Scalable 3D Printing of Micro-Optical
Elements for Optical Fibres

Mika Sean Mc Keever

Masterarbeit in Physik
angefertigt im Physikalischen Institut

vorgelegt der
Mathematisch-Naturwissenschaftlichen Fakultat
der
Rheinischen Friedrich-Wilhelms-Universitit
Bonn

Juni 2024



I hereby declare that this thesis was formulated by myself and that no sources or tools other than those
cited were used.

Date Signature

1. Gutachter: Prof. Dr. Stefan Linden
2. Gutachter: Prof. Dr. Sebastian Hofferberth





Contents

1 Introduction

2.1

22

23

24

2.5
2.6

3.1
3.2

33
34

35

4.1

Theoretical Background

Light interaction with matter . . . . . . . . . . . . .. ... ... ...
2.1.1 Single-photon Absorption . . . . . . ... .. ... ... ..
Nonlinear Optics . . . . . . . . . o o e e e
2.2.1 Two-photon absorption . . . . . . . . . . .. ... ...
Photopolymers . . . . . . . L
2.3.1 Radical Polymerisation . . . . . . .. ... ... ... .. ... .. ...,
Optical fibres . . . . . . . . . o
Gaussian Beams . . . . . . . ..o
Collimating Lenses . . . . . . . . . . . i e

Design and Production Methods

Fabrication via Direct Laser Writing . . . . . . .. . ... ... ... ........
Nanoscribe Photonic Professional GT+ . . . . . . . ... ... ... .. ... ....
321 Laser . . . . .. e e e
322 Stages . . ..o
323 Zdrive ...
324 Finding the Interface . . . . . . . ... ... ... oo
325 WritingModes . . . .. ... e
3.2.6  Microscope Objectives . . . . . . . . . ..o
3277 Photoresists . . . . . . . . ... e
Designing and Importing Structures . . . . . . . . ... ..o
Printing Parameters . . . . . . . . . . . ...
3.4.1 Slicing and Hatching Distances . . . . . . . ... ... .. .. .......
34.2 Scan Speed and Laser Power . . . . . . ... ... ... ... ... ...,
3.4.3  Shell, Scaffold and Solid Printing Functions . . . . . . . ... ... .....
344 Block Splitting . . . . . . . . .. e
3D Printing with the PPGT+ . . . . . . . . .. ... .. L
3.5.1 Development Process . . . . . . .. ... ... .. ...

3D Printing of Lenses for Fibres

Background . . . . ..o
4.1.1 Difficulties in Manual on Fibre Printing . . . . . ... .. ... .......

11
11
11
12
13
13
13
13
13
13
14
15
15
15
16
17
17
17

19
19
19

iii



4.1.2 Fibresin 3D Printed Masks . . . . . .. ... .. Lo .
42 Outlineof Lens Design . . . . . . . . . . . .. . .. e
4.3 Final Design of the Optical Element . . . . . . .. ... ... ... .........
4.4 Design Overview of the Optical Element . . . . . . .. ... ... ... .......
4.4.1 Dimensionsof Design . . . . .. ... ... ... ...
4.4.2  Support Structures . . . . . . . . . i e e e e e e e e e
443 Stand . ... L e
444 Mask . ..
4.5 Printingof Optical Element . . . . . . . . ... ... ... ... ... ........
4.5.1 Photoresist . . . . . . . . .. e
452 Substrate . . . . ... e e
4.5.3 Printing Parameters . . . . . . .. ... oL oL
4.5.4 Importing CAD Files and Programming PrintJob . . . . . . . ... ... ..
455 StabilisingPrint. . . . . .. ...
4.6 Progressionof Design . . . . . . . . ... L Lo
4.6.1  Firstlteration . . . . . . . . . . e
4.6.2 SecondIteration . . . . ... .. ...
4.7 Attaching Optical Element to Optical Fibre . . . . . .. ... ... .........
47.1  Setup . . ... e e
4.7.2 Technique forinserting fibre . . . . . . . . ... ... ... L.
4.8 Adapting Optical Element for differentlenses . . . . . ... ... ... ... ....
Experimental Methods and Results
5.1 LensQuality Control . . . . . . . .. ... ... ...
5.2 Break-off Point Observation . . . . . . . .. ... .. ...
5.3 Reducing Break-oftf Pointsize . . . ... ... ... ... .. .
5.3.1 Fibrelnsertion . . . . .. . ... ...
5.3.2 Chemical Approach . . . . . .. ... ... ...
533 PlasmaCleaning . . . . . . . . . . . . . e
5.4 Interferometric Observationsof Lens . . . . . . ... ... ... .. .. .......
54.1 Measurement . . . . ... Lo e e e e e e e e
54.2 Analysisof Lens Surface . . . . . . ... ... oL
5.5 Analysis of Optical Performance . . . . . ... ... ... ..............
5.5.1 Initial Observations . . . . . . . . . . . .. o e
5.52 BeamProfilingsetup . . . . . . ... L
5.5.3 Notable Observations from Beam Profiling . . . . .. ... ... ... ...
5.54 ComparisonofLenses . . . . ... ... ... . ... ...
Conclusion and Outlook
Appendix
A.1 3D Printing of Lenses for Fibres . . . . . . ... ... .. ... 0.
A.2 Experimental MethodsandResults . . . . . ... ... ... .............

List of Figures

iv

33
33
33
35
35
35
36
37
37
37
39
39
39
40
41

47

49
49
50

57



List of Tables
List of Abbreviations

Acknowledgements

59

61

63






CHAPTER 1

Introduction

Since their invention in the mid-20th century, fibre optics have revolutionised data transfer. The first
successful data transmission using fibre optics was demonstrated in 1965 [1], marking the beginning
of a technological evolution that has become central to telecommunications. The ability of optical
fibres to support high bit rate transmission with minimal losses has been key in the development and
widespread expansion of the internet [2]. Apart from telecommunications, fibre optics have found
applications in fields such as medicine [3], metrology [4], and aerospace engineering [5]. In addition
to data transfer, optical fibres are useful tools for their ability to be used, for example, as a waveguide
for laser light in optics laboratories or for optical imaging [6]. In medicine, optical imaging fibres are
utilised in endoscopes, which can be inserted into the body to provide minimally invasive imaging of
internal structures [7, 8]. This use of optical fibres for imaging and light transfer can be combined
with a different field of optics: micro-optics.

Micro-optics deals with optical elements typically up to a size of around 2 millimetres [9]. The
significance of micro-optics lies in that the optical elements themselves are just two to three orders
of magnitude larger than the wavelength of the light passing through them. Various manufacturing
techniques exist for producing micro-optics, including ultraprecision machining technologies and
Micro-electromechanical Systems (MEMS) [10]. The use of photoresists for the production of micro-
optics has been prevalent since the early 1990s [11], particularly through thermal reflow methods
[12]. Techniques, such as microdroplet jetting, have proven effective in producing micro-optic arrays
quickly and cost-efficiently [13]. 3D printing through direct laser writing via two-photon absorption
has enabled the production of free-form micro-optics [14], and the advent of commercially available
3D printing via direct laser writing systems has further facilitated the production of micro-optics in a
laboratory setting. This production method is the focus of this thesis.

This thesis explores new methods for the scalable production of micro-optic lenses for use with
optical fibres. Using previous work on 3D printed micro-lenses, we improve upon existing printing
techniques by moving away from fibre-end 3D printing towards the printing of micro-optical lenses
directly onto a substrate. The lenses are then attached to an optical fibre via insertion into a mask that
is printed on top. A printing technique is developed that can accommodate various micro-optical lens
designs, is scalable in production and allows facilitates attachment to an optical fibre in a plug-and-play
fashion.

This thesis is structured in the following format. Chapter 2 gives a theoretical background to the
concepts used in the thesis. Chapter 3 explores the printing of micro-structures using a commercially
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available direct laser writing system for 3D printing. In chapter 4, the design and printing processes for
a new optic element used for attaching free-form lenses to optical fibres are discussed. Chapter 5 gives
an overview of the experimental characterisation performed on the printed lenses. This is followed by
a summary and an outlook on future developments.



CHAPTER 2

Theoretical Background

This chapter provides the theoretical background for understanding the production and experimental
methods used in this thesis. First, the theoretical processes necessary for 3D printing via direct
laser writing are discussed in terms of light interaction with matter and processes building upon it.
Following this, the working principles of optical fibres and collimating lenses are discussed, along
with the mathematical description of Gaussian beams.

