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Abstract

This thesis studies the feasibility of femtosecond laser written array waveguide gratings
(AWG) with an interest in astronomical applications. AWGs have recently been studied as a
new integrated alternative to the current generation of astronomical spectrographs. AWGs
have the advantage of being small, robust and stable all important factors sought after in
astronomical instrumentation. One setback for the use of AWGs in astronomy is that current
fabrication techniques are expensive and slow to prototype, making development of such de-
vices difficult. This feasibility study has explored the possibility of fabricating AWGs using
a laser direct write technique that is cheap and allows for fast design prototype. The fem-
tosecond laser direct write technique uses a focused high powered laser to produce a localised
refractive index change in a glass substrate which is typically used to form waveguides. To
fabricate AWGs using the laser writing technique, the capability to inscribe large smooth
planar waveguides that act as a 2D free propagation zones were evaluated. Once a suitable
slab fabrication method was established a laser written AWG proto-type was produced with
initial output showing a degree of correlation to the theoretical output at a single wave-
length. From this initial proto-type design improvements were made to improve the device,
however initial results shows that laser written AWGs are highly susceptible to phase array
error which could affect the feasibility of laser written AWGs. This initial study shows that
laser written AWGs could have future applications in telecommunications and integrated
spectroscopic sensors when phase errors are minimised.
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1
Introduction

The pursuit to understand the universe is part of human nature. This has driven man to
look deeper into space than ever before. This desire to look at the far extent of our universe
requires larger, more powerful telescopes to be constructed. With current generation tele-
scopes being pushed to the edge of their design capabilities, larger more advanced telescopes
are being proposed.

With the next generation of extremely large telescopes (Figure 1.1a) approaching, it
has become clear that the current design of astronomical instruments (Figure 1.1b) will be
impractical. As the size of a telescope increases, the size of traditional instruments also
grows proportionally, creating new engineering problems and causing the cost to rise with
as telescope aperture squared [1].

(a)

(b)

Figure 1.1: (a) Illustration of the proposed 39.3 m European extremely large telescope (E-
ELT) in Chile (Licensed under Creative Commons). (b) Schematic of the HARPS high
resolution spectrograph for an 3.6 m telescope [2].
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2 Introduction

The sheer cost and size of these new instruments has become a serious issue for new
scientific endeavours causing the delay of many next generation telescopes. This has resulted
in a great push by the astronomical community to develop smaller and cheaper instruments
for the use on next generation telescopes.

Recent developments in photonics has provided an entirely new approach in designing
next generation instrumentation. The field of photonics focuses on techniques to manipulate,
generate and detect light in both the macro and microscopic scales, using new materials
and processes to create photonic circuits. An example of a photonic technology that has
been developed for the telecommunications industry is the optical fibre, which is now used
extensively in astronomy to transport light to instruments.

To increase the data rate of optical fibre networks, wavelength division multiplexing
(WDM) was introduced in the early 1980’s [3]. Instead of transferring data using just one
laser frequency, WDM uses multiple wavelengths to carry different data streams, dramati-
cally increasing the data rate. With the implementation of the WDM technology new optical
components known as wavelength demultiplexers and multiplexers were required to separate
and combine the different wavelengths channels. One such device is the Array Waveguide
Grating (AWG) also known as a waveguide grating router, optical phased array (PHASOR)
or phased array waveguide grating.

AWGs were first proposed in 1988 by M. K Smit [4]. The first working devices were
then reported by A. Vellekoop and M. K Smit [5, 6] designed for a wavelength of 633 nm.
Shortly after functional devices for telecommunication wavelengths were developed [7]. C.
Dragone then extended the concept from 1xN to NxN devices, which nowdays are used as
wavelength routers [8, 9]. An alternative to the AWG is the photonic Echelle grating, which
uses a micro-echelle grating on a photonic chip instead of a waveguide array. These devices
have a smaller footprint, however it is challenging to machine smooth vertical gratings due
to fabrication limitations [10]. This constraint has led to AWGs being the most commonly
used waveguide router.

In 1995, Fred Watson [11, 12] proposed the use of integrated optics, specifically the pho-
tonic Echelle grating as a spectrograph for astronomy. At that time the technology and man-
ufacturing techniques required to fabricate devices for astronomical applications were still
being developed. The idea was essential forgotten till 2006 when Bland-Hawthorn et.al. [13]
rejuvenated interest in the idea. This time the potential of the AWG as an integrated pho-
tonic spectrograph was proposed (see Figure 1.2). During this time AWG technology had
been extensively developed by the telecommunications industry driving the fabrication tech-
niques required to make high resolution and throughput devices. This development allowed
astrophotonics to exploit existing technologies to realise AWG spectrographs for astronomy.
In May 2011 Cvetojevic et al. [14] used an adapted off-the-shelve telecommunications AWG
to successively undertake an on-sky demonstration of a AWG spectrograph for astronomy.
The miniture photonic spectrograph observed CO molecular absorption bands at a resolving
power of R = 2500 at a wavelength of 1600 nm. AWGs are particularly useful for astronomy
for multiple reasons, these include: high efficiency, stability, robustness and the ability for
mass production unlike current bulk optical spectrograph designs.

The fabrication of these devices, when small runs are required, is extremely expensive
and time consuming. A more recent method for rapidly fabricating integrated photonic



3

Figure 1.2: Illustration of AWG spectrograph on a small wafer [15].

circuitry is the femtosecond laser direct write technique. This technique allows for fast and
cost effective manufacturing of devices, and for design alterations to be quickly tested. This
laser-direct write technique has already been utilised to fabricate other new astronomical
devices which include; photonic lanterns, stellar interferometers and in the near future OH
suppression Bragg gratings [16–18].

In this thesis the feasibility of fabricating an integrated photonic spectrograph using the
femtosecond laser direct write technique is evaluated. The theory,design and fabrication
techniques utilised to fabricate components of an integrated spectrograph are outlined as
well as a complete design and a first demonstration of a complete laser written device.

In Chapter 2 the fundamentals of the femtosecond direct-write technique are presented.
Chapter 3 then explains the photonic circuitry of the Arrayed Waveguide Grating (AWG)
including design, theory and current manufacturing process. Chapter 4 describes the exper-
imental procedures used to fabricate, evaluate and design laser written AWGs. Chapter 5
focuses on the fabrication of a smooth laser written refractive index regions and tapers that
are key components of AWGs. Chapter 6 outlines the fabrication techniques and challenges
that had to be solved before fabricating a complete AWG. The chapter then finishes with
initial experimental results of the complete device. Concluding remarks and future work are
provided in Chapter 7.
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2
Background

This chapter gives a general overview of the femtosecond laser direct write process. It begins
with a brief description on how an optical fibre works. Next an overview of the nonlinear
absorption mechanisms underlying the writing process is given, followed by a description
of the three different modification regimes. The chapter concludes by reviewing writing
techniques, glass selection, fluorescence and finally laser written slab waveguides.

2.1 Optical Waveguides

Optical waveguides use the process of total internal reflection to efficiently guide light. Op-
tical fibres are fabricated with a high index core surrounded by lower index cladding. If light
is injected into the core within the acceptance angle of the fibre, light is guided within the
core region.

An important parameter that describes the guiding properties of a step index waveguide
or fibre is the V number.

V =
πd

λ

√
n2
core − n2

cladding (2.1)

where d is the core diameter, λ is the wavelength, ncore and ncladding are the refractive indices
of the core and cladding, respectively. The V number provides an indication of the number
of modes which can propagate in a fibre of a certain diameter and refractive index contrast.
When V < 2.405 the fibre guides a single mode and when V > 2.405 the fibre guides multiple
modes.

5



6 Background

2.2 Femtosecond laser direct-write

In 1996 two different research groups [19, 20] demonstrated that focusing a sub-120 fs pulsed
Ti:sapphire laser inside of a transparent material could induce a physical modification, (Fig-
ure 2.1). Glezer et al. [20], created 200 nm voids inside fused silica, while Davis et al. [19],
used femtosecond pulses of a lower energy to create a highly localised refractive index change
within various dielectrics. By focusing the laser beam inside the dielectric and translating
the sample, a line of positive refractive index change was inscribed. This index change was
shown to act as an optical waveguide. This landmark paper by Davis et al. [19], started the
current research area of femtosecond laser direct-writing.

Figure 2.1: Femtosecond laser direct-write setup showing a femtosecond laser beam being
focused into a slab of glass [21].

2.3 Nonlinear excitation mechanisms

To induce a refractive index change within a material energy needs to be transferred from the
laser field to the material’s lattice. In order to absorb the laser field’s energy an electron must
absorb enough energy to move from the valence band to the conduction band. For typical
dielectrics e.g. fused silica, only an extreme UV photon can provide the energy required to
bridge the band gap. As femtosecond pulses in the near infrared spectrum lack the photon
energy to be linearly absorbed, a nonlinear excitation process is required. The two main
processes are photoionisation and avalanche ionisation.
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2.3.1 Photoionisation

Photoionisation refers to the direct excitation of an electron by the laser field. Photoion-
isation can be divided into two different regimes: tunnelling ionisation and multiphoton
ionisation.

(a) Multiphoton ionisation (b) Intermediate regime (c) Tunnelling ionisation

Figure 2.2: Photoionisation

Tunnelling ionisation
When the intensity of the electric field is large, the electric field distorts the Coloumb
barrier [22]. This suppresses the potential that binds the valence electron, allowing the
electron to tunnel free, Figure 2.2c.

Multiphoton ionisation (MPI)
If multiple photons are absorbed simultaneously by a single electron, the electron can
obtain enough energy to reach the conduction band, (see Figure 2.2a). The amount of
photons required to be absorbed depends on the material and must satisfy k~ω > Eg,
where k is the number of photons, ~ is Plank’s constant, ω is the laser frequency and Eg

is the materials band gap. Table 2.1 shows the typical band gap and photon numbers
of different materials.

The MPI and tunnelling ionisation regimes can be distinguished by the Keldysh param-
eter γ [23],

γ =
ω

e

[
mcnε0Eg

I

] 1
2

(2.2)

where ω is the laser frequency, e and m is the charge and mass of an electron, c is the speed
of light, n is the refractive index of the material, Eg is the band gap of the of the material,
ε0 is the permittivity of free space and I is the laser intensity.

If γ is larger then 1.5 MPI dominates, whereas for γ smaller than 1.5 tunnelling ionisation
dominates.In the case of γ ≈ 1.5 both contribute to the ionisation rate as shown in
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Figure 2.2b. In other words MPI is the dominant photoionisation process for low intensities
while tunnelling ionisation is dominant at high intensities. MPI is also the dominant process
for low band gap materials, while tunnelling ionisation is more prominent for high band gap
materials.

Material Eg [eV ] k (800 nm)

Fused silica 9 6

Eagle 2000 4 2

BK7 5 3

Table 2.1: Band gap energies for typical optical glasses and the number of photons k required
for MPI to bridge their band gap at a wavelength of 800 nm.

2.3.2 Avalanche ionisation

Avalanche ionisation is a two step process. First a free electron absorbs energy from the
laser field. This absorbed energy can then be transferred to a valence electron via impact
ionisation. If the absorbed energy is large enough, the valence electron can be promoted to
the conduction band.

Avalanche ionisation has been found to be the dominant process for pulses of a few
hundred femtoseconds and larger [24]. For shorter pulses MPI and tunnelling ionisation are
the dominant excitation mechanisms [24, 25], whereas avalanche ionisation only has a minor
contribution [26].

2.4 Energy tranfer

Regardless of the nonlinear ionisation mechanism, energy from the free electron plasma is
transferred via electron-phonon coupling to the dielectrics lattice. Since this transfer time
is ≈ 1 ps [27], the absorption and lattice heating processes are decoupled. The material
modification can be classified into three different regimes; smooth refractive index change 1,
birefringent structures and voids.

2.4.1 Smooth refractive index change

The creation of a smooth refractive index change is essential for the fabrication of low
loss waveguides. The observed refractive index change cannot be attributed to just one
process only but a range of different mechenism depending on the material. It was originally
suggested by Davis et al. [19] that densification and strain was the source of the positive

1The refractive index change has been found to be positive or negative depending on the inscription
parameters and the material used.
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(a) Free carrier absorption (b) Impact ionisation

Figure 2.3: Avalanche ionisation.

refractive index change. This proposal has been strongly supported by Raman spectroscopy.
In the case of fused silica, Raman spectroscopy found an increase in 3 and 4 silica rings,
when observing laser exposed regions. The formation of these molecules strongly supports
densification of the glass within the laser exposed region [28]. Fluorescence studies have
also shown laser writing increases the concentration of non-bridging oxygen hole centres [29].
These colour centres have been shown to have only a minor contribution to the total refractive
index change [30–32].

2.4.2 Birefringent refractive index change

At an intermediate writing power selfaligned nanostructures can form in fused silica. The
formation of nano structures is dependent on the laser polarisation [33, 34]. The nano
structures are aligned perpendicular to the writing polarisation and form periodic gratings
with a period of 20 − 140 nm (Figure 2.4), waveguides written with these nano structures
have been found to be birefringent [35, 36].

It is currently suggested that the formation of these nanostructures is caused by an
inhomogeneous dielectric break down, resulting in the formation of nano-plasmas. These
nano-plasmas forms nano-planes aligned with the polarisation of the incident field [33].

Applications of birefringent laser writing include polarisation sensitive holograms [37],
waveguide polarisation splitters [38] and micro-channel fabrication [39].

2.4.3 Voids

At high intensities, a high density plasma is created within the material. If the plasma’s
pressure is greater than the Young’s modulus of the material, a shock wave is formed. This
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Figure 2.4: Polarization dependent nanostructure formation with the polarization orienta-
tion perpendicular (left) and parallel to the writing direction (centre), as well as circular
polarisation (right) [33].

shock-wave leaves a less dense or hollow core with a denser surrounding shell. Void formation
is readily used for 3D data storage [20], photonic crystal devices [40] and Bragg gratings in
bulk glasses and fibres [41, 42].

2.5 Laser repetition rate

In laser direct writing there are two very distinct writing regimes: the low repetition
rate (athermal) and high repetition rate (thermal), (Figure 2.5). When writing in the
low repetition rate regime the period between each pulse is longer than the thermal diffusion
time. Therefore before the next pulse, all the heat from the previous pulse has dissipated
away. Consequently each modification must overlap to create a smooth waveguide. This
requirement limits the writing speed of a 1 kHz system to below 25 µm/s [44]. Waveg-
uides fabricated using the low repetition rate typically have a highly elliptical cross section.
The ellipticity is a result of the focal volume being dependent on the waist of the Gaussian
beam and the depth of focus. To inscribe circular waveguides beam shaping techniques are
required2. Beam shaping is commonly done by introducing astigmatism. Astigmatically
shaped beams can be formed by placing a slit in front of an objective [45], or using a cylin-
drical telescope or via a spatial light modulator [46]. An alternative to beam shaping is the
multi-scan technique, in which multiple structures are written slightly offset [47, 48], creating
a waveguide of a square or rectangular cross section.

When the time between consecutive pulses drops below the thermal diffusion time, the
heat from the previous pulse can not completely diffuse into the material before the next
pulse arrives. Therefore after each pulse the temperature at the focal point accumulates,

2To efficiently couple light from optical fibres, laser written waveguides must be of a circular cross section.
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Figure 2.5: Illustration of the low and high repetition rate regimes [43].

resulting in local melting of the material. Once the sample is moved, the melted volume
rapidly quenches, leaving a structural modification [27, 49–51]. Thermal diffusion moves
symmetrically from the focal point, therefore under the correct writing conditions beam
shaping techniques are not required to create circular waveguides in the cumulative writing
regime.

