2545M-GL, Thorlabs), were used for on-axis imaging of the substrate and side-view imaging of
the free-electron plasma respectively.
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Fig. 1. Schematic diagram of the ULI system. An ultrafast laser system (Pharos, Light Conversion) delivered pulses with a 1030 nm
wavelength, 200 kHz pulse repetition frequency and 185 fs pulse duration. The laser power reaching the substrate was controlled using a half-
waveplate (HWP) and polarizing beam splitter (PBS) placed directly after the laser aperture. Lenses L1 and L2 form a telescope that expands
the laser beam to fill the active area of the SLM. The SLM, pictured with an example Zernike polynomial phase mask (inset next to the SLM),
was followed by a 4f spatial filtering image relay system, constructed from Fr1, Fr2, and an iris to block all but one of the orders. The
polarization of the laser beam on the substrate was controlled by a second HWP and a quarter-wave plate (QWP) placed before the final
writing objective (OBJ1, x50, 0.67 NA, OptoSigma). The substrate was mounted on a 3-axis air bearing translation stage (Aerotech). C1 and
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C2 are digital cameras used to monitor the positioning of the sample (C1) and to image the emission from the free electron plasma (C2). The
inset below F+2 shows the substrate mounted in front of OBJ1, with a two-dimensional array of VBGs inscribed.

2.2 VBG Characterization system

VGB:s are periodic refractive index structures which reflect or diffract light with a highly wavelength and angle
dependent efficiency. The behavior of VBGs can be described by coupled wave theory as set out in Refs. [2] and
[7]. The performance of our laser fabricated gratings was characterized using the characterization system
presented in Figure 2(a). The diffraction efficiency of the VBG under test was determined using both a linearly
polarized 633 nm HeNe laser (1125P, Uniphase), and across a broader range of wavelengths using an NKT
Photonics SuperK supercontinuum (SC) broadband light source. In combination with a set of bandpass filters
(10 nm bandwidth at the full-width half-maximum), the SC was used to study central wavelengths from 500 to
1100 nm in steps of 100 nm. A HWP was used to control the HeNe polarization, while the SC polarization was
adjusted using a linear polarizer. The substrates containing the VBGs were mounted on a linear translation stage
which enabled transitioning the VBGs between the HeNe (red arrows) and SC (white arrows) beams, Fig. 2(a).
The VBGs were also held in a rotation mount that allowed the gratings to be orientated through a range of incident
angles (a in Fig. 2(b)) to find the maximum diffraction efficiency of each grating for a given wavelength - in
effect applying a blaze to the VBG. This is because the efficiency for a given wavelength is highly angle dependent
[29]. The average optical power contained within the positive first-order was measured using an integrating sphere
(S142C, Thorlabs), which reduced the possibility of an alignment error on the detector end. Once the diffraction
power was maximized by varying the angle, the transmission through pristine (unmodified) material was
measured for the same angle as a “zero-diffraction reference”. For our purposes, the diffraction efficiency of any
VBG was defined as the optical power measured in the positive first-order relative to the zero-diffraction
reference, referred to herein as the “relative diffraction efficiency”. The diffraction efficiencies were measured
for two linear polarization states: perpendicular to the modified tracks of the grating, designated p-polarization,
and parallel to the modified grating lines, designated s-polarization, as depicted in Figure 2(b). These designations
were chosen to adhere to convention, where s- and p-polarization are defined relative to the plane of incidence;
which in our case, lay orthogonally to the grating lines.

Fig. 2. (a) Annotated digital photograph of the set-up used for characterizing the VGBs, showing the HeNe beam path with the red arrows,
and the SC beam path with the white arrows. A half-wave plate (HWP) and polarizer (Pol) were used to control the linear polarization
orientation of the HeNe and SC respectively, and a set of bandpass filters (BPF) (FKB-VIS-10, Thorlabs) within a rotating wheel mount was
used to filter the SC wavelength. (b) Schematic of the grating showing the grating rotation axis, the positive first and the zero™ orders and the
position of the power meter used to measure the positive first-order. Also detailed are the two polarization orientations relative to the sample,
labelled P (p-polarization) and S (s-polarization). This is pictured with a scaled photo of a VGB array in the mount. (c) Digital photograph of
the mounted sample in the foreground, and the integrating sphere with a 633 nm diffraction pattern in the background. The grating under test
was written with a pulse energy of 225 nJ at a depth of 200 um with the Z(0) phase mask on the SLM. We note the cloudiness of the VBG
suggests some degree of glass modification beyond Type | [14].

