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Digital manufacturing constitutes a real industrial revolution that is transforming
the production processes from the early stages of research and development to
mass production and marketing. The biggest difference in comparison with old
fabrication methods is the possibility to perform design changes using only mouse
clicks instead of modifying an already fabricated prototype, resulting in faster,
cheaper and more efficient fabrication processes [1].

In order to make it possible, scientists and engineers continuously face new chal-
lenges to respond the current production demands. For example, new technologies
enabling the production of printed electronic devices on flexible substrates compat-
ible with roll-to-roll processing methods are required. This would result in cheaper
fabrication costs than the traditional batch processing of silicon wafers. Such fab-
rication methods comprise a series of processing steps which are applied to the
substrates while they are moving on rolls in the fabrication line. Therefore, it is
desired that the new technologies can work at high speeds allowing at the same
time the production of miniaturized features. Indeed, miniaturization constitutes
a key aspect in areas such prominent as electronics [2], pharmaceutics [3] and
chemical-biological sensing [4,5], to name a few. The most immediate challenge is
the creation of new direct-write techniques or the adaptation of the existing ones
that allow processing those flexible substrates massively with high accuracy and at
high speeds.

Lasers are a versatile tool that can meet the demands of flexibility, speed, resolu-
tion and compatibility with roll-to-roll processing of digital manufacturing [6-10].
At the time of its invention in 1960 by T.H. Mainman [11], the laser was the answer
without a question since there were no clear applications in mind for such a de-
vice. Ironically, lasers are ubiquitous today and can be found in areas such diverse
as industrial manufacturing, medicine, telecommunications and science [12]. The
main advantages of laser radiation rely in its unique properties: high directionality,
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coherence and monochromaticity. The combination of such properties allows gen-
erating high intensities that can be focused into extremely small volumes, which
makes lasers an ideal tool for the processing of materials at the micro- and nano-
scale, not only as a subtractive technique but also as an additive one.

Laser ablation is the best known subtractive technique and it consists in the ir-
radiation of a material with a focused laser beam. The absorbed energy typically
produces the vaporization of a tiny fraction of material that results in the forma-
tion of a crater on the irradiated area [13]. The working principle is similar to the
work that a sculptor performs on a piece of marble using a hammer and a chisel
to transform it into a sculpture. In general, the main challenge in micromachining
is to pursue the smallest possible feature. In the case of laser ablation this is often
limited by heat transfer [14]. This challenge can be overcome by the use of ultra-
short laser pulses, which can deliver all the pulse energy to the material in a period
of time shorter than the lattice thermal relaxation time, reducing drastically the
unwanted heat dissipation beyond the irradiated zone [15]. On the other hand,
many applications require that ablation occurs only at the materials surface. This
is not a problem when the material is opaque to the laser wavelength; however, in
the case of transparent materials it constitutes a serious challenge since it is neces-
sary to develop new strategies that allow controlling the position where the energy
is delivered to ensure that ablation really occurs in the surface without modifying
the bulk material.

Lasers can also be used as additive tools. In a similar way as we can construct
structures with Lego pieces, lasers can enable the deposit of tiny amounts of mate-
rial pixel by pixel that through superposition they allow the formation of 2D and
3D structures. Laser-induced forward transfer is a technique that allows the trans-
fer of materials in both solid and liquid state with high spatial resolution [16-20].
This is achieved through the focusing of a pulsed laser beam on a donor film of
the material of interest, so that the absorption of the laser pulse energy results in
the propulsion of a tiny fraction of the irradiated material towards an acceptor sub-
strate placed conveniently close, producing in this way a printed pixel. Through the
overlap of consecutive pixels any pattern can be printed. In particular, the printing
of liquids allows working with a substantially broad range of materials: metallic
nanoparticle solutions, semiconductors, dielectrics and even biological samples. In
this case, the printed pixels correspond to sessile droplets, which once dried leave



the material of interest deposited on the acceptor substrate. The printing of indi-
vidual droplets has been largely studied through the analysis of the influence of the
main process parameters on the morphology of the deposited droplets. Besides, the
mechanisms responsible for the ejection of liquid have been investigated in detail,
revealing the particular jetting dynamics that gives place to the formation of the
printed droplets [21-23]. However, some challenges still remain. Among them we
can find key aspects such as the particular printing dynamics encountered during
the high speed printing of liquids, or the problem of printing uniform, continuous
and stable lines with high spatial resolution.

The objective of this thesis is to propose and implement feasible solutions to some
of the challenges that are associated with both the subtractive and additive laser
based techniques presented above. On one side, we study the laser ablation of
transparent polymers using femtosecond laser pulses with the aim of reaching spa-
tial resolutions that overcome the diffraction limit, and at the same time solving
the problem of the required precise focusing of the laser beam on the materials
surface. On the other side, we study the LIFT transfer dynamics during the high
speed printing of liquids, and we propose alternative printing strategies to solve
the inherent quality defects usually encountered during the formation of printed
lines. Finally, a couple of approaches which combine both subtractive and additive
techniques are also investigated.

This thesis is presented as a compilation of papers that have been published during
the development of the doctorate in the frame of the PhD program in Nanosciences
at the Departament de Fisica Aplicada of the Universitat de Barcelona. It is struc-
tured in five main chapters as follows:

Introduction: In this chapter the state of the art on laser-based microfabrica-
tion techniques is presented, giving special attention to the surface laser ablation
of transparent materials and the recent advances in the LIFT of liquids.

Experimental: A description of the femtosecond and nanosecond laser systems
as well as the fast acquisition imaging system used during the experiments is pre-
sented in this chapter. A few considerations about issues related with Gaussian
beams are also included.
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Subtractive laser direct-writing: In this chapter, the results corresponding to
our investigation on femtosecond laser ablation are presented. A precise focusing
method to perform laser ablation with high spatial resolution on the surface of a
transparent material is developed, characterized and implemented.

