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Ultrafast lasers are widely used for the precise three-dimensional micro-fabrication inside
transparent materials. The resolution of fabricated features depends upon the size of the focal
spot, and the process efficiency depends upon the generation of short pulses at the focus.
The performance is detrimentally affected by the presence of phase aberrations, which can be
introduced by the optics of the system or by refraction at the surface of material. Efficiency
can also be affected by other forms of aberration that are related to the ultra-short pulses, such

as pulse front distortion or material dispersion.

Adaptive optics has in the past been introduced into laser material processing in order to
overcome the problems caused by phase aberrations. However, there are related phenomena
specific to systems using ultrashort pulses that have not been extensively studied, nor have
benefitted from the application of adaptive optics. This thesis concerns the development of
theoretical and practical techniques to address these issues and improve the performance of

laser fabrication system. New applications are enabled with this technology.

Spatiotemporal modelling of laser focal intensity distribution is enabled by adopting the Fourier
optics. The effects of phase aberrations and sample dispersion on the ultrafast laser focusing
are studied in detail. Simulations for both conventional and temporal laser focusing methods
are presented. I explore the significance of individual aberration and sample dispersion to

investigate the benefit of their compensation in various practical scenarios.

A new method in controlling the ultrafast laser pulses - pulse front adaptive optics - is in-
troduced. With the combination of a deformable mirror (DM) and a spatial light modulator
(SLM), quadratic shape pulse fronts with different magnitudes are created. The results are
demonstrated through wave-front sensor and auto-correlator measurements. In addition, I in-
troduce the first application of this method into the pulse front correction for an two-photon
microscope. An improvement of 1.4 times in the two-photon signal beyond the phase correc-
tion is demonstrated.

A series of new applications are enabled by adopting the adaptive optics into laser fabrica-
tion. In the adaptive laser fabrication in diamond, graphitic wires with any three-dimensional
shapes are enabled. The resistivity of the wires is demonstrated to be reduced by more than
100 times compared to the previous reports. Non-reciprocal effects in the diamond fabrication
are studied in detail. The influence of laser parameters, light polarization and pulse front tilt
are investigated. I also explore several more advanced applications in the diamond fabrica-
tion. Specifically, initial results of the alternating conductor, micro-capacitor and electrode
arrays for radiation detector are presented. Additionally, I discuss micro-fabrication of three-

dimensional funnel structures in silica glass for applications in neuroscience research.
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Chapter 1

Ultrafast laser material processing and

adaptive optics

Ultrafast lasers have been widely used in many research applications. One specific applica-
tion that is attracting increasing interest is laser processing of micrometre-scale structures in
transparent materials. Strong confinement of the laser focus in space and time creates vari-
ous nonlinear optical effects that produce permanent modification to specific areas inside the
material. Research in the field of lab-on-a-chip, telecommunications, quantum physics and
material science has been enabled by such laser material processing methods. In laser fo-
cusing systems, aberrations are generated from inherent imperfections in the optical system
or through interaction of the light with the material. This thesis describes investigation into
these effects and the practical compensation of various focal distortions. Applications in laser
material processing with adaptive optical correction are subsequently presented. In this first
chapter of the thesis, I provide a brief introduction to the related background knowledge. The
nature of ultrashort laser pulses, development of laser material processing and the principle of
adaptive optics are discussed. The structure of the whole thesis is outlined at the end of this

chapter.



1.1 Ultrashort laser pulses

1.1.1 CW and ultrafast lasers

The light emitted from continuous wave (CW) lasers has constant amplitude in infinite time
duration. The CW lasers usually have narrow wavelength bandwidth. In the past, the spectral
regions for CW lasers were usually covered by laser dyes, which may be excited by argon
ion lasers, krypton ion lasers, Nd: YAG laser and its harmonics. Those dyes usually provided
broad coverage for the visible spectrum. For longer wavelengths such as the infrared region,
the development of tunable solid-state media greatly extended the spectral coverage for CW
lasers.

On the other hand, with a mode-locking process [1], ultrafast lasers have a limited time
duration for each laser pulse. The first ultrafast laser was a helium-neon laser built in 1964 with
nanosecond pulses [2]. The development of ultrafast lasers can be roughly summarized into
three generations [1,3]. The first generation included mostly lamp-pumped solid-state lasers
or gas lasers. They were mode-locked to generate pulses of tens of picoseconds duration. The
second generation was engendered by the demonstration of the CW dye laser [4,5]. The strong
gain/absorption saturation of dyes created pulses down to sub-picosecond time duration [5].
The third generation was the demonstration of the soliton laser [6]. The advanced mode-
locking techniques were used to produce femtosecond pulses. One important example was the
application of Ti: sapphire as a broadly tunable laser medium. The advancement of ultrafast
laser in the future may be to develop new broadband gain media, increase the range of tunable
spectrum (such as the advancement of liquid crystal lasers [7-9]), increase the robustness and
reduce costs.

Several key parameters of the ultrafast lasers are: pulse duration, bandwidth and peak
power. Among all the applications, the picosecond and femtosecond ultrashort lasers pulses
are mostly adopted. They are used in different situations and there is no point to decide which
one is better or easier to make. The bandwidth which characterizes the laser in spectral domain
is related to the pulse duration which characterizes the laser in time domain. Their relationship

is expressed by the one dimensional Fourier transform which will be discussed later. Ultrafast



lasers have much higher peak intensity than CW lasers. Considering a 100 mW output laser
with 1 ps pulse duration and 1 MHz repetition rate, the pulse energy is calculated to be 100 nJ.
It is then easy to calculate that the peak power of the ultrashort laser pulse is 100 kW. One can
see how the mode-locking process significantly increases the peak power for ultrafast lasers.
To describe ultra-short laser pulses, the terms of “phase front” and “pulse front” are usually
used. “Phase front” is sometimes called the “wave front”. It represents the contour of constant
phase across the laser pulse. In contrast, “pulse front” represents the contour of constant

intensity in space and time.

1.1.2 Mode-locking process

An ultrafast laser consists of an optical cavity, inside which there is a material called gain
medium [10]. With the way of stimulated emission by pumping energy, light of a specific
wavelength that passes through the gain medium is amplified (increases in power). The optical
cavity also consists of a pair of mirrors on either end of the gain medium. Light bounces back
and forth between the mirrors, passing through the gain medium and being amplified each
time. One of the mirrors is partially transparent, so that this allows some of the light escape in
each round propagation through the cavity.

In general, a laser transition has a finite line width over which it can provide optical gain,
and so laser emission has a finite spectral bandwidth Av [1,11]. As shown in Figure 1.1, Av
is usually defined as the FWHM of the Gaussian curve. Inside the laser cavity, the radiation
of the laser light is presented as discrete frequencies, which are also called the “modes”.
The frequency difference between each modes is represented as dv. It is sometimes called
the mode-spacing, which is decided by the round-trip time inside the cavity. The dv can be

calculated as,
1 c

5:—:—
YT T 2L

(1.1

where T'rp is the cavity round-trip time, c is the speed of light and L is the optical length of
the cavity.
If there is no control for the laser spectrum, the free-running laser modes oscillate inde-

pendently with random phases [1]. The purpose to introduce the mode-locking is to produce
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Figure 1.1: Schematic of laser emission in spectral domain. Each mode is represented as the
perpendicular arrows, with a mode-spacing of dv.
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Figure 1.2: Schematic of mode-locked laser pulses emission in temporal domain. The period
of the laser output T’zy is corresponding to the cavity round-trip time. Pulse duration 7 is
defined as the FWHM (full width at half maximum) of the temporal curve. Pulse width 7" is
defined as the time when intensity of the light dropped to 1/e of the peak. Details of 7 and 7'
are discussed in Chapter 2.

the laser pulses which have a well determined phase profile with all of the energy confined to
the time interval, corresponding to the resolution desired. With mode-locking, all the modes
of the laser can be made to oscillate in phase (locked together). The temporal profile of this
kind of mode-locked laser is shown in Figure 1.2. As the laser output becomes temporally
well defined, the period of the laser output Tz is corresponding to the cavity round-trip time,
which is,

2L
Trr = - (1.2)

When all the modes are oscillating with a correct phase relationship between each other,
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the laser output is described as “transform-limited”. In this situation, the bandwidth and pulse
duration of the pulses are equal to a constant.

There are generally two kinds of mode-locking techniques [11,12], which are active mode-
locking and passive mode-locking. In the active mode-locking, the radiation in the laser cavity
is modulated by a signal derived from an external clock source. The time from the clock source
is matched to the cavity round trip time. In the passive mode-locking, the laser radiation itself
generates a modulation through the action of a non-linear device in the laser cavity. This
modulation is thus automatically synchronized to the cavity round-trip frequency and requires
no external clock signal. Passive mode-locking is often referred to as self-mode-locking.

Active mode-locking has a requirement to match the laser cavity length to the modula-
tor drive frequency. With the additional weakness of the pulse compression mechanism, ac-
tive mode-locking is only sufficient to generate picosecond pulses. Therefore, passive mode-
locking method is more generally used. In the experiments described in this thesis, the laser
source was a Newport Spectra Physics Ti: sapphire with 100 fs pulse duration and 790 nm

central wavelength. The technique used is the passive mode-locking.

1.2 Ultrafast laser material interaction

1.2.1 Developments and advantages

Most applications of the ultrafast lasers involve the focusing of the pulses into a tight spot
with a lens or mirror system. The ultra-short nature of the laser pulses provides high local
intensities for spot sizes of micrometre dimensions, which opens a door to new physics and
novel applications. There have been review articles which extensively describe nonlinear pro-
cesses [13, 14], optical breakdown [15], surface micromachining [16, 17] and the history of
femtosecond laser micromachining [18-21].

Since the end of 1980s, initial studies of ultrafast laser material modification were per-
formed on polymer materials with ultrafast excimer UV lasers [22,23]. Later, ablation of sil-
ica [24] and silver surfaces [25] was demonstrated using infrared femtosecond laser systems.

After that, it was found that femtosecond laser processing in the bulk of transparent materials

12



could enable optical waveguiding structures written inside of silica glass [26]. The modifica-
tion of refractive index was also demonstrated by the focusing of femtosecond lasers into Nd-,
Er-Yb doped glasses or Nd: YAG crystal [27]. In addition, high resolution 3D structures were
enabled by two-photon polymerization [28,29]. In the applications of bio-materials, academic
and industrial developments involve laser materials processing for dental, orthopedic, neural,
ophthalmic, cardiovascular, and transdermal applications [17,21,30].

Ultrafast laser micro-machining of transparent materials has unique advantages over other
fabrication techniques [18,31]. Firstly, the nonlinear nature of the absorption confines any
induced changes to a small volume inside the focal area. This spatial confinement makes it
possible to fabricate geometrically complex structures in three dimensions with ultra-small
sizes. Secondly, the unique property of ultrafast laser focusing enables the processing of the
material only at the focal area where the light intensity is above the threshold of material
modification. This makes sure that the material in the regime other than the laser focal area is
not affected. Thirdly, it uses simpler and less expensive device production equipment, avoiding
photolithography and clean room facilities. Fourthly, it enables rapid prototyping. The device
pattern can be easily changed by simple software control, with significant cost reduction with
respect to standard techniques using photolithographic steps and requiring the production of a
mask. Finally, the absorption process is independent and with different level for each unique

material. This enables devices to be fabricated in compound substrates of different materials.

1.2.2 Energy absorption and ionizations

The bandgaps of transparent materials are typically much larger than the energy of a single
photon of the infrared laser source. For example, the bandgap of fused silica is about 9 eV,
while the photon energy at 1030 nm wavelength is 1.2 eV [32]. In the linear interaction
regime, the bandgap of a photon with such energy hv is much smaller than that of the material
E, and thus cannot be absorbed. However, if the light intensity is sufficiently high, absorption
can take place through nonlinear phenomena. This includes multiphoton ionization, tunneling
1onization and avalanche ionization [18].

Multiphoton ionization involves the simultaneous absorption of m photons of energy hv,

13



where m is the minimum integer such that mhv > E,, is satisfied [18]. Tunneling ionization
occurs when the very high electric field of the laser pulse lowers the Coulomb potential energy
barrier and enables an electron to tunnel from the valence to the conduction band. Both the
multiphoton ionization and tunneling ionization processes exist when the laser is with high
intensities [24, 33, 34]. When femtosecond lasers are used to interact with dielectrics, mul-
tiphoton ionization usually dominates over tunneling. In avalanche ionization, an electron
which is free at the bottom of the conduction band of the material is exposed to an intense
light field. When its total energy which exceeds the conduction band minimum is more than
the bandgap energy, it can ionize another electron from the valence band, resulting in two
electrons near the conduction band minimum. These electrons can in turn be accelerated by
the electric field, causing an avalanche in which the free electron density grows exponentially.

When the material is illuminated by a long pulse (such as several picoseconds or nanosec-
ond duration), the peak intensity is too low to allow multiphoton or tunneling ionization. In
this situation, avalanche ionization is the only possible mechanism. The initial seed electron
is usually from the region with impurities and dislocations within the focal volume of the laser
pulse. When femtosecond laser pulses are focused, the peak intensities are much higher, so
that multiphoton ionization becomes significant. If the intensity exceeds a threshold, some
free electrons are generated. These electrons act as a seed, further producing the avalanche
ionization process. Therefore, only femtosecond pulses allow the unique combination of mul-
tiphoton and avalanche ionization. The permanent material modification can be generated in

a small volume inside the bulk in a highly controlled and reproducible way.

1.2.3 Kerr Effect and Self-focusing

In 1875, physicist John Kerr found that when the applied electrical field changes, the refrac-
tive index of a material changes correspondingly. This effect was called as “Kerr effect” or
quadratic electro-optic effect [35]. It has been found that this effect generally applies to all
materials, and it is especially strong in liquids. As laser focusing properties inside material are
highly related to the local refractive index, Kerr effect plays an important role in the research

of laser material processing.
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One specific case of Kerr effect is called Kerr electro-optic effect, or DC Kerr effect. In
this case, when the applied electrical field slowly changes, the material become birefringence.
The refractive index is different for the light whose polarization is parallel to the electrical
field, and the light whose polarization is perpendicular to the electrical field. The difference

in the refractive index is represented as,
An = A\K E? (1.3)

where A is the wavelength of the light, K is the Kerr constant, and F is the strength of the
electric field.

Another general case in Kerr effect is called optical Kerr effect, or AC Kerr effect. In this
case, the influence of electrical field is from the light itself. The variance of refractive index
is proportional to the square of field amplitude of input light (which is light intensity). The

refractive index is thus represented as,
n=mng+ nol (1.4)

where ng is the original refractive index of material, ny is the non-linear part of refractive
index, [/ is light intensity. As ns is usually positive in most materials, the refractive index
becomes larger in the areas where the intensity is higher.

Optical Kerr effect is only significant when the beam intensity is strong, such as in the case
of applying ultrafast laser light. It occurs if the light radiation power is greater than the critical

power, which is defined as,
p_ a\?

4mngns

(1.5)

where P is the critical power, « is a constant which depends on the initial spatial distribution
of the beam. Optical Kerr effect contributes to a series of non-linear optical effects such as
self-focusing, self-phase modulation, modulational instability and Kerr-lens mode-locking.
Self-focusing is caused by the variance of refractive index when the laser intensity have
non-uniform local distribution (such as in lens focusing) [36]. Self-focusing caused by Kerr

effect was firstly predicted in 1960s [37,38], and experimentally verified in glasses and lig-
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Figure 1.3: Sketch showing the focusing-defocusing cycles by the intense core of the
beam [40]. The solid curves indicate the diameter of intense core, while dashed lines indi-
cate the root mean square radius of the full beam.

uids [39]. In the focusing of ultrafast lasers, the laser intensity is higher at the center of focal
point, while lower in the surround areas. Correspondingly, a variance profile of refractive in-
dex which generates at the focal area performs like a small focusing lens. The peak intensity in
the self-focused region keeps increasing until defocusing effects or medium damage interrupt
this process.

Due to the self-focusing, the beam collapses after the nominal focal point and gives rise
to high intensities which lead to ionization of the medium. The resulting distribution of the
free electrons, however, leads to a refractive index profile acting as a defocusing lens. This
leads to formation of filaments, which is shown in Figure 1.3 [40]. When the beam becomes
sufficiently intense, after the collapse at the nominal focus, a plasma is generated near the
collapse location, which defocuses the beam core. Once defocused, the beam power may be
still above critical power and undergo another focusing-defocusing cycle. The repetition of

this scenario sustains a long range, self-guided propagation in the form of a filament.

1.2.4 Permanent material modification

Depending on the intensity, femtosecond laser processing can produce three types of modifi-
cation in the bulk of transparent materials: isotropic refractive index changes (Type 1) [26],
nanogratings (Type 2) [41], and voids (Type 3) [42]. For a lower pulse energy, the processed

regime in the material usually maintains uniform quality, and there are permanent refractive
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index changes. If the absorbed energy is too high, catastrophic material damage occurs, lead-
ing to the formation of voidlike structures. These three types of modification can be clearly
distinguished only for laser pulses shorter than about 200 fs. At longer pulses, nanogratings
appear even at relatively low fluences, just above a permanent modification threshold [43,44].

There have been enormous applications in isotropic refractive index changes (Type 1) of
ultrafast laser fabrication. In silica glass, uniform increment of the refractive index can be
achieved by ultrafast laser processing with a good control of the laser intensity [26]. The
laser-written tracks exhibited positive refractive index change up to 0.035 (An). The optical
waveguides with relatively low-loss (<0.15 dB/cm) were demonstrated through laser process-
ing of silica glass [45,46]. The processing in silica glass has found interesting applications in
telecommunications and quantum physics [47—49]. On the other hand, in crystalline materials,
femtosecond laser focusing generally produces a decrease in refractive index [50,51]. This
can be easily understood by considering that in a crystal the atoms are in the closest possible
arrangement, and that any laser processing in the lattice order leads to a lower local density.
For the laser processing in polymers, induced refractive index changes can be explained by
a photochemical modification. This involves a direct cleavage of the polymer backbone and
propagation via chain unzipping under the formation of monomers [52].

In addition, interesting applications in microfabrication were enabled by using high power
ultrafast laser focusing to produce catastrophic material damage (Type 3). The most investi-
gated material is silica glass. The applications in its fabrication involve the combination of
laser processing and chemical etching methods [53]. The regions where the material is broken
down by high power laser focusing could be dissolved in chemical solutions. Interesting 3D
structures were therefore created in a silica glass substrate for various applications. These
include lab-on-a-chip [54], micron actuators [55], micro-channels [56], micro-gratings [56],
monolithic [57] and surface structuring [58]. For the high power laser processing in crystalline
material, breaking down of the atom bond creates other optical or electrical applications. An
example is the graphitization during the diamond fabrication. High intensity focused laser
damages the atom bonds in diamond, changing the diamond into graphite [59]. The graphi-

tization process releases free electrons, subsequently, conductive regions which are mainly
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formed by graphite are created inside insulator. Applications within electronics [60, 61] and

photonics [62] were enabled.

1.3 Adaptive optics

1.3.1 History

Adaptive optics (AO) was a method originally developed for telescopes for improving astro-
nomical images [63]. In 1953, Babcock first introduced the idea of improving astronomical
viewing by compensating for the atmosphere-induced aberrations. His proposal was to mea-
sure the deviations of the light rays from all parts of the mirror, and feed that information back
so as to locally correct for the deviations. Although the idea was scientifically sound, it had
a few minor technical complications, and it was not put into action until 20 years later when
the first real-time AO system was used for national-defense applications [64]. AO might have
been conceived for the purpose of improving astronomical imaging, but other scientists soon
realized the importance of this technology in other areas of research. In particular, it has been
considered that adaptive optics might have great potential in biomedical retinal imaging and
various microscopic systems. With a few years’ effort, Liang, Williams, and Miller [65] fi-
nally constructed the first closed-loop AO system. In the past decades, the researches in retinal
and microscopic imaging systems have been greatly improved from the benefits of adaptive
optics. Most recently, adaptive optics has been introduced to the research of laser material

processing.

1.3.2 Adaptive optics elements

The main driving factor in the development of adaptive optics elements (AOEs) is the com-
mercial availability for practical, affordable correction devices [66]. For the applications of
laser material processing and microscopic imaging, two most commonly used adaptive optics
elements are liquid crystal spatial light modulators (SLMs) and deformable mirrors (DMs).
Liquid crystal (LC) panels were extensively developed for displays, which also led to

spatial light modulators (SLMs) for various research applications [67-70]. Besides the wider
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Figure 1.4: A liquid crystal spatial light modulator (SLM) manufactured by Hamamatsu
(X10468 series) [72]. (a) SLM chip inside the head. (b) Sketch illustrating the modulation of
the wavefront by the SLM.

application in optical data storage and optical trapping, SLMs have also found excellent ability
in the pulse shaping and the modulation of the wavefront. The recently developed Multiphoton
Intrapulse Interference Phase Scan (MIIPS) is a technique based on SLM that can correct
the phase distortions of the ultrafast laser pulse in the spectral domain [71]. In this thesis,
liquid crystal SLM is specifically used to compensate various phase aberrations generated
in the optical system. Figure 1.4 show the SLM used in our experiments that is based on
the Liquid Crystal on Silicon (LCOS) technology, in which liquid crystal is controlled by an
accurate voltage. The refractive index of the liquid crystals is changed by the different applied
voltage. Subsequently, the wave front of the reflected laser light can be modulated. The SLMs
can usually be controlled by a personal computer using the Digital Video Interface (DVI). A
LCOS chip usually has a parallel-aligned nematic liquid crystal layer to modulate light. It
only changes the phase of light without any change of intensity and rotation of polarization
state.

Different from SLMs, DMs are constructed by a certain number of mirror actuators [66,
73-75]. The angle or shape of each actuator can be electrically controlled. With the combina-
tion of different status for each actuator, a specific mirror shape (mode) can be achieved. Both
the wavefront and pulse front can be tuned when the laser light is reflected from the mirror

surface. An example of a DM is shown in Figure 1.5.
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Figure 1.5: A deformable mirror manufactured by Imagine Optics (Mirao 52E) [76]. The DM
mirror is in the center of the device.

Unlike the liquid crystal SLMs, the technique for the development of DMs is more compli-
cated. The most widely used DMs have continuous reflective surfaces, while others are with
segmented MEMS mirrors [77]. Electrostatically actuated membrane DMs consist of a thin
membrane with a reflective coating mounted above an electrode array [78]. The DM surface
shape can be pulled towards the electrodes by applying a potential between the membrane and
the electrode. A transparent electrode can also be included above the membrane to permit
pushpull deformations [79]. There are other electrostatically actuated MEMS DMs which are
based upon microstructured silicon [78]. A supporting structure below the reflective mem-
brane ensures that the influence of each actuator on the DM shape is spatially more confined
than for a membrane DM. Piezo-electric actuators have been employed in DMs both using
direct actuation of the mirror surface [80] and through curvature control using bimorph actu-
ators [81]. Magnetically actuated DMs have also been demonstrated [82]. These DMs have
been complemented by more exotic technologies such as thermally actuated [83], fluidic [84]
and ferromagnetic devices [85].

Both SLMs and DMs have the capability to control the wave front of the laser light. They
are however used in different situations. SLMs usually have more pixels than the total number

of actuators in DMs. This means that SLMs often obtain a better resolution in the wavefront
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control. It can be concluded that the SLMs are generally easier to use within its application
range. However, SLMs are usually wavelength and polarization dependent. They are applied
to the lasers with a certain wavelength range, and they can only react to the specific polariza-
tion status. In addition, SLMs can only operate when the laser pulses are with relative lower

power. In comparison, the DMs do not have these limitations, but are more difficult to control.

1.3.3 Adaptive optics in laser material processing

The first applications of adaptive optics in laser material processing involved various beam
shaping technique. SLM was usually used to generate holographic laser processing [86—88].
In contrast, this thesis concentrates on the correction of phase aberration by adaptive optics
technology. The sample being processed is usually a transparent material with uniform refrac-
tive index. There is however a difference between refractive indices of the objective immersion
and fabricated sample material. Distortion of the focus is then generated due to the refraction
of laser light at the sample interface. In addition, there are usually other misalignments in the
optical system. Therefore, there is a need to use adaptive optics to correct these aberrations,
thus improve the quality of laser material processing.

There have been researches regarding the adaptive correction of phase aberrations in laser
material processing. A way of measuring aberrations based upon the super-continuum emis-
sion of plasma created in the beam focus was proposed in [89]. A detailed study about the
spherical aberration compensation scheme and parallel fabrication was shown in [90]. Parallel
processing was also demonstrated by using a micro-lens array in conjunction with a SLM [91].
Later on, in the fabrication of lithium niobate [92], the size of written structures was demon-
strated to decrease dramatically, and fabrication depth and stopgap strength were increased by
a factor of two to three. By using a DM in parallel with a SLM, three dimensional structures
were fabricated deep in the bulk of diamond [93]. Additionally, an improved method by using

SLM for controllable beam shaping was studied for waveguide fabrication [94].
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1.4 Structure of thesis

The target of this thesis is to advance the direct laser fabrication by adaptive optics. This was
realized by first studying of existing problems in laser fabrication system, then finding proper
methods to address those issues, and finally exploring new applications of this technology. As
the first step to investigate existing problems in laser fabrication system, the commonly en-
countered phase aberrations, dispersion of material and pulse front distortions were studied in
detail. The effects of these three facts on the ultrafast laser focusing were explored in various
practical scenarios. Secondly, demonstrated as the proper methods to solve those discussed
problems, the pulse front adaptive optics and the phase front adaptive optics were respectively
presented. These methods were experimentally demonstrated to be able to resolve the phase
aberration and pulse front distortions in optical systems. Finally, based on the discussed adap-
tive optical methods, various new applications of adaptive laser fabrication were explored and
discussed.

The structure of this thesis is divided into three parts. First part (Chapter 2) introduces
mathematical models that are used throughout the thesis. Second part (Chapter 3 - 6) describes
various imperfections and their possible compensation in the laser fabrication system. Third
part (Chapter 7 - 10) concentrates on the new applications of adaptive laser micro-fabrication.

Chapter 2 of this thesis concerns various theoretical models in the ultrafast laser focus-
ing, including Fourier optics, focusing methods and lens dispersion. These models are used
throughout the descriptions in the whole thesis.

Chapter 3 and 4 report the effects of phase aberrations and sample dispersion on the ul-
trafast laser focusing. These theoretical investigations are very useful in determining how the
aberrations and sample dispersion affect the laser focusing. In addition, Chapter 5 and 6 de-
scribe another undesired factor: pulse front distortion. A new adaptive optics method: pulse
front adaptive optics is developed to correct this distortion, and its application is demonstrated
in a two-photon microscope.

Chapter 7, 8 and 9 concerns various applications of adaptive laser micro-fabrication. Chap-
ter 7 concentrates on the improvements in the quality of laser graphitized wires in diamond.

Chapter 8 discusses non-reciprocal effects in diamond fabrication. Chapter 9 explores several
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potential applications in diamond fabrication.
The Appendix includes the fabrication of three dimensional structures in glass for appli-

cations in neuroscience.
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Chapter 2

Theoretical models for laser focusing

2.1 Introduction

In this chapter, the optical theories behind the ultra-fast laser micro-fabrication are summa-
rized. These include several important mathematical models which are used throughout the
thesis for characterization of laser focusing. The mathematical representation of ultrashort
laser pulses is first discussed. Fourier optics was then introduced to simulate the intensity
distribution at the focal plane. Various focusing methods including the conventional point
focusing, conventional line focusing, temporal line focusing and temporal widefield focusing
are discussed based on different pupil illuminations (the intensity distribution in the back focal
plane of the objective lens). Later on, the mathematical description of the phase aberrations
are presented. Two most common aberrations are in the forms of Zernike modes and refractive
index mismatch. Finally, the dispersion effects from the optical lens are presented. Chromatic
aberration, propagation time difference (PTD) and group velocity dispersion (GVD) are dis-

cussed in detail.

2.2 Temporal and spectral field distribution of laser pulses

The output from a mode-locked laser consists of a series of periodic pulses. Considering a

Gaussian-shaped laser pulse train with a central frequency of wy, the temporal field amplitude
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is represented by [95],

00 2
E(t) = exp(—iwyt) Z exp [— (t _Ttn> (2.1)
n=1

where t is the local time coordinate and ¢,, corresponds to the time when pulse train reaches
the peak. T represents the time when amplitude drops to 1/e of the peak amplitude (defined
as “pulse width”). The first factor corresponds to a fast oscillation of the light field with a
central frequency wy, while the second factor gives the envelope of the oscillation change.
The temporal “pulse duration” 7, which is defined as the FWHM of the temporal Gaussian
curve, can be expressed as,

T=2TvIn2 2.2)

Both pulse width and pulse duration are marked Figure 1.2 of Chapter 1.

On the other hand, the field distribution in the spectral domain can be obtained as,

_ (T(W_Q_ Wﬂ 2.3)

The spectra width A, which is defined as the FWHM of the spectral Gaussian curve, can be

E(w) = /7T exp

represented by,

AQ = 4vVIn2/T (2.4)

It is interesting to note that, 7A{2 = 8[n2, which is a constant.

2.3 Modelling of focal field distribution

2.3.1 Fourier optics

The propagation of the light through the lenses could be represented by Fourier theory. This
enables the simulation of the light intensity distribution at the focal plane of the lens. The
modeling method is extremely useful for all the optical systems involving laser focusing. Any
aberration and dispersion effects can be included and analyzed.

Different from ray optics, Fourier optics belongs to the category of physical optics which
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considers the light in forms of electromagnetic radiation. As discussed in the previous chapter,
ultra-fast lasers include laser light with different wavelengths which is limited by a bandwidth.
It is much easier to understand pulses by decomposing laser pulse into monochromatic com-
ponents with interference of many spectral components with a certain phase relationship. The
one dimensional Fourier transform is adopted to transmit the light in the time domain into

spectral domain,

—+o00

E(w,z,y,2) = /E(t,x,y,z)exp(—iwt)dt (2.5)

—o0
where E(w,z,y, z) and E(t,x,y, z) represent the electromagnetic field of the ultrafast laser
light in spectra domain and time domain, respectively. w is the frequency of the laser light,
t is the time, x, y and z are the three dimensional spatial coordinates, ¢ is the imaginary unit
(* = —1).

Similarly, inverse one dimensional Fourier transform transmits the representation of ultra-

fast laser light from spectral domain into time domain,

—+00

1
E(t,z,y,z) = or / E(w,x,y, z) exp(—iwt)dw (2.6)

—00

Two dimensional Fourier optics is used to calculate the light distribution after the propa-
gation of lens, from the distribution at the back focal plane of the lens (which is also called
“pupil illumination”). If we assume that the distribution in the back focal plane of the lens is
E(w, ps, py), then the distribution at the focal plane E(w, .y, zy) is obtained by solving the

Rayleigh-Sommerfeld diffraction integral [96],

w exp(ikR
E(Wa%?/a Zf) = % E(“uvaapy)#(jos/ydpmdpy (27)
— 2 2 2
R=\/P+@—p)+y—p,) 2.8)

where p,, p, are the coordinates at the back focal plane of the lens. z, y and z; are the

coordinates at the focal plane of the lens. c is the speed of light and % is the wave number
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Figure 2.1: Optical coordinates in the Fourier optics model.