3. Results
3.1 Developing efficient shallow-depth VBGs

The starting point for the depth correction study was to find ULI parameters that produced an efficient VBG at a
mean depth of 200 um in the substrate, a depth where substrate aberrations are not expected to be signifcant.
While highly efficient VBGs have been produce using ULLI , it is important highlight that this was not the primary
aim of this work [15]. Here, we required a grating with sufficiently high relative diffraction efficiency to
investigate the evolution of the laser writing capabilities as a function of depth. For all ULI fabrication, the laser
pulse repetition rate was set to 200 kHz, the pulse duration to 185 fs, the polarisation was circular, and the substrate
translation speed was 4 mm-s*. The substrate used for this study was 1 mm thick fused silica (7980 OF grade,
Corning). Each VBG layer was fabricated by translating the substrate through the ULI laser focus to inscribe a
series of parallel lines of index modification separated by 6 um. Each line was written along the same direction to
ensure consistent modification of the material. The thickness of the VBG was determined by stacking multiple
layers spaced by 2.26 um. It was previously demonstrated that VBGs with a thickness of around 100 um exhibit
high absolute diffraction efficiency for 633 nm light [12]. Therefore, this was chosen as the target thickness,
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composed of 45 individual layers of index modification. The transverse dimensions of the VBG were 3 mm by
3.5 mm, chosen such that the interrogation source underfilled the grating area.

VBGs were fabricated using a range of pulse energies from 150 nJ to 250 nJ in steps of 25 nJ. Figure 3(a)
depicts the diffraction efficiencies measured for the 45-layer VBGs as a function of the writing pulse energy. The
VBG fabricated using 225 nJ pulses exhibited the optimum diffraction efficiency of 48% for p-polarized, and 44%
for the s-polarized 633 nm light. Figure 3(b) presents the diffraction efficiency of this VBG as a function of
wavelength, indicating that efficiencies of > 40% across the 600 nm to 900 nm spectral band were obtained. This
set of ULI parameters, (225 nJ pulses and 45 layers) written at a mean depth of 200 um below the sample surface,
produced a grating with sufficiently high diffraction efficiency to serve as a “reference”,. The reference was used
to assess the success of the aberration compensation for gratings written deeper within the substrates.
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Fig. 3. Measured diffraction efficiencies for p- (square markers, blue line) and s- (circle markers, red line) polarized light. (a)
First-order diffraction efficiencies for VBGs fabricated using a range of pulse energies. It is observed that diffraction efficiencies
>40% are realized using a pulse energy of 225 nJ. Here, the diffraction efficiency was measured using a HeNe laser at 633 nm.
(b) Measured diffraction efficiency vs wavelength for the VBG fabricated with 225 nJ pulses, showing that diffraction efficiencies
above 40% relative diffraction efficiency could be obtained for wavelengths between ~600 nm and ~1000 nm.

3.2 Developing efficient VBGs deep in fused silica

With appropriate laser writing parameters established to fabricate efficient VBGs at a depth of 200 um, the
capacity to write efficient VBGs at significantly larger depths in fused silica was investigated. The predominant
substrate aberration is expected to be spherical aberration, originating from the air-glass interface as the laser is
focused into the sample. A commonly used model for representing optical aberrations is the Zernike polynomials
— a set of orthogonal polynomials which can describe any surface deviation on a unit disk [10]. Zernike
polynomial, ZP?, specifically represents primary spherical aberration, and was therefore used to compensate for
surface aberration in this work. This phase mask was modulated by the Zernike expansion coefficient, or
aberration coefficient, X, which is equal to the peak wavefront error in radians [12]. In the following, we represent
an SLM phase profile that consists of a ZP? polynomial with an aberration coefficient, X, as Z(X). A phase profile
denoted Z(0) therefore represents no spherical aberration compensation, and the challenge is to find the value of
Z(X) for a given depth which compensates for the effect of the substrate aberration on the laser focus.

