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Introduction

The two-photon lithography (TPL) technique has shown versatility for the fabrication of
true three-dimensional (3D) micro structures in the last two decades [1]. This technology has
emerged taking the advantage of two-photon absorption (TPA) by a photoresin material and
by point-by-point fabrication process. By using TPL technique we are able to create true 3D
novel structures with resolution in the micro range. The photopolymerization technique owns

a wide potential in the fabrication of 3D functional micro structures for different applications [2].

Novel microstructures for optical applications are being designed and fabricated by using
TPL. The freedom in fabrication that this technique provides allows applications such as high
numerical aperture array of micro lenses [3], reversible birefringence micro structures [4], [5],
gradient index (GRIN) micro optic structures [6], photonic crystal beam splitter [7], meta lens

for optical trapping [8], as well as apochromat elements [9] and many others.

Notwithstanding the demonstration of plenty optical microelements fabricated by TPL,
there is still a need of wider understanding of optical properties, as it is the refractive index
(RI) of photopolymer materials after the polymerization process. This lack of knowledge li-
mits further advances in designing and optimization of novel optical microelements. Although
recent studies of optical properties from ultraviolet (UV) and near infrared (NIR) range have
been performed for common materials processed by TPL, these were limited to the study of
two-dimensional (2D) microstructures [10]. Such studies provide information of the intrinsic RI
of the material but it could differ from the effective RI.

The effective RI of the structure became an interesting parameter because the optical
structures can manipulate the light flow passing through them. This parameter represents the
effective property of the optical element which delays the light and affects its behaviour due to

its geometry, surface homogeneity and shape.

To optimize the imagining performance of optical microelements detailed knowledge of the
effective RI of the material of elements fabricated by TPL is fundamental. Different methods
for RI characterization have been used, such as interferometry [6], ellipsometry [10], coupler
prism m-lines [11], and critical angle by total internal reflection [12]. The differences of these
methods are explained in the following work. However, these techniques can be applied only
with 2D specimens limiting their application for different structures. For a 3D complex micro
structure a different approach to retrieve the RI is required. This works presents a RI measu-
rement technique based on the index-matching (IM) oils method [13]. The versatility of the

proposed method could lead to accurate measurements of RI of complex 3D structures and not



only 2D flat structures. On the other hand, by exploiting the optical behaviour of microlenses,

the effective RI can be retrieved from the dimensions and focal length of the element.

The aim of this project is to retrieve the RI of microelements, under 100 um, out of hybrid
organic-inorganic prepolymer (SZ2080™) fabricated by TPL using two different approaches:
index-matching oils method and focal length measurements. To achieve this goal design of ele-
ments and the writing method is required. We predict the dependence of the RI on fabrication
parameters by index-matching method for the microcuboids and focal length (f) measurement

of spherical microlenses.

To achieve this goal the following tasks have been set:

1. To fabricate micro cuboids by Layer-by-Layer writing method by TPL.

2. To fabricate spherical micro lenses of same geometrical dimensions varying the exposure
dose used by TPL.

3. To retrieve the RI of the micro prisms by the proposed index-matching oil method in
collaboration with Prof. Brasselet’s group in Laboratoire Ondes et Matiere d’Aquitaine,
CNRS, Bordeaux.

4. To retrieve the RI of the spherical lenses from experimental values of focal length measu-

rements.

5. To evaluate the dose dependence behaviour of the RI of fabricated micro structures by
TPL.



1 Literature Review

1.1 Laser Direct Writing Technique

The laser direct writing (LDW) is a technique highly studied and used during the last 20
years due to its versatility of custom-shaped 3D microstructure with lateral and axial resolu-
tion beyond the diffraction limit of optical wavelengths. The LDW technique in the form of the
multiphoton polymerization is based on the simultaneous absorption of two or more photons
of the same frequency in photosensitive molecules that subsequently undergo a radicalization
process. The photogenerated radicals induce a cross-linking of polymeric materials. Because of
the nonlinear interaction between the light and the photoresin, the photochemical reaction is
highly confined inside the volume of the tightly focused laser beam. This allows the fabrication
of 3D microstructures by point-to point photostructuring of the prepolymer. The smaller fab-
ricated element is called voxel, volumentric pixel, formed in the area of the focused beam and
following the programed path of the beam leads to the creation of complex micro structures.
The photopolymerized areas of the material becomes insoluble in organic solvents while the

unexposed prepolymer is disolved and washed out.

The process can be divided in four main stages and it is shown in Fig. 1: (1) sample
preparation, (2) fabrication process, (3) development stage and (4) characterization of the

fabricated microstructure.
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Fig. 1 Principles of LDW. a) TPP in the focus region of a tightly focused fs pulsed beam. b)
Point-by-point fabrication by path beam followed in the photoresist material. ¢) Chemical de-
velopment process washes out the non-pholymerized material. d) Self-standing microstructure
attached to glass substrate [2].



1.2 Photopolymerization Mechanism

In the TPL process, a polymer structure is formed by nonlinear absorption of two-photons
in a prepolymer material. Ultrashort pulses are tightly focused in a photopolymer though a
high numerical aperture (NA) objective (1.25-1.4). Since the photopolymer is transparent in
the VIS-NIR spectral range, the photopolymerization process occurs within the vicinity of the

focused beam inside the material [2].

When a high quality factor beam (M? ~ 1) is focused within a material, the multi photon
absorption process takes place if the photon density within the focal volume exceeds a cer-
tain threshold value. The electron transition is induced by N photons with 1/N of the energy
required by the gap between the two energy levels. In order to obtain a photopolymerization
voxel smaller than the one predicted by the optical diffraction limit defined by the wavelength
and the NA of the beam, only the central part of the Gaussian beam should be set above the
intensity threshold. In this way, the multiphoton absorption will take place within the voxel
because of the nonlinear dependence on IV, quadratic in the case of TPA. The simultaneous
absorption of two-photons involves a virtual state which is created by the first photon and the
second photon is absorbed if it arrives within the virtual state. This condition is fulfilled when

ultra short femtosecond pulses are used [14].
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Fig. 2 Laser direct writing by TPL schematic by VIS radiation. The VIS beam is focused by a
high NA objective (oil immersed) within the prepolymer. The intensity at the focus overpass
the intensity threshold and polymerize the material.

The intensity distribution plays a key role in the spatial confinement of TPA [1]. Varying
the light intensity distribution allows fine tuning of the voxel dimensions. The fabrication win-
dow is defined as the ratio of the intensity of the material optical damage and the threshold
intensity required for polymerization. Fig. 3 shows a relation between input intensity and voxel

dimensions over an intensity threshold required for starting the polymerization process [14].
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Fig. 3 Intensity distribution at the focal spot of the light beam. The polymerization occurs only
for intensities over the threshold value. If the intensity is too high (above 10 TW /cm?)would
lead to optical damage of the material. The dimensions of the voxel can be approximated as
the size of the focal spot of the beam. [14].

In order to enhance the photopolymerization reaction, photo initiators (PI) are mixed in the
photoresin up to few weight percent (wt%). These are UV or VIS radiation sensitive molecules
which absorption of light form reactive components capable of starting the polymerization
process, which occurs via opening of chemical bonds (formation of radicals) and subsequent

crosslinking [15]. These PIs have a lower dissociation energy, around 3 eV, than monomers
which is around 4 eV for UV/VIS light [1].