(k = w/c = 2m/N). fis the lens focal length. R is the radius of curvature for the spherical
waves and 7y is the angle of the ray with respect to the optical axis. Figure 2.1 presents the
optical coordinates used in the Fourier optics calculation.

Here, the optical propagation through the lens is treated as propagation between two
planes. Then we can have an equivalent plane of a reference sphere as the pupil. After doing
so, the angles ~ defines the derivation from the radius R of the sphere which becomes a small

angle approximation [97]. The focal field distribution is simplified and re-written as,

w
12mef

ik(z? + y?)
2f

where F'[ | represents the two-dimensional Fourier transform.

E(w,z,y,zf) = exp(ik f) exp [ } X F[E(w, psz, Dy)] (2.9)

In most cases, it is also very important to investigate the field distribution other than the
focal plane. Considering a plane z; = zy + Az, which has an axial distance of Az away from
the focal plane, the field amplitude at the plane z; can be obtained by applying the Angular

Spectrum of Plane Waves (ASPW) starting from the focal plane [96],

E(w,,y,2s) < F [psE(w, pa, py)] (2.10)

[ riw
P, = exp |ikAz 1—pf2py @2.11)

By solving the above equations, the field amplitude of the laser light in and around the

focal plane can be calculated for each wavelength. One dimensional inverse Fourier transform

(Equation 2.6) can be used to transmit the light field distribution from spectral domain into
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time domain. The light intensity is with a square relationship with the field amplitude,

I(t,z,y,2) = |EB(t,2,y,2)|" (2.12)

2.3.2 Diffraction-limited focus

Beside various effects of imperfections in the optical system, there is a fundamental maximum
to the resolution of any optical focusing which is due to diffraction. An optical system with the
ability to produce resolution as good as the system’s theoretical limit is said to be diffraction
limited.

Early in 1873, Ernst Abbe found that light with wavelength A, traveling in a medium with

refractive index n and converging to a spot with angle ¢ will make a spot with radius r,

A
7" =
2nsin 0

(2.13)

where nsinf is called the numerical aperture (NA). This approximation is also known as
Abbe’s Law [98].

Later on, Airy pattern (or called Airy disk) is used for a more accurate description of the
best focused spot of light that a perfect lens with a circular aperture can make. The intensity
in the Airy pattern is a derivation result from the two-dimensional Fourier transform discussed
in above subsection. In lateral focal plane (zy focal plane), the physical distance between the

two first minimum intensity beside the peak value can be expressed by [95],

1.22\

dlateral = m (2 14)

This equation describes the lateral size of perfect focal spot. Similarly, based on the derivation

of the Fourier optics, the axial (z direction) size of the focal spot can be represented by [95],

4n )\

daxial - m (2.15)

where n is the refractive index of the sample material.
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2.4 Methods of laser focusing

In the previous section, it is understandable that the intensity distribution of the laser light in
and around the focal plane is decided by the pupil illumination. In this section, we present
several typical ultrafast laser focusing methods which could be distinguished by their pupil
illuminations. These focusing methods include the conventional point focusing, conventional
line focusing, line simultaneous spatial and temporal focusing (line SSTF) and widefield si-
multaneous spatial and temporal focusing (widefield SSTF).

The conventional focusing and temporal focusing are distinguished by whether there is a
spatial chirp at the objective pupil. Spatial chirp of the ultrafast laser pulses is a concept which
means different wavelength components of the pulse are spatially separated with each other.
The conventional focusing methods do not include the spatial chirp of the input laser light,

while in SSTF, spectra components are separated in the pupil of the objective lens.

2.4.1 Conventional focusing methods

The most typical conventional focusing methods are the point focusing and the line focusing.
Point focusing is a method that has been generally used in most applications of laser light.
Using this method, the laser beam is expanded into a circular shape and illuminated to the
pupil of objective lens. The pupil illumination of the conventional point focusing method is
shown in Figure 2.2 (a). In this case, the field distribution at the focus should be a single Airy
pattern.

One single wavelength component is sufficient to represent continuous-wave (CW) point
focusing. It is easy to calculate the field distribution profiles within the time domain by the
method described above. The pupil illumination of CW laser in the back focal plane is repre-
sented by,

E(w,pz,py) = Eo X u (pe, py) (2.16)

L ,\/pa+pi<R

0,\pPi+pi>R

U Pz, Dy) = (2.17)

where Fj is a constant of field amplitude assuming a uniform field distribution across the
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Figure 2.2: Pupil illumination (top images) and lateral focal field distribution (bottom images)
for the conventional focusing methods. The light is assumed to be focused by a 1.4NA oil
immersion objective lens. Color bar shows the normalized field amplitude. (a) Conventional
point focusing method. (b) Conventional line focusing method.

pupil, R is the radius of the pupil.
When the laser beam becomes pulsed, the spectrum stretches. For pulsed laser point focus-
ing, the pupil illumination with all single wavelengths in the back focal plane of the objective

lens (pupil illumination) is represented by,

T%(w — wp)®

——] X (P, py) (2.18)

E(w7pa:7py) - EO X exp 4

in which, 7" is the pulse width (the time when amplitude drops to 1/e of the peak amplitude).
The contribution by each single wavelength is calculated individually, and then combined
together with the one dimensional inverse Fourier transform. With the conventional point
focusing method, both the CW laser and pulsed laser can be focused into a single Airy disk at
the focal plane. This is shown by the Fourier Optics simulation results in Figure 2.2 (a).

In some laser focusing applications, it is needed to generate a line shape focus. In laser
material processing, line focusing is a very useful method to increase the fabrication dimension

in lateral plane. This could be realized by creating a line shape pupil illumination. In this
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situation, the field amplitude at the pupil of the objective lens is,

T2 (w — wp)? 2
—%] exp {— 229 } X U (pzyDy) (2.19)
SBFP

E(w,ps,py) = Ey X exp

where sppp represents the physical dimension of line shape light strip at the pupil, which is
defined as the distance for the field amplitude to drop to 1/e of the peak value. In our simu-
lation, it is set to be 0.06 times of the pupil radius in the calculation. The pupil illumination
of line focusing is shown in Figure 2.2 (b). The lateral field distribution at the focal plane

presents a line shape, which is in opposite direction of the illumination strip.

2.4.2 Temporal focusing methods

Simultaneous spatial and temporal focusing (SSTF) is also known as temporal focusing (TF).
It is realized by spatially separating the spectral components of a short pulsed laser beam
across the illuminated pupil of a colour corrected objective lens, thus ensuring that these com-
ponents recombine into an ultrashort pulse only at the focus [99,100]. This can be practically
realized by aligning a grating or a prism into the optical system. A sketch showing the op-
tical set-up for the SSTF is in Figure 2.3. It has become a useful method in microscopy
and laser fabrication, relying on the fact that a focused ultrashort pulse is a superposition
of many spectral components in space time, which gives rise to a high instantaneous peak
intensity. SSTF has been applied to multiphoton microscopy for both harmonic generation
[101,102] and two-photon fluorescence imaging [103, 104], in which high axial resolution
and video-rate speed were demonstrated. There are extensive subsequent investigations using
SSTF in imaging, such as adjusting group velocity dispersion for refocussing [105], imaging
of biological samples [106], the creation of novel excitation patterns for biological photo-
activation [107, 108], as well as theoretical treatment [109]. Concurrently, SSTF has also
been implemented in laser fabrication, where demonstrations include the generation of hollow
microfluidic channels [110], control of the pulse front tilt (PFT) for directional laser writing
[111, 112], 3D lithographic micro-fabrication [113], patterned excitation [114] and longer

pulse envelope fabrication [115].
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Figure 2.3: Sketch showing the optical set-up for SSTF. A grating is used to create the spatial
chirp at the pupil of objective lens.

There are generally two types of temporal focusing methods. According to the shape of the
focus, they are named as line SSTF which has a line shape focus, and wide-field SSTF which
has focus with relatively large area. The wide-field focusing method is extremely useful to
increase the efficiency in ultrafast laser fabrication.

For an example of line SSTF focusing, each spectral component is located at a differ-
ent position along the p, direction and fills the entire pupil along p, direction, as shown in

Figure 2.4 (a). We can represent such pupil illumination by,

E(w,ps,py) =

P n)? . (2.20)
Fuosp [ op [25287] s 1)

in which, p, is a function of w (proportional to (w — wy)). It represents the central wavelength
position for each spectral component.

It is seen in Figure 2.4 (a), the simulation for the field distribution of line SSTF presents
similar lateral focal shape as the conventional line focusing (Figure 2.2 (b)). However, they
are in different principle, thus have different properties in their pulse fronts, and different sen-
sitivities to phase aberrations and sample dispersion. These will be discussed in later chapters
in this thesis.

For an example of wide-field SSTF, the pulse is spectrally spread along the p, direction,

while being spatially confined in p, direction in the back focal plane of the objective. The
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Figure 2.4: Pupil illumination (top images) and lateral focal field distribution (bottom im-
ages) for the temporal focusing methods. The light is assumed to be focused by a 1.4NA oil
immersion objective lens. (a) Line SSTF. (b) Wide-field SSTF.

pupil illumination is shown in Figure 2.4 (b), which can be represented by,

E(w, pe,py) =
_ 242
EO eXp |:_ TQ(w—wO)2:| eXp [_ (pa.‘ sz) +py U (pm7py)

2
4 SBFP

(2.21)

As the simulation result shown in Figure 2.4 (b), the focal field distribution of wide-field
SSTF presents a much larger area than other focusing methods.

In Equation 2.19, 2.20 and 2.21, sppp is used to represent the physical dimension of
a single spectral component at the pupil. It is defined as the physical distance for the field
amplitude to drop to 1/e of the peak value. The value of sgrp can be controlled by the optical
system prior to the objective lens. It is calculated from the size of each monochromatic beam

input to the grating s,
4o frL
TSo

(2.22)

SBFpP =

where frr, is the focal length of tube lens before objective lens, A is the central wavelength
of the input laser light. The value of sppp affects the lateral distribution of the focus for both

conventional line and SSTF focusing, with a smaller value leading to a greater lateral spread
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of the focus.

In SSTE, p,( represents the spatial spreading of different frequencies in the pupil, and it is
important to control of both the axial and lateral extent of the focal intensity distribution. The
value of p,o can be effectively set by the optical system prior to the objective lens, such as a

combination of a diffraction grating and a tube lens. p.q is defined by,

B Jrry(w —wo)

20 = 2.23
DPzxo 2 ( )

where k is the wavenumber, k = w/c, and c is the light speed. - is a variable that is used to
control the spread of each monochromatic light. If a grating is used in the optical system, -y is
physically defined as,

2mm

R — 2.24
kocdgrar cos 0 ( )

where d,q; is the period of grating, m is the diffraction order, 0 is the angle of the pulse
spectrum disperses from the grating.

In most practical cases, it is needed to determine the value of v by the requirement of
spatial chirp at the pupil for temporal focusing. Here, we present how to calculate v if the
wavelength component at the edge of the pupil is required to have a field amplitude ratio of ¢
compared to the field amplitude of central wavelength light. For an example, ¢ = 5% means
that the wavelength component at the edge of the pupil has field amplitude of 5% to that of

central wavelength. In this situation,

fTL’V(we - wo)
k

=R (2.25)

where w, represents the frequency of the light at the pupil edge, R is the pupil radius. Solving

this equation, we have,

cfrrywo
W = ———— (2.26)
cfriy— R
As the edge field amplitude equals to ¢ times of the central wavelength, thus,
T?(we — wo)”
Ey X exp —(“’T“O)] — g x By 2.27)
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Combine Equation 2.26 and 2.27, we have,

T2,,2 R__\?2
- “o{egrs,=7) ] = exp [In(q)] (2.28)

exp 4

By solving this quadratic equation, the ~y is obtained and represented by,

TwoR —
20 ﬁ + R
N = (2.29)

cfrr

In practice, Equation 2.29 is used to calculate to desired «y value to obtain the required spatial
chirp for the target temporal focusing, while Equation 2.24 is used to experimentally align the

grating into the system to generate the spatial chirp for the laser light.

2.5 System induced phase aberrations

In a perfect optical system, light focuses without distortion to a diffraction-limited focus,
the form of which essentially determines the resolution of the microscope or laser fabrica-
tion system. However, inherent imperfections or misalignments in optical systems, refractive
index differences between the objective immersion medium and specimen, and optical inho-
mogeneity in the specimen cause additional unwanted refraction of the light. This refraction
introduces phase variations, or aberrations, which can severely affect the quality of imaging
and laser fabrication, particularly when high NA objective lenses are employed.

A phase function ¢ in the pupil of the objective can be used to represent the aberrations

arising from focusing into the specimen, such that the aberrated pupil function becomes,
Eo(w,Ps,py) = E(w, ps, py)e PP (2.30)

In this section, two most typical methods describing the phase aberrations are presented,

that is the Zernike mode aberration and refractive index mismatch (RIM) aberration.
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2.5.1 Zernike mode aberrations

The wavefront phase ¢ can be represented by the expansion of an infinite sum of weighted
orthogonal functions. The Zernike circle polynomials are often used in optics as they form
an orthogonal set of functions defined over a unit circle and have simple properties of invari-
ance [116]. Some low-order Zernike polynomials correspond to aberrations such as astigma-
tism, coma and spherical aberration that are commonly encountered in most optics systems.
An aberrated wavefront can be expressed as the weighted sum of Zernike polynomials, defined

in polar coordinates as,

Ow,p,0) = cu(w)Zlp, (2.31)
k=1

where ¢y, is the modal coefficient, p and 6 are the polar coordinates in a unit circle describing
the same pupil as (p,, p,). As ultrafast laser pulse contains various different frequencies, the

magnitude of the Zernike modes for each spectral component is defined as,
cp(w) = cx(wp) X w/wy (2.32)

This model accounts for aberrations that are induced by the propagation of the light through
specimens with an inhomogeneous refractive index. Neglecting any dispersion within the
specimen, the phase aberration is proportional to the frequency of the light. A mathematical
description of the most common modes is included in Table 2.1. The azimuthal frequency m
and radial polynomials of degree n [116] are also shown. Orthogonal Zernike polynomials
have been normalised so that each polynomial has a root mean square (RMS) value of one ra-
dian over the unit circle, which is defined by the hard edge aperture found in objective lenses.
It is notable that the lower order Zernike modes (piston, tip, tilt, and defocus) are not included
in this table, as they have either no effect on the focusing process (piston), or represent dis-
placement of the focus (tip, tilt, defocus). Piston adds a constant phase to the pupil function,
so it is generally disregarded as it does not distort the phase shape. Tip and tilt add a linearly
varying phase to the pupil. This does not result in any distortion of the focal spot, but shifts the
focus from its original position to another position in the lateral focal plane. In paraxial optics

(such as focusing with relative low NA objective), defocus also does not distort the focus, but
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displaces the focal position along the axial direction.

Table 2.1: The Zernike polynomialsk=5to 11

k n m Zi(p,0) Aberration term
5 2 2 2v/3p? cos(26) astigmatism

6 2 2 2v/3p? sin(26) astigmatism

7 3 1 2v/2(3p% — 2p) cos(6) coma

8 3 -1 2v/2(3p> — 2p) sin(6) coma

9 3 3 2v/3p° cos(36) trefoil

10 3 -3 2v/3p% sin(36) trefoil

11 4 0 V5(6p% — 6p% + 1) spherical

2.5.2 Refractive index mismatch (RIM) aberration

A very common aberration that we also consider arises when light is focused into a uniform
medium through a planar interface between which of different refractive indices. Even a small
refractive index difference between the objective lens immersion medium and the sample can
lead to a significant spherical aberration [117]. This form of aberration is the major phase
distortion encountered in laser material processing. The index mismatch between the immer-
sion medium of the objective lens (n;) and the specimen (ns) is characterized by introducing
a phase aberration function ¢ (d, p) into the pupil function of the imaging lens. ¢ (d, p) is

defined as [90,117],

n2 2
¢>(d,p)=—k-d-NA< Nzg—fﬂ— NAQ—pZ) (2.33)
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where £ is the wavenumber, and d is the nominal focusing depth of the light in the specimen
(the position of the geometrical focus, if the rays were not refracted at the interface). The
aberration caused by the refractive index mismatch not only axially shifts the focus to a greater
depth (if ny > ny), but also causes a distortion of the intensity distribution at the focus.
Equation 2.33 contains both a defocus element (causing an axial shift of the focus) and
a spherical aberration element (causing focal shape distortion). In practice, we are mainly
interested in the focal distortion, so the phase that causes the axial shift is removed in the
modelling. Practical aberration correction usually removes any focal distortion without re-
focusing the system. This is because in order to minimise the phase range required on the
adaptive element, it is desirable to refocus the system by specimen translation, rather than
including the defocus component in the phase correction function. This is useful to maintain
the dynamic range for any AOE (adaptive optics element). With a high NA objective lens, we

employ a spherical term rather than a quadratic term to describe the defocus phase element,

2
N3

D(d,p)=k-d-NA Nz P

2 (2.34)

The process to obtain defocus-free phase qg(d, p) can be expressed as,

o (6/(d, ). D'(d. p)
$d,p) = 00 = 15 T D

(d, p) (2.35)

¢'(d, p) and D'(d, p) represent spherical aberration and defocus with subtracted mean values,

1
¢'(d,p) = 6(d,p) = 5 D (dp) (2.36)
D'(d,p) = D(d,p) — % , D, p) (2.37)

where N is the total number of the calculation pixels. The calculation (., .) defines an inner

product over the pupil,

(@0 D)) = 3+ 32 (o) D'(dsp) 2.38)
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It is notable that with the removal of the defocus element, the simulation of intensity
distribution for a RIM aberrated focus still shows additional shifts in the on-axis peak intensity
even after removal of this defocus component. The reason for this additional shift is that
the defocus removal relies upon the minimization of the rms phase error, which does not
necessarily mean the maximum intensity point resides in the nominal focal plane for large

aberrations.

2.6 Dispersion of optical lenses

The most important part of the optical system - optical lenses, are made of some sort of trans-
parent material. The refractive index of the transparent material is different for laser light
with different wavelengths, forms the effect of dispersion. Dispersion generally exists in all
transparent materials, generating distortions in the focal plane. Especially in recent years,
numerous methods have been developed to obtain ultra-short pulses with durations down to
several femtoseconds [118—120] and even attoseconds [121, 122]. Short pulse durations are
accompanied with large spectral bandwidths thus enlarge the effect of dispersion. In this sec-
tion, we first describe various common dispersion effects in a singlet lens. These effects in-
clude chromatic aberration, propagation time difference (PTD) and group velocity dispersion
(GVD). Spatial and temporal distortions of the focuses generated from these effects are pre-
sented. Achromatic doublets are then introduced for the compensation of these lens dispersion

effects.

2.6.1 Chromatic aberration

The light of longer wavelength usually refracted with a different angle with the light of shorter
wavelengths inside the lenses. This causes spatial distortion to the lens focusing, which is
decided by the curvature of the lens surface.

Planoconvex lens has one side plane and the second side curved. A spherical surface for
the curved side is the easiest solution because it can be described by just one parameter the

radius of curvature R. On the other hand, a biconvex or a concave-convex lens is with both
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surfaces of some sort of curvature. There are many ways of describing lens surfaces, so that
such mathematic expressions can become quite complex, e.g. for an asphere, surfaces are
described by polynomials. In order to keep matters as simple as possible, we will stick to
singlet plano- and biconvex lenses with spherical surface profiles in this section.

The spatial distortion of chromatic aberration is reflected in the variation of focal length
for different wavelengths. The focal length f for the light with wavelength A\ can be expressed

by the lens-makers formula [96],

5=l -1 (— - —) (239)

where n is the refractive index of the lens material, R; and R, are the radii of curvature with
the following sign convention: the values are positive (negative) for surfaces concave (convex)
towards the incident side, which is usually the left hand side.

In Equation 2.39, it is seen that the focal length difference for each wavelength is related
to the first order of the material dispersion. This variation in the focal length is also called
the chromatic aberration. The effect of chromatic aberration is an expansion of the focal
region along the optical axis, because the lens does not focus in just one focal plane anymore.
To estimate the influence of chromatic effect, it is necessary to calculate the change of the
focal length Af, for a given lens and pulse duration 7. After differentiating and resolving

Equation 2.39, the expression of A f can be derived as follows,

Af = {—j—ﬂ AN (2.40)

In most practical cases, the pulse duration 7 instead of the spectral width A\ is known
and therefore we derive another expression for band-limited Gaussian pulses with a center

wavelength A. From the relationship,

2102 - \?
A p o 22X (2.41)
e
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It is easy to obtain,

~ 2n2- N fN) dn
Al = e (n(A\) —1)7 <_ﬁ) (2.42)

Through these derivations, it is seen that the chromatic aberration is a direct consequence of

first order material dispersion.

2.6.2 Propagation time difference (PTD)

Now we look at another interesting effect, which causes pulse front distortion, but is depend-
ing on the lens parameters only. While light with different wavelength propagates inside a
transparent material, there is a mismatch between phase and group velocity. Thereby, the

phase velocity v, is determined by the refractive index as,

C
= 243
RARETPY (2:49)
whereas the group velocity v, is given by,
C
Vg= ————— 2.44
") -G e

Compared the two equations with each other, one can see that the phase velocity is larger
than the group velocity. This effect causes propagation time difference (PTD) [123]. More-
over, the delay of pulse and phase front depends on the material path within the lens. Thus,
the more glass to pass, the later the pulse front arrives. Therefore, the pulse front in the middle
of a convex lens is delayed more than at the edges. The PTD effect is illustrated in Figure 2.5.
The radially varying group delay lengthens the pulse temporally and distorts the pulse front in
the focal plane.

With a few derivation, the propagation time difference between the phase front and pulse

front for a singlet can be expressed by,

B R2 - 7“2 ﬁ
At(r) = TN ()\ dA) (2.45)

it is clear that the magnitude of the PTD is in a quadratic relationship with the normalized
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Figure 2.5: Sketch illustrating the effect of propagation time difference (PTD). When colli-
mated beam with flat pulse and phase front propagates through a chromatic lens, the pulse
front is delayed and distorted compared with the phase front. Temporal distortion occurs at
the focus.

radius.

2.6.3 Group velocity dispersion (GVD)

The light of longer wavelength usually propagates in a different speed with the light of shorter
wavelengths inside the lenses. This causes temporal distortions (stretching) to the lens focus-
ing, which are called group velocity dispersion and even higher orders.

To investigate the temporal pulse broadening effect, the input ultrafast laser pulse with
a duration of 7 (FWHM) is assumed to propagate through a singlet lens. Therefore, the in-

creased pulse duration according to the GVD effect 74y p can be presented by [123],

0.5
4In2-GVD\?

ravp = x |1+ (D) (2.46)

T

in which,

A3 d*n
D— “\r 2.47
av 27c? (d/\Z) (247)

where L is the optical length through the lens. It is seen that the increase pulse duration, which
is also called the temporal distortion is related to the second order of the material dispersion.
Both PTD and GVD cause a temporal spread of the laser pulse in the focal plane. There-

fore, it is interesting to know which of these effects is the dominant one. Here we use a ratio
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between magnitudes of temporal pulse broadening effects of PTD and GVD to characterize
the level of time delays. If the ratio is larger than one, it means the existence of PTD effect
introduces more time delay than the GVD effect of the lens.

Sellmeier equation is generally used to represent the refractive index of the transparent
material. The derivation from the Sellmeier equation describes the relationship between the

material refractive index and wavelength,

d*n C dn
__ .z 2.4
d\? A d) (2.48)

where the magnitude of the constant factor C' depends on the actual material and is typically
in the order of unity. The ratio between temporal pulse broadening effects of PTD and GVD

can be expressed by,
PTD 1
_ _ dn/d\ _ T cT (2.49)
GVD AN d®n/dN\?

oIn2-C M\

For an example, for a 100 fs laser pulse centered at 800 nm, PTD is about one order of

magnitude larger than GVD.

2.6.4 Achromatic doublets

It has been shown that for singlet convex lens, chromatic aberrations enlarge the focal region,
PTD distorts the pulse front, and causes together with GVD an increase of the pulse duration.
As a solution to these effects, achromatic doublets have been designed and widely adopted in
various applications.

As shown in Figure 2.6, an achromatic doublet is a combination of two lenses made of
different sorts of glass with different refractive indices. It is able to offer the same optical path
to all incoming rays. As a result, it should lead all the optical rays to meet at the focus again
and therefore lead to higher intensity in the focal plane. In addition, the effects of propagation
time difference could be resolved.

The focal length of the light with different wavelengths propagating through an achromatic

doublet can be expressed by,
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Figure 2.6: Sketch illustrating the effects of achromatic doublets. The undesired effects of
spatial focal distortion and propagation time difference can be resolved.

ﬁ = [m(A) — 1] (Ril — Rig) + [2(A) = 1] <R_2 - E,) (2.50)

With a proper design of the curvature of the lens surface, it is able to lead f(\) to be ap-
proximately constant, which does not change with the wavelength. Therefore, the achromatic
doublet can be designed to fully cancel the spatial distortion from the chromatic aberration.

Interestingly, with the proper design, the optical path length for the light transmitted with
different radius can be the same. That is to say, the radially distortion for the pulse front can
also be resolved. The constant delay between the pulse front and phase front can be expressed

as,

. dl dn1 dg dn2
Atdoublet— c <_)\ d)\) + - <_>\ d)\> (251)

The benefits of an achromatic doublets can be summarized as follows. Firstly, an achro-
matic doublet focuses all colors, within a certain spectral range, in one focal point. Secondly,
the PTD is constant over its cross-section, which prevents pulse front distortion and leads to
a flat pulse front in the focal plane. Thirdly, the GVD is constant over the cross-section too,
since the achromatic design offers the same optical path lengths for all colors. Therefore, the

GVD can be compensated externally by pre-chirping the laser pulse.
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2.7 Conclusions

As a brief summary of this chapter, several mathematical models regarding the focusing of ul-
trafast lasers have been described in detail. These models include mathematical representation
of laser pulses, Fourier optics for the simulation of focal field distribution, various focusing
methods based on the pupil illumination, system induced phase aberrations and the dispersion
effects of the lenses. All these models were extensively applied to the research works and

referenced throughout the thesis.
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Chapter 3

Effects of phase aberrations on ultrafast

laser focusing

3.1 Introduction

In Chapter 2, the phase aberrations are described in the form of Zernike modes and refractive
index mismatch. These aberrations exist in nearly all optical systems, therefore it is impor-
tant to characterize how these aberrations affect the laser focusing, and subsequently develop
methods for their necessary compensation. There have been numerous studies documenting
the detrimental effects of phase aberrations in conventional focusing (also described as the
conventional spatial focusing (SF), Section 2.4.1, Chapter 2). However, until now, there has
been no systematic analysis for the effects of aberrations in simultaneous spatial and temporal
focusing (SSTF) (Section 2.4.2, Chapter 2). In this chapter, I study both the spatial and tempo-
ral effects of aberrations in SSTF and compare with that of conventional focusing. Both line
and wide-field foci are analysed. The results are useful to illustrate the potential of aberration

correction for SSTF microscopy, laser fabrication and any similar applications.

3.2 Temporal evolution of focal intensity distribution

In this section, the intensity distribution of the focus at various times for conventional line

spatial focusing and line SSTF is presented. The profiles for focusing with and without phase
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aberrations are compared.

3.2.1 Line SSTF and line SF

In the previous chapter, the conventional line focusing (line SF) and temporal line focusing
(line SSTF) are defined according to their pupil illuminations (Section 2.4). The similarity of
line SSTF and line SF is that they generate similar line shape focus when the focal intensity is
considered in time averages. The difference is that the wavelength components in line SSTF
spread in the pupil and propagate with different optical path, generating a pulse front tilt in the
focal plane, while all the wavelength components in line SF propagates with similar optical
path to the focal plane, generating the line shape focus completely.

Line SSTF is created by using a spatially chirped beam at the back focal plane of the ob-
jective lens. In effect, this creates a single focal spot at one instant time, and the position of the
focal spot shifts along = axis temporally. This apparent motion of the focus in the x direction
is a consequence of the pulse front tilt (PFT). The term of “pulse front tilt” represents the dis-
torted pulse front with a tilted shape in time domain [124]. The first column in Figure 3.1 (a)
shows the temporal distribution of the focal point for SSTF, at the time of -1.5 ps, 0 ps and 1.5
ps, relative to the time of maximum focal intensity using 150 fs pulsed laser light illumination
(pulse width " = 150 fs). It is clear that the focal point shifts along = axis, and the intensity
increases to the peak at the central focus, and then decreases when it moves away. The time
average zz profile shows an obvious line along x axis.

Conventional SF uses spectrally uniform illumination, which directly generates a line
along the x axis in the focal plane. This focal shape is a consequence of the reduced nu-
merical aperture in one dimension (along p,) of the objective pupil. The line exists at all
points in time (-0.15 ps, O ps and 0.15 ps) with different intensity, as shown in the first column
of Fig 3.1 (b).

Aberrations affect both the spatial and temporal intensity distribution of line focusing.
As an example, we consider the aberration arising from a mismatch in the refractive index
(Section 2.5.2, Chapter 2) between an objective immersion (n; = 1.52) and a diamond sample

(ny = 2.4) when the wavelength of laser is 790 nm. This is relevant for laser machining
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Figure 3.1: Effects of aberration on the temporal focusing properties for line SSTF and line SF.
In the images of the aberrated focus, the 150 fs pulsed laser light (pulse width 7" = 150 fs)
with a central wavelength of 790 nm is focused into diamond (refractive index 2.4) with a
nominal focus depth of 25 um by a 1.4NA oil immersion objective lens. Each column is
individually normalized. (a) Temporal intensity distribution of SSTF at the time of -1.5 ps, 0
ps and 1.5 ps, as well as the time average profile. (b) Temporal intensity distribution of line
SF at the time of -0.15 ps, O ps and 0.15 ps, as well as the time average profile.
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applications [93]. The second columns in Fig 3.1 (a) and (b) show the cases when the laser
light is focused into diamond with a nominal focusing depth of 25 pym. It can be seen that
the temporal shapes of both SSTF and SF are distorted and the peak intensity points shift.
Sidelobes are generated at lower depths beside the peak intensity points. We note that the
sidelobes of SF are larger than that of SSTF, which can be seen in both temporal and time
average profiles.

These results were calculated for specific conditions, but the qualitative effects are similar
for other focusing configurations and materials. In general, there are some scenarios where
the temporal profile at the focus needs to be considered, however, the time average result will

be more important for most applications.

3.2.2 Pulse front tilt in SSTF

Pulse front tilt generally exists in most ultrafast laser systems, as the complex optical systems
in laser source usually introduces a certain amount of tilt to the pulse front. Also, the pulse
front tilt can be easily generated or controlled by a prism or a grating. Diffractive adaptive
optics elements, such as a SLM can operate as a variable grating, thus can be used to tune
the amplitude of the PFT [125]. Simultaneous spatial and temporal focusing usually creates
a spatial chirp of the laser beam by a grating or a prism, thus it also introduces pulse front
tilt. This has been seen in previous papers [111, 112, 126]. It is also seen in Figure 3.1 that
the focal point shifts along the x direction with time for line SSTF. In this subsection, we
investigate this pulse front tilt effect for both line SSTF and wide-field SSTF. The effect of
refractive index mismatch aberration on PFT is discussed.

