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Abstract

Indisputably, software run in conventional Von-Neumann architectures has provided solutions to
most of the needs met until now. However, an efficient solving method for the solution of hard
computational problems remains still a challenge due to the large amount of power and execution
times required. In this context, alternative solutions to brute force electronic computing are inces-
santly searched. The integration of photonic hardware as a replacement of some small blocks of
the main software could speed up execution times, providing faster solutions to non-polynomial

complete problems, cognitive systems or quantum computations.

The thesis titled “laser inscribed optical waveguides in emerging photonic material platforms”
portrays the potential of the ultrafast laser writing technique employed on three different materials
for the fabrication of optical waveguides as the main building block of advanced optical circuits.
The optical waveguides have been explored as a photonic element for future applications in cog-

nitive and quantum computing systems.

An alumino-borosilicate glass (Corning EAGLE2000) has enabled low-loss optical wave-
guides at the convenient wavelength of 800 nm, offering solutions to optical circuits compatible
with current Ti:Sapphire technologies and spontaneous-parametric down conversion sources. The
well-known travelling salesman problem has been laser inscribed into one of the glass substrates
and its solution has been optically found. This has been the first realization of a photonic “oracle”
fabricated via femtosecond laser machining of waveguides, providing an enhanced integration by
reduction of the physical problem size and, thus, allowing faster execution times compared to

other optical approaches developed in fibers.

The second material of interest is gallium lanthanum sulfide glass, a chalcogenide which is
useful for its non-volatile phase change transitions and highly nonlinear characteristics. An opti-
mum processing window for low-loss single mode waveguides, operating at 800 nm wavelength
has been reported for the first time by using a multiscan writing approach, opening the path towards
integration of nonlinear optical circuits compatible with Ti:Sapphire technologies. The high Kerr

nonlinearity displayed in the glass has been exploited to characterize laser inscribed optical direc-

X1



tional couplers acting as ultrafast all-optical switches and an estimation of the nonlinear refractive
index of the laser inscribed waveguides has been reported. As a feasible application, gallium lan-
thanum sulfide waveguides have been explored as an integrated neuromorphic photonic platform,

which includes a series of neural biological features.

Diamond has been the third material used due to its capability of hosting nitrogen-vacancy
(NV) color centers, whose long spin coherence times at room temperature are promising for ap-
plications in quantum information and magnetic sensing. Here, femtosecond laser writing has
provided integration of optical waveguides aligned with the NV color centers within the bulk of
diamond with a submicrometer resolution, allowing efficient optical excitation and collection of
the luminescence signal of these defects. In future, such a platform could be applied to quantum

sensing devices with record high sensitivity of electric fields, and quantum information systems.

Overall, this work shows the potential of ultrafast laser writing as a flexible fabrication tool
for the implementation of cognitive and quantum computational problems into compact and scal-
able chips which are desirable for the study of new optical computing schemes and algorithm

optimization.
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Chapter 1

Introduction and motivations

This chapter addresses the main objectives of the research carried out in this thesis with a justi-
fication for the choice of the fabrication methods. A state of the art in femtosecond laser writing

including some of the main achievements provided by this technique is also given.

New emerging photonic platforms are in the spotlight of a main scientific research which is
in pursuit of fabrication techniques that allow rapid prototyping and compatibility with a diversity
of materials. Femtosecond laser micromachining is a good candidate, as it is a direct method for
the integration of optical circuits in a wide range of transparent materials. Beyond this require-
ment, there exists the need to develop optical circuits capable of generating solutions to factorial
problems with more optimal speeds than those offered by conventional electronic computers, as
well as the need to design nonlinear optical circuits providing ultrafast all-optical switching or to
develop photonic quantum systems operating at ambient temperatures. The main objective of the
thesis is to explore solutions towards all the open questions mentioned here by using ultrafast laser

writing technique.

Direct laser inscription of optical circuits contained in substrates with suitable properties could
offer solutions to the needs mentioned here. The implementation of laser inscribed photonic hard-

ware in combination with conventional software could speed up computation times by exploit-



ing the benefits of laser parallel processing and the speed of light in linear and nonlinear optical
regimes [7]. Regarding the quantum regime, laser inscription of optical circuits presenting con-
trollable quantum properties at room temperatures would provide solutions to the problems faced

by conventional ultra-cold atoms and trapped-ion systems [8, 9].

This thesis focuses on the basis of all these needs, which is the fabrication of optical wave-
guides as the main building block of more advanced optical circuits for applications in linear,
nonlinear and quantum photonics. Depending on the purpose, a suitable selection of substrates
for being processed under laser writing becomes essential. The development of low-loss photonic
circuits working within the linear regime, supporting single mode guiding at wavelengths compat-
ible with usual ultrafast Ti:Sapphire technologies and spontaneous parametric down conversion
(SPDC) light sources would be beneficial. The search for an optimum processing window would
enable the integration of compact laser-inscribed cascaded networks in common linear glasses for
the solution of factorial problems, such as the so-called travelling salesman problem, which are

computationally hard to solve.

Also, ultrafast laser inscription of waveguides in exotic nonlinear glasses, such as chalco-
genides, would provide ultrafast all-optical switching circuits with time responses within the fem-
tosecond range and photonic circuits with optically induced phase-change transitions, fiding ap-
plication in non-volatile optical memories [10, 11]. The fabrication of single mode waveguides at
near infrared wavelengths would be beneficial due to their compatibility with usual Ti:Sapphire

lasers and SPDC sources.

On the other hand, it has been demonstrated that nitrogen-vacany (NV) defects hosted in
diamond crystals are single photon emitters with optically manipulable spin properties and long
coherence times at room temperature, with values similar to that of trapped ions [12]. Laser
writing of optical waveguides in diamond substrates containing intrinsic NVs could offer solutions
to conventional techniques where temperatures close to OK and ultra high vacuum environments
are needed. The combination of optical waveguides and NV centers in diamond substrates could
also provide efficient manners to optically excite and collect the luminescence coming from these

NV centers.



The selection of the substrates in the thesis is intended for different purposes. As a common
linear glass for creating cascaded networks, Corning EAGLE2000 aluminum-borosilicate glass
has been selected. For the inscription of nonlinear optical circuits, gallium lanthanum sulfide glass
has been chosen. The type of diamond substrate selected for laser writing of waveguides has been
grown through a process of high pressure high temperature (HPHT) which leads to the formation

of a crystal with a large density of intrinsic nitrogen impurities (100 parts per million).

The use of femtosecond laser writing is mainly intended for ablation of material surfaces and
to induce permanent modifications within the bulk of transparent materials. The first proof of
femtosecond laser writing was reported in 1994 by Du et al. [13], where surface ablation of fused
silica was demonstrated by using a femtosecond laser. Later in 1996, Davis et al. [14] proved
permanent refractive index modifications by tightly focusing femtosecond laser pulses within the

bulk of a transparent glass.

Femtosecond laser micromachining is based on laser-induced optical breakdown, entailing
nonlinear absorption of the laser energy via electron ionizations confined within the focal volume
and a posterior energy transfer to the lattice. For optical breakdown to occur, the peak intensities
of the femtosecond laser pulses within the focal volume must reach values on the order of tens
of TW/cm? in transparent materials [6]. The footprint left in the laser-irradiated volume under-
goes a structural modification that results in a localized permanent change of the material, such as
removal of the material at its surface, a change of the material’s refractive index, or even the forma-
tion of a void, depending on the laser processing parameters. This confined modification, together
with the translation of the substrate, makes possible laser machining with three spatial degrees of

freedom which enables complex layering of structural modifications in three dimensions [15].

The advantages of employing femtosecond laser writing for the fabrication of photonic devices
compared to other manufacturing methods are many. Some of the main benefits of using this

technique are listed below:

e Simple and direct prototyping, avoiding the use of any fabrication mask or post-fabrication
processing unlike lithographic methods. The technique offers a rapid and practical way

of manufacturing devices by modifying the algorithm that controls the movement of the



computer-controlled translational stages where the substrates are placed.

Three-dimensional layering of laser writing structures due to the possibility of combining
the traslation of the substrate in the three spatial dimensions and the confinement of the
laser beam within the focal volume. In a different approach, it is also possible to keep the
substrate fixed and proceed with a laser-beam scanning by translating the laser focal volume

with galvo scanners.

The technique offers versatility with applications in a broad range of materials. Femtosec-
ond laser writing can be employed in a variety of materials such as glasses, crystals, ceram-

ics and polymers.

A broad range of fabrication modalities is available depending on the laser processing pa-
rameters employed. Femtosecond laser inscription provides surface ablation of materials
by translating the focal volume along the sample surface enabling the fabrication of ablated
microfluidic channels [16]. The technique also allows bulk optical waveguiding when the
scanning of the laser focal volume is performed below the sample surface [14]. The appli-
cation of chemical etching after the bulk modification leads also to the formation of buried
microfluidic channels [17]. Two-photon polymerization is also employed for the formation

of three-dimensional microstructures in photoresists [18].

The advantages mentioned above have been exploited to laser write a variety of different active

and passive devices for the last twenty years, offering photonic solutions with major scientific

The transparent materials used in laser processing for the formation of optical waveguides

can be glasses, crystals, ceramics and polymers. Glasses and crystals present a large transparent

window and a high purity, while polymer processing presents peak intensity thresholds for optical

breakdown of at least one order of magnitude lower than in glass. Despite having lower peak

intensity thresholds, polymers present larger transmission losses compared with glasses and crys-

tals, being this the main reason why not many fabrications have been performed in this type of

substrates [1].

Passive waveguides have been laser-written in a wide variety of common linear glasses, con-
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stituting the main building block of optical circuits enabling signal transmission lines and optical
power splitting [14, 19, 20]. The change in the geometry of the waveguides has led to many
different waveguide configurations such as Y-junctions and 1-to-N power splitters [21-25], 2x2
directional couplers [26-31], 3 x3 directional couplers [32], Bragg grating waveguides [33], wave-
length multiplexers [30], ring resonators [34] and Mach-Zehnder interferometers [35] in a variety
of transparent materials. Propagation losses below 1 dB/cm are typically achieved for waveguides
formed in common linear glasses [19,36—41]. Bending waveguide radii with minimum values of

10 mm have been also reported [41].

Femtosecond laser inscribed emerging platforms in linear glasses have been employed for the
solution of complex computational problems, such as factoring, in both classical [42] and quantum
regimes [43-45]. Photonic boson sampling in laser-inscribed photonic circuits allows to infer
the evolution of bosons across the photonic network undergoing linear unitary transformations,
allowing a precise control of multiphoton interference. Though still far from feasible physical
implementations, photonic boson sampling in these lab-on-chip devices provides a very important
and intermediate experimental milestone in the development of large-scale quantum computers
and interferometers [43-45]. Also, fs laser-written directional couplers are a potential technology
for the realization of quantum optical gates due to their ability of acting as polarization-encoded

qubits [46].

Of particular interest during the last decade has been the development of optical circuits hosted
in nonlinear optical glasses, such as chalcogenides, due to their interesting characteristics for
opto-electronic purposes [47-51]. For instance, chalcogenides have a high linear and nonlinear
refractive indices, a transparency window from visible to infrared wavelengths in the spectrum, a
relatively low maximum phonon energy and an ultrafast nonlinear response in time on the order

of the femtosecond range [52].

Direct laser inscription in chalcogenides has enabled ultrafast all-optical switches due to an
easily-induced nonlinear Kerr effect coming from a high third order nonlinear susceptibility in
these substrates [53]. Also, super continuum generation and spectral broadening have been demon-
strated in direct laser-written waveguides in chalcogenide glasses [54-56]. Because of the ther-

mally induced phase transition between amorphous to crystalline states, and vice versa, in chalco-



genide thin films [10, 11,57, 58], the integration of direct laser-written photonic circuits into these
substrates entails potential emerging platforms as optical non-volatile phase-change memories for

rewritable data storage [11].

In addition to glass substrates, crystalline materials have been selected for the development of
laser-buried-micromachined waveguides. Crystalline substrates offer unique characteristics which
are not exhibited in glasses, such as even order optical nonlinearities and birefringence. Up to date,
a wide range of crystals has been used for the fabrication of direct laser-written waveguides, such
as quartz [59], silicon [60], B barium borate (BBO) [61], lithium niobate [62-67] , or diamond
[68,69], among many others [70-72].

Direct laser inscription of pure crystalline waveguides has enabled a series of electrooptic
modulators and frequency converters for the case of type Il waveguide laser writing modality,
consisting of two parallel laser-induced modification lines separated by a certain distance, since
this configuration preserves the nonlinear optical properties of the pristine material [6]. Moreover,
the frequency conversion displayed in fs laser-written waveguides coming from second and higher-
order nonlinearities provides enhanced efficiencies compared to the bulk material [73]. On the
other hand, type I waveguides in crystals present thermal instabilities [63], not being compatible

for high power applications, and even deterioration over time at ambient temperatures [64].

Femtosecond laser micromachining has enabled the fabrication of waveguides displaying
second harmonic generation (SHG) of light for a wavelength range between ~400 nm - 790
nm [74-79]. One of the most well-studied crystaline substrates in direct laser writing of wave-
guides has been lithium niobate, which has provided SHG of a pump wavelength at 1064 nm in
pulsed regime resulting in generation of green light with a conversion efficiency of 49% and a SHG
peak power of 235 W [74]. Direct laser inscription of buried waveguides in nonlinear KTiOPOy4
crystal has enabled second harmonic generation (SHG) by birefringent phase-matching for a pump
wavelength of 1064 nm with a conversion efficiency of 45.6% and SHG peak powers as high as
427 W [75].

Quasi-phase matched SHG of near-infrared light has been obtained in laser-written wave-

guides in periodically poled lithium niobate crystals for pump wavelengths of 1548 nm and 1549



nm resulting in SH conversion efficiencies of 34.8% and 18.2% in [76] and [77], respectively. A
type III BBO laser-micromachined waveguide, known as depressed cladding waveguide and con-
sisting of a core surrounded by several low-index tracks, has enabled SHG of a 1064-nm optical
pump with a 25% conversion efficiency and 373 W of SH peak power [78]. Under continuous-
wave pump at 980 nm, laser-written waveguides in periodically poled potassium titanyl phosphate
(PPKTP) offered SHG down to 400 nm wavelength [79]. The high conversion efficiencies obtained
from laser-inscribed waveguides in nonlinear crystals evince direct laser-written waveguides as

potential integrated frequency converters.

Electrooptic modulators have also been inscribed in lithium niobate crystals, being capable
of modulating the phase, amplitude or polarization of light [80-83]. The electrooptic modula-
tors have been directly laser written in a type Il waveguide-based platform with a Mach Zehnder

interforemeter configuration.

Fabrication of active waveguides via femtosecond laser micromachining has also played an
important role in the development of optical amplifiers [84—87], enabling low-noise and low-cost
amplifiers, and waveguide lasers [72, 85, 86, 88, 89]. Interesting active ions, such as erbium, yt-
terbium, neodimium and bismuth, have been extensively studied and incorporated in dielectric
glasses and crystals, since they offer ultra-broad gain bandwidth along the infrared spectrum [6].
Waveguide amplifiers operating in the whole C telecom band (1530 nm - 1565 nm) [85-87],
tunable waveguide lasers in the C-band [86], multi-mode operation [85,86,88], single-mode oper-
ation, and passive mode-locking [90] in waveguide lasers have been demonstrated via the ultrafast
laser inscription technique. Depending on the active ions and the mechanisms for lasing, fem-
tosecond laser inscription of waveguides has provided miniaturized waveguide lasers with lasing

wavelengths ranging from 530 nm to 2 um [91-93].

Many fabrications have been done in laser-written waveguide amplifiers in Er: Yb-doped phos-
phate glasses [85,86]. One of the first laser-written waveguide amplifiers was inscribed in Er:Yb-
doped phosphate glass, showing a waveguide amplifier displaying a net gain over all the telecom
C-band with a peak net gain of 7.3 dB located at 1535 nm [87]. Femtosecond laser writing has also
enabled distributed feedback (DFB) lasers by directly laser writing a Bragg grating in the active

medium and superimposing the Bragg grating to the laser-inscribed waveguide in a single-step



writing process [94]. Up to now, notable improvements in laser-micromachined waveguide lasers
have been achieved, obtaining lasing slope efficiencies about 60% for the case of some active

materials [95-97] and single-mode waveguide lasers after an optimization of the laser cavity [98].

Femtosecond laser-written waveguides in Er: Yb-doped phosphate glass present laser operation
by means of butt-coupling two fiber Bragg gratings at the two ports of the waveguide exhibiting
a high reflectivity at one side and a lower reflectivity at the other side, being used as the output
of the laser cavity [85, 86, 88,99]. Direct inscription of waveguides in Er:Yb-doped phosphate
glass resulted in waveguide lasers with slope efficiencies between 38% and 42% and a net gain
higher than 1 dB for wavelengths between 1525 nm and 1575 nm [99]. The maximum laser power
emission was 112 mW for a total pump power of 470 mW at 976 nm and the laser bandwidth

obtained was ~0.5 nm. The incident pump power was 21.6 mW [99].

Green lasing wavelengths have been obtained in self-frequency-doubled laser-written wave-
guides in Nd: YAB [91] and Nd:YCOB [92] doped crystals. Laser emission at visible wavelengths
has been obtained from femtosecond laser-written waveguides in praseodymium (Pr) doped mate-
rials with a maximum emitted power at red wavelengths of 28 mW with a slope efficiency of 8%.
Laser written active waveguides in Ti:Sapphire have offered laser tunability ranging between 700
nm - 870 nm resulting in a maximum emitted power of 143 mW at 800 nm wavelength for a slope

efficiency of 23.5% [100].

Actively doped yttrium aluminum garnet (YAG) ceramics and crystals have also attracted a
lot of attention in the fabrication of laser-micromachined active waveguides [95,101-104]. Under
optical pump of 808 nm, direct type II laser-inscribed waveguides in Nd:YAG crystals show effi-
cient laser generation at 1064 nm with a maximum output power of 1.29 W and a slope efficiency
of 59% [96]. A 70% slope efficiency has been achieved in type II laser-inscribed waveguides in
Nd:GdVOq4 [105]. Waveguides written in Yb: YAG crystals have shown a slope efficiency of 75%
offering working wavelength at 1030 nm and showing its potential as efficient integrated laser

sources [97].

Laser writing of waveguides in Pr3*:Y»SiOs, a rare-earth doped crystal, implies an important

feature in the development of spin-wave quantum memory devices through the storage of light



pulses in the ground and excited states of the praseodymium ions [106].

Moreover, magneto-optic switching through a laser inscribed waveguide in a doped Faraday
glass has been demonstrated by measuring the phase shift in the polarization of light along the

waveguide when an external magnetic field is applied [107].

Some photonic devices have been directly laser written in transparent polymers, for instance,
polymethylmethacrylate has served as a hosting polymer for the laser inscription of passive wave-

guides offering single mode operation and power splitting [108].

Recently, femtosecond laser micromachining enabled the inscription of low-loss type II wave-
guides in diamond crystals [109], implying future emerging platforms for quantum informa-
tion processing and magnetic and electric field sensing by exploiting the properties exhibited by
nitrogen-vacancy (NV) color centers intrinsically hosted in the substrates [110, 111]. Moreover,
femtosecond laser writing technique has demonstrated deterministic placing of NVs in the bulk
of diamond substrates, which combined with direct laser writing of waveguides by means of a
single-step writing process leads to integrated photonic platforms with efficient optical excitation
and collection of NVs. Also, NVs formed by fs laser inscription technique have demonstrated

their role as single photon emitters [112].

As a last example, systems of straight and curved femtosecond laser-written waveguide ar-
rays represent a particular case of the so-called discrete optical systems [113]. Miniaturization
of optical waveguide arrays offers crosstalk between the adjacent waveguiding structures, where
the evolution of light propagation can be explained by coupled-mode theory [114]. Based on this
theory, waveguide arrays become discrete systems where the electromagnetic field can be sepa-
rated into different transverse modes for each waveguide and a longitudinal dependent amplitude.
A periodic modulation of the refractive index at one, two or three transverse directions of the
waveguides enables one-dimensional, two-dimensional or three-dimensional arrays, respectively,
which produces symmetry breaking compared to homogeneous systems where all the dimensions
are equal. Examples of discrete waveguide arrays have been used for the development of linear

and nonlinear switchable topological photonic systems [113, 115].



Integrated circuits of laser-inscribed optical waveguides into compact chips may offer pho-
tonic solutions to different research fields. Parallel laser processing and speed of light can be
exploited to efficiently solve the so-called factorial problems, which result computationally hard
to solve. Also, nonlinear circuits offering optical switching within the femtosecond regime are
very advantageous in this matter. Exploiting the photorefractivity offered by optical waveguides
may be beneficial for the development of new photonic neuromorphic schemes that could be im-
plemented as part of complete cognitive systems. In addition, laser-inscribed optical waveguides
in crystals hosting point defects presenting controllable quantum properties at room temperatures
could be convenient for the development of quantum and magnetic sensing devices, in comparison

with other techniques.

In this thesis, the selection of the substrates is intended for different purposes in linear, non-
linear and quantum optics, in order to offer photonic solutions to the problems mentioned above.
The main objective of the thesis is to investigate the optimum laser processing conditions for the
inscription of low-loss optical waveguides in the suitable substrates. The selected materials are a
linear Corning EAGLE2000 glass, nonlinear gallium lanthanum sulfide glass and diamond hosting

a high density of nitrogen impurities (100 parts per million).

Application examples of the low-loss waveguides have been investigated in all the substrates.
The linear waveguides written in Corning EAGLE2000 glass have been used for the optical solu-
tion of an encrypted network. The fabrication of waveguides in gallium lanthanum sulfide (GLS)
glass, having a wide range of glass formation centered at 70:30 mol% Ga,S3 : mol% La;S3, aims
to provide a processing window for optical circuits supporting single mode guiding at 800 nm, a
convenient wavelength not reported until now in this material for their use with Ti:Sapphire lasers
and spontaneous parametric down-conversion (SPDC) quantum sources. The nonlinear character-
ization of the photonic circuits inscribed in GLS glass as ultrafast all-optical switches has been
performed. The photorefractivity in GLS waveguides has been also exploited in order to investi-
gate the waveguides as a neuromorphic photonic system which mimicks the transmission of infor-
mation across biological neurons. Optical waveguiding within the bulk of diamond has been also
performed in order to offer solutions for an efficient optical excitation and collection of the pho-
toluminescence displayed by NV centers embedded in the waveguides. Deterministic positioning

of NV color centers by direct laser writing in diamond substrates has been also investigated.
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A summary of the content of each chapter and the main findings of the thesis work are provided

below.

In chapter 1, a rationale for the research goals is discussed. An overview of the femtosecond
laser micromachining technique and the advantages offered over other fabrication methods is also

included, followed by the state of the art in femtosecond laser writing of waveguides.

Chapter 2 includes the theoretical background related to ultrafast laser inscription in trans-
parent materials. The laser-material interactions for the case of sub-picosecond laser pulses are
reviewed, including the absorption processes and material relaxation and modifications. After
the theory of fs pulse interaction in bulk transparent media, the theory of light propagation in
waveguides, with solutions to Maxwell’s equations for the case of hybrid modes in cylindrical
step-index waveguides, is provided. After the theory of isolated guided modes, coupled mode the-
ory is included, providing solutions for the case of two optical propagated modes that experience

evanescent coupling along two parallel waveguides in proximity to one another.

Chapter 3 covers the experimental details employed in this thesis, including the laser ma-
chining system used for waveguide fabrications, the material properties of the selected substrates
and the waveguide characterization methods. The end of the chapter also provides a detailed de-
scription of the autocorrelator used for the characterization of ultrashort pulses generated from a

Ti:Sapphire oscillator.

In chapter 4, an elaboration of the first major set of results, obtained in Corning EAGLE2000
glass is given. An optimum processing window for the fabrication of low-loss waveguides, dou-
ble S-bends and directional couplers is given. The application of these waveguides in a cascaded
optical network modality is used for the solution of the well-known travelling salesman problem
by interrogatin the network with ultrashort laser pulses. This demonstration might have implica-
tions in the study of new photonic architectures and algorithm optimization, being laser writing

technique a flexible tool for the inscription of scalable mathematical problems into compact chips.

In chapter 5, an elaboration of the second major set of results, obtained in gallium lanthanum

sulfide glass, is provided. An optimum laser processing window resulting in low-loss single-mode
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waveguides at 800 nm wavelength is reported for the first time. The waveguides are characterized
as ultrafast all-optical switches. In addition, the photorefractivity displayed in GLS glass is ex-
ploited in order to mimick a series of neural biological features in the laser-written waveguides.

This last work has implications in the development of new neuromorphic devices.

In chapter 6, an elaboration of the third major set of results, obtained in diamond substrates, is
provided. An optimum processing window for the fabrication of type II single-mode waveguides
is discussed, followed by an investigation of the laser writing technique as a tool for a deterministic
control of NV formation in the bulk diamond. The study of the photoluminescence signal gener-
ated along the laser-written diamond waveguides for their use in quantum and magnetic sensing is

also provided.

Finally, the conclusion goes through a discussion of the key results obtained in the thesis and

provides an outlook on future work and possible application directions.
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Chapter 2

Theoretical background

The content of this chapter includes the theoretical background related to ultrafast laser inscribed
waveguides. The beginning of the chapter deals with the theory of laser-material interactions for
the case of sub-picosecond pulses, covering the main absorption processes of ultrashort pulses
in transparent materials, followed by the relaxation and the type of laser-induced modification
formed within the focal volume of the material. A brief explanation about the most common
light propagation effects manifested when focusing light within the bulk of transparent materials
carrying optical intensities above the threshold for optical breakdown is also provided. After the
femtosecond pulse interaction within the bulk of a transparent media, the chapter provides the
theory of light propagation in waveguides, solving the Maxwell’s equations for the case of guided
hybrid modes in cylindrical waveguides with symmetric transverse sections and presenting step-
index profiles, as an approximation to the laser-inscribed waveguides shown in this thesis. The
chapter ends with the coupled mode theory, applied to provide the solutions of two optical guided
modes along two parallel waveguides being close enough to one another so that they exchange

their optical energy through evanescent coupling.
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2.1 Femtosecond laser pulse interaction within the bulk

of transparent materials

In this section, a brief summary of the main physical mechanisms present during laser-material
interactions of sub-picosecond pulses is given, including the different absorption processes that
lead to the formation of an electron plasma within the focal volume of the material, followed by
the material relaxation and the resulting type of permanent modification. After that, some of the
light propagation effects manifested in both linear and nonlinear regimes when using intensities

beyond the optical breakdown threshold of the materials are included.

2.1.1 Absorption mechanisms

Dielectrics and semiconductors cannot undergo linear absorption when focusing ultrashort optical
pulses at visible or near-infrared wavelengths due to an energy gap (E,) higher than the energy
carried by a single photon (hv < E;). However, when the focused optical peak intensities are
on the order of 10 TW/cm?, in the case of common glass [6], optical breakdown occurs and the
simultaneous promotion of electrons from the valence band to the conduction band in periodic
media takes place through nonlinear absorption processes in the material. Nonlinear absorption of
sub-picosecond pulses in transparent materials is led by either multiphoton absorption, tunnelling

ionization or a combination of these two processes.