Additive laser direct-writing: In this chapter, the results on the LIFT of liquids
are presented, including an analysis of the jetting dynamics presented during the
simultaneous printing of droplets, as well as an efficient printing approach for the
fabrication of continuous lines. Finally, a new application of LIFT as a technique
for the fabrication of microlenses is presented.

Combined approaches: The final block of results is included in this chapter. It
comprises two different approaches that are a combination of both subtractive and
additive techniques. On one side, we implement LIFT for the fabrication of liquid
microlenses used for the surface nanopatterning of materials. On the other side,
we create fluidic guides by laser ablation for the printing of high quality continuous
lines.

Conclusions: The last section presents the general conclusions of the presented
results as well as the main achievements of the thesis.

The developed work has resulted in 10 research papers, out of which 9 have al-
ready been published in different scientific journals. Only these 9 papers have to
be considered for the evaluation of the thesis:

Group 1: Subtractive laser direct-write

Paper 1 - J.M. Fernandez-Pradas, C. Florian, F. Caballero-Lucas, J.L. Morenza, P.
Serra. "Femtosecond laser ablation of polymethyl-methacrylate with high focusing
control," Applied Surface Science 278 185-189 (2013).

Impact factor JDR 2013: 2.538 - (Q1).

Paper 2 - C. Florian, F. Caballero-Lucas, J.M. Fernandez-Pradas, J.L. Morenza, P.
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Applied Surface Science 302 226-230 (2014).

Impact factor JDR 2014: 2.711 - (Q1).
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1 Introduction

In this chapter we present a general overview of the current available approaches
for the microprocessing of materials. In particular, we dedicate special attention
to laser based techniques such as laser ablation and laser-induced forward transfer
(LIFT). The chapter is divided in three different sections. The first part comprises
an overview of the different techniques for the processing of materials in the mi-
croscale. The second one is focused on laser ablation techniques, specially the
modification of transparent materials using ultrashort laser pulses. Finally, the last
part includes the state of the art of the LIFT technique for liquids printing.

1.1. Microfabrication

Nowadays, the fabrication of devices evolves towards the miniaturization of the
different components with the main objective of fabricating compact, efficient and
outperforming products. As a consequence, the different fabrication techniques
have to be adapted to provide the required spatial resolutions in the every time
smaller scales. Examples of this miniaturization trend can be found in electron-
ics [2], chemistry [4,24], medicine [3] and biology [5] among many other areas.

We can classify the microprocessing techniques in two groups: mask-based and
direct-write. In the first group we include the techniques that implement a mask
or a master in order to replicate the pre-fabricated pattern in the material of in-
terest. Among them, we can find photolithography [25], hot-embossing [26],
micro-moulding [27] and micro-contact printing [28,29]. All of them implement a
mask or mold that generally has been fabricated using photolithographic methods.
Thus, the best known and widespread is photolithography itself. This technique is
currently used for the fabrication of integrated circuits and the micro- and nano-
processing of diverse materials. Figure 1.1 shows a basic scheme of the process.
Basically, UV light is used to promote the selective polymerization of a photoresist
that is placed on top of the material of interest. In the case of a silicon wafer, for
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example, the surface is coated with a thin layer of a photoresist material. Then,
the previously prepared mask that contains the pattern is placed within the op-
tical path, shadowing some of the incoming UV light. The image of the mask is
projected through optics that finally reproduce the image (generally demagnified)
onto the surface of the photoresist. The combination of deep ultraviolet lasers and
high numerical aperture objectives allows reaching extremely high spatial resolu-
tions, in some cases only limited by diffraction.

UV light

mask

>

wafer
+

photoresist
material

Figure 1.1: Schematic diagram of a basic photolithographic process.

Once the UV light selectively polymerizes the photoresist, the sample is exposed
to an etching treatment to remove the unwanted part of the photoresist. Generally,
the part that remains on the substrate is the irradiated one; however, in some appli-
cations the process is the opposite. This process produces the desired modification
of the substrate either by chemical or by plasma etching. Once the photoresist is no
longer needed, it is removed from the sample by using chemical removers, leaving
the image of the mask engraved on the surface of the wafer. This technique offers
the possibility of processing batches of identical samples with outperforming re-
producibility. However, the main drawback is that each design requires a separate
mask which fabrication is complex, time consuming and expensive.

In contrast, direct write methods are mask free techniques that require fewer
fabrication steps and constitute a cheaper and faster alternative to mask based
methods [8,30]. Besides, and most important, they are specially suited when the
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fabrication processes demand a fast transition between the design and the fabri-
cated product. In this group of techniques we can include ink-jet printing [31],
laser micromachining [13], and more sophisticated techniques such as focused ion
beam [32] and two photon polymerization [33]. Among them, ink-jet printing,
the most widespread direct-write technique, consists in the deposition of liquid
droplets onto a substrate through a nozzle. The droplets are generated through
the onset of high pressures in the liquid that lead to the formation of a jet, which
rupture produces a flying droplet that is deposited on the receptor substrate placed
nearby. Typically, the generation of the droplet can be performed following two dif-
ferent mechanisms: continuous ink-jet printing (CIJ) and drop-on-demand (DOD)
ink-jet printing, as it can be observed in Figure 1.2.

pressurized flow A B c
droplet-charging
device i
J—— in fi
\\ J thin film -4\ 1L\ ah0r bubble
recycled N J
fluid N
T charged
deflectors
gutter k g
collects drops for printing

drops positioned on substrate

Figure 1.2: Schematic diagram showing the principles of operation of ink-jet printing. (A)
Continuous ink-jet printing (CLJ). Drop-on-demand (DOD) ink-jet printing generated by (B)
a thermally generated pulse, and (C) a piezoelectric actuator. (Figure adapted from [31]).