From now on, all the intensity profiles are calculated as the time average of the squared

intensity,

Trr
() =Y. /0 I2(t)dt (3.1)

where Tz7 is the repeat period of the laser light. This corresponds to the excitation probability
for a second order process, such as two-photon fluorescence microscopy. Although in general
other non-linear processes may be used, this quantity provides adequate illustration of the

focusing effects.
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Figure 3.2: Effects of aberration on the temporal pulse front tilt effect for line SSTF and wide-
field SSTF. The intensity is calculated at the nominal focal plane. The images on the left hand
show the laser with 150 fs pulse width, while the images on the right hand show 70 fs pulse
width. In the images of the aberrated focus, the laser light with a central wavelength of 790
nm is assumed to be focused into diamond (refractive index 2.4) with a nominal focus depth
of 25 ym by a 1.4NA oil immersion objective lens. Each image is individually normalized to
its own peak intensity.

Figure 3.2 presents the calculation for the intensity distribution along the x direction and
time axis. Each image is individually normalized to its own peak intensity. For an example
of the unaberrated line SSTE, it is seen that the focus shifts along = direction when the time
increases. An obvious pulse front tilt is seen. For the laser with the same pulse width, the
temporal intensity distributions of line SSTF and wide-field SSTF have no difference when
the intensity profile is unaberrated. When the laser is focused into a diamond sample, aber-
ration arises from the refractive index mismatch. Sidelobes are generated along the focus.
Comparing the aberrated profiles of line SSTF and wide-field SSTF, the mismatch aberration
has much more obvious influence for the temporal focus of wide-field SSTF. It is notable that
the peak intensity point shifts with the existence of refractive index mismatch aberration, how-
ever, the calculation in this figure is only conducted at the nominal focal plane. In addition, the
calculations for laser with a pulse width of 70 fs is compared with the laser of 150 fs. With the

same scales for the x and time axis, the pulse front tilt presents different angles for different

pulse widths. However, the physical distance for the focal movement along x direction is the
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same for both laser pulse widths.

3.3 Line focusing

In this section, we investigate the effects of lower-order Zernike modes and refractive index
mismatch phase aberrations on the line spatial focusing (SF) and line SSTF. The focal distor-
tion and the intensity reduction effect are presented. The pupil illuminations of the investigated
line focus are shown in Figure 2.2 (b) and Figure 2.4 (a) in Chapter 2. The (I?) distribution
along y and z direction is studied (at the plane where x = 0), because it gives a better view of

the distortion both along the axial and lateral directions.

3.3.1 Zernike mode aberration

Figure 3.3 and 3.4 shows the distortions occurring in SSTF (a)-(c) and SF (d)-(f) in the
presence of individual Zernike modes. Each image (including both unaberrated and aberrated
cases) is individually normalized to its own peak intensity. The SSTF pupil illumination profile
is shown in the first inset in (a); plots of the Zernike modes in the pupil are shown as the
remaining insets. While the unaberrated line focus stretches as a line along the x direction, it
has a good confinement along both the 2z and y directions, which are shown as the first profile
in (a). The (I?) profiles show different distortions when Zernike modes are considered. Mode
6 (astigmatism) and mode 11 (spherical) cause the peak (I?) to shift along the axial direction,
while other modes, especially mode 8 (coma), mode 10 (trefoil) and mode 11 (spherical),
produce various amounts of focal distortion. These effects are also characterized by the plots
in row (b), which show how the peak (I?) in the y direction changes along = direction (where
we define 1,(z) = Max,, [(I?) (y, z)]). The effects of particular Zernike mode aberrations can
be understood by comparison of the pupil illumination profile and phase plots (the insets in
row (a)) in each case. For example, mode 6 creates a defocus-like phase distortion for each
spectral component in the pupil, which shifts the focus for each component by a different
amount along the z axis; modes 8, 10 and 11 cause more complex phase deviations for each

spectral component, which leads to distortion at the focus. The peak (I?) of the distorted
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Figure 3.3: Effects of Zernike mode aberrations (modes 5-7) on line focus. Each image is
individually normalized to its own peak intensity. (a)-(c) Simultaneous spatial and temporal
focusing (SSTF). (a) Comparison of the (I?) yz profiles between the unaberrated case and with
Zernike modes 5-11 aberrated cases. The inset in the first profile is the pupil illumination, and
the insets in the remaining profiles show the phase of the Zernike modes. (b) Normalized plot
of the variation of /,(z) (red curve). The black curve is the unaberrated case included for
comparison. (c) Peak (I?) changes with Zernike mode amplitude (rad. (rms)) of the central
wavelength. (d) - (f) The effects of Zernike modes on conventional spatial focusing (SF). Each

row indicates the same comparison as above.
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Figure 3.4: Effects of Zernike mode aberrations (modes 8-11) on line focus. Each profile is
calculated as the time average of the squared intensity (/?), and normalized to its own peak
intensity. (a)-(c) Simultaneous spatial and temporal focusing (SSTF). (d) - (f) The effects of
Zernike modes on conventional spatial focusing (SF). All the figure indications are the same

with Figure 3.3.
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focus as a function of the amplitude of the Zernike mode (measured in rad. (rms) at the central
wavelength) is also illustrated in row (c). As the SSTF uses full pupil illumination, all the
Zernike modes have effects on the focusing, and thus cause reduction in the peak (7?).

A comparison of these results with line SF is shown in Figure 3.3 and 3.4 (d)-(f). Simi-
larly, mode 8 (coma), mode 10 (trefoil) and mode 11 (spherical) produce various amounts of
intensity distortion. As shown in row (f), these three modes cause a drop in the peak inten-
sity. From the (/?) profiles and the axial I,(z) distribution, it is seen that the sidelobes of the
distorted SF are stronger than that of SSTF. The larger drop in peak (I?) is because the pupil
illumination of SF is a single line, and the Zernike modes 8, 10 and 11 have a more signifi-
cant phase distortion along this line than in other areas. Mode 6 (astigmatism) and mode 11
(spherical) cause a focus shift along the z direction, but mode 6 exhibits a very slight drop
in peak intensity. By comparing the pupil illumination of line SF and the phase plots of each
Zernike mode, it is easy to find that modes 5, 7 and 9 have little effect on the line SF, because
the phase in these three modes is nearly flat in the area along line illumination in the SF pupil.
Through these investigations, we can conclude that, the value of (/?) in SSTF line focusing
is more sensitive to certain Zernike aberrations than the equivalent value for SF line focusing.

However, the effects on spatial resolution are similar in both cases.

3.3.2 Index mismatch aberration

In many laser fabrication and microscopy applications, a high NA objective lens is used to
focus laser light deep into a sample with a refractive index differing to the lens immersion
medium. This scenario is modelled in Figure 3.5 (a) (b) for both SF and SSTF, where we
consider the aberration arising when the light is focused with a 1.4 NA oil (n; = 1.52) lens
into a diamond sample (n, = 2.4) with a nominal focusing depth of 50 ym [93]. Each image
is individually normalized to its own peak intensity. The focus is distorted generating several
sidelobes above the peak intensity point, with a corresponding reduction in peak (I?). Fig-
ure 3.5 (c) shows the /,,(z) distribution along the axial direction for unaberrated and aberrated
line SSTF as well as line SF foci, and each curve is individually normalized. The FWHM of

the (I?) along the z direction becomes wider, and the on-axis peak intensity points are obvi-
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Figure 3.5: Effects of refractive index mismatch on a line focus. Each image is individually
normalized to its own peak intensity. The sample is diamond with the refractive index of 2.4.
The light is focused by using a 1.4 NA oil immersion lens. The nominal focus depth is 50
pm. (a) Aberrated (I%) yz profile for line SSTF. Insets are the pupil illumination (left) as
well as the phase induced by the index mismatch (right, with defocus element removed). (b)
Aberrated yz profile for line SF. (¢) Comparison of the axial [,(z) distribution for unaberrated
and index mismatch aberrated SSTF and SF. Each curve is individually normalized. (d) Peak
(I*) changes with the nominal focus depth into the sample for line SSTF and SF. Each curve
is individually normalized.

ously shifted because of the distortion. We note that this shift in the on-axis peak intensity is in
addition to the axial shift due to the defocus component of the phase aberration function (de-
scribed in the end of section 2.5.2). These aberration phenomena have been widely observed
in modelling of refractive index mismatch induced aberrations in conventional focusing sys-
tems [127]. The (I?) profiles and curves show that the sidelobes of SSTF line focusing are
smaller than that of SF. Figure 3.5 (d) shows the peak (/?) dropping with the increase in nom-

inal focus depth into the sample. As a conclusion, the effect of index mismatch is slightly

smaller on line SSTF than that on line SF, which suggests that line SSTF might be a better
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choice for the cases involving deep focusing into high index sample considering the amount

of aberration.

3.4 Wide-field focusing

In this section, we investigate the effects of lower-order Zernike modes and refractive index
mismatch phase aberrations on the wide-field SSTF. The pupil illumination of the wide-field

SSTF is shown in Figure 2.4 (b) of Chapter 2.

3.4.1 Zernike mode aberration

In the widefield SSTF, a symmetric focusing shape is obtained both along the axial and lateral
directions, which is shown by the unaberrated xz profile in Figure 3.6 (a). The widefield area
experiences different peak intensity shifts or intensity stretches when Zernike mode aberra-
tions are considered. The xz (I?) profiles (at y = 0) in the presence of Zernike modes 5-11 are
shown in Figure 3.6 (a), the variation of I,(z) is presented in Figure 3.6 (b), and Figure 3.6 (c)
shows how peak (I?) changes with each Zernike modes amplitude. Each image (including
both unaberrated and aberrated cases) is individually normalized to its own peak intensity.
The pupil illumination of widefield SSTF 1is such that the components of the spectrum are
distributed along p, direction, but only have a narrow extent in the p, direction. Comparing
the pupil illumination to each Zernike mode plot in the pupil (the insets in Figure 3.6 (a)), it
is understandable that modes 5, 8, and 10 have little effect on the focusing properties. The
input energy is spread as a line along the p, axis in the pupil, where, for these modes, the
phase is essentially constant. The axial (7?) distribution is nearly the same as the unaberrated
profile, and the peak (I?) shows negligible change with increasing mode amplitude. Mode 6
slightly shifts the axial position of the widefield area, but does not cause intensity reduction;
this is a consequence of the quadratic, defocus-like form of phase along the illumination axis
of the pupil. Modes 7, 9 and 11 distort the focus, and cause a decrease in focal intensity. It
is notable that mode 11 (spherical) not only stretches the focus, but also causes large shift in

peak intensity along the axial direction.
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Figure 3.6: Effects of Zernike mode aberrations on widefield simultaneous spatial and tem-
poral focusing (SSTF). Each image is individually normalized to its own peak intensity. (a)
Comparison of (I?) zz profiles between unaberrated and Zernike mode 5-11 aberrated (cen-
tral wavelength amplitude equals to 1 rad. (rms)) widefield SSTF. The inset in the first figure
is the pupil illumination, and the insets in the aberrated figures are the Zernike modes phase
plot in the pupil. (b) Normalized plot of the variation of I,(z) (red curve). The black curve
is the unaberrated version included for comparison. (c) Peak (7?) changes with Zernike mode

amplitude (rad. (rms) of the central wavelength).
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3.4.2 Index mismatch aberration
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Figure 3.7: Effects of refractive index mismatch on widefield SSTF. Each image is individually
normalized to its own peak intensity. The sample is diamond with the refractive index of
2.4. The nominal focus depth is 50 um. (a) Unaberrated (I?) xz profile for widefield SSTF.
(b) Aberrated (I?) xz profile. Insets are the pupil illumination (left) as well as the phase
induced by the index mismatch (right, with defocus element removed). (c) Comparison of
axial (I?) distribution for unaberrated and index mismatch aberrated widefield SSTF. Each
curve is individually normalized. (d) FWHM of the (I?) distribution along axial direction
versus nominal focus depth into the sample. (e) Peak (I?) changes with the focusing depth
into the sample for SSTF.

When the laser light is focused in widefield SSTF by a high NA lens deep into a high
index sample, the index mismatch causes focal distortion and consequently a reduction in
axial resolution. Comparison of the unaberrated xz (I?) profile in Figure 3.7 (a) and the index
mismatch aberrated profile in Figure 3.7 (b) indicates an obvious change in the shape and the
position of the focusing area. Each image is individually normalized to its own peak intensity.
The (I?) distribution along the axial direction for the two profiles is shown in Figure 3.7 (c).
We find the FWHM increases for aberrated focusing. The FWHM increases from 1.76 pym
at the surface to 3.26 um at a nominal focus depth of 50 ym. The axial FWHM of the (7?)
distribution as a function of nominal focus depth into the sample is shown in Figure 3.7 (d).

The FWHM continues to broaden with increasing depth, with a corresponding reduction in
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Figure 3.8: The effect of a coma aberration (mode 7) with different pulse widths (7"). The
graphic shows the peak (I 2) changes with Zernike mode amplitude (rad. (rms)) of the central
wavelength. Insets are the pupil illumination and aberrated (7?) profile. (a) Line SSTF. (b)
Widefield SSTF.

peak intensity, as shown in Figure 3.7 (e). It is notable that with the same focusing depth into
a sample, the peak intensity of widefield SSTF is not as sensitive to aberrations as the line
focus (Figure 3.5 (d)). For example, when the light is focused into diamond with a depth of
50 pum, the peak (I?) dropped to 61% for widefield SSTF, 7% for line SSTF, 4% for line SF
and 0.6% for point SF.

3.5 Aberration effect for different pulse widths

The Zernike mode amplitude is a parameter dependent on frequency, while the spectral range
of the laser light is set by the pulse width, suggesting that the pulse width should have an influ-
ence on the effects of aberrations. The qualitative effects are similar for different pulse widths,
but the level of distortion varies for each specific focusing method. We take the example of
coma aberration to illustrate the effects of changing the pulse width. Peak (I?) versus Zernike
mode amplitude is calculated for different pulse widths, while p,,, is adjusted for each width in
order to maintain the same axial and lateral resolution. Figure 3.8 shows the influence of the
pulse width on line SSTF and widefield SSTF. Focusing with shorter pulse widths is slightly
more affected by the aberrations. For example, in Figure 3.8 (b), when the coma aberration is

applied with amplitude of 1 rad. (rms) at the central wavelength, the peak (I?) using 300 fs

59



pulses drops to 80%, but for 5 fs pulse the peak (I?) drops to 72%. This is because the mag-
nitude of the phase aberration varies with the light wavelength, so that the laser with broad

band-width (lower pulse width) is affected more by the phase aberrations.

3.6 Discussion

The reason for the robustness of line SF and widefield SSTF to some Zernike modes, for
example modes 5, 7 and 9 for line SF and modes 5, 8 and 10 for widefield SSTF, is that only
part of the pupil is illuminated. The focus will be less distorted if this illuminated part of the
pupil has less phase aberration for particular Zernike modes. We note that one can use this
observation to draw conclusions about other modes that we have not studied directly here.

When the laser light is focused into a sample with a refractive index mismatch, the FWHM
is broadened and peak intensity is reduced. These trends for either line or widefield SSTF are
also applicable for other different materials and lenses, other than used for the calculations in
this paper.

We should also note that in this chapter, we mainly use a second order excitation prob-
ability to model focal aberration effects. However, the trends observed will also be relevant
for higher order processes, such as in harmonic generation for microscopy or high-order non-
linear fabrication processes.

In this chapter, non-linear refractive index variation due to Kerr effect is neglected. It is
notable that self-focusing and other non-linear effect would bring additional focal distortion
when high power laser is used.

These results provide the basis for understanding the effects of aberrations on SSTF sys-
tems and the performance improvement that might be achieved through aberration correction.
Several SSTF systems now include complex illumination structuring to create photo-activation
patterns [107,108], or for patterned laser fabrication [113,114]. Further work will illustrate
how aberrations affect these more complex illumination systems. Furthermore, we also note
that in applications of SSTF multiphoton microscopy, imaging of the generated fluorescence
onto the detector will also be affected by the aberrations, whereas our modelling so far has

involved only the excitation effects.
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3.7 Conclusions

Phase aberrations affect the focal distributions in SSTF and SF systems. This has been shown
for lower order Zernike modes and refractive index mismatch aberrations in line and widefield
focusing systems. The particular aberrations cause reduction of the axial and lateral resolu-
tion, reduction in peak intensity, or shift of the focus. Compared to line SF, line SSTF is
more sensitive to Zernike modes aberrations, while slightly less sensitive to index mismatch
aberrations. Widefield SSTF is much more robust to both Zernike modes and index mismatch

aberrations than line focusing.
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Chapter 4

Effects of sample dispersion on ultrafast

laser focusing

4.1 Introduction

In Chapter 3, the effects of phase aberrations on laser focusing are discussed. In addition to
phase aberrations, the dispersion of various optical components in the system also introduces
focal distortions. The dispersion of lens, including chromatic aberration, PTD and GVD have
already been discussed in Section 2.6 of Chapter 2.

In the focusing of ultrafast lasers, the sample material also brings undesired dispersion
effect. The impact is especially significant when laser pulses with shorter duration are focused
into sample at larger depths. However, there has until now not been a study for this type
of sample dispersion effects. This chapter describes an investigation into spatial and temporal
distortions caused by the dispersion of sample materials. To begin with, conventional focusing
is studied, and the dispersion effects when focusing with high and low numerical aperture (NA)
objective lens are compared. Simultaneous spatial and temporal focusing (SSTF) with both
line and wide-field configurations [99,103] are then investigated. I conclude with a discussion

of the effects of different laser parameters and sample materials.
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4.2 Theory

This section describes the analytical approach to characterize the effects of sample dispersion
on ultrafast laser focusing. The spectral phase maps at the objective pupil introduced by the

sample dispersion are presented.

4.2.1 Dispersion effect

It has been shown in Chapter 2 that Fourier optics [97, 128] is adopted to calculate the focal
intensity distribution when the laser light is focused by an objective lens into a dispersive
medium. When the laser light is focused into a sample, light refraction at the interface of the
objective lens immersion medium (refractive index n;) and the specimen (refractive index n)

is represented by a phase function in the objective pupil (details in Section 2.5.2, Chapter 2):

(A, n)=—— d(\/n2—p2NA2 \/n? —pQNAQ) 4.1)

where d is the nominal focusing depth, that is the focal depth ignoring the effect of refraction
at the specimen interface, NA is the numerical aperture of the objective lens and p is the
normalized radius in the pupil of the objective lens. The phase in Equation (4.1) contains a
spherical element (Z, which causes distortion of the focus, and a defocus element D, which

causes focal position shift:

o\, n) = d(\,n) + D(\,n) (4.2)

The distortion from RIM aberration is much more significant than the sample dispersion
effect. For the simulations presented in this chapter, we assume that an adaptive optics element
(AOE) such as a deformable mirror (DM) has been used to compensate the RIM aberration.
However, an AOE can provide ideal correction across all spectral components of the laser
pulse only assuming the refractive index of the sample is a constant. If dispersion is present,
then only partial correction is possible, for example by implementing perfect correction at
the center wavelength; the other wavelengths in the laser spectrum are then only partially

compensated. By subtracting the influence of the RIM aberration of the center wavelength,
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we are able to concentrate on studying the residual sample dispersion effects. In this case, the

effect of the sample dispersion could be expressed by the phase term,

(I)dispersion(/\) = ¢()‘7 n)\) - Qb()\, nO) (43)

where n) and n( are the refractive indices of the sample at the wavelength A\ and at the
central wavelength )\, respectively. ¢(\, ng) represents the correction phase introduced by

the AOE. According to Equation (4.2), Equation (4.3) can be re-written as:

Dyispersion(N) = 6(A, 1mx) — d(X,10) + D(A, 1) — D(A, ) (4.4)

We define the spherical aberration difference Qgspherical()\) as,

éspherical()\) = é(/\> n/\) - &()\7 nO) (45)

while the focal shift difference Dy, () is expressed as,

Dshz’ft(A> = D()\, n)\) - D()\, no) (46)

In Equation (4.4), the effect of sample dispersion is contributed by both the spherical
aberration difference qgsphmm(A), which represents a small amount of focal distortion, and
the focal shift difference D, () which represents the axial shift of the peak intensity for a
given wavelength component away from the nominal focal point.

As this chapter investigates the dispersion effects of the sample, the dispersions of the
objective lens and other optical elements in the optical system are therefore not included. The
field function at the pupil of the objective lens including the wavelength dependent aberration

due to sample dispersion could be expressed as:

E(A7px’ py) — E()\7 px’ py)equ)dispersion(A) (47)
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4.2.2 Phase maps

Several commonly used optical materials which have different levels of dispersion are studied:
lithium niobate (LiNbOs) [129, 130], which is an important material for optical waveguides,
sensors and modulators; SF11 glass, which is popular in various optical components (such
as lenses, prisms); water (H,O) [131, 132], which forms the basis for many biological speci-
mens studied in non-linear optical microscopy; fused silica (SiO5) [133], which is well known
for its applications in semiconductors and optical devices; and diamond [134, 135], which is
attractive for photonic and quantum technologies. Lithium niobate (LiNbO3) is used as an
example for the calculations of Sections 4.3 and 4.4, while all the materials are compared later
in Section 4.5. The Sellmeier refractive index equations of these materials are presented in the
Appendix of this Chapter.

Most optical materials have dramatic dispersion in ultraviolet region and relatively smaller
dispersion in the near infrared region. In Sections 4.3 and 4.4, we consider laser light with a
central wavelength of 520 nm to illustrate the distortion patterns. The corresponding femtosec-
ond lasers around this wavelength region with short pulse durations can be either frequency-
doubled passively mode-locked solid-state bulk lasers (such as Diode-pumped lasers and
Titanium-sapphire lasers) [1, 136]. The observed phenomenon is similar for lasers within
other wavelength regions. The influence of laser central wavelength with different magnitude
of sample dispersion effect is discussed later in Section 4.5.

To illustrate the sample dispersion effect, examples of the spectral phase map at the pupil [128]
are plotted in Figure 4.1. The calculation assumes the laser is focused into LiNbO3 with a 0.5
NA oil immersion lens. The phase maps are spatially symmetric about the center of the pupil
(along vertical axis), while varying with the wavelength of the light (along horizontal axis). In
each phase map, the greater phase variation at shorter wavelengths is a consequence of higher
sample dispersion in this wavelength region. It is seen that when the laser is focused with
a high depth, the generated phase variation is greater than that for focusing at a low depth.
This is easily understandable that a higher depth of focusing creates larger difference in the
optical path length for the wavelength components. The focusing with 0.5NA objective lens is

compared with the focusing with 1.35NA objective lens. It is seen that with the same focusing
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Figure 4.1: Spectral phase maps due to sample dispersion. (a) The calculation assumes the
laser is focused 50 pm or 200 pm into LiNbO3 with a 0.5 NA oil immersion lens. (b) The
calculation assumes the laser is focused 50 pm or 200 pm into LiNbO3 with a 1.35 NA oil
immersion lens.

depth, focusing with higher NA lens generates more phase variation than the focusing with

lower NA lens.

4.3 Conventional point focusing

In this section, we study the effect of dispersion on conventional point focusing. In the discus-
sion below, the laser pulse duration (FWHM of the temporal pulse) is chosen to be 25 fs when
investigating the temporal pulse broadening and overall intensity reduction effects, whereas

10 fs pulse duration is used to illustrate the spatial focal distortion effects. Spatial distortion
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is usually less obvious, thus the shorter pulse duration is adopted to reveal the details of the
effect. The influence of laser pulse duration is discussed later in Section 4.5. The effects when
focusing with low (0.5) and high (1.35) NA lenses are compared in this section. We note that
the immersion medium (such as water or oil) of a high NA lens and any other intervening
materials (such as a cover glass) may contribute additional dispersion effects, although these

are not included in the analysis of this chapter.

4.3.1 Spatial focal distortion

(a)

Original
focus

(b)

3 um

540 nm 520 nm 500 nm

Figure 4.2: (a) A sketch showing the angles of refraction for different wavelength components
inside the sample. Two optical rays at the sample interface with different incident angles are
illustrated. (b) Simulation of the focal intensity distribution for single wavelength components.
The laser is assumed to focused by a 1.35 NA lens.

Figure 4.2 explains the effect of sample dispersion on the axial spatial profiles. Equa-
tion (4.4) suggests that dispersion contributes different amounts of spherical aberration and
focal shift for each spectral component. As illustrated in the sketch of Figure 4.2 (a), the focal

shift, which is the major reason for axial elongation, can be explained by the fact that light of
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different wavelengths propagate into the sample with different angle of refraction. This causes
the different wavelength components to have different focal shifts relative to the nominal fo-
cal position. The contribution to the focal intensity from three single wavelength components
(500 nm, 520 nm and 540 nm) is calculated for an input laser centered at 520 nm wavelength,
shown in Figure 4.2 (b). For the illustration, each focus is normalized to its own peak intensity,
though the practical intensity amplitude for 500 nm and 540 nm wavelength components are
about 40% to that of central wavelength 520 nm component. It is obviously seen that the focal
positions of 500 nm and 540 nm wavelength components are shifted away from the nominal

focal point by about 0.5 ym.
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0.5NA 200 pm 1200 pm i no
dispersion
14 um 0.5 Ip(z )o 4t
g -4 0 4
14 um Z distance (um)
(b) _ . Dispersion
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Figure 4.3: (a) Effects of sample dispersion on the spatial focal intensity distribution of con-
ventional point focusing. Original pulse duration is 10 fs. Each profile is normalized inde-
pendently to its peak intensity. Axial (I?) profiles and axial peak (I?) plot when the laser is
focused by (a) a 0.5 NA lens and (b) a 1.35 NA lens.

In the calculation below, the intensity is calculated as the time average of the squared
intensity (Equation (3.1)). The left profiles in Figure 4.3 (a) and (b) show the laser focused
into the sample when there is no dispersion. As the index mismatch aberration is corrected
by the AOE, the spatial profile does not change with focal depth. With sample dispersion,
the focus is elongated along the axial direction. When the laser is focused with a depth of
200 pm, there is no obvious spatial distortion for the 0.5 NA lens, while there is a significant

spatial elongation for the 1.35 NA lens. This shows the spatial distortion is more severe when
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focusing with a high NA lens, which should be expected, when one considers the effects
of dispersion on the refraction angle of different spectral components (Figure 4.2 (a)). The
normalized peak (I?) along the axial 2 direction (defined as I,(z) = Max ,, [(I?) (z, 2)]) is
plotted in the right hand figures of Figure 4.3 (a) and (b). The drop in intensity due to the

sample dispersion is clearly seen.

4.3.2 Temporal pulse broadening
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Figure 4.4: Effects of sample dispersion on the temporal profile of conventional point focus-
ing. A laser with pulse duration of 25 fs is focused with a 0.5 NA lens. (a) Temporal profiles
at the nominal focal point. Each profile is normalized independently to its peak intensity. (b)
Temporal peak (I?) plot when the laser light is focused into the sample without dispersion
(black curve) and with dispersion at different focusing depths. (c) Pulse duration at the focus
versus focusing depth with sample dispersion.

Another effect of the sample dispersion is the temporal pulse broadening of the focus.
Shown in Figure 4.4 (a), the pulse temporal profile is elongated along time axis and the pulse
duration at the focus is significantly broadened (from 25 fs to 320 fs) by the sample disper-

sion. The normalized (/?) along the time axis with a present of intensity reduction is plotted
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in Figure 4.4 (b). The pulse durations at the focus are calculated for different focusing depths
in Figure 4.4 (c) and a continuous pulse broadening is clearly seen. The temporal pulse broad-
ening effect is caused by the spatial and temporal chirp of the laser pulse. The light travelling

speed and phase difference of each wavelength component (Figure 4.1) can also affect the

temporal profile.
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Figure 4.5: Pulse broadening effect caused by sample dispersion for the objective lens with
different NA. (a) Pulse duration versus laser focusing depth. (b) Temporal intensity profiles
when the laser is focused into 200 pym by a 0.5 NA lens or a 1.35 NA lens. Each image is
individually normalized to its own peak intensity.

The temporal pulse duration broadening effect is calculated for the objective lens with
different NA. Shown in Figure 4.5 (a), the pulse duration at the nominal focal point is plotted
with the increasing focusing depth. It is seen that when the focusing depth is smaller than
~100 pm, the temporal pulse duration is similar for the lenses with different NAs. However,

when the depth is larger than ~100 pm, the pulse duration for the higher NA lens is smaller
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Figure 4.6: The pulse duration and temporal intensity profiles for the investigated points along
the axial direction. (a) The laser is focused by a 0.5 NA lens. (b) The laser is focused by a
1.35 NA lens. Each image is individually normalized to its own peak intensity.

than that of lower NA lens, and this difference of pulse durations increases with the focusing
depth. This interesting phenomenon can be explained as follows: when the focusing depth
is larger than ~100 pm, the temporal intensity profile at the focal point for higher NA lenses
is more seriously distorted. So that in this case, the temporal intensity does not follow a
perfect Gaussian distribution. This effect is shown in Figure 4.5 (b), it is seen when the
laser is focused into 200 pm by a 0.5 NA lens, the temporal profile is fairly like a Gaussian

distribution in temporal axis. In contrast, when the laser is focused by a 1.35 NA lens, the
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temporal distribution is more seriously distorted, and does not follow a Gaussian distribution.
In the case of 1.35 NA, the more distorted temporal profile however leads to a smaller FWHM
in time. The serious distortion of the profile makes it difficult to directly characterize the
temporal profile by the pulse durations in the form of FWHM.

The temporal pulse durations and intensity profiles are only calculated at the nominal focal
point in the above cases. It is also interesting to study the temporal pulse broadening effect
at other points of the focus. Figure 4.6 presents the simulated results for the temporal pulse
duration and intensity profiles along the axial direction for both 0.5 NA lens and 1.35 NA
lens. It is seen in both cases, the temporal pulse duration becomes smaller when the studied
point has a larger distance away from the nominal focal point. It is also seen that the temporal
intensity profile is seriously distorted at the edge of the focus. Similarly, the reduction in the
temporal pulse duration can be explained by the non-Gaussian intensity distribution of the

temporal profile, which results in a smaller FWHM.

4.3.3 Intensity reduction
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Figure 4.7: Peak (I°) versus focusing depth in the presence of sample dispersion.

In Figure 4.7, the peak (I?) of the focus versus the focusing depth for both high and low

NA lenses are presented. It is clear that the peak (/?) decreases more rapidly with depth when
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focusing with a 1.35 NA lens, which suggests the effect of sample dispersion is more dramatic
for a higher NA lens. The sample dispersion effect when the laser is focused into 200 pm with
a 1.35 NA lens is nearly equivalent to that when the laser is focused into 400 ym with a 0.5

NA lens.

4.4 Simultaneous spatial and temporal focusing (SSTF)

As described in Chapter 2.4, simultaneous spatial and temporal focusing (SSTF) [102, 103]
can provide advantages to both microscopy [107, 108] and laser fabrication [111, 112]. In the
calculation below for both wide-field and line SSTF, pupil illumination is initially adjusted to
make the light at the edge of the pupil has a field amplitude of 10% compared to the amplitude
of the central frequency at the centre of the pupil (Section 2.4.2). The reason to use 10% to
position less wavelength components inside the pupil is that it can enhance the axial resolution
which is useful to illustrate the distortions discussed below. A NA of 1.35 is used for the
calculation for the rest of the chapter.