The photopolymerization process is defined by three main steps: initiation, chain propaga-
tion and termination. The first step is the absorption of high intensity radiation and generation
of free radicals, which interact with the monomers, by the PIs. This process occurs because
the photoinitiator is excited from its electronic singlet ground state, Sy to the excited singlet
manifold Sy; it then relaxes by intersystem crossing ISC to the triplet state 77 and forms the
free radicals as show in Fig. 4. The chain-propagation is the expansion of the monomer-radicals
reaction. Finally, the termination is when two radicals meet and stops the process [14]. The
photopolymerization will follow the path of the beam within the photoresin, allowing the cre-
ation of 3D free-form micro structures with a resolution given by the voxel dimensions. We

can approximate the voxel dimensions, dxy and [, as axial and longitudinal, with the spot size
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Fig. 4 Energy diagram for photopolymerization process. For a single photon a polymerization
occurs at the UV wavelength range. Multiphoton poymerization occurs by the simultaneous
absorption of multiple photons of lower energy that together excites the electron to a higher
energy state.

of the beam that can be calculated from Eq. 1 and Eq. 2, which depend on the wavelength
of the beam A, and the NA of the microscope objective lens used to focus the beam within a

prepolymer of RI n,.
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The multiphoton absorption rate is proportional to the irreversible polymerization reaction
above the intensity threshold value required Ii. Since the voxel takes the shape of the intensity
distribution of the focused laser beam on the focal spot, we can approximate its dimensions
considering the order of absorption nonlinearity, N =2 in case of two-photon polymerization
(TPP) as shown in Eq. 4 and Eq. 5, where wg = (0.61M?1)/NA is the waist of the Gaussian
beam and zg = 7w} /A means the Rayleigh distance [14]. The intensity of the beam I is related

to the fabrication optical laser power P as in the following way:

_oPT
- fwint’

(3)
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Fig. 5 Voxel overlap diagram of a voxel of axial and longitudinal dimensions /, and dyxy and
beam displacement dyx and d,.

where T is the transmittance of the objective, f the repetition rate and 7 the pulse duration

of the laser.

I\
I, =2zg <—> —1. (5)
I

The surface roughness depends on the voxel overlap 6 which will smoothing the .

When the axial and lateral scanning steps become smaller, the overlaping increases for same
voxel dimensions. For the fabrication of different structures, lines formed out of individual voxels
are usually used. We can calculate the line volume considering the dimensions dyxy and I, of
individual voxel approximated to an ellipsoid and the scanning velocity. The Eq.6 considers

the area of the voxel cross-section and the translation velocity v; [16].

_7'L'
4

The degree of voxel overlap can be expressed as the product of voxel displacement in axial

‘/1 dxylzvt. (6)

and lateral directions [17]. Considering volumetric lines, it is possible to calculate the volumetric

overlapping in the fabricated structure.



1.3 RI Measurement Methods

Several strategies have been implemented to obtain the RI of materials treated by TPP.
Advantages and disadvantages of different methods are presented below, as well as the main
limitations of these methods for the measurement of the RI of complex 3D microstructures
fabricated by TPL. A proposed method is presented at the end of the chapter that pretends to

overcome the limitations in size and complexity of the micro structure.

1.3.1 Coupler Prism m-lines

Totally reflecting prism coupler (TRPC) also called m-line technique has been used for the
determination of the RI of thin layers of photo sensitive materials used for TPP in the shape
of homogeneous isotropic single-layer optical waveguides. This method is used to determinate
optical properties of ultra low shrinkage hybrid material SZ2080™ [18] and the losses in mul-
tilayer coatings [19] .

The m-lines appears for the different incident directions corresponding to the coupling of
light in the waveguide. Increasing the coupling between the prism and the waveguide the m-
lines get broader and shift. Fig. 6 shows a schematic of the device using a isosceles prism [11].
The coupling of an incident laser beam by a prism into the planar waveguide is controlled by

the incident angle 6, of the beam on the prism base.

Under total internal reflection conditions, strong coupling can occur via resonant frustra-
ted total reflection which is via the evanescent waves in the air layer. This coupling occurs
when resonant conditions inside the waveguide are met and leads to a finite number of disc-
rete incidences of the laser beam called synchronism angles Bgy,.. The coupling is observed
experimentally through the appearance of a dark line in the reflected beam, associated to a
bright line next to it. The method measure synchronism angles of such m-lines and leads to the
calculation of the RI and thickness of the waveguide and fitting them in the dispersion equation

of the planar dielectric guide [20].
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Fig. 6 Schematic representation of the TRPC and CCD camera for m-lines [11].
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Fig. 7 Measured dispersive RI of IP/Dip layers for OPP and TPP. The results obtained match
as the ones presented in Ref. [21].

The guided waves technique can be applied to the characterization of complex guiding
structures such as an inhomogeneous layer with a particular index profile or even a multilayer
system or to study the anisotropies of index of the layers. When the temperature changes,
the different guided modes propagation constants are modified and the corresponding m-lines
shifted and knowing the temperature allows the calculation of the RI and the thickness of the

isotropic layer [22].

Commercial devices have reached an accuracy around 40.0005 for the RI value. The sample
require a minimum thickness to support modes and a reference material with known RI. A
Cauchy model can be used for the dispersion curve as shown in Fig. 7 and the air layer
thickness between the reference material and the sample has to be taking into account for

accurate results [21].
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1.3.2 Ellipsometry

Ellipsometry is a technique commonly used to measure the thickness and RI or homoge-
neous and isotropic thin filmd, single or multilayer, from few A to several micrometers. The
measurements are done by sending a polarized light beam on a sample and measuring the
intensity of the reflected light at large angles of incidence after using a second polarizator as
analyzer. The linearly polarized light usually change to an elliptical polarized light after the

sample, from this the origin of the name.

The measured signal is the change in polarization as the incident radiation interacts with
the material sample. The polarization changes are quantifies by the amplitude ratio ¥ and the
phase difference A. The basic setup for an ellipsometer consists in light source, polarization
state generator, a sample, polarizator state detector and a light detector as shown in Fig. 8.
The ellipsometer measures the complex reflectance ratio p of a system parameterized by ¥ and
A and linked to the normalized reflection amplitudes [23] of s and p-polarization incident light
as in Eq. (7).

p="0—tan(W)-e = p, +ip; (7)

s
Ellipsometry results are model dependent and accurate models can be made using classi-
cal electromagnetic theory based on Maxwell’s equations [24]. These models can be used to
obtain the RI and thickness of the materials and some examples are the Cauchy model [25]
and parametrized dielectric function model using Gaussian, Lorentz and Tauc-Lorentz broade-

ning [10] to describe the optical responses of the sample by single-photon polymerization (SPP).

Source PSG PSD

Detector

Sample

Fig. 8 Simple schematic of ellipsometry setup including a polarization state generator (PSG)
and polarization state detector (PSD) [24].

11
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Fig. 9 Best-fit model RI n (red solid line) and extinction coefficient k (green line). TPP (dashed
lines) and SPP (dotted lines) [10].

Some advantages are that 16 parameters can be measured for each wavelength. The measure
of the ratio of intensity which decrease the impact of intensities instabilities by the light source
or atmospheric absorption. The principal attraction is that complex RI can be measured using
this technique which makes it superior to reflectivity measurements while studying anisotropic
materials. Accurate results were obtained in comparison with previous values with different
techniques but for an spectral range from 210 nm to 1500 nm with a fixed angle of incidence of
65° are shown in Fig. 9. A Cauchy model is used for fitting, requires prior information of RI

and thickness and films must have good surface quality to avoid scattering [10].