Cumulative heating is dependent on the laser intensity and the translation speed. It
can be seen that the change from the thermal to cumulative heating can occur over a small
translation speed increase or a small pulse energy change as demonstrated in Section 5.2.3.

2.6 Spherical aberrations

Spherical aberrations are due to the refractive index mismatch at the air/glass interface of
the sample. These aberrations cause the focal spot to be distorted resulting in a lower peak
intensity as well as deforming the shape of the laser written waveguides. Most biological
microscope objectives are corrected for aberrations when focusing at 170 µm. However any
deviation from this depth causes aberrations to occur. These distortions are more severe for
higher NAs. Consequently, there is a fine balance between choosing an objective with an
NA large enough to limit the required peak power and hence avoiding self-focusing 3, and

3Nonlinear χ(3) process, high laser intensity induces a non permanent refractive index change. As the
laser field is Gaussian the induced refractive index change is greater at the centre than the edges, typically
creating a positive lens inside the material.
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a small enough NA to avoid large distortions. Spherical aberrations can be mitigated to
a large extent by using oil immersion objectives. However these objectives have a limited
working distance, of a few hundred microns.

Figure 2.6: Laser writing geometries [52].

2.7 Writing geometry

Figure 2.6 shows two different writing geometries used for laser direct-writing. When writing
with the parallel method, the sample is translated parallel to the laser beam. This method
produces circular waveguides independent of the NA or repetition rate. However, the length
of the waveguides written with the parallel technique is restricted by the working distance
of the objective.

Perpendicular writing on the other hand, translates the sample in a perpendicular di-
rection relative to the incident laser beam. This has the advantage that waveguides can be
written to any length restricted only by the travel of the stages. However beam shaping is
generally required in order to inscribe waveguides of a circular cross section.

NB. parallel and transverse writing suffer from spherical aberrations.
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2.8 Fluorescence

Laser writing has been shown to induce non-bridging oxygen hole centres (NBOHCs). These
NBOHCs are generated in fused silica during the writing process as the −−−Si−O−Si−−− bond is
broken into −−−Si−O (NBOHCs) and Si−−− (positively charged oxygen vacancy (E’ centre)) [53].
The NBOHCs have a broad absorption band from 4.8 eV to 2 eV [54] meaning they can be
excited at 633 nm by a helium-neon laser to produce a photoluminescence at 650 nm (see
Figure 2.7a). NBOHCs are typically unstable in fused silica due to hydrogen reacting with
the NBOHCs [55]. To achieve stable fluorescence, the glass must have minimal hydrogen
concentration and high OH content to form a large amount of NBOHCs. As photolumi-
nescence intensity is proportional to the propagation power, recording the photoluminescece
essentially allows the propagation of light to be visualised. Dreisow et al. [56] used this
technique to great effect to visualize the propagation of light in fs laser written waveguide
arrays as seen in Figure 2.7b. This visualisation method was also explored in this thesis
project as a method to evaluate light propagation within slab waveguides.

(a) (b)

Figure 2.7: (a) Absorption and emission of NBOHCs in fused silica [56]. (b) Quasi-incoherent
double waveguide excitation; the top figure shows the experimental coupling within the
waveguide array and the bottom shows the theoretical results for comparison [56].

2.9 Glass substrates

The glass selection is dependent on device application. Properties such as nonlinearity,
dopants, fluorescence and transmission all play a role for the material choice. In this work
three different glasses were used; Heraeus Suprasil 1, Corning 7980 HPFS and Corning Eagle
2000.

Heraeus Suprasil 1 is a highly pure fused silica with a high OH content < 1000 ppm. This
high OH content makes the glass suitable for the fluorescence visualisation techniques as long
lived NBOHCs are created during laser writing [56]. Suprasil is an optical grade glass with
high index homogeneity 3 × 10−5 and high transmission from 0.2−2 µm. This makes Suprasil
a preferred material for optical beam splitters, prisms and interferometry [57]. Corning 7980
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HPFS, fused silica with similar OH content to Suprasil was also tested. Corning 7980 HPFS
is ordered as pre-polished wafer to an accuracy of ±25µm, while Suprasil 1, is commerically
avaliable as high precision optical slab with approximately the surface accuracy.

Corning Eagle 2000 is an alkaline earth boro-aluminosilicate glass. Eagle 2000 is lightweight,
physically robust, inexpensive, chemically durable, has a low thermal expansion coefficient
and a high transmission range [58]. Corning Eagle 2000 comes as a sheet glass drawn using
Corning’s fusion process which has a thickness accuracy of ±10%.

Eagle 2000 was shown by Eaton et al. [49] to be suitable for waveguide writing and is now
a commonly used material for waveguide devices in telecommunications, quantum optics and
astronomy [59–61]. However Eagle 2000 has absorption losses due to iron impurities which
result in a broad absorption band centered around 1100 nm as shown in Figure 2.8.

Figure 2.8: Absorption spectra of Corning Eagle-2000 and another multicomonent silica glass
(Schott AF45) [60].

2.10 Laser written slab waveguides

The fabrication of slab waveguides is an integral part of this project. Currently there are
limited reports on the inscription of uniform broad area slab waveguides using the femtosec-
ond laser direct-write technique. The only two reports on the fabricating of such structures
are by Watanabe et al. [62] and Ghosh et al. [63].

Watanabe et al. [62] used an amplified Ti:sapphire laser system producing 85 fs pulses at
1 kHz repetition rate, centred at 800 nm to fabricate a multi-mode interference device (MMI).
Using 1.5 µJ pulse energy in fused silica a filamentation occured that was utilised to create
100 µm wide slabs of uniform refractive index change. The filament was scanned at 1 µm/s
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in the x direction to create a wide refractive index change. Next the filament was translated
50 µm in the z direction and the process was repeated to create a longer slab. Figure 2.9a
shows a schematic of the 30 µm wide and 870 µm long device. The near-field patterns of
a MMI device were observed at different wavelengths as illustrated in Figure 2.9b. These
results were then compared to simulations as shown in Figure 2.9c. A strong agreement with
experimental data was found using a refractive index contrast of 2.0× 10−3. The differences
were attributed to non-uniformities in the refractive index change caused by the start and
end regions of the filament.

Ghosh et al. [63] used a Yb-doped fibre laser producing 350 fs pulses, centred at 1064 nm,
and a repetition rate of 500 kHz to fabricate a 500 µm wide slab waveguide in erbium-
doped bismuthate glass. Using the multi-scan technique, multiple structures were written
0.4 µm apart. The slab was written with 86 nJ pulse energy and a writing speed of 8 mm/s
using a 20 x, 0.4 NA objective. The paper gives no detailed analyses of the slab except
for stating “The slab waveguide yielded single-mode guidance in the vertical direction and
highly multimode guidance in the horizontal direction” [63].

(a) (b) (c)

Figure 2.9: (a) Schematic of the MMI device. (b) Near-field MMI device output at 500
and 600 nm respectively. (c) Simulated intensity propagation at 500 nm (top) and 600 nm
(bottom) [62]
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3
Photonic Spectrographs

Current spectrograph designs are large, expensive and extremely sensitive to environmen-
tal conditions. With the astronomical community beginning to design and construct new
extremely large telescopes (ELTs), current spectrographs need to be scaled proportionally
to the aperture size. This scaling process is an extremely challenging engineering exercise
and costly. It has been suggested that the cost of the instruments will increase as the tele-
scope aperture squared or faster [1]. Instrumentation studies for the European ELT suggest
that the cost of a single spectrograph could be between $50 − 100M, approximately the
cost of building a current generation telescope [64]. The expense has led astronomers to
the relatively young field of astrophotonics. Astrophotonics sits at the interface between
photonics and astronomy and uses photonic technologies to solve astronomical instrumen-
tation problems [1, 16, 17, 65–68]. This chapter will focus on the integrated photonic spec-
trograph (IPS), specifically the arrayed waveguide grating (AWG). The chapter begins by
discussing alternative AWG applications other then the telecommunication and astronom-
ical functions addressed in the introduction. This is followed by the design, operation and
typical manufacturing techniques.

3.0.1 Alternative AWG applications

Due to their size and characteristics, AWGs have recently been applied to various other
applications, including on chip spectral domain optical coherence tomography [69] and mi-
naturised Raman spectroscopy [70]. Recently there has been an increased effort to develop
fast, compact spectroscopic sensors for the medical and biological fields. Current compact
sensors are based on free space optical systems, meaning they are difficult to miniaturise
and are inherently unstable. AWGs have recently been shown to effectively work as a minia-
turized spectroscopic sensor with a sub-nanometer wavelength resolution. To measure the
spectral transmittance of liquids, AWGs with microfluidic channels were fabricated with a
photo-detector directly coupled to the AWG’s output [71] (Figure 3.1b). Since commercial

17
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telecommunication AWGs are fabricated with a central wavelength in the near infra-red,
the detector range is limited to a region of minimal interest to large parts of the sensing
community. Therefore AWGs needed to be developed for the visible, since many materials
and analytes have specific markers in this wavelength range. In 2006 K. Suzuki et al. [72],
developed an AWG with a wavelength range of 400 − 700 nm. The output of this device
can be seen in Figure 3.1a. Using these new visible AWGs, chlorophylls a and b could both
be discriminated [73].Thus confirming the potential of AWGs as a compact spectroscopic
sensor.

(a)
(b)

Figure 3.1: (a) A microscope image of the eight output ports of a AWG for the visible [72].
(b) Sketch of an AWG spectroscopic sensor [73].

AWGs have also recently been demonstrated for use as integrated optical tweezers. Using
the focused output of the AWG a particle can be trapped and moved. Figure 3.2a shows how a
groove has been added at the focal position in the second slab. In this groove particles within
a solution can be added. When a single wavelength is injected into the AWG, a particle can
be trapped at the re-imaged focus. Figure 3.2b demonstrates that once a particle is trapped,
the wavelength can be altered and as such moving the trapped particles. Several particles can
be independently manipulated by using a wavelength division multiplexed light source [74].
This technique allows trapped particles to be easily evaluated at different wavelengths and
easily moved.

3.1 Arrayed Waveguide Grating fundamentals

As illustrated in Figure 3.3, AWGs consist of an input taper (Section 3.1.1), an input/ output
free propagation zone (FPZ)1 (Section 3.1.2), a FPZ/waveguide array transition (Section 3.2)
and a waveguide array (Section 3.2.1). The basic principle of operation is as follows: Light
injected into the first FPZ freely diffracts within the smooth uniform refractive index slab.
At the end of the first FPZ the divergent light is captured by an array of individual single
mode waveguides. Light is then individually guided in each waveguide of this array. The
waveguide array then outputs into a second FPZ where light constructively interferes at the
output.

1Commonly known as star couplers or slab regions
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(a) (b)

Figure 3.2: (a) Sketch of an AWG for integrated optical tweezers. (b) Displacement of a
trapped polystyrene particle by varying the trapping wavelength [74].

3.1.1 Waveguide tapers

For typical AWG applications the output of the second FPZ is captured by a series of output
waveguides. Each waveguide is designed to couple a specific channel of a certain wavelength.
However, if there is a small wavelength shift or device fault, the output position of this
channel can move laterally. Any small shift in the output could completely remove, or reduce,
the throughput of a specific channel, or the device as a whole. To ensure misalignments do
not reduce channel throughput, designs have been introduced that physically broaden the
focal spot at the output.

One approach is to create a flat top intensity distribution at the start of the input FPZ.
Since an AWG acts as an imaging device, a flat intensity response is reproduced at the output.
A flat output field can be created using a parabolic-horn (waveguide) taper [75] (Figure 3.4)
or a 1× 2 multi-mode interference coupler [76]. Another approach is to design a flat electric
field output while maintaining a Gaussian electric field at the input. This can be achieved
in two ways. If the waveguide array has a sinc-shaped electric field profile. The output
field will be flat because the FPZ Fourier transforms the electric field [77]. Alternatively if
the output is made to have two focal spots slightly offset, but partially overlap to form a
broader peak [78]. This can be achieved by fabricating input and output star couplers with
two interleaved slightly offset circular arcs of the same curvature.

Since the techniques mentioned above reduce the spectral resolution [15], they are only
utilised in applications that split light into specified optical channels.

3.1.2 FPZ

The two FPZs used in an AWG are based on a star coupler. Star couplers are regularly
used in optical networks to evenly distribute an input signal to multiple receivers. When
light is injected into a single input, the light diffracts in the slab and is evenly coupled to
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Figure 3.3: Schematic of an arrayed waveguide grating.

(a)
(b)

Figure 3.4: (a) A linear adiabatic planar taper of the input of a commercial AWG. (b)
Intensity profile at the output for a parabolic input waveguide [15].

the output waveguides, independent of the position of the input waveguide. Alternatively
light interferes when it is coherently injected into multiple input ports. By adjusting the
input phase of the incident field, light can be directed to the desired output. In this thesis
AWGs are fabricated using FPZs with a Rowland circle geometry. This means that the input
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Figure 3.5: Rowland circle geometry of a star coupler. The body of the star coupler is
formed between ARC AB & ARC CD. Lstar and Wstar define the length and width of the
star coupler [79].

and output ends of both FPZs are curved. This curvature is designed so that light injected
into the FPZ at any position is captured in phase by the waveguide array and the output
interference is captured at the curved FPZ output. The geometry of a Rowland circle FPZ
can be seen in Figure 3.5. Light is input into the arc swept by Ri and is collected by the
waveguide array on an arc swept by Ro. For the output FPZ the design is identical except
incident and output arcs are reversed.

The Rowland curvature can be calculated using the the wavelength dispersion discussed
mathematically later in appendix A.1. Essentially this equation can be used to calculate
how long the FPZ needs to be for light to be able to disperse wide enough to be captured
by all the waveguide at the output of the FPZ. The input radius is then defined as half Ro.
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3.2 FPZ/waveguide transition taper

At the interface between the FPZ and the waveguide array it is not practically possible to
completely capture the whole diffracted Gaussian field, as the decive becomes to large. The
waveguide array is designed to capture the Gaussian field up to its 1/e2 intensity. This
ensures that a majority of the light field is collected while maintainng a resonable waveguide
array size. A major source of loss in an AWG is the mode profile mismatch between the FPZ
and the waveguide array. At the end of the FPZ the intensity profile is a broad Gaussian.
This Gaussian field needs to be adiabatically converted into the waveguide array, otherwise
the mode mismatch would result in excessive losses. Several techniques have been proposed
and utilised to reduce the losses at this interface.

Initially, planar linear and parabolic tapers were used to reduce the losses at the transi-
tion. These techniques are simple and easy to manufacture but lack efficiency.

Figure 3.6: Vertical tapers are positioned between the array waveguides and taper vertically
over a length Lvt which is typically 500− 1000 µm [80].

One of the most efficient adiabatic taper techniques is the complex vertical taper tech-
nique [81, 82], (Figure 3.6). Vertical tapers can be fabricated by photo-lithography and
etching. However, due to the inherit complexity a less efficient but more simple taper
technique called segmentation is commonly used [83]. Segmentation adds sections perpen-
dicular to the waveguides. The width of these sections decrease as they become further away
from the FPZ (Figure 3.7). Since the segments are smaller than the FPZs Gaussian mode,
the segments create an effective refractive index that slowly alters the mode to resemble
the acceptance mode of the waveguide array. More recently, efficient non-adiabatic planer
waveguide tapers have been proposed that can reduce the required taper length [84].
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Figure 3.7: Segmentation taper positioned at the FPZ-waveguide array transition.