C1J printing, generates droplets continuously, even when printing is not required.
The generation of the droplets is produced by a constant pressurized flow that is
applied to the liquid inside the printed head. As a consequence, the liquid is ejected
through the nozzle as small droplets which are deflected by an electric field that
deviates the unwanted droplets to a gutter, which receives the unused liquid and re-
cycles it, depending on the application. The droplet diameter routinely achieved by
this principle of operation is approximately 100 um [31]. DOD generates droplets
only when they are required by the action of a thermally-induced pressure pulse or
by a piezoelectric actuator. The created disturbance in the liquid allows the forma-
tion of a jet which rupture follows the formation of a droplet. The typical droplet
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diameter using this principle of operation typically ranges from 50 to 70 pm. Us-
ing this operation principle it is possible to print complex functional materials with
high spatial resolution [34].

Unfortunately, despite that ink-jet printing is the most widespread additive tech-
nique allowing to print with high spatial resolution, some drawbacks arise concern-
ing the liquids compatible with this technique. Typically, the window of viscosities
ranges between 1 and 50 mPa.s [35]. In order to work with different viscosity
liquids, it is required a customization of the ink or the engineering of the printing
head [35,36]. Moreover, nozzle clogging issues can be present when working with
complex rheology liquids, when the inks dry and block the head output, or when
the size of the particles are around an order of magnitude smaller than the nozzle
diameter or larger [37].

1.2. Laser ablation of transparent materials

The advent of lasers resulted in an unnumbered amount of applications that range
from consumer goods as telecommunications, music players and printers to more
specialized implementations such as industrial processing of materials as well as
medical and biological applications [12]. The modification of a wide variety of
materials with high spatial resolution can be performed with laser radiation, since
lasers can produce high intensity and almost monochromatic beams that can be fo-
cused in exceptionally small volumes. The operation principle is simple: when the
material of interest is irradiated by energetic enough laser radiation, a tiny fraction
of material around the irradiated area is vaporized.

The absorption process can proceed through linear and non-linear mechanisms,
depending on the material, the laser wavelength and the intensity. In most laser
ablation situations, laser radiation is generally absorbed following linear processes,
with the pulse energy being coupled to free electrons or to phonons in the material,
depending on the laser wavelength. The photon absorption, in the first case, can
take place by promoting an electron from a lower energy band to a higher energy
band (interband absorption), or from a low energy level to a high energy level in-
side the same energy band (intraband absorption). Metals can absorb radiation of
virtually any wavelength promoting intraband electronic transitions. In the case of

semiconductor materials, in order to promote ablation, the incident laser radiation
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must overcome the energy band gap to produce the excitation of electrons from
the valence to the conduction band. For dielectric materials, the photon absorption
process is the same, but with larger band gaps involved. The only laser wave-
lengths that can be effective to ablate wide band gap dielectrics following linear
electronic transitions are ultraviolet lasers, which photons have enough energy to
overcome the band gap; alternatively CO- lasers, with a wavelength of 10.6 um, in
the far infrared, can be also used, but in this case absorption takes place through
radiation coupling to phonons [38].

An efficient alternative to produce ablation in transparent dielectric materials is
the use of focused ultra short laser pulses, since they can enable non-linear ab-
sorption mechanisms such as multiphoton absorption and quantum tunnelling in
combination with avalanche ionization. Multiphoton absorption is produced when
more than one photon couples to an electron in a single absorption event so that
the total absorbed energy results larger than the energy band gap, while during
quantum tunnelling the incoming electric field alters the Coulomb potential well so
that an electron is liberated to the conduction band through tunnelling across the
potential barrier (Figure 1.3). It is important to note that these absorption mecha-
nisms just generate the seed electrons necessary for the onset of optical breakdown,
which will finally take place through free-carrier absorption followed by avalanche

ionization.
y<L5 v~ 1.5 vy>1.5
Tunnelling intermediate MPI

O ==

of niANE

.

Figure 1.3: Schematic diagram of photoionization for different values of the Keldysh pa-

rameter. Image taken from [39].

In order to identify the predominant primary absorption process, it is possible to
calculate the Keldish parameter ~:
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where w is the laser frequency, I is the laser intensity at the focus, m. is the effec-

tive electron mass, e is the fundamental electron charge, c is the speed of light, n
is the refractive index of the irradiated material, ¢, is the permitivity of free space,
and E, is the energy of the band gap. If v < 1.5 the tunnelling effect dominates,
while if v > 1.5 the predominant process is multiphoton absorption; for v ~ 1.5,
electrons are promoted to the conduction band through a combination of both pro-
cesses, as it can be visualized in Figure 1.3 [39].

Once there are enough seed electrons in the conduction band, optical breakdown
takes place through the absorption of the remaining photons in the laser pulse by
the newly generated free electrons in the conduction band, followed by avalanche
ionization (Figure 1.4). During avalanche ionization, the seed electrons absorb the
energy of incoming photons moving to a higher energy state inside the conduction
band. The excess in the energy of the electron is transferred to another electron in
the valence band that is impact-ionized to the conduction band, resulting in two
excited electrons. The process can be repeated as long as the electric field of the
incoming laser radiation is present, producing the avalanche effect.

W ?
M, free-carrier impact ionization
absorption

M.
Figure 1.4: Schematic diagram of avalanche ionization. Image taken from [39].

Laser induced damage in transparent materials

The absorption mechanisms described above can induce permanent damage on
transparent materials with visible and near-infrared photons by using ultrashort
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laser pulses. In those cases, the absorption per unit length (dI/dz) depends non-
linearly on the optical intensity (/) of the incoming laser radiation. At different
wavelengths, different numbers of photons (n) are absorbed by multiphoton ab-
sorption to ionize the electrons in the irradiated material (Figure 1.5).

n=5
E% 4 n=2

n=1

L, I

Figure 1.5: Schematic plot of the absorption per unit length (d/dz) vs the intensity (I) for
different number of photons n. The dotted line corresponds to the trend in a hypotetical
process with n — oo that would indicate a defined intensity threshold I, for absorption
[40].