1.3.3 Reflectrometry

Another method to retrieve the RI of a thin film is by the critical angle of total internal
reflection o and it has been measured by using a modified Pulfrich refractometer [12]. The
setup shown in Fig. 10 consist in a linearly polarized light of a laser diode directed through
an astronomical telescope onto the base of the highly refractive N-SF11 prism. The reference
material is N-BK7 plate which is optical bonded by pressure and the prism is coated with an
approximately 2 mm layer of photo resist next to it. The angle of incidence is controlled onto
the base of the prism by a mirror in a rotation mount and can be found using trigonometric
functions in Snell’s law, Eq. (8). The astronomical telescope has f; and f, and ensures nearly
no walk on the back of the prism. The reflection intensity is collected by a photo diode guided
with a second astronomical telescope [26].

ni fi

0 (o) = 60° + arcsin [ﬂsin (arctan (ﬁtan(ZOﬂ)) )] ~60°+ ——2a. (8)
ny f2 n f
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To calculate the critical angle we have to obtain the point of the critical angle of the
prism/photo resist interface and as well as the prism/BK7 glass plate for calibration. The
critical angle is given by Eq. (9) where n; is the RI of the photo resist and ny of the prism.
The total reflection condition is n; > ny and for angles larger than 6, the light is completely

internally reflected.

6. = arcsin <@> . 9)
nm

2

nicosf; — n% - n%sinzﬂl

nicosB; + 1/n3 —n3sin’6,

Laser diode and
white light laser

Polarizer
I
I

o
%

A 4
!

3

Astronomical telescope
Rotation mount

Fig. 10 Modified Pulfrich refractometer setup [26].

The critical angle is determinate from the angular reflection curves for an specific photo
resist as shown in Fig. 11. This method can reach an accuracy of 5 x 10~ for the RI measure-

ment [12]. This method is limited by the dimension of the sample since it is only suitable for

2D structures.
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Fig. 11 Measurements of the critical angle of the total internal reflection of s-polarized light for
OrmoComp resin and BK7 glass at wavelength of 850 nm [12].

1.3.4 Interferometry

Interferometric techniques can measure small changes in RI of a material. An interferometer
splits the light into two beams using a beamsplitter, delays them by unequal distances and
recombine them to detect the intensity of the superposition of these beams. This intensity is
sensitive to the phase ¢ that depends on the differences traveled by the waves. A Michaelson
interferometer is used to measure the changes in a trapezoidal prism fabricated by TPL as
shown in Fig. 12. The intensity of the superposed beam is collected as an interference pattern
from the beam propagating through the microstructure by adjusting one of the mirrors, with
straight equally spaced lines near the beam axis. The relation within the intensity and its
phase gives the change in RI in respect to the reference, evaluated with the Eq. (11). In order
to obtain the distance between interference fringes d, the intensity is measured in the same
line as shown in Fig. 12 c), fit with a sine function and calculate the distance between peak

maxima [6].

s
An=—. 11
Sy (11)
The condition wg > b ensures the plane wave interaction, where wy is the beam size and
b is the longest side of the prism. The phase can be calculated by ¢ = Ad/d where d is the
period of the interference fringes and h represents the height of the prism. The results showed
changes in the SZ2080™ polymer up to 1.164+0.12 x 102 with sensitivity of around 0.0010 for

a gradient index structure [6].

14
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Fig. 12 a) Experimental Michaelson interferometer setup. b) SEM image of trapezoidal prism
at 45° view. c¢) Interference pattern between the laser beam through the structure and the
reference (air) [6].

Such methodology shows an accurate technique to calculate the RI of microstructures fab-
ricated by TPL but it is limited a 2.5D simple structures which is not suitable for optical

microelements.

1.3.5 Index-Matching Oils

A different approach is proposed, IM oil materials can be used for the investigation of comp-
lex geometry with unknown RI. This oil immersion technique is also used in light microscopy
to increase the resolution and the NA of the objective lens as well as in fluid dynamics to
minimise reflection, refraction, and diffraction than occurs in system with many interfaces and

give access to previously inaccessible regions for optical measurements [13].

This method consist in immersing a specimen in a liquid with known RI. When the RI
of the liquid matches the one of the specimen, it becomes transparent to light. Several IM
oils should be used to compare the RI of the specimen. In order to optimize this process, an
interpolation of the maximum transmission can be applied to a solid immersed in liquids with
different RI. Previous work has used this method to find the RI of poly(vinylidene fluoride)
(PVDF) films presenting a reproducibility of +0.003 and accuracy better than 0.01. The
accuracy of the method highly depends on the immersion liquid range. A way to reduce the
number of oil liquids used and increasing the accuracy of the method is by a mathematical
fit of the transmission spectral curve. Performing transmission measurements by a UV /VIS
spectrometer, it is possible to retrieve the values of the RI of the specimen of interest. In the
Eq. (12) is expressed that the match between both RI is done when the transmission T is

maximum. The transmission for light incident perpendicular to the sample surface is related

15



to the RI of the sample ng and the immersion oils as surrounding medium n,. Commercial

immersion oils as Cargille RI fluids go from 1.460 to 1.640 with difference of 0.002 giving a wide
range of values for experimentation [13]

4nsnm

T = —<ns+nm)2 (12)

Different fit curves as Gaussian, Lorentzial, polynomial can be used to estimate the shape of

the transmission spectra. The experimental results for PVDF films with high-roughness surface

are shown in Fig. 13 for the IM method. At maximum transmission, the best RI match is found.

In this case, a quartz with high-roughness was used as specimen of investigation and the devia-

tion from the real RI value was of 0.0014 for Lorentzial fit. Polynomial and Gaussian fit have

presented a 0.0055 deviation for this sample. However, the RI at maximum transmission nrmax

obtained with the three fitting methods were close together and different at maximum by on-

ly 0.002. The ntmax values for a fit model depend only moderately on the set of liquids used [13].

An interpolation with different liquids over and above of nrmax can be computed. The
mentioned work showed that we can obtain values of RI within an accuracy of 0.010 under the
condition of at least one of the RI of the immersion liquids is substantially lower and one at
least 0.05 higher than the material investigated [13]. These methods gives a simplified model

to retrieve the RI of a material with irregular surface.
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Fig. 13 Transmission of light for a high roughness surface with different models fits [13].

16



The presented work shows an improvement in the methodology by approximating the precise
value of RI using different fitting curve models. The different model will differ at the calculation
of the different position of the maximum transmission corresponding to the RI. Beside this
method being model dependent, this approach increases the accuracy of the results along with
the RI oils. The method overcome the limitation in dimension and shows to be suitable for

complex 3D structures samples.

1.4 Comparison of Refractive Index Measurements Methods

Different methods for the measurement of RI has been presented. The characteristics of
the material differ depending on the method used to obtain its physical and optical properties.
By interferometry technique, sensitivity up to 0.0010 can be reach but the investigated sample
require a particular shape, in the form of a two-dimensional prism, that allows to measure the
difference in the interference patter from the material and a reference [6]. The sensibility of the
alignment could represent a limitation since interferometric techniques have high sensibility to
ambience conditions. By other hand, reflectrometry technique requires a prism with know RI
as reference material in order to perform the measurements. A film in order of few millimeters
on thickness has to be attached to the prism by optical bounding. The accuracy reached is
up to 5 x 107* but limits the sample to a two-dimensional structure [12]. A similar method
that requires a prism with known RI is m-line technique. By taking advantage of total internal
reflection conditions strong coupling can be detected by the evanescent waves in the air layer

between the specimen and the prism.

Particular RI profiles of inhomogeneous layers or multilayer systems can be measured by
this technique with accuracy of around +0.0005 by commercial devices. The main limitation
is the requirement of a minimum thickness of the sample that allows it to support the coupled
modes and the air layer between the prism and the sample has to be take into account for
precise results [21]. The most common commercial device used for RI measurements and other
optical characteristic of materials is based on ellipsometry technique. This method allows to
measure thickness and complex RI of single or multilayer up to several micrometers by po-
larization measurements. This technique is superior to refractometry in means of analysis of

anisotropic materials providing high accuracy in the values of the RI [10].
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Technique Dimension Size Accuracy
Coupler m-lines | 2D hundreds of nm 0.0005
Ellipsometry 2D few A to several um | 0.001
Reflectrometry | 2.5D around 2 mm 0.00005
Interferometry | 2.5D few um 0.0010
Index-matching | 2D/2.5D/3D | from pum to cm 0.010

Table. 1 Comparison of different RI measurements methods with their limitations in sample
dimension and size.