3.2.1 Waveguide array

Each waveguide in the waveguide array is incrementally longer than the previous waveguide,
Therefore the waveguide array is analogous to a diffraction grating. Each waveguide is phase
delayed, causing multiple point sources that interfere. Like in gratings, each wavelength has
a different phase front tilt after passing through the waveguide array, resulting in a dis-
persed spectrum to be formed at the FPZ output. For telecommunication applications each
individual wavelength channel is coupled into a series of output waveguides for WDM. For
spectrographic applications these waveguides can be removed to capture just the dispersed
spectrum.

The path length difference ∆L between the waveguides of the array is chosen to be an
integer multiple of the central operating wavelength,

∆L =
mλ0

na

(3.1)

where m is the diffraction order, λ0 is the central operating wavelength of the device and na is
the effective index of the waveguide array. When light at the central wavelength propagates
through the waveguide array all the waveguides have the same relative phase. However at
different wavelengths the path length difference causes a phase front tilt. As a result, different
wavelengths are focused at different offset positions with respect to the central wavelength.
Figure 3.3 graphically demonstrates an exaggerated concept of this wavelength effect.
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3.2.2 Phase matching

Figure 3.8: Basic free propagation zone design. Light enters from the input waveguides at the
bottom of the image and propagates up through the FPZ, it then couples into the waveguide
array. The design of the output FPZ is identical but the light propagation direction is
reversed [79].

Figure 3.8 shows the geometry of a FPZ. Based on their structure a phase matching
equation can be calculated [85] as

nsdsin(θi) + na∆L+ nsdsin (θo) = mλ, (3.2)

where,

θi = i
∆x

Lf

, (3.3)

θj = j
∆x

Lf

, (3.4)

with ns being the effective index of the FPZ slab, d is the array waveguide separation, i
is the number of the input waveguide, j is the number of the output waveguide, ∆x is the
separation of the input waveguides, and Lf is the focal length of the star coupler.

3.2.3 Angular and linear dispersion

By differentiating Eq. (3.2) with respect to λ the angular dispersion can be calculated. Since
the FPZ is large compared to d and ∆x, it can be assumed that θi ≈ θo = 0. Therefore

m = nsd
dθo
dλ

+
dna

dλ
∆L. (3.5)
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Substituting ∆L at the centre wavelength λ0 gives,

m = nsd
dθo
dλ

+
dna

dλ

mλ0

na

(3.6)

which can be re arranged to give,

dθo
dλ

=
m

dns

(
1− λ0

na

dna

dλ

)
(3.7)

giving the wavelength dispersion relation,

dθo
dλ

=
mng

dnsna

(3.8)

where ng is the group refractive index is,

ng = na − λ0
dna

dλ
. (3.9)

Rewriting the dispersion relation in terms of frequency,

df =
−c2

λ
dλ (3.10)

dθo
df

=
mλ2ng

cdnsna

(3.11)

Equations (3.8) and (3.11) give us the dispersion relation in terms of wavelength and fre-
quency. Using the dispersion relation and the geometry of the FPZ, the output waveguide
spacing in terms of wavelength and frequency can be calculated:

∆λ =
∆x

Lf

dλ

dθo
=

∆xdnsna

Lfmng

(3.12)

∆f =
∆x

Lf

df

dθo
=

∆xdcnsna

Lfmngλ2
(3.13)

3.2.4 Free spectral range

The free spectral range (FSR) is defined as the frequency spacing between grating orders.
When designing an AWG, the FSR needs to be equal or larger than the frequency spacing
of the channels multiplied by the number of channels. If an AWG is designed with the
FSR = ∆f × # of output ports and for the order m + 1 channel, Equation (3.2) can be
modified to [85, 86]

(ns + ∆s) dsinθi + (nc + ∆nc) ∆L+ (ns + ∆ns) dsinθo = (m+ 1)
c

f + FSR
(3.14)
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where ns + ∆ns and nc + ∆nc are the effective refractive indexes at the frequency of
f+FSR of the slab and channel waveguides, respectively. The index change is approximately
given by the following equations.

∆nc =
dnc

df
FSR = − c

f 2

dnc

dλ
FSR (3.15)

∆ns =
dns

df
FSR = − c

f 2

dns

dλ
FSR (3.16)

Eq. (3.14) can be solved by adding (3.15),(3.16) and (3.2), and using the assumption that
the free spectral range is much smaller then the frequency f(f + FSR) = f 2 and

ng ≈ ns − λ
dns

dλ
for ∆L� d(sinθi + sinθo) (3.17)

we get the relation:

FSR =
c

ng (∆L+ dsinθi + dsinθo)
[Hz] (3.18)

For the diagonal ports where θi + θo = 0:

FSR =
c

ng∆L
[Hz] (3.19)

Using Equation (3.10) this can be expressed in terms of wavelength:

FSR =
λ

m

na

ng

[m] (3.20)

3.2.5 Resolving power

The spectral resolution (R) of a spectrograph is a measure of the spectrograph’s ability to
resolve two different wavelength separated by a small amount ∆λ. An AWG is equivalent
to a grating spectrometer, therefore the same diffraction limited equation can be used. In
this case the number of illuminated grooves actually corresponds to the number of guiding
waveguides. Hence the spectral resolution R is given as

R =
λ

∆λ
=
mN

C
, (3.21)

where N is the number of waveguides in the array, m is the order and C is a factor that
accounts for imperfections in fabrication, such as path length errors. In the case of litho-
graphically fabricated devices without parabolic taper horns a typical value for C is 1.6 [87].
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3.2.6 Alternative AWG types

The AWG design described previously has the output focused onto the Rowland curvature.
Another possibility is to focus the AWG’s output onto a flat focal field, an example of this
design can be seen in Figure 3.9a. A flat focal field is possible using the AWG aberration
theory [88]. By introducing three stigmatic points a flat focal field AWG can be created.
This is achieved by altering the waveguide array radius, spacing and length. As shown in
Figure 3.9b, flat focal field AWGs have reduced wavelength aberrations compared to the
conventional Rowland type AWG. This is because typical Rowland type AWGs are only
fabricated to remove up to second order aberrations. However higher order aberrations
such as coma and spherical are still present and can be reduced by adding stigmatic points.
Flat focal field AWGs also have the advantage of easily functioning as a spectrograph. By
polishing the end face a photodectector can be directly bounded to the output for recording
the output spectrum. S. Lu et al. [89] developed the first flat-field AWG in 2005 using an
electron-beam direct write technique in epoxy. Due to high crosstalk and insertion losses,
the feasibility of flat focal field AWGs are currently limited. An alternative method to create
a flat focal field is to use a field flattening lens placed inside the second FPZ. This method
was successfully demonstrated by B. Akca et al. [90] in 2012.

(a)

(b)

Figure 3.9: (a) Output of a flat focal field AWG directly coupled to a photodetector. (b)
Aberration curve of a polymeric four channel 400Ghz spacing flat focal field AWG compared
with a Rowland circle type AWG [89].

Another type of AWG is known as the MMI-AWG [86]. In MMI-AWGs, both star couplers
are replaced with MMI couplers. These devices exploit self imaging to split the power into
the arrayed waveguides. Such devices are not suitable for low loss spectrographs.
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3.3 AWG fabrication

Commercial AWGs are manufactured using photolithography. Photolithography uses light
to transfer a device design from a photomask onto a light sensitive photoresist placed on a
substrate.

Mask manufacturing Lithographic photomasks are typically fused silica covered with
an opaque film of chrome metal. The chrome layer is covered with a photoresist resin,
the device design is then written into the photoresist resin using an electron beam. The
photoresist is then developed and etched. This etching transfers the device design into the
opaque film, leaving a 1:1 image of the device layout. The accuracy of the mask is extremely
important as it directly corresponds to the accuracy of the device. Due to this fact, the
fabrication of the photomask is the most expensive part of the manufacturing process. A
single high quality mask can cost e10 − 15 k, while the wafer imprinting only costs e
≈ 5 − 10 k, with each wafer containing multiple AWGs. The high initial cost of mask
manufacturing makes the use of photolithography for one off devices extremely expensive.
However, the mask can be used multiple times making it suitable for mass manufacturing.

Chip manufacturing For the device a wafer is used as a substrate. This substrate (typ-
ically silicon) acts as a physical surface onto which the actual guiding materials is deposited.
The composition of the guiding layers depends on the required wavelength and index change.
Refer to Figure 3.10 for a graphical representation of the following manufacturing process.
For commercial AWGs.

Initially pure silica is deposited using flame hydrolysis deposition, this layer acts as the
undercladding. Next a layer of germanium doped silica is deposited in the same way to act
as the core. The germanium increases the refractive index and makes the material sensitive
to etching. A photoresist is then applied and the photomask is aligned with the wafer. The
mask and wafer are exposed to UV light, removing any photoresist not covered by the mask.
The mask is removed and the exposed core layer is etched away using reactive ion etching.
The photoresist is then removed. Finally the upper cladding is deposited. Deposition of this
final layer is problematic, as deposition is not uniform especially at the edges of the structure.
To solve this issue, the wafer is heated so the material can flow and deposit evenly around
the core structures. To prevent the whole structure from melting during this process the
cladding material is doped to reduce the softening point. This enables the material to flow
before the core and undercladding melt. In some cases this doping can cause the top cladding
to have a slightly different refractive index, then the undercladding.

3.3.1 AWG fabrication errors

Even with the great care taken to fabricate the AWGs to a high precision, unavoidable pro-
cessing errors result in fluctuations of the effective index and width of individual waveguide
which results in phase errors. To measure the phase errors of each waveguide a Fourier
transformation of an optical low coherent interferometer can be used [92]. A simpler but
more destructive method to measure the phase errors is to remove the output FPZ. This
method however is only effective for free space AWGs [93] (see Figure 3.11a). Using this
phase information, AWGs fabricated using a photosensitive germanium doped silica can be
UV trimmed. UV trimming translates a focused UV spot along a waveguide within the
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waveguide array to finely adjust the refractive index by 1 × 10−3 in order to correct for the
phase error [94] (see Figure 3.11b).

The fundamental mode contains two orthogonally polarised components, the TE and TM
modes. For perfectly symmetric waveguides the propagation constant of the two orthogonal
components are identical, however fabrication errors and stress introduce birefringence. The
stress induced birefringence ranges from ∆n = 10−4 to 10−3, depending on the material
composition, deposition conditions and processing [95]. To reduce the stress birefringence
devices have been fabricated on a silica substrate and half-wave plates have been inserted
into the middle of the waveguide array [96]. A recent and more elegant approach has been
demonstrated using an angled star coupler [97]. Figure 3.12 shows the measured spectra of
a uncompensated and angle compensated AWG.
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Figure 3.10: Photolithographic fabrication process for planar waveguide devices [91].
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(a) (b)

Figure 3.11: (a) Layout of a free space error evaluation system. A slit is placed at the AWG
output blocking all except for two adjacent waveguides. The slit is then scanned to measure
all the waveguide pairs [93]. (b) Experimental set-up of the UV trimming procedure [94]. UV
light is focused onto the waveguides in the array enabling fine adjustment of the refractive
index to correct for phase errors.

Figure 3.12: Measured spectra of birefringent AWG compared to a birefringence compensated
AWG using an angled star coupler [97].
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4
Experimental Methods

This chapter outlines the laser fabrication process. Explaining how the pre-existing laser set-
up, post processing and the optical visualisation tools are used to fabricate and characterise
these devices. Finally the software personally used to design AWGs is discussed.

4.1 Laser Writing Setup

The fabrication setup consists of 3 main parts, the laser, the beam path and finally the
translation stages.

4.1.1 Laser

The fabrication system is built around a commercial mode-locked titanium doped sapphire
(Ti:sapphire) femtosecond oscillator (FEMTOSOURCE XL500, Femtolasers GmbH, Vienna,
Austria). Compared to a standard femtosecond laser which produces 10s of nJ of pulse energy
at a repetition rate of 80–100 MHz, the chirped pulsed oscillator emits 550 nJ pulses with a
repetition rate of 5.1 MHz and a pulse duration less then 50 fs. To increase the pulse energy
the cavity length is increased, decreasing the repetition rate while maintaining the average
power [98]. As a result, the increased cavity peak power induces non-linearities, such as
self-phase modulation causing pulse collapse, multi-pulsing and increased pulse noise [99].
To overcome this the cavity is operated in a positive dispersion regime [100]. By chirping the
intra-cavity pulse, the peak pulse energy is reduced as the pulse is stretched. The positive
dispersion creates a dissipative soliton [101], which produces a characteristic output spectrum
of rectangular shape as seen in Figure 4.2.

The optical cavity layout is shown in Figure 4.1. A diode pumped intra-cavity frequency
doubled continuous wave (CW) Nd:YVO4 laser (Spectra Physics Millennia XV) operating
at 12.2 W pumps a Ti:sapphire (Ti:AL2O3) crystal inside the x-folded cavity. Ti:sapphire
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Ti: S

Figure 4.1: Schematic of the Ti:sapphire FEMTOSOURCE XL500. DPSS - diode pump
laser, Ti:S - laser crystal,M# - Mirrors, SBR - saturable Bragg reflector (image courtesy of
Femtolasers GmbH).

is used for the generation of ultra short pulses due to its large gain bandwidth centred at
800 nm. Due to the high pump power, the crystal is thermoelectrically cooled to −25° to
reduce thermal lensing. In the short arm of the x-folded cavity a saturable Bragg-reflector
passively mode-locks the laser at high pulse energies [102]. The other arm includes a Herriott
multipass cell (MPC)1 that increases the total cavity length to 30 m. Chirped mirrors are
used within the cavity to make the laser operate in a positive dispersion regime2. To correct
for the positive dispersion a pulse compressor with a negative group dispersion compresses
the pulses after the cavity. This is achieved by using 2 prism pairs with a separation of
1.2 m [104]. The second pair of prisms can be translated in and out of the beam path,
allowing for fine adjustment of the output pulse duration. The typical output spectrum and
corresponding interferometric autocorrelation are shown in Figure 4.2.

4.1.2 Beam path

The beam path is shown in Figure 4.3. After the laser, the beam passes through an Aerotech
ADR75 motorised rotation stage. This rotation stage contains a 800 nm half-wave plate.

1MPCs are designed to increase the cavity length while maintaining the cavity mode size. This is accom-
plished by using two mirrors with an ABCD transfer matrix of unity [103]. The beam is reflected 12 times
off each mirror in a circular pattern.

2Chirped mirrors are comprised of layers designed to reflect different wavelength at different depth. Light
reflected from a lower layer travels a longer distance and thus chirping the pulse.
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Figure 4.2: Output spectrum of the CPO and the corresponding interferometric autocorre-
lation. The pulses are sinc-shaped due to the rectangular spectrum [43].

Two polarising beam splitters used in reflection then act as a periscope to reduce the beam
height to 50 mm. The combination of the rotatable half-wave plate and the two polarising
beam splitters creates a variable attenuator. The beam is then directed by a 45° turning
mirror into a 2:1 beam contractor which is used to reduce the beam size before passing
through a Pockels cell (Section 4.1.3).