In this section, the spatial focal distortion is presented for both line and wide-field SSTE.
The temporal pulse broadening and intensity reduction effects are compared with conventional

point focusing.

4.4.1 Spatial focal distortion of line SSTF

The effect of sample dispersion on the spatial profile of line SSTF is shown in Figure 4.8.
The pupil illumination of line SSTF in Figure 4.8 (a) shows how the spectral components
are distributed across the pupil. Light of different wavelengths is represented with different
colours. The corresponding field amplitude distribution across the pupil is presented, showing
the edge of the pupil has a field amplitude of 10% compared to the amplitude of the central
frequency at the centre of the pupil. Figure 4.8 (b) and (c) present the (7?) distribution in
three orthogonal planes. The corresponding positions of the second and third profiles (yz
and xy) are marked with the dotted lines in the first xz profile. Each profile is normalized

independently to its peak intensity. Without sample dispersion (Figure 4.8 (b)), the line focus
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Figure 4.8: Effects of sample dispersion on the spatial focal intensity distribution of line SSTF.
Original pulse duration is 10 fs. Each image is individually normalized to its own peak inten-
sity. (a) Pupil illumination of the line SSTF. (b) Axial (zz, yz) and lateral profiles (zy) of the
focus without sample dispersion. (¢) Axial (zz, yz) and lateral profiles (xy) of the focus with
sample dispersion. (d) Normalized peak plot for the axial profile (yz). (e) Normalized peak
(I?) plot for the lateral profile (zy).

has axial resolution similar to that with conventional point focusing (compare with Figure 4.3
(b)). When sample dispersion is included (Figure 4.8 (c), focusing depth is 200 pm), the focus
is distorted and elongated along the axial direction. The axial resolution is reduced by a factor
of around three when focusing to a depth of 200 pm. This reduction in resolution is similar to
that with conventional focusing, which is discussed in section 4.3.1. The lateral profile does
not have a noticeable change from the sample dispersion. Figure 4.8 (d) shows the peak (I?)

changes along the z direction for the axial profile. Figure 4.8 (e) shows the peak changes along

the x direction for the lateral profiles. Noticeable drops in the focal intensity are clearly seen.
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4.4.2 Spatial focal distortion of wide-field SSTF
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Figure 4.9: Effects of sample dispersion on the spatial focal intensity distribution of wide-field
SSTF. Original pulse duration is 10 fs. Each image is individually normalized to its own peak
intensity. (a) Pupil illumination of the wide-field focusing. (b) A sketch shows the propagation
of different wavelength components inside the sample. (c) Axial (zz, yz) and lateral profiles
(zy) of the focus without sample dispersion. The corresponding positions of the second and
third profiles (yz and xy) are marked as dotted lines in the first zz profile. Each profile is
normalized independently to its peak intensity. (d) Axial (xz, yz) and lateral profiles (xy) of
the focus with sample dispersion at the focusing depth of 200 ym. (e) Normalized peak (I?)
plot for the axial profile (yz). (f) Normalized peak (I?) plot for the lateral profile (zy).

The effect of sample dispersion on the spatial profile of wide-field SSTF is shown in Fig-
ure 4.9. As shown in (a), the illumination is spatially chirped to form a line at the pupil. A
sketch of the propagation of each wavelength component inside a dispersive sample is shown
in Figure 4.9 (b). The dark point marks the original nominal focal position without sample

dispersion. For the purposes of illustration, we assume each ray represents a different wave-
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length and the refraction angle of each ray is adjusted due to dispersion. One property of TF is
that a higher intensity is achieved at the position where the different spectral components re-
combine with the right phase. It is seen from Figure 4.9 (b) that the region of peak intensity for
wide-field TF may be expected to shift leftwards and upwards from the nominal focal point.
This hypothesis is confirmed by the simulation results shown in Figure 4.9 (d). The focus is
distorted and elongated along the axial direction, and the peak intensity point has both an axial
shift and a lateral shift. The axial resolution is significantly reduced (about seven times) when
the dispersion is considered. For the lateral profile, the sample dispersion introduces a slight
broadening along the z direction (about 1.17 times). The drop in the intensity due to the sam-
ple dispersion is presented Figure 4.9 (e) and (f). As a comparison, a smaller spatial distortion
of the line TF from sample dispersion benefits from its full pupil illumination, which brings

better focal confinement in both the lateral and axial directions.

4.4.3 Temporal Pulse Broadening

One advantage of temporal focusing is that the pulse duration varies with the light propagation
after the objective lens, but the shortest pulse is only achieved at the peak intensity point where
the spectral components of the laser pulse recombined with the right phase. We show that this
characteristic makes the temporal property of SSTF much more robust against the effect of
sample dispersion than conventional focusing. As discussed above, the peak intensity point
shifts when sample dispersion is considered, thus we only investigate the temporal property
of the peak intensity point instead of the original nominal focus. It is seen in Figure 4.10 (a),
there is no significant temporal broadening when the sample dispersion is considered. The
comparison with conventional focusing in Figure 4.10 (b) shows the advantage of reduced
temporal pulse broadening in SSTE. We note the pulse duration is still slightly broadened
for SSTF, because even at the peak intensity point, there are residual spreads of different
wavelengths both spatially and temporally. We therefore conclude the SSTF is more robust

against the sample dispersion than conventional focusing in the temporal domain.
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Figure 4.10: Effects of sample dispersion on the temporal profile of SSTF. Original pulse
duration is 25 fs. (a) An example of temporal profiles at the peak intensity point for wide-field
SSTF without and with sample dispersion. An obvious pulse front tilt is seen [111]. Each
profile is normalized independently to its peak intensity. (b) Comparison of pulse duration for
conventional focusing, line SSTF and wide-field SSTF with sample dispersion.

4.4.4 Intensity reduction

The comparison of intensity effects for conventional point focusing, line SSTF and wide-field
SSTF is shown in Figure 4.11. It is seen the SSTF are more robust to sample dispersion than
conventional focusing in maintaining the focal intensity. It is interesting to note that these re-
sults of the sample dispersion effect on SSTF, including the different magnitude of distortions
and intensity reduction between line and wide-field focusing, show the similar trends with
the effects from sample scattering [137]. Both the sample dispersion results presented in this
chapter and the scattering effects presented in reference [137] show that the wide-field SSTF
is good at maintaining the peak intensity, however, bad at maintaining the focal resolution.
This could be explained by both effects are introducing a slight change of the refraction angle
to the incident optical rays. The difference is that the light scattering introduce a random angle

change, while the sample dispersion introduces monotonous angle change.
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Figure 4.11: Intensity reduction caused by sample dispersion. Conventional point focusing,
line SSTF and wide-field SSTF are compared together.

4.5 Influence of laser parameter and sample material

The effect of the material dispersion is strongly related to the spectral bandwidth of the laser
light. A laser with shorter pulse duration has larger bandwidth, and therefore results in more
severe dispersion effects. The dispersion effects for the 520 nm centered laser light with pulse
duration of 80 fs, 40 fs, 25 fs and 10 fs are calculated and shown in Figure 4.12 (a). It is
obvious that a shorter pulse duration significantly exacerbates the dispersion effect. When
focusing the laser to a nominal depth of 200 xm, the (7?) , decreases to 80%, 40%, 20% and
2% for the laser with 80 fs, 40 fs, 25 fs and 10 fs pulse duration, respectively.

The near infrared is a common wavelength region for the ultra-short lasers pulses. The
dispersion effects are investigated for different pulse durations centered at the wavelength of
800 nm, as shown in Figure 4.12 (b). Because most materials including lithium niobate are
less dispersive in near infrared region, the intensity reduction effect appears less significant.
These results suggest the sample dispersion is not a very severe problem if an 800 nm laser
light with pulse duration > ~ 50 fs is focused into a nominal depth < ~ 200 pm with a high
NA lens (< ~ 400 pm for low NA lens, refer to Section 4.3.3). However, dispersion effects
are still significant if shorter pulses (e.g. < 50 fs) are used or the laser is focused to a greater

depth.
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Figure 4.12: Effect of sample dispersion for focusing of ultra-short pulsed laser with different
pulse durations. The sample is lithium niobate and the objective used has a NA of 1.35. Central
wavelength of the laser light is (a) 520 nm (b) 800 nm.

The sample material investigated above is lithium niobate, which has a refractive index of
around 2.3 and high dispersion. Several other commonly used optical materials with different
levels of sample dispersion have also been investigated. These materials are SF11, water,
fused silica and diamond whose refractive indices are around 1.8, 1.33, 1.46 and 2.5. The
corresponding intensity reduction effects from sample dispersion are shown in Figure 4.13
(). It is seen that the peak (I?) , drops to 60% when a 25 fs laser is focused 200 xm into fused
silica or diamond. This suggests that sample dispersion is still problematic when focusing
into a low-dispersion material if the laser has very short pulse duration or the focusing depth
is large.

The sample dispersion effect of water is specifically studied in Figure 4.13 (b). These
calculations are relevant for nonlinear optical microscopy, where specimens are often water-
based. The effect of the dispersion of water is investigated for various wavelength regions
from ultra-violet to infrared. It is seen that the effect is significant in ultra-violet and visible
regions, but smaller in the near infrared region. The peak (I?) p drops to 60% when a 25 fs
laser with a central wavelength at 800 nm or 1060 nm is focused into water with a depth of
200 pum. This suggests the sample dispersion effect of water is not negligible if a very short
pulsed laser is used, especially in the applications of multi-photon microscopes, where short

pulse laser is often used.
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Figure 4.13: Effect of sample dispersion for several commonly used optical materials. (b)
Effect of sample dispersion when the ultra-short laser pulse with different central wavelength
is focused into water.

4.6 Discussion

The investigation in this chapter addresses the focusing of ultrafast laser into a dispersive
sample. It is notable that this effect of material dispersion is different to the effect when the
collimated laser beam propagates through a dispersive material. The latter phenomenon is
solely caused by a different propagation speed of each spectral component. For an example,
after transmitting through lithium niobate with optical length of 200 xm, a collimated 25 fs
laser is broadened to 33 fs. As a comparison, focusing by a 0.5 NA lens with the same depth
into the sample, the laser is broadened to 70 fs (Section 4.3.2). The pulse broadening effect
for the focusing of laser into a dispersive sample is much more significant.

There have been well established methods correcting the GVD effect for optical com-
ponents, such as lenses. These include the pre-compensation by a prism pair or a grating
pair [138,139]. However, these methods are not able to cancel the dispersion effects when the
ultrafast laser is focused into a dispersive sample.

We assume a linear refractive index for the calculation in this chapter. In those high power
laser focusing, refractive index of the material changes with laser intensity in focal region,
introducing additional distortions in addition to the effect of material dispersion.

For the purposes of illustration, we have used particular combinations of lasers and mate-

rials. However, the broader trends in the results will also be seen for other practical scenarios.
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4.7 Conclusions

In summary, the effect of sample dispersion in ultrafast laser focusing has been studied in
detail for different focusing methods, objective lenses, materials and laser wavelengths and
pulse durations. Spatial distortion, temporal pulse broadening and overall intensity reduction
have been investigated.

Sample dispersion generally reduces the axial spatial resolution of the focus. This effect
is more significant when focusing with a high NA lens, or in the wide-field SSTF. In SSTF,
the peak intensity point shifts both along axial and lateral direction. The sample dispersion
also introduces temporal pulse broadening at the focus. SSTF is much more robust than the
conventional focusing in this respect.

Overall, the sample dispersion effect is more significant for conventional point focusing
method and a high NA objective lens. Both the parameters of the input laser and the sample
materials affect the magnitude of dispersion effect, but the trends observed in the results here

will also be seen for other combination of laser and material parameters.

4.8 Appendix: Sellmeier refractive index equations

The fitting Sellmeier equations for the refractive index of Lithium Niobate (LiNOj3) [129],
SF11 glass [140], water (H,O) [131, 132], Fused silica (SiO5) [133] and Diamond [134] are

expressed as follows:

(4.8)

- 2.6734 x N2 . 1.2290 x \2 . 12.614 x A2\
n . =
LiNO3 A2 —0.01764 = A2 —0.05914 ' N2 —474.60

e (1, LT37T59695 x \?  0.313747346 x X*  1.89878101 x \* 02 o)
SELL A2 — 0.013188707 = A2 — 0.0623068142 A2 — 155.23629 '
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Chapter 5

Pulse front shaping by dual adaptive

optics elements

5.1 Introduction

In previous chapters, it has been shown that phase aberrations and dispersion effects bring
distortions to laser focus. Beside these two, another important source of error in ultrafast laser
focusing is the distortion to the laser pulse front (contour of constant intensity) [123,141-143].
This form of distortion arises from variation in group delay (GD) across the beam profile with
a consequent spreading of the arrival times of pulses at the target.

Beam shaping using two dimensional reflective elements, such as parabolic mirrors or
deformable mirrors (DMs), can provide spatial deformation of the pulse front, but only with a
concomitant distortion of the phase front, which makes the laser pulse inappropriate in most
applications. In another way, temporal pulse shaping can be employed, whereby the whole
beam is spectrally dispersed and the temporal shaping is conducted for each individual spectral
component [69, 144—146]. Whilst an essential tool for creating ultra-short pulses, this mode
controls the pulse front solely within the temporal (or equivalently spectral) domain, resulting
in a modulation which is spatially uniform across the beam. Until now, there has been no
realization of flexible spatial pulse front modulation, which has limited the ability to control

ultrashort laser pulses.
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Currently, adaptive optics elements have only been applied to control the phase of the
laser pulse. In this chapter, I present a new concept of adaptive optics: harnessing extra spatial
degrees of freedom for pulse front shaping, through the combination of a diffractive and a
reflective adaptive optics element (AOE). Effectively, the phase front and the pulse front for
an ultra-short pulse become decoupled allowing independent spatial control of each across a
beam. We demonstrate that through adaptive control of the pulse in an ultrafast laser system, a
beam could be generated with an arbitrarily shaped pulse front, whilst the phase front remains
flat. Autocorrelation measurements using an annular intensity distribution were adopted to
demonstrate the relative temporal delay between different parts of the beam. The potential

applications for this new adaptive optics method are discussed.

5.2 Diffractive and reflective AOEs

In this section, we introduce the function of two different types of adaptive optics elements:
diffractive (SLM) and reflective (DM) AOEs. The basic principle of pulse front shaping
method by a combination of these two AOE:s is explained.

It has previously been realised that combining diffractive and reflective /refractive optics
can be a useful concept for static shaping of pulse fronts from an ultrafast laser. The design
of specialist optics has allowed the focusing of ultra-short pulses at high numerical aperture
with minimal increase to the pulse duration [147, 148]. This static concept can be extended to
dynamic control through the inclusion of two adaptive optics elements, one diffractive and an-
other either refractive or reflective. We show here this hybrid dynamic optical system permits
adaptive control of both phase and pulse fronts in an ultrashort pulse.

We outline the concept in Figure 5.1. A diffractive element, such as a liquid crystal spatial
light modulator (SLM), invokes a phase delay on the beam within an interval of 27 radians
for a monochromatic wavelength. Large phase shapes can still be implemented through dis-
continuous jumps in the phase profile where the phase is wrapped from 27 to zero radians
between adjacent pixels (Figure 5.1(a)). Operating as a phase grating, the device is capable of
changing the direction of propagation (the k vector) for the beam. However, the impact of this

modulation on the optical path length followed by the light across the beam is negligible; for
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Figure 5.1: The principle of adaptive pulse front control. (a) The graph (left) shows the impact
of the SLM and DM on the optical path length of the incident light, while the images (right)
reveal the associated influence on the phase front and pulse front for an ultrafast beam. (b)
The method of combining the SLM with DM to decouple and exert independent control over
the phase front and pulse front.
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the pulse front, the SLM behaves essentially like a plane mirror. Hence on reflection from the
SLM, the phase front of the pulse (which is perpendicular to the k£ vector) can be reoriented,
while the pulse front is nearly unaffected. An angle is introduced between the pulse front
of the beam and the phase front: a local pulse front tilt is created. The spatial multiplexing
capability of the SLM may be exploited to generate a local pulse front tilt that varies in both
magnitude and orientation for different parts of the beam cross-section, distorting the phase
front but without affecting the pulse front shape.

Other adaptive elements, such as a reflective membrane deformable mirror (DM), can
implement a large phase distortion in a continuous manner, through the introduction of a cor-
respondingly large difference in optical path length (Figure 5.1(a)). Thus, both the phase front
and pulse front are affected by the DM, such that although distorted, they remain parallel. By
combining a reflective DM with a diffractive SLM, it is possible to cancel out any phase front

distortion, whilst maintaining the local pulse front tilt. As shown in Figure 5.1(b), applying
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opposite phase shapes to the two adaptive devices, we are able to maintain a flat phase front
while generating a spatially variant local pulse front tilt across a collimated beam. Effectively,
the pulse front and the phase front have become decoupled within the beam, and through

appropriate shaping of the AOE:s, it is possible to control each of them independently.

5.3 The experimental system

The complete system for all the optical measurements is shown in Figure 5.2. The laser source
used for the experiments was a Titanium Sapphire oscillator (Newport Spectra Physics Maitai),
with central wavelength of 790 nm, 80 fs pulse duration and maximum output power of ~ 300
mW. The power was controlled using neutral density (ND) filters. A pair of prisms [139] was
aligned directly after the ND filter to compensate the group velocity dispersion (GVD) effect
arising from the optical system [123]. The position of the prism pair was finely adjusted to
ensure the duration of the pulse exiting the optical system was 80 fs.

The laser beam was expanded before illuminating a liquid crystal SLM (Hamamatsu X10468-
02). The laser beam expansion was sufficient for the effective region on the SLM to be con-
sidered as illuminated with an approximately flat intensity distribution. A 4f lens system was
used to image the phase pattern on the SLM onto a large stroke DM (Imagine Optic MIRAO
52-e). 4f system is an imaging system which can be formed using two lenses where the back
focal plane of one forms the front focal plane of the other. It is useful to maintain the correct
phase of the laser light, and also provide a way to change the size of the laser beam.

An autocorrelator (A.P.E Pulsecheck) or a Shack-Hartmann Wave-front Sensor (SHWS;
Thorlabs WES150-7AR) could be coupled in after another 4f system. The autocorrelator was
used to demonstrate distortion of the pulse front, while the SHWS was used to verify the
correction of phase front aberration. A different 4f lens system was chosen to introduce an
appropriate beam size for the autocorrelator or SHWS. A pinhole on an adjustable mount was
inserted into the Fourier plane of the DM to block any un-modulated light from the SLM
(which forms the zero diffraction order) generated when a large phase pattern was applied.
Achromatic doublets were used throughout the system to minimize the system-induced pulse

front distortions, enabling us to explore the pulse front solely created by the adaptive optics
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Figure 5.2: The optical systems for pulse front shaping and characterization. The pulse front
shaping system: (1) the power control and GVD pulse duration compression, (2) the adaptive
pulse front control system. The characterization system: (3) autocorrelation measurement, (4)
the wave-front measurement. The focal lengths (mm) of the achromatic doublets are shown in
the adjacent number. ND filter: neutral density filter, M1 — MS5: mirror No. 1 to No. 5, SLM:
spatial light modulator, DM: deformable mirror.

elements.

5.4 Phase front characterization

To demonstrate the shaping technique, we generated a quadratic temporal delay of the pulse
front with respect to radial position in the beam, since this corresponds to the propagation
time difference (PTD) induced on ultra-short pulses by a simple chromatic lens [123] (Sec-
tion 2.6.2, Chapter 2). To implement such a pulse front distortion, it is necessary to apply
a quadratic phase of equal magnitude but opposite sign to the SLM and DM. We denote
the phase applied for the central wavelength of the laser in the form of the Zernike poly-

nomial [116] Q(r) = Z4(r) = a- v/3(2r? — 1), where a determines the total amplitude of the
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phase and 7 is the normalised radius of the objective pupil. We use the equivalent optical path
length (FOPL) introduced by dual AOE:s to characterize the applied phase magnitude, which
is represented by: EOPL = X - (Qmax — Qmin) / (27), where A is the wavelength of the laser
light.

After one element After dual elements (b) After dual elements
Applied EOPL = 52 pm

Applled EOPL =9 um Applied EOPL =9 um

O]

Figure 5.3: (a) Example phase fronts measured by Shack-Hartmann Wave-front Sensor, when
quadratic phase of FOPL =9 um was applied to one adaptive optics element (SLM) (left)
and dual adaptive optics elements (SLM and DM) (right). (b) The phase front measured for
the light when quadratic phase of FOPL =52 pm was applied to SLM and DM.

EOPL (um)
EOPL (pm)

w

To generate a pure pulse front distortion while maintaining a flat phase front, it is essential
to make sure the phase introduced by the SLM and DM perfectly cancels with each other.
Therefore, a Shack-Hartmann wave-front senor (SHWS) was used to monitor the phase front
following the SLM and DM. Figure 5.3(a) shows the phase front measured by the wave-
front sensor when a quadratic phase shape of FOPL =9 pum was applied. It is seen after
opposite phases were applied to the dual adaptive elements, an approximately flat phase front
(Root-Mean-Square (RMS) of EOPL =0.063 um) was measured. This is also the case when
a large quadratic phase shape was applied to the SLM and DM. An example is shown in
Figure 5.3(b) with phase of FOPL = 52 pum applied to SLM and DM, and phase front with
RMS of 0.073 ;sm was measured for the output beam. It is also seen with increasing the phase
amplitude, small amounts of high order residual phase front aberrations may be generated,
due to limited actuator resolution of the DM [149]. In our experiments, both the SLM and
DM were finely adjusted to remove these high order aberrations, and the total equivalent path
length of the phase front measured by the wave-front sensor was kept to be smaller than

0.08 um RMS, even when applying shapes of FOPL > 50 pum.
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5.5 Method for the pulse front characterization

In this section, we introduce the method to characterize the shape and amplitude of laser pulse
front. The theoretical simulations for the temporal property of quadratic pulse front, and the
modelling of the autocorrelation for both the whole beam and annulus beam are presented.
Annulus phase displayed in SLM creates the annulus intensity distribution for the laser beam.

The measured autocorrelation traces are discussed.

5.5.1 Temporal intensity distribution of quadratic pulse front

The temporal intensity profile of the laser beam with a quadratic shape can be approximated
using a Gaussian distribution in time. We initially consider a constant flat spatial intensity
distribution across the beam cross-section. The spatial and temporal intensity vibration of the

laser light can then be expressed as,

(5.1)

I(r,t) = exp (—41112 ' (;2_ o) )

where [ is the intensity of the laser light, r is the normalized radius, ¢ is time, 7 is the pulse
duration of the original laser (FWHM of the intensity-time curve). For a laser pulse with a flat
pulse front, the time delay ¢ (1) = 0.

Figure 5.4 shows a sketch of the temporal profile of the quadratic-shaped pulse front. The
central contour of the laser pulse, corresponding to the point of peak intensity, is represented

by a quadratic relationship between the time and radius,
tp(r) =Tpp -1 (5.2)

where Tpp is the total amount of quadratic pulse front (the time delay between a point at the
edge of the beam and a point at the center of the beam, Tpr = FOPL/c, where ¢ is the speed
of light). Therefore, the temporal intensity of the laser pulse with a quadratic-shaped pulse

front becomes,

(5.3)

—4In2- (t — Tpp - r2)?
I(r,t):exp( n2- Pr r))
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Figure 5.4: A sketch showing the temporal intensity profile of a quadratic-shaped pulse front.

Finally, the spatially integrated global temporal intensity profile of the whole beam is

calculated by integration over the two dimensional spatial plane of the beam, which is,

1
I(t) = /[(7’, t) - 2mr - dr (5.4)
0

The global temporal profile of the quadratic-shaped pulse front is dictated by both the
original pulse duration 7 and the total amount of quadratic pulse front 7. Figure 5.5 shows
simulation results. It is seen that when the original pulse duration is small (Figure 5.5 (a)),
the pulse is very sensitive to quadratic pulse front distortions, with a significant increase in the
spatially integrated pulse width. In contrast, for pulses with larger durations 7 (Figure 5.5 (b)
and 6(c)), only a small proportional difference is seen when a same quadratic pulse front

distortion is applied.

5.5.2 Annulus intensity generation

The quadratic pulse front generated by dual AOEs was verified by measuring the pulse auto-
correlation. In the above subsection, we noticed that the quadratic pulse front distortion has lit-
tle effect on the temporal intensity distribution of the whole beam if a 80 fs laser pulse is used.

Therefore, to accentuate the effect of the pulse front distortion on the autocorrelation mea-
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Figure 5.5: Calculated global temporal profiles for beams with a quadratic-shaped pulse front.
The original pulse durations of the laser 7 is: (a) 20fs, (b) 80 fs, (c) 140 fs. The total amount
of quadratic pulse front delay 7»r is marked in the figures.

surement in out system, we implemented a scheme to mask parts of the beam cross-section,
measuring only the autocorrelation between two annular regions of differing radius [150].

A phase pattern displayed on the SLM, which is shown in the left image of Figure 5.6,
was applied to separate the annular intensity distribution from the original laser beam. A
quadratic phase opposite to that introduced by the DM, was displayed only within a circular
and an annular region of the beam. After reflection from both the SLM and the DM, only the
light incident onto these active regions of the SLM has a flat phase front (corresponding to
the first diffraction order). Light incident elsewhere on the SLM (corresponding to the zero
order) propagated with an uncompensated quadratic phase front. A pinhole was aligned in the
Fourier plane of the DM to spatially filter the strongly defocussed zero order. The resultant

intensity distribution within the beam is presented in the right image of Figure 5.6.
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Figure 5.6: The phase pattern on SLM to generate double ring-shaped pulses. (left) the phase
pattern on the SLM, (right) the corresponding intensity measured by CCD camera.

When measuring the pulse duration for a single ring of intensity with varying radius, a
further two SLM phase patterns were applied, as shown in Figure 5.7. When the SLM phase
pattern consisted of a single ring, as shown in the left image of Figure 5.7 (b), there was
a residual leakage of the zero order light through the pinhole. This is because the central
part of the beam acquires only a relatively small phase modulation, and thus part of it could
still transmit through the pinhole. Therefore, we used a beam block (as shown in the sketch of

Figure 5.7 (b)) to prevent the transmission of the central part of zero order to the autocorrelator.

(a)
-<:> .

(b)

Figure 5.7: The phase pattern on SLM to generate single ring-shaped pulse. (left) the phase
pattern on the SLM, (right) the corresponding intensity measured by CCD camera. The sketch
in (b) shows the beam block placed at the surface of the lens after DM.
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With a quadratic pulse front, there is a time delay between the two rings of intensity in the
beam, as shown in Figure 5.8. We use 1, to represent the time delay between the two rings,
and T’pp to represent the time delay between the edge and the center of the beam. Each ring
was narrow enough that it contained minimal pulse front distortion within its width and, hence,
the pulse duration within the ring was roughly equal to that of the original laser pulse (80 fs).
The two rings were controlled to have similar integrated power, which was achieved by finely
adjusting the width of each ring in the experiment. This was also confirmed by measuring the

autocorrelation trace intensity for each ring.
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Figure 5.8: A sketch explaining the time delay between pulses from the ring shaped intensity
within the beam.

5.5.3 Autocorrelation methods

Autocorrelation is an important method in characterizing the temporal property of an ultra-
short laser pulse. It is the cross-correlation of a signal with itself at different points in time.
In this subsection, the autocorrelation process for the whole beam, and for two annulus inten-
sity distribution are compared. Two cases with shorter and longer laser pulse durations are
considered.

The autocorrelation process can be expressed by the integration of two split input pulses,
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variably delaying one with respect to the other,

[e.o]

Trace(t) = / I(t) - I(t —7p) - dmp (5.5)
where 7 is the delay between the two split input pulses.

Figure 5.9 shows the simulated autocorrelation of both the whole beam and an annular
intensity beam for the case when the original pulse duration is 20 fs. The time average intensity
of the beam is assumed to be constant with respect to radius (a flat-top beam profile). If the
whole beam is measured, the autocorrelation trace shows a single peak and its width obviously
broadens with an increase in Tpr. In contrast, the autocorrelation trace would have two side

peaks if the ring-shaped pulse were measured with an equivalent Tpr [150].
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Figure 5.9: The simulated autocorrelation for a laser pulse with 20 fs duration. (a), The
autocorrelation of the whole beam with T'’r of 60 fs and 90 fs. (b) and (c), The autocorrelation
of the ring-shaped pulse with a delay 7, of 60 fs and 90 fs.

In our experiments, where the original pulse duration was 80 fs, the simulated autocorre-
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lation of the whole beam and ring-shaped pulse are shown in Figure 5.10. The trace width
broadening effect with increasing quadratic pulse front is not very obvious when the entire
beam is incorporated into the autocorrelation measurement. The broadening effect would be
even weaker if the time averaged beam has a Gaussian spatial intensity distribution across the
beam. When the pulse with annular intensity distribution is used for the autocorrelation, it is
seen that the trace width has a noticeable broadening, but a pulse front delay of Tprr =90 fs is

not sufficient to resolve the two additional side peaks.
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Figure 5.10: The simulated autocorrelation for laser pulses with 80 fs duration. (a), The
autocorrelation of the whole beam. (b), The autocorrelation of the ring-shaped pulse.

These simulations show that when the original pulse duration is small compared to the total
pulse front delay 7T’pr, both the autocorrelation of the whole beam and the autocorrelation of
the annular beam can be used to obtain the value of Tprr. However, the autocorrelation of
the whole beam would be preferable in this case as it is much easier to realise experimentally.
When the pulse duration is comparable to or larger than 7’»r, measuring the autocorrelation of
the annular beam appears to be the better choice since it accentuates the effect of the quadratic
pulse front.

In our experiments using a laser with 80 fs pulse duration, the dual ring illumination would
be better for experimental characterization of quadratic-shaped pulse front distortion. Fig-
ure 5.11 shows the comparison of the experimental autocorrelation traces. It is seen that the
width of the autocorrelation signal for the annular beam is more sensitive to the quadratic

pulse front than for the whole beam. It is also notable that the time delay between the two

95



rings (1p) in our experiments was too small to generate the two distinct side peaks (shown in

Figure 5.10) in the autocorrelation trace.
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Figure 5.11: Experimentally measured autocorrelation traces with 80 fs pulse duration. The
autocorrelation methods using the whole beam and the ring-shaped pulse are compared. The
beam had a flat spatial intensity distribution across the pupil.

5.5.4 Autocorrelation traces

When the pulses with intensity in both RingA and RingB propagated into the autocorrelator,
the width of the autocorrelation trace (characterized as full width at half maximum, FWHM)
was determined by the amount of the time delay 7, between the two rings. The experimental
results of the intensity autocorrelation trace for two rings with different time delays 7 are
presented in Figure 5.12. Quadratic phase of EOPL = £43 um were applied to SLM and
DM. A normalized radius of 0 was used for RingA, and 0.8/0.76 for RingB, respectively,
predicting Tp to be -93 fs and 84 fs (a positive value represents that RingB was delayed
with respect to RingA). There was an obvious broadening of the autocorrelation trace when
the equal and opposite phase shapes were applied to the SLM and DM, demonstrating the
presence of pulse front delay. The experimentally measured curves showed close agreement

with the simulated autocorrelation trace assuming 7, is equal to 90 fs.
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Figure 5.12: The autocorrelation measurement for pulses with delays of -93 fs, O fs and 84
fs. The measured intensity was normalized for each trace. Dashed curves show the theoretical
simulation with T set to be £90 fs and O fs.