The main characteristic of the methods mentioned above are that the measurement of RI
can be only performed in a 2D material from few A to some millimeters depending on the
technique. This is an important restriction in the geometry of the micro structures and limits
the shapes of the specimens that can be measure. For this reason, we propose in this work to
perform RI measurements of complex structures fabricated by TPL using the IM method. This
technique has been demonstrated previously for quartz glass, crown glass and PVDF solids.
It is of our knowledge that this method has not been used for the measurement of complex
three-dimensional micro structures. Different oils liquids with known RI are needed where the
sample is immersed and transmission values by spectrometer are performed. And in order to
reduce the number of oils needed, fitting models for transmission spectral helps to retrieve the
precise value of RI simplifying the experiment. Interpolation of the maximum transmission of
light through a solid immersed in liquids of various refractive indices is a suited method for
the determination of the RI of materials with irregular surfaces with an high accuracy. This
models drastically reduces the number of experimental measurements requiring only few values
of transmission to recreate the curve and find a maximum [13]. For this reason we believe
this method is suitable for the performance of RI measurements for complex three-dimensional
structures fabricated by TPL.

By taking advantage of the optical properties of microlenses, the calculation of effective RI
measurements can be perform. By applying a reverse engineering approach, the experimental
values of the focal length of microlenses can be used to calculate the effective RI of the structures.
The accuracy of the method will depend on the experimental optical setup where the linear
stages can scan the intensity distribution along the beam direction until finding the position of
the smallest waist beam. This approach will provide a direct value of fabricated microlenses by
TPL and the experimental effective RI for each structure [17]. This method will be explain in

the Sec. 2.4 in a more detailed manner.
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2 Experimental Methods

2.1 Sample preparation

A prior cleaning process is performed to the glass coverslit, with ngjas = 1.52, by following
a standard procedure in three steps. The first step of cleaning is 10 min bath in a mix of soap
and water in ultrasonic cleaner equipment. Followed by a 15 min bath of deionized water and

air dry to prepare it for the final stage of 15 min isopropyl alcohol bath and finished by air dry.

An hybrid organic-inorganic photoresin SZ2080™ was used for the fabrication of the mic-
rostructures due to the high transparency in the VIS and NIR ranges and its low shrinkage of
the material during the chemical development and its mechanical and chemical stability [18].
The SZ2080™ prepolymer RI was reported to be close to glass as ~ 1.504 +£0.005 at 1550 nm
and 1.52 at 589.3 nm [27]. The polymer is photosensitized with 1 wt% concentration of Irgacure
369 (2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone) to enhance the polymerization

reaction [1].

The sol-gel photopolymer was drop-casted on a coverslit with 130 - 170 gum of thickness
and drying on a hot plate at three stages: (1) 5 min to reach 40°C and staying 10 min, (2)
5 min to reach 70° C and staying 10 min (3) 5 min to reach 90° C and staying 40 min. The
temperature gradually increases to ensure the prepolymer to acquire a uniform hard gel form.
The samples were developed overnight in 4-methyl-2-pentanone after the fabrication process
to remove non polymerized material and leaving the self-standing structures attached to the

surface of the glass substrate. The sample was later leaving to dry at room temperature.

2.2 Laser Direct Writing Systems
2.2.1 Laser Nanofactory System

The laser direct writing of the prisms was performed by the Laser Nanofactory system from
Femtika. The main element of the DLW machine is the femtosecond laser source. The laser
work in a central wavelength Ac of 1035 nm £10 nm of high quality factor beam M? < 1.2. The
laser generates pulse duration tunable 290 fs - 10 ps with pulse repetition rate of ~76 MHz with
maximum average power of 4 W at the fundamental harmonic. The experiments in this work
were performed using the second harmonic Ag, at 517 nm £10 nm with 144 fs pulse duration.
For the translation of the sample, the system includes a positioning system of linear stages with
accuracy of £300 nm in XY axis and £270 nm in 7 axis with maximum speed of 350 mm/s and
200 mm/s respectively. Galvano scanners are used for laser beam positioning with accuracy
of 50 urad and feedback resolution of 0.007 urad. The fabrication process is monitoring by

an integrated vision system and it is controlled by 3DPoli software. A Plan Apochromat Zeiss
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63x, 1.4 NA immersion oil objective lens is used to focus the laser beam in the photopolymer.
An oil immersion Immersol™ 518 Fwith ngy = 1.518 (23°C) is used between the specimen and
the microscope objective, over the glass coverslit. The fabrication process is described in the
cited work [16].

2.2.2 FemtoLAB by Workshop of Photonics

The laser writing of the micro optics was achieved by a customized-built LDW setup shown
in Fig. 14 adapted from FemtoLAB. The following information was described from the Micro
and nanofabrication technologies laboratory work. The photoexposure is provided by a fem-
tosecond Yb:KGW laser (Pharos, Light Conversion, Co., Ldt) with central wavelength A, of
1030 nm, pulse duration of 300 fs and repetition rate of 200 kHz. The second harmonic was
used for the fabrication of the micro optical elements at Agg 515 nm. The power converter is
divided in two parts: a half-wave plate with manual rotation and a Brewster angle polarizer
for an approximate maximal power and a computer-controlled rotator controlling a half-wave
plate and a Brewster angle polarizer for power adjustment during the fabrication process. An
immersion oil microscope lens (A-Plan, Carl Zeiss) with NA of 1.4 and magnification of 63x
was used to tightly focused the laser beam into the polymer to induce the photopolymerization
process. A 2x magnifying telescope ensures that the beam fills the aperture of the objective lens.
A diode light source provides the illumination for the imaging live system with a CMOS camera
monitoring the fabrication process by the wxPropView software. Positioning tables ANT130-
110 (Aerotech, USA) with linear motor drivers translate the sample in the xy-plane while the
translation of the objective lens in the z-direction is controlled by ANT130-60 positioning table.
The complete system is controlled by the package of 3DPoli (Femtika, Lithuania).

CMOS

camera

Power converter

Ae = 1030nm

az —
Obj ‘_- /)\SH = 515nm
———t
. ySample
T—— S Telescope
—_—

LED

Fig. 14 Custom setup for LDW by TPL. An imaging system provides a live view of the fabri-
cation.
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2.3 Index-Matching Method Setup

The index-matching oil method was implemented to perform the RI measurements of the
fabricated cuboid micro structures by two-photon lithography. A supercontinuum laser from
VIS to IR (350-1750 nm) SuperK EXU3 and by filtering specific frequencies, monochromatic
light was employed for illumination and a total of 17 wavelengths were used as a light sour-
ce for the experiments which correspond to 450, 500, 550, 600, 650, 700, 750, 800, 900, 980,
1064, 1150, 1250, 1310, 1450, 1550, 1650 nm. Two linear polarizer control the intensity of the
incidence light to ensure a fixed intensity for all frequencies employed. Cargille immersion oils
worked as the RI fluids with tabulated and well reported dispersion relation and RI from 1.4
- 1.596 changing by 0.004 value. An microscope objective collects the light after the samples

and directs it to a CCD camera.

Filter 20x Obj CCD

Supercontinuum
laser E‘i[
(450 - 1650 nm)

Polarizers Sample

Fig. 15 Schematic of setup for immersion oil experiments. A supercontinuum laser is filtered
(17 wavelengths) to obtain a monochromatic beam and the intensity is controlled by rotating
two linear polarizers. An imaging system consisting in one microscope objective and a CCD
camera which collects light after passing through the micro structures.