Once the beam has passed through the Pockels cell a beam expander is used to adjust
the beam size. Depending on the material or device to be fabricated, different pre-aligned
magnification ratios (1:2, 2.5, 3, 3.5, 4, 5) can be used to adjust the beam sizes between
2–5 mm. By changing the beam size the effective numerical aperture of the focusing objective
can be adjusted. For the majority of this work the 1:5 telescope was used.

The beam is then transmitted through another half-wave plate and a polarising beam
splitter. The half-wave plate can be adjusted to allow the beam to pass straight through the
polarising beam splitter cube or to be reflected onto a safety screen, depending on whether
a voltage is applied across the Pockels cell or not. Light that is allowed to go through
the polarising beam splitter cube is directed onto a turning mirror. The turning mirror is
positioned on a removable magnetic base. By removing the turning mirror, light enters an
interferometric autocorrelator, allowing the pulse duration to be measured. With the turning
mirror in position the beam passes through a second iris and a quarter wave-plate. The iris
is the main alignment reference for setting the beam perpendicular to the translation stage
plane and aligning the focusing objective. While the quater wave-plate changes the beams
polarisation to circular. Circular polarisation is used as it gives a higher photoionisation rate
and avoids nanograting formation [44].

A periscope is used to increase the beam height and direct light across to a dichroic 45°
turning mirror positioned directly above the translation stages. A CCD beam profiler and
a power meter are used to measure the beam profile and the average power,they are placed
between the periscope and the dichroic mirror. The dichroic mirror is reflective for the laser
wavelength and transmissive in the visible, thus allowing a vision system to be placed above
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Figure 4.3: Beam path.
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the dichroic mirror to monitor the writing process. The beam then finally passes through
a 6-axis mount that is used to hold the focusing objective. The 6-axis stage enables the
objectives optical axis to be aligned co-linear with the laser beam.

4.1.3 Pockels Cell

Pockels cells use the electro-optic effect to induce birefringence in an optical medium. When
a high voltage is applied across a Pockels cell, the polarisation state of the beam is changed.
By applying a voltage at the correct time across the Pockels cell, the polarisation of the
pulses can be changed. This in conjunction with the polarising beam splitting cube, allows
the user to actively pick single pulses from the lasers 5.1 MHz pulse train and thereby
change the repetition rate of the laser. The selectable repetition rate facilitates switching
between the athermal and cumulative heating regime. The pulse picker uses a 3 mm clear
aperture rubidium titanyl phosphate (RbTiOPO4−RTP) Pockels cell (Leysop Ltd., UK).
The Pockels cell’s timing electronics are connected to the position feedback output of the
stages, enabling the lasers output to be blocked nanometre precision. This allows for the
inscription of Bragg-gratings for instance.

4.1.4 Stages

The motion control setup consists of 3 Aerotech linear translation stages. The stages allow
for motion in XYZ for the fabrication of 3 dimensional optical devices. The base stage is an
Aerotech ABL2000 air bearing direct drive linear stage that controls the X-axis. Placed on
top is a more compact Aerotech ABL1000 air bearing direct drive linear stage that controls
the Y-axis. Finally an Aerotech WaferMax Z Mechanical Bearing direct drive lift stage is
used for the Z-axis.

The stages have travel ranges of 100 mm, 100 mm and 5 mm, respectively. This limits
the maximum device size. The stages have maximum velocities of 3000 mm/min for the X,
Y-axes and 240 mm/min in Z. The position resolution is 2 nm in the X,Y and 0.8 nm in the Z.
The accuracy is ± 0.5 µm, ± 0.2 µm, ± 1.5 µm for X,Y,Z and the repeatability is ± 0.2 µm,
± 50 nm, ± 0.3 µm again for X,Y,Z. The stages are controlled by an Aerotech U500 Ultra
PCI motion controller. This controller also controls the Aerotech ADR75 mechanical bearing
rotary stage (U-axis), enabling computer controlled power adjustment. Computer programs
written in G-code are interpreted by the U500 motion controller, allowing control of the
position and speed of the stages. By controlling the stages the position and power of the
lasers focus within the sample is adjusted. Mounted on top of the three translation stages is
a mirror mount with a vacuum chuck attached. The mirror mount is used to align the sample
surface parallel to the stages, while the vacuum chuck secures the sample, ensuring it does
not move during fast acceleration and deceleration. To align the samples surface parallel the
stages, the laser is focused onto the surface of the sample. The mirror mount can then be
adjusted so that the lasers focal point is on the samples surface across the sample.
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4.2 Postprocessing

4.2.1 Thermal treatment

Laser induced refractive index modifications can be altered by thermal annealing [49]. If
the waveguides are annealed correctly, the bend losses and coupling efficiency can be im-
proved [105]. To thermally anneal a laser written structure, the glass sample is heated above
the annealing point of the glass. Once above the annealing temperature the sample is slowly
cooled to below the strain temperature of the material. Slowly reducing the temperature of
the material avoids inducing stress fields. Figure 4.4 shows the refractive index distribution
of a waveguide before and after thermal annealing. Before thermal annealing there are 3
clear regions of refractive index change; a positive central region, a ring of negative change,
and an outer positive index change. After thermal annealing the outer region of positive
index change has been removed.

Figure 4.4: A refractive index profile of a laser written waveguide before (left) and after
(right) thermal annealing [105].

The laser induced refractive index change is attributed to ion migration [106, 107], while
the outer region appears to be caused by a visco-elastic deformation [108]. Elemental migra-
tion needs temperatures higher than the thermal annealing point of the material, therefore
thermal annealing effectively removes only the outer refractive index region.

The thermal properties of Eagle2000 can be seen in Table 4.1. Using a commercial heat
treatment furnace and an integrated Shimaden FP21 temperature profile controller (Shi-
maden Co. Ltd), samples were heat treated following a specified heat profile. Initially the
Eagle2000 sample was slowly heated to 750°C, which is just beyond the thermal annealing
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Material Eagle2000

Strain point 666° C

Annealing point 722° C

Softening point 985° C

Table 4.1: Thermal characteristics of Corning Eagle2000 [58].

point and below the softening point. The material temperature is then slowly reduced over
multiple hours until the sample temperature is below the strain point.

4.2.2 Grinding and polishing

Once the laser written structures have been fabricated, the waveguide ends need to be
exposed to characterise the device. When a laser written waveguide approaches the edge of
a sample, the waveguide begins to taper. Tapering occurs as the focused beam no longer
completely passes through the samples surface. This reduces the intensity of light at the
focal point and hence decreases the waveguide size. Tapering typically begins ≈ 200 µm
from the edge of the sample. As tapering effects the size of the waveguide, all structures
need to be written 200 µm away from the edge, or the tapered region must be ground away.
Either way the samples edges need to be ground back to reveal the structure.

To grind and polish samples quickly, a simple hand polishing technique was used. This
enables prototypes to be quickly evaluated. Initially ≈ 120 µm was removed using a diamond
bench grinder. Next Thorlabs diamond fibre polishing/lapping sheets of 30, 5, 3, 1 µm and a
final silicon dioxide lapping sheet was used to carefully polish the endfaces. An alternative
method that was also used was to grind back the samples 200 µm using the diamond bench
grinder to remove any waveguide tapering. Then when optically characterising these chips
an index matching oil was used removing the need for polishing, with only a small reduction
in measurement accuracy.

4.3 Device Characterisation

4.3.1 Visual inspection

After fabrication, an Olympus (IX81) Motorized Inverted Microscope (Figure 4.5b) was used
to inspect the samples. As the structures are transparent, typical bright field illumination
techniques are ineffective in visulising the structures. To enhance the contrast between
sample and structure, the microscope is equipped with Transmission Differential Interference
Contrast (T-DIC) capabilities. A T-DIC microscope converts optical path length gradients
(e.g. small refractive index changes) into intensity differences [110].

In a T-DIC microscope, light emitted from the light source passes through a polariser.
The light is then passed through a Nomarski or Wollaston prism with its optical axis at 45°
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(a)

(b)

Figure 4.5: (a) Schematic showing Differential Interference Contrast optical processing [109],
(b) Photo of the Olympus IX81 DIC microscope.

to the polariser. This splits the light into two linearly-polarized components (Figure 4.5a),
known as the ordinary and extraordinary rays. The two orthogonally polarised wavefronts
are then focused through the sample by a condenser. Since the two wavefronts are spatially
separated by the Wollaston prism. When one passes through a refractive index modification
it experiences an optical path difference. This path difference creates a phase shift between
the two wavefronts. The microscope objective then collects the two wavefronts which are re-
combined using an inverted second Nomarski or Wollaston prism. Light then passes through
a second linear polariser (analyser) orientated orthogonally to the first polariser. Light that
has passed through a homogeneous medium will be linearly polarised and blocked by the
analyser, whereas light that has passed through an area of changing refractive index will
recombine as elliptically polarised and pass through the analyser. Therefore regions with
a refractive index change appear darker or brighter depending on bias retardation on the
second prism. An Olympus DP72 CCD camera is attached to the side port of the microscope
enabling imaging.
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4.3.2 Optical Characterisation

Figure 4.6: Optical characterisation set-up.

To characterise the propagation of light through different laser written structures, it is
important to have a facility with the ability to precisely position optical fibres, devices and
objectives to a sub-micron precision. The facility seen in Figure 4.6 consists of a 6-axis
flexure stage (Thorlabs NanoMax 600 series) seen on the bottom right. This stage allows
for accurate fibre positioning to inject light into devices. A 3-axis stage is positioned in
the centre, with a vacuum chuck to secure the sample. On the left a 3-axis flexure stage
(Thorlabs NanoMax 300 series) has an additional pitch/yaw platform placed on top. This
effectively creates a 5-axis stage that can be used to position an output fibre or objective to
characterise the output of the device. Above the sample is a vision system which allows for
fibre positioning. The vision system can also be used to view scattering and fluorescence from
samples. When viewing fluorescence at 633 nm, a Thorlabs notch filter is placed inside the
objective tube to suppress the scattered HeNe light and the vision system camera is replaced
by a Thorlabs DCC1645C USB camera (Table 4.2) to capture images of the fluorescence or
scattering.
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4.3.3 Output Measurement

The slab and waveguide array mode-field profiles were recorded by launching 633 nm light
(Becton Dickinson Lab Helium-Neon HeNe laser) via a single-mode fibre (Thorlabs SM600)
into the device. The samples were butted against a microscope slide with index matching
immersion oil. Using index matching oil removes the need to polish the samples end-faces and
therefore enables characterisation immediately after fabrication and grinding. Immersion oil
was also used on the input fibre to reduce coupling losses. Finally a microscope objective
imaged the output onto a camera (Pulnix TM-745E, see Table 4.2). The Spiricon LBA-
PC software was used to capture the output mode-profiles for post processing. Different
objectives, as described in Table 4.3, were used in order to maximise the camera illumination
depending on the mode size of the structure . The magnification of each objective was
calibrated for each measurement using either one of the following two methods.

• Measuring the known separation between two waveguides within the sample. Light is
injected into one waveguide and its central pixel position recorded. The input fibre
is then moved to inject light into the second waveguide and its central pixel posi-
tion recorded. The known separation of these two waveguides is used as pixel scale
calibration.

• Similarly, slabs with multiple output guides have known output waveguide separations.
When imaging these output guides the separation of the outputs can be used as a pixel
scale calibration.

Model Sensor
Dynamic

Range
Resolution

Spectral
Response

Pulnix
TM-745E

2/3” CCD 67 dB
768 x 493,
11 x 13 µm

0.4–1.1 µm

Thorlabs
DCC1645C

1/3” CMOS NA
1280 x 1024,
3.6 x 3.6 µm

0.4–0.65 µm

Table 4.2: Camera Specifications.

4.3.4 Transmission measurements

To measure the losses of the laser written devices the Spiricon LBA-PC softwares aperture
measuring tool was utilised. The software allows the user to draw an aperture over an area
of interest. The program then integrates the intensity of each pixel to calculate the total
power. This power value can be calibrated by measuring the output power from the input
fibre with a power meter. This input fibre is then also measured with the Pulnix camera and
the integrated aperture is calibrated to this power value. Measurement uncertainties arise
from variations in the laser output power, the size of the aperture and stray background
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Magnification Supplier Type
Numerical

Aperture(NA)

4x Olympus NA 0.1

32x Leitz NA 0.6

50x Olympus M S Plan 0.8

100x Olympus M S Plan 0.95

Table 4.3: Microscope objectives.

light. However, this technique allows structures with multiple outputs or broad outputs to
be characterised quickly and easily within the accuracy required.

4.3.5 Reverse Helmholtz Equation

The Helmholtz equation relates the refractive index profile of an optical waveguide and
the field distribution of that optical waveguide. If the optical waveguide is single mode,
the Helmholtz equation can be rearranged to determine the refractive index of the optical
waveguide from the near-field profile [111].

n2 (x, y) = (nb + ∆n (x, y))2 = n2
eff −

λ2

4π2

∇2E (x, y)

E (x, y)
(4.1)

By numerically solving Equation (4.1) the refractive index profile can be recovered and
has been shown to match refractive index profile calculated through other methods [112].
Due to the second order differential, the refractive index profile obtained is highly sensitive
to noise in the near-field profile. The technique has also been found to have reduced accuracy
with smaller mode profiles. Using mode profile images the structure and index of single mode
guides were determined using a reverse Helmholtz Matlab program courtesy of Friedrich
Schiller Uni, Jena, Germany.

4.4 Arrayed Waveguide Grating Design and Modelling

AWGs were designed using a commercial Computer Aided Design (CAD) package by RSoft.
The RSoft program contains an AWG design utility that can automatically generate full
AWG layouts using only a few user defined parameters. As these parameters are integrated,
the AWG design is automatically recalculated after each parameter change.

The automatic layout recalculation enables the user to visually see how small adjustments
affect the layout, and to ensure the design is physically sensible. Once a design is established,
RSofts simulation engine BeamPROP is used to simulate the design performance.
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4.5 AWG layout generation

Parameter Typical value

Material refractive index 1.505

Refractive index contrast 1.5 × 10−3

Number of input waveguides 1

Number of output waveguides 0

Number of PSFs at the chips output 9

Number of waveguides in the waveguide array 41

Diffraction order 16

PSF size at output 4.5 nm

Central operating wavelength 632.8 nm

Free Spectral Range(FSR) 40.5 nm

Table 4.4: Generation parameters and their typical values.

The AWG design utility uses an auto generating script known as STARGEN. This script
calculates the complex geometry using a few parameters to determine the topology of the
device. These parameters and typical values can be seen in Table 4.4. A brief description of
selected parameters are given below.

Output waveguide Since the AWGs are being fabricated for spectrographic purposes out-
put waveguides are not required to directly record the spectrum at the output FPZ.

Number of array waveguides The number of waveguides was kept low. The benefits
of keeping the number of waveguides in the array low are reduced chance of phase
errors in the waveguide array, higher throughput and a smaller slab width. However
the disadvantage is a low resolution. Despite this, obtaining a working prototype was
considered more important than achieving high resolution.

Number of output PSFs Determines the FSR of the device.

PSF size Is related to the AWGs resolving power R. The number of PSFs and the PSF size
determines the size of the device and FSR and R becomes a trade-off.