Multiphoton absorption takes place when multiple photons carrying sufficient energy (mhv >
E,, where m is the number of photons) bridge the gap energy of the material and are simultaneously
absorbed to the conduction band (as depicted in Fig. 2.1(a)). The multiphoton absorption rate
is strongly dependent on the laser intensity by o,,/™, where o, is the cross section of the m-
photon absorption process of a valence electron needed to be excited to the conduction band,
I is the laser intensity and m is the minimum number of photons required to satisfy mhv > E,

[116,117]. Generally, multiphoton absorption is the leading nonlinear absorption process for low
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laser intensities and high optical frequencies [6]. At higher laser intensities and lower optical
frequencies, the strong electric field distorts the bands resulting in a reduction of the potential
barrier between the valence and the conduction bands [116,117]. This distortion allows the valence

electrons to directly undergo tunneling to the conduction band (as shown in Fig. 2.1(b)).

The Keldysh parameter provides information about the mechanism dominating the process of

nonlinear absorption, depending on the material properties and the optical intensity and frequency

[116,117]:
[m, E
y— @ [mecng g, @.1)
e 1

where o is the optical frequency, e is the fundamental electron charge, m, is the effective electron
mass, c is the speed of light, n is the linear refractive index of the material under laser irradiation,
€ is the permittivity in free space, E is the optical gap energy of the material and / is the laser
intensity. For the case of ¥ < 1.5, tunneling ionization is the process dominating the nonlinear ab-
sorption. If ¥ > 1.5, multiphoton absorption leads the nonlinear promotion of valence electrons to
the conduction band. If y ~1.5, a combination of multiphoton absorption and tunneling ionization

is responsible for the nonlinear absorption in the material.

Apart from multiphoton absorption and tunneling ionization, nonlinear absorptions are usually
accompanied by avalanche ionizations. When a promoted electron through either multiphoton
absorption or tunneling ionization occupies a place at the minimum energy level of the conduction
band, this can linearly absorb several laser photons and being promoted to higher energy levels in
the conduction band (this process is known as free carrier absorption) [118]. After sequential linear
photon absorptions from an electron in the conduction band, this one will occupy an energy state
in the conduction band that will exceed the conduction band minimum by more than the optical
gap energy of the material. The hot electrons, with energies exceeding that of the optical gap,
will cause an impact ionization, leading to the promotion of a valence electron to the minimum
energy level of the conduction band and, thus, resulting in two electrons occupying the conduction
band minimum (see Fig. 2.1(c)). These two excited electrons can further experience free carrier
absorption and impact ionization over again, causing multiple avalanche ionizations that can last as
long as the laser irradiation is present. The absorption rate of carriers through avalanche ionization
is led by alIN, where a is the avalanche ionization coefficient, / is the optical intensity and N is the

number of electrons absorbed via avalanche ionizations [116].
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sorption mechanisms within transparent materials. (a) Multiphoton absorption. (b)
Tunneling ionization. (c) Free carrier absorption followed by avalanche ionization.

This figure has been modified from [6].

For the case of sub-picosecond pulses, the absorption of laser pulses is faster than the energy
transfer to the lattice, so the absorption and the heating lattice processes are decoupled [117]. The
excited electrons in the conduction band get heated by the laser pulses much faster than they can
transfer their energy to the lattice via phonon emission. In this manner, the density of electrons
in the conduction band keeps growing until the plasma frequency at the focal volume equals the
frequency of the incident laser beam. The plasma frequency is equal to [116]:

2N
Eyme '

W, = (2.2)

When the plasma frequency reaches the laser frequency, the plasma is strongly absorptive and the
laser energy is absorbed by the plasma via free carrier absorption. Once the laser radiation is not
present, the electrons transfer their energy to the lattice. This deposition of energy on a much faster
time scale than the thermal diffusion time results in permanent structural modifications within the

bulk of the transparent material.

While nonlinear absorptions through multiphoton or tunneling ionizations provide seed elec-
trons for avalanche ionization to occur, the fact that avalanche ionization is present results in a low

dependence of the optical breakdown threshold on the optical gap energy, since it only depends
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linearly on the laser intensity. Due to this low dependence on the optical gap energy, ultrafast laser
writing is a versatile technique that can be employed in a wide range of transparent materials. If
only nonlinear photoionizations would take place, the application of the ultrafast laser inscription
technique would be highly dependent on the absorption probability with material energy gap and

a very limited range of materials could be laser processed under this technique.

Sub-picosecond laser writing, in contrast to nanosecond laser pulse micromachining, provides
deterministic breakdown and optical damage for a controllable bulk material modifications due
to laser pulse absorptions led by photoionizations which provide seed conduction band electrons
for subsequent avalanche ionizations during the rest of the pulse. The self-seeded avalanche pro-
cess makes short-pulse breakdown less dependent on material defects, resulting in a deterministic
material optical damage threshold, in contrast to long-pulse breakdown that relies more on the
concentration of impurities in the material [116]. In addition, short-pulse machining uses less en-
ergy to achieve the optical intensity needed for breakdown and a more precise laser machining is
possible compared to longer pulses. For all these reasons, femtosecond optical pulses are an ideal

tool for laser micromachining.

2.1.2 Material relaxation and permanent modification

After the absorption of ultrashort laser pulses in transparent materials through carrier excitations
to the conduction band, the electrons transfer their energy to the lattice located within and around
the focal volume, resulting in permanent material modifications. The physical mechanisms re-
sponsible for a permanent material modification are not yet understood but the morphology of the
modifications can be generally classified into three different types of effects: an isotropic refrac-
tive index change, a birefringent refractive index change and the formation of voids within the

focal volume of the material.
Although the type of permanent modification achieved in transparent materials is dependent

on many laser processing parameters (such as pulse energy, wavelength, repetition rate, pulse dura-

tion, scan speed or polarization, among others) and on the material properties (such as optical gap
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energy or thermal diffusivity, between others), the simplest illustration of a well studied dielectric
material is the case of fused silica, which allows to obtain the three different effects mentioned by

only changing the incident laser energy.

At low pulse energies (on the order of ~100 nJ, using a focusing objective of 0.6 NA, for
800 nm wavelength and 100 fs pulse duration) but beyond the optical modification threshold,
an isotropic refractive index change is achieved within the focal volume of fused silica due to a
densification from a rapid cooling of the melted glass [119]. While fused silica experiences a
densification of the laser irradiated volume through a rapid quenching from higher temperatures, a
rapid quenching in borosilicate glasses results in a reduction of the glass density which leads to a
reduced refractive index in the irradiated volume [120]. Other contributions to the formation of an
isotropic refractive index in other materials are due to the formation of color centers [20], chemical
bond modifications in the material matrix resulting in densification [119], ion migration for the
case of multicomponent glasses [121, 122], or a combination of all the mechanisms mentioned.
An isotropic distribution of the refractive index is ideal for the fabrication of optical waveguiding

structures allowing optical mode confinement via total internal reflection.

At intermediate pulse energies (between 150 - 500 nJ, for a focusing objective with 0.6 NA,
at 800 nm wavelength and a pulse duration of 100 fs), a birefringent refractive index change has
been obtained within the focal volume of fused silica due to the creation of nanogratings resulting
from an interference between the laser electric field and the laser induced electron plasma wave
[123,124]. The laser-written nanogratings have been useful for the creation of buried microfluidic

channels with biological lab-on-a-chip applications [125, 126].

Higher pulse energies (beyond ~500 nJ, with a focusing objective of 0.6 NA, 800 nm wave-
length and 100 fs pulse duration) lead to pressures within the focal volume of fused silica that
are greater than the Young’s modulus, leading to the formation of a shockwave that propagates
radially outwards and results in the formation of a less dense material or a void, depending on the
properties of the material. The surrounding volume of the void cointains a higher refractive index
than the pristine material. These laser induced voids have been used as devices for applications in

memory storage [127,128].
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Fig. 2.2: Time scale representation of various physical phenomena involving laser-

material interactions. Figure modified from [1].

The interpretation given for the three types of structural modifications considers the interaction
of single femtosecond laser pulses within the bulk of fused silica, but these modification regimes
can be extended to the contribution of a train of pulses within the laser focal volume assuming
that the repetition rate between optical pulses is relatively low in order to allow thermal diffusion

between consecutive pulse arrivals [129].

This thesis focuses on femtosecond laser micromachining at the low pulse energy regime in
order to achieve isotropic refractive index modifications within the focal volume of dielectrics and

semiconductors, leading to structures that permit optical waveguiding.

For the case of femtosecond laser pulses operating at high repetition rates, heat accumulation
plays an important role in the material modification since the time between consecutive laser
pulses is less than the time needed for the heat to diffuse out of the focal volume [129, 130]. The
contribution of femtosecond pulses at high repetition rates results in an increase of the size of the
melted volume, which depends on the effective number of pulses in the laser spot that are absorbed
at a static exposure, N = 2ayR /v, where 2ay is the laser spot diameter at the focal volume, R is
the repetition rate between laser pulses and v is the translation speed of the substrate with respect
to a fixed incident laser beam [129, 130]. At the cumulative heating regime, the morphology of
the structural modifications will be driven by the melting and cooling dynamics of the particular

material at the focal volume [129, 130].
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2.1.3 Light propagation effects

When using laser machining of sub-picosecond pulses, the first physical phenomenon to occur
due to the interaction of sub-picosecond pulses with the material is the nonlinear absorption led by
high optical intensities reaching the breakdown threshold of the material. Optical intensities ac-
complishing the breakdown threshold of common glass have values of about 10'* W/cm? and can
be reached using focusing microscope objectives with high numerical apertures (NA), allowing
tighly focused optical beams with a micrometer spot size at the focal volume. However, working
at such high optical intensities, linear propagation effects such as dispersion, diffraction or aber-
ration, and nonlinear propagation effects, such as self-focusing and self-phase modulation, need
to be accounted since they affect the energy distribution of the optical beam at the laser focus and

thus the resulting refractive index modification at the focal volume of the material.

Linear propagation

Assuming the propagation of a Gaussian beam in the absence of any spherical aberration or non-
linear effect and for a small beam divergence, the paraxial approximation can be applied and the

transverse intensity distribution of the beam can be written as [131]:

1(r,z) = <af(’oz>>2exp <—ag;)> , 2.3)

where r is the radial distance and is equal to \/x? + y2, z is the axial distance from the beam waist,
®(z) is the distance from the beam axis where the intensity drops to 1/e? of the maximum value

and @y is the diffraction-limited minimum beam waist radius at the laser focus.

The variation of the laser beam spot size along the axial direction is given by:

w(z) = wyy 1+ (Z)z. (2.4)

<0

The diffraction-limited minimum beam waist radius is:
M?A

= 2.5
W= 2.5)
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being M? the Gaussian beam quality factor which is equal to the unit for the case of an ideal
Gaussian beam, A is the optical wavelength and NA is the numerical aperture of the focusing

objective.

The Rayleigh range of the focus within a transparent material having a refractive index # is
given by:
B M?nA
- mNA?'

20 (2.6)

The size of the laser beam at the focal spot when focusing within a transparent material is
simply given by @y and zp in the transverse and axial directions of the incident laser beam, when
neglecting optical aberrations and nonlinear effects. Thus, the peak intensities reached at the focal
volume of the material are:

Ep

I,— , 2.7
P redr, @7

being E,, the optical pulse energy and 7, the pulse duration.

When accounting for chromatic and spherical aberrations, this causes deviations in the ener-
gy distribution of the optical beam at the focal volume and Eq. 2.3, 2.5 and 2.6 are no longer
valid. The chromatic aberration can be corrected with focusing objectives which contain chro-
matic aberration correction for a specific optical wavelength. The spherical aberration is due to a
mismatch between the refractive index of air and the refractive index of the substrate under laser
processing. Also, the spherical aberration grows with the NA of the focusing objective used and
with the writing depth within the substrate, resulting in an axial distorsion of the intensity distri-
bution at the focal volume. Correction of spherical aberration can be achieved with oil-immersed
focusing microscope objectives, which correct the refractive index mismatch of the air-substrate
interface by using index-matching oil along the optical path between the focusing objective and
the top surface of the substrate [132]. However, oil-immersed objectives only provide correction
of the spherical aberration for substrates with a refractive index near the refractive index of the
oil (n ~1.5). Laser machining of materials containing larger refractive indices requires the use of
adaptive optics such spatial light modulators which induce a negative phase distortion of the beam

providing focal volumes with spherical shapes within the substrates [133,134].
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Nonlinear propagation

Considering a medium free of charges (p = 0), free of currents (J = 0) and nonmagnetic (M = 0)
the derivation of the Maxwell’s equations 2.15 leads to the wave equation:

1 92 1 9%P

2ot T a2 o (2:8)

where c is the speed of light and is equal to 1/ /€.

When high optical intensities traverse a nonlinear medium, the optical response of the medium

is described as a polarization written as a power series of the electric field E(¢) as:
P(1) =& (x(l)E(t) DB + OB (1) + .. ) : 2.9)

where x(!) is the linear susceptibility of the material and x® and x®) are the second and third

order nonlinear optical susceptibilities, respectively.

For the simplified case of a centrosymmetric material, such crystals that do not display inver-
sion symmetry, gases, liquids or amorphous solids like glass, the second order nonlinear suscepti-
bility vanishes ( )((2) = 0) and second-order nonlinear interactions do not take place. If fourth and
higher order nonlinear effects are neglected, the polarization of a centrosymmetric medium can be

written as:

P(r) = & (x“) +ix(3)lElz> E(r). (2.10)

The refractive index of the material is composed of a linear refractive index ng and a nonlinear

refractive index n; variable with the optical intensity (optical Kerr effect) [135]:

3
n:\/1+x<‘>+4x<3>E\2:n0+n21, (2.11)

3 4G 1
where ng = \/1+ M), np == X 5 and I = —gonoc|E|%.
4 gyeng 2

As a response of the material exposed to an intense electromagnetic radiation, a spatial varia-
tion of the laser intensity traversing the medium can spatially modifiy the refractive index of the

material. For a common medium with a positive n, the refractive index of the irradiated area
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will experience an increase proportional to the optical intensity traversing the medium, resulting
in a self-focusing of the light created along the center of the propagated optical beam, as if the
medium were a positive lens (as shown in Fig. 2.3(a)). The self-focusing in the medium is self-
sustained until defocusing effects or optical damage interrupt the process. The critical power for

self-focusing is given by [135]:
_3.77A°
c — I
877:1’10712

(2.12)

where A is the optical wavelength and ny and n; are the linear and nonlinear refractive indices of
the medium, respectively. Generally, peak intensities beyond the threshold for optical breakdown
(~10" W/cm? for common glass) but below the critical power for self-focusing are employed
during laser machining in order to avoid waveguides with elongated cross sections. However, ex-
otic nonlinear materials present a challenge for the formation of symmetric laser-inscribed wave-
guides [47] since they have large values of ng and ny and the critical power for self-focusing is

inversely proportional to the linear and nonlinear refractive indices (see Eq 2.12).

Assuming that the optical Kerr effect is instantaneous, the refractive index will change with
the intensity profile of the propagated pulse, being maximum in the central part of the beam. The

shift in the optical path due to the variation of the refractive index, An(t)z, results in a phase shift:

AY = 2“’;2]@ (2.13)

which in turn gives rise to a spectral broadening of the pulse with the leading edge shifted to lower
frequencies (red-shifted) and the trailing edge shifted to higher frequencies (blue-shifted), as can
be seen in Fig. 2.3(b). This effect is known as self-phase modulation and the increase in the

instantaneous frequency that results from it can be written as:

Ao(r) = —2”;"2 (‘Z&”) . (2.14)

2.2 Waveguide theory

Optical waveguides are made of dielectric materials and are composed of an inner medium with a

high refractive index, known as core, and an outer medium presenting a lower refractive index, the
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Fig. 2.3: (a) Self-focusing of an optical beam when travelling within a nonlinear
medium. (b) Spectral broadening of a pulse when undergoes self-phase modulation

(SPM).

cladding. Because of the higher inner refractive index, light can experience total internal reflection
and propagate along the waveguide. The optical guided wavelength is comparable to the transverse

dimension of the core.

In this section, the guided-wave modes, wich are the solution to Maxwell’s equations, are
given for the case of transversally symmetric waveguides presenting a step-index profile as an
approximation to the shape of the laser-written waveguides fabricated in this thesis. Moreover, the
mutual light-wave interaction between two co-propagating modes is given by the coupled mode
equations based on perturbation theory, which explain the evanescent coupling experienced by
light when is guided along an optical waveguide in enough proximity to another waveguide. This
evanescent light coupling can be observed in laser inscribed optical directional couplers fabricated
in this thesis for Corning EAGLE2000 (chapter 4, section 4.3) and gallium lanthanum sulfide

glasses (chapter 5, section 5.2).
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2.2.1 Hybrid guided modes in cylindrical waveguides with step-index

profile

Light propagation is governed by Maxwell’s equations:

V-D = p,
V-B = 0,

VAE —?;:, (2.15)
VxH = aalt)+J,

where p is the free charge density, J is the current density vector, E and H are the electric and
magnetic fields, respectively, and D and B indicate the displacements related to the electric and

magnetic field vectors as:
D = gE+P,
B = uH+M,

(2.16)

where & and Ly are the permittivity and permeability in vacuum, respectively, and P and M are

the electric and magnetic polarizations, respectively.

Assuming that a laser-written waveguide has a cylindrical shape and is tranversally symmetric
with a step-index profile in a homogeneous and lossless dielectric medium, it is convenient to write
the Maxwell’s equations in cylindrical coordinates (radius r, azimuthal angle 8 and axial position

z) as follows [136, 137]:

10E, . .
; 86 +JﬁE9 = _.]wnuOHra
. JE, )
—JBE,— 5" = —jouHy,
li(E)_laEr = —jousH
rarre roe JOHoMz, 2.17
1 OH, 2.17)
- 20 +JBH9 = j(DgO’lery
¥
_ OH. o
_]ﬁHr_ ar = Jo&n E97
10 1 0H, . )
;E(rHG)_; 89 = Jwé&n Eza

where n is the refractive index which can be equal to n; in the core (r < a) or equal to ng in the

cladding (r > a), B is the propagation constant and @ is the angular frequency.
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If E = E(r,0)e/(® =P and H - H(r,0)e/(® =P are the electric and magnetic fields in
the optical waveguide expressed in cylindrical coordinates, by substituting them into the set of
Maxwell’s equations 2.17, the wave equations for the z-component of the electromagnetic field

are obtained:

10E, 1 J%E

2 2, Y%= = 4

B0+ r dr +1’2 002

0°H, 10H, 1 J°H,
+ - +—

or2 r dr  r? 902

where k is the wave number in vacuum and is equal to k = @./€ L.

+<k2n(r,9)2—ﬁ2>Ez — 0,

(2.18)
+ (k2n(r, 9) —32) H = 0,

The transverse components of the electromagnetic field (E,, Eg, H,, Hg) are related to E, and

H; and can be also calculated:

L J JE; U IH;
E = ey \Por T 30 )
7 U /BOE.  oH.
Eo = ~Genpr—pry s o0 ~ Oy, ) 219
0o j 5 OH, weon(r)* IE, '
o (kzn(r)?—ﬁz) or r 00 )’
Hy = — J ﬁ aHZ + (1)8011(}’)2 E,

(Kn(r)2—B2) \ r 06 or )’

where the refractive index distribution does not depend on the azimuthal angle 6.

Two out of six electromagnetic components are independent which, usually, are chosen to be
E, and H,. Assuming hybrid modes (E, # 0, H, # 0) and applying the boundary condition that
E, and H; are continuous at r = a, being a the core radius of the waveguide, the solutions to the
set of wave equations 2.18 are given by the product of the m-th order Bessel function and the

cos(m0 + y) or sin(m6 + y), where m is an integer and y denotes the phase [136]:

Adp (Er)cos(mO—l—l//), if0<r<a
E, = a (2.20)
) A Jn(10) K (Kr> cos(mé+vy), ifr>a ‘
Kn(w) " \a ’
Cl, (ﬁr) sin(m@ +y), if0<r<a
\CKZ(W)K’" <5r> sin(mb+vy), ifr>a

where u and w are the normalized wave numbers in the core and cladding, respectively, and are

equal to u = ay/k*n? — B? and w = a4/ B2 — k?n}. The expressions of the tranverse components

of the electromagnetic field can be obtained by substituting equations 2.20 and 2.21 into 2.19 and
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by applying boundary conditions for the continuity of Eg and Hy at r = a, more relations for
the unknown coefficients A and C can be built, leading to the dispersion relation that defines the
solution of the hybrid modes in step-index waveguides:

{J/m K, (w) ] [W) . <o> K, (w)

ulm(u)  wKy(w) | | udm(u) ny ) wky(w)

(L Y[ ()L
T\ e n) w?|’

which determines the discrete values of the propagation constant 8 of a mode for specific param-

(2.22)

eters k, n; and ng. A mode is described by the indices m and / of a discrete propagation constant
B, where m and [ represent its azimuthal and radial distributions, respectively. The effective
index of the waveguide is given by 3 /k and the mode is guided when ng < n.¢s < ni, while there

will be a radiation mode when n.¢r < ny.

For the case of weakly guiding waveguides, the longitudinal electromagnetic components E,
and H, are near zero (TEM mode), being z the propagation direction, and their notation is repre-
sented by LP,,; (linearly polarized) where the two linear polarizations of a mode are orthogonal in
the x and y directions and are degenerate, having the same propagation constant and spatial dis-
tribution. The waveguides fabricated in this thesis are weakly guiding structures with a refractive
index difference A = n; —ng of less than 1% and the approximation n; = ng can be made. In this
case, the eigenvalue equation 2.22 can be simplified and after applying recurrence relations for the

Bessel functions it can be written as [136]:

: szil <vV2—u2>
=+\V—u

I (u) K, (m) (2.23)

where V = ka, /n% —ng is the cut-off. Equation 2.23 can be solved for an azimuthal index m,
where the components of the equation on the left side intersect with the components on the right,
leading to values of u,, and for which the propagation constants f3,,; can be calculated. There is a
cut-off condition for each mode. For a higher order mode, a larger value of the cut-off is needed.
For waveguides with a V < 2.405, only the fundamental mode LPy; is supported and in this case

the waveguide is a single mode waveguide.
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2.2.2 Coupled mode theory

The optical guided mode in a waveguide is confined within the core of the waveguide and it extends
to part of the cladding. If two parallel waveguides are close enough to each other, the part of the
propagating optical modes extending out of the core of each waveguide can overlap spatially if the
two waveguides are close enough to each other, leading to a periodic light transfer between the
two waveguides. The propagation characteristics of the coupled modes can be derived from the
solution to Maxwell’s equations in the two waveguides, which are different from the characteristic
waveguide modes in isolation. However, this analysis becomes too complicated and usually an
approximation is provided under the assumption of a weak coupling between the two waveguides,

using perturbation theory for the derivation of the coupled mode equations [136].

Assuming a weak coupling, the electric field can be written as a sum of the eigen modes
in each isolated waveguide composed of amplitude coefficients that vary along the propagation
direction of the waveguides, accounting for the energy exchange between them. For the case of

two waveguides, the electromagnetic fields can be written as:

E = A(@Ei(x,y)exp(j(ot —Biz)) + B(z)E2(x,y)exp(j(ot — B2z)),
H = A(9H (x,y)exp(j(ot —Piz)) + B(z)Ha(x,y)exp(j(@t — Prz)),

(2.24)

where fB; and [, are the propagation constants of the two waveguides.

By substituting the electric field of Eq. 2.24 into the wave equation V?E 4 n?(®)k’E = 0
and under the assumption of a slowly varying amplitude (d?A/dz> = 0, d’B/dz> = 0) due to
weak coupling, the coupled mode equations for two codirectional (f;, B, > 0) nearby waveguides
are [136]:

dA , ,
5 = —JxeBexp[—j(B—Pi)z],
dé (2.25)
2 = “Jendexpltj(B—Bi)dl,
where k), and k»; are the mode coupling coefficients of the waveguides and have a reciprocity

relation of Kjp = ko1 = K.
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The general solutions to the coupled mode equations 2.25 are given in the form:

A(zR) = [a1e/%+are 1% exp(—jdz) ,
@ = [me sz ewp (i) 026
B(z) = [blefqz + bze_fqz] exp(joz),
: , _ BB
where ¢ is an unknown parameter, 8 is equal to § = > and ay, ay, b; and b, are constants

that must satisfy the intial conditions:

ar+ap :A(O),
b1+ by :B(O).

(2.27)

By substitution of the set of solutions 2.26 into the coupled mode equations 2.25 and applying

the conditions in 2.27, the expressions obtained are:

A(z) = cos (qz) + jjsin (QZ)} A(0) — jgsin (92) B(O)} exp(—jéz),
(2.28)
B = immm&+hw@jfmmﬁwkwwm

where ¢ is equal to ¢ = vV k2 + 62.

Assuming that light is only launched into waveguide 1 at z =0 (B(0) = 0, A(0) = Ap), the
output optical power after evanescent coupling in waveguide 1, known as the through output power
Py, and the output optical power after evanescent coupling in waveguide 2 , known as the cross

output power P», are equal to:

A 2
Pi(z) = | (Z)Z! = 1—Fsin*(qz),
‘ 1‘;}% : (2.29)
P = = Fsin?
Z(Z) ‘A()’z sin (qz)a
? 1
where F' is the maximum power-coupling efficiency and is equal to F = <> =——.
14 (8/x)

The power coupling ratio (CR) evanescently transferred to the cross waveguide is calculated
as the optical power at the cross waveguide port divided by the sum of the total optical power at
the through and cross output waveguide ports:

P

CR =
P+P

= Fsin® (qz7) =

(2.30)
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Thus, the power coupling ratio (CR) is a sine square function which traduces into an optical
power oscillation between the two waveguides which reaches its maximum when

T

Zzzq

2n+1) (n=0,1,2,...). 2.31)

For the ideal case in which both waveguides have equal propagation constants (3, = 1), the
parameter 6 becomes zero and the power-coupling efficiency F is equal to the unit, leading to
the maximum amplitude possible of the sinusoidal function that describes the power coupling
ratio (CR = 1) between the two waveguides, meaning a complete optical energy transfer from the

through waveguide (waveguide 1) to the cross waveguide (waveguide 2).

The waveguide length necessary for a full optical power oscillation is given by z = Iz, where
I is known as the beat length of a directional coupler and is equal to Iz = 7/q, which is equal to

7/ k when both waveguides have equivalent propagation constants.

2.3 Summary

This chapter has provided relevant information about the physical mechanisms taking place at the
focal volume of transparent materials when sub-picosecond laser pulses are focused within the
micrometer volume, being responsible for different types of material modifications which can be
useful in various applications due to the formation of optical waveguides, nanogratings and voids.
Also, a list of possible light propagation effects when focusing laser beams carrying intensities
above the optical breakdown threshold of the material has been given and different solutions in
order to avoid certain unwanted effects during laser formation of waveguides has been given. The
wave-guided theory of light propagation in dielectric waveguides presenting cylindrical shapes
with circular cross sections and step-index profiles has been detailed as well, since the waveguides

processed under ultrafast laser inscription present similar morphologies.
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Chapter 3

Experimental details

This chapter presents a complete description of the general methods employed to fabricate and
characterize the optical waveguides included in this thesis. First, the laser machining system em-
ployed for waveguide fabrications is explained in detail, followed by a brief description of the
mechanical, thermal and optical properties of the materials used as substrates for ultrafast in-
scription of waveguides. After presenting the relevant material properties, a detailed explanation
of the general methods employed during the characterization of the laser-written waveguides is
given. Finally, the chapter includes the theoretical and experimental information of an autocorre-
lator, which has been used to estimate the pulsewidth of the ultrashort laser pulses generated from

a Ti:Sapphire oscillator (Ti-Light).