If only one photon (n = 1) is needed to overcome the bandgap, the material will
absorb the laser energy linearly so that it is not possible to determine a well defined
radiation absorption threshold (though it is to determine a damage threshold). In
non-linear absorption, however, the absorbed intensity per unit length follows a
potential relationship with intensity (dI/dz = k(n)I™), where the power n corre-
sponds to the number of photons required to promote absorption from the valence
to the conduction band. This trend for non-linear processes indicates that the ab-
sorption at low intensities is lower than the linear case, and at higher intensities,
the absorption is even higher. Figure 1.5 shows that as the number of photons
increases, this difference is more noticeable. If the number of photons n — oo, the
curve approaches a situation with a well defined threshold for absorption (I;).
This effect finally results in much more confined radiation effects in the laser treat-
ment of materials with ultrashort laser pulses than in treatments undergoing linear
absorption, as sketched in Figure 1.6.
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Figure 1.6: Confinement of absorption and damage along the intensity profile of a focused
laser beam due to intensity threshold for linear and non-linear absorption. Image adapted
from [40].

Once a material is irradiated with a high enough intensity pulse, it increases
dramatically the electron density in the conduction band that generates further
absorption through avalanche ionization, leading to the formation of an electron
plasma in that band. If the electronic plasma reaches a critical density, the material
absorbs the rest of the laser pulse through free carrier absorption. The outcome of
this process is a very hot electron plasma which develops in a much shorter time
than the typical recombination time for most materials [41,42]. The energy trans-
fer from the hot electron plasma to the lattice of the material is the responsible
for the permanent damage in the material. The heat affected zone, ultimately re-
sponsible for the definition and resolution of the modified laser areas, is therefore
drastically reduced using ultrashort laser pulses. This makes ultrashort laser pulses
an ideal tool for the processing of transparent materials with exceptionally high
spatial resolutions (Figure 1.7).

|
s
ns Tl fs

heat affected zone

Figure 1.7: Schematic representation of laser ablation through CW, ns and fs laser radiation.
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Surface ablation of transparent materials

In view of the advantages that lasers with ultrashort pulses offer, they can be used
for processing transparent materials with high spatial resolution. Moreover, the
extremely reduced thermal dissipation make them an ideal tool for the process-
ing of sensitive materials, such as polymers [43,44] and biological materials [45],
without compromising the functionality of the material beyond the irradiated zone.

The most widespread applications with transparent materials consist in the local-
ized modification of the refractive index in the bulk material. Because of the high
intensity at the focus, the energy is non-linearly absorbed there, increasing the tem-
perature in a small volume around the focus and producing the rapid melting and
re-solidification of the material. If the laser beam is scanned along the material, the
outcome is the production of a guide. Thus, it is possible to create any desired 3D
structure in the bulk that can be used for the production of optical waveguides [46],
data storage devices [47,48], and integrated fluidic channels when there is vapor-
ization in the irradiated zone [49]. On the other hand, some applications demand
the functionalization of the surface on transparent samples. The best known appli-
cations are surface microfluidic channels for lab-on-a-chip devices [50], miniatur-
ized biological sensors [51], bioimplants [52] and microlenses [53].

In contrast to bulk microfabrication, surface ablation requires a high control
on the position where the energy is delivered to the material. Slight variations
of the position near the surface could produce bulk absorption or no absorption
at all. Therefore, one of the challenges consists in developing methods for the
controlled focusing of the laser beam in order to produce the surface ablation of
transparent materials with high spatial resolution. Current methods include trial
and error experiments [54], active [55] and passive [56] confocal positioning, all
of which require complex setups and/or time consuming procedures. For instance,
in the case of active confocal positioning it can only be implemented along one
direction in the XY plane, and the passive confocal positioning requires a trial and
error process to find the position of the surface on the target sample. Therefore,
devising methods for the accurate positioning of the laser beam waist to produce
surface ablation remains a true challenge in the microstructuring of transparent
materials with ultrashort pulsed lasers.
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1.3. Laser-induced forward transfer

Laser-induced forward transfer (LIFT) is an additive technique that allows the
printing of materials on demand. The principle of operation consists in the trans-
fer of material from a donor substrate that contains a coating of the material of
interest, towards another substrate (receptor') placed conveniently close, as it is
shown in Figure 1.8. Depending on the focusing conditions and the parameters
associated with the laser radiation, it is possible to control the amount of material
that is extracted from the donor and thus the dimensions of the transferred pixels.

laser beam

focusing
objective

donor substrate

e 3
gap ® o o
L oo o0
receptor substrate A

traslation directions

Figure 1.8: Principle of operation of the LIFT technique.

LIFT was devised as a deposition technique for the transfer of dried inks as early
as 1970 [57]. However that work felt into oblivion and the technique was rediscov-
ered by Bohandy’s group in 1986; they used a thin solid layer of copper as a donor
material to be deposited on a silicon receptor substrate first in vacuum conditions
to minimize the material oxidation [6] and later in air [16].

Materials transfer in LIFT can be triggered following different mechanisms de-
pending mainly on the laser fluence. For low fluences (Figure 1.9A) the propelling
of the material can be activated by a vapor pocket generated in the interface be-
tween the transparent substrate and the donor film. The vapor can be generated
either by evaporation of the donor material or by gas desorption by donor surface

1We have used the term ’receptor’, but in the literature it is commonly used ’acceptor’, 'receiving’ or
’target substrate’ as well.
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defects [58]. The material can also be propelled by thermal expansion after laser
heating, producing a bouncing effect on the transparent substrate which propels
the solid layer towards the receptor substrate [59]. At fluences that allow the melt-
ing of the donor film, the material can be ejected as a droplet after a tiny fraction of
the film is molten under the action of the laser pulse [60] (Figure 1.9B). For higher
fluences, the ejected material is emitted through a combination of both evapora-
tion and melting, creating a hybrid mechanism that involves the creation of a high
pressure vapor pocket that propels the melted material [16,61]. This mechanism
is considered to be the one responsible for transfer in most of the reported works
on LIFT with solid materials (Figure 1.9C). Finally, when the laser fluences are
even higher (Figure 1.9D), the irradiated material is completely vaporized and de-
posited on the material through recondensation of the vapor [62, 63].