2.1 Light interaction with matter

This section covers the interaction of electromagnetic (EM) waves with matter. In colloquial language,
the word “light” is used to refer to EM radiation that the human eye can observe, whereas, in physics,
it is used to refer to EM radiation of any wavelength [15]. It is often advantageous to view light as a
stream of light quanta (photons) rather than a wave of EM radiation to explain its interaction with
matter.

2.1.1 Single-photon Absorption

Single photon absorption (1PA) is a phenomenon where matter absorbs the energy carried by incident
photons. The mechanism of photon absorption can be simplified in the following way. A body (atom,
molecule, bound electron, etc.) is in its original (usually ground) state with energy E,. An arbitrary
exited state n has the energy E,,. Anincoming photon with its energy E.,, can excite the body from its
ground state into its first exited state if the following condition is met:

E,=ho=AE = E, - E, 2.1

where 7 is the reduced Planck constant and w is the photons angular frequency. A graphical
representation is shown in fig. 2.1.

2.2 Nonlinear Optics

Nonlinear optics is a branch of optics that studies the phenomena that occur when material is exposed
to light, usually of a high intensity, that change the optical properties of the material [16, 17]. The
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term “nonlinear” refers to the fact that the responses of the material is nonlinear in its dependence
on the the strength of the applied optical field [16]. A material’s polarisation density P refers to the
dipole moment per unit volume induced by an applied electric field [18]. From [19], the polarisation
density P in nonlinear optics is given by the series expansion:

P=yVE+yPE*+ yVE + yWE*+ ., (2.2)
where /\((") is the n-th rank susceptibility tensor of the material. The light-matter energy change per
unit time and volume is given by:

aw_ (E-P) 2.3)
dt ' '

2.2.1 Two-photon absorption

Two-photon absorption (2PA) is a process where an atom or molecule is excited through the
simultaneous absorption of two photons. The combined energy of both photons is enough for a
transition from the ground state to an excited state to occur, even though the absorption of only one of
the photons would not have been enough. In this case eq. (2.1) becomes:

For 2PA to occur, the two photons must arrive within an interval in the order of magnitude of 10716
seconds [20]. If two photons have the same energy, the transition probability for the 2PA process
depends on the square of the intensity of the light beam used for the excitation [21]. A comparison
between one- and two-photon absorption is shown in fig. 2.1.

Sn

V' N A
w
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2W W
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Figure 2.1: A transition scheme showing the transition from the ground stare S, to an excited state S,, comparing
1PA and 2PA for a case that w; = w,

In relation to eq. (2.2) and taken from [19], in the case of resonant processes, only the imaginary
parts corresponding to odd n contribute. The tensor X(3) corresponds to 2PA. For 2PA of two photons
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of the same frequency, the light-matter energy change per unit time and volume becomes:

dw _ 8x’
= 22 ).

A 25
a2 2.5)
The capacity to absorb photons via 2PA is given by the 2PA corss section ¢:
dn
—L2 = 6NF?, (2.6)

dt

where N is the number of absorbing molecules n,, is the number of absorbed photons and F is the
photon flux defined by F = I/hv. This is related to eq. (2.5) via the following equation:

87T2hV2 2 (3)
5=221 Im{x } 2.7)

c’n°N

2.3 Photopolymers

Photopolymers are a class of materials whose properties change when exposed to light, often in the
form of hardening through a process called photopolymerisation [22]. Photopolymerisation occurs
when an absorbed photon initiates a chemical reaction that binds monomers and oligomers together
through cross-linking. When the chemical reaction is sustained, the binding results in the creation of
polymer chains. An example of a monomer used in direct laser writing is pentaerythritol triacrylate
(PETA) [23], which is shown in fig. 2.2.

CH
oF A ¢

Figure 2.2: An illustration of PETA [23].
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2.3.1 Radical Polymerisation

As taken from [24, 25], radical polymerisation in photopolymers is a mechanism that occurs when
photoinitiators are irradiated to produce radicals. This is the first step in such a chemical reaction and
is known as the initiation of the reaction. The free radicals bind with monomers, the building blocks
of polymers, to create a new radical. This starts the growth of a polymer chain as the new radical
attaches itself to other monomers. This is the second step of the reaction, known as propagation. The
polymerisation continues until two radicals meet and terminate the chain. The reaction can also be
terminated if the radicals are disturbed by radical scavengers such as oxygen or other impurities. This
is the third step in the reaction, known as termination. A scheme for radical photopolymerisation
reaction is shown here [25]:

PI %, oR®
R®+M — RM®
RM® +M — R(M)",,

R(M); + R(M);;, — Inactive polymer.

Here, P1 is the photoinitiator, R* is the initiating radical and M is a monomer.
The reaction can also be terminated by a terminator radical [26] in a controlled radical photopoly-
merisation reaction. A scheme for this type of polymerisation is as follows [26]:

R-DC 2% R® + DC* (hv)
R*+M — RM®
RM® +M — R(M),,
R(M)! + DC* 5 R(M),-DC" (hv).

Here, R-DC acts as a photoinitiator, R® is the initiating radical, DC"® is the termination radical and M
is a monomer.

2.4 Optical fibres

Optical fibres are dielectric wave guides comprised of a core with a refractive index n,., through
which light traverses, and a cladding that envelops the core with a refractive index n,q4ing that operate
on the principle of total internal reflection [17]. For this, the condition ng, > 71¢ja4qing MUSt be met.
Optical fibres are made from low-loss materials such as silica glass [27]. There are two main types of
fibres: single- or multi-mode fibres. Single-mode fibres only allow one light mode to propagate and
have a core width typically between 2 pym and 9 nm. In contrast, multi-mode fibres have wider cores,
typically 50 pm to 800 pm allowing multiple modes to be sent simultaneously [17, 28].

The numerical aperture (NA), acceptance angle ¢ and the refractive indices ng,, and ngj,qging are

related as follows[29]:
NA =sin6 = v nzore - nzladding (2.8)

This describes at what angle light can be shone into the fibre for it to propagate through the core. The
cross section of an optical fibre is shown in fig. 2.3.
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Jacket
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Figure 2.3: An illustration of a cross-section of a single-mode fibre as it is used in a laboratory setting [30].

2.5 Gaussian Beams

A Gaussian beam is a beam of EM radiation whose amplitude envelope in the transverse plane can
be described by a Gaussian function [31]. Mathematically, a Gaussian beam is the solution to the
parallax wave equation[32, 33]. In practice, the output of most lasers can be described through the
fundamental transverse Gaussian mode [31, 32].

The following equation gives the electric field of a Gaussian beam [33]:

2 2
E(x,72) = AO% exp (—ﬁ) exp (_ik21)i’c(z) —ikz+ ¢(2) (2.9)

where:
* A,: complex amplitude,
* wq: beam waist radius,
* w(z): beam radius as a function of z,
e k: wave number,
* R(z): radius of curvature of the wavefront,
* ¢(z): Gouy phase shift.

These parameters are defined for a wavelength A as follows [33]:

A
w0=1/% (2.10)
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where z is the Rayleigh length, defined as the length where w(z) = V2w,

2
w(z) = w, 1+(i) Q2.11)
<R
20)\2
R(z) =z(1+ (—R) ) (2.12)
Z
Z
¢(z) = arctan (—) (2.13)
<R
The divergence of the beam is related to the beam waist radius and the wavelength through [31]:
A
0~ —— (2.14)
Wy

and the full width at half maximum (FWHM) is related to the beam radius through:

FWHM
w(z) = FWHM(2) (2.15)
V2In2
The intensity of the beam is given by [33]:
I(x,2) I(WO) LS (2.16)
X,2) = exp|— .
"\w(z) w(z)?
with op
Iy==—2 (2.17)
W

and P being the Power of the beam.

ZRr

Figure 2.4: An illustration of a Gaussian beam with its parameters.
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2.6 Collimating Lenses

In ray optics, a collimated light beam is defined as a beam of light whose rays are parallel. To achieve
a collimated beam, one would place a point light source exactly one focal length away from a focusing
lens [17, 34]. An ideal point source will lead to an undiverging beam. In a real-world setting, we will
always have a non-ideal point source that has a spatial extent, so there will be divergence as some
rays will not be completely parallel. The amount of divergence is proportional to the size of the light
source and inversely proportional to the focal length of the collimating system [34].

Point light
source

I f 1

Figure 2.5: An illustration of collimation of light from a point source.