After the key parameters have been determined other secondary parameters can be ad-
justed to fine tune the design. The separation between waveguides can be varied. This
is normally selected to be large enough to prevent cross talk between the waveguides and
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small enough to reduce the size of the FPZ. Another parameter that can be adjusted is the
curvature for the first waveguide in the array. Compared to silica-on-silicon devices that
have bend radii of 5 mm with low losses, laser written waveguides have a lower refractive
index contrast and therefore the bend radii must be increased to values larger than 25 mm
and higher in order to reduce losses [113].

Finally the user can define the angle between the two FPZs. The angle is restricted by
the curvature of the array and the length increment (∆L) between waveguides. Typically
the angle of designs is restricted to 8–15° for visible laser written AWGs. This makes designs
relatively narrow in the x-axis meaning many AWGs can be placed close together on a single
chip. This also ensures that direction dependent writing properties do not effect the device
performance [114].

The input waveguide taper was omitted as this has been shown to be detrimental to the
spectrograph’s resolution. The length of the slab/waveguide array transition taper can also
be adjusted to maximise throughput. Figure 4.7 shows the typical layout generated by the
AWG utility. These parameter give a FSR of 40.5 nm and an R of ≈ 440 with dimensions
of 3.7 × 2.7 cm and a theoretical throughput 25% for the central order.

Figure 4.7: An example of a typical full AWG CAD layout. The design parameters are
identical to the fabricated AWGs. To view the whole structure, the aspect ratio of the figure
is set to 18.1:1.
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4.6 AWG simulation

4.6.1 BeamPROP

BeamPROP is a simulation module of the RSoft Photonics suite software. BeamPROPs sim-
ulation engine is specifically made for computing the propagation of light waves in arbitrary
waveguide geometries [79]. BeamPROP uses the finite difference beam propagation method
(BPM) [115–120]. This technique solves the well-known parabolic or paraxial approximation
of the Helmholtz equation using finite difference methods.

A fundamental limitation of solving the Helmholtz equation using the parabolic approx-
imation is the inability to simulate backward reflections. To solve this issue RSoft has the
capability to use a more accurate approximation to the Helmholtz equation known as the
bidirectional BPM algorithm [121]. By using this algorithm forward and backward travel-
ling waves can be simulated meaning structures such as gratings and ring resonators can
be modelled. However the cost of simulating back reflections is a large increase in compu-
tational time. As AWGs do not contain any reflective components bidirectional BPM was
not used. However this restricts the simulation of AWGs to angles less then approximately
15° [91] as the waveguide array requires the simulation of back reflection to guide light. To
avoid using the bidirectional BPM algorithm the simulation is spilt into parts, as discussed
in section 4.6.2.

To solve physical propagation problems BPM requires two key pieces of information, the
refractive index distribution n(x, y, z) and the input wave field u(x, y, z = 0). The algorithm
also requires numerical simulation parameters which include a finite computational domain,
transverse grid step size (∆x, ∆y) and the longitudinal simulation step size (∆z). BPM’s
computational time is essentially proportional to the number of grid points used in the
simulation.

To solve the wave equation, BPM applies two approximations, a scalar field and paraxi-
ality e.g. polarisation effects are neglected and propagation is restricted to a narrow range
of angles (a brief mathematical description of these approximations can be found in Ap-
pendix A.2). The benefits of these approximations are as follows; by using a slowly varying
field the grid size in the z direction can be longer than the wavelength. By removing the
second derivative term the boundary value problem is reduced from a second order boundary
value problem requiring iteration or eigenvalue analysis, to a first order problem that can be
solved by integration. These benefits however can limit modelling. The limitations include
fast variations of the refractive index in the z direction and complicated superposition of
phase e.g. multi-mode interference devices. Simple AWG designs do not include complex
rapid refractive index changes, however complex designs that include rapid tapers such as a
segmented taper could be affected.

There was valid concern that using the slow varying field approximation would negatively
effect the simulation of the light interference in the second slab that is essential for AWG
operation. To check this, a simulation of an AWG was run using a wide-angle BPM3.
However there was no visible difference between simulations. It is also important to note

3Wide-angle BPM allows large angles, high index contrast and complex mode interference to be modelled
more accurately. BeamPROP uses the multistep Padé-based wide angle technique [122].



4.6 AWG simulation 47

that in simulations involving slab refractive index variations the wide-angle BPM was used
with a small grid size.

4.6.2 AWG Simulation

(a) (b)

Figure 4.8: The CAD layout files for the (a) input and (b) output FPZ’s. The pale lines
seen within the FPZs are virtual markers required by the BeamPROP program to correctly
position components from.

Typical AWGs used in telecommunications have large angles in the order of 45°. Due to
simulation constrains (Section 4.6.1), AWGs of large angles cannot be simulated as a whole.
To avoid this issue a WDM Router Simulation Utility generates two design files for the input
and output FPZ, respectively. The input file includes the input waveguide, the first FPZ
and the start of the waveguide array (Figure 4.8a). The output file contains the end of the
waveguide array and the second FPZ (Figure 4.8b). By separating the AWG into two parts
the simulation complexity is reduced. Even though it is possible to simulate the design as
a whole for designs with small angles as seen in Figure 4.9, the simulation utility was used
due to its simplicity and speed.

For the simulation light is launched into the input waveguide. Light propagation is
then simulated through the first FPZ and into the start of the waveguide array as seen in
Figure 4.10a. At this point the mode field is recorded and should already be a series of
discrete single modes. Next a script called PHASECOR applies a phase shift to each of the
discrete single modes that corresponds to the length increment of Delta L of the waveguide
array. By applying a virtual phase shift computational time is reduced since simulation of the
waveguide array is avoided. Unfortunately PHASECOR does not automatically calculate
bend losses. However the user has the ability within the PHASECOR script to include
bend losses and random phase errors for more accurate device performance analysis. The
phase adjusted file from PHASECOR is then saved as a launch field file using a script called
FIELDGEN. This mode field can then be launched into the second FPZ and the propagation
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Figure 4.9: Full AWG simulation at 633 nm. The colour bar represents the field amplitude.
To simulate the AWG as a whole the wide-angle BPM was used along with a small grid
size. This simulation takes approximately 20 mins to run using an Intel core i7-4770 CPU,
3.40 GHz, 16 Gbit RAM.

can be simulated (Figure 4.10b). A cross section of the final simulated position can also be
taken, this is consistent with how our AWGs are polished back flat to the end of the FPZ
for visual inspection. When the output field of the full simulation is compared to the output
field of the utility simulation at 633 nm, the outputs are shown to have peaks in the exact
same location.

A script call SCRIPGEN can be used to perform a scan over a range of wavelengths.
The final simulation output is displayed as a transmission loss in (dB) for each channel.
When simulating the AWGs over a range of wavelengths the script simulates the input
FPZ at a single wavelength. This approximation is sensible as the FPZ is only weakly
wavelength dependent. For devices with large FSR it is possible to simulate both FPZs over
all wavelengths to obtain more accurate results.
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(a) (b)

Figure 4.10: Beam propagation simulation of the (a) Input FPZ and (b) Output FPZ. In the
output FPZ, the main central interference order is clearly visible. Either side of this central
interference order additional orders can be seen. This essential shows the physical size of the
FSR of the device. In the simulation light is propagated from the bottom of the page to the
top.
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5
Free propagation zone studies

The FPZ is a smooth medium in which light can diffract and interfere. If the FPZ has a non
uniform refractive index, these processes can break down, destroying the functionality of the
AWG. FPZs fabricated using photolithography have a typical refractive index uniformity
ranging from 1 × 10−5 to 3 × 10−4 [69]. To fabricate functional laser written AWGs,
methods to inscribe large areas of uniform refractive index must be developed. As previously
discussed, relatively little work on laser fabricated slab waveguides has been reported so
far. Therefore this chapter explores the fabrication of uniform slab waveguides using the
femtosecond direct write technique.

5.1 Slab waveguides in fused silica

Suprasil was initially chosen for slab fabrication for two main reasons: Firstly, slab fabrication
has previously been demonstrated in fused silica [63]. Secondly, fluorescence visualisation
techniques can be utilised for laser written structures in Suprasil. Fluorescence enables light
propagation within slab structures to be analysed and compared to theoretical simulations.
Also interference can be visualised within the second FPZ in order to identify fabrication
errors.

Using the laser writing system described previously 6 µm wide waveguides were fabri-
cated using the multi-scan technique. Waveguides were inscribed using a 50 × microscope
objective, pulse energies of 20 − 100 nJ, writing speeds of 12 − 1200 mm/min, repetition
rates of 250 kHz− 5.1 MHz and a multi-scan spacing of 0.4 µm. Additionally 20 and 30 µm
wide slabs were inscribed using a 500 kHz repetition rate, matching the repetition rate used
by Ghosh et al. [63], in order to evaluate the multi-mode interference. Figure 5.1a shows
a top down image of 30 µm wide slabs inscribed at 60 and 40 nJ, respectively. The slabs
were found to have a granular micro-structure. This granular micro-structure appeared to
be more distinct for with higher pulse energies. However the actual size of the granular
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features was determined to be constant. The micro-structures also appeared under DIC ob-
servation to be brighter with increasing repetition rates. Figure 5.1b shows the slab visually
inspected end on. Slab waveguides fabricated with a repetition rate of 500 kHz and pulse
energy of 60 nJ exhibited have smooth core regions, while those fabricated using 40 nJ pulse
energies appear to have some periodic structure. This periodic structure was attributed to
interference pattern caused by the slab waveguides small width. End on observations of the
6 µm wide guides also showed that repetition rates of 500, 728 and 1019 kHz have similar
guiding properties, while those produced at 5.1 MHz showed large areas of damage.

(a) (b)

Figure 5.1: (a) Top down view of 30 µm wide slabs written in Suprasil at 500 kHz repetition
rate using 60 nJ (top) and 40 nJ (bottom) pulse energy respectively. A granular micro-
structure is clearly visible. (b) End on images of 20 µm wide slabs 60 nJ (top) 40 nJ
(bottom).

Light was injected into the 6 µm waveguides using the optical characterisation setup.
Figure 5.2a shows the observed scattering causing high losses, while Figure 5.2b shows the
observed fluorescence excited by light propagation down the waveguide. The fluorescence
supports smooth propagation within waveguides inscribed with a 500 kHz repetition rate
and 60 nJ pulse energy. All laser written structures, independent of the writing parameters,
had observable fluorescence. However, at high pulse energies the propagation losses within
the waveguides increased, resulting in a rapid decay in fluorescence intensity.

The 6 µm wide waveguides had the best guidance at a repetition rate of 500 kHz, 60 nJ
pulse energy and a feedrate of 120 mm/min and a repetition rate of 728 kHz using 60 nJ
pulses and a feedrate of 240 mm/min. Even with optimised writing parameters, waveguides
written in Suprasil exhibited high losses. Due to these high losses, no further work was
undertaken to fabricate waveguides in Suprasil.

Corning 7780 HPFS was selected as a possible alternative to Suprasil. A parameter scan
was was undertaken using a 20 ×, 0.46 NA focusing objective, pulse energies of 200−400 nJ,
writing speeds of 75 − 3000 mm/min and repetition rates of 728 kHz and 5.1 MHz. These
parameters were centred around the fabrication parameters used to write in Suprasil by
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Dreisow et al. [56]. This time the micro-structures previously observed were no longer
present, however the high losses remained. As these losses where too high to create a
functional device, it was decided an alternative substrate material was required. The laser
system used has 50 fs pulses centred around 800 nm this is vastly different to other systems
that have previously shown success writing low loss waveguides in fused silica that have
pulses of 400 fs and are centred around 1030 nm wavelength.

(a) Scattering

(b) Fluorescence

Figure 5.2: Micrographs viewed from above of the observed scattering (a) and fluorescence
(b) of 6 µm wide waveguides inscribed with 500 kHz, 60 nJ.

5.2 Slab waveguides in Eagle 2000

5.2.1 Strong cumulative heating regime

Eagle2000 was selected because high quality waveguides can be inscribed at 5.1 MHz rep-
etition rate. The ability to write waveguides at a high repetition rate allows fast stage
translation, enabling large devices such as an AWG to be inscribed in only a few hours.
For lower repetition rates large multi-scan slabs could take a whole day to write, increasing
the susceptibility to laser instabilities. A disadvantage of Eagle2000 is its lack of fluores-
cence. Without fluorescence, light propagation evaluation of the device is limited to near-field
imaging. Another disadvantage is that the typical modifications inscribed in Eagle2000 at
5.1 MHz have regions of both positive and negative index change [105], caused by ion mi-
gration [106, 107]. The formation of a negative region around the laser written waveguide
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is problematic especially for slab inscription as multiple waveguides are required to be over-
lapped. These negative regions could potentially compromise the formation of a smooth
refractive index change across the slab waveguide.

Using an Olympus 100 ×, 1.4 NA objective at 54 nJ pulse energy, 5.1 MHz repetition rate
and a feedrate of 1200 mm/min, symmetrical waveguides were fabricated. Slab waveguides
were written by overlapping waveguides in either a symmetric or asymmetric sequence with
a line-spacing of 3 − 7 µm as shown in Figure 5.3. Symmetrically written slabs have the
first waveguide written in the centre of the slab and each successive waveguide is written
on either side, building up the slab structure from the inside out. Asymmetrically written
slabs are built by continuously overlapping waveguide in a singular direction. When viewed
end on it can be seen that each waveguide overlaps the previously written waveguide. This
is visible because the depressed cladding appears as a dark ring, as light from the micro-
scope is only guided down the positive refractive index cores. The waveguides were then
thermally annealed as discussed in Section 4.2.1. Annealing removed the outer region, while
the depressed cladding rings remains clearly visible. Thermal annealing can not remove the
depressed cladding as the annealing temperature is not high enough for ion migration.

(a) (b)

Figure 5.3: (a) Symmetrically written waveguides with 3 µm spacing (written inside out).
(a) Asymmetrically written waveguides with a 3 µm spacing written (left to right). (top) is
a DIC top view, (middle) slab waveguides without thermal annealing, (bottom) thermally
annealed slab waveguides.
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The light injected into these slab waveguides was found to be strongly guided down the
individual high index cores. As these parameters did not yield a successful slab waveguide it
became clear that a different approach was necessary. The key issue faced in the cumulative
heating regime is the depressed cladding. One option was to decrease the waveguide spacing
further. The second option was to move to a different writing regime. At the time it was
decided to move to a new writing regime as these waveguides were occasionally showing
vertical multi-mode guidance at 632.8 nm, an unwanted feature in AWGs.

5.2.2 Weak cumulative heating regime

It was previously observed whilst undertaking power-scans that just above the cumulative
heating threshold the depressed cladding and the vertical waveguide size was reduced. Since
the depressed cladding is minimised the overwriting effect is diminished, ideally allowing
the fabrication of a smooth refractive index slab waveguides without the depressed cladding
observed in Section 5.2.1. Since the vertical waveguide size is decreased, light guided within
the slab will be single mode in the vertical direction. A preliminary study was undertaken
to find conditions that efficiently guide a single mode at 632.8 nm.

5.2.3 Inscription of single-mode waveguides
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(c) Well above threshold

Figure 5.4: (a)Shows that below the cumulative heating threshold the laser written mod-
ification weakly guides light, (b) 2 nJ above threshold a single guided mode is observed.
(c) 5 nJ above the cumulative heating threshold multi-mode propagation can be observed.
All images are of the same scale, as the modification in (a) is below the cumulative heating
threshold the refractive index change is low, therefore the guided mode is weakly confined.