¢ laser pulse

transparent
substrate

solid ! vapor ! i ;
thin film ~ solid
A

?

B

quuid! I | !quuid
o

liquid ! ! vapor!

A< liquid
D

liquid ! ! vapor —» !quuid

Figure 1.9: Possible transfer mechanisms in the LIFT of solid films. Image adapted from
[64].
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The LIFT of solid films allowed the printing of metals [65-67], semiconduc-
tors [68] and dielectrics [69-71] using laser pulses of different durations with
almost all the available laser wavelengths (from ultraviolet to infrared). Never-
theless, despite the wide applicability of the LIFT to print solid materials, it has to
be stated that the process presents some shortcomings regarding the quality of the
transferred features and the processes required for the preparation of the donor
thin film. Besides, the phase transition of the material during the transfer process
can seriously alter the properties of the initially solid material, which makes the
LIFT of solids a non-viable technique for the deposition of many complex materi-
als. The printing of complex materials with no alterations of their functionality was
therefore a big challenge for several applications where LIFT could be the fabrica-
tion technique of choice. The first group that demonstrated the transfer of complex
materials was the Naval Research Laboratory [7]. The idea consisted in carrying
out transfer from liquid donor films.

LIFT of liquids

In this approach, the donor layer is an ink that contains the material of interest in
either suspension or solution. The printing mechanism is similar to the one of the
LIFT of solids: the laser energy is absorbed in a small region of the donor leading to
the formation of a micron-sized vapor pocket which expansion propels the material
towards another substrate, enabling the formation of droplets in the surface of the
receptor substrate in a similar way as in ink-jet printing. The further drying of the
liquid carrier leads to the formation of pixels adhered onto the receptor substrate.
One of the requirements for this approach to work is that the donor layer should
absorb the incoming laser radiation. In order to deposit liquid or solid materials
that are transparent, the idea evolved towards the use of an intermediate layer
that essentially absorbs the incoming laser radiation to enable the ejection of the
material [72-78].

In general, the studies that have been carried out to print different materials
with LIFT using liquids have been aimed to report the feasibility to transfer several
kind of materials without modifying its functional properties. For instance, it has
been reported the transfer of biological molecules [18,79-82], materials for tissue
engineering [83, 84], and the transfer of thermally, mechanically and electrically
sensitive materials [76,85-88]. All of these studies analyse also the influence of the
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printing parameters on the morphology of the deposited material. One of the main
parameters to study is the laser pulse energy? (Figure 1.10), aimed to control the
droplet diameter and the deposited volume [21,89-91]. Parameters related with
the focusing conditions [21], liquids rehology [92], gap between donor-receptor
substrates and pulse duration were also studied [93-95].

E (uJ
4 S:)O © 000000000 0000000O00V0
150 © © © 6 0 © 0 0 000 000O0OCO0OO0CODO
4110 © 0 0 ©6 0 0 0 0 0 0 0 0 0 0 00 0 00
370 ©6 © 6 0 0 O O o 0 06 0 0 0 0 ©0 O O. o O
340 © © © 0 O 0 O 0 o 06 0 0 0 0 0 O0 O o o
290059 @ '@ o o 6 O 00 O O © ° o 6 0o o o O
23NN (9 '@l 0 0 o ® e e 9 O O & O ¢ ‘G e ©
210 o o o o o O OBNES ‘& e e o e e @ e e
180 o © © o © © o o o o o o o - e @
15 ° o o ° ° —
150 ym

Figure 1.10: Circular droplets printed at different laser pulse energies using a donor liquid
layer of a 0.05 mg/mL rabbit IgG solution where the solvent was a mixture of phosphate
buffered saline powder at 60% (v/v) and glycerol at 40% (v/v). Image adapted from [18].

Time-resolved imaging techniques were used to record the transfer dynamics
during the LIFT of liquids [22,23,77,96,97]. The typical dynamics of a transfer
event is depicted in Figure 1.11. A single laser pulse is absorbed at the interface
between the donor substrate and the donor film, located in the top of the images
in the figure. This generates a cavitation bubble in the donor film that expands,
leading to the formation of a jet which elongates until it contacts the receptor
substrate, gradually feeding the growing droplet until it breaks leaving the sessile
droplet conveniently deposited.

The potential applications of the transfer of different functional materials have
addressed the studies on the LIFT technique towards the devising of suitable print-
ing methods for the creation of complex structures. The possibility to shape the
printed pixels into a functional structure becomes of high interest for the fab-

20r better, the fluence, energy per unit area on the sample.



14 Introduction

0.5 us 1ps 2ps 3us 4 ps 10 ps 11 ps 12 ps 15 s

5us 7 us 9ps
.w V é ; : i !
v

30 ps 50 us 75 ps 100 ps 120 ps 150 ps 175 ps 200 ps 500 ps

|
i
I | {
- - 4§ - ; ‘ $ . = = e il

Figure 1.11: Time-resolved images of liquid ejection and sessile droplet formation through

LIFT at different delay times with respect to the laser pulse. The donor substrate is placed
in the top of the images. The laser pulse impinges from the top and the absorbed energy
propels the liquid towards a receptor substrate placed in the bottom. Image adapted from
[771.