The immersed microstructures are then illuminated with different frequencies at normal
incidence and the full array of elements can be illuminated at once. Due to the RI dependence
on wavelength, the transmission will be different for different oils at different frequencies. The

RI of the oils as function of the wavelength were obtained by the Cauchy equation.

One single structure is analyzed by cropping a selected area of the images captured by the
camera. The light is transmitted and reflected at the boundary of the cuboid micro structure
and the RI fluid. As the RI of the micro structure gets closer for a specific wavelength, the
edges of the micro structure seems transparent having a peak of maximum intensity that is
shown as the transmission of light 77 at the closer matching RI fluid for an specific frequency.
A transmission value Ty from a section were the light went through the configuration of glass
and RI fluid is taken as background reference for normalization of the transmission values as
shown in Fig. 16.
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Fig. 16 Immersion oil experiment. (Left) Side view of the structures immersed in a RI liquid.
(Right) Front view of the experiment. The micro structure is distinguishable when for unmat-
ched RI between the structure and the immersion liquid.

By taking the intensity values for each oil to all the wavelengths used, a dispersion curve is
built. A fitting curve of the experimental values gives the precise wavelength for a maximum
transmission, i.e, intensity value. As a first approach, a Lorentzian fit as describe in Eq. 13 is
used for the fitting where yg gives the level of the baseline, A the area under the fitted curve,
A and A are empirical parameters that can be modified to get the best fitting, w represents

the full width at half maximum and x; and x are values related to the maximum y value [13].

2Aw
TT(4(x —xc )% +w?)

y=Yyo+ (13)
By a process of interpolation of the experimental values, for a particular oil, what frequency
gives the highest intensity at the edges and the RI for that particular micro structure is found.

A dispersion curve is built from the RI values at different frequencies from the IM method.

2.4 Focal Length Measurement

The fabrication of micro-optical elements by means of TPL es a field being widely studied
nowadays [28]. Precise knowledge of the optical properties of the material used for the fabri-
cation of optical elements by TPL is fundamental for an appropriate design of optical elements
as are micro lenses. As a first element, a spherical lens is considered and the definition of the
characteristics of the lens as it is its geometry dimensions as well as focal length can be retrieve
by the Lens Maker’s formula, Eq. 14 where R, is equal to infinite for a plano-convex lens, njens

and ng are the RI for the lens and the surrounding medium respectively.
l:nlens_no <i_i) (14>
f no R Ry

A imaging setup was built for optical characterization of micro lenses [28]. Fig. 17 shows the
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characterization setup used for foal length measurements. Such setup consists in the two parts:
illumination by He-Ne laser (632.8 nm) and the imaging system which contains a microscope
objective lens and a camera fixed on a linear positioning stage (M-605 PI) with smaller step of
0.1 um. A scanning along the direction of the laser beam axis provides a visualization of the

spot size which at the position of minimum size is related to the focal length of the micro lens.

Linear positioning stage

yA
0 Scan

Fig. 17 Schematic of setup for focal length measurements. The sample is illuminated with a
collimated beam. The imaging part of the setup is mounted in a linear stage that scans the
planes along the beam direction.

The Fig. 18 shows the profile of the waist of the beam along the propagation distance. The
waist is taken at the distance from the optical axis when the intensity distribution fall to 1/ e?

fraction of its maximum value.

Beamwaist
plane

Measurement
plane :

—>
Scan
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Fig. 18 Schematic of beam profile. Scan along beam propagation axis for intensity distribution
measurements. Focal length found at smallest beam waits position.

The focal distance of the lens is considered at the position of the smallest waist size of the
Gaussian beam. It is possible to reconstruct the profile of the beam and find the position of
the smallest beam waist by scanning the planes in the beam direction and calculating the beam

waist for each plane, This position corresponds to the focal plane of the micro lens.
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2.5 Optical Elements Design

The versatility of TPL systems allows to write complex structures in 3D. It is well known
that the roughness of optical elements has to be smaller than A /20 to be considered suitable
for optical applications [29], reason for which surface quality is of the best importance. Since
optical devices are being fabricated using TPL, the understanding of optical properties of the
micro structures becomes relevant. Most of the 3D geometries are a combination of basic shapes
as are plane surfaces, curved surfaces and sharped edges. For this reason we focused this work
in the design of cuboids and spherical lenses with known surface curvature, which fulfill such
conditions. Comparison of the results for refractive indexes can be performed in means on

geometry difference of the structures as well.

2.5.1 Structures Design

A cuboid was designed to measure the RI of a 3D structure with sharp edges by index-
matching oil technique. The structure was created by linearly scanning layer-by-layer in order
to fill up the volume of the prism. This method provides higher control over the scanning steps
and the voxel overlap. This allows to achieve the surface quality expected without approaching
by a more complicated scanning method. Considering an overlap of around half voxel dimension
in the lateral and transverse dimension, the scanning lines were done perpendicular to previous

scanning lines layer direction.

Fig. 19 Writing scanning for micro cuboids. The laser scans layer-by-layer to build up the
volume of the structure. Each even layer is changing the direction creating a grid to maximize
voxel overlapping.

Spherical lens where chosen for their simple design. The dimensions required for the len-
ses where based on the limitations of the focal length measurements and the fabrication time

required for such structures. Fig. 20 shows the geometrical approach was used to obtain the
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values required of radius R obtained by R = H /2 +D?/(8H), for a fixed diameter D and different
values of thickness H. For different values of R and H will give different focal length is expected
as described in Eq. 14.

Fig. 20 Geometrical relation between a desired diameter D of a spherical lens, thickness H and
radius of curvature R.

In order to obtain a smooth-shaped micro spherical lens with surface quality suitable for
optical applications, different scanning modes has been previously presented for lenses fabrica-
ted by TPL. Approaches to fabricate the spherical lens have been done by using parallel linear
scanning, fixed constant delta Z and annular scanning mode with constant delta Z, distance
between layers, and dynamical Z [30] as well as subregional slicing methods [31] and equal-arc
slicing [3] for curved surfaces. Results from last methods have shown an improvement in optical
quality of the lenses and reduced the fabrication time but the complexity of the implementation
is still a limitation. Since the structure is fabricated point-by-point we have highly control over
the beam path followed to get TPP in the material. The overlapping of voxel in both, lateral

and transverse directions, determines the lens quality and surface smoothness.
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Fig. 21 Simulations of micro fabrication scanning modes effects on lens surface quality. a)
Parallel linear scanning with fixed A z. b) Annular scanning method with fixed constant A Z.
¢) Annular scanning method with dynamical Z [30].

Two different approaches where implemented for the design of the spherical lenses. The use
of linear writing method of spherical structure do not provide the quality required for micro
optics. In order to overcome this problem we proposed two different writing methods where

the curvature of the structures is taken into account in the writing process.

2.5.2  Spiral Sphere Writing Method

An spiral concentric path was implemented for the beam during fabrication to obtain a
better quality on the surface of the spherical lens. The route followed by the beam is determined
by Eqgs. 15 which give the position in Cartesian coordinates coordinates map spirals over a
sphere with constant increasing radius form a 3D spherical shells. The coordinates evolve from
zero to amax which is the value of the radius. Such results come from the parametrization in
Cartesian representation of the 2D Archimedian spiral in polar coordinates r = f(¢) = a¢ where
the radius r is defined by the increment multiplier a and the angle ¢ [32]. The Fig. 22 shows
the outer shell layer of the spherical lens described by an spiral path.