In the context of Gaussian beam optics, a collimated beam has a low beam divergence and a very
long Rayleigh length. A theoretical beam with an infinite radius of curvature R(z = 0) = oo is close to
a planar wave [33]. To achieve such a beam from a Gaussian beam with a beam waist radius w, one
would place the focus of a thin lens f at w), resulting in a collimated beam waist[33, 35]:

AP

awy

w (2.18)

col =

Gaussian beam

Figure 2.6: An illustration of collimation of a Gaussian beam.






CHAPTER 3

Design and Production Methods

Having outlined the theoretical aspect in the previous chapter, this chapter now introduces the
experimental setups and fabrication methods used throughout this thesis. This chapter starts with
an introduction to direct laser writing. Following this, the functions and features of the Nanoscribe
Photonic Professional GT+ 3D printing system are introduced.

3.1 Fabrication via Direct Laser Writing

Direct laser writing is a fabrication technique that utilises a laser to induce photon polymerisation
in a photoresist. By controlling the positioning of the laser, one can polymerise the photoresist in
certain areas, creating polymerised structures where the laser beam has passed [36] . This technique
can be used for a laser corresponding to the photoresist’s polymerisation threshold to create 2D/2.5D
structures [37]. It lacks the ability to create 3d structures, as all the molecules in the path of the beam
as it passes through the resist will polymerise [38].

To create 3D structures, 2PA is utilised and offers high resolution when using a highly focused laser
beam. The laser used should have a wavelength for which the photoresist is transparent but should be
at least half the polymerisation threshold of the resist [36]. For this type of direct laser writing, a laser
with femtosecond pulses and an objective with a high NA is usually used [39]. Due to the nature of
the focused laser beam and the necessary intensity needed for 2PA to occur, only a very small volume
of the resist will experience photon polymerisation [36, 39]. This volume, known as a voxel, can be
controlled in 3 dimensions. A comparison between 1PA and 2PA is shown in fig. 3.1.

3.2 Nanoscribe Photonic Professional GT+

The Nanoscribe Photonic Professional GT+ (PPGT+) is a commercially available micro- and
nanofabrication system sold by Nanoscribe GmbH & Co. KG. The system allows the production of
polymer structures through 3D printing via direct laser writing, utilising two-photon polymerisation.
The main features of the Photonic Professional GT+ will now be introduced. Unless stated otherwise,
the following information is taken from Nanoscribe’s online recourse library [41].

11
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Figure 3.1: A comparison of fluorescence from 1PA(left) at 488 nm and 2PA(right) at an infrared wavelength in
a sample of dilute fluorescein solution in a quartz cuvette. The magnified inserts are the beam waist and voxel,
respectively. From [40]

Substrate
a
Photoresist

Objective

Figure 3.2: On the left an illustration of direct laser writing using dip-in laser lithography. On the right is an
photograph of the PPGT+.

3.2.1 Laser

According to the PPGT+ operating manual [42], the system utilises a laser that operates at a 780 nm
wavelength and has a pulse duration lying between 80 fs and 120 fs. Coupling the repetition rate of
80 MHz and a peak power of 25 kW results in an average output power of less than 180 mW.

12
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3.2.2 Stages

The PPGT+ has two separate stages used to position the substrate on which the desired structures are
printed. The first stage is a mechanical stage used for larger movements of the substrate in the x-y
direction, for example, moving from one print location to another. The second stage is a piezo stage
which is attached to the mechanical stage. The piezo stage allows precise movement in x-y-z direction
in a volume of 300 pm X 300 jpm X 300 pm.

3.2.3 Z-drive

The mechanical z-drive is responsible for moving the microscope objective in the z-direction. Its
primary purpose is moving the objective towards the substrate in order to find the interface between
the photoresist and the substrate. It can also be used when printing objects that go beyond the range of
the piezo drive, allowing a maximal print height of 8 mm.

3.2.4 Finding the Interface

For 3D printing to occur on the substrate’s surface, the interface between the photoresist and the
substrate must be found. The system automatically finds this by using a contrast in the refractive
indices of the two materials. This is an important step in the printing process, as the printed structure
will float away without proper attachment to the substrate.

3.2.5 Writing Modes

The PPGT+ allows 3D printing via two distinct modes; the galvo printing mode and the piezo printing
mode. The galvo mode uses the positioning of two mirrors relative to each other to steer the laser beam
across the substrate. The size of the printable field is dependent on the lens used. The galvo mode can
be used with either the piezo z-axis positioner or the mechanical z-drive and is best suited for fast
printing. The piezo printing mode uses the movement of the piezo stage relative to the stationary laser
beam. As there is high spatial control through the piezo stage, this printing mode is best for highly
detailed prints, with a trade-off being that this printing mode is up to 100 times slower than the galvo
mode.

3.2.6 Microscope Objectives

The PPGT+ can utilise three objectives for 3D printing, each corresponding to different print
characteristics. The 63x objective is suited for printing small structures, typically up to a print volume
of 0.1 mm® in size. The 25x objective is suited to medium-sized prints with a print volume up to
50mm’. The 10x objective is used for larger prints with less focus on detail, with a maximum
recommended print volume of 400 mm°’. An example of the size of the writing fields for each lens is
shown in fig. 3.3.

3.2.7 Photoresists

Nanoscribe also serves as a vendor for photoresists compatible with the printing system. The different
types of photoresists are designed for specific uses but are all based on the principles of being a

13
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0 200 300

Figure 3.3: A comparison of the size of printing fields of the 63x, 25x and 10x objectives as well as the size of
the piezo range.

mixture of monomer/oligomer and a photoinitiator. The manufacturer does not publish the exact
composition of the photoresists, but the comparison between the chemical safety sheets of IP-S resist
and PETA[43] plus photoinitiator shows both materials containing the same hazardous materials [44].

3.3 Designing and Importing Structures

The design process for 3D printing using the PPGT+ is based on computer-aided design (CAD).
The desired structures are designed using CAD software, which can export the designs in the stereo
lithographic (STL) file format. The CAD software Fusion 360 (Autodesk, Inc.) was used for this
thesis. The software DeScribe (Nanoscribe GmbH & Co. KG.) can read the STL files. This software
converts the STL files into a format that the PPGT+ can read and generate print job files. The DeScribe
import wizard makes the generation of print jobs easier by eliminating the need to program the print
job manually but giving the option of using preset parameters or inputting the desired parameters in a
graphic user interface (GUI). The DeScribe software exports files in the general writing language
(GWL) format, a file type developed by Nanoscribe. The GWL files contain the commands to read the
files containing the trajectories along which the lase moves during printing. The trajectories are saved
in either GWL or GWLB files. The difference is that the GWL file can be manually edited by opening
it in either DeScribe or Windows Notepad, whereas the GWLB file is only machine-readable.

14
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3.4 Printing Parameters

The following section outlines the most important parameters used when printing using the PPGT+.

3.4.1 Slicing and Hatching Distances

The slicing distance refers to the distance between the individual layers of the printed structure. The
voxel is moved in the z-direction between the printing of each layer; this movement corresponds to the
slicing distance. The slicing distance is usually selected to be smaller than the voxel height so that
there is an overlap between layers. A smaller slicing distance will result in a finer print but a longer
print time.

The hatching distance corresponds to the distance the voxel is moved in the x-y-direction between
laser pulses. As with the slicing distance, the hatching distance is selected so that there is sufficient
overlap of the voxels with each laser pulse. Decreasing the hatching distance will also increase the
quality of the print but also the printing time. A visualisation of slicing and hatching distances is
shown in fig. 3.4.

A
z

Voxel

ISIicing Distance

Hatching Distance

Figure 3.4: A visualisation of the slicing and hatching distances in two dimensions. The different colours and
shades are used only to contrast voxel positions.

3.4.2 Scan Speed and Laser Power

Scan speed and laser power are two parameters that complement each other in the printing process.
During the writing process, the scan speed controls the speed at which the voxel is moved across the
printing field. The laser power parameter is a percentage of the total laser power. When deciding
the values for printing, a balance must be found as both parameters affect the dose the resist receives.

15
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Selecting the wrong values will result in either a dose too low for polymerisation to occur or a dose
too high, resulting in overexposure and the destruction of the printed structures. Therefore, it is
recommended to perform a parameter sweep to find suitable parameters for printing, as seen in fig. 3.5.
In the sweep shown, the effect of a laser dose that is too low can be seen. A parameter sweep should
be performed when a new supply of resist is used, as slight differences in production or ageing of the
resit can result in the ideal laser dose changing.
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Figure 3.5: An example of a parameter sweep testing different combinations of scan speed and laser power for
IP-S photoresist and 63x objective. or scale, each block has a width of 120 nm.