rication of electronic components and interconnects in microelectronic devices
[17,98,99]. Thus, the group of the Naval Research Laboratory have developed
a procedure for the printing of pastes that allows the printing of a complete piece
of material that conserves the shape of the incoming laser beam; this approach,
however, is not free from drawbacks, like the difficulty of achieving the right
rheology for the paste, or the short gaps required to print in a controlled way.
[100,101]. Most approaches, therefore, focus the attention on the printing of
overlapping droplets at different separation distances using conductive materials
in the form of nanoparticle suspensions, with the aim of forming customized 2D
patterns [102-105]. However, the printing of continuous lines with high finishing
quality often remains a true challenge; on one side, defects such as splashing and
scalloping decrease the quality of the printed lines. On the other side, the onset
of instabilities on the printed line usually leads to the formation of bulging, which
compromises not only the appearance, but also the functionality of the printed
features. Besides, the current demands for the fabrication of electronic devices
through digital manufacturing at high speeds have triggered an unexplored area of
research for the LIFT of liquids: printing at high speeds. All these aspects require
further extensive investigation; this work aims at contributing to that task.
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A general description of the experimental setups implemented during the develop-
ing of this thesis work is presented in this chapter. The chapter is divided into three
sections. The first one includes a description of the laser sources. The second sec-
tion includes a description of the direct-write setups, including the time-resolved
imaging system. Finally, some considerations about issues related with Gaussian
beams are included in the third section.

Laser sources

Femtosecond laser

The laser source was from Amplitude Systems, in particular the model s-Pulse.
The active medium was a crystal of potasium, yttrium and tungsten doped with
ytterbium, Yb:KYW. The output nominal laser wavelength was 1027 nm and the
nominal duration of the pulses was 450 fs. The laser can work at repetition rates
up to 10 kHz. A scheme of the system is presented in Figure 2.1.
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Figure 2.1: Scheme of the implemented Amplitude Systemes femtosecond laser.
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At the output of the laser, the measured beam intensity distribution corresponds
to a Gaussian beam with a nominal quality factor M? of 1.4!, and 5 mm diameter
measured at 1/e? of the Gaussian maximum, as it can be observed in the intensity
profile shown in Figure 2.2. The pulsed output beam is generated along four dif-
ferent steps: first, a low intensity femtosecond pulse is generated in a mode-locked
laser oscillator, producing pulses with energies between 10 and 20 nJ (L1), then
the pulse is streched in (L2) to be subsequently amplified in (L3), to finally un-
dergo a compression in (L4) leading to the high energy femtosecond laser pulse
with output energy up to 100 pJ.
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Figure 2.2: Image of the beam intensity distribution at the output of the femtosecond laser.
The profile corresponds to a cross-section of the beam intensity along the Y axis in the
position indicated by the line on the image.

Nanosecond laser

The nanosecond laser was from Spectron Laser Systems, in particular the model
Mini-Q SLMOQIT-20. The active medium was a crystal of Nd:YAG with output laser
wavelength of 1064 nm and nominal pulse duration of 10 ns. The operation fre-
quency for this laser was from 0.5 to 20 Hz.

Pulsing is achieved by an active Q-switch system that comprises a Pockels cell
with a polariser placed inside the resonant cavity. When the Pockels cell is ac-
tivated, it changes the polarization of the radiation inside the cavity and allows
the system to perform the laser effect. Out of the resonant cavity, there were two
crystals of potassium dihydrogen phosphate (KDP) that doubled and tripled the
frequency allowing the generation of pulses with 533 and 355 nm wavelengths.

IDescribed later in this section.
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Figure 2.3: Image of the beam intensity distribution at the output of the nanosecond laser.
The profile corresponds to a cross-section of the beam intensity along the Y axis in the

position indicated by the line on the image.

The experiments in this work were performed only with the 355 nm wavelength.
The measured beam intensity distribution corresponds to a nearly Gaussian beam
with a diameter of 2 mm measured at 1/e? of the Gaussian maximum, as it can be
observed in the intensity profile shown in Figure 2.3. A set of motorized polarisers
allowed controlling the laser pulse energy from 1 nJ to 1 mJ.

Laser direct-write setups

All the following elements have been mounted in its great majority during the de-
velopment of the present PhD thesis. The optimization of the setups and the com-
puter integration of the different translation stages via LabView programs were
performed in parallel to the experiments.

The experimental setups described in the following sections were mounted on
an optical bench (Melles Griot, 250 cm long, 125 cm wide) that comprised a triple-
plate construction, with internal dampers and four air-suspended legs that formed
the support system. It provided a steady, rigid and almost vibration-free working
surface. The upper plate of the table disposed M6 mounting holes to enable an
excellent fixation of the different elements. The rest of the elements are briefly
described in the papers, such as the implemented materials, sample preparation
and specific experimental parameters.
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Ablation setup

The ablation experiments presented in Papers 1 to 5 were all performed using the
setup composed of the elements illustrated in Figure 2.4. The femtosecond laser
radiation passes through a set of two polarisers (P1 and P3) and a half-wave plate
(A\/2) that allows the control of the laser pulse energy. Then, a first beam splitter
Bs1 (60T/40R) divides the laser beam in two paths; the transmitted beam allows
the measurement of the laser energy with an energy detector? (D1), and the re-
flected beam is directed towards a dichroic mirror (DM) that reflects the infrared
(1027 nm) and transmits the visible light to have in situ visualization of the ongo-
ing process by a CCD camera (JAI Protec 07013400) placed coaxially to the laser
beam. A microscope objective (M Plan Apo 50x and 0.55 NA) focuses the radia-
tion on the sample. In some experiments, the reflected energy was measured by
a second energy detector (D2, PD10-PJ-C from Ophir Optronics) that captures the
reflected radiation from a second beam splitter Bs2 (10T/90R) collected with a lens
(L). Reflectance and transmittance measurements were performed simultaneously
with a multi-channel laser power/energy meter (Pulsar 4, from Ophir Optronics).
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Figure 2.4: Sketch of the laser ablation system. P1 and P2: polarisers. A/2: half-wave plate.

Bs: Beam splitters. DM: dichroic mirror. D1 and D2: energy detectors.