5.6 Pulse front shaping

By keeping the position of RingA fixed at the center of the beam and varying the normalized
radius of RingB, we were able to probe the relative temporal delay with respect to position for
the rotationally symmetric pulse front distortion. In the experiments of Figure 5.13, quadratic
phase shapes with different amplitudes were applied to dual AOEs. The generated quadratic
pulse front was expected to be with magnitude of T = 160 fs, 100 fs and 30 fs, respectively.
As shown in the three main curves in Figure 5.13, it is seen that the autocorrelation trace
widths obviously increase with the radius of RingB. The three solid curves are the simulation
assuming the pulse fronts are with perfectly quadratic shapes. The strong match between the
experimental and theoretically predicted results proves the creation of quadratic pulse fronts.
Measurements were also performed with just a single ring of intensity, as shown in the
inset of Figure 5.13. The blue dots show the auto-correlation trace width for only RingB
with an increasing radius, while the trace widths for both rings together (A + B, black dots)
are added for a comparison. Importantly, the autocorrelation width for a single ring stayed
constant at ~114 fs (corresponding to pulse duration of ~80 fs based on simulation) for all
the different radii of RingB. This strongly suggests that the pulse duration at each particular

radius within the beam was roughly equal to that of the original laser pulse, and the broadening
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Figure 5.13: Graph showing the changes of the autocorrelation trace width with the normalized
radius of RingB, while RingA was fixed at the center of the beam. Dots show measurements;
curves are theoretical predictions. Inset: Autocorrelation trace width measured for RingB
alone, and for RingA and RingB together. The measurement uncertainty for data points was
estimated to be £5%.

of the autocorrelation trace width was solely introduced by the radially dependent time delay
from the quadratic-shape pulse front implemented by dual AOEs.

Due to the adaptive nature of the pulse front shaping, it was straightforward to flexibly
adjust the magnitude of the quadratic pulse front. In Figure 5.14, the created total amount of
quadratic pulse front T’pf is plotted against measured autocorrelation width. The normalized
radius of RingB is fixed to be 0.67. The strong match between the experimental and theo-
retically predicted data demonstrates controllability of the pulse front over a large range: the

maximum 7pp created was 175 fs by applying a phase with FEOPL =52 pum to the SLM and
the DM.
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Figure 5.14: The measured autocorrelation trace width (cross data points) for RingA and
RingB together (RingB radius is 0.67), versus the magnitude of created quadratic pulse
front. Solid curve is the theoretical prediction. The measurement uncertainty for data points
was estimated to be +5%.

We therefore conclude that it is possible to shape the pulse front through applying equal
but opposite phase fronts to a SLM and DM, and that the pulse front distortion is controllable
by varying the magnitude of the phase shape. We note that since the level of pulse front
distortion 7ppr was of the similar order to the original pulse duration, the spatially integrated
temporal envelope of the whole beam did not exhibit a significant change. Direct measurement
of the entire beam [150] without any annular spatial masking still revealed a broadening of the

autocorrelation trace, but the broadening was too small resulting in a much lower resolution

for the characterization of pulse front in our situation.
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5.7 Discussion

The quadratic shaped pulse front is an important study, since it is the most commonly encoun-
tered pulse front distortion in an optical system — the well-known propagation time difference
(PTD) [151, 152] (Section 2.6.2, Chapter 2). However, this technique of pulse front shaping
is not simply limited to quadratic profiles. Through proper choice of phase for SLM and DM,
in principle pulse fronts with any desired shape and magnitude can be created. Beside the
quadratic phase, we additionally applied astigmatism and coma phase with opposite ampli-
tudes to SLM and DM. Flat phase fronts were verified by the wavefront sensor, indicating the
pulse front with astigmatism and coma shapes were created, although those complex pulse
front shapes could not be measured easily by the autocorrelation process.

Although specific lenses or static optical components may be designed to minimize the
pulse front distortion in a specific system [147, 148, 153, 154], a significant benefit of this
technique allows both the shape and magnitude of the pulse front to be adaptively tuned for
any practical scenario. Once fully calibrated, the dynamic response depends on the employed
AOE:s, and is similar to any adaptive optics optimization routine [63]. Rather than a specific
case, this technique could be widely used in any systems with any form of pulse front distor-
tion. Furthermore, the use of adaptive optic elements gives the ability for simultaneous control
over the pulse front and phase front in one single system. While creating a desired pulse front,
one can introduce an additional phase front through applying a phase pattern to the SLM. In
this way, the pulse front and phase front can be manipulated at the same time independently
of each other.

While these experiments were conducted for the laser with 80 fs pulse duration and 790 nm
central wavelength, this pulse front modulation technique is, of course, applicable to lasers of
other pulse duration operating in different wavelength bands. A limiting factor moving to
lasers of shorter pulse duration will likely relate to dispersion within the SLM. With such
effect, the phase front of laser pulses would not be perfectly cancelled by the dual AOEs for
all spectral components. However, assuming typical values for the liquid crystal dispersion at
a central wavelength of 790 nm, there is expected to only be 4+ 2% variation in the FOPL

over a 200 nm bandwidth. Therefore, this effect is usually considered to be negligible for most
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of the lasers. In the future, the advent of new adaptive elements, such as segmented mirror
SLMs, are expected to increase the usable bandwidth of the pulse front modulation scheme.
It is well known that the correction of phase front aberrations is beneficial in the appli-
cations of ultrafast lasers [66, 90, 155]. In addition, numerous studies have demonstrated the
pulse front distortions generally exist in an optical system, and bring undesired effects, espe-
cially when using pulses with shorter durations [123,150,156—159]. Howeyver, there have until
now been limited studies on the correction of these distortions — primarily due to the absence
of an effective method for adaptive pulse front control. The demonstrations in this chapter
suggest a promising method for the correction of various forms of system-induced pulse front
distortions. In addition, the ability to create more complex pulse fronts could possibly bring
new and interesting applications in laser material processing, where it is already known that

pulse front tilt can strongly affect the light-matter interaction [125, 160].

5.8 Conclusions

In summary, a new technique using adaptive optical elements to shape the pulse front of an
ultrafast laser has been demonstrated. The phase front of the laser pulses was characterized by
the measurement of a wavefront sensor. The pulse front was characterized by autocorrelation
of two angular beams. Quadratic shape pulse fronts with various magnitudes were demon-
strated. This new ability with, in principle arbitrary pulse front shaping, could be applied to
the correction of wide forms of pulse front distortions, and open new windows for applications

requiring advanced manipulation of ultrashort laser pulses.
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Chapter 6

Compensation of pulse front distortion in

two-photon microscope

6.1 Introduction

In Chapter 5, a new adaptive optics concept that is able to arbitrarily shape the pulse front of
the laser light was introduced. With the compensation of opposite phase fronts introduced by a
deformable mirror (DM) and a liquid crystal spatial light modulator (SLM), collimated beams
with any desired pulse front shape can be created. In this chapter, I present a first practical
application of this new pulse front adaptive optics method.

The fact that the pulse front distortion (spatial variation in group delay (GD) across the
beam) generally exists in optical systems has been reported by numerous studies [123, 141,
150, 156]. However, until now, dynamically pulse front correction has not yet been realized.
There is also very limited investigation for the effect of pulse front correction in practical
applications. Optical microscopy is a vital tool for multi-dimensional non-invasive imaging
in various research areas. The two-photon fluorescence microscope confines the non-linear
nature of the excitation fluorescence excitation to a small focal volume, thus enabling high-
resolution and three-dimensional imaging deep inside specimens [161]. In two-photon mi-
croscopy, the pulse front distortion could introduce temporal aberration to the laser focus,

thus broadening the focal pulse duration and reducing the focal intensity. These effects are
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dramatic when laser pulses with short duration are used. In this chapter, I show adaptive cor-
rection of system-induced pulse front distortion in two-photon microscopy, and demonstrate

further improvement beyond conventional phase correction.

6.2 Pulse front distortion in the optical system

In a two-photon microscope, the major system-induced distortion arises from the propagation
time difference (PTD) of the lenses (Section 2.6.2, Chapter 2). The magnitude of the dis-
tortion is dependent on the optical path length, which is related to the lens radial position.
As shown in Figure 6.1 (a), after propagating through a chromatic lens, the pulse front is
radially distorted, forming focal distortion in the time domain. Conventional singlet lenses
or aspheric lenses usually have a large distortion, while achromatic doublets are designed to
minimize the distortion. Objective lenses were found to have a residual amount of pulse front
distortion [156,162,163], which can become serious for more complex lenses containing more
elements [164].

In a paraxial model, the PTD has a quadratic relationship with the radius r [123] (Equa-
tion 2.45, Chapter 2). We therefore chose to demonstrate adaptive correction of pulse front
distortion by introducing a quadratic shape pulse front to the laser light. If the introduced
pulse front perfectly cancels the pulse front distortion, we are able to maintain a temporally
undistorted focal point (Figure 6.1 (b)).

As it is impractical to calculate the magnitude of pulse front distortion in a whole system,
it was necessary to create a series of quadratic pulse fronts with different magnitudes, and ap-
ply a sensorless adaptive optics routine, whereby the shape giving the highest focal intensity
is considered to approach the optimal correction. In the description below, we first discuss
a three-stage procedure to effectively remove phase aberrations. By creating 20 quadratic
shapes with different magnitudes, we then used the two-photon signal as the feedback metric
to demonstrate the effect of pulse front correction. Finally, we present improvements in the
two-photon imaging of biological samples. Similar to the previous chapter, we use the equiv-
alent optical path length (EO P L) to represent the peak-to-valley magnitude of the phase front

applied to the dual AOEs, and T to represent the peak-to-valley time delay for the pulse
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Figure 6.1: (a) Focusing of the laser light with uncorrected pulse front. The focus is distorted
in time domain by the spatially variant propagation time difference (PTD) of the lens. (b)
Focusing of the laser light with corrected pulse front. Temporal distortion is removed by the
correction.

front (Tpr = EOPL/c, where c is the speed of light, shown in Figure 6.1 (b)).

6.3 Optical system

In the two-photon microscope set-up, the laser source and pulse front adaptive optics arm were
the same as that described in Section 5.3, Chapter 5. The laser was with central wavelength of
790 nm and 80 fs pulse duration. A high numerical aperture oil immersion objective (Olympus
oil lens: 60, 1.4 NA, PLAPON60XO) was used to focus the laser light into either a fluorescent
sea containing Alexa594 dye, or biological samples. A PMT was aligned to measure the
two-photon emission. Achromatic doublets were adopted throughout the system to reduce the
pre-existing system-induced pulse front distortion.

A pair of prisms was aligned to compensate the group velocity dispersion (GVD) effect
arising from the optical system. The duration of the pulse at the pupil of the objective lens was

kept to be 80 fs with the verification of autocorrelator measurement. We note that the GVD
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Figure 6.2: The optical system of two-photon microscope with a pulse front correction arm.
The focal lengths (mm) of the achromatic doublets are shown in the adjacent number. ND
filter: neutral density filter, M1 — M3: mirror No. 1 to No. 3, SLM: spatial light modulator,
DM: deformable mirror. Dichroic: dichroic mirror.

and any other high order dispersions only affect the laser pulse duration, but have no effect on

the pulse front. The whole system is shown in Figure 6.2.

6.4 Correction of phase aberrations

Phase aberrations have a pronounced detrimental influence on the magnitude of any non-
linear fluorescence generation at the focus [165]. In order to use the two-photon signal as a
metric to demonstrate the correction of pulse front distortion, it was imperative to ensure that
any residual phase aberrations in the system were effectively removed when opposite phase

patterns were applied to the SLM and DM.
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6.4.1 Three-stage phase correction

We followed a three-stage procedure to make sure all possible phase aberrations were ex-
tensively canceled. Initially, a Shack-Hartmann wave-front sensor was aligned after the dual
AOEs. There is detailed discussions for adopting the wavefront sensor in correcting the phase
aberrations in the last chapter (Section 5.4, Chapter 5). The SLM and DM were updated
until the wave-front sensor confirmed that the phase front aberration was below 0.08 pm
(FOPL < 0.08 um) for the light entering the objective lens [166]. This stage compensated
the majority of the large phase aberrations.

Subsequently, by aligning a mirror at the focal position, the laser light is strongly reflected
back to the dichroic mirror. As the dichroic mirror did not fully block the laser light, a small
proportion of the reflected laser propagated through the dichroic mirror. Therefore, the 3D
focal intensity distribution was able to be imaged onto a CCD camera. Using a phase-diversity
approach [167], the SLM and DM were further updated to provide compensation for small
magnitude phase aberrations.

In the final stage, we used a PMT to measure the two-photon emission from the fluorescent
dye. Any residual small phase aberrations were finely corrected using a sensorless adaptive
optics scheme [168]. In this stage, the major Zernike mode aberrations, which are mode 5 -
11 and high order spherical aberrations of mode 22 and 33, were corrected. After this stage,
individual maximum two-photon signal was found for each pulse front shape.

These three methods are currently the major techniques used in the adaptive optics to
correct the phase aberrations. All the three methods were conducted following the order to
correct the larger aberrations to smaller aberrations. It fully makes sure that all the phase

aberrations were extensively removed.

6.4.2 Effectiveness of phase correction

One method to verify the phase aberration correction result is to introduce aberrations with
different magnitudes, and characterize the response in the two-photon intensity. Examples
to show this method are in Figure 6.3. The verification was conducted after the three stage

phase correction. Astigmatism (mode 6) and spherical (mode 11) aberrations were taken as
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Figure 6.3: The two-photon intensity versus magnitudes of phase aberrations. The magnitudes
of astigmatism (mode 6) and spherical (mode 11) were controlled by applying a phase pattern
to the SLM. The calculation of EOPL is presented in Section 5.4, Chapter 5.

the examples. The magnitude of the aberrations was controlled by applying a phase pattern
to SLM. It is seen in the figure, that the two-photon fluorescence intensity has maximum
value when the applied aberrations are equal to zero. When the aberrations were applied with
either positive or negative magnitudes, the two-photon intensity presents a decreasing trend.
This verification confirms that the aberrations have been extensively removed, so that any
additional phase change introduces a reduction in the focal intensity.

An additional verification to show the effectiveness of this three stages phase correction
is to measure the focal intensity distribution by the light scattering from a 100 nm gold bead.
The intensity of scattering light, which was measured by a PMT, was proportional to the laser
light illuminated onto the gold bead. The gold bead was scanned by the 3D stage through the
laser focus to generate three dimensional images [169]. Figure 6.4 presents both the axial and
lateral images of the foci, when quadratic pulse fronts with Trr equal to -90 fs, O fs and 90
fs were introduced (note that a Tpr of 90 fs is equivalent to 34 wavelengths of distortion).
The dimensions of foci with quadratic pulse fronts of -90 fs and 90 fs were slightly larger,
caused by a reduced effective NA arising from the lower illumination power at the edge of the

pupil (more details discussed later). From the quality of the imaged foci which were compared
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Figure 6.4: (a) Axial and (b) lateral focal intensity distribution measured by the light scattering
from a gold bead. Each image is normalized by its own peak intensity. The images show that
residual phase effects were minimal, even in the presence of significant pulse front distortion.
with theoretical simulations [170], and the maximum two-photon signal confirmed in the third
stage of phase correction, we consider that the residual phase aberrations were negligible in
our demonstration.

The initial three-stage correction makes sure that all the experiments afterwards were con-
ducted under the minimum phase aberrations. With the three-stage phase correction, we con-

sider the system was initially set-up, and ready for the next pulse front correction experiments.

6.5 Pulse front correction

To demonstrate the effects of pulse front correction, 20 quadratic pulse fronts with different
magnitudes were created for the focusing of laser light. Each pulse front shape was finely

produced with the three stage compensation of phase aberrations discussed above.
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6.5.1 Pupil intensity

For a fair comparison, the input laser power contributing to the focal two-photon excitation
should be exactly the same for these 20 shapes. The first factor that needs to be considered is
the reflection efficiency of the SLM. Large phase patterns displayed on the SLM reduced the
diffraction efficiency, particularly at the edge of the beam where the required phase gradient
was largest [171]. As shown by the images of the intensity distribution at the objective lens
pupil in Figure 6.5, with a flat phase distribution (7pr = 0 fs), the intensity was fairly uniform
across the beam. However, when we applied a quadratic pulse front with Tpr = 90 fs, the
intensity at the edge of the pupil became smaller than that at the centre. Therefore, for the
same input power from the laser source, larger phase patterns reduced the total integrated

power contributing to the two-photon excitation.

SLM phase pattern Pupil intensity

Tor=0fs

Figure 6.5: Phase pattern in SLM and pupil intensity distribution measured by a CCD camera.
For the intensity distribution, each image is normalized by its own peak intensity. The top
images show that the SLLM is with a flat shape (7Tpr = 0 fs), while the bottom images show the
case when the adaptive optics elements create a quadratic pulse front with Tpr = 90 fs.
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6.5.2 Total internal reflection

When the light was focused through a cover glass into a water-based sample using a high
numerical aperture (1.4NA) oil immersion objective, consequently, some of the excitation light
at the beam periphery was lost due to total internal reflection (TIR). Total internal reflection
(TIR) occurs at the interface of the cover glass (refractive index = 1.5) and the specimen (water
solution, refractive index = 1.33) (refractive indices are quoted at wavelength of 790 nm). This
reduces in effect the available numerical aperture of the objective to a value below that of the
specimen refractive index. Therefore, it is needed to determine the effective aperture angle.
The relationship between the incident angle 6; and the refraction angle 6, of an optical ray

is calculated by Snells Law [116]:

nysin@; = no sin 0, 6.1)

The reflection coefficient of the optical ray (assuming circularly polarised light) at the

interface is defined via Fresnel equations [116] as,

(6.2)

. 2 2
R=05-(R,+R,)=05- <S1n (0; —0,) N tan (6; — 0,) )

sin (91 + 9r)2 tan (91 + 97”)2

Although the laser illumination is polarised, the wide range of angles in the focusing cone
mean that the proportions of s and p polarised light vary across the beam, as would the re-
flection coefficients. For this reason, we adopt the coefficient of Equation 6.2 as a rotationally
invariant approximation to the actual reflection properties. A plot of the reflection coefficient
versus incident angle is shown in Figure 6.6 (a). Here we define the effective aperture angle
as the incident angle for which the reflection coefficient is 50%. We assume that rays with an
incident angle larger than the half coefficient reflection angle are not transmitted. In our case,
the effective aperture angle for the light transmitting from the cover glass into water is 62.1°.

The incident angle of the optical ray at the edge of the full objective pupil can be calculated
by,

Sin Oeqge = NA (6.3)

ny
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Figure 6.6: TIR effect of the oil objective lens focusing into water. (a) The reflection coef-
ficient of the optical rays transmitted from the cover glass into water with different incident
angle. (b) A sketch shows the TIR effect when the laser was focused from cover glass into
fluorescence dye.
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NA is the numerical aperture of the objective lens. This angle is 69° for a 1.4 NA oil objective
lens, and 71.2° for a 1.42 NA oil objective lens. For the system where TIR occurs at the cover

glass, the extent of the effective pupil can be calculated as,

sin HTIR

TTIR = (6.4)

sin Hedge

Only light passing through this effective aperture contributes to the focal intensity, and as
such was considered when measuring the power incident on the objective. This is important
when ensuring that the input pupil power was constant for all the measurements of the two-
photon florescence emission with varying pulse front distortion. In the experiments in this
chapter, the effective pupil radius is calculated to be 0.95 of the full radius for the 1.4NA
objective lens, and 0.93 for the 1.42NA objective lens.

Considering the above two effects (pupil intensity and TIR effect), to achieve a fair com-
parison, the integrated laser power within 0.95 of the normalized objective pupil radius was
tuned to be 3.2 mW for all the 20 quadratic pulse front shapes investigated. This was realized
by the control with a neutral density filter directly after the laser source, and the measurements

of laser power within 0.95 pupil radius by a silicon power meter.

6.5.3 Two-photon measurements

Measurements of the two-photon signal generated from the fluorescent sea containing Alexa594
dye are shown as the red curve in Figure 6.7. When the T»r was increased from a flat input
pulse front (T’»r = 0 fs), the two-photon signal presented a rising trend, until peaked at 90 fs
input pulse front (signal increased by a factor of 1.4). On both sides of 90 fs, the two-photon
signals decreased. To validate the data, we conducted four different sets of experiments, each
with separate realignment and re-calibration of the two-photon microscope system. The four
sets of measured data are presented as the error bars in the curve, proving a high repeatability
for the correction effect. Additionally, the experiments were repeated with another comparable
objective lens (Olympus oil lens: 60x, 1.42NA, PLAPON60XO0), and it was found to have the

similar trends with the presented curve. We therefore conclude that introducing a quadratic
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pulse front with a magnitude of T = 90 fs, to a certain extent, corrected system-induced

pulse front distortion.
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Figure 6.7: Effect of pulse front correction on two-photon fluorescence generation at the focus
of an objective lens. The sample was the fluorescent sea containing Alexa594 dye. Two-
photon signals are normalized to the case when no pulse front correction was introduced. The
error bars for each point were based on four different sets of measurements.

6.5.4 Discussion

Figure 6.8 (a) presents the power dependence for the signal measurement, while 7Tpr was set
to be O fs and 90 fs. The perfect quadratic dependence of the signal on input laser power
confirmed the measured signal was solely from the non-linear two-photon interaction. It also
demonstrate that the improvement in the two-photon intensity applies to all the incident laser

powers.
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Figure 6.8: (a)Two-photon signal versus different input pupil power. Dots are measurements,
while curves are quadratic fitting. (b) The effect of astigmatism shaped pulse front on the
two-photon emission for two different settings of the quadratic pulse front.

We further investigated whether pulse fronts with other shapes affected the magnitude of
two-photon fluorescence emission. Through application of opposite astigmatic phase patterns
to the SLM and DM, we created a pulse front shape with an opposite quadratic temporal delay
between orthogonal directions in the beam cross-section. The phase front was checked to be
flat by the same three stages described above. The magnitude of two-photon emission was
found to decrease monotonically as the level of astigmatic pulse front distortion increased, as
shown in Figure 6.8 (b). Two cases were examined: in the first case, the starting point was a
flat pulse front; in the second, an additional quadratic-shaped pulse front of amplitude 90 fs
was applied. The astigmatic pulse front, which is orthogonal to the quadratic shape, uniformly
reduced the focal intensity through an increase in the focal pulse duration as expected. This
strongly indicated that the improvement in fluorescence signal when using quadratic-shaped
pulse fronts alone is related to a correction of a system-induced pulse front distortion, as

opposed to an anomaly introduced by the pulse front control scheme.

6.6 Two-photon images of pollen grain

We further demonstrated the benefits of pulse front correction on the two-photon imaging of

biological samples. The images were acquired (Figure 6.9) for pollen grain samples (Blades

114



Biological Ltd, CBS040) with a fixed pupil power of 3.2 mW. Phase aberrations were fully
corrected by the same three-stage procedure as discussed above. When we applied pulse
front control to remove the system induced distortion, the images (Figure 6.9, right side)
became brighter as should be expected from the data in Figure 6.9 (a). Following pulse front
correction, the image contrast was noticeably improved; this can also be seen in the line plots
of the intensity taken from the images. It has been well known that the correction of phase
aberrations can increase the signal level and contrast in such microscopes. However, for all
the images shown in Figure 6.9, the phase aberrations were all ideally corrected within the
capabilities of the adaptive optics used. Furthermore, one would expect that any residual
aberrations would be worse in the “pulse front corrected case, as the phase settings of the dual
adaptive elements are larger, leading to larger residual phase aberrations (Figure 6.4). The fact
that the pulse front corrected images exhibit greater contrast is therefore a clear indication of

the benefits of the pulse front correction.
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Figure 6.9: Effect of pulse front correction on two-photon microscope imaging of pollen grain
samples. Two sets of images were taken with the uncorrected (7pr = 0 fs) or corrected (1pp
= 90 fs) pulse front. The scale bar is 2 pm. Normalized two-photon intensity plots along the
lines marked in images are also shown.
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6.7 Pulse front correction for different pulse durations

Assuming a PTD of 90 fs is introduced by a singlet lens, the ratio for the two-photon intensity
arising from a PTD corrected focus over the uncorrected focus can be calculated for input
pulses of varying duration. The detailed calculation method was in reference [143]. As shown
in Figure 6.10, the increment ratio increases dramatically with shorter pulse duration. The
benefits of pulse front correction are much more significant when using shorter pulses. We
expect a similar trend would be present in our experimental system, whereby the two-photon
fluorescence is maximised when applying a pulse front with 7»r = 90 fs. We expect the mod-
est improvement ratio in fluorescence yield of 1.4 to be increased significantly when a laser
with shorter pulse duration is employed. It is notable that in the calculation of Figure 6.10,
the pulse durations are for the laser pulses at the focus. In contrast, the pulse duration in the
two-photon microscope discussed above is for the laser at the objective pupil. The 80 fs laser
pulse would be broaden to more than 100 fs after propagating the objective lens due to the

GVD effect.
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Figure 6.10: The peak two-photon intensity increment ratio after the correction of PTD for the
laser with different pulse durations. The pulse durations presented at the horizontal axis are
for the laser pulsed at the focus.
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6.8 Conclusions

In conclusion, this chapter demonstrates the adaptive correction of pulse front distortion in a
two-photon microscope. With the phase aberrations fully removed, the pulse front correction
offers further improvements for the two-photon signal. In our demonstration, distortions with
quadratic shape may also arise when the laser was focused through the objective immersion
and sample cover-glass, however, they were all corrected as the “system-induced” pulse front
distortion in our case. Besides the two-photon microscope, one pronounced benefit of this
method is that, it can introduce the pulse front correction with any shapes and magnitudes
which is able to be adapted to any applications using ultrafast laser. The two-photon signal was
increased by 1.4 times for a 80 fs laser in our demonstration, however, this ratio enhancement

will be significantly more if lasers with shorter pulse duration were adopted.
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Chapter 7

Laser fabrication of high conductivity

graphitic wires in diamond

7.1 Introduction

Chapter 3-6 discuss several forms of imperfection in an ultrafast laser focusing system. Effects
of focal distortions and methods to correct them are investigated. One of the distortions,
the phase aberration effect arising from the refractive index mismatch has been discussed.
This form of distortion is mostly encountered in laser material processing. From this chapter
onwards, 1 apply the adaptive optics to several real applications in laser micro-fabrication.
The correction of focal distortions leads to significant improvements in the quality of laser
fabricated structures.

Chapter 7 specifically concentrates on graphitic wire fabrication in diamond, which is a
truly remarkable material, from both aesthetic and scientific points of view, due to the scope
of exemplary material properties [135]. It has a high Young’s modulus with a low thermal
expansion coefficient and high thermal conductivity [172]. The high biocompatibility creates
opportunities for biotechnology applications [173,174]. It is optically transparent over a wide
spectrum and a highly diverse mix of color centers render diamond attractive for photonic and
quantum technologies [175]. Advances in CVD doping technology have created interesting

electrochemical applications with conductive diamond electrodes [176, 177]. Another very
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promising route for the functionalization of diamond is the generation of buried electrically
conductive graphitic microstructures. This graphite fabrication in diamond has various appli-
cations, such as all-carbon diamond radiation detectors [60, 61, 178—181], metallo-dielectric
photonic crystals [62], ohmic contacts [182], infrared radiation emitters [183], field emit-
ters [184] and bolometers [185]. One method to fabricate the subsurface graphite structure
is through the implantation of heavy ion beam into the diamond lattice [186—-190], capa-
ble of fabricating ultra-thin graphite layers with a very uniform surface [187, 188], as well
as 3D graphitic structures through micro-patterning [190]. After annealing the diamond,
the resistivity of the irradiated regions was found to have a similar value to polycrystalline
graphite [190, 191]. However, this fabrication procedure is usually complex and time con-
suming, and the graphitic structures are limited to a depth within ~5 pm from the diamond
surface. On the other hand, laser processing, which has previously been demonstrated as a
powerful tool in the micro-fabrication of various materials [192—-196], offers another way to
create graphitic structure in diamond. The focused ultra-short intense laser pulses create a
high electric field magnitude, inducing subsequent transformation of the diamond lattice into
graphite [59]. The graphitisation is confined to the laser focus, and by translating the dia-
mond through the focus it is easy to trace out the conductive wires, which are presented in
this chapter. Compared to other methods, laser processing intrinsically presents a much easier
and quicker way to generate graphitic wires in diamond, and the fabrication can be conducted
much deeper within the diamond substrate (>1.5 mm [62]).

Nevertheless, different from laser processing in other low-index transparent materials,
high-quality laser fabrication inside diamond experiences some significant challenges that
have persisted over the last decade. In order to generate high quality, homogeneous and uni-
form graphitic wires with controllable thin sizes, the width of the employed laser pulse should
be short enough (such as using a fs/ps laser) [61, 181, 197]. However, until now, ultra-short
pulsed laser processing has had very limited success in fabricating uniform conductive wires
inside diamond: 1) with low resistivity; ii) following arbitrary 3D paths. Despite numerous
efforts, current fs/ps laser induced wires still have resistivity more than two orders higher

than that of polycrystalline graphite [61,62, 181, 198], and it is only possible to fabricate the
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uniform conductive wires along the direction of the laser beam propagation, perpendicular
to the diamond surface (defined here as the z axis) [59, 62, 197-203]. If laser processing
is going to progress as a promising technique for fabrication of high-quality conductive mi-
cron/submicron wires in diamond, it is essential to carefully address these two existing prob-
lems. Recently, there have been numerous valuable studies investigating ways to improve this
laser graphitic wire fabrication technique [59, 62, 197-203]. However, effective methods to
overcome these two challenges have not yet materialized.

The current applications of graphitic wires [60-62, 178—185] are dependent upon their
electrical properties. Therefore, a reduction of resistivity is crucially important to obtain supe-
rior performance for the graphitic devices. On the other hand, the ability to induce wires along
any 3D path is extremely important not only to maximise the potential of existing devices, but
to also introduce new applications through the fabrication of highly complex graphite struc-
tures.

In this chapter, I show an advanced fs-laser fabrication scheme that simultaneously re-
solves those two problems. This scheme adopts the dynamically adjust of the input wave
front. It enables the laser writing of high quality wires along any orientation, greatly expand-
ing the fabrication capabilities by allowing the wires to follow any 3D path. The adaptive
fs-laser fabrication generates highly conductive, homogeneous, uniform wires with control-
lable dimensions down to at least 400 nm. Furthermore, the increased control over the laser
induced material modification leads to a significant reduction in the resistivity down to 0.022
2 cm. This advanced technique enables the versatile design of high quality, complex, 3D
graphitic structures within a large accessible volume inside diamond, and promises to benefit

a wide range of applications in diamond science and technology.