2 Amax

—7T a
z=f(a)=—rsin| — + T 15
fl@) = -rsin( -+ L z) (15

2.5.3 Circular Writing Method

The spherical lens is created point by point of the polymerized material created by the
path followed by he beam withing the prepolymer. This path is defined by concentric circles,
defined by Eq. 16, in the Circular writing method. The slicing of the lens is done vertically by
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defined the z position, changing by a relation to dR, = 0.5 um. While the difference in distance

between the circles in the same z-plane was constant by dRxy = 0.1 pum.

z=+vR—dR,
x =cos(a)
y =sin(a) (16)

d, = \/Rmax — R for an R going from 0 to Ryax with a delta of dR = 0.5 um. These circles
are defined from the center of the lens at the interface with the glass coverslit, at z =0, to the
radius of the lens represented as Riax. A step of dyy = 0.2 um is considered in the with different
radius with distance of 0.5 um between each other as shown in Fig. 22. The equations define
the position of the beam in Cartesian coordinates by the circle equation from Eq. 16. The

angle controls the writing distance from one point to another in the xy-plane.

Spherical spirals Concentric Circles

Different
fabrication
power

Fig. 22 Writing methodologies for fabrication of spherical micro lenses. Spiral sphere method
a)upper view and b) side view of spherical shell. Concentric circle method ¢) upper view showing
a change of the fabrication power at the center and d) side view of the fabricated layers.

This configuration provides high control over the geometrical and writing parameters as
are the angle between single points that create the individual circles, the distance between
circles, the distance between layers and the fabrication power of each individual circle. In
comparison with the Spiral writing method, this method provides a straightforward control
over the geometric parameters and less computational time required for the generation of the

beam path that creates the spherical lens.
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3  Results

The RI of the material changes after the polymerization process. As mentioned in the
Sec.1.3, several research has been performed for the understanding of the RI of different ma-
terials after the polymerization process being focused on thin films polymerized by UV light.
A droplet of SZ2080™ prepolymer with 1 wt% of photoiniciator was illuminated with UV
radiation until a polymerization state was reached. The UV polymerized droplet is then de-
velopment following the standard procedure. Lines by TPL are then inscribed in the already
photopolymerized droplet by UV light. It is shown in Fig. 23 that applying TPL technique
after a SPP, it is possible to keep polymerizing the material to a higher value by increasing its

degree of conversion.

a)

= =y
= Prepolymer i 1.:1 i_“
Glass
Chemical development Polymerized
droplet
Glass

63x 1.4 NA
~

Immersion oil

Glass

i Polymerized
droplet

VIS light

Fig. 23 a) Process of dual-curing photopolymerization: UV light illuminates the prepolymer
droplet until a polymerized state is reached. The droplet is developed in a chemical bath. The
UV polymerized droplet is expose to TPL to fabricate structures of higher degree of polyme-
rization. b) Optical microscope image of lines fabricated by TPL out of a UV polymerized
droplet.

To demonstrate the difference, resolution bridges were fabricated in fresh prepolymer by
only using TPL. The Fig. 24 shows the optical image showing the transparency of the elements
as well as the Scanning electron microscope (SEM) image of high magnification of the fabricated

lines from where the dimensions can be obtained.
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b) 0.06 mW 0.055 mW

480 nm

450 nm

Fig. 24 a) Optical microscope image of resolution bridges for voxel dimension measurements.
b) SEM images of high magnification of two lines with fabrication power 0.06 and 0.055 mW
are shown with corresponding dyy voxel dimension.

The fabrication window includes the parameters needed for structuring the material. Kee-
ping all the experimental variables fixed including the writing speed as 500 um/s, then it can
be defined by the empirically determined intensity range, between irreversible polymerization
and optical damage in the material. Different power values mW where employed for the writing
of the lines show in Fig. 23. From the test realized for single lines in the prepolymer solution,
it is found that lower powers result in an unwashed polymerizated lines after UV exposure than

for a direct TPP fabrication within clean prepolymer.

3.1 Microcuboids

The cuboids micro structures were fabricated using the Nanofactory System with a theo-
retical line volume of 48.56 um? for a writing speed of 500 um/s. Five different writing power
were used, in the range of 2 to 4 mW, for the fabrication of the micro cuboids of 8 um of
height and 16 um of length. The Fig. 25 shows the resulting structures by a Scanning Electron
Microscope (SEM).

Fig. 25 SEM images of micro cuboids of 16um length and 8 um height for RI measurements.
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The experimental overlapping calculated varies according to the fabrication writing power.
The theoretical voxel overlap under such conditions is around 50% considering and axial dis-
placement of 0.16 um and 0.32 um for longitudinal displacement.

For the implementation of IM method, 60 arrays of 5 microcuboids with different exposure
dose were fabricated since each array was measure with a different RI oils. A writing speed of
500 um/s was kept constant for the fabrication of all the elements of all arrays. The fabrication

laser powers used were in the range of 2 to 4 mW.

3.2 Results IM method

In order to retrieve the RI of the cuboids micro structures, the methodology presented in
Sec. 2.3 was implemented. For each wavelength used for illumination of the samples, a RI was
retrieve for each of the writing power used. The RI were obtained by a Lorentzian fit [13] where
the level of distribution, the amplitude and the resonance waist was adjusted for the data. The
RI values that correspond to the best matching with the RI oil for each wavelength was taken
where the amplitude of the resonance was maximum. This method was implemented for all

wavelengths used and all structures of different powers.

The Fig. 26 shows an exemplification of the index-matching oil method of a sample array
of micro elements fabricated by TPL immersed in a RI liquid Immersol™ 518F and imaged by
optical microscope (Olympus BX51) in reflection mode. As shown in the image, by immersing
the micro structures in an liquid with close RI value of the one of the micro structures, they

seem to be transparent for an specific illumination wavelength.

Fig. 26 Index-matching oil experiment. An array of micro elements is immersed in a liquid of
n = 1.518 showing that the transmission increases by approaching RI matching.

From the obtained values of RI for all wavelengths a dispersion curve was built and the
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parameters A, B and C were obtained by adjusting the Cauchy equation. These values varies
depending the seed value used for the adjustment but the shape of the curve keeps remains.
The Fig. 27 shows the values of the RI for wavelengths on the VIS - IR range. Five different
values of writing power were used from 2 to 4 mW for the fabrication of the cuboids with same

geometrical dimensions.
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Fig. 27 Results of RI. The power used for fabrication was in the range from 2 to 4 mW.

3.3 Spherical lens

The spherical lenses were fabricated following the previously mentioned methods in Sec.
2.5.1 by the FemtoLAB by Workshop of Photonics system. As a first approximation, the Spiral
sphere writing method was employed. For this, an additional parameter that controls the
number of spirals was added to the Eq. 15 in order to keep the same distance between spirals
for different lens’ radius. The Fig. 28 shows the resulted fabrication of lenses of 50 um diameter
and 5 um of thickness from both writing methods. As shown in the SEM images, some defects

on the lenses resulted from such methodologies. From the Spiral writing method the lenses
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were burnt at the center due to the high overlapping of the voxels. In order to get rid of this
defect at the center, a reduction of the spirals at the center of the lens was applied resulting

as a hole at the center of the structure. Another defect presented close to the edges of the lens

was due to the circular motion of the laser during the fabrication process to create the spirals.

Fig. 28 SEM images of spherical micro lenses of 50 um of diameter and 5 um of thickness by
two different writing methods. a) Spiral sphere method resulting in defects at the edges and
the center of the lens. b) Concentric circles writing method by adjusting the exposure dose at
the center of the lens to avoid defects.

In order to have a higher control under the writing parameters, the Circular writing method
was implemented. This method allows to have control in the distance between circles at the
center of the lens as well as in the fabrication power of each circle. As shown in Fig. 22 ¢),
a reduction of the power by 10% in the circles under 1 um at the center was implemented in
order to avoid burning by thermal accumulation. Part of the uniform surface is improved due

to self-smoothing and non-local polymerization effects caused by the material properties.