Circular waveguides are desirable for slab fabrication as it allows input and output waveg-
uides to be incorporated easily from the slab region by extending one structure from the
multi-scan region in order to form a single waveguide. Waveguides with high throughput
and circular mode fields were fabricated using an Olympus 40 ×, 0.65 NA focusing objec-
tive, a translation speed of 2000 mm/min and 1 − 4 nJ pulse energy above the cumulative
heating threshold which is at a pulse energy of 53 nJ (Figure 5.4b). When the pulse energy
is below the cumulative heating threshold the refractive index change is minimal and only
a weakly guided mode is observed (Figure 5.4a). Alternatively if the pulse energy exceeds
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the heat accumulation threshold by 5 nJ or more, multi-mode waveguides are created (Fig-
ure 5.4c). The threshold for cumulative heating is observed as a sudden change in the size
of the waveguide under DIC imaging (Figure 5.5a). This effect can also be seen end on in
Figure 5.5b.

(a)

(b)

Figure 5.5: (a) Power scan showing the laser threshold as a sudden increase in waveguide
size. (b) Corresponding end on image showing how the onset of heat cumulation forms a
larger circular waveguide core that guides light.

A challenge writing so close to the cumulative heating threshold are surface impurities,
dust and laser fluctuations which can cause the intensity at the focus to decrease, resulting in
an abrupt interruption to the cumulative heating writing process. To reduce the possibility
of this happening, the writing power is typically set 2−3 nJ above threshold. Due to minute
changes in the laser cavity the pulse and repetition rate of the laser can change slightly.
These changes can cause the pulse energy required to write waveguides in Eagle2000 to shift
on a day to day basis by 4 − 6 nJ. To find the threshold a parameter scan is preformed
each time before writing a device. At the cumulative heating threshold the appearance of
a bright plasma can be observed. This bright plasma is clearly visible through the in-line
vision system allowing the threshold to be found.

Using the reverse Helmholtz technique, the refractive index profile of waveguides written
at pulse energies 2 nJ above the cumulative heating regime were obtained (see Figure 5.6a).
The profile shows that a weakly depressed cladding surrounds a positive index core. The
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(a) single pass
(b) multipass

Figure 5.6: (a) Calculated refractive index profile of a waveguide inscription using a single
laser pass, with a peak index change of ∆n = 1.5 × 10−3. (b) Calculated refractive index
profile of a waveguide inscribed with two laser passes. The core region is seen to have an
increased index change of ∆n = 2 × 10−3 and has an increased depressed cladding. The
refractive index profiles were calculated using the reverse Helmholtz equation.

maximum refractive index change ranged from 1.2 × 10−3 to 1.5 × 10−3. As this value
is lower than the typical refractive index contrast in photolithograpically fabricated AWGs,
laser written AWGs require a larger chip footprint as the bend radius needs to be increased
to reduce bend losses.

One method that has previously been used to increase the refractive index contrast is
multipassing the waveguide. Multipassing is where a waveguide is written directly over
a previous waveguide thus increasing the refractive index of the waveguide. Figure 5.6b
shows the refractive index profile of a double pass waveguide. Waveguides fabricated using
the multipass technique were found to increase the maximum refractive index contrast to
1.5× 10−3 to 2× 10−3. This increase in refractive index contrast could reduce the footprint of
a laser written AWG. However, double passing was found to increase the depressed cladding
which negatively affect the fabrication of smooth slabs. Multiple passes also increases the
chance of stage depth errors and increases the writing time of large structures. Therefore
multipass waveguides were not pursued for slab inscription.

5.2.4 Inscription of slab waveguides

Using an Olympus 40 ×, 0.65 NA focusing objective, a translation speed of 2000 mm/min
and a pulse energy 2 nJ above the cumulative heating threshold, 500 µm wide and 6mm long
slabs were fabricated via the multi-scan technique1 using spacings of 0.3 − 0.8 µm. Using
the optical characterisation stages, 633 nm light was injected into the centre of these slabs
using a single-mode fibre and the near-field output was recorded (see Figure 5.7). If the light
is freely able to diffract then the near-field output is expected to be a broad Gaussian. A

1The multi-scan technique writes multiple waveguides with a small offset, this technique is typically
used with highly elliptical waveguides to form a square waveguide for more efficient guiding. However by
continually writing a large number of waveguides a slab can be fabricated.
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(a) 0.3 µm

(b) 0.4 µm

(c) 0.5 µm

(d) 0.7 µm

Figure 5.7: Near field images of slabs inscribed with varying multi-scan spacing.

Gaussian profile was fitted to the cross sections of the near field outputs.

The output mode-field for multi-scan spacings of 0.3 and 0.4 µm were shown to exhibit
a relatively smooth Gaussian output with R2 values of 0.9644 and 0.8806 respectively (Fig-
ures 5.8a and 5.8b). At a multi-scan spacing of 0.5 µm, the measured near-field profile no
longer fits a Gaussian profile, (see Figure 5.8c). At this spacing light no longer spreads out in
a Gaussian distribution and some points appear to have limited light guidance. Figure 5.7d
shows the near-field output profile of a multi-scan spacing of 0.7 µm, this output no longer
resembles a wide Gaussian mode, with individual single mode outputs visible across the
slab structure. This means that light at this multi-scan spacing no longer spreads smoothly
within the slab, and is being individually guided. A multi-scan spacing of approximately
0.5− 0.6 µm is the cut-off for smooth slab construction.

The 0.4 µm multi-scan spacing has a Gaussian fit of a reduced quality when compared to
the 0.3 µm multi-scan spacing profile. However, the 0.4 µm multi-scan cross section suggests
that an artefact on the left hand side has reduced the quality of the fit. During the fabrication
of these large slabs it had become clear that the fabrication of a complete AWG would take
at minimum over 2 hours with at multi-scan spacing of 0.4 µm and even longer for a 0.3 µm
spacing. During the process of writing these large slabs it was found that the laser could
drift over a few hours causing the laser writing to fall the cumulative threshold, rendering the
slab useless. Since the 0.3 µm and 0.4 µm slabs had similar qualities a multi-scan spacing of
0.4 µm was chosen for future slab fabrication,due to the faster manufacturing speed. Further
testing using the 0.4 µm spacing showed Gaussian fits with R2 values regularly above 0.95
but for a shorter propagation length.
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(a) 0.3 µm, R2 = 0.9644

(b) 0.4 µm, R2 = 0.8806

(c) 0.5 µm, R2 = 0.6872

Figure 5.8: Gaussian fit to the cross section of the near field output of slabs fabricated with
varying multi-scan spacings.

5.2.5 Slab characterisation

To evaluate the refractive index uniformity of the slab waveguides, light was injected close
to the side walls of the slab. This causes light to reflect back into the slab of the side walls
resulting in interference patterns as shown in Figure 5.9a.

The observation of these interference patterns suggests that the slab is relatively smooth
and highlights that interference in the second FPZ is possible. Since this interference is
essentially how MMI couplers operate, MMI couplers could potentially be quickly produced
using the femtosecond laser direct write technique. Due to difficulties in accurately measuring
the fibre input location compared to the slabs edge, interference was not used to retrieve the
refractive index contrast of the slab.

Figure 5.10a shows an example of an end view of a 200 µm wide slab. The central guiding
region appears to be smooth with no depressed cladding affecting light propagation. This
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(a)

(b)

Figure 5.9: (a) Simulated 2D amplitude distribution of the interference off the side walls when
light is injected 50 µm from the edge of a slab. (b) Experimental edge interference within
a slab waveguide of 0.4 µm multi-scan spacing. The black line represents the approximate
position of the edge of the slab.

end on image shows small ripples along the top of the laser written region. It is believed
that these ripples are either caused by the writing depth of the incident laser beam varying
slightly over the 500 lines required to create the slab or slight changes in the waveguide size
caused by laser fluctuations. The small ripples can also be seen in the slabs in the top-view
DIC images as seen in Figure 5.10b, the small line variations close together can cause moire
patterns in DIC images.

To evaluate the refractive index and the propagation of light, slabs of varying lengths
ranging from 110− 770 µm were fabricated. To accurately inject light into the centre of the
slab, the central multi-scan line within the slab was extended to act as a input waveguide
(see Figure 5.10b). In Figure 5.10b the input boundary from single mode to slab waveguide
is seen to be coarse, this is caused by mechanical shutter timing issues. Even though this
looks like a surface that could cause scattering, no scattering was observed through the vision
system. This implies that since the waveguide is formed as part of the slab, light transitions
smoothly into the slab.

Figure 5.11b shows the near-field outputs from slabs of varying lengths. These near field
outputs were then fitted with a Gaussian profile using a non-linear least squares fit, using
this fit the FWHM was calculated with 95% confidence bound error bars. To calculate the
refractive index contrast, RSoft’s BeamPROP was used to model slabs of the same length
(see Figure 5.11a) and the FWHM was calculated using the same method. The best fit
for the refractive index contrast of the slab, to an accuracy of 1 × 10−4 due to model
resolution, was given by a refractive index contrast of ∆n = 1.5 × 10−3 with a 4 µm step
index input waveguide (see Figure 5.12). It can be seen that the experimental data points
follows the theoretical model closely. As only one data point was taken per slab length
using individual slabs not a single polished back slab the variation is considerably small, and
believed to be within 1 × 10−4. A 4 µm step index was chosen as it accurately fits the
output FWHM from a single-mode guide. Since the slabs measured are all independent, and
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(a)

(b)

Figure 5.10: (a) End on view of a laser written slab waveguide.(b) Example of two slabs of
different lengths viewed from the top. The features at the start of the slab are due to the
mechanical shutter used to control the laser writing as the electro-optical modulation system
was unavailable at this time.

the 170, 370, 570, 770 µm long slabs were written a few hours later on the same day using
a slightly different pulse energy, meaning the index change was highly reproducible.

To ensure that the small structures in the raw output do not correspond to any fine
refractive index variations within the slabs, the output needs to be compared to a refractive
index cross section of the slab. Qualitative Phase microscopy 2 was used to obtain a refractive
index profile. However, Qualitative Phase microscopy was unable to provide the accuracy
required to get a meaningful refractive index profile of the slab as the fluctuations could not
be resolved over the background, meaning the slab is smooth to an accuracy of 5 × 10−4 [124].

An alternative approach is to use a cross section from the DIC. The DIC however is known
to only provide a gradient of the refractive index change. However using this method should
give some valuable information when compare against the output profile. The variations

2QPm uses the inverse Abel transform of an qualitative phase image. To obtain a quantitative phase
image one collects an in-focus image and very slightly positive and negatively defocused images [123].
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(a) (b)

Figure 5.11: (a) RSoft simulation showing the amplitude of light propagating in a slab.
(b) Experimental results showing the near-field profile of slabs of different lengths. These
correspond to the RSoft simulation lengths in (a). The slab lengths range from 0 µm eg.
single mode guide output. and 110− 710 µm in 200 µm increments.

Figure 5.12: Using slabs of varying lengths, the near-field output was fitted with a Gaussian
profile and the FWHM of the near-field was calculated. These FWHM values were then
compared to theoretical FWHM values from slabs of the same length. A correlation was
found when the slabs index contrast was 1.5 × 10−3. A linear fit was taken instead of
a parabolic fit because over such a small propagation distance a linear approximation of
diffraction is acceptable. The dash lines represent 95% confidence bounds of the fit.
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in the slab has no correspondence to the peaks and troughs in the output profiles, which
are possibly due to surface errors at the output, (Figure A.1). Unfortunately we currently
have no accurate measurement of evaluating the refractive index variations across the slab
waveguide.
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5.3 Waveguide tapers

5.3.1 Taper design

As discussed in Section 3.2, there are multiple taper designs that can be used to reduce the
mode profile mismatch at the slab/waveguide array interface. The feasibility of fabricating
these taper types was evaluated.

Vertical tapers are one of the most efficient tapers commercially available. Despite this,
they are difficult to fabricate lithographically due to the height variation or index variation.
Laser fabrication therefore has an intrinsic advantage in the creation of such structures.
Laser fabrication has the ability to vary the size of the laser written modifications simply by
changing the writing speed or the pulse power. However use of these techniques were limited
for the chosen writing regime. In particular, since the fabrication is close to the heat accu-
mulation threshold, increasing the writing speed or reducing the pulse power immediately
causes the deposited energy per unit time and space to decrease below the energy associated
with the cumulative heating regime. This would result in a sudden reduction in size and
refractive index of the modification region, making a smooth height transition challenging.
Even if the writing regime was further away from the threshold, reducing the size of the
modification would also cause the waveguide overlap to decrease, which could affect the slab
uniformity. Fabrication of vertical tapers could be possible using laser writing however they
would be difficult to practically realise.

Segmentation is the main taper design used by industry, and could be inscribed using
the laser writing technique. The issue facing the practical fabrication of a segmentation
taper is the requirement to laser write multiple small areas of index modification with a high
precision. Due to laser windowing restrictions 3, fabricating these structures on our laser
writing set-up would be extremely challenging. Another issue for laser writing segmentation
tapers is the formation of micro-voids [42], bubbles or defects that cause scattering i.e. a
source of loss (see Figure 5.13a). These defects are believed to be a result of the sudden
onset and offset of cumulative heating within the sample however the formation process is
unknown.

Due to the fabrication difficulties associated with vertical and segmentation tapers, simple
planar adiabatic tapers were chosen for laser inscription. A linear design was chosen for
simplicity, however a parabolic adiabatic taper design is theoretically more efficient. The
taper length was chosen by modelling the throughput of a simple taper at varying lengths.
The maximum throughput was found for approximately 700 µm taper length (Figure 5.14a).

5.3.2 Taper fabrication

To create the linear adiabatic tapers as seen in Figure 5.13a, waveguides that form the
slab were extended. The length of this extension is related to the lateral distance from
the closest waveguide in the waveguide array, and the actual length of the total tapered

3The stages and the Pockels cell can be used in conjunction to allow laser writing within a certain area.
This is an effective way to stop writing at a precise location. Unfortunately to set this writing area the
stages must be stationary at a precise location, hence the fabrication of small consecutive modifications is
extremely challenging to code as the stages much be stopped before each segment can be fabricated.
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(a)

(b)

(c)

Figure 5.13: (a) Slab waveguide with linear adiabatic tapers improving the transition to the
waveguide array. The small dots seen on the tapers are index defects caused by shuttering
off the laser. (b) Slab with a waveguide array directly coupled to the end.(i.e. no tapers)
(c) End on view of the output of the waveguide array. For (a) and (b), light is injected at
the bottom of the page, it then diffracts within with slab waveguide and is coupled into the
waveguide array with tapers (a) and without tapers (b).

region. The extended waveguides form a triangular extension to the slabs uniform refractive
index contrast acting as a linear taper, funnelling the light into the waveguides. To test the
effectiveness of laser written tapers in reducing the coupling loss at the slab/waveguide array
transition, simple slabs where inscribed with 11 waveguides coupled to the end of the slab
as seen in Figure 5.13b. These slabs were tested against slabs written with 11 untapered
waveguides coupled to the end of a slab, Figure 5.13a.

In commercial AWGs the slabs have a curved output with tapers perpendicular to the
curvature. However, for intial tests of the effectiveness of laser written tapers, slabs where
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Figure 5.14: (a) Shows the simulated throughput of a simple linear adiabatic taper of vary-
ing lengths, calculated using taper lengths of 1 µm increments. (b) Experimental results
comparing the throughput of output guides from a slab with and without tapers.

fabricated with flat outputs and straight tapers for inscription simplicity.