3.4.3 Shell, Scaffold and Solid Printing Functions

When creating a job file using the DeScribe import wizard, the software gives the choice of printing
function: shell, scaffold or solid. This shell printing function prints only the outer shell of the structure.
Within this shell remains unpolymerised resist. The scaffold printing function adds an internal
structure scaffold to the shell, giving more structural stability but still leaving unpolymerised resist.
The solid printing function prints a completely solid structure, leaving behind no unpolymerised resist.
In the case of shell and scaffold functions, the structure must be cured with UV light to polymerise the
resist within the shell. The type of printing function should be chosen depending on the requirements
of the printed structure. Solid printing mode should be used for high precision and structural stability,
whereas shell and scaffold should be used to decrease print time if the internal structure of the print is
not of importance.

16
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3.4.4 Block Splitting

Block splitting is a feature of the DeScribe software that allows printing structures larger than the
writing field. The imported structure is split up into smaller sections that fit into the writing field.
DeScribe generates a print job file that controls stage movement and the importing of the blocks. In
the import wizard, the order in which the blocks should be printed, the shear angle between the blocks,
and block overlap can all be specified if needed.

3.5 3D Printing with the PPGT+

The following section outlines the dip-in printing process recommended by Nanoscribe through their
online resources [41]. This process must be adjusted depending on the size of the desired structure
but the overall process remains the same. First, a substrate is cleaned with isopropanol (IPA) and
blow-dried with nitrogen. The substrate is then attached to the sample holder using insulating tape.
For dielectric-coated substrates, the coated side must face upwards, allowing the interface to be
found. The photoresist is then applied to the substrate. The desired objective is then screwed into
its corresponding position in the objective holder. The Nanowrite software (Nanoscribe GmbH &
Co. KG.) is then started, and the mechanical stage is calibrated. Following this, the sample holder is
inserted, and the objective is driven upwards in order to perform an interface find between the resist
and the substrate. The print job GWL file is then loaded, and the print job is started.

3.5.1 Development Process

After printing has been completed, the substrate is removed from the printer. The print job must then
be developed in order to wash away the unpolymerised photoresist. This is done using propylene
glycol methyl ether acetate (PGMEA) in order to dissolve the liquid resist. The time needed for all
resist to be dissolved varies from print to print but a minimum development time of 20 minutes in
PGMEA is recommended. The print is then soaked in IPA for around 10 minutes in order to wash away
the developer, but shorter soaking times can be used in order to avoid slight deformation or swelling
of the polymer that can occur when it is in contact with IPA. It is important that the development takes
place in an environment without possible UV-light contamination to avoid unwanted polymerisation
of excess resist.
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CHAPTER 4

3D Printing of Lenses for Fibres

This chapter outlines the design and printing of collimating lenses used on the end of optical fibres.
First, the challenges of fibre-end printing are presented, followed by the introduction of a design of a
new optical element for printing the collimating lenses on a substrate. The rest of the chapter focuses
on the design details and outlines the printing methods used in its production.

4.1 Background

The printing of collimation lenses onto the ends of single-mode fibres was shown by T. Gissibl et al. in
[14, 45]. This work presented a technique that allows the cleaved end of an optical fibre to be printed
on using the Photonic Professional GT (Nanoscribe GmbH & Co. KG), which is the direct predecessor
to the PPGT+. An attempt to reproduce these lenses was made by us, using a technique for printing
on the ends of optical fibres developed by A. Falbender during his PhD thesis [44]. This technique
involved installing a custom-designed substrate holder into the PPGT+ attached to a fibre holder. The
fibre tip was then found using the microscope controls and was brought into focus. A manual interface
search was then performed by running a program that showed the origin of the x-y printing plane,
aligning it with the fibre core and then using the z-drive to find an appropriate z-position for printing.

4.1.1 Difficulties in Manual on Fibre Printing

When using this technique to print directly onto the fibre, difficulties arose in aligning the printed
structure with the fibre core. An example of this can be seen in fig. 4.3. Furthermore, performing the
manual interface find also proved challenging. Staring the print with the interface too far inside the
fibre would result in the desired structure being shorter than required, and staring the print at or above
the fibre end would result in inadequate adhesion of the print. A further difficulty of this printing
technique is the long time it takes for such a print to be made. Part of the illumination setup must
be removed for the fibre holder to fit into the printing setup, adding time to preparing the pint job.
Locating the fibre using the stage controls and finding the print interface manually is time-consuming
and must be performed for each fibre. This printing configuration can also only accommodate one
fibre. Due to this, this thesis investigates a new technique for more accurate alignment and faster
repetition of the prints.
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Figure 4.1: The lens base of the 300 um lens from [14] printed on the end of a single mode fibre. Imaged under
a 20x microscope objective. Note the misalignment of the lens base to the fibre end.

4.1.2 Fibres in 3D Printed Masks

A. FaBibender developed a technique for 3D printing polymeric masks for use on optical fibres in
[44]. In this work, metallic structures were created on fibres using the shadow of the masks during
evaporation. In order to create complex metal structures on the fibres, two masks had to be used in
secession, and the geometry of the masks allowed the evaporated structures to be aligned. Using a
similarly designed mask was a potential solution for the difficulties in aligning the optical fibres with
a lens. Such a mask allows the fibre to move in only one direction by guiding the fibre in a similar
fashion to a ferrule, allowing the fibre core to be positioned precisely. The inaccuracies in alignment
should be greatly reduced by printing the lens attached to a polymeric lens at a position exactly over
the core.

4.2 Outline of Lens Design

The lens design is based on the printing methods used by T. Gissibl et al. in [14, 45]. The goal was to
find a printing technique that would allow the printing of multiple lenses simultaneously, which is
achieved by moving away from fibre-end printing and printing an array of lenses onto a substrate. A
second goal was to implement a mask as described in subsec. 4.1.2 into the design, with the aim of
using friction and der Waals forces to attach the mask to the fibre.

A further goal was to keep the same printing parameters as used by Gissibl et al. In designing
the lenses, the 250 pm lens thicknesses (D) collimating lens with a radius of curvature (ROC) of
—85.8 um by Gissibl et al. is used as a base reference. Replicating the slicing and hatching distances
used by Gissibl et al. for their free-form beam shapers, as detailed in [14, 45], ensures consistency in
print parameters, allowing direct comparison and evaluation of the new approach. When printing the
lenses oriented vertically to the substrate, the lens’s orientation on the end of the fibre is replicated.
This approach to printing minimises external variables, ensuring that any errors can be attributed to
the flaws in the design rather than to the lenses themselves. On the other hand, the goal was to keep
the design simple enough to be adapted to other types of lenses.
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4.3 Final Design of the Optical Element

4.3 Final Design of the Optical Element

Figure 4.2: A render of the optical element as it is printed on a glass substrate.

In fig. 4.3, a CAD render of the final design of the optical element (OE) is shown. The design
can be divided into three main parts, each serving a distinct function. The first part of the design is
the lens. The lens used throughout the lens development corresponds to the same dimensions as the
250 pm collimating lens produced by Gissibl et al. However, the optical element was not designed
around this particular lens; instead, it was designed so that the lens could be easily exchanged for a
lens of other dimensions. This is further discussed in section sec. 4.8. The second part of the optical
element is the stand to which the lens is attached. The stand allows the lens to be printed vertically
and acts as the primary connection point between the substrate and the optical element. The third
part is the mask, which is printed on top of the stand. The mask is designed to be a few micrometres
wider than the fibre width to allow efficient insertion and provide enough surface contact for the OE to
attach itself to the fibre.

4.4 Design Overview of the Optical Element

This section discusses the individual parts of the optical element’s design. This overview aims to give
insight into the design philosophy and explain the logic behind the design choices made.
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Figure 4.3: A render highlighting the different parts of the OE in colour. a) lens, b) stand, c) mask

4.4.1 Dimensions of Design

The size of the OE was chosen so that it could be printed with the 63x objective, the same objective
used in [45]. The print field of diameter 200 pm associated with this objective was found not to be
a hard limit on the size of structures that could be printed. A test was performed where circles of
increasing diameter were printed, and it was found that 300 pm was the maximum diameter that the
structure could have. As such, 300 pm was selected as the diameter of the outermost parts of the stand
in order for the spacing between the lens and the stand to be maximised.