3.1 Micromachining workstation

The femtosecond laser machining system used for all the waveguide fabrications is located at the
Istituto Italiano di Tecnologia - Center for Nano Science and Technology, Milano. The working
station counts with a fully equipped integrated system necessary for ultrafast laser writing within

the bulk of transparent materials. The femtosecond laser source is a Yb:KGW Pharos oscillator
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(Light Conversion) whose optical output is regeneratively amplified. The repetition rate can be
tuned with a pulse picker from single pulse operation up to 1 MHz. The fundamental wavelength
of the laser is centered at 1030 nm with a pulse duration of approximately 300 fs and a maximum
output pulse energy of 20 uJ. The generation of second, third and fourth harmonics is available
from a customized harmonic generator (Light Conversion). A schematic representation of the laser

machining system is depicted in Fig. 3.1.

The power control of the different laser beams available in the system is provided by a series
of motorized attenuators (Motorized Watt, Altechna) composed of a half wave plate and a thin film
polarizer. Each half wave plate is mounted on a motorized rotating stage, allowing the selection of
the power ratio between p-polarized and s-polarized beams for the selection of the optical power
required for laser writing. With the selected optical power, the motorized rotation of one more half

wave plate allows the selection of the desired laser beam polarization (see Fig. 3.1).

The optical paths of the different laser beams converge at mirror M6 in Fig. 3.1, where the
beams are steered to a dichroic mirror that presents a high reflectivity for the optical wavelengths
used to laser write and sends the laser beams to a rotating wheel containing different microscope
objectives, providing a range of numerical apertures (NA) for focusing the laser beam onto differ-
ent substrates for several applications. The sample stage (3-axis Fiberglide 3D series, Aerotech)
offers displacement along three axis with a resolution of ~1 nm reaching scan speeds up to 300

mm/s.

The transverse alignment of the incident laser beams (fundamental and respective harmonics)
on the substrate is provided independently by the translation of a two mirror system. In Fig. 3.1,
the translatation of mirrors flip M1 and M1 allow the alignment of the fundamental beam along the
transverse axes, x and y, previous to waveguide fabrication. The system of two mirrors composed
by M2 and flip M3 provides transverse alignment of the second harmonic optical beam. Mirrors
M3 and flip M5 allow the movement of the third harmonic beam along the transverse axes and,
lastly, the transverse alignment of the fourth harmonic beam is facilitated by the two mirror system

composed by M5 and M6.

The longitudinal alignment of the laser beam is provided by the various focusing objectives,
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offering different focal lengths, and the longitudinal displacement provided by the sample stage.
In order to ease the alignment of the laser focal spot onto the substrates, a charged-coupled device
(CCD) is placed at the back of the dichroic mirror, collecting the optical back reflection of the
focused laser beam at the top surface of the substrate (see Fig. 3.1). This vision system also

provides a tracing of the laser induced plasma and waveguide writing in real time.

The integration of all the components in the workstation is interfaced by a computer-controlled
software (SCA base) developed by the Workshop of Photonics which offers a simple coding
scheme for an optimum laser writing, providing control of all the shutters, power attenuation,
polarization, motorized stages and vision system. Additionally, the SCA based software provides
feedback, previously to the laser waveguide fabrication, by overlapping the image offered by the

vision system and simulating the motion of the substrate placed over the sample stage.

Vision Flip M1 Flip M2 Flip M4 M4

system \

I
Dichroic Flip M6 o1 .G MI THG
mirror (343 nm) FHG
1 257 nm
Flip M3 o lG M2 ¢ )
Focusing T @ M3
lens Flip M5 I

ubstrate 91 I@ , M5

Rotating /2= —p

ngh “Precisiop Attenuator

Motorizey stag, > aX'S Y (rotating A/2 + polarizer)

X

Fig. 3.1: Simplified scheme of the laser micromachining station used for waveguide
fabrications. The various optical frequencies generated (fundamental and second,
third and fourth harmonics) offer many possibilities for laser writing at different
wavelengths (1030 nm, 515 nm, 343 nm and 257 nm). Each optical wavelength
counts with an attenuation system given by a half wave plate and a polarizer. A

final polarization selection is provided by the rotation of a second half wave plate.
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3.2 Material properties

This section includes a description of the properties of the three materials used under laser pro-
cessing for waveguide fabrications. First, the material properties of Corning EAGLE2000 glass
are provided, followed by a detailed description of the synthesis process employed to form gal-
lium lanthanum sulfide (GLS) glass. The experimentally measured transmission spectrum of the
synthesized GLS glass is given and specific values of its optical nonlinear properties are provided.
Lastly, a description of diamond’s physical and optical properties is compared with typical fused
silica glass. All the material’s thermal properties provided correspond to values at ambient tem-

perature.

3.2.1 Corning EAGLE2000 borosilicate glass

Corning EAGLE2000 glass is an alkaline earth alumino-borosilicate glass that has been exten-
sively used in laser processing. This material was chosen for waveguide inscriptions due to its
excellent transmission through visible to near-infrared wavelengths with an ultraviolet absorption
edge at around 310 nm, corresponding to an optical gap of ~4 eV, and being a good alternative
to fused silica since it allows low-loss waveguides within the high repetition rate laser processing
regime comparable to those ones achieved in fused silica [138]. This glass presents a density of
2.37 glem?, a thermal conductivity of 0.89 W/m-K, a Young’s modulus of 70.9 GPa and a refrac-
tive index of 1.5 at visible and near-infrared wavelengths. The substrates chosen for waveguide

fabrications had dimensions of (50 x 50 x 1) mm°.

3.2.2 Gallium lanthanum sulfide glass

Gallium lanthanum sulfide (GLS) glass was chosen as a chalcogenide material to be laser pro-
cessed since it presents the highest figure of merit among all the chalcogenide glasses and its

glass components are non-toxic, unlike other commercially-proven chalcogenide glasses based on
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As [3]. The batch of GLS substrates used to laser write waveguides was prepared and supplied by
the Optoelectronics Research Centre (ORC) at the University of Southampton. The glass synthe-
sis process consisted on melting a large bulk of a Ga-La-S mixture by adding a small percentage
(usually, 1 - 3% by weight) of oxides to the constituent mixture of Ga-La-S. This small percentage

of oxide in the form of Lay O3 decreases the chances of producing a crystallization [3].

The constituent elements (Ga;S3, La;S3 and La;O3) were batched and mixed all together in
order to form a homogeneous mixture in a controlled nitrogen atmosphere with % molar of 65%,
32% and 3% for each of the compounds, respectively. The vitreous carbon crucibles used for
melting were washed with deionized water and put into an ultrasonic deionized water bath during
1 hour. Immediately after the bath, the vitreous carbon crucibles were placed into a vacuum oven at
80°C for almost half a day. The melting was performed in an in-house built tube furnace adjacent
to a water-cooled jacket, supplying a control for quenching rates in order to obtain a uniform
glassy melt. The furnace temperature was increased to 1150°C with a ramp rate of 20°C/min and
kept for 24 h. After this, the melt was placed in the previously mentioned water jacket for a rapid
cooling from 1150°C to room temperature. Then, the glass was annealed at 530°C during 24 h for

mitigation of any inherent stress induced during the quenching process [3, 139].

The resultant GLS glass substrates were rectangular slabs with dimensions of (10 x 10 x
1) mm>3. The linear refractive index of the substrates is 2.4 at near-infrared wavelengths while
the nonlinear refractive index reported through a Z-scan is 2.16 x 10~ cm?/W [3, 140]. Due
to the high linear and nonlinear refractive indices of GLS, this material entails a challenge to be
laser processed since the critical power for self-focusing gets reduced by two orders of magnitude

compared to fused silica glass (Eq. 2.12).

Fig. 3.2(a) shows the typical yellowish color that GLS gains during the formation of its glass
phase, due to a visible absorption edge about 527 nm wavelength. The experimentally measured
absorption spectrum of the GLS samples is shown in Fig. 3.2(b), not corrected for reflection

losses.
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Fig. 3.2: (a) Synthesized gallium lanthanum sulfide glass. (b) Absorption spectrum

of the pristine GLS glass substrate.

3.2.3 Diamond

Diamond is a wide-bandgap semiconductor (5.47 eV) whose physical and optical properties, such
as high thermal conductivity, chemical stability, mechanical strength and charge mobility together
with its wide transparency window make of it an attractive platform for electronic and optics de-
vices. A summary of diamond’s physical properties is collected in table 3.1, where a comparison
with GLS’s and fused silica’s properties, being this the best studied dielectric under laser process-
ing, can be made. Its high linear refractive index of 2.4 presents a challenge for being processed
under laser writing, reducing the critical power for self-focusing in comparison with fused silica

glass (Eq. 2.12).

The diamond substrates used for laser writing of waveguides were single crystal type Ib di-
amonds synthesized under a process at high pressure and high temperature (HPHT). Type Ib di-

amond contains single substitutional nitrogen impurities in contrast to other types of diamond
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Table 3.1: Comparison between diamond’s, GLS’s and fused silica’s properties [2—

5]
Property Diamond GLS Fused silica
Density (g/cm?®) 3.5 4.24 2.2
Thermal conductivity (W/m-K) 2200 0.55 1.3
Tensile strength (GPa) <60 - 4.8 x 1072
Gap energy (eV) 5.47 34 9.1
Optical transmission window 225nm-THz | ~ 500 nm - 10 ym | 140 nm - 2.5 um
no (A = 1030 nm) 24 24 1.45
ny (cm?/W) 1.3x10°1 2.2x 10714 3.5%x 10716
P = 2731170):; W) 0.5 0.03 4
Critical pulse energy (for 300 fs pulses) (uJ) 0.15 0.009 1.2

having nitrogen impurities in aggregated structures [141]. The technique of HPHT involves sub-
jecting a carbon-based material to a high pressure (> 500 GPa) and a high temperature (> 1500°C)
in order to induce a phase transition from graphite to diamond. The selected diamond substrates
are rich in nitrogen impurity concentration with values of ~100 parts per million. The substrates
were provided by MB Optics and consisted of rectangular slabs with dimensions of (3 x 3 x 1)

mm3 .

3.3 Waveguide characterization

In this section, the general characterization techniques used to check the performance of the laser
written waveguiding structures hosted in the three different materials used in this thesis are ex-

plained in detail.

Right after waveguide fabrications and before proceeding with the characterization of the
waveguides, the input and output sample facets were polished to ensure an optimum optical qual-
ity. This end surface treatment allows an improvement of the waveguide coupling loss of up to 2-3

dB, approximately. The polishing method was employed in all the waveguide substrates except in
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the case of diamond, due to its high hardness.

3.3.1 White-light optical microscopy

After waveguide inscriptions via the ultrafast laser writing technique and polishing the sample
end facets, the morphology of the guiding structures is checked under white-light optical mi-
croscopy (Eclipse ME600, Nikon) in transmission mode, in order to properly observe the wave-
guides formed within the bulk of the substrate, using a variety of magnification objectives between
10x and 40x. The examination of the waveguides under microscope allows a primary waveguide
characterization from the overhead and transverse views of a waveguide, allowing to estimate the
size of the laser-induced modification and obtaining a qualitatively notion of the refractive index

change.

For overhead waveguide examination, the samples are placed in such a way that the sample
surface closer to the inscribed waveguide is facing the microscope objective used for a magnified
waveguide observation. For an examination of the waveguide morphology from a transverse view,

the input and output facets of the waveguide can be checked by rotating the substrate by 90°.

Usually, a uniform overhead shape with a better defined central area indicates a positive refrac-
tive index contrast with respect to the bulk material, being ideal for the case of type I waveguiding
structures. Examples from an overhead type I waveguide are given in Fig. 4.3(a) (chapter 4, sec-
tion 4.1) and 5.6(a) (chapter 5, section 5.1) from borosilicate and GLS glasses, respectively. For
the case of type II waveguides [109], two uniform, parallel and equidistant laser-damaged lines
in contrast with the bulk suggest a material phase transformation and a reduction of the refractive
index, inferring an optimum type II waveguide formation. This type II of laser writing modality is

shown in Fig. 6.5 (chapter 6, section 6.4) from a laser-formed waveguide in diamond.

On the other hand, cross sectional shapes presenting a brighter central core for the case of ul-
trafast laser writing of usual type I waveguiding in glasses reveal good optical mode confinement,

like for the case of waveguides in borosilicate glass illustrated in Fig. 4.3(b) (chapter 4, section
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4.1). For the alternative case of ultrafast laser inscription with use of a multiscan modality, promis-
ing waveguides present rectangular cross sections which reveal an optimum mode confinement.
For instance, laser-induced waveguides in GLS glass fabricated through a multiscan approach
present this characteristic rectangular shape of the waveguide trasverse section (see Fig. 5.6(b),

chapter 5, section 5.1).

3.3.2 Fiber butt-coupled waveguide characterization

The fiber butt coupling method consists of characterizing a waveguide resorting to the use of an
optical fiber to launch light into the waveguide. For the case of waveguides presenting a reason-
able morphology under microscope, a fiber butt coupled method was employed for subsequent

characterization of the confined optical guided mode and waveguide losses.

Near-field waveguide mode

In order to test the guiding properties of the laser-written waveguides, a laser diode operating at a
visible wavelength is coupled to a single mode optical fiber placed on a 3-axis manual positioner
with a sub-micrometer resolution (Nanomax MAX313D, Thorlabs). In this case, the visible laser
source used to fiber butt couple light into the waveguides operates at 635 nm (LP635-SF8, Thor-
labs). The 3-axis manual positioner is used to control the position of the end of the optical fiber
needed to butt-couple the light into the waveguide. The substrates are placed on a 4-axis manual
positioner (MicroBlock MBT401D, Thorlabs), allowing displacement along the three directions
in space plus a tilt rotation for an optimum angle of incidence. The 4-axis positioner enables a
long travel displacement of 13 mm along the transverse direction of the laser-written waveguides,

in order to characterize substrates containing a large number of guiding structures.

Additionally, the use of a imaging system providing an overhead view of the fiber-waveguide
interface for an easier fiber-butt coupling is convenient. In this case, the vision system utilized to

ease the launching of light into the waveguides is formed by a magnification microscope objective

39



(Achrovid 5x, INFINITY) and a complementary metal-oxide-semiconductor (CMOS) camera
(DCC1645C, Thorlabs), both of them joint by an adapter tube used to place the camera sensor at

the optical image plane of the magnification system.

In this layout, light travelling along the fiber is butt-coupled into a waveguide by approaching
the end of the fiber towards the input port of the waveguide under study and checking the light
diffraction pattern formed over a white screen at the far field. Once the diffraction pattern showing
a bright central circular spot accompanied by concentric interference rings is found, this is indica-
tive of having coupled part of the light coming from the optical fiber into the desired waveguide.

This layout can be seen in Fig. 3.3.
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Fig. 3.3: Fiber butt coupling into a waveguide by looking at the far field over a white

screen.

With part of the waveguide coupling achieved, a beam profiler (SP620U, Spiricon) attached

to a lens tube with an antireflection coated aspheric lens providing a magnification of 60x (5721-
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H-B, Newport) is used to image the near-field guided mode profile of the waveguide (see Fig.
3.4). The magnified image of the optical waveguide mode provided by the beam profiler enables
an optimization of the fiber-waveguide coupling by carefully moving the manual positioners of
the fiber stage within a micrometer resolution. With an optimum fiber-butt coupling achieved, the
635-nm laser diode attached to the input fiber connector is replaced by a laser diode offering the
desired operating wavelength for testing the waveguides. The experimental setup used for testing

the waveguide mode profiles is shown in Fig. 3.4.

Since laser-inscribed waveguides in Corning EAGLE2000 and GLS glasses were designed to
operate in single mode at 800 nm wavelength, a fiber laser diode working at 800 nm (LP808-
SF30, Thorlabs) attached to a suitable single mode optical fiber operating at this specific wave-
length (780HP, Thorlabs) has been used for characterizing waveguides in the bulk of CorningEA-
GLE2000 and GLS glass. In the case of diamond substrates, the waveguides are designed to
optically guide in single mode at visible wavelengths and a suitable laser source (TLS001-635,
Thorlabs) offering a centered wavelength of 635 nm with attachment to single mode optical fiber

(SM600, Thorlabs) has been used for waveguide characterizations in diamond.

A fiber-butt coupling into a waveguide with the adequate wavelength enables a quantitative
characterization of the near-field mode profile of the waveguide at its output. Waveguides op-
erating at single mode, higher order modes and also presenting various guiding locations due to
an inhomogeneous refractive index distribution can be obtained. For the case of waveguides pre-
senting single mode operation, it is convenient to measure the mode field diameter (MFD) of the
waveguide mode. The MFD is the diameter at which the maximum optical irradiance (optical
power per unit area) is reduced by 1/e? times. The BeamMic software supplied with the beam
profiler (SP620U, Spiricon) offers the possibility of performing a complete mode analysis, where
the MFD of a waveguide can be measured through the D4-sigma method in which the beam widths
in the horizontal and vertical directions are independently calculated by multiplying the standard

deviations along the horizontal and vertical marginal distributions by 4.

Ideally, waveguides presenting circular mode profiles with near-Gaussian intensity distribu-
tions (Eq. 2.3) and symmetric MFD are searched. Fig. 4.3(c) (in chapter 4, section 4.1) shows an

optical guided mode from a waveguide inscribed in borosilicate glass with a near-circular MFD.
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Fig. 3.4: Near-field waveguide mode characterization setup.

Waveguide insertion loss

The overall loss of optical signal power that results from introducing the laser-written waveguide
into a fixed transmission line is given by the insertion loss of the waveguide. The insertion loss
accounts for the coupling loss at both input and output ports of a waveguide and for the propagation

loss along a waveguide.

The measurement of the waveguide insertion loss through a fiber butt coupled method is ob-
tained by launching light into the waveguide from a single mode optical fiber at both input and
output ports of the waveguide and measuring the transmitted power along the fiber-waveguide-
fiber system, P,. The transmitted power P, is then normalized to a reference power, P.r , that
corresponds to the power transmitted along a direct butt coupling of the input to the output single

mode optical fibers.
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The insertion loss of the waveguide is then calculated as the subtraction of the reference power,
which is the transmitted power along the fiber-fiber system, P, to the transmitted power along

the fiber-waveguide-fiber system, P, when measured in dBm:

IL(dB) = Pt(dBrn) - Pref(dBm) . 3.1

For measurement of the transmitted and reference powers, F; and Py, a fiber-coupled sili-
con photodetector (818-SL, Newport Corporation) is used for an optimum power measurement,
offering minimum detectable powers of few microwatts. A power meter (843-R-USB, Newport
Corporation) interfaced with the silicon photodetector enables the record of the optical transmit-
ted powers. A drop of index matching oil with a refractive index of 1.46 is employed at all the
fiber-air-fiber and fiber-air-waveguide interfaces in order to minimize the Fresnel reflection losses
and to obtain an accurate power measurement. Fig. 3.5 illustrates the experimental setup used for

characterization of the waveguide insertion loss.

Fiber-coupled

Fiber-coupled lasers photodetector

- Sample stage ; >
. Input fiberstage =~~~ Output fiber stage

Fig. 3.5: Fiber butt coupling for waveguide insertion loss characterization.
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Waveguide coupling loss

In a fiber butt coupled method, the coupling loss is the optical power loss experienced when light is
coupled from an optical fiber to the laser-written waveguide, and vice versa. This loss is attributed
to a mismatch between the fiber and the waveguide mode profiles. If index matching oil is applied
at the interface between the fiber and the laser-written waveguides, losses due to Fresnel reflections
are negligible and then the coupling efficiency between the fiber and the waveguide optical modes

can be mathematically defined by the overlap integral of these two modes as [142]:

| fiooolpl (xuy)lPZ(xJ))dXdyP

== = ) (3.2)
1 T () Py [ ¥ (x,y) Pdxdy
242
where W) = Aexp | —— is the Gaussian electric field distribution along the single mode
a
2 g2
fiber with a MFD of 2a and W, = Bexp | — 7 + 7 is the electric field distribution of the
X y

waveguide mode which is assumed to be elliptical and has a MFD of 2d, x 2d, along x and y

axes, respectively.

Taking into account that the coupling loss created from a single facet is mathematically defined
as CL(dB) = 10log1o (1) and substituting the electric field distribution of the fiber and waveguide
optical modes, ¥ and ¥, into Eq. 3.2, the coupling loss coming from a single waveguide facet

is equal to:
4a*d.d,
(d?+a?)+ (d}2 +a?)’

which only depends on the mode size values a, d, and d,, of the fiber and waveguide, respectively.

CL(dB) = 10logy

(3.3)

Since the MFD of the optical fiber and the waveguides is measured experimentally with the
BeamMic software provided by the beam profiler (SP620U, Spiricon), the calculation of the cou-

pling loss, CL, can be directly made.

44



Waveguide propagation loss

The waveguide propagation loss is the loss attributed mainly to scattering and absorption along the
length of a waveguide. Since the insertion loss, /L, and the coupling loss, CL, are experimentally
measured, a theoretical estimate of the propagation loss of the waveguides can be made by resort-

ing to the equation:
IL—-2CL

o(dB/cm) = T

34

being L the waveguide length in centimeters.

3.4 Time-resolved characterization of ultrashort optical

pulses

The characterization of ultrashort optical pulses generated from a Ti:Sapphire femtosecond oscil-
lator (Ti-Light, Quantronix) was carried out through an autocorrelation measurement in order to
obtain an approximation of the pulse duration. This solid state laser was later used to interrogate an
optical waveguide network designed for the solution of the travelling salesman problem (chapter
4, section 4.4). The laser provided a fundamental wavelength centered at 800 nm, a pulse energy

of 1 nJ and a repetition rate of 80 MHz.

The autocorrelation is the most basic method for measuring the duration ultrashort optical
pulses, however it does not give information about the phase or about a possible chirp of the pulses.
Fig. 3.6 shows the autocorrelator mounted in the lab for the characterization of the optical pulses.
In this technique, the pulse to be measured is splitted into two optical beams of equal optical
power by using a (50:50, R:T) beam splitter and they are sent to a two-arms optical interferometer,
where one of the arms has a retroreflector mounted over a translational motorized stage allowing
to introduce a temporal delay (change in optical path length) with respect to the beam traversing
the fixed arm in the interferometer. In this case, a hollow retroreflector is used in order to prevent

chromatic aberrations, optical path deviations or pulse broadening effects present in prism-type
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retroreflectors. Once both the identical pulses have traversed the two arms of the interferometer,
they are focused by a plano-convex lens and recombined within a nonlinear medium. In this case,
a beta barium borate (BBO) crystal was used as a nonlinear medium to recombine the two optical
beams where an angle-tunning method was employed to accomplish the phase-matching condi-
tions required for generation of second harmonic. The BBO crystal was designed to convert light
at 800 nm into 400 nm, the crystal thickness was 2 mm and was cut at an angle of 30°. Second har-
monic generation (SHG) is a nonlinear effect that only manifests in non-centrosymmetric media,
where the second order nonlinear susceptibility, ¥ (2), is non-zero (Eq. 2.9). After the BBO crystal,
an iris and a SCHOTT BG39 color glass filter were used to remove the two fundamental beams
propagated after the BBO crystal. The detection of the filtered second harmonic autocorrelation
signal was then carried out using a silicon photodetector. The use of a lock-in amplifier provided
a signal detection with an improved signal to noise ratio (SNR) and simultaneous control of the
signal detection and the retroreflector position was provided by developing an integration code in

LabVIEW software.

It is important to point out the need of satisfying the phase-matching condition which is crucial
for achieving SHG within the nonlinear crystal and, thus, producing the desired autocorrelation

signal. The phase matching condition for a N-wave mixing process states that [135]:

Oy =0+ + O3 +...+ 0y, (3.5

—» = = > —
ks=xkiZt kot kst...+ ky, 3.6)

where @; and 7S are the frequency and the k-vector of the new signal generated from the non-
linear mixing of N-incident waves into a nonlinear medium. For the case of SHG induced by the
mixing of two incident waves carrying the same frequency and polarizations, the phase-matching
conditions become @, = 2m; and ? s = 71 + 72, where ®; is the frequency of the two incident
beams. If the two incident beams into the nonlinear medium are noncollinear, the transverse com-
ponents of the two incident k-vectors cancel out and the angle, 0, between the two incident beams
must be considered for the case of the longitudinal component (see top right corner in Fig. 3.6).

Thus, the phase-matching condition becomes:
ky =kicos(0/2)+kycos(6/2) , 3.7)

where the scalars k1 and &, in Eq. 3.7 are equal since they carry the same frequency and having that

ks =2kicos (6/2). Substituting the values of the k-vectors as ks = @sn(w;)/c and k| = oyn(w;)/c,
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Fig. 3.6: Intensity autocorrelation setup used to characterize the pulsewidth of ul-
trashort laser pulses generated from a Ti:Sapphire oscillator. The top right corner
shows the noncollinear beam modality for SHG in a BBO crystal with an angle of

0 between the two incident beams.

and considering the phase-matching condition @, = 2@, the final phase-matching condition is
simplified to:
n(2m;) = n(w;)cos(6/2) . (3.8)

Because the phase-matching condition for SHG in Eq. 3.8 requires the refractive indices of
a medium to be equal for two different frequencies, w; and 2®;, nonlinear processes cannot be
generated in usual linear media due to dispersion, where the refractive index changes with the

optical frequency. However, the phase-matching condition can be accomplished in birefringent
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media, where two orthogonal polarizations follow different refractive index curves. The wave
carrying the highest frequency, @, = 2@, is polarized in the direction that gives the lower of
the two possible refractive indices. For the particular case of a BBO crystal, which is a negative
uniaxial crystal (n, < np), the SHG carrying a frequency @y, = 2w; has the polarization of the
extraordinary wave (see Fig. 3.7). The type of phase-matching achieved in this autocorrelation
signal was a type I phase-matching, since both incident beams had the same polarization, which

corresponds to the polarization of the ordinary wave.
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Fig. 3.7: (a) Typical dispersion curve of a linear medium where the refractive index
varies with wavelength. (b) Dispersion curve of a birefringent negative uniaxial
crystal (n, > n,) where two orthogonal polarizations experience different refractive

index curves.

Mathematically, the generated second harmonic signal within the nonlinear crystal will have

an intensity proportional to [143]:

RO, 1) o< ()] (1 — 1), (3.9)

where [(t) is the intensity of the optical pulse coming from the fixed arm of the interferometer,

I(r — 7) is the intensity of the delayed pulse in the interferometer and 7 is the delay introduced.

Since detectors are not fast enough to resolve the overlapping interference fringes in [fig G(t,1),

the obtained intensity autocorrelation signal is the time integral:
AP (1) = / 1()I(t—7)dr, (3.10)

which contains a measure of the pulse length and has its maximum at T = 0, when both optical

pulses match perfectly in time within the nonlinear crystal.

Since the retroreflector positions along the arm of the interferometer during the autocorrelation
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measurements are known, its equivalence in time is given by Ar = 2-AL/c, where AL is the
displacement travelled by the retroreflector and ¢ is the speed of light in vacuum. The second

harmonic autocorrelation signal obtained in the lab is illustrated in Fig. 3.8.
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Fig. 3.8: Intensity autocorrelation of ultrashort pulses generated from a Ti:Sapphire
ocillator fitted into a Gaussian temporal profile. The FWHM of the autocorrelation

trace is 270 + 3 fs.