Computer-controlled XYZ translation stages (Prior Scientific Systems, Pro ScanTM
I1T) allow the translation of the sample with respect to the laser beam. The travel

2Depending on the energy range, the implemented detectors could vary: PD10-SH from 1 nJ to 10 pJ,
PD10-V2 from 2 nJ to 20 wJ and PE10-C from 1 pJ up to 10 mJ, all from Ophir Optronics.
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range of the XY motors is 100 mm with minimum incremental steps of 0.01 pm,
and for the Z motor the range is 40 mm with minimum incremental steps of 0.5 um.
The maximum translation speed is 1 mm/s in the XY axis and 2.5 mm/s in the Z
axis. Besides, the translation stage is furnished with a sample holder that allows
the modification of the tilting level of the sample with respect to the laser beam
axis by means of three integrated micro-screws.

Hybrid setup

The experiments presented in Papers 7 to 9 were all performed using the setup
composed of the elements illustrated in Figure 2.5. This is denominated a hybrid
setup since it was used to perform experiments of laser ablation, and just by plac-
ing properly a donor-receptor system, it was used as a LIFT printing system as well.
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Figure 2.5: Sketch of the LIFT hybrid printing system. P1 and P2: polarisers. A\/2: half-wave
plate. Bs: Beam splitters. M: mirrors. DM: dichroic mirror. D1: energy detector.

In this setup, the output laser radiation passes through a set of two polarisers (P1
and P3) and a half-wave plate (\/2). Then, a first beam splitter (Bs1l, 60T/40R)
divides the laser beam in two paths; the reflected beam allows the measurement
of the laser energy with an energy detector (D1), and the transmitted beam is di-
rected with mirrors (M) towards a dichroic mirror (DM) that reflecs the infrared
(1027 nm) and transmits the visible light to have in situ visualization of the ongo-
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ing process by a CMOS camera (Thorlabs DCC1645C) placed coaxially to the laser
beam. A microscope objective (Mitutotyo M Plan Apo 50x and 0.55 NA) focuses
the radiation on the sample.

In this case, computer-controlled XYZ translation stages from Physik Instrumente
incorporate three stages (M-414 High-Load Precision Stage) that allow the trans-
lation of the sample in the XY plane. In order to change the focalization of the
energy, the position of the microscope objective is controlled independently of the
XY stages by the use of a Z axis stage. The travel range of all the stages is 100 mm
with minimum incremental steps of 0.5 um and maximum translation speed of 100
mm/s. In order to ensure the steadiness of the sample, a vacuum chuck coupled to
a low vacuum system is placed on the XY translation stages.

LIFT setup

The printing experiment presented in Paper 6 was performed using the setup com-
posed of the elements illustrated in Figure 2.6. The nanosecond laser radiation
passes through a set of polarisers to control the energy. Then, it passes through an
acousto-optical modulator (Neos Technology, model N35085-10-350) that selects
at will one of the outcoming laser pulses, acting as a beam shutter. The beam gets
diffracted after passing through the modulator. A properly placed diaphragm (D)
selects the first order of diffraction, while the other orders are blocked. Then, the
light is directed by a mirror (M) towards a beam splitter (Bs1, 50T/50R) and a
set of two mirrors that enable the production of two quasi-identical beams with
similar optical paths. The inter-beam separation is finely adjusted using the tun-
ing knob of one of the mirrors of the optical system. A second beam splitter (Bs2,
50T/50R) directs the two beams to a microscope objective (Thorlabs, 15x, 0.32
NA, LMU-15X-351) to be simultaneously focused on the sample, conserving the
pre-established inter-beam separation.

The translation stage used in this setup was composed of three computer-controlled
XYZ motorized translation stages (Physik Instrumente, model M-126) controlled by
Apollo MS85E drivers. The travel range of each motor stage was 25 mm, with min-
imum incremental steps of 25 nm and maximum translation speed of 15 mm/s.
This setup was integrated with the following time-resolved imaging setup that al-
lowed acquiring side-view images of the liquid transfer process.
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Figure 2.6: Sketch of the LIFT printing system. D: Diaphragm. M: mirrors. Bs: Beam

splitters.

Time-resolved imaging setup

The printing of liquids through LIFT occurs in a very short time scale. The visu-
alization of the printing process requires a dedicated imaging system that allows
acquiring images at such time scales. Therefore, a stroboscopic system able to take
side-view snapshot images of the liquid transfer process was implemented. Each
image corresponded to a unique transfer event; since the printing process under
the same printing parameters produces a similar outcome, it is possible to recon-
struct a stop action movie that allows the visualization of the entire process through
the superposition of pictures obtained at different delays respect to the laser pulse.
In Figure 2.7 we present a sketch of the implemented setup.

The imaging setup comprised a home-made illuminating source consisting in a
red LED (Thorlabs, LED630E, 639 nm) controlled by an electronic driver (Picolas
LDP-V 10 70) that allowed setting pulse widths to 100 ns. The outcoming light was
then coupled to a condenser lens system composed of two plano-convex lenses (L1
and L2) that illuminated the donor/receptor gap in the LIFT setup. On the other
side, a 2 Mp CCD camera (Diagnostic Instruments Inc., Insight IN 1800) coupled
to a microscope objective (Thorlabs, 15x, 0.32 NA, LMU-15X-351) followed by
a teleobjective with a focal length of 100 mm were placed at grazing incidence
respect to the donor film. An additional infrared absorber was placed after the
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Figure 2.7: Sketch of the fast acquisition imaging system.

microscope objective in order to suppress the bright spot from the 1027 nm radia-
tion of the laser pulse. This system acquired shadowgraphy images of the transfer
events. The laser pulse, the LED light pulse and the aperture of the camera were
triggered through a delay generator (Stanford Research Systems, DG 645) which
sets both the duration of the LED pulse and its delay respect to the laser pulse.