The maximum thickness of the lens that can be printed is limited by the piezo range and the support
structures needed for printing. The piezo printing mode is used for printing and has a maximum range
of 300 pm in z-direction. Usually, structures exceeding this size are split, and the z-drive re-positions
the sample. This is not an option when printing the lens, as the z-drive’s movement could disturb the
lens as it is printed, as it only has minimal support during printing. Along with the maximum height of
300 pm the combination of lens and stand can have, the support structures of the lens have a height of
20 pm, resulting in a maximum distance of 280 pm form the tip the of the lens to top the of the stand.
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4.4.2 Support Structures

In order for the lens to be printed vertically with the curved refractive surface facing the substrate,
support structures are needed for this design to be realised. Printing a hanging lens proved challenging
due to the difficulties of printing a free-floating structure. In galvo printing mode, there is no stage
movement during printing, and basic free-floating structures can be printed. The challenges in printing
a lens are the high precision in alignment and the need for homogeneity in the internal structure. It
was found that even the slightest disturbance of the lens through movement would result in a lens
that could not refract light as intended. It’s suspected that the photoresist flows very slightly during
printing, which could explain the disturbance. Another possible source could be the thermal changes
throughout the printing process. Attempts were made to address these possible disturbances but were
ultimately unsuccessful. More on this can be found in subsec. 4.5.5.

Two support structures fixate and stabilise the lens from the bottom and the side. The bottom
support structure is needed to hold the refractive part of the lens in place while it is being printed.
The support is in the shape of a cone in order to maximise surface contact with the substrate and
minimise the contact point between the support and the lens. Due to the size of the voxel and the
printing parameters used, the support structure can be designed to be slightly smaller than the gap
between the tip of the lens and the substrate. It was found that a gap of 2 um in the CAD design
between the tip of the cone was the lower limit for consistent connection to occur. The cone height of
18 pm is combined with a base diameter of 20 pum to balance the size of the connection point through
the half-angle and the adhesion to the substrate.

The second support structure comes in the form of small arms with the width of 2 pm that connect
the side of the lens with the stand. The legs connect to the lens at the transition point from the
refractive part to the lens base. The arms are printed along with the refractive part so that they are
fully connected to the lens when the refractive part is finished. The primary purpose of the arms is to
keep the lens steady as the larger lens base is printed, something that the bottom support structure
would not be able to do alone. The choice to use eight arms was made as each foot of the stand is now
connected to the lens with two arms, adding stability to the structure.

Lateral
support

A

Bottom
support

Figure 4.4: A render showing the support structures coloured in red.
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4.4.3 Stand

The primary function of the stand is to allow the lens to be printed vertically by connecting to it and
holding it in place after printing. The design resembles a round table-like structure with four legs.
As the feet of the legs serve as the contact point between the OE and the substrate, the feet’ surface
area must be large enough for adequate adhesion. On the other hand, the legs have to be as far away
from the lens as possible to avoid proximity effects [46]. An internal diameter of 260 um provided a
good balance. The ideal design to maximise the contact surface would be a solid ring, but this can
not be implemented as such a structure would not allow the excess resist to be washed away during
development. Four 80 pm wide slots are included to allow access to the resist.

The stand is printed at the same time as the lens and holds the lens in place during the printing
of the support structures. The lens is connected to the stand through a base plate printed over the
top of the legs and the base of the lens and has a thickness of 10 pm. The base plate also acts as the
first 10 pm of the base, as the OE is designed to flush the bottom of the lens with the top of the base
plate. This is done to keep the distance between the fibre and the end of the lens the same as when
printing directly onto the fibre. As the lens and base plate are printed with the same print parameters,
this does not affect the beam’s dispersion through the base. At the connection between the legs and
the base plate, a weak spot is included in the form of a small 13.6 pm X 10 pm holes evenly spaced
5.2 um apart. These holes allow the legs to be mechanically removed from the OE if desired. The
inclusion of such a weak spot was not observed to cause a decrease in the structural stability of the OE.
A render of the stand can be seen in fig. 4.5.

Figure 4.5: On the left: a render showing the stand from the side. On the right: A render showing the connection
between the lens and the stand without support structures included.

4.4.4 Mask

The mask design is based on the masks developed by Alexander Fabender in [44]. The mask has a
length of 608 pm and an external width of 170 pm. The length was chosen, as along with positioning
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and guiding the fibre to the lens, the mask must also act as the connection point between the fibre
and the OE. The OE is attached to the fibre through friction between the two. In this case, a long
mask will result in more surface contact and grip. On the other hand, as the ratio between mask length
and width increases, the structural stability decreases. Structural problems such as bending must be
avoided as the fibre must pass through the entire mask without being blocked. The mask is printed
with drains in the form of slots halfway up the side of the mask and at the connection to the base plate.
These allow faster removal of the photoresist from the inside of the mask during development.

The following dimensions are given for a mask designed for a fibre with a cladding diameter of
125 pm. The mask’s opening is tapered to guide the fibre into the mask. The internal diameter of
135 pm is then slowly decreased to the desired minimum diameter via a tapered edge. This internal
diameter between 1 to 2 um wider than the cladding diameter of the fibre, was found to allow easy
insertion but also sufficient grip to allow the OE to be removed from the substrate.

Figure 4.6: A render showing the mask from the side.

4.5 Printing of Optical Element

This section outlines the printing methods used when printing the optical elements.

4.5.1 Photoresist

In [14], Gissible et al. used the OrmoComp (micro resist technology GmbH) photoresist for printing
collimating lenses using the piezo scan mode. Initial attempts to recreate these lenses using OrmoComp
on a substrate printed in galvo scan mode were successful. Difficulties arose when trying to print
larger structures that involved block splitting, and it became clear that the characteristics of printing
with OrmoComp would need to be investigated further. As the design was still in development and
an optimal solution had not been found yet (see sec. 4.6), the decision was made to switch to IP-S
(Nanoscribe GmbH Co. KG) as it was already known how this photoresist behaves under block
splitting. Nanoscribe recommends the IP-S photoresist for the production of microoptics [47] and was
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used by T. Gissibl et al. for the production of beam shapers using the galvo scan mode, serving as a
reference for selecting the printing parameters.

4.5.2 Substrate

The OE is printed on a 25 mm X 25 mm X 0.7 mm indium-tin oxide (ITO) coated substrate. This is the
standard for printing with the IP-S photoresist and can be purchased directly from Nanoscribe.

4.5.3 Printing Parameters

The OE is split up into different sections with distinct printing parameters when printing. The first
section contains everything from the substrate up to the transition from the refractive surface to the
lens base. Here a slicing distance of 0.1 um and a hatching distance of 0.2 um is used to achieve fine
details on the curvature of the refractive surface. For this section, the hatching angle is set to constant.
The second section includes the lens base, stand and base plate. Here a slicing distance of 0.4 pym and
a hatching distance of 0.2 pm is used to speed up the printing process. For this section, an automatic
hatching angle is used. The final part consists of the mask. When printing the mask, there is no need
for a high level of detail, so a slicing distance of 0.7 nm and hatching distance of 0.5 pm is used. The
printing parameters are summarised in table 4.1.

Hatching | Slicing | Hatching
Distance | Distance | Angle
Bottom 0.1ym | 0.2pm 0°
Middle 0.4 pm 0.2 pm auto
Top 0.7 pm 0.5um auto
Table 4.1: Summary of printing parameters of OE

Section

After performing a parameter sweep over the two parameters, suitable laser power and scanning
speed were found. The combination of speed and power that gave a good quality print but minimised
overall printing time was a laser power of 100% and a scanning speed of 15 000 pm s . These values
stayed constant throughout the use of a tube of photoresist. When switching to a different tube, it was
found that a new parameter sweep had to be conducted as there was a noticeable change in quality
when printing with the print parameters of the old tube.

4.5.4 Importing CAD Files and Programming Print Job

The CAD files of the different sections of the OE are imported individually using the DeScribe import
wizard. This is done as it is impossible to set a spatial variation in the printing parameters, making
it impossible to set the desired slicing distances for the bottom and middle section of the stand +
lens CAD file. The bottom, middle and top sections each have their own printing files that must be
combined into a single job file. An example of this is printing the bottom part of a structure on the
substrate, adding a z-offset corresponding to the height of the printed structure and then printing the
top on the same x-y-coordinates, resulting in a singular structure being printed. This method is the
basis for the block splitting method of printing larger structures.
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4.5 Printing of Optical Element

It was found that this method was unsuitable for printing the middle section on top of the bottom
section, with problems arising in the form of the two parts not connecting properly or being slightly
offset from one another. It is suspected that this is due to the small stop in printing when switching from
one file to the other. The problems persisted regardless of whether an interface find was performed
before printing the middle section. A solution was found by manually editing the GWL files containing
the laser trajectories. For this to be possible, the option “Use NanoWrite 1.7 compatibility mode” must
be selected in the DeScribe options. The bottom section is processed using the import wizard with
the desired parameters, and a combined CAD model of the bottom and middle sections is processed
with the desired print parameters of the middle section. The GWL file of the combined model is now
edited by deleting all writing instructions corresponding to the lower section and replacing them with
the writing instructions from the GWL file of the bottom section with the required printing parameters.
When the print job file of the combination is now executed, the lower and middle sections will be
printed with the correct printing parameters.