The duration of the autocorrelation signal at its full width at half maximum (FWHM), which
corresponds to the width measured at one half of the maximum signal amplitude, is 270 &£ 3 fs.
Depending on the temporal profile of the optical pulse, a specific type of deconvolution factor
must be applied in order to obtain an approximated value of the original pulse duration. Table 3.2
provides various deconvolution factors depending on the type of temporal profile of the pulses. In
this case, a Gaussian temporal profile was assumed and a deconvolution factor of v/2 was applied,

resulting in an autocorrelation of laser pulses with a pulsewidth of 190 + 2 fs.
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Table 3.2: Different deconvolution factors for the estimation of the pulse duration

coming from an autocorrelation signal.

Temporal pulse profile | Deconvolution factor
Gaussian \/§
sech? 1.543
Lorentzian 2.0

3.5 Summary

The practical considerations necessary for the fabrication of waveguides through the ultrafast
laser writing technique have been covered, starting from the laser machining station employed for
waveguide fabrications, followed by the properties of the materials selected to be laser processed
and proceeding with the general characterization methods employed to check the performance
of the waveguides. Additionally, the last part of the chapter has included a detailed description
of the autocorrelator used to estimate the duration of femtosecond optical pulses coming from a
Ti:Sapphire laser oscillator. With all this, the chapter provides all the practical tools needed for

laser processing and characterization of optical waveguides in transparent materials.
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Chapter 4

Direct laser inscription of optical

waveguides in borosilicate glass

This chapter covers the fabrication and characterization of ultrafast laser inscribed wave guides,
double S-bends and directional couplers in Corning EAGLE2000 glass. An optimum processing
window ensuring single mode guiding at 800 nm wavelength has been determined. The convenient
wavelength selected opens the possibility of building optical circuits compatible with Ti:Sapphire
lasers and spontaneous parametric down-conversion (SPDC) sources for their use in the quantum
regime. Also, waveguide simulations have been performed with Rsoft BeamPROP software for a
comparison with the experimental waveguide results. A study of the pulse broadening effect of
femtosecond pulses travelling along a 5-cm straight waveguide has been investigated. The effect
of pulse broadening was found to be relatively low, thus laser-written waveguides are suitable for
ultrafast photonics. Also, the reproducibility offered by the femtosecond laser inscription tech-
nique has been tested through the study of the power splitting ratio for a wide range of directional
couplers and an optimum processing window for the fabrication of 3-dB directional couplers has
been selected for future fabrications. The last part of the chapter focuses on the applicability of
direct laser-written optical networks as a feasible approach for efficiently solving complex com-
putational problems. The approach presented here has been inspired by the work done by Wu et

al. [144], where an optical oracle built with optical fibers can solve the famous salesman problem
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for a 5-nodes graph. Here, the use of a laser-written optical oracle demonstrates down-scaling of
the optical network from meters to the centimeter length scale in device size, therefore allowing to
move from the nanosecond to the femtosecond time domain and leading to faster execution times
than the work developed in optical fiber. By interrogating the optical oracle with ultrashort laser
pulses, it has been possible to distinguish all the different paths traveled by light within a single
operation and thus inferring the existence or the absence of a Hamiltonian solution in the net-
work. This work has been published in [42], proving that factorial problems may be directly laser
inscribed in integrated photonic networks, optimizing computation times while obtaining smaller

network size.

4.1 Ultrafast laser inscription of waveguides in borosili-

cate glass

The fabrication of waveguides via the femtosecond laser writing technique in commercial Corning
EAGLE2000 borosilicate based glass substrates is described in this section. EAGLE2000 glass is
a well-known material used as a hosting substrate for laser processing of different structures by
many research groups [31, 130, 145]. Its linear refractive index of ~1.5, its wide optical trans-
parency window covering wavelengths from visible to far infrared values and its reported waveg-
uide thermal stability up to 800°C [138] make it a straightforward platform for bulk waveguide

inscription.

Waveguides were directly laser written in the glass substrates in order to obtain single mode
waveguides at 800 nm wavelength for optical circuits adaptable to light sources such as Ti:Sapphire
lasers for ultrafast light technologies and SPDC light sources for quantum information processing.
The laser used for waveguide fabrications corresponds to the micromachining workstation detailed
in chapter 3, section 3.1. The 3-axis motion stages included in the workstation were used to trans-
late the glass samples relative to the laser beam, in order to form the photonic structures. The
inscription parameters chosen from the machining system were the fundamental wavelength of

the system, 1030 nm, ensuring nonlinear multiphoton absorption for waveguide fabrications, 300
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fs pulse duration, a repetition rate of 1 MHz and a 0.42 NA focusing objective, resulting in a focal
volume within the bulk of ~2.2 um. High repetition rates (> 500 kHz) were used since it has
been demonstrated that they lead to a superior guiding due to heat accumulation effects that affect
the waveguide morphology [130]. Also, a focusing objective with a low NA has shown to notably

reduce the spherical aberration in waveguide fabrications [138].

In order to find optimal processing parameters ensuring fabrication of low-loss single mode
waveguides at 800 nm wavelength, a broad window of incident powers ranging from 100 mW to
500 mW, corresponding to pulse energies between 100 nJ to 500 nJ, was employed in steps of
50 mW. Translation speeds were chosen for a range of values between 10-70 mm/s in steps of 10
mm/s. The waveguides were inscribed within the bulk of (5 x 5 x 1) cm® EAGLE2000 glass

substrates at 150 um below the glass surface.

The morphology of the direct laser formed waveguides was characterized via white-light mi-
croscopy in transmission mode, as described in chapter 3, section 3.3. Waveguide transmission
measurements were carried out via the fiber butt coupled method. The near-field modes guided
along the waveguides were collected with a 60x aspheric lens (5721-H-B, Newport) to image the

mode onto a beam profiler (SP620U, Spiricon).

A first waveguide characterization from the broad processing window of pulse energies and
scan speeds employed is shown in Fig. 4.1. Applying pulse energies below 300 nJ did not reveal
any structural modification from a rough characterization under white-light microscopy. At 300 nJ
pulse energy, some modified traces revealing the formation of a waveguide were observed under
miscrocope at applied scan speeds below 20 mm/s. Higher translation speeds at a pulse energy
of 300 nJ did not create any visible modifications in the substrate. Fabrications at 350 nJ showed
waveguide traces in the bulk of the substrates but presented very weak modifications leading to
high insertion loss structures. A narrow processing window of pulse energies, 400-450 nJ, and a
broad processing window of scan speeds, 10-70 mm/s, led to small and confined modifications at
the focal volume which resulted in single mode waveguides at 800 nm wavelength. Fabrication
pulse energies above 450 nJ induced larger modifications at the focal volume resulting in structures

with multimode guiding.
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Fig. 4.1: Waveguide classification at 800 nm wavelength from a broad processing
window of pulse energies and scan speeds in EAGLE2000 glass substrates. MM
and SM indicate multimode and single mode waveguiding, respectively. The area

within the dashed lines corresponds to the optimum processing window.

For pulse energies and scan speeds leading to the formation of single mode waveguides, a
study of the effect that these parameters had on the insertion loss (IL), mode field diameter (MFD),
coupling loss (CL) and propagation loss (&) of the waveguides is depicted in Fig. 4.2. Keeping
the fabrication pulse energy constant, the effect of writing waveguides at faster speeds resulted
in waveguides with lower insertion losses (Fig. 4.2(a)). This general trend can be observed for
two set of waveguides written at 400 nJ and 450 nJ pulse energy. Simultaneously, increasing the
translation speed led to less confined modes, presenting larger mode field diameters (Fig. 4.2(a)).
This can be observed for optimum pulse energies (425 £ 25 nJ) where the MFD increases for
higher values of the scan speed. Moreover, Fig. 4.2(b) presents the results of the waveguide
coupling loss and propagation loss as a function of the scan speed and for the optimum pulse

window of 425 &+ 25 nJ.

The relation between the trends of the coupling loss and propagation loss with the general trend
of the mode field diameter and insertion loss can be observed from Fig. 4.2(a), respectively. The
coupling loss becomes larger for faster translation speeds regardless the pulse energy used. This
general increase follows the same behaviour as the MFD of the waveguides, since the coupling
loss is calculated as the power loss when light is coupled from the optical fiber used in the fiber

butt coupled method into the laser written waveguide. The coupling loss is then related to a
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mismatch between the fiber and the waveguide mode profiles, resulting in parameters following
similar trends. Most of the insertion loss contribution is from propagation loss, with the general
trends between IL and « being similar. An improvement in the IL. with writing speeds may be
associated to a change in surface roughness with writing speeds. Higher losses due to scattering
are obtained at lower speeds while at faster speeds the waveguides may become smoother. The
optimum waveguides with IL below 6 dB were achieved at a pulse energy of 450 nJ and for scan
speeds between 50 mm/s to 70 mm/s. A minimum insertion loss of 5.1 dB was achieved for 450
nJ pulse energy and 70 mm/s scan speed, with a reported propagation loss of 0.8 dB/cm and a
coupling loss of 0.6 dB per facet. These waveguide losses are similar to other results reported by

other groups at 800 nm wavelength [31, 145].

(a) —0—IL at 400 nJ (b)

30— —=—1Lat450n) T T —9—CLat 400 nl = 6

° @ | —o— MFD at 400 nJ °l 2.04e— |—=—CLat450n °r

251 —m— MFD at 450 nJ/o 10 e aat400ns Q/ B
20 R 92 T sl %ﬂm/ 4 R
—~ / &2 c% | @ o
% 15 /° 8 U q\_ 1.0 / 3 U:
T, N 5 2 Nt > 8
e ——0 - - L] —

5] o&i,é:\. 6 d 0.51 o/o/" i/§/,5/, |

0 Al v v Al Al v v -5 0.0 v T T Ll T T Ll ()

10 20 30 40 50 60 70 10 20 30 40 50 60 70
Scan speed (mm/s) Scan speed (mm/s)

Fig. 4.2: (a) Waveguide insertion loss (/L) and mode field diameter (MFD) as a
function of the scan speed for an optimum pulse energy window of 400 nJ and 450
nJ. (b) Waveguide coupling loss (CL) and propagation loss () as a function of the

scan speed for an optimum pulse energy processing window of 425 4+ 25 nJ.

Although waveguides written at 450 nJ and 70 mm/s presented the lowest insertion losses,
other processing parameters were considered for optical circuit implementations in borosilicate
glass platforms due to the inability of the machining system to inscribe the arcs of directional
couplers at high speeds. A processing pulse energy and translation speed selection of 450 nJ
and 50 mm/s allowed the fabrication of waveguides with S-bend geometries with insertion losses
of 5.2 dB. Fig. 4.3(a) shows an overhead optical microscope image of the straight laser written
waveguide processed at 450 nJ and 50 mm/s. The characteristic core-cladding structure for buried
laser-written waveguides in borosilicate glass written at high repetition rates (1 MHz) can be ob-

served [130]. Assuming a Gaussian temperature distribution at the focal volume, the inner core is
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formed due to a high heat accumulation at the laser focal spot leading to a higher refractive index
contrast. In comparison, the outer cladding volume has a smaller refractive index contrast due to
a lower temperature contribution by means of thermal diffusion just above the melting point of
the glass. The final size of the core is due to the contribution of the laser spot size at the focal
volume (~2.2 um) whereas the overall size of the cladding is determined by the spatial point
where the temperature overtakes the softening point [130]. Ion migration may also contribute to

the core-cladding structure in borosilicate glass [146].

Fig. 4.3(b) shows the cross section of the corresponding waveguide, with a typical ellipsoidal
shape owing to rapid cooling from the melted volume [138]. A non-uniform refractive index
profile has been reported in EAGLE2000 glass as a consequence of a resulting non-uniform glass
density due to different cooling rates from different melted glass points [130]. This can be clearly
observed from the cross sectional image of the waveguide. The small dark spot located at the
lower area of the cladding has been previously explained as the position where the focal plane
of the objective lens is located [138]. The higher darker contrast of the small spot reveals that
most of the energy pulse was deposited at this focal plane. The corresponding guided mode at
800 nm wavelength is shown in Fig. 4.3(c). A nearly circular single mode waveguide with a
MEFD of 6.5 um x 7.1 um was achieved, similar to other results presented by other groups in
commercial EAGLE2000 glass substrates [31, 145]. The waveguide losses reported through the
fiber butt coupled method correspond to a propagation loss of 0.9 dB/cm, a coupling loss of 0.4

dB per facet and an insertion loss of 5.2 dB.

4.2 Waveguide pulse broadening characterization

A rough characterization of the pulse broadening effect of femtosecond pulses travelling along
the laser-written waveguides in EAGLE2000 glass was investigated via an optical cross-correlator
similar to the autocorrelation explained in Fig. 3.6 (chapter 3, section 3.4). The main aim of this
measurement was to check the effect that the dispersion of the fabricated waveguides had over the

pulsewidth of femtosecond pulses.
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Fig. 4.3: (a) Overhead white-light microscopy of an ultrafast laser inscribed waveg-
uide in EAGLE2000 glass. The core and cladding zones are clearly differentiated.
(b) White-light mocroscopy of the cross-sectional view of a waveguide collected
from its end facet. (c) Waveguide guided single mode at 800 nm wavelength with a

MFD of 6.5 um x 7.1 um?. The scale bars correspond to 10 pm.

The optical cross-correlator was set to check the pulse broadening of the femtosecond pulses
coming from a Ti:Sapphire (Ti-Light) femtosecond oscillator after being coupled into a 5-cm long
waveguide. This correlation setup is similar to the autocorrelation shown in chapter 3 with the
only difference that a 5-cm length waveguide was placed between mirror M, and mirror M3 along
the fixed arm of the interferometer (Fig. 3.6). A 0.16 NA microscope objective was used to
focus the light into the waveguide while a 0.25 NA lens was used to collimate the light at the
output of the waveguide. After this, both light beams of the interferometer were directed to a
nonlinear BBO crystal where the phase-matching conditions were satisfied in order to generate
the second harmonic correlated signal. The detection of the correlated signal was realized using a
silicon photodiode in connection to a lock-in amplifier for an optimum signal to noise ratio (SNR).
During experimental data collection, a LabVIEW program allowed the simultaneous control of the

components composing the correlator.

The plot in Fig. 4.4 shows the correlation of a waveguide inscribed in the bulk of EAGLE2000
glass with a length of 5 cm. The overall integrated signal has been fitted into a Gaussian curve with
a FWHM equal to 285 + 3 fs. Recalling a FWHM of 270 4 3 fs from the autocorrelation signal
generated from the output pulses coming from the Ti-Light oscillator (chapter 3, section 3.4), a
broadening pulsewidth difference of 15 £ 6 fs between the cross-correlated and autocorrelated
signals was obtained. The measured pulse broadening is relatively low, thus the laser-inscribed

waveguides in EAGLE2000 glass are suitable for ultrafast optics.
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Fig. 4.4: Optical cross-correlation traces of a 5-cm laser-written waveguide in EA-

GLE2000 glass fitted to a Gaussian function.

4.3 Direct laser inscription of optical directional couplers

Prior to the inscription of directional couplers, optical waveguides with double S-bend geometries
were laser written over a range of radii of curvature in order to find the optimum balance between

waveguide bend losses and axial device size.

The writing conditions of the fabricated double S-bends correspond to the previously chosen
irradiation pulse energy of 450 nJ and a scan speed of 50 mm/s, which led to the fabrication of low-
loss single mode waveguides at 800 nm wavelength. Waveguides with double S-bend geometries
were fabricated with different radii of curvature between 30-60 mm in steps of 10 mm. Also,
theoretical simulations with Rsoft BeamPROP following the beam propagation method (BPM)
were performed for a comparison with the experimental bend loss. For waveguide simulations, a
core diameter of 2.5 um was chosen, matching with the core diameter from the microscope image
in Fig. 4.3(a). Also, a step linear refractive index profile was assumed during simulations and a
refractive index increase of An = 4.5 x 10~3 was chosen since it led to a waveguide with a MFD

of ~7 um, close to the experimental value.

A comparison between the experimental and the simulated waveguide bend loss as a function
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of the bend radius is displayed in Fig. 4.5. As expected, the bend loss decreases as the radius
of curvature becomes larger. A small discrepancy between theoretical and experimental bend
losses in Fig. 4.5 is attributed to the simplified assumption of a step index profile, as the actual
refractive index of the waveguide is more complex since it follows a non-uniform glass density
distribution, as shown in Fig. 4.3(b). Also, the change in the physical device size as the bend
radius keeps increasing is plotted in Fig. 4.5. For future device implementations, a reasonable

trade-off between bend loss and device size was chosen for a radius of curvature of 40 mm.
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Fig. 4.5: Effect of a variable bend radius over experimental and simulated wave-

guide bend loss and physical device size.

Optical directional couplers with S-bend geometries were laser inscribed in EAGLE2000
glass. A directional coupler consists of two waveguides linked to two S-bends leading to an
interaction region where both waveguides are close enough to enable evanescent light coupling
between them (Fig. 4.6). A range of core-to-core separation distances, s, and interaction lengths,
L, were studied. The bend radius chosen for directional coupler fabrications was R = 40 mm, en-
suring a good compromise between waveguide bend loss and device size (Fig. 4.5). Core-to-core

separation distances of 6, 7, 8 and 10 um were studied for directional couplers covering different

interaction lengths.

BPM simulations of optical directional couplers in EAGLE2000 glass were also performed
in order to see the change in power coupling ratio for different directional couplers with specific

core-to-core separation distances and interaction lengths. The power coupling ratio is calculated
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Fig. 4.6: Directional coupler with a S-bend geometry and its parameters: pitch
between access ports (p), bend radius (R), core-to-core separation distance (s) and
interaction length (L). The optical input power in one of the arms of the directional
coupler is indicated as Pypy and the bar and cross output powers are indicated as

Poar and Py, Tespectively.
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and it changes with the interaction length.

After a careful theoretical and experimental study of the coupling behaviour at different inter-
action lengths for directional couplers with core-to-core separation distances of s = 6, 7, 8 and 10
um, the beat length, which is the length necessary for a full power coupling ratio oscillation, was
plotted as a function of the core-to-core separation distance. The results are displayed in Fig. 4.7
where the beat length increases with the waveguide separation, since the coupling coefficient falls
off exponentially with increasing distance. The discrepancy between the experimental and the
simulated beat length is attributed once more to the simplified assumption of a step index profile

of the waveguide refractive index in the simulations.

In the search for optimum 3-dB couplers inscribed within a minimum space for future imple-
mentations in more complex optical networks, Fig. 4.8 shows the power coupling ratio in direc-

tional couplers with 6, 7 and 8 pm separation distance as a function of the interaction length. The

60



18 T T T T T

164 | —=— Experiment .
144 | —=— Simulation

[, (mm)

6 7 8 9 10
s (um)

Fig. 4.7: Experimental and simulated beat length as a function of the core-to-
core separation distance in laser-written optical directional couplers in EAGLE2000

glass.

experimental data points were fitted into a sine squared function according to coupled mode the-
ory (chapter 2, section 2.2.2). Shorter separation distances below s = 6 m could not be exploited
since directional couplers were more sensitive to fabrication fluctuations. In all cases, the power
coupling ratio varies sinusoidally between O and 1 as predicted by coupled mode theory [147].
To avoid any influence from fabrication fluctuations, as well as keeping a smaller device size, a
separation distance of 7 um was selected for future directional coupler building blocks. From the
fitted sine square function at s = 7 um, an interaction length of L = 700 um for a 50:50 power
splitting ratio was chosen as the most optimum 3-dB coupler achieved in borosilicate glass at 800

nm wavelength.

In order to use the directional couplers inscribed in borosilicate glass as the basic building
blocks of future optical networks, a study of the directional coupler reproducibility via direct laser
writing technique was performed. Three sets of directional couplers with a separation distance
s = 7 um were performed over a range of interaction lengths L = 0 - 2800 um in steps of 200
um. The three sets of directional couplers were fabricated on different days in order to check
the laser stability and its fabrication reliability. Fig. 4.9(a) shows the results obtained from the
three experiments conducted, where the three experimental sets of data points are fitted into a
sine square function. The adjacent plot in Fig. 4.9(b) shows the main value (black squared dots)

from the three sets of experimental data points in Fig. 4.9(a) and the error bars indicating the
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Fig. 4.8: Experimental data points of power coupling ratio as a function of the inter-
action length fitted to sine square functions for optical directional couplers inscribed

in EAGLE2000 glass with core-to-core separations of s = 6, 7, 8 um.

standard deviation of the three data sets. It can be observed that the standard deviation is greater
for CR within the range between 0.2 and 0.8 as well as for longer interaction lengths that can reach
standard errors of £ 0.2. For the case of 3-dB directional couplers with an interaction length equal

to 700 um the standard deviation is about & 0.1.

4.4 Optical non-deterministic polynomial problem solver

in a laser-written waveguide platform

This section provides an example of a direct laser-written waveguide network in EAGLE2000
glass acting as an “oracle” for the solution of the Hamiltonian path problem. An introduction

to non-polynomial complete problems followed by the proposal of using a laser-written optical
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Fig. 4.9: (a) Reproducibility of power coupling ratios of optical directional couplers
through three different experiments fitted into three sine square functions (indicated
in three different colors). (b) Error bar graph of directional coupler fabrications via
femtosecond laser writing. The black squares are the main values calculated from
the three sets of experimental data points relative to the three experiments. The
black bars indicate the standard deviation for each main calculated value. The red

line is the fitted sine square function of the main calculated values.

oracle is detailed in this section. The work presented here has been published in [42].

In complexity theory, a NP complete problem (non-deterministic polynomial time complete
problem) is a problem that requires exponential solving times since no polynomial-time algorithms
are known for being solved on a non-deterministic Turing machine [148]. The time complexity
of an algorithm defines the amount of time that the algorithm takes to be run and is a function
of the input problem size (proportional to the number of nodes). There exist more than 2000 NP
complete problems in our daily lives [149]. Some examples include the Clique problem, which
requires finding the largest subset of people who all know each other in a social network [150],
or the travelling salesman problem that looks for the shortest possible route that visits each city
on a map exactly once [151]. Typically, a combinatorial graph problem with N nodes requires an
execution time of 2V times the clock time when solved through brute-force computing. For this
particular time complexity function and a typical electronic computer clock speed of 3.6 GHz, a
graph containing 10 nodes would require ~300 nanoseconds to be solved, while it would take up

to 10 years to obtain the exact solution for the case of a graph with 60 nodes.
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In order to overcome the limitations that exponential time algorithms suffer, researchers seek
more efficient methods for solving time demanding problems in reduced execution times. Flexible
fabrication techniques offering down-scaling and integration of networks are beneficial for the
investigation of new computing schemes. In the past decades, some alternative approaches to
conventional combinatorics for a faster solution of NP complete problems have been proposed,
including the use of soap bubbles [152], three dimensional microfluidic networks [153], protein
folding [154,155], quantum [45,156—159] and DNA computing [160,161]. Optical computing has
also been explored in different modalities due to the indisputable advantages that photonic devices
might offer. Photonic approaches such as beam masking [151], free-space white light interference
[162], time delay networks [144, 163] and cognitive photonics [164—166] have been proposed.
Unfortunately, all these approaches demand exponentially increasing amount of physical resources

as the problem size increases, leading to extremely large physical devices.

Particularly, time delay networks are an interesting approach due to their scalability in inte-
grated photonic platforms. Within this modality, optical oracles that solve the Hamiltonian path
problem have been proposed [163] and demonstrated in optical fiber networks [144]. An oracle
is a “black box” that is able to generate a solution for any instance of a given decision making
problem in a single operation. The potential of an optical computing scheme for an oracle allows
speeding up execution times by parallel processing. However, one of the weaknesses of the time
delay networks is the exponential increase of the physical network size with the number of nodes.
For instance, in the case of an optical oracle for the study of the Hamiltonian path problem, the
assignment of suitable delays for each node in the graph requires to avoid crossover of the optical
signals within the network. For the general case of a graph with N nodes and arbitrary connections
among different nodes, the optical delays between the nodes of the Hamiltonian path must satisfy

the following relation:
N N
Z Z = C=C=...=Cy=1, 4.2)

where C; is a non-negative integer representing how many times node j has been visited, and N is

the total number of nodes in the graph.

A possible delay assignment for the approach of a time delay network could be: 7; = Az (2N —2/ _1)

with j = 1, 2, ..., N and Ar being the pulsewidth of the injected pulse. This formula was first
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proposed by Oltean in [163] and was shown to generate a minimal set of optical delays (where
the longest delay of the set is the smallest possible). This formula provides an efficient way to
construct the network without knowing a priori whether the Hamiltonian path exists and it has
already proved its validity in the solution of NP complete problems in the context of optical fiber

networks [144] and DNA computers [167].

With the new advances in nanofabrication [168] and silicon photonics [169], a new interest
in scalable photonic chips capable of solving hard computational problems has resurged in the
last few years. Previous related work has shown a proof-of-concept demonstration of an optical
fiber oracle, employed to find the existence of the Hamiltonian path within a graph by determining
the time delay of propagating optical pulses [144]. For a 5-node graph, nanosecond optical pulses
were used and the longest optical fiber length was 1.3 meters. Inspired by this work, an integration
of this network is realized via the femtosecond laser writing technique, down-scaling the optical
oracle network from meters to the centimeter scale and, correspondingly, from the nanosecond to

the femtosecond optical time domain.

Here we demonstrate a femtosecond laser-written optical oracle based on cascaded directional
couplers in borosilicate glass, for the solution of the Hamiltonian path problem. This work proves
that graph theory problems may be easily implemented in integrated photonic networks, down

scaling the net size and speeding up execution times.

4.4.1 Oracle chip design and fabrication

The design of the travelling salesman problem into the laser-written waveguide network was op-
timized in space in order to include as many nodes as possible into the network. Commercially
available EAGLE2000 glass substrates with dimensions of 100 x 100 x 1 mm? were used for
the inscription of the NP problem. From the results presented in this chapter about waveguide
fabrications in EAGLE2000 glass, the most optimum 3-dB directional couplers were found at a
bend radius of R = 40 mm, a separation distance of s = 7 um and an interaction length L = 700

um. Considering that the axial length of a single 3-dB coupler is 9.52 mm and avoiding crossover
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of optical signals in the femtosecond time scale, an optical waveguide network consisting of four
directional couplers was the most optimum design feasible to fit along one dimension (100 mm

length) of the glass substrate.

The topology of the laser-written optical network is depicted in Fig. 4.10. The photonic
chip models a Hamiltonian path problem via a unidirectional graph containing four cascaded 2
x 2 directional couplers, where each coupler plays the role of a node (town), also acting as a
beam splitter to direct the light to other nodes. The various nodes are connected to each other by
waveguides (roads) with different lengths, introducing specific delays. Each waveguide connecting
nodes is designated as d;;, where i indicates the starting node, j indicates the ending node and i,
j=1,2,3, 4 with i # j. Considering the central waveguides as input and output ports, there are
three possible paths that can be traveled by a single injected optical pulse: path A, path B and path
C. dinpue and doypue are the waveguides that connect the intput/output ports of the chip with the
first/last node of the network with a length of 0.3 mm each. The tour followed along path A is:
dinput — Node I — dj2 — Node 2 — dr3 — Node 3 — d34 — Node 4 — doyipue. The route defined
as path A corresponds to the Hamiltonian solution of the travelling salesman problem since it visits
all the nodes exactly once. The route traveled by path B is: djppy — Node I — dj3 — Node 3 —
dz4 Node 4 — doupue- And the tour folowed by path C is: diypue — Node 1 — di» — Node 2 —

d24 — Node 4 — doutput-
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Fig. 4.10: Design of the ultrafast laser inscribed optical oracle. The laser integrated
network mimics the topology of a network with four nodes, consisting of four 3-dB
directional couplers.