7.2 Laser fabrication process

This section outlines the optical system for the laser fabrication of graphitic structure inside
diamond. The effect and adaptive compensation of refractive index mismatch aberration are

discussed.
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7.2.1 Fabrication system

Previously, fabrication with nanosecond pulse width lasers was found to have a reduction
in the resistivity of the graphitic wires, but at the expense of increased structural inhomo-
geneity [61, 181]. Even for small laser powers around the graphitization threshold, large ir-
regular features are generated and there is extensive crack formation in the surrounding di-
amond [197]. Additionally, long pulsed lasers (such as >~100 ps) usually generate a large
damaged volume, which makes it very difficult to fabricate wires either with ultra-thin sizes
or with precise 3D shapes. As this chapter aims at high quality, homogeneous thin 3D wire
fabrication, a femtosecond pulsed laser source was therefore necessarily employed. The ultra-
short nature of the femtosecond pulse is important in minimizing any additional graphitization
in regions surrounding the focus and allowing much more precise size control.

Laser fabrication in the bulk of diamond is much more challenging than at the surface. A
large refractive index mismatch between the immersion medium of the objective lens (n;, =
1.52 for oil, ny, = 1 for air) and the diamond (ny = 2.4) leads to refraction of incident rays at
the diamond surface and generates spherical aberration (Section 2.5.2, Chapter 2; refractive
indices are quoted at wavelength of 790 nm). To remove this aberration, a liquid crystal spatial
light modulator (SLM) was adopted to dynamically control the wave-front of the incident laser
light. By applying a phase to the SLM which is opposite to any induced aberrations, diffraction
limited performance could be maintained throughout the diamond substrate.

The optical system is shown in Figure 7.1. The laser source was a Newport Spectra Physics
Solstice, central wavelength 790 nm, 100 fs pulse duration, repetition rate 1 kHz. A half-wave
plate and a Glan-Taylor polarizer were aligned to control the laser power. To fabricate inside
the diamond, the SLM (Hamamatsu X10468-02) was imaged using a 4f lens system onto the
pupil plane of an Olympus 60x 1.42 NA oil immersion objective lens. For the fabrication of
the diamond surface, a Zeiss 20x 0.5 NA dry objective lens replaced the oil immersion objec-
tive. A LED, which was located under the specimen, provided illumination for a transmission
microscope, which consisted of the fabrication objective lens and an additional doublet lens,
allowing the fabrication process to be viewed in real time. A single crystal CVD diamond (5

mm X 5 mm X 3 mm, Element Six) with polished side surfaces was used as the sample.
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Figure 7.1: Optical system for fabrication in diamond sample with dynamic adaptive wave-
front introduced by SLM. The focal lengths (mm) of the achromatic doublet lenses are shown
adjacent to each component. The inset shows an example phase shape applied to SLM when
fabricating the wire at a depth of 20 ym inside diamond.

To confirm the ultrafast laser processing turns diamond into graphite, we conducted Raman
spectrum measurements [204] for both fabricated region and unfabricated diamond sample.
The measurement for laser fabricated region was performed on the surface area, as significant
refractive index aberration made it difficult to conduct Raman characterization deep inside the
sample. The measurement results are shown in Figure 7.2. It is seen in the measurement curve
(dark) of the diamond bulk, the SP? peak at 1332 cm ™! is extremely strong, confirming a
strong portion of diamond in the original sample [205]. It is shown that there is a SP? peak
at around 1420 cm ="' (D peak) in the dark curve, which indicates there is also small amount
of amorphous carbon in the sample. This is probably because the manufacture of diamond
sample did not bring a perfect purity for the diamond. After the laser processing, it is seen
in the red curve that the SP? peak at 1332 cm ™! is in a low intensity, while the SP? peak at
around 1420 cm ™! disappeared. Another SP? peak at 1580 cm ™! (G peak) became strong.
This confirms that the diamond has been turned into graphite in the fabricated region [205].
The SP3 peak still existed in the red curve, which means there is still remaining diamond in

the graphitized region, though the proportion should be low.
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Figure 7.2: The Raman spectrum measurement of diamond bulk (dark curve) and laser fabri-
cated region on the surface of diamond (red curve).

7.2.2 Refractive index mismatch aberration

The fabrication scheme is explained in Figure 7.3 (a) and (b). Typically in conventional laser
fabrication, a flat wave-front is incident on the pupil of the objective lens. As demonstrated
by the theoretical focal energy distribution in Figure 7.3 (al), which is simulated for a 1.4
NA oil immersion lens focusing 20 um beneath the surface of diamond, the focus is seri-
ously distorted, elongated and non-uniform along the z axis (Kerr effect is neglected in the
calculation). This distortion increases with fabrication depth [170]. With the use of a SLM
(Figure 7.3 (bl)), the incident wave front was dynamically adjusted to remove the aberration
enabling a highly confined laser focus at different target depths. The appropriate phase for
aberration compensation at a particular depth was predicted by theory given knowledge of the
material refractive index (Section 2.5.2, Chapter 2). Implementing such aberration correction
in experiment was achieved by using position feedback from the sample translation stages to
update the phase patterns displayed on the SLM. To ensure this was the case, we verified that
the aberration correction was indeed optimum by monitoring the threshold pulse energy for

material modification as a function of the SLM phase [206].
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Figure 7.3: Fabrication of graphitic wires without (a) and with (b) aberration compensation.
(al) (b1) Schematic of the focusing geometry and theoretical calculation of the focal intensity
distribution (scale bar is 2 pm). (a2) (b2) Illustration of fabrication perpendicular and parallel
to the diamond surface. (a3) (b3) Experimental transmission microscope images showing
associated wires fabricated parallel to the surface at a depth of 20 ym in diamond.
Comparing the sketches in Figure 7.3 (a2) and (b2), we can see that while fabrication
along all directions seems to be possible for a beam without any aberration correction (a2),
the corrected beam (b2) offers far better control over the fabrication process and wire size.
The major focal distortion in (a) is along the z direction, while the focal dimensions are not
as seriously affected along the x or y axis. This indicates the reason why previous laser fab-

rication in diamond has always been successful along the direction of beam propagation (z

axis) [59, 62, 197-203], but very limited in all other directions. If we look at the fabrication
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parallel to the surface in an experiment, the structural modifications in (a3) from the uncor-
rected beam are much larger and crucially give rise to high non-uniformity in the conversion
from diamond to graphite. There appear to be regions inside the laser processed area along the
irradiated path where the diamond is unaffected by the laser. In contrast, the structural modi-
fication arising from an undistorted focus (b3) shows good confinement along the z axis and
a high level of uniformity. There are no obvious regions where the diamond lattice remains
unmodified following fabrication. The relative resistances give the most telling comparison
though (resistance measurement details are described in the next section). Both have a length
of 70 pm in the z direction, but the resistance for the wire fabricated with the distorted focus
(a3) is found to be beyond the range of our measurement apparatus (>30 M2, corresponding
to a resistivity >1700 2 cm). In contrast, the wire fabricated with the corrected focus (b3)
has a measured resistance of 20 k{2 (resistivity ~0.1 €2 cm). The following discussion will
firstly concentrate on wires fabricated parallel to the diamond surface, since these have not
been previously realized in established laser fabrication. Then we will expand the directions

to fabricate single three dimensional wires with arbitrary trajectories.

7.3 Method for resistance measurement

The electrical performance of the conductive wires was studied in detail for different fabri-
cation parameters. In order to measure the resistance of the wires inside the diamond, two
graphitic pillars with a cross-section size of about ~5 x 5 ym were fabricated to connect the
wire to the surface. Surface contacts with a size of about ~12 x 12 um were also fabricated
subsequently using a dry objective lens (this avoids problems associated with boiling of im-
mersion oil when using an oil immersion objective for fabrication very close to the surface).
The structure is shown in Figure 7.4 (a). A micro-positioner rig with probe tips (diameter 10
pm) was used to make electrical contact with the embedded graphitic wires. The resistance
was measured by an Agilent 4192A LF Impedance Analyzer. The resistance was found to be
>30 MY if one probe touched the graphite contact when the other probe touched the diamond
surface; the resistance was about 0.5 €2 if the two probes touched the surface of a gold contact

separated by a distance of 100 pm.
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The sample wires shown in Figure 7.4 (b) and (c) were fabricated at a depth of 20 pm,
speed of 10 pm/s with a laser power of 20 W (pulse energy 20 nJ). In order to control the
size of the cross-section, one wire was fabricated by several passes of the diamond through
the laser focus with a slight axial shift in the focal position between each pass. Each pass was
separated by an axial shift of 0.5 ym. Transmission microscope images of the top view and
side view of the graphitic wire fabricated with four passes of the laser beam are presented.
The approximately elliptical cross-section of such a wire was measured to have minor and
major axes of 1.4 ym and 3.2 um respectively. As the dimensions were measured from the

microscope images, there is approximately + ~5% error for the values of cross-section sizes.

b . .
a) Surface Contact (b) side View )
N
Pillar ~Diamond v
Surface
Z Wire _—
LX iX 10 um
(c) Top View
_Surface

. Contact .

{»X 10 pm

Figure 7.4: Scheme for electrical characterisation of the graphitic wires. (a) The structure of
embedded wire contacts. (b) Side view and (c) Top view transmission microscope images of
the wire for resistance measurement. The wires were fabricated with four passes shifted along
z direction and are at a depth of 20 pm below the diamond surface.

The pillars were fabricated from higher depth to lower depth through the diamond. At
each depth, a square shape graphitic structure was generated by transmitting several passes of
the diamond through the laser focus. While the fabrication depth changed, the compensation
phase for the correction of refractive index mismatch aberration was adjusted and applied
to SLM. When the laser focus approached the diamond surface, cracking occurred and the
immersion oil of objective lens was partly boiled. A side view microscope image of the

pillars which were connected to the wires is shown in Figure 7.5 (a). It is seen that the pillars
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are uniform across the axial direction, and this confirms a good aberration correction at each
depth. The cross-section size of the pillar can be controlled by modifying the size of the square

shaped graphitic structure.
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Figure 7.5: (a) Side view optical microscope image of a wire which was connected to two
pillars. Surface contacts were not fabricated. The length of the pillar is 20 pm. (b) Wires
fabricated with different cross-section sizes. The lateral width range is from 1 ym to 12um.
(c) Wires fabricated with various depth and lengths. The depth range is from 10 pm to 100um.
The size of surface contact was adjusted according to the length of the wire.

Similarly, the cross-sectional size of the graphitic wire can be controlled by changing the
total number of the passes of diamond through the laser focus, as well as the distance between
the passes. This method could be used to modify both the lateral and axial section sizes. The

distance between each passes is a very important parameter, as it affects the resistivity of the
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wire. Normally, a larger distance brings unmodified regions between each pass, thus increases
the resistivity. On the other hand, a smaller distance increases the fabrication time and reduces
the fabrication efficiency. Through an investigation, we found a lateral shift of 0.5 ym, and an
axial shift of 0.8 ym would be a good choice considering both the resistivity and fabrication
efficiency. The wires with different cross-section sizes are shown in Figure 7.5 (b). We note,
when the cross-section size of the wire becomes larger, cracks could be generated beside the
wire. This is because the graphite has smaller density compared to that of diamond, so that
the strain increases along the graphitization area due to the increased volume.

The surface contact cannot be fabricated by a high NA oil lens (lens with oil immersion),
as the power of the laser focus usually boils the oil. A dry lens has to be re-aligned for
the surface graphitization. A relatively higher laser power is usually used. The size of the
surface contact should be larger than the cross-section size of the pillar, and large enough for
an appropriate contact with the micro-probe. Figure 7.5 (c) shows a series of wires connected
with surface contacts with different sizes. The size of the surface contact does not have a
significant influence on the resistance measurement. In Figure 7.5 (c), the wires with different
fabrication depthes are also shown. With increasing depth, the phase applied to SLM becomes

larger, and perfect compensation becomes more and more difficult.

7.4 Resistivity of graphitic wires

In this section, we investigate effect of the improved fabrication method on the resistivity of
graphitic wires. The resistivity was characterized by the resistance measurements and phys-
ical sizes of the wire. Wires with various lengths and cross-section sizes are discussed. We
demonstrate an axial multi-fabrication scheme, which could significantly reduce the resistivity

of the graphitic structure.

7.4.1 Axial multi-fabrication scheme

During laser fabrication of diamond, the existing graphitic structure could block the propa-

gation of laser light. This usually affects the graphitization of diamond in the area below the
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existing graphitic structure. This effect is negligible for the fabrication of wires perpendicular
to the diamond surface, as the laser focus could be translated from greater depth to shallower
depth, thus the later graphitization only happens above the existing graphitic structure. How-
ever, during the fabrication of the wire parallel to the diamond surface, this effect could have
an influence. Figure 7.6 shows the side view images of the wires fabricated with different
laser power. During fabrication, the top region of the wire (with lower depth) usually has
sufficient illumination of the laser light, thus it could be easily turned into graphite. On the
contrary, the bottom region of the wire (with higher depth) usually has less laser illumination
because the blocking from the existing graphite beside the target area. As a result, the lower
graphitization of the bottom region could bring a much higher resistivity, which is undesired
in our fabrication. Comparing Figure 7.6 (a) and (b), we could notice that the less graphitized
region seems smaller for the wire fabricated with lower power. We thus developed an axial

multi-fabrication scheme for an advanced control of the resistivity of the wires.
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Figure 7.6: Images show the different level of graphitization of the wire along the axial di-
rection. (a) The wire fabricated with a higher laser power (about 30 ;W). The area marked
with blue dashed square shows the well-graphitized region, while the area marked with red
dashed square shows the less-graphitized region. (b)The wire fabricated with a lower laser
power (about 20 uW).

The details of the multi-fabrication scheme is explained in Figure 7.7. With traditional
method, the laser focus is scanned with one pass parallel to the diamond surface, producing

a wire with well graphitized area on the top and less graphitized area on the bottom. In the
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multi-fabrication scheme, we use a relatively low laser power to fabricate a wire with a first
pass, and then slightly reduce the fabrication depth (with step less than the axial focal size),
translating the laser focus for more passes on the top of the existing wire. With this procedure,
the well fabricated graphite is gradually added on the top of the existing wire. The proportion
of the well graphitized area should increase with the total number of the passes, as shown
in the sketch of Figure 7.7 (a). Therefore, the resistivity of the whole wire should decrease
with this method. To compare the wires fabricated with one pass and with multiple passes,
we took a microscope image which is shown in Figure 7.7 (b). The left part of the wire was
fabricated with four passes with a shift of axial focal position of 0.5 pm, while the right part
was fabricated with one single pass. The demonstration of this resistivity reduction effect with

axial multi-fabrication scheme will be discussed in detail in next subsection.
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Figure 7.7: (a)Sketches showing the comparison of traditional single pass fabrication (top),
and the axial multi-fabrication scheme (bottom). (b)Microscope image showing the wire fab-
ricated with multiple passes (left part), and single pass (right part). Note the thin white strips
in the middle of the image is due to illumination error in the optical microscope.
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7.4.2 Resistivity measurements

We firstly study the resistance of the wires versus the wire lengths. The sample wires were
fabricated at a depth of 20 pm, speed of 10 ym/s with a laser power of 20 uW (pulse energy
20 nJ). The fabrication was with four passes with each pass separated by an axial shift of
0.5 pum. The transmission microscope images of the top view and side view of the graphitic
wire fabricated with four passes of the laser beam are shown in Figure 7.4 (b) and (c). The
approximately elliptical cross-section of such a wire was measured to have minor and major
axes of 1.4 um and 3.2 um (£ ~5%) respectively. A set of wires were fabricated, each with
equal cross-section but different lengths ranging from 50 pgm - 1000 pm, The resistance of
each wire was measured and is shown in Figure 7.8 (a). There is a linear increase in resistance
R with wire length L as would be expected from the relationship: R = Lp/S, where p is the
resistivity and S is the cross-sectional area. This allows us to obtain the resistivity of 0.052 €2
cm (£ ~5%) from the gradient of the linear fit. From the linear fit, it is seen that there exists
an additional resistance of 19.7 k{2 when the wire length was equal to zero, arising from the
resistance of the pillar and surface contact, as well as any additional contact losses between
the measuring probe tips and surface contacts. The pillars and surface contacts for each of the
wires were fabricated in sequence under identical conditions. Therefore, this additional loss
is considered to be a fixed constant for all the wires.

Wires of varying cross-section were also generated by changing the number of spatially
shifted passes of the laser beam during processing. The measured resistance is shown in Fig-
ure 7.8 (b), as marked points. As a guide, several theoretically calculated curves are also
shown for different values of the material resistivity. The resistivity values used for the calcu-
lation are marked at the left side of the curves, having taken into account the additional contact
losses of 19.7 k2. It is interesting to note that the resistivity is reduced from ~0.069 €2 cm
to ~0.022 2 cm by increasing the number of passes of the laser beam. In fact, as discussed
in the above subsection, by gradually increasing the number of additional laser passes above
the initial wire along z direction, the proportion of well-formed graphite increased, resulting
in a reduction of resistivity for the whole wire. The effect of increasing the number of passes

on the resistivity is more pronounced for a low number of passes (up to 6), and then the re-
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Figure 7.8: The measured resistance of the wires with various physical dimensions. (a) Re-
sistance as a function of wires length. Wires were fabricated with four passes with axial shift
of 0.5 um. (b) Resistance as a function of cross-sectional area of wires. The dashed colored
curves show the theoretical prediction for wires of different resistivities (in unit of {2 cm).

sistivity value becomes relatively stable (from 6 to 12 passes). This minimum resistivity we
obtained here (0.022 €2 cm, corresponding to a conductivity of 4545 S/m) was reduced by a
factor of 40 to 180 times compared to previously reported resistivities of fs/ps induced wires:

1.6 2 cm (Shimizu et al. [62]), 3.9 2 cm (Kononenko et al. [198]) and 0.9 €2 cm (Lagomarsino

etal. [61,181]). We therefore conclude this was the lowest resistivity ever achieved for a laser
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written graphitic wire inside diamond.

7.5 Fabrication power

We note that the incident laser power used for the fabrication affect both the cross-section size
and resistivity of the wire. A lower power always introduces smaller cross-section size. This
should be expected, as a lower power reduces the dimension of the focal area whose inten-
sity is above the diamond graphitization threshold, thus leading to a smaller graphitized area.
Therefore, controlling the input laser power is an alternative method to introduce different
cross-section sizes for the wire.

It should be taken into consideration that the laser power also affects the wire resistivity.
According to our investigation, there should be an optimal power that can bring the lowest
resistivity. Any power above or below this optimal value results in a larger resistivity. This
could be explained that with a low power, the graphitization is less significant, so that more
part of the diamond within the wire is not completely turned into graphite; while with high
power, the proportion of less graphitized area at the bottom of the wire increases, leading to
higher resistivity for the whole wire. The optimal fabrication power is related to the laser
system, objective lens and diamond sample, and could be found by trying a series of different
power experimentally. In our system, the laser power of 20 uW (pulse energy 20 nJ) is a good
choice to reach the lowest resistivity.

We should note that the intensity threshold of diamond graphitization is low, thus the power
used for the laser diamond processing is of a small value. Additionally, the generated graphite
has a strong absorption to the near infrared laser light. Therefore, the self-focusing effect is

negligible in the research for laser processing of diamond.

7.6 The effect of anneal process

The resistivities reported in this paper lie between the value for amorphous carbon (p= 8x 1072
Q2 ¢cm) and for polycrystalline graphite (p= 3.5x 1073 2 cm) [207]. In recent wire fabrication

using heavy ion implantation, the resistivity was found to be 10? €2 cm immediately following
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the ion implantation [191,208]. Nevertheless, a subsequent high temperature anneal process
reduced the resistivity of the wires by several orders of magnitude to the level of polycrys-
talline graphite [190]. However, our preliminary experimental results following an anneal
process where the diamond was maintained at 1100 °C’ for one hour in a vacuum of at least
10> mbar did not show a noticeable reduction in resistivity for the laser induced graphitic
wires following an anneal process. This may be related to the different underlying mechanism
behind graphitization in ion beam implantation and laser fabrication, but is subject to further
investigation. One possible explanation may be the difference in the heat of the graphitization
for these two mechanism. The ultrafast laser produces high peak intensity at the focus, thus
generates much higher heat than the ion beam implantation. This possibly means that the

graphitic area has already been annealed in the laser focusing process.

7.7 Ultra-thin wires at deep depth

In this section, we explore the limits of this adaptive fabrication method. The wires with
ultra-thin cross-section size and at deep depth are demonstrated.

The diamond is transformed into graphitic material when the local electric field magnitude
at the laser focus is above a threshold value. Therefore, the size of the fabricated wire can
be reduced by taking advantage of this threshold effect with fine control over the laser power
[34,209]. An ultra-thin wire with a width 400 nm was fabricated with a power of 6 W (pulse
energy 6 nJ), making it the smallest reported laser-induced graphitic wire inside diamond.
An image of such a wire is shown in Figure 7.9 (a). We note the size was approaching the
resolution limit of the transmission microscope used for inspection, and thus 400 nm places an
upper limit on the actual size. Furthermore, the resistivity of this ultra-thin wire was measured
as <0.4 Q) cm. This is already an improvement over any other reported wires written with
ultra-short lasers — even those of much larger cross-section size, whose reported resistivity
varied from 0.9 to 3.9 (2 cm [61,62, 181, 198].

Even though the induced aberration increases with the fabrication depth in the diamond,
the tightly confined focus can still be maintained using appropriate phase compensation by the

SLM. The wires fabricated at a depth of 100 ;sm below the diamond surface (Figure 7.9 (b))
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were found to have comparable physical properties to those at shallower depths. The resistivity
of the wires fabricated at different depths within the diamond was found to be similar, indicat-
ing that the nature of material modification in our system did not depend upon the fabrication

depth, in a contrast to previous findings using established laser processing techniques [203].

(a) Top (b) :
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Figure 7.9: (a) An ultra-thin graphitic conductive wire with a width of 0.4 ym. (d) A conduc-
tive wire fabricated parallel to the surface with aberration compensation at a depth of 100 pm
in diamond. The fabrication laser beam was incident along the negative z direction.

7.8 Wires with complex 2D/3D shapes

A unique advantage of this advanced adaptive laser writing is the ability to fabricate with high
precision along any direction, which enables the creation of highly conductive single 3D wires
inside diamond with arbitrary shape. To demonstrate this ability, we show two representative
shapes: a spiral and a helix.

Figure 7.10 (a) shows a transmission microscope image of the spiral wire, prior to the
fabrication of the vertical conductive pillars. The spiral wire was fabricated with four passes
of the laser focus and has an inner radius that increases from 10 ym to 24 pm. After fabricating
pillars at the central tip of the spiral and at the surrounding straight part, the resistivity was

measured to be 0.05 €2 cm (£ ~5%), which is close to that measured for the straight four-pass
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Figure 7.10: Examples of single micro wires with spiral and helical shapes. Both wires were
fabricated with four shifted passes of the laser beam along the z direction. The depth of the
helical wire ranged from 10 to 30 um. The positions of subsequent pillar fabrication are
marked in the images. (a) Transmission image of the spiral wire. (b) Top and (c) side view of
helical wire. (d) 3D SHG (second harmonic generation) microscope image of the helical wire.
wires in Figure 7.10 (0.052 €2 cm). Top view and side view transmission microscope images
of a helical wire are shown in Figure 7.10 (b) and (c). The helix dimensions along the z, y
and z directions are 40 pum, 20 ym and 20 pm, respectively. Since the amount of spherical
aberration changes with fabrication depth, the compensation phase displayed on the SLM was
controlled to simultaneously update with the axial depth when fabricating the helical part. The

central part of the helix, which appears blurred in the image of Figure 7.10 (b), is closer to

the surface than the other parts of the structure. Both the whole spiral and helical wire are
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homogeneous and uniform. A SHG (second harmonic generation [210]) microscope image
clearly shows the 3D structure in Figure 7.10 (d). It is worth noting that the fabrication also
caused stress in the surrounding diamond, due to the lower density of the generated graphitic
phase, and the stressed region was also detected by the SHG scanning microscope. Thus,
the cross-section in the SHG image appears larger and surface rougher than the transmission
image. Further investigations are being undertaken to ascertain the effect of the generated
stress field on the surrounding properties of the diamond. The measured resistivity of the
helical wire was 0.13 Q cm (£ ~5%). Compared to the straight wires, one potential cause for
the slight rise in resistivity is that part of the wire (marked in Figure 7.10 (c)) was fabricated by
translating the focus downward through the diamond, such that previous material modification
partially obscured the incident beam from the updated focal position. This problem could be

circumvented by adopting a straightforward bottom up fabrication strategy.

7.9 Conclusions

In this Chapter, I have demonstrated that dynamic wavefront control enables critically impor-
tant new capabilities in laser writing of micron/submicron wires inside diamond. To the best
of our knowledge, we have achieved: (i) the first laser induced graphitic wires inside diamond
that are not only highly conductive, but also able to follow any 3D paths; (ii) the lowest re-
ported resistivity of 0.022 2 cm, approaching that of polycrystalline graphite; and (iii) the
smallest laser written conductive nano-wire with a width of <400 nm, resistivity <0.4 () cm.

The simple fabrication process, considerably extending the operating depth, flexibility in
generating arbitrary 3D shapes and the low resistivity of the graphitic wires make this ad-
vanced laser writing method highly promising for the preparation of more complex, high
quality, conductive structures in diamond. This could benefit the wide range of emergent ap-
plications that combine diamond’s properties with electrical measurement and control, from
quantum enhanced technologies [211, 212], semiconductor research [213], to sensor based
devices either for the detection of ionizing radiation [61, 181] or for use in harsh environ-
ments [214]. The ability to precisely graphitize the diamond also offers potential for the

creation of 3D diamond micro-structures through a subsequent etching process [187].
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Chapter 8

Non-reciprocal effects in diamond

fabrication

8.1 Introduction

In Chapter 7, it has been demonstrated that the laser fabrication with adaptive correction
of aberrations significantly improves the process of diamond graphitization. The quality of
graphitization was demonstrated by the resistivity and physical dimensions of the wires. In
this chapter, interesting phenomenons of non-reciprocal effect during the diamond graphitiza-
tion are discussed. The laser processed area presents different graphitized features when the
fabrication direction is reversed. These phenomenons have never been reported else where.
The non-reciprocal effects are significantly determined by the laser power, the fabrication
speed, the light polarization and pulse front tilt. The detailed influences of these factors are

studied.

8.2 Non-reciprocal effects in laser material processing

During the investigations on straight graphitic wire fabrication, we noticed an interesting phe-
nomenon correlated with the graphitization process. The appearance of the wires presented
in the microscope looked different when we fabricated the wires with laser translated along

different directions relative to the sample. This interesting phenomenon could be caused by
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either properties of the laser beam, or the diamond crystal itself. There have been various
reports on directional effects in laser processing of other materials. These effects are usually
caused by two possible reasons: one is the pulse front tilt (PFT, details in Section 3.2.2, Chap-
ter 3) of the laser beam, another is due to properties of the transparent material, such as its
crystallography.

There have been extensive reports on the effects of pulse front tilt in laser fabrication,
among them, most effects were investigated in fused silica. In chapter 5, we introduced a
technique to control the pulse front of the laser light, where especially a quadratic shaped
pulse front was created by the combination of SLM and DM. This technique is also able to
create PFT for laser pulses.

It has been demonstrated that the pulse front tilt has non-reciprocal effects in the fab-
rication of non-crystal transparent material, such as fused silica. Figure 8.1 (a) presents the
non-reciprocal fabrication effect [125]. The quality of laser material processing is significantly
dependent on the fabrication direction. This phenomenon was first introduced by Kazansky
etc. that the ultrafast laser beam could be used for calligraphic inscription similar to writing
with a quill pen [160]. The more detailed mechanism, especially anisotropic bubble formation
was later introduced [215]. There are also reports on the influence of the PFT which was gen-
erated by temporal focusing, on the fabrication with low NA objective lenses [111,112]. The
magnitude of the PFT was tunable in the temporal focusing, and the non-reciprocal effect was
found in a large range of focusing depths. It was reported that the magnitude of PFT could
be controlled by the grating phase patterns displayed in SLM, and the non-reciprocal effects
could also be introduced by a non-symmetric intensity distribution in the pupil of the objective
lens [125].

While the non-reciprocal fabrication effects of PFT were mostly found in the fabrication of
non-crystalline materials, there were also reports of the directional phenomenon in the crystal
fabrication. One famous paper reports this effect in the fabrication of LiNbOj crystal [216].
It has been demonstrated that when the direction of the femtosecond laser beam was reversed
from the 4z to —z direction, the structures written in a LiNbO;3 crystal when translating

the beam along the +y and —y directions were mirrored. This phenomenon only happens
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Effect of PFT in fused silica fabrication: P. Salter, Appl. Phys. Lett. 2012
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Figure 8.1: Previous reports of non-reciprocal fabrication effects. (a) Effects of pulse front
tilt in the fabrication of fused silica [125]. Bright-filed image (left) and cross-polarized im-
age (right) are shown. (b) Non reciprocal effects in the fabrication of LiNbOj crystal [216].
Fabrications with different pulse energy are shown. The arrows in the figures represent the
fabrication directions.

when the pulse energy is above a certain threshold, and different pulse energy presents a
different non-reciprocal phenomenon (shown in Figure 8.1 (b)). Different from the directional
effect in the fabrication of non-crystal material of fused silica, the non-reciprocal effects in the
fabrication of LiNbOs crystal are related to neither the pulse front tilt, nor the birefringence.
The phenomenon was interpreted in terms of light strain at the front of an ultrashort pulse,
photon drag effect and the associated light-induced thermal current in crystalline media [216].

Until now, there has been no investigation on the directional effects in the graphitization
of diamond crystal. In this section, the non-reciprocal effects for fabrication in diamond along
crystal directions of <100> and <110> are presented. The influence of the diamond crystal-
lography, laser power, fabrication speed, light polarization and pulse front tilt are discussed in

detail.
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8.3 Diamond crystallography

One of the simplest shapes of crystal structure is the cubic crystal system. It has three major
varieties of the crystal structures, which are primitive cubic, body-centered cubic (BCC) and
face-centered cubic (FCC) [217]. Diamond crystal follows the face-centered cubic system
which is constructed by two tetrahedrally bonded atoms in each primitive cell. A model of the
diamond crystal is shown in Figure 8.2 (a). Each carbon atom connects to other four individual

atoms in four planes.

(a)

X

Figure 8.2: (a)A model showing the diamond crystal. (b)The direction families of <100> and
<110> parallel to the top surface of a diamond sample. <100> represents either the direction
along x axis or the direction along y axis. <110> represents either the direction of 45° relative
to +x axis, or the direction of 135° relative to +x axis.

The coordinates in crystallography is represented by a specific notation system. Coordi-
nates in square brackets such as [100] denote a direction vector. For an example, [100] could
represent a direction along x axis, and [010] represents a direction along y axis. Coordinates
in angle brackets such as <100> denote a family of directions which are related by symmetry
operations. In the cubic crystal system for example, <100> would mean [100], [010], [001]
or the negative of any of those directions. Indices in parentheses such as (100) denote a plane
of the crystal structure. Indices in braces such as {100} denote a family of planes.