As final structures, we fabricated three lenses of 75 um diameter and 5 um of thickness close
to each other at constant writing speed 500 um/s for the three cases. Three different writing
powers were consider for the fabrication: 0.06 mW, 0.05 mW and 0.04 mW named as high,
medium and low dose in the following part of the document, and considering a experimental
voxel value of 0.5 um. The Fig. 29 shows a SEM image of such array of micro lens where the

surface at the center of the lens was improved.
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Fig. 29 SEM images of an array of spherical micro lenses with a diameter of 75 um. (Left)
Array of 3 spherical micro lenses with different exposure dose and same geometrical dimensions.
b) Surface of micro lens fabricated by Concentric circles writing method.

The samples where covered by a thin layer of around 20 nm of Ag for SEM and profilometer
measurements. The geometrical values of the fabricated micro lenses were obtained by pro-
filometer measurements (Sensofar PLu 2300) and microscope objective of 100x magnification
where we found with a good accuracy with the designed dimensions as shown in Fig. 30. The

results for the experimental values of dimensions are shown in Table. 2
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Fig. 30 Profilometer results of micro lenses. Comparison with design profile of spherical lens
and experimental values.

Lens characteristics | Diameter um | Thickness um | Deviation D | Deviation H
High dose 73.7 6.2 23% 1.7%
Medium dose 72.4 5.7 14% 3.4%
Low dose 75.7 5.5 10% 0.9%

Table. 2 Experimental dimension values for array of three lenses and deviation from a virtual
lens of 75 um and 5 um thickness.
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3.4 Characterization of optical performance
3.4.1 Imaging performance

We proved the optical performance of the array of micro lenses showed in Fig. 29 by imaging
a Target unit (Thorlabs R3L1S4P - Positive 1951 USAF) in a optical microscope configuration
(Olympus BX51). The target unit was placed at infinity, i.e, at some distance from the micro
lenses and illuminated by white light. Different planes where imaged by a 40x microscope ob-

jective and translating the sample with a micrometer translator in the optical microscope.

The Fig. 31 a) shows the interface plane of the sample, the boundary between the glass
cover slit and the plane side of the micro lenses. By translating the sample, we found that the
lenses have different focal length as expected. The Fig. 31 b)-d) show the imaging performance
of the spherical lenses at each focal plane. The micro lenses were fabricated with three different
fabrication powers named high dose for 0.06 mw, medium dose for 0.05 mW and low dose for
0.04 mW. We can see from Fig. 32 that the lenses are capable of image the smallaest group

from the target used.

2)

0.06 mW

0.04 mW

0.05 mW

Fig. 31 Optical microscope images of array of micro lenses. a) Interface plane, the lef bottom
lens shows defects after the fabrication, b) - d) focal plane of lenses of different fabrication
radiation power.
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The micro lenses are capable of imaging a clear target image at their focal plane proving
their optical performance as shown in Fig. 32. The qualitative results from the imaging of the
lenses by the optical microscope prove the dependence on writing power fabrication in the RI

of the micro structures.
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-

Fig. 32 Optical microscope images of array of micro lenses. Resolving power of 7 um by imaging
a target (Thorlabs).

The resolving power of the lenses was found by imaging the target presented. By distin-
guishing the lines of the target group 7 and element 2 which corresponds to 144 lines pair/mm
results in a resolving power of 7 um. From the images obtained by the lenses it is shown
that the microlenses are capable of imaging and confirms their suitability to perform optical

applications.

3.4.2 Focal length measurements

The methodology described in Sec. 2.4 was implemented for the measurements of the array
of 3 spherical micro lenses as a quantitative method for focal length measurements. A scanning
of 1 um step along the optical axis was performed to measure the respective focal length of each
spherical lens and capturing the intensity distribution of the fundamental Gaussian beam by a
beam profiler (DataRay WinCamD). By retrieving the radius of the beam at 1/e? value of the
intensity (13.5%) we generated a profile of the Gaussian beam along the z-axis for the minor
and major axis of the intensity beam distribution. The Fig. 33 shows the intensity distribution
approximated to a fundamental Gaussian beam at two different z-position for one single lens
of 75 um of diameter and 5 um of thickness. The Fig. 33 a) shows the intensity distribution
of the beam at its focal distance while the Fig. 33 b) shows it for a different z-distance.
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Fig. 33 Experimental intensity distribution of a He-Ne beam passing through the fabricated
micro lenses. The images were collected from DataRay software showing a) focused beam at
focal plane and b) image plane close to focal plane.

In order to obtain the focal length value for each lens, a scanning of the intensity distribution
was performed in a range around the plane of the smaller beam waits. In the Fig. 34 we
can see that the experimental values of the beam waist for different planes around the focal
distance provides the shape of the beam profile as expected. A polynomial fit of 5th order was
implemented to find the position corresponding to the smallest waist of the beam. From this
results we can retrieve the position where the smallest beam size is positioned for both axis of

the intensity beam distribution for each lens.
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Fig. 34 Experimental values of beam waist for different z-position along beam propagation axis.
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By implementing a reverse engineering approach, we retrieved the values of the RI for lenses
of such geometrical dimensions by the Eq. 14. The Fig. 35 shows dependence of RI on the
focal length for the fabricated micro lenses. A recalculation of the corresponding RI from the
experimental values dimension of the lenses was performed and a comparison is showed from

the expected relation from the design dimensions.
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Fig. 35 Relation between focal length and the effective RI with experimental values. The

expected behaviour for a virtual lens of 75 um diameter and 5 pum thickness is shown for
comparison.

The Table. 3 presents the experimental values of the focal length for each lens considering
the same interface plane or plane at z = 0 position. Their corresponding RI value are taken

from the calculated theoretical values shown in Fig. 35.

Lens characteristics | Fabrication power | Experimental f | Theoretical n

D=75 um 0.06 mW 17841 um 1.6343 £+ 0.004
H=5 um 0.05 mW 2254+1 um 1.5244 4+ 0.002
R=143.1 um 0.04 mW 2644+1 um 1.5006 % 0.002

Table. 3 Experimental focal length values for array of three lenses of 75 um and 5 um thickness.
Theoretical RI for corresponding focal length values of micro lenses.

The expected RI values were recalculated for each lens taking into account their experi-
mental dimensions. A shift in the values of RI is shown for experimental dimensions that are
in an error range of less than 20%. The results are in the expected range from index-matching

method results.
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4 Discussion

Two-photon lithography is an attractive technique for the shaping of a prepolymer material
by means of photopolymerization mechanisms. Due to its versatility it is being widely imple-
mented for the fabrication of micro elements for optical applications. Such kind of elements
require a precise understanding of its optical properties where the RI plays an important role.
The effective RI depends on the geometry of the optical elements which could differ from the
intrinsic RI of the material. In the literature, it has been presented different methodologies as
are interferometry, reflectrometry, coupler m-lines and ellipsometry for the RI measurements of
photopolymerized materials. The main characteristic of such techniques is the limitation in the
dimension of the specimen to measure since they only accept 2D samples. Another characte-
ristic of reported RI values is that the photopolymerization mechanisms used is single-photon
lithography which polymerize the material in an homogeneous way. The results from Fig. 23
shows that it is possible to increase by TPL the degree of polymerization already previously
polymerized by UV light demonstrating that reported results of RI values are not suitable for
consideration after TPL. In order to overcome these limitations, a proposed methodology for
3D micro structures fabricated by TPL was proved. The index-matching oil method is suitable

for 3D micro structures of complex shape.

In this work we present the fabrication of micro cuboids and micro spherical lenses by TPL
for RI measurements by two different methods: index-matching oils and focal length measure-
ments. The micro cuboids were fabricated by the layer-by-layer writing method which allows
a high control in the overlapping of the voxel by around 50% by filling up the volume of the
micro structure. Five different fabrication powers where used withing the range of the fabrica-
tion window corresponding an intensity range from 0.208 to 0.415 TW /cm?. A dispersion curve
was built from the results of RI dependence of illumination wavelength for different RI liquids
as immersion medium. The results presented in Fig. 27 show that different writing power used
for fabrication result in different RI of the final structure. The values are in the range of the
previously reported for the SZ2080™ under UV polymerization but showing the increment of
the value by increasing the fabrication power. These results provides an accurate value of RI for
different wavelength dependent on the fabrication parameters. Such results allows to consider

a more precise approximation of the RI value which is required for micro optic elements design.