To ensure unambiguous pulses arriving from the three possible optical paths, a suitable delay
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selection for each node was performed corresponding to path lengths of 99.5 mm, 100.9 mm and
102.3 mm for path A, path B and path C, respectively. Table 4.1 shows the various segment lengths
that make up each of the three paths in the optical oracle. If a single optical pulse is injected into
the network from the central input port and assuming a waveguide refractive index of 1.5045,
previously deducted from waveguide simulations in the waveguide characterization part of this
chapter, the first optical pulse (pulse A) is expected to travel along path A and reach the network’s
output port after 165.8 ps, relative to propagation in free space. Under the same assumption, the
expected arrival times of pulses B and C are 172.8 ps and 179.6 ps, respectively. The relative
time delay between consecutive pulses is Atq_,g = 7.0 ps, Atg_,c = 6.8 ps, Ata—,c = 13.8 ps. To
avoid crossover of optical pulses when interrogating the oracle, ultrashort optical pulses with pulse
durations below ~7 ps were required since the minimum relative time delay for pulses travelling

along paths B and C is 6.8 ps.

Table 4.1: Designed waveguide (road) path lengths for the optical oracle chip.

dip (mm) | di3 (mm) | dp3 (mm) | dog (mm) | d34 (mm) | Total time (ps)
Path A 0.2 - 47.0 - 13.6 165.8
Path B - 58.1 - - 13.6 172.8
Path C 0.2 - - 72.9 - 179.6

Two different optical oracle chips were laser fabricated. One of the oracle chips was inten-
tionally fabricated with a gap of 20 um along the waveguide d,3, eliminating the Hamiltonian
solution since no connection between nodes 2 and 3 existed. After design and fabrication of the
optical oracle chips, the devices were characterized through the fiber butt coupled method (chapter
3, section 3.3.2). The waveguides presented a propagation loss of 0.9 dB/cm and a total insertion
loss of the entire optical oracle chip of 10.6 dB. The mode profiles of the guided modes of the three
waveguides at the end facet of the sample were characterized via the mode profile characterization

method detailed in chapter 3 (section 3.3.2) presenting MFD of 6.7 x 7.2 um?.
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4.4.2 Experimental setup

Since the relative time delay between consecutive optical pulses travelling through the oracle chip
are about 7 ps, the interrogation of the oracle chip required the use of ultrashort optical pulses
with pulsewidths shorter than this value. The use of ultrashort optical pulses demands the usage of
an ultrafast optical technique for the detection of the output pulses travelling through the oracle.
An optical cross-correlation [143] was used to study the pulse distribution in time domain coming
from the central output waveguide of the optical oracle chip by using a Ti:Sapphire femtosecond
laser oscillator (Ti-Light) operating at a central wavelength of 800 nm and generating 170 fs pulses

(FWHM) with 1 nJ pulse energy and 80 MHz repetition rate.

Fig. 4.11 depicts an scheme of the cross-correlator used to interrogate the oracle mimicking the
travelling salesman problem. The output laser beam from the femtosecond oscillator was split into
two separate beam paths by a beam splitter. 70% of the total output power was transmitted along
the beam splitter and coupled into the optical oracle chip through a 0.16-NA focusing microscope
objective. A 0.25-NA collimating objective lens was used to collect the output guided mode
from the central waveguide at the end facet of the oracle chip. Optical spectra collected before
and after the beam was coupled into the oracle chip confirmed that there was no noticeable self-
phase modulation of the ultrashort pulses along the waveguides, which had a peak intensity of 10

GW/cm? when coupled into the oracle.

The remaining 30% of the light beam was reflected at the beam splitter and directed to a
retroreflector placed over a motorized linear stage offering 2 yum resolution, with the ability to
introduce optical delay to the beam. After this, the two beams were noncollinearly focused by a
plano-convex lens with a f = 75 mm onto a 2 mm length BBO crystal cut at an angle of 30°. A
second harmonic correlated signal due to the optical cross-correlation of pulses exiting the oracle
chip could be generated after fulfillment of the phase-matching condition in the BBO crystal. A
SCHOTT BG39 color glass filter was used to block the fundamental beams at 800 nm wavelength
while an iris was used to remove the steady-state second harmonic signals. The resulting second
harmonic cross-correlated signal was collected by a silicon photodiode detector, connected to a

lock-in amplifier to discriminate the signal from the noise. The use of LabVIEW software allowed
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Fig. 4.11: Cross-correlation setup used to optically interrogate the optical oracle

chip.

an integrated control of the linear motorized stage and lock-in amplifier in a single computerized

program.

4.4.3 Results

The optical cross-correlation setup was used to interrogate two different oracle samples. One of
the oracle samples contained the original design of the presented travelling salesman problem,
including the Hamiltonian solution to the problem. The second oracle sample had the waveguide
connecting nodes 2 and 3, dy3, intentionally broken along a 20 um gap. All the results obtained
from the optical cross-correlation measurements were studied with respect to an absolute time zero
defined by the autocorrelation signal detected in free space when the oracle chip was removed from

the correlation setup.

The results obtained from the cross-correlation of the optical pulses coming from the two
optical oracles are depicted in Fig. 4.12. The upper panel in Fig. 4.12 shows the autocorrelation
signal of the Ti-Light femtosecond oscillator defining the absolute time zero. When interroga-
ting the first optical oracle chip (oracle chip 1, central panel in Fig. 4.12) with femtosecond

pulses, a spatial displacement of 24.45 mm of the linear motorized stage relative to the position in
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which the free space autocorrelation was created led to the generation of the first cross-correlated
output optical signal. This experimental displacement is equivalent to a time delay relative to the
autocorrelation signal of t = % = 163 ps, where Ax is the spatial displacement of the linear stage
and c is the speed of light. The experimental relative arrival time of 163 ps is in good agreement
with the expected theoretical value of 165.8 ps (Table 4.1), inferring that this pulse followed the
route designated as path A. This optical pulse (pulse A) corresponds to the Hamiltonian solution
of the travelling salesman problem since the optical pulse visits all the four nodes in the network

exactly once.

The next pulse generated from the cross-correlation of oracle chip I was obtained at a relative
position of the linear stage with respect to the autocorrelation equal to 25.55 mm corresponding
to a time delay of 170.3 ps, concluding that this optical pulse travelled all along path B (indicated
as pulse B) since the calculated theoretical value is equal to 172.8 ps (Table 4.1). A third pulse
was generated at a relative displacement of 26.66 mm, equivalent to a time delay with respect
to the free space autocorrelation signal of 177.7 ps, concluding that it corresponds to a pulse that

followed the route designated as path C in comparison with the expected theoretical value of 179.6

ps.

Table 4.2 shows a summary of the expected and the experimental arrival times of the optical
signals generated from a cross-correlation of femtosecond pulses sent into optical oracle chip 1
with respect to a theoretical and experimental free space autocorrelation signal. The small dis-
crepancies between the theoretical and the experimental results are mostly due to a slight free
space re-alignment needed to generate the second harmonic correlated signals when the oracle
chip was introduced in the setup with respect to the generation of the free space autocorrelation
signal. These time delay discrepancies correspond to spatial length discrepancies of 0.84 mm,
0.75 mm and 0.57 mm for pulses travelling along paths A, B and C, respectively. Considering
the slight alignment required between different measurements, the experimental time delays are in
extremely good agreement with the theoretical values. Hence, the three optical pulses generated
from the cross-correlation of a single femtosecond pulse coupled into the first optical oracle chip
represent the three possible paths that a single input pulse can travel along the optical network.
The different relative intensities between pulses A, B and C are justified from a standard deviation

of + 0.1 for a power coupling ratio of 0.5 in each node of the network.
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Fig. 4.12: Free space autocorrelation signal defining the absolute time zero (upper

panel), cross-correlation of an input femtosecond pulse after travelling along the

encoded optical oracle in chip 1 (centered panel) and cross-correlation of an input

femtosecond pulse after being coupled into the encoded optical oracle in chip 2

(lower panel).

Table 4.2: Theoretical and experimental relative arrival times of correlated output

pulses coming from oracle chip I and their respective discrepancies.

Expected time delay (ps)

Measured time delay (ps)

Discrepancy (ps)

Path A 165.8 163 2.8
Path B 172.8 170.3 2.5
Path C 179.6 177.7 1.9

The relative time delays between the three pulses generated from the cross-correlation of ora-
cle chip 1 have experimental values of Aty_,p = 7.3 ps, Atg_sc = 7.3 ps and Aty_,c = 14.7 ps. Table
4.3 shows the expected and the experimental time delays between pulses A, B and C, together with
their discrepancies. The discrepancies between the expected and the experimental time delays are
0.3 ps, 0.5 ps and 0.9 ps between pulses A-B, B-C and A-C, respectively, corresponding to spatial

distances of 0.09 mm, 0.15 mm and 0.27 mm, respectively. These discrepancies are notably low
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and evince the reliability in the accuracy that ultrafast laser inscription technique provides.

Table 4.3: Theoretical and experimental relative time delays between the three

pulses generated from the optical cross-correlation of oracle chip 1.

Expected time delay (ps) | Measured time delay (ps) | Discrepancy (ps)

Aty_p 7 7.3 0.3
Atp_sc 6.8 7.3 0.5
Atg_sc 13.8 14.7 0.9

The results from the cross-correlation obtained when interrogating the second sample (oracle
chip 2), with a 20 um gap along the waveguide d»3, are shown in the lower panel of Fig. 4.12.
In this case, only two optical correlated pulses are generated after a single femtosecond pulse
travels along the encoded oracle scheme. If a study of the relative arrival times is performed, the
generation of the first pulse takes place at a relative position of the motorized stage of 25.95 mm,
equivalent to a relative arrival time of 173.0 ps (optical path B). The next pulse is generated at
the relative motorized stage position of 27.05 mm which is equivalent to a relative arrival time of
180.3 ps (optical path C). The relative delay between these two pulses is 7.3 ps, which replicates
the experimental time delays previously obtained between consecutive pulses in the first optical
oracle chip. The lack of a third pulse with shorter arrival time reveals the absence of a Hamiltonian
solution in this second encoded sample (oracle chip 2), which only generates two correlated pulses

at arrival times equivalent to optical paths B and C.

Summarizing the results, the presence of a Hamiltonian solution for the travelling salesman
problem has been inferred from the interrogation of two optical oracles via an optical cross-
correlation technique. This method provides all the possible encrypted solutions in the chips via a

single operation.
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4.5 Summary

Briefly, this chapter has presented the optimization of processing parameters to directly laser in-
scribe waveguides within the bulk of a borosilicate glass substrate (Corning EAGLE2000). Single
mode waveguides at 800 nm wavelength were fabricated for their convenient compatibility and
relevant applications with laser sources such as Ti:Sapphire oscillators and single photon emitters
by SPDC. Borosilicate glass was chosen as a host platform for waveguide fabrication since it is a
well-known material in ultrafast laser processing of waveguides with a wide transparency window
covering wavelengths from 360 nm onwards. The use of high repetition rates during waveguide
fabrication enabled high quality waveguides with nearly circular guided modes with a MFD = 6.5
x 7.1 um? and insertion losses of 5.2 dB at 800 nm wavelength. A study of the pulse broadening
effect of femtosecond pulses travelling along the waveguides has been also investigated conclud-
ing that waveguide dispersion is relatively low and therefore negligible for optical circuits probed

with ultrashort pulses.

An optimum processing window for waveguides with double S-bend geometries and direc-
tional couplers has been detailed and compared with R-soft BeamPROP software simulations in
order to find the most optimum 3-dB directional couplers to be included as part of the main build-
ing block of future optical networks. As well, the reproducibility of the ultrafast laser inscription
technique has been tested for a range of directional couplers containing different lengths, resulting
in a good performance for directional couplers with shorter interaction lengths and with power

coupling ratios between 20% and 80%.

In the last part of the chapter, the Hamiltonian path solution of the travelling salesman prob-
lem has been implemented in a compact optical oracle chip by direct laser writing of a coupled
optical waveguide network. One of the novelties of this approach has been solving the encrypted
mathematical question within the optical glass chip by making use of an optical cross-correlation.
Thus, two different oracle chips have been optically interrogated by sending femtosecond laser
pulses into the waveguide network that maps the topology of a graph with four nodes (or towns).
By measuring the time delay between the output pulses from the laser encrypted oracle, it has been

possible to induce the presence of a Hamiltonian solution, whose delay equals the sum of the travel

73



times needed to visit all the nodes of the network, which is made unique by design. This work has
enabled down-scaling of photonic schemes from previous work developed in optical fibers [144],
allowing to move from meters of optical fiber towards the millimeter length scale in device in-
tegration and, thus, requiring to move from the nanosecond towards the femtosecond time scale
for the solution of the optical encoded problem. Along with this decrease in the physical device
size and the reduction of the optical pulse width, shorter execution times of the NP computational
problems are feasible through this technique. This first demonstration of a laser-written optical
oracle on a robust integrated optics platform proves the potential for reducing the solving time
of computationally hard combinatorial problems exploiting the parallelism of light propagation in
downscaled optical networks. By exploiting the three-dimensional patterning and the parallel pro-
cessing offered by ultrafast laser writing, future designs up to ~20 nodes could be implemented
within a 100 x 100 x 1 mm?> glass substrates distributed in two different layers containing 10
nodes each and connected by a curved optical waveguide that inverts the direction of light prop-
agation towards the second layer. Assuming single point detection at the output of the network,
this oracle’s decision time, which would be only limited by parallel pulse propagation time within
the network, would require 1 £ 0.03 ns in comparison with the ~6 us needed for an electronic
computer to find the combinatorial solution considering only a two-directional-node network and

a clock speed of 3.6 GHz.
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Chapter 5

Direct laser inscription of waveguides in

gallium lanthanum sulfide glass

This chapter covers the fabrication and characterization of ultrafast laser inscribed waveguides,
S-bends and directional couplers in the bulk of gallium lanthanum sulfide (GLS) glass. An op-
timum processing window for single mode guiding at 800 nm wavelength has been reported for
the first time. The selected wavelength offers the possibility of having optical circuits compatible
with Ti:Sapphire technologies for the use of highly nonlinear optical circuits and with spontaneous
parametric down-conversion (SPDC) light sources for usage in the quantum regime. Directional
couplers have been characterized as ultrafast all-optical switches by exploiting the high Kerr non-
linearity displayed in GLS glass. The nonlinear effect of femtosecond laser writing in the bulk of
GLS has been inferred by the estimation of the nonlinear refractive index of the waveguides from
the optical switching parameters of a directional coupler. The fabrication and characterization
results presented in this chapter have been published in [139], together with [L-Raman and X-ray
microanalysis (EDX) waveguide microanalysis to elucidate the origin of the laser-induced refrac-
tive index change in GLS. The last part of this chapter presents the fabricated laser inscribed
waveguides in GLS as an approach for a neuromorphic platform. This approach is based on the
work presented by Gholipur et al. in [166] where GLSO fibers are proposed as a “synaptic”

photonic material. The search for devices based on the inherent capabilities of the human brain
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is a re-emerging field since the last few years which expects to offer computational devices with
an improved power efficiency and faster computation times due to a unique colocalized memory-
computation structure. Within this context, ultrafast laser written waveguides in GLS are explored
as a possible cognitive photonic platform including a series of features that mimick biological
functions. The work performed here shows the potential of femtosecond laser writing in terms
of compactness, offering the possiblity to laser write photonic networks in three dimensions in

comparison with previous work performed in optical fibers [166] or silicon photonics [170].

5.1 Ultrafast laser inscription of waveguides in gallium

lanthanum sulfide glass

Nonlinear optical processes gained increasing attention in the past decade as the basis for innova-
tive technologies in optics and photonics and in particular for all-optical signal processing [171].
The highly nonlinear properties of chalcogenide glasses, i.e. glasses made of one or more chalco-
gen elements (O, S, Se, Te, Po) and network formers (such as As, Ge, Sb, Ga, Si or P), have
attracted great interest as a nonlinear photonics platform. These glasses offer a high linear and
nonlinear refractive indices, a wide transparency window up to the infrared region of the spec-
trum, a low maximum phonon energy and a nonlinear response in time within the femtosecond
regime [52]. Among the chalcogenides commercially available, gallium lanthanum sulfide (GLS)
has the highest nonlinear figure of merit (FOM) [140], being thermally stable up to 550°C and not

presenting toxicity related issues as other commonly used chalcogenide glasses such as As,Ses.

Some of the approaches available for creating optical circuits in chalcogenide glasses are in
the form of thin films, microspheres or optical fibers [3]. Of particular interest is the fabrication
of optical waveguides and other components via femtosecond laser inscription, relying on the
nonlinear absorption of ultrashort laser pulses focused in the bulk of the material. Unlike planar
silica [172] and silicon technologies [173], laser writing is a versatile technique which allows
the formation of waveguides in the bulk of a wide variety of dielectrics [1, 16, 69, 73] in three

dimensional geometries.
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Previous work developed via ultrafast laser inscription in GLS glass has demonstrated wave-
guides with low propagation losses of 1.5 dB/cm at 633 nm wavelength [47] and 0.65 dB/cm
at 1560 nm wavelength [49]. Moreover, femtosecond laser inscribed mid-IR photonic circuits
for astronomical applications were reported with ~1 dB/cm propagation loss at 3.39 um wave-
length [174,175]. Here, the goal is to design waveguides operating at 800 nm since no laser-written
photonic circuits hosted in GLS have been previously reported at this convenient wavelength. The
desired waveguides should display single mode guidance at 800 nm wavelength, compatible with
Ti:Sapphire technologies for ultrafast nonlinear switching applications [176] and single photon

sources by SPDC for quantum information processing [177].

Gallium Lanthanum Sulfide is considered an exotic glass presenting a challenge for the laser
inscription of symmetrically-shaped photonic structures in its bulk. The two main characteris-
tics that make of it a challenging material for laser processing are its high linear (ng = 2.4) and
nonlinear (1, = 2.16x 10~ cm?/W) refractive indices. As a consequence of the large linear and
nonlinear refractive index values, the critical power for self-focusing propagation of light [135] in

GLS is two orders of magnitude less than in fused silica (see table 5.1).

Table 5.1: Comparison between critical power and energy for self-focusing of light

in GLS and fused silica glasses during femtosecond laser pulse irradiation [3, 6].

Property (A = 1030 nm) GLS Fused silica
no 2.4 1.45
no 2.2x 1071 (cm? /W) | 2.6 x 107'® (cm? /W)
2
= 3774 30 kW 4 MW
87[1101’12
E. (for 300 fs pulses) 9nJ 1.2 ulJ

A high linear refractive index results in large spherical aberration during femtosecond laser
inscription, whereas a high nonlinear refractive index causes self-focusing of light along the path
travelled by the incident laser beam (see chapter 2, section 2.1.3). To reduce these detrimental
effects, which would cause severe vertical elongation of waveguide cross section, a multiscan
shaping modality [73] was chosen for waveguide fabrications (Fig. 5.1). This multiscan modality

consists of several single laser scans at low pulse energies overlapping transversally to the wave-
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guide writing direction. The multiscan approach allowed to construct a nearly squared shaped
positive step-index cores of the waveguide cross section at lower pulse energies. Fabrications at
lower pulse energies enabled gentler modifications at the focal volume of the material and resulted
in smoother and more symmetric waveguides with minor insertion losses, in comparison with the

single scan technique.

The micromachining workstation described in chapter 3, section 3.1, was used to laser write
straight waveguides, S-bends and directional couplers in the bulk of GLS glass. The general
fabrication conditions chosen from the machining system were a fundamental wavelength of 1030
nm, enabling nonlinear multiphoton absorption, 300 fs pulse duration and 500 kHz repetition rate.
The laser beam was focused into the bulk of GLS glass using a 0.42 NA microscope objective,
resulting in a diffraction-limited minimum waist radius, @y, of 0.8 um and a Rayleigh range at the

laser focal spot, zp, of 4.5 um (see equations 2.5 and 2.6 in chapter 2).

Seeking optimal processing conditions, straight waveguide fabrications were performed for a
wide range of powers and scan speeds. Incident laser powers ranging from 10 to 250 mW, corre-
sponding to pulse energies between 20 nJ to 500 nJ were used, in steps of 5 mW. The fabrications
were done using translation speeds between 2.5 mm/s and 50 mm/s, in steps of 5 mm/s. The mul-
tiscan parameters chosen for an optimal processing window consisted of 9, 13 and 18 scans per
line with a separation of 0.3 um. Each multiscan line was transversally applied with respect to the
longitudinal orientation of the resulting waveguide and the polarization was perpendicular to the
scan direction (Fig. 5.1). Waveguide inscriptions were performed at a depth of 150 um below the

glass surface.

The morphology of the laser-inscribed photonic structures was characterized under an optical
microscope in transmission mode using 10x and 40x magnification objectives (Eclipse ME600,
Nikon). For waveguide loss measurements, the chip to fiber butt coupled method explained in
chapter 3 (section 3.3.2) was employed. The near-field waveguide mode was measured using a
60x aspheric lens (5721-H-B, Newport) to image the guided mode onto a beam profiler (SP620U,

Spiricon).

All the waveguide results shown hereafter correspond to a processing multiscan parameter of
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Fig. 5.1: Sketch of the multiscan shaping modality in the bulk of GLS glass. The
incident light is perpendicularly polarized to the scanning direction. The multiscan
lines are transversal to the longitudinal direction of the resulting waveguide. The
modified region in a single line is composed of several scans, each of them irradiated
at a certain separation distance and giving form to the final shape of the laser written

waveguide.

18 scans per line with a separation distance of 0.3 pum, which allowed for the best compromise
between CL and o while mantaining single mode behavior. The writing parameter that had the
greatest impact in waveguide fabrications was the pulse energy. The effect of the pulse energy
during femtosecond laser irradiation in the bulk of GLS glass can be observed from a prelimi-
nary characterization of the optical microscope images in Fig. 5.2. For incident pulse energies
lower than 50 nJ, no visible signs of laser modification were observed. Generally, pulse energies
between 50 nJ to 60 nJ led to weak modifications of the substrate at the focal volume, result-
ing in waveguides with high insertion losses (> 7 dB) as a consequence of the small refractive
index change achieved. When the pulse energies are further increased up to 100 nJ, the modifica-
tions at the focal volume are better defined and brighter cross sections with rectangular shapes are
formed. Generally, a processing window in pulse energies ranging from 50 nJ to 100 nJ resulted
in symmetrically-shaped single mode guiding structures. Fabrication pulse energies above 100 nJ
led to a non uniform and higher An with waveguides having multimode behavior and guiding in

different regions. For pulse energies above 200 nJ, cross sections with typical teardrop shapes are
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formed due to the higher field irradiances within the bulk of the substrate. As the pulse energy
keeps rising above 300 nJ, the teardrop cross sections increase in size and undesired optical dam-

age along the incident laser beam path leads to surface ablation until the substrate, eventually, gets

fractured.

!

Pulse energy (nJ): 50nJ] 70nJ 100nJ 200nJ 300nJ 500 n]

10pm
-_—

Fig. 5.2: Effect of pulse energy during femtosecond laser inscription of waveguides
in GLS glass from top (microscope images at the top of the figure) and side views

(microscope images at the bottom of the figure) for a fixed scan speed of 20 mm/s.

A graph describing the trend of the waveguide cross-section area as a function of the pulse

energy is shown in 5.3.
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Fig. 5.3: Growing trend of the waveguide cross section area with increasing the

pulse energy.
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The general trend of varying the scan speed during ultrafast laser inscription of waveguides
can be also observed in Fig. 5.4. At high scan speeds, the number of pulses overlapping is smaller,
resulting in smaller modifications and in lower An. Smaller modified volumes lead to smaller
cross sections, producing single mode waveguides. When moving towards lower scan speeds,
a large number of pulses overlapping within the focal volume results in stronger modifications
which result in more contrasted and larger cross sections. In some cases, the use of low translation

speeds (<3 mm/s) led to waveguides operating at the multimode regime.

75 pm

Speed (mm/s): 30 25 20 15 10 5

Fig. 5.4: General trend in the formation of waveguide cross section with varying
translation speeds during femtosecond laser writing in GLS glass for three different
sets of waveguides written at the pulse energies of 70 nJ, 90 nJ and 110 nJ pulse,

respectively.

The general trend for a combined effect of pulse energy and scan speed during waveguide
fabrication is shown in Fig. 5.5. Low insertion loss waveguides are found for a narrow 60-80
nJ range of pulse energies and for a broad processing window of scan speeds within the range
of 2.5 mm/s to 10 mm/s. This processing window leads to the best waveguides with insertion
losses below 6 dB (indicated by the green spots). When moving towards lower pulse energies but
higher scan speeds, the guides present large insertion losses, whereas moving towards higher pulse
energies but lower translation speeds results in large waveguide cross sections with multimode

guiding.

A reasonable balance between pulse energy and translation speed led to the optimal waveg-
uide, obtained at 70 nJ and at 5 mm/s. Fig. 5.6 shows the longitudinal and transverse views of the
waveguide under white-light microscopy. The rectangular shape of the cross section is due to the

employed multiscan approach. The resulting waveguide has a mode field diameter (MFD) of 7.5
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Fig. 5.5: Waveguide characteristics as a function of pulse energy and scan speed in
GLS glass. The green spots indicate single mode waveguides with insertion losses

below 6 dB.

um [139]. The measured insertion loss was 2.0 dB, with an estimated coupling loss of 0.7 dB/facet
obtained from the overlap integral between the waveguide and the fiber guiding modes. After ac-
counting for a Fresnel reflection loss of 0.2 dB/facet, the propagation loss was ~0.1 dB/cm. An
estimation of the refractive index change, deduced from the assumption of a refractive index step
profile and a measured MFD of 7.5 pm, was inferred to be of An = 103 using a commercial mode
solver (Lumerical MODE Solutions). In contrast with the single scan technique, the multiscan ap-
proach induces gentler material modifications as a result of the low pulse energies employed. In
addition, the refractive index profile is more uniform, as several scans at low energy are used to
build up the waveguide cross section. Larger pulse energies used during the single scan technique

lead to refractive index profiles with more complex distributions [47].

5.2 Ultrafast laser inscription of directional couplers

With the aim of characterizing the optical nonlinear switching behaviour of GLS glass, directional
couplers were fabricated in the bulk of GLS via femtosecond laser writing technique. Since each

arm of a directional coupler is composed of a double S-bend waveguide, double S-bends were
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(a) (b)

Fig. 5.6: (a) Overhead microscope view of the most optimum femtosecond laser
formed waveguide in GLS glass. (b) Cross-sectional microscope view of the best
waveguide. (c) Gaussian transmitted mode at 800 nm with a MFD = 7.5 um. The

scale bars indicate 10 pm.

formed prior to directional coupler fabrications in order to study the bend losses contributing to

the waveguide.

Waveguides with double S-bend shapes were formed at 150 um below the glass surface and
for a scan speed of 5 mm/s. Incident laser powers P = 45 and 55 mW, corresponding in pulse
energy to 90 and 110 nJ, were chosen with radii of curvature (R) ranging from 30-70 mm in steps
of 10 mm. To find an optimum radius of curvature, a study of bend losses with varying bend radii
in laser inscribed S-bend waveguides was performed. The bend loss corresponds to the additional
insertion loss in a single arm of a double S-bend waveguide (single arm of a directional coupler)
compared to a straight waveguide. Therefore, this loss includes pure bend loss from the four arcs
and transition loss from the six points where there is an abrupt change in curvature. The bend loss
was calculated by subtracting the insertion loss of a straight waveguide, fabricated under the same

irradiation conditions, from the insertion losses inserted by the two double S-bends [6].