Figure 4.7: An image taken from the 3D preview of an array of four OE being printed. Split up of print job
shown. Image taken from DeScribe.

When printing an array of OEs, the 360 pm working distance (WD) of the 63x objective [48] must
be taken into account when programming a print job. It is advantageous to print a marker next to
the array to distinguish the OEs after printing. The overall height of the OE is much larger than the
WD, so printing one OE after the other is not possible. This problem is avoided by printing the first
two sections of all OF in the array. As the mask is also taller than the working distance, it must also
be split up into manageable sections, which are then printed in a similar manner. When printing the
mask, the GWL editing method does not have to be used as fine printing details are not as crucial for
the mask and the technique of overlapping the different sections is used for better fixation.

27



Chapter 4 3D Printing of Lenses for Fibres

4.5.5 Stabilising Print

A protective structure is preemptively printed around the OE to guard the lens from photoresist flow.
This structure resembles a segmented wall, designed with a height of 60 jum to shield the printing
of the refractive surface. The primary purpose of this structure is to impede the flow of the entire
photoresist pool while still allowing movement of the resist towards the centre as the z-height of the
objective increases. After the protective structure is finished printing, the stage is positioned for OE
printing and remains stationary for 15 min to ensure equilibrium and minimise unnecessary photoresist
flow. Despite these efforts to stabilise the print, disturbances to the free-floating lenses persisted. On
the other hand, the protective structure reduced the number of misprints during the development of the
lens supports.

Figure 4.8: An image taken from the 3D preview of an array of four OE being printed. Split up of print job
shown. Image taken from DeScribe.

4.6 Progression of Design
This section outlines the different iterations the OE went through in its design.

4.6.1 First lteration

An initial render of the design is depicted in fig. 4.9. Initially, the four legs of the OE were printed.
Subsequently, the lens was initially to be printed in a floating state. Following this, the bridge
connecting the lens to the legs was to be printed, followed by the mask.
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However, a major challenge encountered with this design was its dimensions. Due to the need for
block splitting to accommodate its size, issues arose with the proper connection of smaller sections,
leading to frequent structural misalignment. An example of this can be seen in fig. A.1. Additionally,
the movement of the stage between sections was found to disrupt the stability of the lens. Another
significant issue was the printing of lateral supports for the lens. Initially, without any support, the
lens was prone to severe misalignment and would sometimes be dragged along with the movement of
the stage. As the legs were printed before the lens, the support structure would need to be printed
before the lens. This leads to undesired deformation due to proximity effects seen in fig. A.2.

Due to these difficulties, a functional lens integrated with the rest of the structure could not be
achieved, regardless of whether the IP-S or OrmoComp photoresist was used.
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Figure 4.9: A render showing the first iteration of the optical element.

4.6.2 Second lteration

The second iteration, shown in fig. 4.10, is a more compact evolution of the first design and was
printed using IP-S. This design also involved printing the feet before the lens. The lens would be
attached to the legs by printing a base plate directly on the feet. By making the design more compact,
it was hoped that the lens could be printed free floating as block splitting would not be required to
attach the lens to the legs, allowing it to float freely while printing.

Problems with this design included the structural stability of the legs. During test prints, the legs
would sometimes be crooked or otherwise out of shape, and a reliable solution could not be found for
this problem. A further problem was also the stability of the lens. Attempts to print support structures
at the same time as printing the lens proved unsuccessful due to difficulties in attaching the structures
to the pre-printed legs, and printing both together was not possible due to the total diameter of the
structure being greater than 300 pm.
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Figure 4.10: A render showing the second iteration of the optical element.

4.7 Attaching Optical Element to Optical Fibre

This section covers the setup and method of attaching the fibre to the end of the optical fibre by
inserting it into the mask.

4.7.1 Setup

The setup used for inserting the fibre into the mask is shown in fig. 4.11. The setup is comprised of a
microscope (Stemi 305, Carl Zeiss AG, 2x lens), a camp for holding the substrate upright (LFFM1,
Thorlabs Inc.) and two micrometer-stages (PT3/M, Thorlabs Inc.). A fibre holder (MDE724, Elliot
Scientific Limited) is attached to the right micrometre stage. Attached to the left stage is a cannula
that serves as a micromanipulator. This setup is an evolution of a fibre inserting setup used by A.
Fal3bender in [44].

4.7.2 Technique for inserting fibre

Before the fibre can be inserted into the mask, it must first be prepared to optimise its optical
performance. In the case of this thesis, the fibres used were the single-mode 780-HP and the
multi-mode FG105UCA (both Thorlabs, Inc.). First, the protective coating is stripped from the fibre.
Following this, the fibre is cleaned using a tissue soaked with IPA, and in the final step, the end of the
fibre is cleaved.

The fibre is attached to the micrometre stage using the fibre holder. By eye, the fibre can be brought
within a few millimetres and roughly onto the same height as the desired optical element. Under
the microscope, the tip of the fibre is then brought close to the opening of the mask but not inserted
yet. The micromanipulator is used to apply a lateral force onto the OE and push it a short distance to
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Figure 4.11: Left: Photograph of the setup used for inserting the fibre. Right: Close-up view of fibre being
inserted.

loosen the OE from the substrate. The fibre is then slowly inserted fully into the mask, and the OE is
lifted from the substrate.

The reason for loosening the OE before the fibre is inserted is due to the connection point between
the lens and the bottom support structure. It was found that breaking the connection results in artefacts
remaining on the lens at the break-off point (see sec. 5.3). It was found that the size of the break-off
point is minimised by breaking the connection before inserting. This is believed to be due to the fibre
pushing the lens slightly down and into the support structure when it is being inserted.

4.8 Adapting Optical Element for different lenses

The OE was initially designed with a 250 pm lens used as the benchmark. Despite consistently using
this lens during its development, the OE’s design isn’t exclusively tied to it. Variations are possible,
allowing for other lens types to be integrated instead of the 250 pm lens. fig. 4.12 shows the adaptation
of the OE design to accommodate a lens length of 136 pm, ROC of —38.1 pum collimating lens, the
same ROC as from the 150 pm collimating lens from [14]. The stand has been adjusted to match the
reduced length, yet the fundamental structure remains unchanged. The 136 pm lenses are printed
using identical parameters and techniques employed for the 250 pm lens. This shows that the OE
design isn’t limited to a singular lens type but functions as a versatile structure that can be adjusted
to accommodate various lens configurations. A further lens that was tested on the OE design was a
collimating lens for the use on multi-mode fibres with length 225 pm and ROC 114 pm.
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Figure 4.12: A render showing the design of the OE adapted to accommodate a 136 pm lens and 225 pm lens.

32



CHAPTER 5

Experimental Methods and Results

This chapter outlines the experimental findings from the thesis. The chapter starts with the initial
observations of the tip of the lens using conventional light microscopes. Following this, more precise
measurements of the lens surface are presented in the form of interferometric data. Finally, the optical
performance of the lenses is measured by performing measurements of a propagating beam emerging
from the lenses.

5.1 Lens Quality Control

Once the optical element (OE) has finished printing and has been fully developed, the final step
undertaken in the production process is to check the quality of the print. Initial checks for significant
failures, such as structural collapse, can be done with the naked eye. Following this, a microscope is
used to check the finer details of the OE. The quality of the mask and stand can be checked by viewing
from the top. The lens can be inspected by viewing through the substrate, for example, by placing the
substrate upside down in a sample holder (see fig. 5.1).

Both light- and dark-field microscopy are used to inspect the OE. Light-field microscopy allows the
surface of the OE to be examined, which is particularly important for the refractive part of the lens, as
defects on the surface can indicate a bad-quality print. Checking the inside of the mask for defects
is also advised, as this can indicate if attachment to the optical fibre is feasible. It was found that
dark-field microscopy can be used to check the optical quality of a printed lens, making any defects in
the lens visible. It was observed that the dark field illumination source, a ring created by the dark
field patch stop, was refracted by the lens and could be imaged using an appropriate focus plane. The
sharpness of the ring is an indirect indicator of the lens’ optical quality. This is shown in fig. 5.2.