Using the throughput measurement technique described in Section 4.3.4, the effectiveness
of tapers was evaluated. Figure 5.14b compares the averaged experimental throughput of a
slab with 2 sets of 11 output waveguides, either with or without tapers. The graph shows
that laser written tapers improve the measured throughput by 80%. The simulated modelled
throughputs were within uncertainties suggesting micro-voids are not a major source of loss.

5.4 FPZ

In the previous section, slabs up to 770 µm long were used to evaluate the refractive in-
dex contrast. These measurements only evaluated the propagation over a short slab length.
While evaluating the effectiveness of tapers at the interface between the FPZ and waveguide
array larger length were used as required for light to couple into multiple waveguides. There-
fore slabs of 800 − 2000 µm length were fabricated with coupled waveguides. The output
profiles were compared to the simulated outputs, an example of a simulation can be seen
in Figure 5.15. By comparing the results the accuracy of our simulation parameters can
be assessed over a larger propagation length, gaining information about slab propagation
characteristics as a function of length.

5.4.1 FPZ without tapers

Figure 5.16a shows a typical experimental output with the simulated output overlayed. The
intensity of both plots has been normalised. This figure shows that the experimental and
simulated positions of the peaks are aligned and the intensities of the coupling are similar.
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Figure 5.15: Simulation of light propagation from a slab waveguide into a waveguide array.
light is injected from the bottom of the page and then freely diffracts within the slab region.
Light is then coupled into the waveguide array. At this transition light that has not coupled
into the waveguide array can be seen to continue diffracting between the waveguides.

(a)

(b)

Figure 5.16: (a) Simulated and experimental intensity distribution recorded at the end of the
waveguide array without tapers. The two plots have been normalised. The overlaid dotted
lines indicate the location of the output waveguides. (b) Near-field image of the output from
the same structure.
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The corresponding near-field output is shown in Figure 5.16b, this is intended to aid the
reader to interpret the observed output.

The simulated data shows large amount of light that was not coupled at the interface.
This non-coupled light in reality is scattered by defects at the slab/waveguide interface shown
in Figure 5.13b. The defects are caused by the use of a mechanical shutter instead of the
Pockels cell.

As the waveguides are coupling light from a Gaussian profile, the peak intensity of light
coupled into each individual waveguide should follow a Gaussian profile. By fitting the
simulated and experimental data peaks with a Gaussian profile (Fig 5.17a) and calculating
the full width half maximum (FWHM), a basic understanding of the diffraction of light
within the slab can be inferred.

Since the diffraction rate within the slab is dependent upon the refractive index, the
FWHM fit directly relates to the diffraction within the slab. Figure 5.17b shows the experi-
mental and simulated FWHM plotted against different slab lengths. The simulated FWHM
is larger than the experimental FWHM for larger slab lengths. This result suggests multiple
possibilities. One possibility is that the coupling into the outer waveguides is more sensitive
to the coupling angle than the simulation suggests. Another possibility is that the light
within the slab is not diffracting as quickly as expected, this could be due to the refractive
index of the slab being lower then previously calculated, which is the likely cause as varia-
tions of only 3 × 10−4 from the expected could account for this change. A further possibility
is that the diffraction is being affected by small refractive index variations caused by the
raster scan used to inscribe the index modifications.

(a) (b)

Figure 5.17: (a) To evaluate the diffraction of light within the slab waveguide. A Gaussian
fit is applied to the output waveguides peaks. This fit is used to calculate the FWHM of the
output waveguide coupling. (b) This FWHM is then used to compare the experimental and
theoretical FWHMs of non tapered couplers to evaluate coupling and diffraction of the slab
at larger lengths. The error bars are 95% confidence bounds of the fit. As the Gaussian fit
is using only 3− 5 points and only one measurement per point the errors are large.
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5.4.2 FPZ with tapers

(a) (b)

Figure 5.18: (a) Graph showing the simulated and experimental intensity distrubution in
the waveguide array for a device that had a slab/waveguide interface with tapered couplers.
The two plots have been normalised to easily compare results. The overlaid dotted lines are
positioned at the location of output waveguides indicated by the doted lines. (b) Shows the
near-field output from the same structure plotted in (a).

Figure 5.18a shows the experimental output of a slab with coupling tapers. In contrast to
the non-tapered results, the near-field output profiles show an improved agreement between
the experimental and simulated values. This is due to the fact that at the slab/waveguide
transition a larger portion of light is coupled into the waveguide array.

Once again the output profiles of the experimental and simulated data were fitted with
a Gaussian profile and the FWHM recorded. Figure 5.19b shows the experimental and
theoretical FWHM plotted against different slab lengths. In contrast to the results without
tapers, the FWHMs are slightly larger than the theoretical results. This suggests that the
refractive index of these slabs is slightly larger than the simulated values by approximately
1 × 10−4. Since these slabs where written in the same sample on different days it could
be possible that the refractive index of the slabs could varies slightly depending of the laser
alignment. No action was taken to remeasure the refractive index of the slab as minor
variations in the slab refractive index contrast 3 × 10−4 have only a minimal effect on AWG
design [69]. Both FPZ with and without tapers showed results suggesting that the index
variations are approximately within this range.

5.4.3 Tapers for AWGs

For a more complete analysis, a whole AWG structure was modelled to calculate the optimum
taper length. Using a standard 41 waveguide AWG design, the throughput of each waveguide
was measured for different taper lengths. Figure 5.20a shows that each waveguide has its
own optimum taper length depending on the distance from the central waveguide, which is



70 Free propagation zone studies

(a) (b)

Figure 5.19: (a) To evaluate the diffraction of light within the slab waveguide. A Gaussian
fit is applied to the output waveguides peaks. This fit is used to calculate the FWHM of
the output waveguide coupling. (b) The FWHM is then used to compare the experimental
and simulated FWHMs of tapered couplers to evaluate coupling and diffraction of the slab
at larger lengths. The error bars are 95% confidence bounds of the fit. As the Gaussian fit
is using only 3− 5 points and only one measurement per point the errors are large.

represented by the white line. Therefore an AWG could be fabricated with each waveguide
having an optimised taper length for maximum coupling. Such a design change is difficult to
implement as the optimum taper length doesn’t follow a simple function. For simplicity the
taper length with the greatest throughput was calculated, as shown in Figure 5.20b. For this
AWG design a taper length of 700 µm gives a total maximum throughput of 58%, which is
close to the theoretical total maximum throughput of 60%. Since the fabrication of variable
taper lengths have minimal impact on total throughput only a single taper length was used.
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Figure 5.20: (a) Shows the throughput of each taper in an 41 waveguide array AWG for
different taper lengths. The white line represents the taper length that gives the highest
throughput for each taper. (b) Shows the total throughput of an AWG FPZ/waveguide
transition for a set waveguide taper length. A taper length of 700 µm was found to have a
throughput of 58%.
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“What we usually consider as impossible are simply en-
gineering problems. . . there’s no law of physics preventing
them.”

Michio Kaku

6
AWG fabrication

An AWG is a complex structure requiring large slabs, tapers and waveguide arrays to be
fabricated to a high precision. Therefore the fabrication of a laser written AWG is a chal-
lenging task. This chapter briefly discusses the AWG G-code to control the stages followed
by design and glass substrate challenges. Finally, preliminary results of a laser written AWG
are presented.

6.1 AWG G-code

To enable the fabrication of complex AWG designs, a G-code algorithm was written that
controls the motion control equipment. G-code is a common name for a widely used pro-
gramming language used to control automated machining tools by simply telling the machine
where to move and at what speed.

The G-code has been written to fabricate the AWG as a continuous structure, this has
the advantage of making sure all transitions between slab and waveguides are uniform.
Alternatively the FPZs and the waveguide array can be fabricated separately and stitched
together. The major limitation of stitching is the formation of bubbles and defects at the
slab waveguide transition. The advantage of stitching is the removal of tight bends at the
slab to waveguide transition which are a source of stage position errors. Additionally it
allows both FPZs to be fabricated separately, avoiding shutter restrictions.

For simple post processing the AWGs were designed with the output FPZ perpendicular
to the edge of the chip. This simplifies the polishing process as the chip can be aligned
perpendicular to a side edge and then polished back to the output surface for imaging the
output spectrum.

For the interested reader, the complete AWG G-code is attached in the appendix. For
completeness the following is a brief description of the variables required by the G-code,
design and motion control restrictions.
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6.1.1 Variables

The AWG G-code requires 9 key parameters taken from the RSoft AWG design utility. Using
these parameters the complete AWG structure can be replicated (see Table 6.1).

Parameters
Typical
value

Description

Slab width 800 µm The width of the FPZ.

Number of
waveguides

41
The number of waveguides in the waveg-
uide array.

Waveguide
spacing

18.4 µm
The spacing between waveguides at the in-
put and output of the waveguide array.

Slab angle 10.3 Angle between the two FPZs.

Ro 6965 µm
The radius of curvature of the first FPZ
output.

∆L 8.4 µm
The incremental length change of each
guide in the waveguide array.

Rz 30, 000 µm
The radius of curvature of the first waveg-
uide in the array.

Taper length 700 µm
The Length of the FPZ/waveguide linear
transition taper.

Extra length 200 µm
Adds extra length between the two FPZs
to enable the fabrication of a working de-
sign.

Table 6.1: List of parameters required by the G-code to fabricate an AWG.

6.1.2 Design restrictions

When using the AWG utility to design AWGs it is important to understand the intrinsic
restrictions of the G-code in order to obtain usable parameters. The G-code is written
symmetrically around the central axis of the slabs. At the central axis the input waveguide
and the central waveguide of the array are written (shown as a white line in Figure 6.1).
Therefore the number of waveguides in the array must be set to an odd value. The possible
values for the waveguide spacing and the slab width are restricted to an integer value of the
multi-scan spacing which has been set to 0.4 µm. This ensures waveguides can be written
at the correct spacing and the FPZs have the correct width.
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6.1.3 Stage movement

Figure 6.1: Geometry of laser writing. The red line represents the path taken when fabri-
cating part of the FPZ and tapers. The white line represents the path taken when writing
the input and central waveguide, in the waveguide array. The black line represents a typi-
cal written waveguide. The insert demonstrates the discontinuity at the interface between
the FPZs and the waveguides or tapers. The black dotted line in the insert represents the
smoothing of this transition made by the stages. The dark blue dashed line represents the
stage stopping position to reset the shutter coordinates, while the orange dashed line repre-
sents the improved stopping position. Coloured dashed lines represent paths where no laser
writing occurs or a virtual position.

To fabricate an AWG the stages follow the same path. For each pass the lateral offset
of this path is increased, slowly building the FPZs/tapers (and the waveguide array when
required) by switching the laser writing on and off at the appropriate positions. The basic
path is illustrated in Figure 6.1. For each laser pass the shutter on and off position, radius of
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curvature and extra length is calculated. The G-code uses two different subroutines that are
implemented depending on whether an array waveguide is to be inscribed or another part of
the FPZ is to be fabricated.

The slab subroutine is as follows (see red line in Figure 6.1). The stages move perpen-
dicularly in from the edge of the chip. The length of this straight segment is calculated to
position the output FPZ 200 µm from the chip edge. The stages then move in a circular arc
aligning the writing direction parallel to the orientation of the first slab (1).

At the start of the first FPZ the shutter opens and the laser writing begins. The laser
is translated through the sample to inscribe the first free propagation zone. At the end of
the first FPZ the stages are translated perpendicular to the output FPZ curvature, forming
part of the waveguide taper. The laser writing is then terminated via the Pockels cell at the
end of the waveguide taper (2).

The stages continue to follow the red line in (3) to the virtual stopping position repre-
sented by a dark blue dashed line. At this point the stages stop and reset the laser shutter
region for the second FPZ. The stages then continue to follow the red line to the input taper
on the second FPZ. The input taper and second FPZ are fabricated in reverse to the first
FPZ (4).

For array waveguides the stages follow the same pattern (see black line in Figure 6.1) ex-
cept in Section (3) a continuous waveguide is constructed, with no shuttering or interruption
to the motion of the positing stages. An exception to this occurs for the central waveguide
where an additional input waveguide is written in Section (1) (see white line).

6.2 Integration Challenges

Integrating all the parts of an AWG is a challenging task. What follows is a brief overview
of these challenges and how they were solved. At the slab/waveguide transition, waveguides
are not parallel with respect to the slab axis. This non-continuous transition cannot be
smoothly manufactured using mechanical stages at high translation speeds, as the stages
require smooth continuous motion. If waveguides are written with no attempt to improve
this transition, the stages position feedback mechanism over corrects for the position error
at the transition resulting in the fabrication of wavy waveguides as seen in Figure 6.2b. To
solve this issue a look-ahead filter was used to smooth the transition. The improved path
taken at the FPZ/waveguide transition is shown in Figure 6.1 insert as a black dashed line.
The issue with smoothing this transition is the effect it has on the waveguide array lengths.
As this smoothing effect is larger in waveguides further away from the the central axis there
is a possibility this could effect the phase delay of the waveguide array. Even though the
delay would be minimal future work is planned to modelling this phase delay so it can be
removed.

When using the laser windowing technique described previously, the laser must stop at
a precise location to reset the laser writing coordinates before the second FPZ can be fabri-
cated. This shutter/stage limitation means that great care has to be taken when operating
the stages at high velocities of 2000 mm/min to make sure the stages stop smoothly. Ini-
tially the dark blue dashed line in Figure 6.1, was used as a position to reset the shutter
coordinates. However this position was found to be unsatisfactory as it caused shuttering at
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incorrect positions as seen in Figure 6.2a where the white dashed line represents the correct
starting position for the taper structures.

(a)

(b)

Figure 6.2: (a) Microscope image showing an example where the waveguide tapers start too
early due to a poor placement of the shutter reset position, causing waveguides further away
from the central axis to have an increased error. (b) The effect of non-continuous transitions
on the waveguides within the array. The wavyness is caused by an over correction of the
position feedback loop.

6.3 Challenges associated with the glass substrate

As discussed in Section 2.9, Eagle2000 is a technical glass made via a fusion drawing process.
Since Eagle2000 is fabricated mainly as a substrate for LCDs, a ±10% variation in thickness
and small surface errors are acceptable for its intended applications. These variations and
surface errors can influence the ability to fabricate a working AWG prototype in three ways.

Surface flatness: As the devices themselves are 2.5 cm long, a small variation of 25 µm
across the structure is enough so that the laser writing process can suffer variations
due to spherical aberrations across the chip.

Surface imperfections: Small imperfections in the samples surface affect the lasers focus-
ing conditions causing the incident energy density to decrease below that required for
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the cumulative heating regime (see Figure 6.3a).

Dust particles: Dust particles are known to be a serious issue. Even after rigorous cleaning
of the sample using fiberless tissues and acetone, the remaining dust particles can
cause fabrication errors. When the laser passes over these dust particles the beam is
obstructed reducing the power at the focus to below that needed for the cumulative
heating regime (see Figure 6.3b).

These errors have been found to completely destroy the smooth propagation of light in the
slabs and effectively stop guiding in the waveguide array. Therefore it is important that
solutions to avoid these issues are discussed for future fabrication. To improve the surface
flatness samples could be polished using a polishing Jig. The PP5 polishing jig (logitech,
Scotland) available at Macquarie University can polish a sample to a total thickness variation
of ± 1.5 µm, total removing any spherical aberration issues. Even after surface polishing
surface imperfections could still be present due to impurities in the glass, however any surface
imperfections from transport would be eliminated by polishing the sample. An alternative
could be to fabricate AWGs in a higher grade of glass. The dust particles effecting fabrication
are most likely due to particles within the air falling onto the sample over the large AWGs
fabrication time(up to 3 hours). To remove this issue it has been proposed to construct a
miniature clean room on the laser writing stages to reduce the possibility of dust fabrication
errors.