Fig. 5.7 shows the general trend of the bend loss as a function of the bend radius. Larger
radii of curvature result in lower losses, but simultaneously lead to longer axial lengths of the laser
formed S-bends. Hence, the overall size of the chip, defined as the axial footprint of a directional
coupler with zero interaction length, increases for larger bend radii. A reasonable compromise
between bend losses and chip size was obtained for a radius of curvature of 45 mm, which was

selected for the directional coupler design.

With an optimum bend radius chosen from a careful characterization of S-bends, directional
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Fig. 5.7: Bend loss and axial size of double S-bend waveguides inscribed in GLS

glass as a function of the bend radius.

coupler fabrications were performed. The coupler structures were written at 150 ym below the
sample surface and at a translation speed of 5 mm/s. The input-to-input port distance was fixed at
p = 100 um. Keeping all these parameters constant, the incident laser powers chosen belonged
to a range between P = 36-55 mW. The core-to-core separation distances at the interaction region
between the two arms of the directional coupler were varied from s = 5.4-8 um. The number of
scans performed in a single line for directional coupler fabrications was 18 scans, with a constant

separation of 0.3 um.

The laser written directional couplers were characterized by launching light at 800 nm wave-
length into one of the arms of the directional coupler and measuring the output power at the cross

and through output ports. The power coupling ratio is calculated as

CR — Pcross (5 1)
Pbar + Pcross ’

and it varies with interaction length. The trend of the power coupling ratio of directional couplers
written at a pulse energy of 72 nJ with a separation distance of 7 um is shown in Fig. 5.8. The

L>, where [g is

plot is fitted to a sine square function according to the equation CR = sin? < s a)
the beat length, which is the length necessary for a full power coupling ratio oscillation, A is the
operating wavelength and L corresponds to the interaction length (see chapter 2, section 2.2.2).
The peak coupling ratio for directional couplers is ~55%, notably lower than the value of 100%

achieved in borosilicate glasses [147].
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Fig. 5.8: Coupling ratio as a function of the interaction length at 800 nm wavelength
for directional couplers written at 18 scans per line, 72 nJ pulse energy, 5 mm/s scan

speed and 7 um core-to-core separation distance.

The low peak coupling ratio can be attributed to the different propagation constants relative
to the two waveguides forming the arms of the directional couplers [178]. In the course of the in-
scription of the second waveguide, the characteristics of the first waveguide in a directional coupler
may be altered due to the small core-to-core separation distance of 7 um. One other explanation
for the differing propagation constant is the multiscan approach used for fabrications which relies
on lower pulse energies during waveguide formation without triggering heat accumulation. This
implies that waveguides are more sensitive to fabrication fluctuations in comparison with wave-
guides formed in the less fabrication sensitive cumulative heating process during the application

of the single scan technique [178].

In order to achieve larger coupling ratios in directional couplers in the bulk of GLS glass,
a possible solution is to create directional couplers with core-to-core separation distances larger
than ~15 pum [179]. In [179], an increase in the separation distance from s = 7.5 gym to s = 15
um in directional coupler written in GLS substrates showed an increase in the peak coupling ratio
of ~10%. One of the main disadvantages of this solution is the notable decrease in the coupling
coefficient of the directional coupler due to the large separation distance, requiring long interaction
lengths of the order of millimiters in order to obtain the maximum amount of light transferred to
the cross waveguide. This would have a notable impact on the manufactured chip size, where

one of the main practical uses of having optical circuits in the bulk of highly nonlinear glasses
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is the shorter lengths required to have nonlinear phase shifts compared to circuits hosted in more

convential fused silica based glasses.

Further optimization of the directional coupler design was achieved by lowering the number
of scans per line during directional coupler fabrication to 13 scans per line, keeping the rest of
the processing parameters unaltered. After the fabrication, optical microscope images showed a
modification width of 5 um for directional couplers with 13 scans per line, in contrast with a

modification width of 5.8 ytm observed in directional couplers with 18 scans per line.

Fig. 5.9 shows the results obtained for the directional couplers fabricated at 13 scans per
line. The plot is fitted to a sine square function as in the previous figure, following the theoretical
formula. The peak coupling ratio achieved in this case is 65%. The increased peak coupling ratio
is attributed to the fewer scans used to fabricate the coupler, reducing the sensitivity to laser power
fluctuations. In aditiion, the large edge-to-ege separation in the case of 13 scans results in an

increase of ~10% of the peak coupling ratio.
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Fig. 5.9: Cross to bar light coupling ratio as a function of the interaction length at
800 nm wavelength for directional couplers written at 13 scans per line, 72 nJ pulse

energy, 5 mm/s scan speed and 7 pum core-to-core separation distance.
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5.3 Directional couplers as ultrafast all-optical switches

An optical switch is a device that enables, selectively, to switch on and off optical signals or
allows to redirect an optical signal from one channel to another. Optical switching is driven by the
need of providing flexibility in connectivity between optical networks. When the control of the
switch is performed via an optical signal, in the absence of any mechanical, electrical or magnetic
signal, then the device is an all-optical switch. Despite the good performance of current electronic
switching devices [180], the growing need for developing switches already working with light,
operating at faster speeds and offering higher bandwidths can be especially profitable. All these

possible benefits lead to exploit the potential characteristics that optical devices offer [176].

In the search for novel switching materials, chalcogenide glasses are suitable candidates as
nonlinear media presenting high third order nonlinearities and low multiphoton absorption co-
efficients [181], allowing the interaction between two or more light beams. Specifically for an
all-optical switching device, the control of light by using light becomes essential. Here, the non-
linear directional couplers inscribed in GLS glass act as ultrafast all-optical switching devices due
to the power control of a unique input signal. The foundation of the all-optical switching relies
on the refractive index change of the material, induced by the nonlinear Kerr effect. The optical
Kerr effect is the effect of an instantaneously ocurring nonlinear response when an intense electro-
magnetic field is applied in a medium and, specifically, is directly related to the nonlinear optical
susceptibility of the medium. The optical Kerr effect can be described as a modification of the
refractive index of the nonlinear medium due to the high optical intensity applied. Therefore, all-
optical switching is manifested as an intensity dependent refractive index change induced in the
nonlinear material [182]:

n=ny+nsl, (5.2)

where ng corresponds to the linear refractive index, n; is the nonlinear refractive index and / is the

intensity of the control light.

The design of the directional couplers is made in such a way that, when a low irradiance light
is launched into the bar input port, a maximum optical power is transferred to the cross waveguide

output through evanescent coupling along the interaction region between the two waveguides. In
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order to have such a large amount of light being transferred to the cross waveguide, the interaction
length of the directional coupler must be equal to a half beat length. As the input irradiance
continues rising, the overall refractive index of the bar waveguide starts increasing. For a sufficient
input power, a required overall refractive index change in the bar waveguide is eventually reached
and all-optical switching will be achieved. This increase of the refractive index causes a change
in the propagation constant, f;, of the bar waveguide and induces a mismatch between the two
propagating modes along the two waveguides. As a result of this mismatch, the cross to bar

coupling ratio diminishes, as it can be seen from Eq. 2.30.

A single beam experiment was carried out (Fig. 5.10). The optical source used in this setup
was a home-built amplified Ti:Sapphire laser offering a centered operating wavelength of 800 nm,
with a repetition rate of 2 kHz and 180 fs pulsewidth. The laser beam from the home-built am-
plified system was coupled into one of the input ports of the directional coupler using a 0.16-NA
anti-reflection coated objective lens. Both guided modes of the directional coupler were collected
by a 0.25-NA AR coated objective lens at the end facet of the sample. A Si CCD camera (SP620U,
Spiricon) was used to image the collected output modes and to detect the optical powers of both
outputs. A Si photodetector placed ahead of the 0.16-NA focusing objective lens was used for
power detection of the incoming light into the input port of the directional coupler. The input opti-
cal irradiances for the optical switching measurements were selected using different combinations

of ND filters placed before the focusing lens.

The selected directional coupler was fabricated at 18 scans per line, at a pulse energy of 72 nJ
and at a scan speed of 5 mm/s, having a bend radius R = 45 mm, an interaction length L = 250
um and a separation distance s = 7 um. The directional coupler selected had a power coupling
ratio of ~55% within the linear regime (Fig. 5.8), being possible to be operated as an all-optical
switch. The results of this measurement are shown in Fig. 5.11, where the relative transmission

along the bar and cross output waveguide ports is variable with the input irradiance.

As can be seen from the plot in Fig. 5.11, the output cross and bar relative transmission of the
selected directional coupler, indicated as stars, was measured with a CW diode laser source at 800
nm wavelength, prior to the switching characterization experiment. This prevents the presence

of any nonlinearities during light propagation along the directional coupler at the low irradiance
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Fig. 5.10: Experimental setup for the nonlinear characterization of directional cou-

plers in GLS glass as all-optical switches.
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Fig. 5.11: Output cross and bar relative transmissions as a function of the input

irradiance in a laser inscribed directional coupler within the bulk of GLS glass.

regime before any switching could take place. At this low input irradiance, the medium operates
within the linear regime and light experiences its maximum evanescent coupling towards the cross
waveguide, reaching a power coupling ratio of ~55%. When the input irradiance increases, the
medium responds within the nonlinear regime as a consequence of the high third order nonlinear
polarizability of the sulfide ion present in GLS glass [3], meaning that the refractive index of

the bar waveguide increases. As a result of this intensity dependent refractive index change, the
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propagation constant of the bar waveguide changes, altering the cross to bar transmission ratio. An
equal output cross and bar relative transmission occurs at the input irradiance of 7.1 x 10" W/m?.
As the input irradiance keeps gradually increasing, the cross to bar coupling ratio is reversed from
55% to 48 % when the required overall refractive index change of the bar waveguide is reached
(as shown in Eq. 1.1). The input irradiance required to completely switch the transmitted light

from the cross to the bar waveguide is 7.8 x 10> W/m?.

The optical switching effect was observed to be a reversible process since the cross and bar
output relative transmissions could be replicated by lowering the input irradiances to the previous
values used. The fact that the directional coupler works as an all-optical switch within a reversible

operating range suggests that no permanent optical damage or material modification is achieved.

5.4 Deduction of the nonlinear refractive index of laser
inscribed waveguides in the bulk of gallium lanthanum

sulfide glass

In order to elucidate the effect on the nonlinear properties produced by the laser writing tech-
nique during inscription of optical circuits, the nonlinear refractive index of the laser inscribed

waveguides was retrieved from the optical switching parameters of a directional coupler.

The nonlinear phase shift responsible for optical switching is induced by a nonlinear refraction

and is given by [182]:

A = 2”171”21 , (5.3)

where L is the interaction length of the directional coupler, 7, is the nonlinear refractive index, /

is the irradiance and A is the operating wavelength.

The light-induced nonlinear phase shift of an all-optical switching device is proportional to

mm, where 0 < m < 4, depending on the specific device [183]. For the case of optical directional
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couplers, the nonlinear phase shift caused by nonlinear refraction is of the order of 4x [184].
Taking into account that the input irradiance necessary to completely switch the optical power
from the cross to the bar waveguide of the directional coupler used in Fig. 1.11 is ~7.8 x 10!
W/m?, and accounting a Fresnel loss of 0.2 dB/facet, the estimated nonlinear refractive index of
the laser written waveguide is 9.0 x 107! m?/W, where propagation losses were ignored due
to the low value. Considering the reported value of the nonlinear refractive index for pristine
GLS glass through the Z-scan technique [3], 2.16 x 1078 m?/W, a nonlinear refractive index
reduction of ~2.4 times for laser written waveguides compared to the nonlinear refractive index of
the pristine glass was observed. The laser inscription induces a decrease of the nonlinear refractive
index in the laser irradiated region. Kar’s group previously reported a reduction in the nonlinear
refractive index of laser-written waveguides in GLS of approximately 4 to 5 times at 1550 nm

wavelength [53].

Despite the reduction induced in the nonlinear refractive index during femtosecond laser writ-
ing in the bulk of GLS glass, the nonlinear properties of the waveguides are still strongly evident,
proving that GLS glass is a promising platform for laser-written integrated nonlinear photonic

circuits.

5.5 Gallium lanthanum sulfide waveguides as a cognitive

photonic platform

In this section, some of the inherent characteristics of GLS glass are exploited in order to explore
the functionality of this platform as a possible synaptic-like device, exploiting the photosensitivity

of the laser formed waveguides in GLS glass.

Neuromorphic engineering is a re-emerging field that seeks the development of brain-inspired
devices based on computations performed through biological synapses [185]. The principles sus-
taining the foundation of biological nervous systems have been the inspiration for the development

of neuromorphic based software and devices since the late 1980s. The human brain consists of
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~10!" neurons and ~10'# synapses connecting all the neurons. Its unique colocalized memory and
computation within a single unit [186], in contrast to Von Neumann architectures, has motivated
intense research driven by the needs of artificial intelligence [187, 188] and “big data” [189]. A
colocalization of storage and computational tasks within a single unit would provide more efficient

devices with an optimized power consumption and computation times [190].

Compared to standard computational architectures, devices based on cognitive learning princi-
ples with neuromorphic distributed schemes are more advantageous. Apart from offering colocal-
ization of storage and computation, cognitive hardware must also be self-learning, fault tolerant
and adaptive to changing environments, massively parallel, three-dimensionally distributed and

extremely compact [191-194].

Up to now, some of the most relevant work already demonstrated within this field entails com-
plete cognitive computing systems. The clinical applicability of deep learning for diagnosis of
diseases offering faster solutions than expert clinicians is already a reality [188, 195, 196]. For
instance, Watson for Oncology developed by IBM is a supercomputer system that is being ap-
plied in several types of cancer diagnosis [195, 196]. Despite the enormous advance in software
development, one of the main limitations of conventional computers is that they consume large
amount of energy and time to compute these algorithms [197]. Just a 5 second simulation of hu-
man brain takes 500 s of computation in the most advanced cognitive softwares and needs a 1.4
MW of power [198]. As a solution, the integration of devices able to emulate neural networks,
as a replacement of some small software blocks, has shown to speed up computation times while

using less power [197,199].

In the design of new cognitive devices, the selection of suitable materials capable of mimicking
properties present in biological neural networks is indispensable. In this context, chalcogenide ma-
terials are a suitable platform for hosting photonic devices where non-volatile optical memories
can coexist together with computing units due to their inherent characteristic as phase change
materials [57, 58, 200]. Different synaptic electronic devices with programmable conductances
have been previously explored, such as phase change and resistive change memories, ferroelectric
switches, carbon nanotubes or field effect transistors [201-204]. Notwithstanding the progress in

microelectronic devices, photonic approaches are expected to compete with the electronic counter-
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part with possible ultrafast transmission speeds, higher bandwidths and improved power consump-
tion [170,205]. Some of the photonic approaches already demonstrated are based on chalcogenide

fibers [166] and silicon waveguides attached to phase change materials [11].

In this section, the results presented in [166] in GLSO optical fibers are investigated in laser
inscribed waveguides in the bulk of GLS glass. The work presented here shows the potential
of using femtosecond laser writing in terms of compactness and integration of optical circuits,

preserving the intrinsic properties of the pristine material.

5.5.1 Biological system to imitate

Before describing the experimental details, a brief description of a biological synapse, including

generation and transmission of action potentials for information flow across the brain, is explained.

Neurons are electrically excitable nerve cells capable of receiving, processing and transmitting
information in the form of electrical and chemical signals. They are composed of dendrites, a
body cell and an axon (with the axon terminals at its end). The dendrites are the input ports of a
neuron and they are connected to junctions (synapses) between other neurons in order to receive
the signals sent by them. The body cell carries out the basic life processes of the neurons. Axons
are elongated channels that act as the output of a neuron, carrying the information from the body
cell down towards the axon terminals. Axon terminals make the connections to the next neurons
through synapses. The directionality of the information flow between two neurons starts in a pre-
synaptic cell, being this one the sender cell, and moves towards a post-synaptic cell, being this last
one the receiving cell. Neurons can connect to each other in order to form neural circuits with a
vast number of interconnections. Fig. 5.12 shows a schematic representation of a pre-synaptic and
a post-synaptic cells, where the synaptic cleft between both cells is shown in a magnified view in

the inset.

Neurons have voltage-gated ion channels embedded in their plasma membrane and are elec-

trically excitable since the membrane potential depends on the cell polarity. This potential is
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Fig. 5.12: Biological synapse between a pre-synaptic cell and a post-synaptic cell.

controlled by the ion concentration, such as Na™ and K™ concentrations, in the fluids inside and
outside the membrane. Typically, the membrane of a neuron has a resting potential of -70 mV.
When a cell is at its resting potential, the sodium and potassium ion channels remain closed, with
Na™ ions outside the membrane and K™ ions concentrated within the cell. When an external stim-
ulus takes place, such as a change in brightness, temperature or sound, the sodium channels begin
to open as a response, allowing Na™ ions rushing into the cell’s membrane. This inward flow of
sodium ions produces an increase of the membrane potential (depolarization). If the depolariza-
tion of the membrane potential reaches a certain threshold (about -55 mV), the process is followed
by the opening of all the available ion channels in the cell, resulting in a large upswing of the
membrane potential reaching a typical value of +40 mV. The rapid influx of sodium ions produces
a throwback of the plasma membrane and the sodium ion channels are inactivated. Immediately,
potassium ion channels activate and an outward flow of potassium ions takes place, giving back
the electrochemical gradient to the resting state (repolarization). This process entails the genera-
tion of an action potential within a cell. A transient negative shift (hyperpolarization) occurs after
the generation of an action potential. This continuous change in polarity allows the transmission

of the action potential all along the axon of a single cell until its axon terminal, where it excites
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other neurons.

In order to promote the flow of information towards other neurons, the generated action po-
tential in a pre-synaptic cell is sent to the next (post-synaptic) neuron. Once the action potential
has reached the axon terminals of the pre-synaptic neuron, the voltage-gated ion channels start
to open, and an inward flow of sodium ions at the axon terminal’s membrane of the pre-synaptic
cell takes place. The exchange of calcium and sodium ions at the membrane of the axon terminal
of the pre-synaptic cell causes the release of chemicals, called neurotransmitters, to the synaptic
cleft. After neurotransmitters are released to the synapse, they diffuse across the synaptic cleft
and get binded to receptors located in the plasma membrane of the post-synaptic cell. As a result,
the membrane potential of the post-synaptic cell becomes more positive and if a certain threshold

potential is achieved, the post-synaptic cell triggers an action potential.

In brief, action potentials are generated by neurons, propagated along their axons and trans-
mitted to the next neuron across the synapses. Generation and transmission of action potentials is

essential for information flow and processing in mammalian brains.

Inspired by the biological synapse, a photonic implementation simulating the generation and
transmission of action potentials across laser inscribed waveguides in GLS glass is realized in this
work. The laser inscribed waveguide represents a biological axon which carries the information,
in the form of light, towards its output terminal. Under light irradiation (external stimulus) with
energies near the absorption edge of GLS glass, the photonic axon or waveguide responds with a
change in transmission, passing from a usual resting potential state towards triggering a spike and

propagating it all along itself, towards its output (axon terminal).

5.5.2 Photonic synapse experimental setup

The experimental setup shown in Fig. 1.13 was developed in order to prove the functionality of the
femtosecond laser written waveguides in GLS glass as artificial axons and synapses. Two diode

lasers operating at the wavelengths of 800 nm and 532 nm were used. The 800-nm laser source was
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a CW fiber-coupled laser (SIFC808, Thorlabs) offering a maximum output power of ~20 mW. The
emitted light from the laser output was coupled to a single-mode optical fiber (780HP, Thorlabs)
and redirected to a fiber collimator (F280FC-780, Thorlabs) ensuring proper collimation for free
space light transmission. The 532-nm light source was a CW free space light transmission laser
(MGL-532-H-500, Roithner LaserTechnik) giving powers up to 500 mW. Two function generators
connected to both light sources provided independent external signal modulations. The monitoring
of the two modulated optical signals was given by the collection of the Fresnel reflections from
two transparent glass slides into two independent optical detectors connected to an oscilloscope.
A cube beam splitter with a 50:50 R/T ratio was used in order to make the remaining transmitted
beams overlap in space. After the splitting of the optical beams, the collinear beam alignment was
used to focus both of the optical beams into the input port of a laser-written waveguide by using
an objective lens with a 10x magnification (5721-H-B, Newport). The guided light along the
waveguide was collected at its output with a 16 x collimating objective lens (5721-H-B, Newport)
and filtered at 532-nm wavelength (NF03-532E-25, 532 nm StopLine single-notch filter) before
being directed to a Si detector (818-SL-L-FC/DB, Newport) connected to the oscilloscope for a

temporal control of the evolution of the optical power along the waveguide.
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Fig. 5.13: Experimental setup used to mimic a biological synapse in a femtosecond

laser written waveguide.
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5.5.3 Results

Photodarkening

In the collinear beam experiment used to mimic the biological synapse the two incident beams
contribute differently to the transmitted beam along the waveguide. The 800-nm laser beam is
coupled and guided along the waveguide when focused at the waveguide input spot, whereas the
532-nm laser beam is absorbed when focused at the same region. This light absorption at 532 nm
wavelength is due to a photoinduced effect in the GLS waveguide under illumination with energies
below but near the optical gap of GLS glass. The absorption edge of the GLS substrates is about
527 nm. Photodarkening is the mechanism underlying the absorption of the 532-nm laser beam
with a shift in the Urbach edge towards lower energies [181]. For energies far below the optical
gap of GLS the waveguide material is transparent to the incident beam and allows light guiding

along itself (see absorption spectrum from Fig. 3.2(b) in chapter 3).

Besides the independent behavior of each beam, it was observed that the transmission of the
800-nm laser beam was influenced by the presence of the 532-nm beam when both beams were
focused at the input of the waveguide. This is possible due to the photodarkening induced by the
beam at 532 nm, leading to a reduction in transmission of the 800-nm beam along the waveg-
uide. In analogy to a biological synapse, the 532-nm beam plays the role of a pre-synaptic signal
that sends information down to a post-synaptic neuron (the laser-written waveguide). This pre-
synaptic beam creates a photonic synapse at the input facet of the waveguide where both beams,
the one at 800 nm wavelength and the pre-synaptic beam at 532 nm, intersect. The pre-synaptic
beam then induces a change in the membrane voltage (optical transmission) along the waveguide.
The light launched into the waveguide at 800 nm wavelength is monitored to study the level of

photodarkening induced in the waveguide.

Photodarkening can work in transient or in permanent regimes, depending upon optical power
and exposure time. A transitory photosensitivity is observed when applying relatively low powers

for short illumination times of the order of seconds. This transitory effect vanishes after the 532-
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nm light is turned off and is accompanied by a full recovery of the waveguide transmission from
the guided beam at 800 nm wavelength. The effect becomes permanent at either higher optical
powers or longer exposure times than the ones leading to a transient photosensitivity, not obtaining
arecovery in transmission of the guided 800-nm light after removal of the the 532-nm laser beam.
The permanent photosensitivity displayed in the waveguide can be reversed by increasing the
optical power of the 800-nm guided beam, causing a thermal annealing in the waveguide at the

exposure point and recovering the initial transmission level [166].

Fig. 1.14 shows the effect of transient photodarkening. The transmission of the 800-nm beam
along the waveguide as a function of the optical power applied from the 532-nm light source
can be observed. Higher 532-nm optical powers cause larger reduction in the transmission of
the 800 nm laser beam for a window of time of 15 seconds. A maximum power attenuation of
4.5% is achieved when applying ~100 mW of optical power from the light source operating at
532 nm wavelength. For larger optical powers, the photodarkening saturates and the reduction in

transmission is unaltered.
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Fig. 5.14: (a) Schematic representation of the collinear beam approach. A CW laser
beam at 800 nm wavelength is coupled into the laser-written waveguide and a pre-
synaptic signal with energy near the absorption edge of GLS is sent to the waveguide
in the form of a square pulse with a duration of 15 seconds. (b) By modifying the
power of the 532-nm laser beam, the transmission along the optical waveguide can

be modulated via transient photodarkening.
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Excitatory and inhibitory post-synaptic potentials

In biological neural networks, synapses can either excite or inhibit its post-synaptic partner. There
are neurons that release neurotransmitters that get binded to the receptors embedded in the post-
synaptic neurons and trigger a positive change in the membrane potential of that neuron. These
neurons are excitatory because they contribute to increase the probability of firing an action poten-
tial at the post-synaptic neuron by a depolarization of the post-synaptic membrane potential. If the
triggering of an action potential from the excitatory pre-synaptic neuron occurs, then this action
potential is known as an excitatory post-synaptic potential (EPSP). This phenomenon is caused by

the entrance of positively charged ions within the post-synaptic neuron.

In contrast to this, there are also inhibitory neurons that release neurotransmitters through the
synapse and these bind to the receptors of the post-synaptic neurons inducing a negative change
in the membrane potential of the post-synaptic neurons. The opposite effect of an EPSP is an
inhibitory post-synaptic potential (IPSP), which contributes with a decrease in the probability
of a post-synaptic neuron firing an action potential. This phenomenon takes place either when
positively charged ions flow out of the post-synaptic neuron or when negatively charged ions flow

inside the post-synaptic neuron, causing a repolarization of the membrane potential.

By applying a selective modulation of the optical power from the 532-nm laser source, a
desired modulation in transmission of the guided beam at 800 nm wavelength is performed. For
the generation of photonic action potentials at the input of the waveguide (photonic synapse), three
levels of transmission are selected: the resting state, the dark state and the depression state (Fig.
1.15). The resting state refers to the resting potential of a biological neuron and is achieved for
an optical power of 20 mW from the pre-synaptic light beam. The dark state makes reference
to the maximum membrane voltage that is achieved in a real neuron and corresponds to a fully
transmission state in the absence of any pre-synaptic illumination. The depression state refers to
the minimum membrane voltage achieved during the generation of an action potential in a nerve

cell and is obtained at an optical power of 50 mW from the pre-spiking light source.

In analogy with the biological neural system, the generation and transmission of EPSPs and
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Fig. 5.15: (a) Typical plot of the membrane voltage over time during the generation
of an action potential. (b) Three attenuation levels: dark, resting and depression
states. (c) Three experimental power levels corresponding to the dark, resting and

depression states found at the powers of 0 mW, 20 mW and 50 mW, respectively,

from the pre-synaptic signal at 532 nm.

IPSPs is induced in the laser written waveguides. A constant modulation of the pre-synaptic beam
between the transmission levels corresponding to the resting and dark states causes continuous
depolarizations of the waveguide transmission at 800 nm wavelength, leading to the generation of
a train of excitatory pulses (EPSPs) at the photonic synapse which travels all along the photonic
axon. The EPSPs obtained in Fig. 1.16 where accomplished for a duty cycle of 70% and a
modulation frequency of 13 Hz. The intensity modulation of the EPSPs is 0.4%. Similarly, power
modulation of the pre-synaptic beam between power levels corresponding to the resting and the
depression states induce continuous repolarizations in the waveguide transmission which result in
the creation of an inhibitory pulse train (IPSPs). The IPSPs shown in Fig. 1.16 were achieved with

a duty cycle of 30% at a modulation frequency of 13 Hz. A reduction in transmission of ~0.6% is

achieved in these IPSPs.