In our investigations of the directional fabrication in diamond, the directions of <100>
and <110> are studied, as these two direction families are mostly common seen in diamond
fabrication. Figure 8.2 (b) shows these two direction families which are parallel to the top sur-

face of a diamond sample. <100> represents either the direction along x axis or the direction

141



along y axis. <110> represents either the direction of 45° relative to +x axis, or the direction

of 135° relative to +x axis.

8.4 Fabrication along <100>

In this section, we introduce the specific non-reciprocal phenomenon which is only seen when
the laser focus is translated along <100> directions (namely either = or y directions). We call
this phenomenon as “feathering effect”. In all the fabrication described below, SLM was used
to compensate the refractive index mismatch aberration. The system set-up is the same as the

graphitic wire fabrication shown in Figure 7.1 of Chapter 7.

8.4.1 Feathering effect

In most laser processing of transparent materials, without the vibration of the sample stage,
the processed region should be uniform at the edge of the written feature. We present here
that, in specific conditions, the graphitization in diamond could lead to a non-uniform surface

edge.

(@) Along y direction

(b) Along x direction
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Figure 8.3: The feathering effect along the edge of the graphitic wires in diamond. The fabrica-
tion is along <100> direction. Red arrows represent the fabrication directions. (a)Fabrication
along y direction. (b) Fabrication along z direction. Images were captured from a conventional
optical microscope. Scale bar is 2 pm.
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Examples are shown in Figure 8.3, where the fabrication in diamond was conducted at a
depth of 20 yum. The laser power is 40 W (pulse energy 40 nJ), while fabrication speed is
250um/s. The distance between each pulse is calculated as: v/rate, where v is the translating
speed, rate is the repetition rate of the ultrafast laser. In this situation, the laser source had
a repetition rate of 1 kHz, leading to a pulse distance of 0.25 pym/pulse. It is seen that there
are feathering effects generated along the graphitic wires. The direction of the feather is
about 15° relative to x or y direction. Interestingly, when the fabrication direction (marked
as the red arrows) was reversed, the direction of the feather changed correspondingly. This
interesting phenomenon could be seen in the fabrication along either the y (Figure 8.3 (a)) or

x (Figure 8.3 (b)) direction.

8.4.2 Laser power
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Figure 8.4: The influence of laser power on the feathering effect. Ultrafast laser with pulse
energy of 20 nJ, 65 nJ and 120 nJ were investigated. The fabrication speed was 0.6 pm/pulse.
Red arrows present the fabrication directions. Images were captured from a conventional
optical microscope. Scale bar is 2 pm.

To begin with, we had a proposal that the feathering effect may be a result of the effect of
heat flow. Therefore, it could be reasonable that the properties of laser light have an influence

on this phenomenon. Figure 8.4 presents the fabrication with different laser power. The

143



fabrication speed was 600 pm/s (0.6 pm/pulse), with a depth of 20 um. A fast fabrication
speed was chosen, as it was able to spatially separate each laser pulse. In this way, it is able
to show the formation of the feathering effect. It is seen that when the laser pulse has a small
energy of 20 nJ, the graphitization was very slight. Each laser pulse only generated a small
graphitic point. These small points are discrete, and the feathering effect could not be seen.
When the laser power was raised to 65 nJ, each discrete graphitic point became larger, and the
feathering effect became obvious. When we continue to raise the laser power to 120 nJ, the
graphitic points began to connect with each other, and a wire was gradually formed. However,
the feathering effect is not very obvious in this case. We believe the feathering effect is still

there, but covered by the graphitic connections between each points.

8.4.3 Fabrication speed

0.4 um/pulse

0.3 um/pulse

0.2 um/pulse

Figure 8.5: The influence of fabrication speed on the feathering effect. Ultrafast laser focus
with fabrication speeds of 0.4 um/pulse, 0.3 pm/pulse and 0.2 pm/pulse were investigated.
The pulse energy was 65 nJ. Red arrows present the fabrication directions. Images were
captured from a conventional optical microscope. Scale bar is 2 pm.

The effect of fabrication speed on feathering effect was investigated and presented in Fig-
ure 8.5. The laser power was chose to be 65 nJ, which was the power bringing the most obvious

feathering effect in Figure 8.4. As shown in Figure 8.5, when the fabrication was with a large
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speed (0.4 pm/pulse), the wire was pretty uniform at the edge. When we reduced the speed
to 0.3 um/pulse, the feathering effect became obvious. After the fabrication speed was further
reduced to be 0.2 pym/pulse, the wire became fatter (with larger width), the feathering effect
was covered by a strong graphitization even at the edge, and became less obvious.

Through these investigations, we can conclude that the feathering effect is only obvious
when the laser pulse energy is above a certain threshold, while the fabrication speed is below
a certain value. If any of these two conditions were not satisfied, the feathering effect will be
too slight to be seen in a conventional optical microscope. On the other hand, either when the
laser power is further raised, or the fabrication speed is further reduced, the feathering effect

became less obvious because of a strong graphitization along the edge of the wire.

8.4.4 Light polarization

The polarization state of the ultrafast laser was found to have an influence on the non-reciprocal
effect in the silica glass fabrication [160]. It is therefore also investigated to see if it has an
influence on the diamond fabrication along <100>. The SLM, which was used as the adap-
tive optics element to correct the RIM aberrations, is polarization dependent. As the input
laser light before and after SLM has to be of a linear polarization state, the discussions in the
above sections are in fact for linear polarized laser light. To study whether the angle of linear
polarization affects the feathering effect, we aligned a half wave-plate after the SLM, before
the objective lens, to control the linear polarization angle. Fabrications with a series of laser
powers and fabrication speed were conducted. As a result, we did not notice any difference in
the feathering effect when the angle of the linear polarization was changed.

We further investigate whether the circular polarization could affect the feathering effect.
A quarter wave-plate was aligned before the objective lens instead of the half wave-plate to
change the linear polarization state to circular polarization state. Figure 8.6 presents the wires
fabricated with different power, while the laser light was of a circular polarization. It is seen
that the feathering effect exist when the laser power was 65 nJ or 150 nJ. Compared to linear
polarized light, there is no obvious difference in the feathering effect when the laser light was

changed to circular polarization. We therefore conclude that the polarization state of the laser
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light has no effect on the feathering effect in the fabrication along <100>.

35n) 65n) 150 nJ

I

Figure 8.6: The influence of circular polarization state on the feathering effect generated in
the laser fabrication along <100>. Ultrafast laser with pulse energy of 35 nJ, 65 nJ and
150 nJ were investigated. The fabrication speed was 0.25 pm/pulse. Red arrows present the
fabrication directions. Images were captured from a conventional optical microscope. Scale
bar is 2 pm.

While there has not been a reliable explanation for the generation of the feathering effect,
one possible reason as discussed above could be the difference in the thermal conductivity of
graphite and diamond. Diamond is an extremely efficient thermal conductor, and has higher
thermal conductivity than graphite. Correspondingly, the graphitized feathering effect is easier
to be formed close to the diamond side. This could be one reason that the feathering effect
always point to the fabrication direction. If this hypothesis is correct, it could also be the
explanation to the fact that the feathering effect is only generated when the laser pulse energy
is higher, while the fabrication speed is lower than certain values. It can also explain why
the polarization state has no effect, as polarization status of the laser light does not affect the
heat flow in the fabrication. However, we believe the feathering effect is a complex process,
and the explanation should take other factors into consideration, such as the strain distribution

along the graphitized region, crystal structure and material absorption etc.
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8.5 Fabrication along <110>

In this section, we introduce another specific non-reciprocal effect when the fabrication is
conducted along <110> directions (45 degree relative to x or y axis). This effect is different
from the feathering effect when the fabrication is along <100>, but it is also related to the

laser power, fabrication speed and light polarization.

8.5.1 Linear polarization

.

L

Figure 8.7: The wires fabricated with linear polarized laser light along <110> direction.
All the wires were fabricated with same power (pulse energy 65 nJ), and same speed
(0.28 pm/pulse). Red arrows show the fabrication directions. Images were captured from
a conventional optical microscope. Scale bar is 2 pm.

We first investigate the fabrication with linear polarized laser light. All the fabrication was
conducted with laser power of 65 uW (pulse energy 65 nJ), while the fabrication speed was
0.28 pm/pulse. The focal shape was confirmed to be fairly symmetric in the lateral plane. The
image of the fabrication results are shown in Figure 8.7. Interestingly, the wires fabricated
along the direction from bottom-left to top-right (direction A) appear to be much thicker than
the wires fabricated in the reversed direction (direction B), while all the wires were fabricated
with the same speed and power. Apparently, the diamond area fabricated along direction A

were much more graphitized than the area fabricated along direction B, even though both the
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fabrications were with exactly the same process and parameters. In addition, it is seen that
all the graphitic wires are with uniform edge surfaces. Different from the fabrication along
< 100>, no feathering effect exists in the fabrication along <110>. This non-reciprocal phe-
nomenon was also found in the other <110> directions (90 degree relative to the direction
shown in Figure 8.7). During the experiments, several linear polarization with different direc-
tions was investigated. As a result, this non-reciprocal fabrication effect existed for all kinds

of linear polarization directions.

Pulse Energy(nJ) 35 50 65 80 100 125

Speed (um/pulse) 0.25 0.27 0.28 0.33 0.35 0.36

Table 8.1: The specific combinations of laser power and fabrication speed that can present
most significant non-reciprocal graphitization when the fabrication is along <110> directions.
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Figure 8.8: The specific combinations of laser power and fabrication speed that can create non-
reciprocal graphitization when the fabrication is along <110> directions. The dots present the
values shown in Table 8.1, with which the non-reciprocal effects are most obvious. The non-
reciprocal effects exist if the fabrication speed is in the blue regions of the figure.
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It is notable that this significant difference in the level of graphitization could only be
seen for the fabrication with specific combination of laser power and translation speed. Ei-
ther smaller or larger power, faster or slower speed leads to no significant difference for the
fabrication along two reversed directions. The specific combinations of the laser power and
fabrication speed were tested by experiments, and are shown in Table 8.1. The presented val-
ues in the table create the most obvious non-reciprocal effect, though the effect can still be
seen if the fabrication speeds are within about +15% range relative to the presented values.
This can be clearly seen in the presentation of Figure 8.8, whereas the effective speed that can

generate the non-reciprocal effect is represented as the blue regions.

8.5.2 Circular polarization

Figure 8.9: The wires fabricated with circular polarized laser light along <110> direc-
tion. All the wires were fabricated with same power (pulse energy 65 nJ), and same speed
(0.28 pm/pulse). Red arrows show the fabrication directions. Images were captured from a
conventional optical microscope. Scale bar is 2 pm.

We moved on to investigate the fabrication along <110> when the laser light is with a
circular polarization state. A quarter waveplate was inserted into the optical system before
the objective lens to change the linear polarization into circular polarization. Various combi-

nations of laser power and fabrication speed were tested, especially for the parameters given
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in Table 8.1. However, we did not see any non-reciprocal phenomenon no matter what laser
power and fabrication speed were used. One example is shown in Figure 8.9. The fabrication
was conducted with laser power of 65 uW (pulse energy 65 nlJ), while the fabrication speed
was 0.28 pm/pulse. These fabrication parameters are the same as the case in Figure 8.7. It is
seen that there is no obvious difference in the graphitized wires when the fabrication direction
was reversed. Similarly, there is also no feathering effect along the wires.

Similarly, there has not been a reliable explanation for this non-reciprocal effect. With
these results, the non-reciprocal effect in the fabrication along <110> may be a complex

phenomenon caused by the heat flow, crystal structure and specific light polarization.

8.6 Polarization microscope images

In the above descriptions, it has been demonstrated that the feathering effect generated in
the fabrication along <100>, while the non-reciprocal phenomenon is seen in the fabrication
along <110>. Different from diamond, graphite is not transparent to visible light, thus a visi-
ble light optical microscope is enough to characterize the graphitization status of the fabricated
area. To see if there could be any change in the non-graphitized area beside the wires, we used
the polarization microscope to image the strain in the diamond along the wires.

The images of the wires fabricated along <100> and <110> are shown in Figure 8.10.
The changes in the image brightness represent the depolarization variation of the illumination
light. This is usually caused by strain variation around the graphitized region. A variation of
the strain causes birefringence (refractive index change) of the diamond, which leads to the
depolarization of illumination light for the microscope. There are three possible reasons that
can introduce strain variation around the graphitization area. Firstly, because the graphite has
lower density than the diamond, expansion in the volume of graphite introduces strain to the
surrounding diamond. In this case, larger size of graphitized region usually brings more strain
than smaller size graphitized region. This is seen in Figure 8.10 (b) that the bright area is more
likely to be seen around the thicker wires than the thinner wires. Secondly, in some places,
graphite causes cracking to the surrounding diamond, which is usually around the thicker

wires. When cracking occurs, strong stress variation generates around the cracking area. In
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Figure 8.10: The polarization microscope images for the wires fabricated along <100> and
<110>. The changes in the image brightness represent the vibration of the strain in the
diamond. (a) Fabrication along <100>. The wires were fabricated with a same speed of
0.25 pm/pulse, but different pulse energy. (b) Fabrication along <110>. The wires were
fabricated with pulse energy of 65 nJ, and speed of 0.28 pum/pulse. Red arrows show the
fabrication directions. Scale bar is 2 pm.
Figure 8.10 (b), we can see that only part of the region around the thicker wires appears bright
(caused by cracking), while other parts are pretty dark. Thirdly, the strain (and refractive
index) of the diamond could be possibly changed under the low power ultrafast laser focusing
without the graphitization process. We call this “weak fabrication”, which could occur in
the diamond region around the graphitic area. Even though the diamond is not turned into
graphite, a variation of refractive index could still be introduced.

As the result observed in Figure 8.10, for the fabrication along <100>, it is seen that there

are bright points along the wires, which marks the effects of the feathering effect. The end of

the wires at the right side was surrounded by very bright regions, as the laser focus stayed at
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the wire end for longer time, leading larger area of graphite. For the fabrication along <110>,
it seems the bright region is only seen along the thicker wires. No significant strain vibration

is seen along the thinner wires.

8.7 Pulse front tilt

Pulse front tilt is generally considered as an important factor causing the non-reciprocal effect
in the ultrafast laser fabrication [111,112,160,215]. In our experiments, it is easy to make the
SLM operate as a variable grating, thus control the magnitude and direction of the pulse front
tilt [125]. The pulse front tilt along <100> and <110> directions were therefore created with
various magnitudes (from O fs to =100 fs) by SLM. The comparisons were conducted for the
case without any applied PFT and the case with PFT of different magnitude and direction.
However, no difference was found for the wires fabricated with and without pulse front tilt.
These verifications were conducted for different laser power, fabrication speed, light polariza-
tion and fabrication directions. We therefore conclude that the pulse front tilt does not have an
influence on the non-reciprocal effects in the diamond crystal fabrication. This conclusion in
fact matches with the results reported in the LiNbOj crystal fabrication [216], which indicates
the non-reciprocal effects in the crystal fabrication is only related to the heat flow and crystal

direction.

8.8 Conclusions

As a summary, the non-reciprocal fabrication phenomenon was extensively explored in dif-
ferent cases. Particularly, the fabrication along <100> direction creates the feathering effect
beside the wires. The fabrication along <100> presents significantly different level of graphi-
tization when fabrication direction is reversed for linear polarized light. The influences from
the laser power, fabrication speed and pulse front tilt were discussed in detail.

Several conclusions are listed as follows: 1) Feathering effect generate when the fabrica-
tion is conducted along <100> directions. The light polarization does not affect the feathering

effect. 2) Significant non-reciprocal effect is seen when the laser light with linear polarization
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is used for the fabrication along <110>. Specific combinations of the laser power and fabrica-
tion speed are required. This effect could not be seen in the fabrication with circular polarized
light. 3) Pulse front tilt does not have any effect in the non-reciprocal effect in diamond crystal
fabrication.

With those experimental evidences, it is possible that these effects are the interaction re-
sults of heat flow, light polarization and crystal structure. However, more demonstrations need

to be conducted to further understand its internal mechanism.
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Chapter 9

Exploring advanced applications of

adaptive laser fabrication in diamond

9.1 Introduction

In past chapters, it has been shown that adaptive laser fabrication in diamond can create high
quality graphitic wires with significantly reduced resistivity. The non-reciprocal effects dur-
ing the diamond fabrication have also been investigated. This chapter explores several more
interesting applications for the adaptive diamond fabrication technique, and concentrates on
demonstrating the potential and possibility of these advanced applications. Three applications
are discussed: 1) high frequency AC conductor, 2) micro-capacitors and 3) electrode arrays
for radiation detectors. To begin with, the impedance measurements for the high frequency
alternating current conducting through straight graphitic wire are discussed. The measurement
results are compared with theoretical simulations. In the second part, a micro-capacitor with
high resolution was designed and fabricated. In the third part, the graphitic electrodes were
fabricated perpendicular to the diamond surface. Four arrays of electrodes were processed in

a diamond sample for the application as a radiation detector.
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9.2 High frequency AC conductor

9.2.1 DCand AC

It has been demonstrated in the previous Chapter that the resistivity of the graphitic wires was
reduced by tens of times by using adaptive optics fabrication. Those measurements of the
resistance were conducted with direct current (DC). Particular application for the DC property
of the graphitic wires usually relates to the resistivity. For example, the radiation detector for
high-energy physics [60,61,178-181] requires a low resistivity to achieve high efficiency. Be-
side those conventional applications only using DC, there are applications that need to conduct
alternating current (AC). In AC electronics, the direction of the charge flow periodically re-
verse in a high frequency. One particular application is to use the high frequency micro-wave
to control the spin-state of the nitrogen-vacancy (N-V) center inside diamond. The nitrogen-
vacancy center is a point defect in the diamond lattice, which consists of a nearest-neighbor
pair of a nitrogen atom and a lattice vacancy. Electron spins at N-V centers can be manipulated
at room temperature by applying a high frequency micro-wave through a AC circuit [218,219].
As the spin-state of the N-V center forms an important part of quantum technology, techniques
for their control have become a very crucial research in nowadays. The conventional method
is to deposit electrical circuits on the surface of the diamond sample, thus the micro-waves
could be conducted into the sample by applying an alternating current to the circuit. As the
circuit deposition can not penetrate inside the diamond, this method has a significant limitation
in the accurate positioning of the micro-wave to the specific area of diamond. The fabrication
by adaptive optics has enabled high quality graphitic wires with ultra-thin size, low resistivity
and arbitrary shapes [220]. Therefore, it is possible to fabricate electric circuits to conduct the
high frequency AC charge inside the diamond for more accurate control of the N-V center.
There are reports on the high frequency AC property of the graphite sample [221,222], but
there has not been investigation into the AC property of the laser processed wires or electric
circuits inside diamond. All the current studies for the laser processed graphite in diamond
were conducted with DC. In this section, I discuss the AC measurements of impedance, re-

sistance and reactance for the single straight wires. The fabrication and characterization of
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micro-capacitors are also presented.

9.2.2 Equivalent circuit for AC measurement with micro-probes

We firstly characterize the high frequency AC property for the straight wires. A wire was
fabricated with 20 nJ pulse energy, 10 um/s by a 1.4 NA oil objective lens. The depth is 20
pm, and the adaptive correction for the refractive index mismatch aberration was performed
with the SLM. The wire has a length of 400 pm, and was fabricated with four passes by an
axial shift of 0.5 yum each pass. The cross-section size is 1.4 x 3.2 ym. A micro-positioner
rig with probe tips (diameter 10 pm) was used to make electrical contact with the embedded

graphitic wires. The measurement sketch is shown in Figure 9.1 (a).

(a) (b)

Micro-probes

Pillar

Wire

Figure 9.1: (a) The sketch showing the measurement of AC property for the graphitic wire
inside diamond. Two micro-probes were used to touch the surface contacts. (b) The equivalent
electrical circuit for the AC measurement. The capacitor was mostly generated from the two
micro-probes. The value of the capacitance (5 pF) was evaluated by theoretical fitting of
measuring data, while the value of resistance (70 k) was directly measured by Impedance
Analyzer.

As the two micro-probes are long (Ilength about 10 cm), and close to each other (distance
400 pm for the tip), they form a small capacitor which is parallel to the wire circuit. Addi-
tionally, according to previous reports, the components combined by graphite and diamond
particles also have capacitance effect [221]. As the wavelength of the high frequency micro-
wave used in our investigation is much larger than the length of the wire, we therefore assume

a capacitor was paralleled into the equivalent circuit, which is shown in Figure 9.1 (b). In this
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case, the total impedance is calculated as:

1 1 1

7 TjiwC "R ©-

where Z is the total impedance, w is the AC frequency, C' is the equivalent capacitance and R
is the resistance. In a general case, the total equivalent impedance Z; could be expressed by
the combination of equivalent resistance R, (real part of impedance) and equivalent reactance

Xo (imaginary part of impedance):
Zy = Ry +1X, 9.2)

The resistance is the opposition to the passage of an electric current through a conductor,
while the reactance is the opposition to a change in current. The magnitude of reactance is

decided by the capacitor and conductor in the circuit. The magnitude of impedance |Zp| is

| Zo| =/ 1§ + X§ 9.3)

then calculated as:

9.2.3 Results analysis

DC measurements show the total resistance including the pillar and additional losses is 70 k€.
So that the resistivity of the wire is calculated to be 0.048 {2cm. In the measurements of AC
property, the alternating current was provided by an Agilent 4192A LF Impedance Analyzer
with controllable frequency. The measurements for impedance, resistance and reactance were
conducted with the AC frequency varied from zero to 3.5 MHz. The results are shown on a
linear scale in Figure 9.2 (a).

It is seen that both the resistance and impedance present a decreasing trend after ~200 kHz,
which means that a higher passage of electric current was achieved in the higher frequency
region. The magnitude of reactance presents an increasing and then decreasing trends. This
confirms the existence of capacitance or conductance in the circuit. To estimate the capac-
itance, the theoretical simulation was conducted with the adjustment of capacitance value.

Figure 9.2 (b) presents the simulation assuming the equivalent capacitance is 5 pF. Com-
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paring the two figures, it seems both the parameter setting and the equivalent circuit model
(Figure 9.1 (b)) make the simulation matches with the measured results well. These results
confirm the previous parallel capacitor model, and also suggest that the additional capacitance
was about 5 pF. We consider the additional capacitance was mostly generated from the two
micro-probes, and partly from the graphitic wire itself. However, this needs more demonstra-

tion in the future.
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Figure 9.2: Linear display of the (a) measurement and (b) simulated results for the magni-
tude of impedance |Z|, the resistance R and the reactance X. The simulation was conducted
assuming the equivalent capacitance is 5 pF.

A more usual display for the impedance is with log axis. The measurement results with the
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log display are shown in Figure 9.3 (a). The reactance was shown using absolute values. Com-
pared with the simulation results in Figure 9.3 (b), the measured data has a slightly sharper
drop at the frequency larger than 1 MHz. This was due to the low resolution of the Impedance
Analyzer when the measured data is with small value. Despite the sharp drop, the two figures

still have excellent match.
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Figure 9.3: Log display of the (a) measurement and (b) simulated results for the magnitude of
impedance | Z|, the resistance R and the reactance X . The simulation was conducted assuming
the equivalent capacitance is 5 pF, while the resistance is 70 k2.

The meaning of electrical impedance can be understood by substituting it into Ohm’s law,

159



which is expressed by the equation:
V =1|7|é"° (9.4)

The magnitude of impedance |Z| can be understood as the resistance. The phase factor
tells us that the current lags the voltage by a phase of . In the time domain, the current signal
is shifted %T later with respect to the voltage signal. The phase of impedance is calculated
by:

0 = arctan( 9.5

7

The plots of the impedance phase for the fabricated graphitic wire are shown in Figure 9.4.
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Figure 9.4: The plots of measured and simulated phase of impedance. The simulation was
conducted assuming the equivalent capacitance is 5 pF, while the resistance is 70 k).

9.2.4 Discussion

This section presents the conducting of high frequency AC through straight graphitic wire in a
general case of measurement: the wire is connected with an outside circuit which introduces an
additional capacitance effect. This is a common situation if the diamond sample is not bonded
into a chip. The measured results show a nice agreement with the simulations, and also suggest
that the additional capacitance effect may dominate the high frequency AC property. In future

observations, the conductive property could be measured for a bonded sample in a chip, thus
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any additional effects from outside circuits could be minimized. Some more research works
could be conducted based on the results presented in this section, such as investigating the

spin status of N-V center in diamond by introducing the micro-wave [218,219,223,224].

9.3 Design and fabrication of micro-capacitor

With the adaptive laser fabrication, it is easy to create the graphitic micro-structure with a
high resolution inside the diamond. One particular interesting research is to fabricate and
characterize the micro-capacitors. As the capacitor could be used to create a high electrical
field between its two plates by applying a DC voltage, its fabrication may also be useful for

the future research of electrical field effect in the N-V center.

9.3.1 Capacitor design

For the design of the micro-capacitor, two rectangular plates could be created with their length
in the y direction and width in z direction. A sketch showing the side and top views of the
micro-capacitor 1s presented in Figure 9.5. The plates should be well-graphitized to exten-
sively reduce the additional resistance. The fabrication of the plates could be conducted
by multiple laser passes with axial shifts in z direction (Section 7.4.1). High conductivity
graphitic wires could be fabricated later to connect the two plates. The equation to calculate

the capacitance is given by:
_ &805

" 4rnkd ©-6)

where ¢, is the vacuum permittivity, which equals to 8.854187817 x 107'2 F/m. ¢, is the
permittivity of dielectric between the two plates of capacitor, and for diamond, it equals to
5.7 [225]. S is the area of the plates, while k is the Coulomb’s constant and d is the distance
between the two plates.

In our design, the length of the plate was 300 pm along the y direction, and the width was
10 pm along the z direction. The distance between the two plates was 1 ym. This gives a

capacitance of ~0.1 pF for the designed micro-capacitor.
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Figure 9.5: Sketch showing the side and top views of the designed micro-capacitor with two
rectangular shape plates. Graphitic wires are connected to the side of the plates.

9.3.2 Connection circuits

For the design of inner connection circuits for the micro-capacitor, the simplest way is to
fabricate two wires connecting each plate. The equivalent circuit is a single capacitor which
is in series with two resistors (graphitic wires are considered as simple resistors, capacitance
inside wire is ignored here). The equivalent circuit is shown at the left side of Figure 9.6.
Assuming the resistance of the graphitic wires at each side of the plate is 40 k€2, the simulation
results for the impedance, reactance and resistance of this circuit is presented at the right side
of Figure 9.6. It is seen that both the impedance and reactance are infinitely large in the
low frequency region, and they drop significantly with an increase of the AC frequency. The
frequency at the cross point of the reactance and resistance curves (marked by an arrow in
the figure) can act as the metric for the characterization of the magnitude of the capacitance.
Assuming the micro-capacitor has a capacitance of 0.1 pF, the frequency at the cross point is
22 MHz.

Another connection design for the micro-capacitor is to fabricate an additional wire which
is parallel to the micro-capacitor. The equivalent circuit is shown in Figure 9.6 (b). In this
design, an additional resistor is parallelled into the connection circuit. The simulations for
the impedance, reactance and resistance are shown at the right side. It is seen that both the
impedance and resistance begin with a constant, and they start to decrease when the AC fre-
quency reaches to certain value (marked by an arrow). Similarly, this specific frequency acts

as the metric in the capacitance characterization for this circuit model. Assuming the micro-
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Figure 9.6: The inner connection circuits for the micro-capacitor. Two methods are presented:
(a) Two wires are fabricated to connect each plate of the micro-capacitor. (b) Besides the
two wires connecting the plates, an additional graphitic wire is fabricated in parallel to the
micro-capacitor. The equivalent circuits are displayed on the left side of the figure, while
the simulations of impedance, reactance and resistance are presented at the right side. The
capacitance of 0.1 pF is the calculated value from the physical parameters of laser fabricated
micro-capacitor. The possible small capacitance effect in the graphitic wire itself was not
considered in the model. Arrows in the curves mark the specific frequency that can be used to
determine the magnitude of capacitance.

capacitor has a capacitance of 0.1 pF, the frequency at the cross point is 2 MHz.

While both the two circuit designs are able to characterize the magnitude of the capaci-
tance, the second one has more advantages than the first one. Firstly, the specific frequency as
the metric for the capacitance in the second method (2 MHz) is more than ten times smaller
than that of the first method (22 MHz). This could simplify the characterization experiments,
as unexpected side effects are usually generated in the circuits for high frequency region.
Secondly, in the second model, the impedance, resistance and reactance begin with constants

while the frequency is zero. This enables the possibility to do the initial check for an in-
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tegrity of the circuits by a DC. As a result, in our experiments, we choose the second design
to connect the micro-capacitor for the AC characterization.

For the outside connection circuit, there would be an additional 5 pF capacitance if the
micro-probe is used. In Equation (9.6), the capacitance is proportional to S/d. As the size of
micro-probes is much larger than the graphitic micro-capacitor, the area of the micro-probes
(5) is significantly greater than an embedded micron structure. If the micro-probes were used
for the measurement of high frequency AC property, the capacitance of the graphitic micro-
capacitor would be too small to be characterized. We therefore propose to use the surface
metal deposition technique to enable the AC capacitance characterization. This technique is
to use the photolithographic mask to deposit metal layers in the shape of a designed pattern
on the surface of diamond [226]. External electrical wires can be bonded to the surface metal
for further measurements. By using this mature technique, we are able to use the bonded
metal layer to connect the graphitic surface contacts, thus characterize the AC property of the

micro-capacitor without the significant influence of external capacitance.

9.3.3 Fabrication

The fabrication of the micro-capacitor plates started from a depth of 22 pm. In each zy plane,
two graphitic wires with distance of 1 ym were fabricated with 20 nJ pulse energy, 10 um/s
by a 1.4 NA oil objective lens. SLM was used for the adaptive correction of the refractive
index mismatch aberration. This formed a rectangular graphitic area with a size of 2.4 X
300 pm in each xy plane. After the fabrication in one xy plane, the fabrication depth was
reduced by 0.6 pm to the next xy plane, then similarly, the rectangular area was fabricated.
The total fabrication was conducted for 14 different planes to form one single plate for the
micro-capacitor. The two plates were fabricated with the same method simultaneously.

The fabrication of the micro-wires was conducted with two passes in zy plane by a distance
of 0.8 um between each pass, and six passes in the xz plane with an axial shift of 0.5 ym. The
depth of the wires was 20 um under the diamond surface. The cross-section size of the wire
was measured to be 2.2 x 4.2 um.