VBGs were fabricated using the ULI parameters identified in Section 3.1, at a mean depth of 900 um. Each
grating was written with a different aberration coefficient applied to the phase mask displayed on the SLM, with
the magnitude ranging from Z(-3) to Z(-5) in steps of 0.5, and also with a mask of magnitude Z(0) representing a
non-aberration compensated grating. The negative sign of the Zernike aberration coefficients simply derives from
the phase delay introduced to the beam by the SLM when applying positive mask values. The relative diffraction
efficiencies were measured with 633 nm light for both s and p polarization states. The relative diffraction
efficiencies gave an indication of the extent of aberration compensation provided by the phase mask. The mask
which produced a grating with an efficiency close to the reference seen in Fig. 3(a) was presumed to fully
compensate for spherical aberration at the associated depth. Figure 4(a) presents VBG diffraction efficiency as a
function of the magnitude of Z(X).
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Fig. 4. (a) Relative diffraction efficiency versus aberration coefficient for a set of VBGs written at mean depth of 900 um for a
range of SLM profiles ranging from Z(0) to Z(-5), measured with both p- (square markers, blue line) and s- (circle markers, red
line) interrogation beam polarizations. A blue dashed arrow highlights the best performance improvement when using the Z(-
4.5) aberration coefficient mask. (b) Relative diffraction efficiency versus wavelength for a VBG written at a mean depth of
900 um, for corrected (solid curves) and uncorrected (dashed dot curves), for both p- (square blue) and s- (circle red)
polarizations. Inset: the Zernike polynomial component of the mask projected onto the SLM, for Z(-4.5) in grey scale from O to
21

This peak efficiency is represented by the dashed blue arrow at Z(-4.5), highlighting an improvement from 6% to
42%, and 8% to 36% for p-polarized and s-polarized 633 nm light respectively. We note that the diffraction
efficiency for the Z(-3.5) phase mask deviated from the expected efficiency trend, as affirmed by a repeated
fabrication run. Although peculiar, this anomaly was not deemed significant to warrant further exploration within
the scope of this work. Figure 4(b) presents first order diffraction efficiency results obtained as a function of
wavelength for the best performing grating in Fig. 4(a). The diffraction efficiency for the Z(0) grating is
represented by the dash-dot curve, while the Z(-4.5) grating is represented by the solid curve and the light
polarizations are colored as before. The aberration correction resulted in a higher relative diffraction efficiency
across all wavelengths tested, however they are found to be below the efficiencies detailed in Fig. 3(b). It is clear
though that the diffraction efficiency at 633 nm is significantly improved from 6% to 42% by implementing the
SLM-based aberration compensation. The inset in Fig. 4(b) shows the Zernike polynomial component of mask
Z(-4.5) which was applied to the SLM.

The bandwidth of VBGs, for a given angle of incidence, is predicted by coupled wave theory [2]. To compare
the performance of the laser inscribed VBGs to that predicted by theory, the bandwidths of two VBGs were
measured: the reference grating at 200 pum and the best performing grating written at 900 pm, written with the -
4.5 Zernike coefficient. The gratings were interrogated with the SC broadband source and colored filters, at a
fixed angle (the optimum found for 633 nm light).
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Fig. 5. Plot of relative diffraction efficiency versus wavelength for the reference grating (dashed line, light blue), and corrected
VBG written at a mean depth of 900 um (Solid line, dark blue). The theoretical efficiency predicted by coupled wave theory [2]
is also included (black line).