5.2 Break-off Point Observation

During the OE’s development process, the introduction of the lower support structure brought to light
the challenge of the break-off point. From the beginning of prototyping the lower support, it became
clear that achieving a clean break-off from this structure would not be possible. As a result, the first
step following the optimisation of the lower support structure was to observe the break-off point (BOP)
under the microscope.
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Figure 5.1: The technique used for inspecting the surface of the lenses by observing through the substrate. The
holder for a 20 mm slide gives 2 mm of ground clearance, preventing the OEs from coming into contact with
the microscope stage.

Illumination ring

Figure 5.2: A comparison between a lens without defects (left) and a lens with defects (right) where the
illumination ring is not imaged properly. Imaged using 20x microscope objective in dark-field mode.

An inverted microscope (DIM5000 M, Leica Microsystems GmbH) was utilised to examine the
lens tip. The fibre was positioned within a holder, initially designed for use in the PPGT+ setup for
end-of-fibre printing. Optimal observation was achieved by extending the fibre approximately 5 mm
beyond the holder’s base, ensuring the fibre tip remained within the working distance of the objectives.
This can be seen in fig. 5.3. The use of the 50x objective was found to deliver the clearest images of
the BOP. Estimating the BOP’s size involved taking two photographs with identical resolution: one
focusing on the break-off point and the other on the transition from the refractive surface to the lens
base. Using the known value of the lens width at this point, the size of the break-off point could be
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estimated. Estimating the height of the BOP proved difficult by just using the focal plane. This was
addressed in 5.4.

Figure 5.3: The fibre is placed in the fibre holder and the lens tip can be imaged using an inverted microscope.

5.3 Reducing Break-off Point size

In order to maximise the optical performance of the lens, the size of the BOP should be kept to a
minimum or eliminated entirely and as such, numerous approaches have been examined.

5.3.1 Fibre Insertion

As previously discussed in subsec. 4.7.2, different approaches for inserting the fibre into the mask
were explored. A comparison between approaches to attaching the OE to the fibre is shown in fig. 5.4,
showing that the size of the break-off point has clear variations in size, depending on the technique

used.
5.3.2 Chemical Approach

Attempts were made to dissolve the BOP using acetone and N-methyl-2-pyrrolidon (NMP). The OE
was submerged in both chemicals for four 10 min intervals. Between each submersion, the BOP was
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Figure 5.4: A comparison between the BOPs resulting from inserting fibre before loosening from the substrate
(left) and inserting fibre after loosening. The estimated diameters of the BOPs are 6 pm for the left BOP and
4 nm for the right BOP. The ring-like structures seen on the left lens are a result of testing the hatching angle of
the refractive surface and do not affect the shape of BOP.

observed. This attempt did not noticeably affect the BOP size, so this approach was not investigated
further.

5.3.3 Plasma Cleaning

Using a plasma cleaner (Zepto, Diener electronic GmbH & Co. KG), multiple approaches were taken
to test the effects of an oxygen gas plasma cleaning on the BOP. Initial attempts focused on observing
the impact of plasma ashing on the structure of the OE. An OE, still attached to the substrate, was
treated with plasma for 10 minutes at 40% power. Examination under the microscope revealed no
signs of damage, confirming that the plasma ashing process does not harm the OE structure.

Subsequently, attempts were made to use the plasma cleaning process to erode the connection
between the lower support and the lens. These tests involved an array of OEs exposed to multiple
3-minute cycles of ashing at 40% power. After each cycle, one of the OEs was attached to a fibre, with
the aim of observing a reduction in the size of the BOP with increased cumulative plasma exposure.
After a total of 18 minutes of plasma exposure, the connection point showed no signs of being removed.
The slight variations in the size of the break-off point were likely due to the fibre insertion process
rather than the plasma ashing.

The final method explored was plasma exposure of an OE that was already attached to a fibre. For
this, the fibre was placed into a ferrule that kept the OE from touching the ground while in the plasma
cleaner. Initial results after an exposure of 12 minutes at 40% power show marginal improvements,
with the sharp edge of the BOP seemingly being reduced, as shown in fig. 5.5. A further test of 45
minutes at 40% power provided no usable measurements due to the OE disintegrating, likely due to
the long exposure time.
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Figure 5.5: A comparison between the BOP of a lens on a fibre before (left) and after (right) being exposed to
plasma cleaning at 40% power for 12 minutes. The left image has been rotated to allow for a better comparison
of the BOPs. An image of the BOP magnified three times is inserted into each figure. Dark spots in images are
artefacts resulting from the imaging process that were likely caused by dust on the objective or other imaging
imperfections.

5.4 Interferometric Observations of Lens

In order to obtain a comprehensive view of the lens surface and the BOP, white light interferometry
was conducted using a Mirau interferometer. This measurement process provides a highly detailed
image of the lens surface by reconstructing its height profile by analysing interference patterns.

5.4.1 Measurement

The measurement was performed on OEs that had been exposed to plasma cleaning, in order to obtain
a more detailed observation than the analysis using a microscope. OEs with different levels of plasma
exposure were analysed. In the first measurement step, the stage tilt must be adjusted to ensure the OE
is as perpendicular to the objective as possible. Even slight deviations can introduce minor errors in
the accuracy of the analysed probe’s shapes. Despite efforts to align the OE perfectly perpendicular,
slight tilts may still occur and can be partially observed in the measurements. Once the tilt is set, the
optimal zoom level is found through trial and error. Proper zoom adjustment is crucial, as the fringes
of the measurement can become very noisy due to the lens’s slope. The measurement is automated
and is controlled through a GUI. This process must be repeated for each fibre analysed. The setup is
shown in fig. A.4 and fig. A.6.

5.4.2 Analysis of Lens Surface

Figure 5.6 shows an example of a contour plot centred on the BOP, corresponding to a 41.25 pm X
41.25 nm window. The data corresponds to an OE that has been exposed to plasma for 12 minutes
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Figure 5.6: A contour plot of the lens tip from interferometry data. The smallest 5% of values, corresponding to

noisy data in the corners, have been omitted. Closer inspection of BOP in fig. A.3

at 40% power. The surface of the lens can be compared to the programmed surface of the design.
fig. 5.7 takes a side profile in both the x- and y-direction of the lens at the highest point of the BOP
and compares it to the designed curve of the lens at that point. The side profiles are marked in fig. A.3
in white. Deviations under 500 nm are measured; this corresponds to a similar level of deviation

measured by T. Gissibl et al. in [14].
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Deviation of the Lens Height from Design

4001 —— Deviation in y-direction
Deviation in x-direction
300 1

200 1

100+
0<

-100

Deviation [nm]

-200 1

-300

-20 -15 -10 -5 0 5 10 15 20
Coordinate [um]

Figure 5.7: The deviation of the surface of the lens from the designed lens curve in the form of height profiles
taken in the x- and y-direction from the maximum of the BOP. Corresponding profiles are shown in white in
fig. A.3.

5.5 Analysis of Optical Performance

This section provides an overview of the experimental methods and setup used to measure the lens’s
performance.

5.5.1 Initial Observations

Initial observations of a beam passing through the OE were carried out by attaching the OE to a fibre
with a patch connector on the other end and connecting the fibre to a fibre pen. The beam could then
be imaged on a piece of white paper held a few centimetres from the lens to check if the beam was
passing properly through the lens and allowed first comparisons to be made to the beam profile of a
bare fibre attached to the fibre pen. The beam could also be imaged as it passed through the lens using
a microscope, as seen in fig. 5.8.

5.5.2 Beam Profiling setup

The experimental setup used for analysing the beam profile is shown in fig. 5.9. The setup is based
on similar setups that have been used in [49] and [50]. It comprises a 780 nm laser coupled into a
single-mode fibre, with an OE attached to the other end. The fibre is mounted on a stage (MFA-CC,
Newport Cooperation) that allows movement in three dimensions, controlled via a computer. The
alignment of the stage can be adjusted using micrometre screws (not pictured). A camera (DCC1545M,
Thorlabs Inc.) images the beam through a microscope. A photograph of the setup can be seen in
fig. A.5

To image the beam profile, the camera captures images of the beam as the stage moves the fibre
towards the microscope in the form of an intensity profile. With each step, a different part of the beam
comes into focus, allowing a measurement of the beam width’s dependence on the distance from the

39



Chapter 5 Experimental Methods and Results

Figure 5.8: The beam from a laser pen passing through OE seen under a microscope. For scale, the fibre width
is 125 pm.