The microscope image of the fabricated micro-capacitor and the connection circuit is
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Figure 9.7: The microscopic image of the micro-capacitor. The size of capacitor is 300 X
10 pm, with a distance of 1 um between two plates. Wires length are 600 pm and 200 pm,
respectively.

shown in Figure 9.7. The lengths of the graphitic wires are 600 ym and 200 pm, respec-
tively. Perpendicular pillars and surface contacts were fabricated at left and right sides of

the circuit. The DC measurement of the circuits confirmed the resistivity of the wires was

0.036 Q2cm. This value matches well with our previous publications [220].

9.3.4 Discussion

This section firstly presents the design of micro-capacitor and its connection circuits. The
detailed fabrication procedure for the micro-capacitor is then illustrated. It is seen that the
capacitance of the micro-capacitor is much smaller than the additional capacitance effect gen-
erated from outside circuit, if the micro-probes are used. Therefore, alternative method such
as the surface metal deposition technique may be used to characterize the micro-capacitor.
Future works include investigating the electric field between the two plates when applying a

high voltage DC, and finding other applications in electronics for the micro-capacitor.
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9.4 Fabrication of electrode arrays for radiation detector

9.4.1 Radiation detectors

Conventional radiation detector usually uses the silicon as the base bulk material. Collecting
electrodes are buried within the bulk of the detector and separated by a few dozens of mi-
crons [227]. Recently, diamond has been adopted as an alternative base bulk material for the
radiation detectors. Since diamond radiation hardness is far superior to silicon for high energy
particles [228,229], one can expect for 3D structured diamond detectors to withstand higher
fluences than their silicon analogues and be able to operate after unprecedented radiation lev-
els. The most efficient way to bury the electrodes inside diamond is to use ultrafast laser
material processing. The electrodes can be fabricated by translating the sample perpendicular
to the direction of laser propagation. Electrode arrays are formed by fabricating tens of elec-
trodes with certain designed pattern. These perpendicular electrodes are then connected by the
graphitic wires embedded in the subsurface depth. An example of the electrode array is shown
in Figure 9.8, in which, 61 electrodes were separated with 100 ym each [181]. As a result, a
3D structure which is made of two interdigitated superficial graphitic combs is engraved by
the ultrafast laser. The detection of the radiation is based on the ShockleyRamo theorem [230],
which calculates the instantaneous electric current induced by a charge moving in the vicinity
of an electrode. In a practical application, one comb is connected with a bias voltage, the other
is connected to the current detector. The change of the current measurement could inform the
information of radiation status and position. As the principle of radiation detector belongs to
the enormous research of radiation physics, here we only concern the laser fabrication of high
quality graphitic electrode arrays.

The performance of the radiation detector significantly depends on the resistivity of the
electrodes. In addition, a smaller cross section size is always preferred, as the resolution
can be improved in such way. There have been lots of studies in recent years fabricating
the electrodes by ultrafast laser pulses [60, 61, 178—181]. It has been found that in order to
generate high quality, homogeneous and uniform graphitic wires with controllable thin sizes,

it is essential to use pulses with shorter durations (such as a fs/ps laser) [61, 181, 197]. As

166



S. Lagomarsino, Diam. Relat. Mater. 2014

Figure 9.8: An example of the electrode array for radiation detector [181].

all the previous fabrications are using the objective lens with air immersion, there are two
outstanding problems: 1) a large resistivity (around several {2 cm), 2) a large cross-section
size (tens of micron). We have proved in Chapter 7, that the fabrication with adaptive optics
and oil immersion objective lens can significantly reduce the size and resistivity of the wires.
However, the electrode fabrication along a perpendicular direction is far more difficult than the
fabrication of wires parallel to the diamond surface. This is due to the challenges of fabrication
at much higher depths, where aberrations are much larger. This section concentrates on the

detailed approach in the perpendicular electrode arrays fabrication.

9.4.2 Design and fabrication

The design of the electrodes is shown in Figure 9.9, where the detector includes four indepen-
dent arrays of total 244 electrodes. Each array contains two electrode combs. 6x6 electrodes
in one comb are connected together for applying the bias voltage, while the other comb con-
tains five rows of electrodes, with five electrodes in each row. The row is designed to be
connected to an outside pin. The diamond sample is a size of 4 mm x4 mm, and a thickness of
0.5 mm. Each array is 0.6 mmx0.6 mm, with a distance of 0.5 mm between each other. The
electrodes are separated with a distance of 0.12 mm.

The optical system used for the electrode fabrication is similar to the system used in Chap-
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Figure 9.9: The layout of the designed electrode arrays for radiation detector. Four arrays are
marked as A, B, C and D.

ter 7. For the fabrication parallel to the diamond surface, a high NA (1.4NA) oil objective
lens was used. The fabrication at a depth of 100 m was demonstrated by this objective lens.
However, it is very difficult to fabricate at a depth higher than 100 pm, as the refractive index
mismatch aberration became too large to compensate. In addition, the working distance of
the 1.4NA lens is too short to fabricate through the diamond sample, which has a thickness of
0.5 mm. We therefore chose another oil objective lens with lower NA (0.8NA, 20x, Olympus
UplanApo). A lower NA objective lens can significantly reduce the amount of the refractive
index mismatch aberration that needs to be compensated (Section 2.5.2, Chapter 2). The rea-
son to use relatively higher NA oil immersion lens rather than the lower NA air immersion
lens is that better focal confinement of the laser pulses can be obtained by high NA lens. This
could be useful to increase the quality of the graphitic electrodes.

When fabricating with an oil objective lens, it is difficult to graphitize the subsurface area,
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Figure 9.10: Sketches showing the fabrication of perpendicular electrodes in diamond. (a) The
fabrication of the electrodes. The dashed line shows moving path of the laser focus relative to
the diamond sample. (b) The surface contacts. (c) The whole fabricated electrodes with the
surface contacts.

as the oil is usually boiled when the laser focus is approaching the diamond surface. Simi-
lar to the description in Chapter 7, the fabrication process can be divided into two steps: the
electrode fabrication inside the diamond, and the surface contact fabrication on the diamond
surface. A sketch showing the fabrication process is presented in Figure 9.10. For the fab-
rication of the perpendicular wires, the laser focus started 10 m beneath the bottom surface
of the diamond. The sample was then translated by 3D stage so that the focus moved up to
the top surface with a fixed speed. The moving of the sample stopped while the laser focus
is 10 um above the top surface. Moving the laser focus +10 pm longer than the thickness
of the sample makes sure that the electrodes were extensively fabricated till the end of the

diamond surfaces. The fabrication pulse energy for array A and B was 170 nJ, while for C and
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D was 260 nJ. The moving speed for A and C was 20 pm/s, while for B and D was 10 pm/s.
The cross-section size of the electrodes is determined by the fabrication pulse energy. As a
result, the electrodes in array A and B are with a cross-section diameter of 2.2 pm, while the
electrodes in array C and D are with diameter of 2.8 pm. It was seen in the high resolution
microscope that the cross-section size of each electrode is quite uniform at each depth. The
surface contacts were fabricated by using an air objective lens (0.5NA). The size of the surface
contacts was 10x 10 pum. It is notable that the surface contacts should be fabricated at both

ends of the perpendicular electrodes.

9.4.3 Microscope images
Images before the fabrication of surface contacts

Figure 9.11 shows the microscope images of the electrode array from the top view of the
diamond sample. These images were taken before the fabrication of the surface contacts.
Images in Figure 9.11 (a) were taken while the microscope was focused on the top surface
of the sample. The size and shape of the electrodes slightly vary for each electrode. This is
because some of the electrodes experienced slight cracking on the diamond surface. Images
in Figure 9.11 (b) were taken while the microscope was focused with a certain depth (about
250 pm) into the diamond sample. The slight cross lines beside the electrodes were due to
the shadow of electrodes in the microscope illumination. It is seen that the size and shape
are quite uniform for all the electrodes, confirming that the fabrication was in of good quality.
Because of the lower threshold in the laser graphitization of diamond surface, the images in

(a) present slight larger size of the electrodes than that in (b).

Images after the fabrication of surface contacts

Figure 9.12 shows the microscope images after the fabrication of the surface contacts. Fig-
ure 9.12 (a) presents the images taken when the microscope was focused on the top surface of
the diamond sample. It is seen that after the fabrication of the surface contacts, the size became
larger on the top surface. Due to cracking, there are graphitic particles distributed around the

contacts. Figure 9.12 (b) shows the images taken when the microscope was focused with a
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(a) Surface

. .
Ny - |
(b) Beneath surface

Figure 9.11: Microscope images showing the top view of the diamond sample embedded with
electrode arrays. The electrodes were not fabricated with surface contacts. (a) Microscope was
focused on the top surface of the sample. (b) Microscope was focused with a certain depth
(about 250 pm) beneath the surface of the sample. The electrodes in each row were separated
with a distance of 120 pm.

certain depth beneath the diamond surface. The size of the electrodes was smaller than that
shown in (a), and the same with that shown in Figure 9.11 (b), confirming the fabrication of the
surface graphitic contracts did not influence the embedded electrodes. The dark circles around
the electrodes are due to the shadows of the surface contacts during the microscope illumina-
tion. To show the four arrays as well as the whole electrodes and surface contacts, the diamond
sample was aligned with a tilted angle. Those images are presented in Figure 9.12 (c). The

images clearly show both the surface contacts and electrodes. The difference in the size of the

surface contacts and electrodes is easily seen.
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(a) Surface (b) Beneath surface

(c) Imaging when sample was tilted with an angle

Figure 9.12: Microscope images showing the diamond sample embedded with electrode ar-
rays. The electrodes were fabricated with surface contacts. (a) Microscope was focused on the
top surface of the sample. (b) Microscope was focused with a certain depth (about 250 pm)
beneath the surface of the sample. (c) The diamond sample was imaged with a tilted position
to show the four arrays as well as the whole electrodes and surface contacts. The electrodes in
each row were separated with a distance of 120 pm.
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Figure 9.13: 3D images of one electrode array. The images were constructed from 20 2D
images taken by a conventional microscope. Left: The 3D image showing the electrodes with
real size. The electrodes have a length of 500 ym. In each row, they were separated with a
distance of 120 ym. Right: The 3D image showing the electrodes with compressed length.
The length shown in the image is 20% of the actual length.

3D images

3D images of the electrodes in an array are taken by a conventional optical microscope. To
construct the 3D images, a number of 2D images were firstly acquired when the microscope
was focused to various depths. The diamond sample was aligned at a fixed position for a
set of 2D images. In our experiment, the 3D images shown in Figure 9.13 were constructed
by 20 different 2D images. The image on the left hand of the figure presents the electrodes
with real sizes. As the length of the electrodes (500 pm) is larger than the distance between
two electrodes (120 pm), the electrodes in the back are covered by the ones in the front of
the image. For a clear view of all the electrodes inside the array, the length of the electrodes
was compressed to 20% of the actual length. The image with compressed length is shown
in Figure 9.13 (b). It is notable that the electrodes present a tube shape in these 3D images.
This is due to effect of the shadows from surface contacts during the microscope illumination.
These shadows were presented in Figure 9.11 (b). They are of larger size when the microscope
is focused near the diamond surface. In the real case, the cross-section size of the electrodes

is fairly uniform across all depths.

173



9.4.4 Discussion

The design, fabrication and microscope imaging of the electrode arrays are discussed in this
section. While the electrodes seem to be of a good quality in the images, there is still a need
to evaluate its resistivity, which will be future work once the sample is bonded into the chip.
As we expect the resistivity could be reduced compared to the previous reports, it will be

interesting to see its improvement in the performance as a radiation detector.

9.5 Conclusions

This chapter concentrates on exploring new applications for the adaptive laser diamond fabri-
cation. The description contains three potential applications. Firstly, the high frequency AC
property was measured for straight wires with micro-probes. The measured results match with
the theoretical simulation well. Secondly, the micro-capacitor and its connection circuits were
designed. Detailed fabrication procedure is discussed. Finally, the perpendicular electrode
arrays were fabricated. Various microscope images are analyzed.

Due to limitations in the necessary apparatus for surface metal deposition, this chapter
could only include research from the laser micro-fabrication point of view for these new ap-
plications. Since the quality of the graphitization is demonstrated to be significantly improved
with the adaptive optics, we believe that this advanced method for laser processing in diamond

could generate more interesting applications in wide areas.
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Chapter 10

Conclusions and summary

This thesis concentrates on advancing the theories and experimental technologies for laser
material processing technique with adaptive optics. With the correction of various aberrations,
adaptive optics is able to significantly improve the fabrication quality. However, there are
still great vacancies in need of further study of this advanced technology. The need of theory
development includes the exploration of the effects of aberrations and sample dispersion on the
ultrafast laser focusing. Practical technology development includes the demand of developing
new adaptive optics methods in correcting the pulse front distortions, improving the fabrication
technique to obtain high quality diamond wires, and exploring more advanced applications in
3D diamond and glass structuring.

The presented calculation methods in Chapter 2 are extensively useful in understanding
how different factors or parameters affect the ultrafast laser focusing. With introducing the
mathematical models of Fourier optics and phase aberrations, the simulation of the focal in-
tensity distribution is enabled. With different representations of the pupil intensity illumina-
tion, various focusing methods can be modelled. In addition, the theory of lens dispersion
is valuable in evaluate the ultrafast laser focusing system, allowing the development of new
adaptive optics technique to control the pulse front and correct the distortions.

As the first direct application of these mathematical modes, the focal intensity distribu-
tions are simulated for the effects of phase aberrations and sample dispersion. The aberrations
and sample dispersion generally exist in all practical laser fabrication systems. Since they

have not been reported before, these theoretical investigations are very useful in determine
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how the aberrations and sample dispersion affect the spatial and temporal properties of the
laser focus. The simulation results can reveal the significance of each phase aberration and
sample dispersion in different practical scenarios, and suggest if any corrections or other sys-
tem modifications are needed. Those results provide theoretical guides for operating further
experimental investigations which are described in later chapters.

Beside the phase aberrations and sample dispersion, another factor which brings undesired
distortions to the laser focus is the lens dispersion. The theoretical simulations for the effects
of lens dispersion and pulse front distortion have already been extensively reported previously.
There is only a lack of technique that can adaptively compensate this kind of distortion. The
demonstration of the pulse front adaptive optics in the thesis not only greatly extended the
capability of adaptive optics methods, but also provided a new method in controlling the ul-
trafast laser pulses to further adaptively compensate the chromatic lens dispersion. This new
adaptive optics method is demonstrated to be able to practically correct the quadratic pulse
front distortion in a two-photon microscope. 1.4 times improvement in the two-photon signal
is demonstrated for a 80 fs laser. However, we would expect a much more significant improve-
ment to be found in the future when lasers with shorter pulse duration are used. It is likely that
more and more new applications would be enabled in ultrafast physics, adaptive optics and
other laser focusing systems by controlling the laser pulse front with adopting this technique.

Those investigations of the aberration and sample dispersion effects, together with the
development of the pulse front adaptive optics technique aim at improving the ultrafast laser
focusing performance, which is the core part of the laser material processing. Later on, the
laser processing in practical materials including diamond and silica glass is described based
on those improvements of the laser focusing process.

The laser processing in diamond best reveals the advantage of adaptive optics. As diamond
has a much higher refractive index of 2.4 than the that of immersion oil (1.52), in addition with
a high NA objective lens used, the spherical aberration arising from the refractive index mis-
match is very significant even for the fabrication in a small depth. We have demonstrated
that with the correction by the SLM, the resistivity of the laser processed graphitic wires was

reduced by more than 100 times. The high conductivity wires following any 3D shape were
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enabled for the first time. More interesting investigations in the laser micro-fabrication are
discussed. Firstly, directional effects were found in the diamond fabrication. It was seen
feather effects generated when the fabrication was conducted along <100> directions. More
interestingly, significant non-reciprocal effect was seen when the laser light with linear polar-
ization was used for the fabrication along <110>. Secondly, the impedance of the straight
wires was measured by using high frequency alternative current. With the advantages of the
adaptive laser fabrication, the graphitic micro-capacitors were fabricated. Arrays of electrodes
which are perpendicular to the diamond surface were processed for the applications in high
energy particle detectors. With the advanced adaptive laser fabrication, more and more new
and interesting applications could be enabled in the future with the graphite fabrication in
diamond.

As a brief summary, this thesis targets at the advancing of adaptive laser micro-fabrication
technology. This was realized firstly by improving the performance of ultrafast laser focus-
ing, and then applying the technique to interesting applications. Both theories and practical
techniques were developed.

For the future outlook for the adaptive laser micro-fabrication, several interesting topics
could be further investigated based on the current progress described in this thesis. Firstly,
various illumination patterns could be included in the modeling of ultrafast laser focusing.
The modelling could be conducted for both conventional focusing and temporal focusing.
Secondly, based on the experiments in the pulse front correction, theoretical simulations con-
centrating on the effects of pulse front correction could be performed. In particular, the sim-
ulations for the effects of pulse front distortion in the SSTF could be further investigated.
Thirdly, as the newly developed pulse front adaptive optics was only in its embryo, more
and more practical applications could be further developed by creating interesting pulse front
shapes. Fourthly, the high frequency AC performance of the graphitic wires in diamond could
be measured. More interesting applications may be found in the controlling of N-V center
of the diamond sample. Fifthly, the powerful ability in the fabrication of 3D structure could

enable more interesting applications when it is combined with the biomedical research.
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Appendix

Laser processing of 3D funnel structure in
silica glass

1. Introduction

In the previous chapters, it has been demonstrated that it is possible to create high quality 3D
structures even in a material with a high refractive index. With aberration compensation by
adaptive optics, both the quality and resolution have been greatly improved. On the other hand,
silica glass is usually used as the target material for laser material processing. It has already
been studied for its applications in optical communications and quantum physics (Section 1.2,
Chapter 1).

One particular application of the laser glass fabrication is to combine laser processing
and chemical etching methods. The breaking down of the bonds between molecules during
laser processing makes the fabricated area more easily dissolved in chemical solution such as
hydrofluoric acid (HF) than other un-fabricated regions [53,231]. With enough etching time,
functional 3D structures can be created by removing the laser processed area. An enormous
number of interesting applications have been reported. One related research field is the lab-
on-a-chip technique [54], which creates 3D structure in a silica glass for various biomedical
investigations. With laser processing and chemical etching, interesting applications such as
micron actuators [55], micro-channels [56], micro-gratings [56], monolithic [57] and surface
structuring [58] have been enabled.

In this chapter, I introduce the fabrication of a specific 3D structure in silica glass - the
funnel structure, for the research of neuron cell behaviors. The fabrication method of whole
3D volume is presented. The optimization in the fabrication parameters and improvement in

the etching process are discussed.

2. Structure design
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The live cells are sensitive to their physical surroundings, and usually they prefer to maintain
movement along small angles. It is useful to create 3D micron structures in the substrate
of bio-compatible material to investigate the cells’ movements. Photolithography techniques
have been long used in creating surface structure in polydimethylsiloxane (PDMS), which is
a non-toxic and biocompatible material [232,233]. However, there is still a need to avoid the
complicated photolithography process, and to make use of materials other than PDMS. Direct
laser micro-fabrication method is an ideal solution to these to problems.

For the choice of substrate material, polyethylene terephthalate (PET) has been tested.
However, with some initial investigations, it was found that the pores on the PET material
were rough, and that there was a build-up of material around the pores occurring during the
machining process. It was deemed necessary to use a material that would result in smooth,
unblocked structures after machining. Silica glass coverslip is therefore chosen for the exper-
imental demonstration.

The design of a funnel structure is carried out to make investigations for the behaviour of
neuron to neuron communications. The sketches are shown in Figure 10.1. The shapes of the
funnels are designed to be different on the two sides of the coverslip. On one side (bottom
side), all the funnels were designed to form a shape of small pore at the surface, as shown
in the “bottom view” sketch in Figure 10.1. The pores are expected to be with a size of less
than 5 pm, which reduces the chance that the cells can pass through them on the bottom side.
However, these pores can still let the cells on the other side (top side) of the coverslip to grow.

On the top side of the coverslip, the funnels were designed to have different kinds of shape:
the straight pillar, the circular shape funnel and rectangular shape funnel, as shown in the “top
view” sketch in Figure 10.1. The circular shape was designed to have a diameter of 60 pm,
while the rectangular shape was designed with a size of 30x60 pm. In addition, as presented
in the “side view” sketch, for one specific shape of either circle or rectangle, the funnels were
designed with different sizes. We characterize the difference in the size as difference in the
angles of funnel wall, which is 45°, 57° and 72° as shown in the “side view” sketch. For
the rectangular shaped funnels, the angles were characterized by the width (the 30 pm side)

rather than the length. The design of the funnel structures could enable the investigation of
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the cell growing behavior, especially the research in the way they interact with these different

passageways.
Bottom view Top view
Pore

Y Y 60 um 3%’:.20
L X X

Side view Top

Funnel
90 um

Pillar

(I (Channel)

Straight 450 570 720 Bottom

Figure 10.1: Sketches for the funnel structure design in the silica glass. The sample is a
microscope coverslip. Top sketch shows the bottom and top views of the fabricated coverslip.
On one side, all the funnels were designed to be with a shape of small pore. On the other
side, three different shapes were fabricated: the straight pillar, the circular shape funnel and
rectangular shape funnel. Bottom sketch shows the side view of the coverslip. Three different
angles of the funnel are fabricated: 45°, 57° and 72°.

3. Chemical etching
The coverslip used in the fabrication was Agar Scientific, No. 0 with a thickness of 80 -
100 pm. The laser fabrication system is similar to the one used in the diamond fabrication
(Chapter 7). An Zeiss 20x 0.5 NA air immersion objective lens was used for the fabrication.
As shown in Figure 10.1, the dark area shown in the sketch was designed to be processed
by a high power laser focus. This area is much easier to be chemically etched by the acid. After
the laser machining of the selected area, the coverslip sample was soaked inside hydrofluoric
acid (HF) [53,231]. 20 ml volume of 1% working solution was made up by slowly adding 1 ml
of 50% HF acid to 49 ml of deionised water. The etching time was controlled to be around

20 - 50 mins according to the requirement. The sonication was started in the same time to
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increase the etching efficiency. The molecular bonds in the laser processed area were broken
down, so that these area was more exposed to the acid solution and experienced a much faster
etching speed than other areas of the glass coverslip. With enough time, the laser processed
area should be removed by the acid. The air funnel should be obtained after the sample was
rinsed in DI water and cleaned by Ethanol. The coverslip etching described in this chapter

was carried out by a collaborator who was working with me.

4. Fabrication method

4.1 Two approaches

The fabrication of the funnel structure is the most critical part, as it contains a large volume
which is relatively difficult to be etched through. During our experiment, we tried two ap-
proaches to fabricate the funnels. One is the side wall fabrication, and the other is the whole
volume fabrication.

To increase the fabrication efficiency, a first approach to fabricate the side wall of the
funnel was tried. The proposed idea was that after completely etching of the fabricated side
wall, the whole glass cone would be isolated from the coverslip. After the fabrication, a way
to increase the etching depth and potentially remove the remaining cone is to use a longer
etching time. As the coverslip was soaked inside the HF solution, both sides were etched in
the meantime. In our experiments, the size of the pore on the bottom side of the coverslip has
to be small enough for the cell seeding research. However, a longer etching time would lead
to a larger size for the etched pore.

To choose an appropriate time, there is a trade-off between the etching for the funnel on
the top side, and the pore on the bottom side. On one hand, the funnels need longer etching
time for the cone shape glass to be fully removed. On the other hand, the pores need shorter
time to maintain a small size. We found the fabrication of the side wall can not achieve these
two tasks at the same time. To solve this problem, we moved on to use the second method to

fabricate the funnels.

4.2 Fabrication

To increase the performance of etching, the whole volume of the funnel structure was fabri-

181



cated, as shown in Figure 10.2 (a). The 3D cone structure, which has a large volume, is shown
as the top sketch in Figure 10.2 (a). With the processing for the whole volume of the cone,
the HF etching was expected to go straight from the top surface down to larger depths. As the
contact area of the modified glass with the HF solution increased a lot compared to the side

wall fabrication method, the etching speed was expected to be significantly raised.

(a)

z
L x ‘

Figure 10.2: The sketch illustrating the whole volume fabrication for the funnels. (a) Side
view of the coverslip with the proposed fabricated area shown in black region. The whole
volume of cone is presented at the top. (b) Sketch illustrating of the fabrication in one single
depth. A 2D circular (or rectangular) area was fabricated by a number of circles (or rectangles)
with increments of radius. (c) The whole volume of the funnel was fabricated by a number
of 2D circular area (or rectangular area) with increasing radius and decreasing depth. Arrow
marks the fabrication sequence.

The fabrication process is presented in Figure 10.2 (b) and (c). The pillar was fabricated
with the same procedure as described in the previous subsection. The cone structure was in
fact constructed by a number of processed 2D circular areas (or rectangular areas) at different
depths. Figure 10.2 (b) illustrates the fabrication process for each 2D area at one specific
depth. A number of circles (or rectangles) with different radii were fabricated in sequence to
form the circular area. The arrow in the sketch shows the fabrication direction. As shown
in Figure 10.2 (c), these 2D circular areas were fabricated for each depth with a continuous
increment of radius. Finally, the cone structure was constructed by a number of 2D circular
areas with increasing radius and decreasing depth. While this method would enhance the

etching efficiency, it, however, significantly increased the laser processing time which has a
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linear proportional relationship with the volume of the structure. The significant consumption
of the processing time may be dissolved in the future by adopting the parallel fabrication [90],
or widefield temporal focusing (Chapter 3).

In the fabrication of the whole volume, a relatively higher translating speed of the laser
focus was used to increase the efficiency. The fabrication of the circles was with speed of
150 pm/s, and fabrication power of 4.2 uJ. During the fabrication of each 2D circular area at
one specific depth, the radius increment for each circle was 2 um. The depth step along the
axial direction to form the 3D funnel structure was also 2 ym increment for each 2D circular
area. These increments in the fabrication step were determined by the fabrication power and
speed. With either smaller fabrication speed, or larger laser power, the distance increment
could be larger. Take an example for the funnel with 57° angle (Figure 10.1) or 45 pm height,
there were 23 different fabrication depths. For the whole volume of the cone structure, 210

circles were fabricated.

4.3 Results after etching

Shown in Figure 10.1, the funnels with different angles have different heights. The heights
for funnels with angles of 45°, 57° and 72° are 36 ym, 45 pm and 78 pm, respectively. We
therefore differ the time for the etching according to the height of funnels. In this way, funnels
with larger height need longer time, while funnels with smaller height require shorter time.
The time range for the etching was set to be within 20 - 50 mins.

The SEM images after the etching process are shown in Figure 10.3. It is seen that the
funnels have been completely etched through, and there is no remaining glass cone inside,
even for the one with the largest cone angle (72°). The side wall of the funnels is rougher
than the surface of the glass. Methods to further smoothen the side wall are: 1) reduce the
fabrication speed, however with a sacrifice of the fabrication time; 2) anneal the sample after

etching process.

4.4 Surface ablation
As discussed in the previous subsection, there is a trade-off between the etching time for
funnels and the pillar. To maintain a small size for the pore, the etching time should be

as short as possible. An additional way to further reduce the etching time is to do surface
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Figure 10.3: The scanning electron microscope (SEM) images of the coverslip etched by 1%
hydrofluoric acid (HF). The circular and rectangular funnels were fabricated with the whole
volume. Angles on the top represent the size of the funnel (refer to Figure 10.1). The scale
bars in all the images represent 10 pym distance.

ablation. This process was conducted after the fabrication of the whole volume. During the
ablation, the fabrication sequence was reversed, thereby the 2D circular (or rectangular) area
was still fabricated for each depth, but the fabrication sequence was conducted from lower
depth to higher depth (opposite to the direction marked by the arrow shown in Figure 10.2 (c)).
The ablation was conducted with a higher laser power, so that the glass in the ablated area
was completely broken down, becoming small debris and falling outside the funnel. Surface
ablation could only be efficient in lower depth area. In our fabrication, the funnel was ablated
to around 20 pm beneath the top surface.

Figure 10.4 illustrates the advantage of surface ablation. In (a), the funnel was ablated
after the fabrication of the whole volume. The time to completely etch through was 20 mins.
In comparison, the image in (b) shows that the funnel was not ablated after the fabrication of
the whole volume, while the time needed for the full etching was 50 mins. It is clearly seen

that less time was needed for the one conducted with an additional surface ablation process.
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Figure 10.4: The scanning electron microscope (SEM) images of the etched coverslip. (a)
The funnel was ablated after the fabrication of the whole volume. Etching time was 20 mins.
(b) The funnel was without the ablation process after the fabrication of the whole volume.
Etching time was 50 mins. The scale bars in both the images represent 10 pm.

5. Junction between the funnel and channel

The ultimate target is to create a 3D structure that can allow a cell to grow through the funnel
and channel, reaching the other side of the coverslip. Therefore, it is also important to make
sure that the junction between the funnel and the channel is etched through. In previous
images, it is noticeable that most of the junctions were still filled with glass.

In the etching process, the junction was a final part to be reached by the acid, as its position
is usually in the middle of the coverslip. Therefore, it was considered as the most difficult step.
In our fabrication, we used an improved set-up to increase the possibility that the junction part
could be fully etched. After the fabrication of the pillar, the laser power was raised to a
much higher level, while the fabrication speed was reduced to a small value. As a result, the
glass in the junction area was exposed under a high laser power for a long time. This set-up
allowed the junction part to be more processed by the laser than any other area. Figure 10.5
shows the difference with the etching results. The images in (a) presents the process that the
junction part was fabricated with the same parameter as the fabrication of the funnel, while in
(b), the junctions were fabricated with much higher power and lower speed. All the funnels
were etched with the same time duration. Dark holes are seen in the center of the funnels
for Figure 10.5 (b), but not for (a), indicating that hollow junctions were more readily formed

when a different fabrication procedure was used.
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Figure 10.5: The scanning electron microscope (SEM) images of the etched coverslip. (a)
The funnel and junction part were fabricated with the same parameter. (b) The junction part
was fabricated with higher power and slower speed. The scale bars in all the images represent
10 pm.
6. Laser power and fabrication speed
The fabrication with a higher laser power and low translating speed creates more disruption of
the glass structure, thus reducing the etching time and increasing the size of the etched area.
Therefore, we would use a small power and high speed in the fabrication at the end of the
pillar, relative higher power in the fabrication of the funnel and even higher power and lower
speed in the fabrication of junction and pillar. Table 10.1 summarizes the laser power and
fabrication speed used for the fabrication of different parts.

There are always trade-offs in choosing the fabrication parameters. For example, a higher

fabrication speed is usually desired, as it leads to decreased fabrication time. On the other

hand, a low fabrication speed is useful to reduce the surface roughness of the funnel wall after
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Table 10.1: The laser power and fabrication speed for different parts of the structure.

Fabricated parts  Pulse energy (1J) Speed (um/s)

Ablation 6.5 150
Funnel 4.2 150
Junction & Pillar 6.5 10
End of Pillar 0.12 100

etching. For another example, to further reduce the etching time, one approach is to reduce
the step increments for the radius of circles and 2D areas. However, this is with a sacrifice of

the fabrication efficiency, as much more number of circles have to be fabricated.

7. Conclusions

In this chapter, the 3D structure with circular and rectangular funnels connected with straight
channels were designed and fabricated for the application in biology research. The method
of fabrication of the side wall made it difficult to fully etch through the funnel. The method
of fabricating the whole volume cost more time, but improved the etching process. The fab-
rication parameters such as the fabrication speed, laser power and etching time significantly
affect the quality of the 3D structure. The relative influences are discussed in detail. With the
powerful ultrafast laser processing technique, more complex 3D structures can be enabled for
various biomedical researches.

As the thickness of the silica glass is small, the refractive index mismatch aberration is not
significant for the fabrication discussed in this chapter. Therefore, the adaptive optics method
was not used in this case. For the future 3D fabrication either with a larger depth or with a
high NA objective lens, the adaptive optics will be useful to further increase the quality of

microstrucures.
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