The duration of a single EPSP or IPSP generated at the photonic axon is about 15 ms and 20
ms, respectively. These pulse durations are in the same order of magnitude as the action potentials
generated in animal’s cells where the two main type of responses, the ones caused through calcium

ion channels and the ones induced by sodium ion channels, present time durations of ~1 ms and

~100 ms, respectively.
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Fig. 5.16: By biasing the photonic synapse between different power levels, excita-
tory (upper panel) and inhibitory (lower panel) action potentials are generated at the

photonic synapse and transmitted along the waveguide.

Temporal summations

In addition to individual excitatory and inhibitory potentials, the biological nervous system is able
to integrate in time the individual EPSPs and IPSPs that are sent to a post-synaptic neuron. One
of these types of synaptic integration is the temporal summation which takes place when a target
neuron receives inputs from a single axon terminal repeatedly at short intervals causing the inputs
to summate temporarily. The generation of a post-synaptic potential due to a temporal summation
has always a longer duration than the interval between the input potentials from a pre-synaptic
neuron. Sometimes, the biological temporal summation does not occur for all the received inputs
but only for a partial number of them. This process is randomly selected in biological neurons
depending on the synaptic strength between a pre-synaptic cell and a post-synaptic cell. The
synaptic strength refers to the strength or amplitude of the connection between two neurons in

order to fire a summation.
Laser-inscribed waveguides in GLS show the same behavior as in biological neurons. When

a burst of optical pulses coming from the pre-synaptic beam is sent into the waveguide at high

enough modulation power, temporal summation of the individual pulses, coming from a unique
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photonic synapse located at the input of the waveguide, is achieved. In this case, the modulation
of the pre-spike beam is applied between two power levels as in the case of generating EPSPs
and IPSPs. However, in order to induce the temporal summation in the waveguide, one of the
modulation power levels must overcome the power used as a depression state (50 mW) during
the generation of individual excitatory and inhibitory action potentials. Input spikes at optical
powers above ~50 mW have shown to increase the probability of causing temporal summations in
waveguide transmission since the time needed for a full recovery of the waveguide transmission,
due to transient photodarkening, is longer than at lower powers, causing the input spikes to overlap

or summate.

Fig. 1.17 shows the results obtained from temporal summations in a laser inscribed waveguide
in GLS glass. The first case (Fig. 1.17(a)) corresponds to a complete temporal summation of a
three-input-pulse train obtained with a 50% duty cycle and a modulation frequency of 5 Hz. The
modulation intensity achieved in this case is ~ 2%. The second graph (Fig. 1.17(b)) shows two
burst of pulses coming from the input pre-synaptic signal, each of them form by a five-pulse train.
Each burst of pulses was obtained with a 50% duty cycle and 10 Hz of modulation frequency.
In this case, for two equal bursts of pulses the temporal summation takes place only for the two
last pulses of the first burst, indicating an uncercainty about when and for how many pulses the
photonic axon will trigger a summation. The modulation intensity achieved in this summation
reaches almost the 3%. The photonic summations occur in a similar way than biological neural

systems where decision uncertainty of neuron firing is always present.
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Fig. 5.17: Temporal summations in direct laser written waveguides in GLS glass.
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Synaptic plasticity

During information processing across the biological nervous system, the synaptic junctions con-
necting neurons are constantly strengthened (potentiated) and weakened (depressed). This ability
of the brain of tuning and undoing neural connections is known as plasticity and it controls how
effectively two neurons communicate with each other. Plasticity is the brain’s skill to adapt to
new information and it underlies learning and cognition. Biological synapses are able to change
their strength based on their own activity and/ or the activity in other pathways. The concept
of neuralplasticity was first introduced by Donal Hebb in 1949 [206] stating that the connection
strength between neurons is modified based on neural activities in pre-synaptic and post-synaptic
cells. Within this frame, the concept of time plays an important factor for neuron firing. This
theory accounting for time is a form of Hebbian learning known as Spike-timing-dependent plas-
ticity (STDP) and postulates that the connection strength (synaptic weight) depends on the relative

timing between a pre-skipe and a post-spike [207].

For propagation of action potentials in a biological system, a pre-synaptic cell must spike
in order to promote the release of neurotransmitters into the synaptic cleft. As well, the post-
synaptic cell must spike to induce the opening of the receptor valves that allow the binding of the
neurotransmitters into them. The spiking of the post-synaptic cell must occur before the neuro-
transmitters are completely vanished or taken away. Thus, the closer a pre-spike is to a post-spike
at the synaptic junction, the higher the connection strength (or relative synaptic weight change)
induced in the post-synaptic neuron. The synaptic weight will keep diminishing in time as the
neurotransmitter concentration drops in the synapse. In biological systems, the synaptic weight
potentiates (increases) whenever a pre-synaptic spike precedes a post-synaptic spike repeteadly,
and the synaptic weight depresses (decreases) when a post-synaptic spike precedes a pre-synaptic
spike repeteadly. The change in percentage of synaptic weight is governed by the difference in
time between a pre-neuron’s and a post-neuron’s firing spikes. Typically, the changes in inten-
sity and sign of the synaptic weight occur within a temporal window of ~100 ms in biological

synapses.

As it occurs in biological neural networks, STDP is demonstrated in femtosecond laser-written
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waveguides in GLS glass. In this part of the experiment, the pre-spike beam at 532 nm wavelength
is applied in the form of a burst of pulses oscillating between two different power levels, follow-
ing the same modulation frequencies and intensities used previously to form the EPSP and IPSP
responses. This constant modulation makes possible to mimic the strengthening and weakening
cycles at the photonic synapse in terms of waveguide transmission (Fig. 1.18(a)). As the photo-
darkening level keeps oscillating, a post-synaptic beam at the wavelength of 800 nm is launched
into the waveguide, probing the level of photodarkening induced at the photonic junction. When
the post-spike passes through the photodarkened point, it is alike when the post-synapse opens up
the receptor valves to take in whichever neurotransmitters are released in the junction. The post-
spike acts as a gate function for the pre-spike. The opening or closing position of the post-spike

can be anywhere in this constant cycle.

Some of these curves containing potentiation and depression cycles, known as Hebbian learn-
ing windows, are shown in Fig. 1.18(b). Various forms of STDP are collected at different timings
(for At = 0 chosen at t1, ,, t3 and #4) from measurements performed in waveguides inscribed
in GLS glass. The plots show changes in the synaptic weight as a function of the relative arrival
time between pre- and post- spikes. The relative change in waveguide transmission represents
the changes in the neural connection strength (synaptic weight) between pre- and post- synap-
tic spikes. The arrival time of the post-spike relative to the pre-spike at the photonic synaptic
junction (At = fpost — fpre) contributes to a change in transmission along the waveguide, going
through potentiation and depression cycles. For the case of the two windows with Az = 0 fixed at
timings ¢ and 7., the relative spike timing equal to zero corresponds to the point where the post-
synapse makes the decision to either open or close and remains being zero until this one opens
again. As STDP predicts, whenever the pre-synaptic spike precedes the post-synaptic spike (Ar >
0), the synaptic strength increases or potentiates. Conversely, when the post-synaptic spike pre-
cedes the pre-synaptic spike (At < 0), the synapse decreases and goes through depression. Similar
to biological systems, the proximity in time of the two spikes at the photonic junction changes
the transmission levels generated within the waveguide. The closer a pre-spike is to a post-spike
(At ~0), the larger is the change in the synaptic weight or waveguide transmission. Conversely,
the further a pre-spike is to a post-spike (|A7| >> 0), the smaller is the change induced in the

synaptic weight or waveguide transmission.
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Fig. 5.18: (a) Pulsing scheme used to induce plasticity at the photonic synapse. (b)
Various Hebbian learning windows obtained from a laser inscribed waveguide in

GLS glass.

5.6 Summary

This chapter describes the first report of an optimum processing window for femtosecond laser
inscription of waveguides in GLS glass offering single mode guiding at 800 nm wavelength. GLS
glass was selected as the hosting material for nonlinear optical circuits due to its excellent FOM,
presenting a high nonlinear refractive index and a low multiphoton absorption coefficient. The
multiscan inscription approach used allowed waveguide fabrications at lower pulse energies than
the single scan technique and led to waveguides with more symmetric and confined propagation

modes with low insertion losses up to 2 dB for a MFD of 7.5 um at 800 nm. Assuming a step
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profile of the refractive index change and given the experimentally measured MFD of 7.5 yum, an
estimated refractive index increase of An = 1073 was deduced using a commercial mode solver

(Lumerical MODE Solutions).

The fabrication of S-bends and directional couplers, accompanied by a careful analysis on the
number of scans used during directional coupler inscription and its effect on the power coupling
ratio, has been reported. The role of directional couplers as ultrafast nonlinear all-optical switches
has been performed by exploiting the Kerr nonlinearities of GLS glass. The resulting nonlinear
properties of the femtosecond laser pulse irradiated volume in the bulk of GLS glass was stud-
ied by observing the nonlinear refractive index of the waveguides, obtained from the switching
parameters. Femtosecond laser writing induced a reduction of the nonlinear refractive index of
the irradiated volume of about 2 times, ensuring that laser written GLS waveguides are promising
for integrated nonlinear photonics. The new processing window provided for ultrafast laser in-
scription of optical circuits operating in single mode at 800 nm offers solutions to optical circuits
that can be employed as the building block of more advanced near infrared devices compatible
with Ti:Sapphire technologies for ultrafast nonlinear switching and SPDC light sources for use in

quantum information processing.

Finally, in the search for plastic and synaptic-like devices, we have demonstrated a photonic
waveguide inscribed in chalcogenide material as the basic unit of an all-optical neural network.
Intraneuronal communication protocols such as transmission of optical action potentials along
the photonic axon have been demonstrated. Additionally, inter-neuronal communication protocols
such as generation of action potentials at the synaptic junction, excitatory and inhibitory responses,
neural summations and spike-timing dependent plasticity are displayed by the photonic axon. The
plasticity and spiking characteristics come from the pristine material itself. The laser inscribed
waveguide shows the potential of developing neuromorphic hardware by optically inscribing cir-
cuits hosted in chalcogenide glasses. Direct ultrafast laser inscription has enabled the integration
of the work developed in optical fibers [166] into waveguides hosted within a centimeter-length
chip. The low photodarkening efficiency accomplished within the waveguide, with a maximum
reduction in transmission of about 4.5%, is attributed to the collinear alignment employed from
the pre-spike beam. In future work, shallower waveguides will be employed in order to enhance

the photodarkening efficiency by applying the pre-synaptic light beam from top of the waveguides.
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Moreover, the inherent characteristic of chalcogenides as phase change materials could lead to a
more complete integrated neuromorphic device where both optical memories and computing parts
coexist together within the same unit. Colocalization of memory and computation units could
be embedded through a controlled optical phase change at different illumination exposure points
along a single waveguide, simultaneously increasing the number of synapses in a “photonic cell”.
Development of all-optical deep artificial neural networks might be feasible by inscribing multi-
ple waveguides connected to each other in a different-layer distribution, offering enhanced power

efficiency and computational speeds.
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Chapter 6

Direct laser writing of waveguides in

diamond

This chapter introduces the nitrogen-vacancy (NV) color center hosted in diamond and provides
a review of the different fabrication methods employed to date for building optical guiding struc-
tures in diamond. The need of creating optical waveguiding deep in the bulk of diamond to reach
NV centers with improved optical properties is pointed out here and the ultrafast laser writing
technique is proposed as a feasible fabrication method able to supply buried optical waveguiding
in diamond substrates. Moreover, the laser inscription technique is also proposed as an indirect
fabrication method for the formation of NV color centers within the bulk of diamond by applying
single femtosecond laser pulses below the amorphization threshold of the material. A review on
the progress done in femtosecond laser writing in diamond is included and diamond substrates
containing high nitrogen impurity concentrations of about 100 parts per million, grown by a high
pressure high temperature (HPHT) process, have been selected for laser inscription of buried opti-
cal waveguides and NV color centers. Type Il single mode optical waveguiding has been achieved
at visible wavelengths. After waveguide formation and crystal lattice relaxation, laser writing has
been applied in the way of single femtosecond laser pulse irradiation along the waveguides in
order to induce the formation of vacancies within the crystal lattice. A subsequent thermal treat-

ment has been employed in order to promote the diffusion of the laser-induced vacancies towards
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the vicinity of intrinsic nitrogen impurities contained in the diamond substrates. The thermal an-
nealing employed does not affect the guiding properties. The waveguide-NV ensemble structures
provide an optimum optical guiding at 532 nm wavelength for optical excitation of NV defects
placed all along the waveguides and an enhanced optical collection of the photoluminescence
emission from NV centers. The photoluminescence emission coming from waveguides with and
without irradiated single pulses has been characterized and the role of the single femtosecond
pulse irradiation for the formation of NV color centers in HPHT diamond substrates has been

studied from confocal photoluminescence mapping.

The work presented in this chapter has been performed at the Politecnico di Milano, Italy, as

an attachment of the PhD program.

6.1 The diamond nitrogen-vacancy center

The nitrogen-vacancy color center is a point defect in the carbon lattice of diamond consisting of
a nearest neighbor pair of a substitutional nitrogen atom with a lattice vacancy. Fig. 6.1(a) shows
a schematic representation of the atomic structure of an NV center in diamond. Since nitrogen has
five valence electrons, three of them are shared with the nearest-neighbor carbons and the other
two form part of the "bond” with the vacancy. On the other hand, the vacancy holds five unsatisfied
bonding electrons, two from the nitrogen atom and three from the surrounding carbon atoms. The
color defect can coexist in two different charge states: the neutral charge state, NV, with five
electrons occupying the vacancy’s surroundings, and the negative charge state, NV~, when there
is an additional electron forming part of the dangling bond of the vacancy, coming from another
defect in the lattice. Especially, the NV center in its negative charge state has been exploited as
a single photon emitter for applications in quantum information and magnetic sensing, between

others [208,209].

The characteristic electronic structure of the NV~ center is depicted in Fig. 6.1(b), consisting
of a ground and excited states formed by spin triplets with *A and 3E symmetries, respectively,

and an intermediate metastable single state ! A. The triplet ground state of the NV~ center can be
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polarized by optically pumping at 532 nm wavelength, leading to a de-excitation via a fluorescence
emission with a characteristic zero phonon line (ZPL) at 637 nm.

The peculiarity that the ground state sub-level m; = 0 fluoresces more brightly than the m; =
4 1 ground sub-level spin state, due to the possibility that the latter electronic state goes through
relaxation via a non-radiative decay path, which is useful for optical readout of the spin state and
its initial state preparation for further manipulations. In this way, the NV~ center can be used as
the basic unit for quantum information processing, a qubit, in which a two-spin-state system can

be either in one of the two states allowed or in a coherent superposition of both spin states (as

depicted in Fig. 6.1(a)).

(a) (b)

532 nm
ZPL at 637 nm
532 nm
ZPL at 637 nm

m==1 (dark)

) A

m, =0 (bright)

Fig. 6.1: (a) Typical atomic structure of the tetrahedral carbon lattice of diamond
hosting an NV color center which is optically excited at 532 nm wavelength, result-
ing in a photoluminescence emission with a ZPL at 637 nm. The NV may be used
as a quantum qubit. (b) Electronic structure of an NV color center in its negative

charge state and all the viable optical excitation and de-excitation paths.

NV~ centers present weak spin-orbit coupling and are surrounded by a spinless carbon lattice
which results in a low-noise quantum system with outstanding coherence times of ~1 ms, com-
parable to that of trapped ions, at operational room temperatures [2]. Additionally, the NV~ spin
states have shown to respond in the presence of magnetic fields via the Zeeman splitting [210], of-

fering capabilities as magnetometers with atomic sizes and extraordinary sensitivities comparable
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with existing technologies, as shown in Fig. 6.2.
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Fig. 6.2: Classification of current competitive technologies for magnetic sensing.
Figure acquired from a talk given by Prof. Ronald Walsworth, Harvard University
at the DIADEMS summer school 2016, Cargese, France.

Depending on the properties of the hosting diamond, NV~ centers can emerge as isolated de-
fects or in high density ensembles with viable NV™-NV ™ spin entanglement over relatively long
distances via photonic excitation through optical guiding structures [2]. The NV~ color center
in diamond has emerged as an advantageous defect for compact and scalable quantum informa-
tion systems and high sensitivity magnetic sensors. The fabrication of optical guiding structures
enabling optical excitation of NV centers and an optimum collection of their photoluminescence

emission is indispensable. From now on, the NV~ color center will be referred to simply as NV.

6.2 Review in fabrication methods for optical waveguid-

ing structures in diamond substrates

With the aim of using the beneficial properties displayed by NV color centers hosted in the bulk of
diamond, the search for fabrication methods that enable optimum optical excitation of NV centers
and subsequent collection of NV flourescence emission is indispensable. The challenges met when
trying to find a way to process optical waveguiding in diamond are many. In first place, shallow

NV centers in diamond present reduced coherence times induced by external noise introduced into
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the system due to proximity to the diamond surface. The coherence time, 75, involving the dipolar
interaction of the spin of a single NV center with the “spin bath” formed by the surrounding NV
centers [2], has been measured in implanted shallow NV centers located at a depth of 2.1 nm with
values of 12.2 us, whereas deeper native NV centers placed 6 um below the surface of diamond
present coherence times notably improved with a value 7> ~128 us for the case of quantum grade
diamond (5 parts per billion of nitrogen impurities) [211]. For this reason, a fabrication method
that enables deep optical waveguiding within the bulk of diamond, where NV coherence times are

highly improved, is desirable.

Aside from the issue of creating guiding structures deep in the bulk of diamond to not deteri-
orate the original properties of NV centers, the high refractive index of 2.4 in diamond presents a
challenge when it comes to collecting the fluorescence emission coming from NV centers. A high
refractive index results in a small angle of total internal reflection at the diamond-air interface.
This reduces the optical collection efficiency of the NV fluorescence emission from the bulk of the
substrate, making direct optical collection from a microscope objective a non-viable option since
the optical collection efficiency is notably reduced due to refraction at the interface between the
substrate and the air. The choice of using index matching oil connecting the diamond-air interface
for optical collection of NV centers has been discarded since it is not feasible for low temperature

measurements.

Some of the approaches used to create optical waveguiding in diamond have employed the
focused ion beam technique along with thermal annealing, chemical etching and a lift-off process.
The first waveguide fabricated in the bulk of single-crystalline diamond was reported by Olivero et
al. in 2005 [212] by using this method. Despite all the efforts, the focused ion beam implantation
has shown to degradate the properties of the NV color centers due to an induced stress in the
diamond films [213]. More recent work has been based on thin film deposition of high refractive
index materials on top of diamond substrates. The use of this technique has enabled micro and
nano cavities coupled to N'V centers near the diamond surface [214] and optical waveguides [215].
However, the coupling efficiency of surface guiding structures with NV centers located in the bulk

of diamond is not ideal, being also influenced by surface roughness.

In a trial for improving the optical collection efficiency of NV fluorescence emission, recent
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efforts based on photolithography and selective ablation of diamond to form air-diamond inter-
faces have been employed [216,217]. Also, a novel etching technique has been reported by Burek
et al. [218] introducing the use of an angled-etching method which requires the use of a Faraday
cage, enabling free-standing photonic components in diamond such as suspended nanobeam opti-
cal waveguides, nanobeam mechanical resonators and microdisk cavities. However, etching fabri-
cation methods are not desirable since they exhibit remarkable sensitivity to surface roughness and
poor repeatibility depending on concentration and temperature of the etchant. Also, they require
the use of cleanroom facilities and multi-step material processing. Additionally, ion beam writing
has been used for the fabrication of shallow waveguides, but with limitations to two-dimensional
fabrication geometries [219]. Despite all the multiple techniques presented, none of them provide

a solution for the fabrication of deep waveguides in the bulk of diamond.

To overcome all the actual challenges, a direct practical solution is the use of a fabrication
technique that enables the formation of guiding structures within the bulk of diamond, simultane-
ously enabling an optimal NV optical excitation and collection efficiencies while still maintaining

the NV coherence times.

6.3 Progress in femtosecond laser writing of waveguides

in diamond

Femtosecond laser writing could provide a solution for all the challenges mentioned in the pre-
vious section. The first demonstration of a femtosecond laser written waveguide in the bulk of
optical grade diamond (containing 100 parts per billion of nitrogen impurities) was reported in
2016 by Sotillo et al. [109]. In this work, the prevention of graphite formation during waveguide
fabrication, which would be detrimental due to its optical absorptivity, was achieved by processing
waveguides at high repetition rates (500 kHz). The resulting waveguides, located at 40 um below
the diamond surface, belonged to a type II modality and presented single mode guiding with an
insertion loss of 11 dB at 635 nm wavelength. Photoluminescence confocal measurements pro-

vided equal photoluminescence spectrum coming from the optical guiding region and the pristine
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material, proving that the waveguide fabrication method did not degrade the diamond lattice along
the optical guiding region [109]. This work also reported the linewidths of the hyperfine structure
of the diamond’s intrinsic NV centers located along the optical guiding region and in the pristine

diamond, resulting in comparable values demonstrating preservation of the NV’s properties. [109].

Previous studies to this first demonstration had shown formation of graphitic lines along the
focal region of irradiated pulses during femtosecond laser writing in diamond substrates at 1 kHz
repetition rate [220]. Shortly after the first demonstration of a laser-written waveguide in diamond
substrates [109], Courvoisier et al. reported also the formation of waveguides in diamond through
ultrafast laser inscription at low repetition rates (1 kHz) with the use of a spatial light modulator
and a vertical multiscan approach [221]. The use of a spatial light modulator ensured the correction
of the strong spherical aberration created in diamond, allowing waveguide fabrications at any depth
within the diamond substrates. Single mode optical waveguides and a Y-splitter with a 50:50
splitting ratio with estimated insertion losses of 7.9 dB and 7 dB were respectively reported at 780

nm wavelength [221].

In [109], it has been described that the laser writing in diamond induces the formation of
amorphous carbon and photoluminescence measurements have confirmed the formation of a large
amount of defects, mainly vacancies or vacancy complexes. This fact led to the idea of creating
vacancies within the bulk of diamond by using femtosecond laser writing at low pulse energies
below the amorphization threshold of the crystal (~50 nJ). Usual methodologies for implantation
of color centers consist of electron or ion irradiations within the diamond samples, introducing

residual damage into the crystal lattice and deteriorating the properties of the NV centers [222].

The first demonstration of single NV generation within the bulk of diamond via laser writing
was reported by Chen et al. [223], showing a controlled selection of the position of the NV centers
within the diamond lattice by using adaptive optics for aberration correction. Single femtosecond
laser pulses were used to generate vacancies in the bulk of diamond. A subsequent thermal anneal-
ing was used to promote the vacancy migration towards the intrinsic nitrogen impurities contained
in the diamond samples, resulting in the formation of stable NV color centers. The reported suc-
cess probability of creating an NV defect within 200 nm distance from the irradiated area was 45

4 15% for diamond samples with a nitrogen concentration below 5 parts per billion (~900 atoms
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per um). After this work, Sotillo et al. [112] showed deterministic placement of single NV centers
in diamond without the need of using adaptive optics, obtaining a success probability of forming
an NV center within a spatial accuracy of ~1 um? volume of about 50% for diamond samples

containing the same nitrogen impurity concentration as the diamond used in [223].

The achievement of combining optical waveguides and single NV color centers as an inte-
grated waveguide-NV coupled device by exclusively using femtosecond laser writing has been
reported by Hadden er al. [69]. The work developed here enabled optical excitation and collection
of laser-written NV color centers via light coupling into a laser-written optical waveguide in bulk
diamond. It was also proved that the required thermal annealing, applied after laser writing of
waveguides and vacancies to induce the mobility of vacancies towards the nitrogen impurities, did
not deteriorate the properties of the waveguides, mantaining the same mode profiles and waveg-
uide losses presented before the realization of the annealing. The reported probability of creating
single NV color centers within the waveguides was 40% for a diamond substrate containing a
nitrogen density below 5 parts per billion and single photon emission at room temperature was

detected from the laser-written single NV centers.

Lastly, a recent improvement in the probability of laser-written NV center formation within
diamond substrates was accomplished by replacing the thermal annealing usually employed with
a train of focused femtosecond pulses at low energies [224]. The substituent low energy femtosec-
ond pulse writing proved the mobilization of the vacancies at the laser exposed spots with a yield
of 96% in NV center formation and a positioning accuracy of 50 nm for diamond samples with

high nitrogen impurity concentration (~100 parts per million) [224].

Although there is great room for improvement, femtosecond laser writing has demonstrated
to be a competitive technology for the formation of optical guiding structures, color center de-
fects and the integration of these two combined in an on-chip diamond platform with feasible

applicability in quatum information systems.
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6.4 Ultrafast laser inscription of type II bulk diamond

waveguides coupled to an ensemble of NV centers

After providing a detailed review of the work already developed in laser writing of waveguides
in diamond in the previous section, the next challenging step is the ultrafast laser fabrication of
ensembles of N'Vs that can be optically excited and collected in an efficient manner and, thus,

providing an enhanced photoluminescence emission compared to single isolated NVs.

For instance, one of the drawbacks of using single NVs as magnetic and electric nanoscale
sensors is that their sensitivity is limited by the measurement of a single NV center. As a solution,
devices based on spin state entanglement of a large number of NVs would result in a greater
sensitivity led by an enhancement proportional to /N, where N is the number of NV centers
constituting the ensemble [225]. As an example, ion-implanted NV ensembles contained at the
surface of thin film diamond substrates have already demonstrated their role as sensors in the
detection of single neural action potentials [226] and larger sensitivities have been demonstrated

by using NV ensembles in naturally NV rich bulk diamond substrates [227,228].

Femtosecond laser writing offers the possibility of creating optical waveguides coupled to
an ensemble of NVs, enabling optical excitation and collection of the ensemble acting as a spin
entangled system for quantum sensing devices. Here, the fabrication of optical waveguides and
vacancy defects within the bulk of diamond substrates using the femtosecond laser writing tech-
nique has been employed. The diamond substrates selected were commercially available and had
been subjected to a growth process of high pressure high temperature (HPHT), which leads to the
formation of diamond substrates containing a high amount of nitrogen impurities (~100 parts per

million), as it was convenient for creation of large ensembles of NV centers.

The micromachining workstation detailed in chapter 3 (section 3.1) was used to laser write
waveguides within the bulk of HPHT diamond substrates. Due to the high linear refractive index
of 2.4 in diamond, an oil immersion objective lens (RMS100X-O 100x Olympus Plan Achromat

Oil Immersion Objective, 100x oil immersion, Olympus) was required during waveguide fabrica-
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tions to reduce the refraction caused at the optical path between the objective lens and the diamond
substrate. Also, the oil immersion objective lens had a high NA of 1.25, needed to form uniform
laser modifications within the bulk of diamond with a reduced spherical aberration, since the use of
adaptive optics was not available from the fabrication system. Unlike laser writing of waveguides
in glasses, where the irradiated volume experiences an increase in the refractive index enabling
direct optical waveguiding, femtosecond laser pulses focused within the bulk of crystals produce
a lattice damage which results in a decrease of the refractive index and creating a stress around
it [229]. Thus, optical waveguiding within the bulk of diamond can be achieved by laser writing
two closely spaced parallel lines [109], as illustrated in Fig. 6.3. This waveguide fabrication

technique is known as the type II modality [109].
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Fig. 6.3: Type Il waveguide laser writing modality in diamond. The laser induced
modifications result in a lower refractive index than the pristine crystal lattice, al-

lowing optical mode confinement in between two laser written lines due to stress.