Optical Element
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Figure 5.9: A diagram of the experimental setup used for profiling the beam.

lens. The beam width is determined by first fitting a 2D Gaussian profile to the measured intensity
profile of the beam, centred around the intensity maximum. The fitted Gaussian profile’s full width
at half maximum (FWHM) is then used to determine the beam width in the x- and y-direction. An
example of an intensity profile with the associated Gaussian fit is seen in fig. 5.10.

5.5.3 Notable Observations from Beam Profiling

During the observation of the beam profile, it was noticed that the beam’s intensity profile could be
elliptical, with differences in beam radii up to 15% being observed. Slight ellipticity is observed in
the low-intensity regions of the beam seen in fig. 5.10. Attempts to mitigate the ellipticity through
alignment of the fibre were unsuccessful, and it was observed that turning the fibre in its holder rotated
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Figure 5.10: A normalised heat map of the beam from 250 pm lens at 1.2 mm from the lens. The FWHM of the
fitted Gaussian distribution is shown in blue with an x-waist of 28.1 pm and a y-waist of 29.0 um. The visible
chequered-like structure in the image is an artefact of the camera.

the ellipse. It was concluded that the cause of the ellipse was either a problem with the lens itself or an
issue with inserting the fibre. Using a single hatching angle for printing the lens base may contribute
to the ellipse, so the use of “automatic hatch angle” could reduce the problem. A further cause may
be an angle between the fibre and the base plate after inserting. This can be due to the cleave angle
not being 90°, which could be avoided with prior inspection of the fibres. A further cause could be
the misalignment of the fibre with the objective. Improvements in the alignment of the fibre with the
microscope objective could also reduce the ellipticity.

5.5.4 Comparison of Lenses

The measurement of the beam profile was conducted on two types of lenses, the 250 pm lens with
a ROC of —85.8pum and a 136 pm lens with ROC of —53.5um. The 136 pm is designed to be
un-optimised, with the total length being too short for the ROC, which is taken from the 150 pm lens
from [45]. The beam divergence of a cleaved 780-HP fibre was also measured; this fibre was also used
in combination with the lenses. It is important to note that even though the measurement program
returns the FWHM of the beam, we use eq. (2.15) to convert the value to w(z)(eq. (2.12)) in order to
determine the Rayleigh length.

Fig. 5.11 shows a comparison between the beam divergence of the 250 pm lens and the bare fibre
over a distance of 950 um. Figs. 5.12 to 5.15 show the beam radius w(z) fitted to the four sets of
beam divergence data. It should be noted that in the context of the collimating lens that z refers to the
distance from the tip of the lens. In this case, the beam waist radius wy, is the radius of the beam as it
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emerges from the lens.

The beam waist radius w(, and Rayleigh length z are determined using the fitted curve. The values
are shown in table 5.1. The beam divergence is calculated from the fit parameters. The experimentally
measured value for the beam waist radius (w 4,.,), corresponding to w(z = 0), is used to calculate
a Rayleigh length that can be compared to the fitted value. This comparison shows a deviation of
around 140 pm for the 250 pm lens but a good match for the bare fibre. The deviation of the Rayleigh
length for the lens could be due to the beam waist radius being measured at the wrong position, for
example, within the lens itself, as determining the exact position of the tip of the lens can be difficult
from just looking at the beam radius data alone. Still, it could be improved by adding an illumination
source and taking a picture of the lens after each intensity measurement.

Comparison Beam Radii 250 um Lens and Bare Fibre
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Figure 5.11: A plot comparing the beam radius w(z) of a propagating beam emerging from a 250 pm lens and
bare fibre z. Errors are too small to be seen in the plot.

The beam profile of an unoptimised 136 pm lens was tested. According to simulations using the
ABCD matrix formalism by T. Gissibl (fig. 6.4 in [45]), the ideal ratio between the ROC and the
total length is approximately 0.34. A simulation of a 250 pum lens with a ratio of about 0.4, as shown
in fig. 6.3 in [45], results in an uncollimated linear beam profile. This same ratio of around 0.4 is
achieved with a ROC of —53.5 pm combined with a total length of 136 pm. The beam propagation
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over a length of 1.6 mm, shown in fig. 5.16, matches the linear form predicted by the simulation. A
linear regression fit was performed to verify the linear dependence of w(z) on z.

Beam Radii Dependent on Distance from 250um Lens
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Figure 5.12: A plot comparing the horizontal beam radius w(z) as a function of the distance from the tip of
the 250 pm lens z. Fit performed using scipy.optimise. The Rayleigh length is included for visualisation
purposes.
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Figure 5.13: A plot comparing the vertical beam radius w(z) as a function of the distance from the tip of
the 250 um lens z. Fit performed using scipy.optimise. The Rayleigh length is included for visualisation
purposes.
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Figure 5.14: A plot comparing the horizontal beam radius w(z) as a function of the distance from the tip of the
bare fibre z. Fit performed using scipy.optimise. The Rayleigh length is included for visualisation purposes.
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Figure 5.15: A plot comparing the vertical beam radius w(z) as a function of the distance from the tip of the
bare fibre z. Fit performed using scipy.optimise. The Rayleigh length is included for visualisation purposes.
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5.5 Analysis of Optical Performance

Parameter | 250 um x | 250 pmy | Bare fibre x | Bare fibre y
Zg[pm] 455.05 465.83 44.98 39.05
Azg[pm] 7.39 6.83 5.39 3.94
wo [pm] 8.47 8.79 3.57 3.18
Awg[pm] 0.11 0.11 0.43 0.32
6[mrad] 29.32 28.18 69.63 78.02
Af[mrad] 1.90 1.77 4.19 3.93
W0 data [HM] 8.80 8.96 3.21 3.27
2R data L HM] 311.90 323.35 41.50 43.06

Table 5.1: A table showing the different Gaussian parameters determined from the fitted data shown in figs. 5.12

to 5.15. All values correspond to fitted data unless specified.
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Figure 5.16: A plot of the beam radii of the 136 pm lens over a distance of 1.6 mm. Linear fit performed using
scipy. optimise.
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CHAPTER O

Conclusion and Outlook

This thesis investigates a method for the scalable production of micro-optics for optical fibres using
3D printing via direct laser writing. Unlike traditional fibre-end printing techniques, this research
focuses on printing an array of optical elements onto a glass substrate, which can then be attached to
the end of a fibre.

The core objective is to develop a printing technique and design a structure to recreate existing lenses
previously printed on fibre ends. This new approach simplifies the printing process by eliminating
issues commonly encountered when printing directly onto the fibre end. Additionally, it increases the
process’s efficiency and scalability, allowing for printing multiple elements in a single print job.

This work uses existing collimating lenses as benchmarks, replicating them with identical printing
parameters but in a different orientation. The developed method successfully prints collimating lenses
with the same precision as the original on-fibre printing technique. Additionally, the versatility of
the design and printing technique is demonstrated by its ability to accommodate lenses of various
dimensions.

Attaching collimating lenses to fibre ends and aligning the fibre core with the lens centre involves
using a mask connected to the top of the printed structure, into which the optical fibre is inserted. A
method was developed that allows successful fibre insertion and detachment from the substrate.

Interferometry was utilised to analyse the printed lens surfaces for defects and to compare the printed
surface with the designed surface. The deviation of the printed lens surface from the designed surface
was less than 500 nm. The waist of a Gaussian beam emerging from the collimating lenses attached to
single-mode fibres was also measured, demonstrating their optical performance and collimation over a
distance of a few hundred micrometres.

In future experiments, one could integrate this approach to printing micro-optics with light extraction
from known single photon sources such as quantum dots or hBN flakes. The method of printing the
optics separate from the fibre could be utilised in the positioning of the optics above these photon
sources. One could also investigate the printing of a fibre-to-fibre coupler using the collimating lenses
successfully printed in this thesis.
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APPENDIX A

Appendix

A.1 3D Printing of Lenses for Fibres

Additional photos to compliment chapter 4.

Figure A.1: A microscope image showing problems in the connection of the individual parts of the first design
iteration of the OE.
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Figure A.2: A dark-field microscope image showing the deformation of the lens base due to the proximity effect
in the first design iteration of the OE.

A.2 Experimental Methods and Results

Additional photos to compliment chapter 5.
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Figure A.3: A contour plot of the tip of the lens from interferometry data. The smallest 5% of values,
corresponding to noisy data in the corners, has been omitted. White lines represent plotted row an column in
fig. 5.7
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Figure A.4: A photograph of the interferometry setup. Photo by Paul Steinmann

Figure A.5: A photograph of the microscope and stage of beam profiling setup
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Figure A.6: A photograph of fibres being analysed in the interferometry setup. Photo by Paul Steinmann
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