For the micro optical lenses, the first writing method used named Spiral Sphere method
presented defects on the resulted micro lenses as well as long fabrication time. Besides of sho-
wing a smooth surface with sufficient quality for optical applications, the defects affected the
optical performance of the lenses. To overcome this problem, we fabricated micro lenses by

the Circular writing method. Such method allows a higher control in the voxel overlapping as
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well as in the fabrication power for each individual circle. Due to mechanism it was possible to
reduce by a 10% the power for the circles below of 1 um radius at the center avoiding burning.
By applying this methodology, we fabricated three lenses of same geometrical dimensions, 75
um diameter and 5 um of thickness next to each other to perform imaging and focal length me-
asurements. Three different powers were used for the fabrication that corresponds to intensity
range from 0.19 to 0.28 TW /cm?. The micro spherical lenses where geometrically characterized
by SEM images as shown in Fig. 29. The surface quality is suitable for optical applications
and beside the dimensions of the lenses being less than 20% error, the lens fabricated with the
higher dose, corresponding to a 0.06 mW of fabrication power, shows surface defects that affect
its optical performance. This defects are due to fabrication problems and additional samples

can be fabricated in order to improve the fabrication methodology.

The spherical microlenses show its capability of imaging in Fig. 31 proving the optical
quality that is sufficient for optical imaging of a target of resolving power of around 7 um.
All three lenses fabricated by different writing powers image a target unit illuminated by white
light. The image plane distance is shift from one lens to another due to the difference in fabrica-
tion results as expected. By the difference in focal distance for each lens and their experimental
dimensions, we proved the RI dependence on the fabrication parameters. This is confirmed by
the experimental results of the focal length of the lenses. By retrieving the theoretical values
corresponding to the experimental values of the focal length of the micro lenses we find the
dose dependence of the RI of the elements. An experimental error has to be consider for the
precise value of the RI as well as fabrication errors or defects on the lenses affect their optical
performance as demonstrated in the high dose lens where the RI is out of the expected range.
Besides the fabrication challenges it is demonstrated that different fabrication exposure dose
for same geometrical micro =lenses results in a different optical performance due to the change
in their RI value. The single lenses showed a comparable optical performance than compound
structures of hundreds of um size fabricated of TPL [9] despite that the focal length values

obtained are affected by the geometrical experimental conditions.

This is a new finding since proves that the RI of elements fabricated by TPL out of
SZ2080™ differs from the previously reported in literature (n=1.504 for 632.8 nm). The IM
method shows the dose dependent withing the range of RI from 1.515 to below 1.6 for different
illumination wavelength. The results for RI presented from both methods shows a discrepancy
with the RI value of SZ2080™ of 1.504 for 632.8 nm illumination after SPP. This shows that

there is an increment in the RI of the microelements fabricated by TPL.

Since this technique allows a high control on exposure dose during fabrication, the calcula-

tion of this experimental values of RI concede the possibility of design and fabrication of 4D
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printing of free micro elements and components. By using the same material and one single
techniques which is TPL, it will be possible to create compounds micro optical elements in a
high precision manner. This will allows to replicate micro optical components out of a single

material reducing the fabrication problems and increasing the flexibility in the design.
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5 Main results and conclusions

1. The fabrication of micro cuboid and microlenses out of SZ2080™ was performed by TPL,
from two different setups employing two different light sources, of same dimensions for RI
measurements. A variation of the exposure dose as well as two writing methodology was

analyzed: spherical spheres and concentric circles.

2. Microcuboids of 16 um length and 8 um height were used to retrieve the RI by IM oil
method. The results showed the RI dependence on the exposure dose (from 2 mW to
4 mW) in the illumination wavelength range from 400 to 1650 nm. The results reveal
that by increasing the exposure dose on the fabrication of the micro elements, a higher

value of refractive index is obtained.

3. Spherical microlenses of 75 um diameter and 5 pum thickness were fabricated with dif-
ference exposure dose (from 0.04 mW to 0.06 mW) for focal length measurements. The
optical quality of the lens shows to be sufficient for optical applications by its capability

of focusing and presenting high resolving power of 7 um.

4. The presented work shows the dependence of RI (1.515 - 1.565) on exposure dose (from
0.04 mW to 0.06 mW) during fabrication of TPL in the VIS - IR wavelength range by
IM method and for 632.8 nm from f measurements. The values differ from the reported
n=1.504 at 632.8 nm in literature for SZ2080™. The experimental values of RI concede
the possibility of design and fabrication of 4D printing of free form micro elements and

stacked components including GRIN element out of a single material.
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Measurements of Effective Optical Refractive Index for 3D Microelements

Diana Gonzalez-Hernandez

The two-photon lithography (TPL) technique has been widely used for the fabrication of
microelements for optical applications where the understanding of the refractive index (RI) of
the material is fundamental. Different techniques allows the measurements of the RI of the
material but they limit the dimension of the structures to 2D. Two techniques are presented
for RI measurements of 3D microelements fabricated by TPL: index-matching (IM) oils and
focal length measurements. The fabrication of microcuboids and spherical microlenses out of
SZ2080™ by TPL. The IM oils method showed different values of RI dependent on illumination
wavelength (VIS - IR range) and exposure dose during fabrication by TPL with RI in the range
of 1.505 to 1.535 which differs from the RI presented in literature (n = 1.504) for SZ2080™ at
632.8 nm for single-photon polymerization. The microlenses present a high resolving power
of 7 um with an optical performance suitable for optical applications. The RI experimental
values from focal length measurements confirm the dependency of the RI on exposure dose
during TPL fabrication process. The result of this work shows the RI dependency on exposure
dose and geometry and concedes the possibility of the design and fabrication of 4D printing
of free form micro elements and stacked components out of a single hybrid organic-inorganic

prepolymer material.
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Mediciones de Indice de Refraccion Optico Efectivo de 3D Microelementos

Diana Gonzalez-Hernandez

La técnica de litografia de dos fotones (LDF) es ampliamente usada en la fabricacién de
micro elementos para aplicaciones 6pticas donde la comprension del indice de refraccién (IR) del
material es fundamental. Diferentes técnicas permiten realizar la medicién del IR de materiales
pero estan limitadas a estructuras en 2D. Dos técnicas son presentadas en este trabajo para las
mediciones de IR de micro elementos en 3D fabricados por LDP: coincidencia de indices con
aceites (CI) y medicién de distancia focal de micro lentes. La fabricacién de micro cuboides y
micro lentes esféricas del prepolimero SZ2080™ fue realizada por LDF. El método CI mostré
differentes valores de IR dependiente de la longitud de onda de iluminacién (rango de VIS - IR )
y energia depositada durante la fabricaciéon por LDF en un rango de 1.505 a 1.535 que difiere del
presentado en literatura (n = 1.504) para SZ2080™ a 632.8 nm por polymerizacién de un solo
fotén. Las micro lentes presentan un poder de resolucién de 7 um con un rendimiento éptico
adecuado para aplicaciones Opticas. Los valores experimentales de IR obtenidos confirman
la dependencia del IR de la energia depositada durante el proceso de fabricacion por LDF.
El resultado de este trabajo presenta la dependencia del IR en la energia depositada y la
geometria de los micro elementos y concede la posibilidad de disenar y fabricar micro elementos
y componentes 6pticos apilados de libre forma por impresiéon 4D usando un tinico pre polimero

hibrido orgénico-inorganico.
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