The resultant bandwidths are presented in Figure 5. This study showed that for both VBGs, the efficiency peaks
at 633 nm wavelength, in agreement with theory. The spectral profile of the individual gratings differ slightly.
The model predicts grating performance for an ideal sinusoidal index profile. In practice, the index profile induced
by laser writing is more step like. Further, we expect the index morphology to vary over each grating thickness,
such that the effective period of the grating is less well-defined. We also expect scattering to affect the
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performance of each grating with a wavelength and angle dependence. It is possible that the specific modification
at shallow and deep depths in the material, even with aberration correction, would differ, resulting in variability
in the scattering behavior. Considering these limitations, it is still possible to estimate the induced refractive index
change from the theoretical model. Doing so, we estimate an index contrast of 1.25x10 and 1.15x107 for the
shallow and deep gratings respectively.

3.3 Free-electron plasma imaging

To provide further insight into the effect that aberration compensation has on the laser fabrication, we performed
free-electron plasma emission imaging experiments, with the aim of correlating the plasma emission properties
with VBG diffraction efficiency trends depicted in Fig. 4(a). As proposed by Jesacher et al., the emission of the
free electron plasma can provide a useful metric to determine the optimum SLM profile for aberration
compensation [16]. As shown in Fig. 1, a camera (DCC2545M-GL, Thorlabs) with a 6.5x magnification zoom
lens (MV6X12Z, Thorlabs) and a 0.67x extension lens (MVL067A, Thorlabs) (C2, Fig. 1) was used to record
images of the emission from the free electron plasma. A shortpass filter with a cut-off wavelength at 1 um
(FESH1000, Thorlabs) was used to block the 1030 nm laser light scattered from the focus, ensuring only light
originating from the broadband plasma was measured. The laser parameters were consistent with the VBG writing
experiment excluding the pulse energy which was increased from 225 nJ to 300 nJ to improve the signal to noise
ratio on recorded plasma images.

The study was performed at depths of 200 and 900 um, corresponding to the inscription depths of the VBGs.
As before, plasma emission at a depth of 200 pm without aberration compensation was used as a reference to
compare to writing at depth with compensation. Since the 100 pum thick gratings spanned a depth of 850 to 950
um, plasma emission was investigated at 850 um, 900 um, and 950 um, corresponding to the top, middle, and
bottom positions of the grating respectively. The phase masks applied for each of the three depths included Z(0),
and the range from Z(-3) to Z(-7) in steps of 1 coefficient magnitude. We observed that the plasma intensity
diminished over time when the laser was focused into static material, which we assume is related to the laser
induced material modification. Therefore, images were taken immediately upon laser exposure in a pristine region
of material to capture the plasma intensity consistently. A 0.5 OD neutral density filter (NEO5A, Thorlabs) was
used to avoid camera pixel saturation for the brightest plasma generation, namely at 200 pm and at 900 pum, with
Z(-3) to Z(-6) applied. Five plasma images were recorded for each mask and depth. The five peak pixel values
from each plasma image were averaged, and then the average value normalized to the average peak pixel intensity
of the reference value measured at 200 um. Fig. 6 is a plot of the normalized average peak pixel intensity observed
for the range of phase masks, measured when writing at 850 — 950 um depths (green lines). The measured plasma
emission observed at 200 um without aberration compensation is included for comparison (black datapoint). The
error bars represent the minimum and maximum recorded values from the five repeat measurements. The p-
polarized diffraction efficiencies (blue square) measured in Fig. 4(a) are also represented for comparison.
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Fig. 6. The normalized average peak pixel intensity recorded when imaging plasma produced with a range of aberration
coefficients at shallow and deep depths, namely: 200 um (shallow reference, black point), 850 um (dark-green upward triangle),
900 um (green diamond), and 950 um (light-green downward triangle). Each point is the normalized average of five
measurements and the error bars represent the minimum and maximum measured values. The blue line represents the relative
diffraction efficiency of a VBG written at 900 um (interrogated with horizontally polarized 633 nm light).