(a) (b)

Figure 6.3: (a) A small surface error within a FPZ. (b) A defect in the waveguide array
caused by a dust particle blocking the laser beam.

6.4 First results

An initial AWG prototype was made with the following design features, a single input waveg-
uide, a 7, 000 µm long FPZ, 41 waveguides, and a minimum radius of curvature of 17, 000 µm
and no output waveguides. The output from the first laser written AWG prototype when
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probed at 633 nm can be seen in Figure 6.4a and Figure 6.4b. The output contains three
double peaks containing a large portion of the output power. This was initially thought to
be a highly positive outcome as the simulated output (see Figure 6.4c) also has 3 main peaks
corresponding to 3 different diffraction orders. However the output also contains other larger
peaks making this similarity a coincidence. The output pattern however does appear to be
an aperiodic interference pattern formed by various phase errors in the waveguide array.
Interestingly, all the output power is concentrated within the central 400 µm of the output
FPZ, and the single mode outputs shows no correlation to the input positions of the waveg-
uide array into the second FPZ. This initial outcome is positive, as it demonstrates that
some form of interference is occurring at the output FPZ. Demonstrating that with more
characterisation and design improvements laser written AWGs could be a future possibility.

(a)

(b)

(c)

Figure 6.4: (a) Near-field output from the initial AWG design. It can be seen that the output
has multiple single mode outputs. (b) A cross section of (a) showing multiple peaks. (c)
Shows the simulated output of the AWG design.
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6.5 Design improvements

6.5.1 AWG Losses

When light was injected into the first laser written AWG a large amount of scattering at
an angle to the plane was observed, suggesting the loss was from the slab/waveguide array
transition or from the waveguide array itself. For future AWGs it will be important to
improve the design to reduce these losses.

Initially the minimum radius of the waveguide array was set to 17, 000 µm to reduce
the footprint of the AWG. However it was found that this was extremely lossy. Therefore,
the minimum radius of curvature was set to ≈ 27, 000 µm for future AWGs. The tapers
are formed with multiple waveguides all orientated perpendicular to the FPZs radius of
curvature. When long tapers are fabricated the waveguides fanout towards the end of the
taper. Therefore light is guided out of the tapers, instead of coupling light into the waveguide
array. To improve the taper spreading issue, a constant angle for each waveguide within the
taper was calculated. A schematic is shown in Figure 6.5 illustrating this concept.

Figure 6.5: Schematic showing an exaggerated example of the waveguides fan-out when
fabricated perpendicular to the FPZ curvature (a) and an example of how using parallel
waveguide to fabricate the tapers reduces this problem (b).

6.5.2 Further design improvements

As seen in Figure 6.6a, the first AWG prototype had multiple fabrication errors. By improv-
ing these fabrication errors it was hoped that the AWG performance would be enhanced.
Following is a brief description of how two fabrication errors have been improved.

A major error seen in Figure 6.6a (see white ovals) is the regions to the left and right of
the FPZ. To improve this error the stages for these regions are now programmed to move
from the start of the first slab in a straight line to an interception position between the two
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(a)

(b)

Figure 6.6: (a) Initial AWG design, waveguide array/ output FPZ transition. The white
circles highlight large fabrication errors, the white dashed line displays the approximate
correct curvature. (b) Improved AWG design, waveguide array/ output FPZ transition. the
errors highlighted in (a) are no longer visible.
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FPZ, represented as an orange dashed line in Figure 6.1. At this central position the stages
stop and reset the laser window to trigger on for the second FPZ. Stages then move straight
to the edge of the chip.

To solve the shutter reset position errors, the same concept as the outer slab regions
above was used by using a virtual intercept position represented again by the orange dashed
line. At this location the stages can slowly and accurately stop to reset the laser writing
coordinates for the second FPZ and taper. Figure 6.6b shows how this correction improved
the design.

6.5.3 Improved AWG device output

Using the same parameters as the initial design (except for a larger radius of curvature
and a larger taper length) new improved AWG devices,(seen in Figures 6.7a and 6.7b) were
fabricated and probed with 633 nm. The improvements to the AWG design had no positive
effect on the AWG output, however a larger throughput was visually observed. On reflection,
these result have provided valuable information for potentially improving AWG devices and
designs further. The output is seen to have a periodic structure, however the number and
positions of the outputs are not related to the waveguide array positions thus individual
guiding within the slab region was immediately ruled out. Again it appears the output is an
interference pattern meaning there is definite phase errors within the waveguide array. One
major change from the previous designs is the increased minimum radius of the waveguide
array. This has increased the length of the waveguide array increasing the chance of phase
array errors. The phase errors within the waveguide array are now most likely due to small
changes in the refractive index and small changes in the waveguides widths not length as
the design improvements have ensured the waveguide array is fabricated to a higher (length)
position accuracy. Therefore it appears only small changes to the refractive index or size
of the waveguides could be affecting the designed phase delay, leading to the interference
patterns observed in both AWG outputs.

6.6 AWG fabrication summary

The fabrication of a working laser written AWG has currently not been demonstrated. How-
ever this chapter has demonstrated that all the necessary parts of an AWG can be integrated
onto a single chip. Table 6.2, illustrates that all the key components of an AWG can be
manufactured. However, it has been seen that the final requirement to fabricate an AWG
is understanding the phase within the waveguide array. By measuring the output phase of
each array waveguide it is hoped the cause of the phase errors can be determined. Using this
information the AWG design could be improved or a post tuning process could be utilised
to correct the phase errors.
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(a)

(b)

Figure 6.7: (a) Output from the improved AWG design. (b) Cross section of the output in
(a). The outputs have an interference pattern caused by phase errors within the waveguide
array.
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Component Outcome Description

FPZ X
Fabrication of smooth refractive index re-
gions that act as FPZs have been demon-
strated.

Tapers X
Laser written tapers have been shown to ef-
fectively improve the coupling of light into
a waveguide array.

Waveguide
array

X

Output profiles from waveguide arrays
have shown effective single mode coupling
of light into multiple waveguides. Improve-
ments to the G-code have ensured that
each waveguide in the waveguide array has
been fabricated with the correct length and
delicate curvature requirements.

Integration X

The simultaneous fabrication of all key
components of an AWG simultaneously
has been demonstrated to the high posi-
tion accuracy required. However it appears
other fabrication properties have restricted
device functionality.

Phase 7

Initial output results indicate that accu-
rate phase control within the waveguide
array, to the accuracy required to fabri-
cate a working AWG device, has not yet
been achieved. However, since waveguide
array fabrication has been shown to such
high accuracy, laser stability and post pro-
cessing maybe required to acheieve the re-
quired phase control.

Table 6.2: Shows the current fabrication state of different AWG components.



7
Conclusions & future work

In this thesis the feasibility of femtosecond laser written AWGs in a glass substrate for
spectrographic purposes was explored. To make an AWG three key components must be
fabricated; a FPZ, FPZ/waveguide tapers and waveguides for the waveguide array. Since
there is minimal previous work on laser direct write fabrication of FPZs, initial efforts where
focused on the formation of smooth slab waveguides that could act as a FPZ.

Initial slab fabrication was attempted in two different kinds of fused silica, Suprasil 1
and HPFS 7980. Fused silica was chosen as a suitable substrate for two reasons. Firstly,
fabrication of slabs has previously been shown in fused silica. Secondly, high OH content
fused silica enabled visualisation of light propagation due to the formation of colour centres.
Waveguides were successfully inscribed in both glasses and fluorescence was observed in
waveguides fabricated with repetition rates ranging from 250 kHz to 5.1 MHz. Unfortunately
the waveguides fabricated with our laser set-up in these glass types were extremely lossy.
Therefore a different glass was chosen which is known to be suitable for the available laser
system.

Eagle2000 was selected as a substrate for laser written slabs. Eagle2000 has been previ-
ously shown to be well suited to waveguide writing at 5.1 MHz repetition rate. This high
repetition is beneficial as it allows for fast translation stage speeds which can fabricate large
devices such as AWGs in only a few hours. Slab waveguides were written in a strongly
cumulative heating regime. Slabs were created by overlapping waveguides with a separation
of 3− 7 µm. Slab waveguides fabricated in this regime had the issue of a depressed cladding
causing light to be individually guided within the slab. To eliminate the depressed cladding,
a regime just above the cumulative heating threshold was chosen. Single mode waveguides
were inscribed using an Olympus 40 ×, 0.65 NA focusing objective, a translation speed of
2000 mm/min at approximately 53 − 55 nJ pulse energy. Using the same parameters, a
multi-scan method with spacings ranging from 0.3− 0.8 µm, was used to fabricated 500 µm
wide and 6 mm long slabs. Light was then injected into these slabs and the near-field output
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was observed and compared to Gaussian fits. From these results slabs of 0.4 µm spacing was
chosen as it exhibits a smooth Gaussian propagation. Using this spacing slab waveguides
of varying lengths(110− 770 µm) were fabricated and the near-field output was fitted with
a Gaussian. The diffraction (as a function of slab length)was then used to evaluate the
refractive index contrast, which was found to be 1.5 ×10−3 ± 1 × 10−4. This development
enables the fabrication of devices that require large areas of smooth refractive index to be
fabricated via laser direct write at an unprecedented rate.

To create FPZ/waveguide tapers, waveguides that form the FPZ were extended to form
a linear adiabatic taper, enabling the slab mode to be smoothly coupled into multiple single
mode outputs. These laser written tapers were found to increase the coupling efficiency
by 80%, matching the simulated improvement in throughput. FPZs and tapers were then
compared to simulated waveguide coupling and found to show a strong correlation.

Finally the ability to integrate all the components to fabricate a complete AWG was in-
vestigated. Integrating the different components involved solving various stage and material
limitations. However, it was shown that a complete laser written AWG can be inscribed to
match the design to a high precision. The AWG took approximately 2.5 hours to manufac-
ture, and is approximately 3.7 × 2.7 cm and is designed to have a FSR of 40.5 nm, centred
at 633 nm and an R of 440. Initial outputs from the first laser written AWG of 632.8 nm
showed an interference pattern, unfortunately this interference pattern was aperiodic and
not the pattern expected from a working AWG of these specifications. However, due to the
high precision of the AWGs waveguide array waveguide lengths. It is believed that the in-
correct output interference pattern is caused by phase errors in the waveguide array. These
phase errors are believed to be a result of refractive index variations within the waveguide
array. At this stage the phase errors have not been investigated.

7.1 Future work

This thesis has opened the potential for a large sweep of future work, however the discussion
will be limited herein to just AWG applications. To help reduce the small variations in
waveguide size and refractive index seen in the FPZs and the waveguide array, laser stability
must be improved for future work. Actively stabilising the average output power of the
laser could potentially reduce these issues and remove a possible source of phase errors.
Modelling is also planned to improve our understanding of phase error tolerances. To improve
the writing speed multiple laser spots created by a spatial light modulator. This could
effectively half the writing time by using two spots, reducing the susceptibility to fewer laser
fluctuations. A key problem that needs to be be investigated are the phase errors in the
waveguide array. To do this it is planned to remove the output FPZ and evaluate the array
output in free space. After the phase errors have been characterised, post tuning techniques
similar to UV trimming could be trialed using the laser writing set-up in order to fine tune
the refractive index in each waveguide. If such a technique enables the fabrication of working
laser fabricated AWGs, there is possibility to extend the idea to the fabrication of birefringent
corrected AWGs and different flat focal field output designs. Another fabrication difficulty
that could be improved in future work is the refractive index bubbles seen in the tapers that
could be causing small losses. Instead of abruptly switching the laser writing off, a smooth



7.1 Future work 87

power transition to one that drops below the threshold for the cumulative heating regime
could reduce this fabrication error.

Once a working laser written AWG is demonstrated there are multiple applications includ-
ing quick prototyping of astronomical AWGs for on-off observations at specific wavelengths.
Laser written AWGs also have the possibility to be coupled with other laser written inte-
grated photonic devices such as photonic lanterns and OH suppression Bragg gratings, on a
single monolithic chip. Laser written AWGs also have great potential for sensing applications
with the possibility to integrate micro-fludic channels on the same substrate.

In this thesis AWGs were fabricated with a central wavelength of 632.8 nm. This wave-
length was initially chosen for slab guidance, characterisation ease and the potential for
visible sensors. However the inscription of AWGs in the visible spectrum require a high
precision. It is speculated that further writing studies in the strongly cumulative heating
regime with a smaller multi-scan spacing could allow slabs to be written with a higher re-
fractive index contrast and guidance at telecommunication wavelengths. Fabrication of laser
written AWGs could have a future potential for cheap multiplexers and demultiplexers for
specialised applications.
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A
An Appendix

A.1 Rowland Curvature

For the readers benefit how the Rowland curvature is calculated is shown below. The FPZ
parameters can be solved using the wavelength dispersion equation (3.8). To solve this
equation ng ≈ na, where ng & na are the group refractive index and array refractive index.
This approximation however does not account for the slab and waveguides having a different
refractive index contrast.

∂θo
∂λ

=
m

dns

(A.1)

Then if the FPZs are identical, Equation’s (3.3) & (3.4) can be combined to give: θ = ∆x
Lf

.

Allowing the Output Rowland curvature can be solved:

Ro = Lf =
ns∆xd

m∆λ
(A.2)

The input radius is then defined as half Ro.

A.2 Beam Propagation Method

By assuming a scalar field the wave equation can be written as the Helmholtz equation for
a monochromatic wave.

∂2φ

∂x2
+
∂2φ

∂y2
+
∂2φ

∂z2
+ k(x, y, z)2φ = 0 (A.3)

The scalar electric field has been written as E (x, y, z, t) = φ (x, y, z) e−iωt and using the
notation k(x, y, z) = kon(x, y, z) with ko being the wavenumber in free space. Next a slowly
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varying field u is introduced. φ (x, y, z) = u (x, y, z) eik̄z, this is used to factor out the rapid
phase variation in the propagation direction. Where k̄ is a constant value chosen to represent
the average phase variation of the field.

∂2u

∂z2
+ 2ik̄

∂u

∂z
+
∂2u

∂x2
+
∂2u

∂y2
+
(
k2 − k̄2

)
u = 0 (A.4)

Now it is assumed that the variation of u with z is sufficiently slow, so the first term can
be neglected. This is known as the slowly varying, paraxial or parabolic approximation as
referred to earlier.

∂u

∂z
=

i

2k̄

(
∂2u

∂x2
+
∂2u

∂y2
+
(
k2 − k̄2

)
u

)
(A.5)

This is the basic BPM equation in 3D, Since typical AWGs have no circuitry change in
the 3rd dimension, the above equation can be reduced to 2D by omitting any y dependence.
The equation can now be given an input field (typically a Gaussian input field from a SMF)
and the propagation of the field in the z direction will be calculated.

A.3 Slab Variations

A.4 G-code
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Figure A.1: Compares the variations in a slabs output to a cross section taken from a DIC of
the same slab. The figure shows that the variations in the slab are small and do not appear
to be related to the variations in the output. The slabs output is from 80− 120 µm.
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