Single mode waveguides operating at visible wavelengths were targeted in order to ensure an
efficient optical excitation of the NV centers through an optical guiding at 532 nm wavelength and
optical collection of the photoluminescence emission from NVs at about 637 nm wavelength. The
general processing parameters chosen from the machining station to form waveguides in HPHT
diamond samples were an incident wavelength of 515 nm, enabling nonlinear absorption of two
photons within the focal volume, 300 fs pulse duration and a repetition rate of 500 kHz. The
high repetition rate used was selected in order to prevent the formation of graphite within the laser

irradiated lines, as reported in [109]. Incident pulse energies ranging from 40 nJ to 60 nJ, in steps
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of 10 nJ, and a scan speed of 0.5 mm/s were employed for waveguide fabrications. To achieve
single mode optical waveguiding at visible wavelengths, the spacing between the two parallel
laser-written lines composing a single type II optical waveguide was chosen to be 13 yum, as it was
previously reported by Sotillo ef al. [109], and the inscriptions were performed at 18 um, 20 um
and 22 um below the sample surface. The polarization of the incident laser beam did not show

any dependence during waveguide inscriptions within diamond substrates.

Right after the inscription of each optical waveguide and subsequent material relaxation, the
ultrafast laser inscription technique was used to focus single femtosecond laser pulses all along
the waveguide in consideration, at an equidistant midpoint between the two laser-written lines
forming the type Il waveguide. The distance between consecutive irradiated femtosecond pulses
along the axial direction of the waveguides was kept at 1 um. The single static exposures were
employed to induce the formation of vacancy defects at the irradiated volume within the substrate
[112,223]. Incident pulse energies ranging from 12 nJ to 20 nJ, in steps of 2 nJ, were used for
the inscription of single pulses along different waveguides, keeping the pulse energies employed
below the amorphization threshold of diamond (~50 nJ) [112]. The inscription of single static

exposures was performed at 20 um depth.

After laser writing of waveguides and vacancy defects, the substrates were subjected to a
thermal annealing in a tubular furnace (Lenton LTF15/50/450), where the substrates were placed in
a quartz boat and covered with diamond powder to prevent the sample surface from any oxidation.
The oxygen present in the furnace was extracted using a diaphragm pump and a nitrogen flow
during 1 hour. Subsequently, a thermal treatment was performed under a nitrogen atmosphere by
following a three steps process: from ambient temperature, a thermal rising ramp rate of 5.4°C
per minute was employed for 3 hours until the temperature rised to 1000°C, then the substrate was
hold at 1000°C for 3 hours and, lastly, the furnace was switched off in order to let the substrate cool
down to ambient temperature. The employed thermal annealing was used to activate the vacancy
migration process, where the vacancies created through laser writing of single pulses start moving
towards the nitrogen atoms fixed in the diamond lattice and, thus, leading to the formation of NV
color centers [112,223]. This is possible because the diffusion of the vacancies in diamond starts

at 650°C, whereas the diffusion of nitrogen atoms in diamond occurs at 1500°C [2].
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The morphology of the laser-inscribed waveguides within the bulk of diamond substrates was
characterized under an optical microscope, in transmission mode, using 10x and 40x magnifi-
cation objectives (Eclipse ME600, Nikon). For characterization of waveguide losses, the chip to
fiber butt coupled method detailed in chapter 3, section 3.3.2, was employed. The waveguide mode
profile at the near field was characterized with a 60x aspheric lens (5721-H-B, Newport) in order

to image the guided mode onto a beam profiler (SP620U, Spiricon).

The resulting waveguides showed optical waveguiding only for TM polarized light, as reported
elsewhere [109,221]. The reason for having only one guiding polarization is due to the presence
of compressive stress in the horizontal direction and tensile stress in the vertical direction, as
reported in [230] through polarized micro-Raman studies of the laser-written waveguides. This
stress distribution induces an increase in the refractive index for the TM polarization, whereas the
TE polarization sees a decrease in the refractive index between the two lines. The TM polarized
mode can be confined in the horizontal direction due to the two laser-written lines which have a
reduced refractive index compared with the pristine crystal lattice, while its confinement in the
vertical direction is due to a stress-induced refractive index change [230]. The waveguide perfor-
mance (mode field diameter and waveguide losses) was not affected by the single static exposures
employed to create the vacancy defects and resulting NV color centers along the waveguides, since

the pulse energies used were relatively low.

The laser pulse energy showed to have a dependence with the size of the waveguides. Usually,
applying higher pulse energies during waveguide fabrications led to more vertically elongated
optical modes when coupling light at 635 nm wavelength. Fig. 6.4(a) gives information about
the vertical elongation of the optical guided modes in waveguides formed under different pulse
energies and depths, where MFDy — MFDx refers to the difference between the experimentally
measured mode field diameter along the vertical direction and the experimentally measured mode
field diameter along the horizontal direction of the optical mode at 635 nm wavelength. But, not all
the cases followed strictly this general trend, the increase in the vertical elongation of the modes
is due to a larger spherical aberration when higher pulse energies are focused within the bulk
of diamond. Generally, the mode field diameter along the horizontal direction (MFDx) did not
experience any changes when varying the pulse energy, and only the mode field diameter along

the vertical direction (MFDy) experienced a general growth of few micrometers when slightly
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increasing the pulse energy for waveguide fabrications. This can be attributed to the elongation of

the vertical side walls due to spherical aberration with the power.

The waveguide depth did not show any clear effect on the resulting waveguide properties.
Fig. 6.4(b) shows the waveguide insertion loss (IL) as a function of the pulse energies used dur-
ing waveguide fabrications at a depth of 20 um. The waveguide insertion loss did not show any
dependence on any of the processing parameters used. Despite presenting a pronounced vertical
elongation, the waveguide containing a minimum loss was obtained at a pulse energy of 60 nJ for
an inscription depth of 20 pum, resulting in an overall insertion loss of 6.8 dB, from a Fresnel re-
flection loss of 0.3 dB/facet, a coupling loss of 3 dB/facet and a propagation loss of 1 dB/cm when

launching light from a polarization-mantaining optical fiber in TM mode at 635 nm wavelength.

(a) (b)

4.5 T T T T T 9.0 —TTT—
40 —&— 18 um depth
1 —o— 20 um depth 8.5
3.54| —9— 22 um depth
k)
o)
= 3.04 801
= @
v 2.54 o
> 7 7.51
|
2 20 =
= 1.5 : 7.04
101 ] [ 20 um depth|
L] T J L L] 6-5 L) v L v L v L v L}
40 45 50 55 60 40 45 50 55 60
Pulse energy (nJ) Pulse energy (nJ)

Fig. 6.4: (a) Effect of processing pulse energy on the vertical elongation of the
optically confined waveguide modes at 635 nm wavelength. (b) Waveguide insertion
loss as a function of the incident pulse energy for waveguides fabricated at 20 um

below the sample surface.
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Fig. 6.5(a) shows an overhead white-light microscope image of various laser-written lines
composing an array of type II waveguides within the bulk of diamond substrates. Unlike laser in-
scribed waveguides in glasses, the modifications formed by the focused femtosecond laser pulses
within the diamond lattice result in dark lines at the focal volume, inferring a strong material
change, such as amorphization/ graphitization of the original crystal lattice. The spots where sin-
gle static exposures were applied in order to form vacancy defects along the waveguides are not
distinguishable under optical microscopy due to the low pulse energies used below the amorphiza-
tion threshold of diamond. A transverse view of a laser-written waveguide in the bulk of diamond
can be observed in Fig. 6.5(b). The vertically elongated laser induced lines composing the type II
waveguide are due to the spherical aberration caused within the bulk of diamond due to its high
linear refractive index. The optical guided mode of the waveguide presenting minimum insertion

losses of 6.8 dB at 635 nm wavelength is illustrated in Fig. 6.5(c).

Fig. 6.5: (a) Overhead microscope image of an array of type II laser-written wave-
guides in diamond. (b) Cross section of a type II laser inscribed waveguide within
the bulk of diamond. (c) Waveguide optical mode with a MFD = (11 x 15) um?

for launched TM polarized light at 635 nm wavelength.

6.5 Photoluminescence characterization setup

A free space optics setup was used for the characterization of the photoluminescence signal gen-
erated all along the laser-written waveguides in diamond, as depicted in Fig. 6.6. The output
optical beam of a doubled frequency Nd:YAG laser was directed onto a half wave plate (HWP)
and subsequently coupled into the waveguide under consideration by using a 0.16 NA focusing

lens. The optical coupling and waveguiding, centered at 532 nm wavelength, was used to optically
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excite the ensemble of NV centers formed along the waveguides. The guided light was collected
at the output of the waveguide by a 0.25 NA collimating objective lens and subsequently filtered
at 532 nm wavelength by using a single-notch filter (NFO3532E-25, 532 nm StopLine) in order
to substract the optical pump from the NV optical emission. The filtered beam was then directed
onto a spectrometer (Ocean Optics USB2000) for the collection of the optical emission generated

along the laser-written waveguides.
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Fig. 6.6: Free space optical setup for characterization of the photoluminescence
emission coming from ensembles of NV color centers located along the laser-

written waveguides in diamond.

6.6 Photoluminescence results

Using the free space optics setup described in the previous section, the optical emission coming
from one of the laser inscribed waveguides in HPHT diamond, containing single static exposures,
is shown in Fig. 6.7 after filtering the optical pump. The experimental data in black color corre-
sponds to the photoluminescence signal collected at the output of a waveguide when the optical
pump has a TM polarization. The data in red indicates the photoluminescence emission of the
same waveguide but when the polarization of the optical pump was TE. The experimental data in
blue comes from the optical collection of the pump signal filtered when shining the outer prox-
imity of one of the laser-damaged lines that composes the waveguide (corresponding to the bulk
diamond). In this last case, no photoluminescence signal has been detected. From the black and
red color curves, a luminescence collection 4-5 times larger for TM polarized pump light with
respect to the luminescence intensity collected at TE polarization of the pump is due to the unique
TM polarization guiding allowed in type II waveguides in diamond. The various peaks that can be

distinguished from the emission spectra coming from the waveguide for both TM and TE pump
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polarizations correspond to the first order Raman peak located at 572 nm, a zero phonon line (ZPL)
at 576 nm associated to NV color centers, the strong ZPL at 637 nm from NV~ centers and its
associated vibronic band that extends from the ZPL towards longer wavelengths [2]. These results
suggest the formation of NV centers along the laser-written waveguides in comparison with the
bulk, indicating that only a TM polarized optical pump is optimum for an efficient optical guiding

and posterior excitation of NV centers.
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Fig. 6.7: Emission spectra coming from a waveguide and from bulk diamond after
optically pumping with a 532-nm light and subsequently filtering the pump. The
spectrum in black refers to the optical emission from a waveguide containing single
static exposures for a TM polarization of the pump. The spectrum in red corresponds
to the emission of the same waveguide when the optical pump is TE polarized. The
experimental data in blue corresponds to the optical collection from the bulk of the

substrate.

A study of the luminescence emitted from waveguides containing single static exposures ir-
radiated at different pulse energies, ranging from 12 nJ to 20 nJ, is shown in Fig. 6.8. The two
plots in Fig. 6.8 correspond to two sets of waveguides that were processed at pulse energies of 50
nJ and 60 nJ and at 18 um depth. In both plots, the intensity of the photoluminescence emitted
along the waveguides with single static exposures generated at a minimum pulse energy of 12
nJ is greater than for the remaining cases. However, the subsequent photoluminescence emission
carrying sufficient intensity is measured for waveguides with static exposures formed at the max-
imum pulse energy of 20 nJ. Waveguides containing single static exposures fabricated at pulse
energies between 14 nJ and 18 nJ are the waveguides that, surprisingly, emit a less intense pho-

toluminescence signal. These results conclude that the pulse energies employed to induce the
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formation of vacancies in the diamond lattice do not show any clear effect on the intensity of the

photoluminescence signal generated along the waveguides.
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Fig. 6.8: (a) Photoluminescence emission of laser-written waveguides fabricated at
50 nJ pulse energy, containing single static exposures with processing pulse energies
ranging between 12 nJ to 20 nJ. (b) Photoluminescence emission of laser-inscribed
waveguides fabricated at a pulse energy of 60 nJ, containing single static exposures
with processing pulse energies ranging between 12 nJ to 20 nJ. All the waveguide

inscriptions were formed at 18 um depth.

Since no correlation between the pulse energies used to form vacancies along the diamond
waveguides and the intensity of the luminescence emission was found, the optical emission of
waveguides containing static exposures irradiated at a fixed pulse energy of 16 nJ was studied
for waveguides occupying different regions of the same diamond substrate. Fig. 6.9 presents the
photoluminescence spectra emitted from different waveguides, containing single static exposures
fabricated at 16 nJ, and inscribed within the same diamond sample. The legend of the plot in
Fig. 6.9 follows the order of the waveguides distributed in space along the same diamond sub-
strate, indicating the waveguide fabrication depth and the waveguide fabrication pulse energy. A
decreasing trend in luminescence intensity can be observed for waveguides spatially distributed
throughout the sample, coinciding with a gradual decrease in photoluminescence for waveguides
inscribed at greater depths. On the other hand, no influence of the pulse energies used for waveg-

uide fabrications over the intensity of the luminescence signal can be observed.
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Fig. 6.9: Photoluminescence spectra of waveguides containing single static expo-
sures fabricated at a pulse energy of 16 nJ within the same diamond substrate. The
legend of the plot follows the spatial order of the waveguide distribution contained
within the substrate, indicating the waveguide fabrication depth and waveguide fab-

rication pulse energy.

The gradual reduction in photoluminescence intensity following the spatial waveguide distri-
bution inscribed along the substrate suggests that the sample contained an inhomogeneous distri-
bution of intrinsic nitrogen impurities throughout the substrate, with higher nitrogen concentra-
tions located at one of the sample edges and closer to the top surface, since shallower waveguides
present enhanced luminescences, and getting reduced towards the central region of the substrate

and at deeper locations, with deeper waveguide emitting reduced photoluminescence intensities.

The waveguide layout inscribed within the diamond sample under consideration can be seen
in Fig. 6.10 from an overhead optical microscope image. The results obtained from the spectra
in Fig. 6.9 can be contrasted with the waveguide positions throughout the sample in Fig. 6.10,
where shallow waveguides at 18 um depth and closer to the sample edge (delimited within a
red rectangle in Fig. 6.10) offer enhanced photoluminescence signal (as seen in Fig. 6.9) in
comparison with waveguides located closer to the central region of the substrate and placed at

slightly deeper positions within the substrate (waveguides delimited within a green rectangle).

Waveguides without single static exposures inscribed in the substrate shown in Fig. 6.10 were

also characterized using the free space optics setup described in the previous section. Fig. 6.11
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Fig. 6.10: Overhead optical microscope image showing the waveguide layout of the
substrate under study. Each subset delimited within red, blue and green rectangles
contains five laser inscribed waveguides with single static exposures fabricated at
pulse energies ranging from 12 nJ to 20 nJ in steps of 2 nJ, from right to left. The
two sets on the left side are composed of three waveguides and no single static
exposures were irradiated along them. Some of the waveguides inscribed at 22 um
depth within the green rectangle present discontinuities due to instabilities during

laser fabrication.

presents the photoluminescence emitted by waveguides with and without single static exposures
contained within the substrate. The legend of the plot indicates the waveguide fabrication depth,
the waveguide fabrication pulse energy and the single static exposure fabrication pulse energy
for those waveguides containing static exposures. The legent follows the order of the spatial
distribution of the waveguides inscribed along the sample. The photoluminescence intensity gen-
erated from waveguides with and without static exposures does not seem to follow a general trend,
finding in some cases enhanced luminescence intensities coming from waveguides without static
exposures in comparison with the pholuminescence generated in waveguides containing single

exposures.

All the luminescence results obtained from waveguides inscribed within the same diamond
substrate suggest that the photoluminescence intensity is more conditioned by the intrinsic nitro-

gen impurity concentration distributed at different regions of the diamond substrates which, for the
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Fig. 6.11: Photoluminescence spectra of waveguides fabricated within the same
diamond substrate. The legend follows the order of the waveguide spatial distribu-
tion along the sample and indicates the waveguide depth, the waveguide fabrication
pulse energy and the static exposure fabrication pulse energy for the case of wave-

guides containing single exposures.

cases shown in Fig. 6.9 and Fig. 6.10, is larger in regions located near the sample edges and also
closer to the top sample surface (shallower waveguides at 18 um depth seem to emit an enhanced
photoluminescence signal in comparison with deeper waveguides). Although a clear enhancement
in the photoluminescence signal is obtained for shallow waveguides at 18 um depth containing
static exposures (Fig. 6.9) in comparison with waveguides inscribed within the same substrate at
18 um depth but without any static exposures (Fig. 6.11), the formation of NV centers and its

contribution to an enhancement of the photoluminescence signal is not evident.

To better understand the effect of laser writing within the bulk of HPHT diamond samples,
a confocal photoluminescence mapping of the waveguides was performed by our collaborators
Belén Sotillo and Andrea Chiappini in Trento, Italy. The optical setup was a Labram Aramis Jobin
Yvon Horiba microRaman system with a diode-pumped solid-state laser source opterating at 532
nm wavelength to optically excite the possible NV color centers contained within the diamond
substrates. The setup was equipped with a confocal microsocope and an air-cooled CCD. The
measurements were taken by focusing a 100x objective lens onto the sample and the emitted
signal was directed to a diffraction grating of 600 1I/mm to selectively study the photoluminescence

emission at different particular wavelengths.
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Results from confocal measurements carried out in HPHT diamond substrates revealed that
NV color centers were formed at the spots where single static exposures were intentionally laser
written for fabrication pulse energies above 18 nJ. Pulse energies below 18 nJ did not show any
visible photoluminescence from confocal maps. Static exposures processed at 30 nJ presented
the most enhanced photoluminescence. However, the brightest photoluminescence signal was
generated at the vicinity of the two laser damaged lines that compose a single type II waveguide.
This bright photoluminescence tends to accumulate on top of the two laser-written lines and it
masks the photoluminescence coming from the NV color centers formed within the single static
exposures located along the waveguides. This bright photoluminescence coming from a cloud
of defects formed at the proximity of the two laser damaged lines explains the reason why the
photoluminescence spectra collected from the free space optics setup in Fig. 6.6 did not provide

any conclusive results for waveguides containing static exposures at different fabrication energies.

Some of the results obtained from confocal measurements are shown in Fig. 6.12, where the
maps correspond to the transverse view of a waveguide in HPHT diamond. The maps correspond
to a waveguide containing single static exposures fabricated at 30 nJ pulse energy and placed
in a spatial distribution consisting of four lines of single static exposures throughout the waveg-
uide, consecutively spaced by 1 um along the waveguide and transversely separated by 4 um.
A schematic representation of the transverse distribution of the four static exposures between the
two laser-written lines composing the waveguide is illustrated in Fig. 6.12(a). The confocal map
in black and white color shown in Fig. 6.12(b) represents the Raman peak intensity of the waveg-
uide cross section and is used as a reference to keep track of the position of the laser written lines
composing the type II waveguide. Alongside of the Raman peak intensity map, its corresponding
color map indicating the intensity of the emitted light at 637 nm wavelength is found. The two
dashed horizontal lines in the maps of Fig. 6.12(b) and 6.12(c) delimit the upper and lower edges
of the laser damaged lines composing the type II waveguide. The map reveals a bright photolu-
minescence emission coming from above the laser damaged lines that form the guiding structures
in diamond. There is also a clear evidence of NV color center formation at three out of four sites
irradiated with single static exposures, located in between the two laser damaged lines. The closer

the NV centers are to the laser-written lines, the lower the emission of these ones.

In conclusion, results from ultrafast laser writing in HPHT diamond samples (with nitrogen
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of a laser-written waveguide in HPHT diamond, centered at 572 nm from an optical
excitation at 532 nm wavelength. (c) Photoluminescence emission at 637 nm from
the transverse view of the laser-written waveguide in (b). The horizontal dashed
lines indicate the top and bottom endings of the two laser damaged lines forming

the type II waveguide.

impurity concentrations ~100 parts per million) reveal that the damage generated by the laser-
written lines composing the type II waveguides is creating a cloud of defects that extends into the
waveguide region after thermal annealing. Most of the photoluminescence signal is generated from
this cloud of defects, rather than coming from the static exposures, and this cloud of defects tends
to concentrate on top of the laser-written lines, as it was shown from confocal photoluminescence
maps. Since the photoluminescence intensity created by the laser modified lines changes for each
waveguide, the photoluminescence signal generated after the thermal treatment is conditioned by
the distribution of intrinsic nitrogen defects at different regions of the substrates. From confocal
photoluminescence measurements, static exposures at pulse energies below 18 nJ could not be
distinguished from the photoluminescence generated at the laser modified lines. The brightest
photoluminescence obtained from the sites where static exposures were applied occurred for static
exposures fabricated at 30 nJ pulse energy. Moreover, static exposures fabricated closer to the

laser modified lines were hardly visible from the confocal maps.
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6.7 Summary

This chapter has provided a detailed review of the NV color defect hosted in diamond and the work
developed until date in optical guiding structures created in diamond substrates through different
fabrication techniques. The importance of having waveguiding within the bulk of diamond has
been shown, which can be conveniently realized using femtosecond laser writing. Following some
previous work on ultrafast laser writing of waveguides and NV color centers, this technique has
been applied in diamond samples containing a high amount of nitrogen impurities, synthesized
via the HPHT method for the formation of large ensembles of NV color centers. The laser wri-
ting technique was used to create buried type II optical waveguides in diamond and to induce the
formation of vacancies throughout the laser-written lines composing the waveguides by irradia-
tion of single femtosecond laser pulses at pulse energies below the amorphization threshold of
diamond. A subsequent thermal annealing was performed in order to promote vacancy mobility
towards the nitrogen impurities contained in the diamond substrates. The irradiation of single
static exposures through the waveguides did not affect any optical properties of the waveguides
and single mode optical waveguiding has been reported with optimum insertion losses of 6.8 dB

at 635 nm wavelength.

The results obtained from a free space optics photoluminescence characterization setup and
from confocal photoluminescence maps revealed that the emission of an intense photolumines-
cence signal is mostly due to the vacancies produced in the surroundings of the laser damaged
lines composing the type Il waveguides inscribed in diamond, rather than coming from the sites
where the laser static exposures were applied. Also, the intensity of the photoluminescence emit-
ted by the laser modified lines seemed to be highly dependent on the concentration distribution
of nitrogen impurities at specific sites of the diamond samples. These results allow to save a
fabrication step since no irradiation of single static exposures is needed for the particular case of
HPHT diamond to achieve an enhanced photoluminescence, in contrast with ultrafast laser writing
employed in diamond substrates with lower nitrogen impurity concentrations [69]. Future exper-
iments will study the effect of using higher pulse energy for the formation of static exposures in
order to discriminate the effect of the PL generated by the laser-written lines and the PL generated

by the static exposures.
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Conclusions and perspectives

The work presented in this thesis has explored direct waveguide fabrication in new material plat-
forms with special characteristics, presenting high nonlinear optical properties and quantum fea-

tures at room temperature.

In first place, borosilicate glass was chosen as a host platform for waveguide fabrication since
it is a well-studied material in laser processing of waveguides and offers a wide transparency
window. An optimum processing window for laser writing low-loss waveguides, S-bends and
directional couplers has been investigated at 800 nm wavelength for optical circuits presenting
compatibility with Ti:Sapphire lasers and SPDC quantum sources. A relatively low pulse broad-
ening effect found in these waveguides enabled the study of the travelling salesman problem,
which was implemented into an integrated laser written photonic platform. The novelty here has
been the implementation of an optical cross-correlator as a method to study graph theory prob-
lems, offering other ways to explore problems that are computationally hard to solve and require
high power consumption and exponential growth of computation time with the number of nodes.
Femtosecond laser writing offers a flexible tool for fast prototyping as an alternative to usual com-
putational software by means of exploiting three-dimensional parallel patterning. By employing
this technique, new emerging platforms may be used for the study of algorithm optimization and

new photonic architectures.

In future, new designs containing up to 20 nodes can be fabricated in glass substrates with
dimensions of 100 x 100 x 1 mm? by distributing the network into two different layers containing

10 nodes each and connecting them through a curved optical waveguide. Under the assumption of
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single point detection at the network’s output, this type of oracle’s decision time, only limited by
parallel pulse propagation in the network, will require about 1 ns to find all the existent solutions,
while for the case of an electronic computer with 3.6 GHz of clock speed it would take ~6 us.
Moreover, it would be interesting to apply the optical correlation technique used here in silicon

waveguides, offering an improvement of the network size.

In second place, a multiscan laser writing approach has enabled the fabrication of low-loss
optical waveguides in nonlinear GLS glass, offering single mode guiding at 800 nm wavelength.
The performance of the optical circuits as optical switches has been studied and the effect of
direct laser writing into nonlinear GLS glass has also been investigated through an estimate of the
nonlinear refractive index of the waveguides, inferring that laser-written waveguides in GLS are a

suitable platform for nonlinear photonic applications.

In addition, the photorefractivity displayed by GLS glass has been exploited to mimick typical
features of a biological neural system in the laser inscribed waveguides. The implementation of
laser written waveguides as the basic unit of an all-optical neural network has been demonstrated,
including generation of action potentials, excitatory and inhibitory responses, temporal summa-
tions and spike-timing dependent plasticity. Laser writing offers a suitable fabrication technique
for the development of neuromorphic hardware by optically inscribing photonic circuits in chalco-

genide materials.

The novelty of this work opens a path towards the development of scalable all-optical deep
neural networks through photonic platforms containing multiple laser-written waveguides con-
nected to each other in a several-layer distribution, offering improved power efficiencies and com-
putational speeds than actual software. Moreover, future perspectives in GLS glass head towards
the investigation of phase-change transitions along laser-written optical waveguides, with simulta-
neous application in non-volatile optical memories and synaptic-like platforms, all embedded into

a single chip.

In third place, type II optical waveguiding in bulk diamond substrates containing a high density
of nitrogen impurities, grown through a process at high pressure and high temperature, has been

achieved. Laser writing has been used as an intermediate process for the formation of NV centers
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placed throughout the laser-written waveguides. Photoluminescence results suggested that the ori-
gin of a strong photoluminescence signal was coming from the laser-induced lines that compose
a type II optical waveguide rather than from the sites where static exposures were applied, allow-
ing to skip one step in the fabrication process. A strong dependence of the photoluminescence

intensity with nitrogen impurity distribution along the diamond substrates has been observed.

Femtosecond laser writing has shown a viable fabrication solution to exploit the NV centers
located at the bulk of diamond crystals, offering improved ways to optically excite and collect
the photoluminescence generated in NVs. Next experiments will explore the effect of irradiating
single static exposures throughout the waveguides at slightly higher pulse energies than the ones
used in this work, in order to search for better quality laser-induced NVs that allow to discriminate
the photoluminescence coming from the two laser-damaged lines of a waveguide. The work shown
here goes one step closer towards the integration of laser-written NVs combined with optical
circuits for new emerging platforms with applications in quantum information processing and

magnetic sensing.

In summary, femtosecond laser writing has been explored as a potential fabrication method
for new emerging platforms that are relevant for the study of new optical computing schemes,
neuromorphic photonic networks and quantum platforms at room temperatures, offering rapid

prototyping and compactness in a single chip.
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