Figure 6 shows that optimally selected Zernike expansion coefficients had a considerable effect on the plasma
intensity at a specific depth. For the three depths centered at 900 um (green shades), the Z(-4) phase mask
produced similar and consistent plasma emission, all within the range of the reference point at 200 um (black
point) with an average value of ~0.9. We observed a high peak intensity for Z(-3) for top layers (0.98 at 850 um)
but a significant drop in intensity for the deepest grating layer (0.73 at 950 um). The global trend of the plasma

139



imaging corroborates the previous results with peaks of plasma intensity and relative efficiency between Z(-4)
and Z(-4.5). With a long manufacturing time of ~12 hours for each 3 mm by 3.5 mm by 100 um VBG presented
in this work, obtaining aberration compensation parameters by trial and error is impractical. The plasma imaging
study is therefore very useful, as it allows approximately optimal aberration correction parameters to be obtained
immediately at any depth.

The plasma imaging results provide further insight into depth dependent surface aberration. For gratings
spanning greater than 100 um thickness, it may be beneficial to tune the aberration coefficient dynamically to
correct for aberration precisely over the range of depths. The significant writing time per grating attracts system
stability issues arising from, for example, fluctuations in the environmental temperature. Fortunately, methods of
reducing fabrication times have been reported, including using beam shaping, which are compatible with the
aberration correction approach described here [30]. It may also be possible to combine traditional VBG fabrication
techniques, such as using physical phase-masks, with SLM controlled aberration correction, or indeed, generate
the intensity modulation via the SLM directly. It has been predicted that depth dependent spherical aberration can
be compensated for up to a depth of ~6 mm for a 0.6 NA in fused silica using an SLM [28]. These results show
that by shaping the wavefront across the beam using an SLM, the quality of the laser spot and plasma intensity at
900 um depth, and hence the fidelity of laser written VGBS, can be restored close to that seen at a mean depth of
200 pm.

4. Conclusions

The range of substrate depths that ULI can be applied to is conventionally limited by the spherical aberration
imparted on the laser beam by the substrate surface — the substrate aberration. This aberration degrades the focal
spot as the depth of the focus increases and also limits the resolution of the manufacturing process. To overcome
this, an SLM can be used to pre-compensate the phase profile across the laser beam before it enters the lens used
to focus the laser light inside the substrate [16,27,28]. In this work, a preliminary investigation was performed to
acquire optimal ULI parameters to produce a “reference” VBG at a depth of 200 um without aberration correction.
This reference grating exhibited a relative diffraction efficiency of 48% for p-polarization at 633 nm. A set of
VBGs were then fabricated at a depth of 900 um using SLM profiles with different Zernike expansion coefficients.
The relative diffraction efficiencies of VBGs fabricated at a mean depth of 900 um were found to increase from
6% and 8% for p- and s- polarizations respectively when no aberration compensation is used, to 42% and 36% for
p- and s- polarizations respectively when a Z(-4.5) Zernike expansion coefficient was used. These values are close
to the diffraction efficiencies measured for the reference grating written at 200 um without aberration
compensation, strongly indicating that the SLM has successfully compensated for the majority of the substrate
aberration. A further VBG characterization study using light across a wide spectral region showed that although
the aberration corrected VBG maintained the diffraction efficiency at the designed working wavelength of
633 nm, the diffraction efficiency at other wavelengths did not match the values exhibited by the reference grating.
This clearly indicates that the VBG fabricated at a depth of 900 um with optimized aberration compensation does
not fully replicate the optical properties of the reference grating, and further studies are required to ascertain why
this is the case. A plasma imaging study was also performed that revealed that the intensity of the emission from
the free electron plasma at a depth of 900 um was maximized using an SLM phase profile similar to the phase
profile that resulted in optimal VBGs. This suggests that the emission intensity from the free-electron plasma can
potentially be used to optimize the VBG fabrication process in other materials, without the requirement for time-
consuming parameter scans based on VBG characterization. In summary, this work has demonstrated that with
suitable optimization, ULI has the potential to enable the manufacture of complex, high efficiency and extremely
robust glass VBGs in dielectric materials for applications ranging from astronomical instrumentation to ultrafast
optics.
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