Gaussian beam theory

One of the main laser beam magnitudes that determine the processes in materials
processing data analysis is the pulse energy per unit area, known as fluence. The
intensity distribution for a Gaussian beam that is propagating in the z direction in
cylindrical coordinates is the following:

2

F(r,2) = mjf;z) exp (-20‘1;"(2)) 2.1)

where F(r,z) is the laser fluence, E is the energy of the pulse, w(z) is the laser
beam radius at a given z position and r is the radial coordinate. The peak fluence
F, is given by:

2F

F, = () (2.2)

Since the beam preserves the Gaussian distribution after passing through optical
elements, when the laser beam is used to ablate a material with a fluence abla-
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tion threshold F};,, the radius r( of the ablation crater can be determined from the
equation 2.1 (Figure 2.8):

Al

r, r

Figure 2.8: When a material is irradiated with a laser pulse intensity that overcomes a
threshold fluence Fiy, it will ideally produce a crater on the material with radius rg.

o = w(z) In (Fp> . (2.3)

This expression allows finding the beam radius w(z) and threshold fluence Fy,
of the irradiated material from measurements of the spots made on the surface of
the sample and the corresponding incident pulse energies. For example, Figure 2.9
shows the result of an ablation experiment performed on polymethyl-methacrylate.
During the experiment, the sample was irradiated with different incident energies
at different positions on the XY plane but at the same z position, producing craters

from which the radii were measured.

The radius of the beam changes along the propagation direction according to:

\ 97 1/2
1+ (22) 1 : 2.4)
7Tw0

where ) is the laser wavelength and z is the distance that the beam has propagated

w(z) =wp

from the beam waist wy (position where the wavefront is flat).
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Figure 2.9: Plot of the craters radius squared vs the pulse energy. The intercept of the fitted
line with the x axis corresponds to the energy threshold for ablation.
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Figure 2.10: Gaussian beam parameters associated with angular divergence [106].

The axial range over which the beam can be considered to be collimated is known
as the confocal parameter b (Figure 2.10), which corresponds to two times the
Rayleigh length zr (equation 2.5). It is also referred to as the depth of focus when
focusing a Gaussian beam.

For distances much longer than the Rayleigh length, the radius increases linearly

with the propagation distance z:
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A
w(z) = 22 (2.6)
TWo
and from here, the divergence of a Gaussian beam is given by:
A
0=—. 2.7)
TWo

Most real beams, however, do not correspond exactly to a perfect Gaussian beam;
therefore, an additional parameter which describes how similar the real beam is to
the ideal one is introduced. It is known as the quality factor M? which is a positive
number greater than or equal to 1. The values for the the real divergence ©, and
the real laser beam waist W, are then modified a factor M? as follows:

M2\
0, Wy, = - (2.8)
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3.1. Z-scan focusing technique

This summary contains the results that were published in Papers 1 to 3, corre-
sponding to the development and characterization of the z-scan focusing method.

One of the biggest challenges for the laser ablation of transparent materials with
ultrashort laser pulses is producing high resolution patterns on the surface of the
sample. This is not a trivial task because slight changes in the position where
the energy is being delivered could produce either modification in the bulk ma-
terial or no modification at all. For this reason, in the presented papers we ded-
icate special attention to study the z-scan focusing technique that would allow
the micromachining of transparent samples on the surface with spatial resolutions
that can overcome the diffraction limit. For all the experiments, we used samples
of polymethyl-methacrylate (PMMA), which has high transparency in the visible
range and chemical stability that makes it a biocompatible material for the fabrica-
tion of lab-on-a-chip devices and many biological sensors.

The z-scan method was originally devised as a technique for the measurement
of the non-linear refraction index of transparent materials. In this case, changes
in the transmitted energy are detected by placing both an aperture and an energy
detector after the sample [107]. Our approach is firstly presented in Paper 1, and
it follows essentially the same principle as the z-scan technique, but with slightly
higher energies and without any aperture between the sample and the energy de-
tector. The principle of operation is simple: series of laser pulses are fired on
a transparent sample. Then, a previously calibrated energy detector placed after
the sample measures the transmitted energy of each pulse. For every transmittance
measurement the sample was also moved horizontally in order to avoid cumulative
effects. The sample is then displaced in very small steps' towards the position of

!In Paper 1 the moving steps were of 1 um while for Papers 2 and 3 the moving steps were of 100 nm.
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the focus, in this case, the Z axis. When the position of the sample is close enough
to the focus position, the energy density in the surface increases until it overcomes
a threshold for absorption. Thus, the measurements of the transmittance register a
decrease, indicating that the material is absorbing part of the incident laser radia-
tion (Figure 3.1A). The drop of the transmittance occurs in a range of positions in
the proximity of the laser beam waist. In order to identify with more accuracy the
best position where the sample should be placed to produce the smallest modifica-
tion on the surface (i.e. the position of the laser beam waist), it was necessary to
characterize different positions along the transmittance curve. This characteriza-
tion can be found in Paper 2, where ablation experiments were performed placing
the sample at three positions: 'up’, ‘'middle’ and ’down’ corresponding to transmit-
tance values of 90, 75 and 65 % respectively (Figure 3.1B).
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Figure 3.1: (A) Typical transmittance curve made at 200 nJ incident energy on a PMMA
sample. Three positions are chosen to characterize the z-scan: up, middle and down, where
laser ablation experiments at different energies were performed. (B) Sketch of the focusing
conditions in the three selected positions close to the sample surface.



3.1 Z-scan focusing technique 29

Before starting the ablation experiments, the sample had to be perpendicular
to the beam axis. A procedure to measure the tilt of the sample along an axis
consisted in performing a scan at a fixed z position. We assume that the perpen-
dicularity of the sample is the appropriate to begin the ablation experiments when
longitudinal displacements either in X or Y axis present variations of less than 5 %,
that correspond to the fluctuations of the measurements in a steady position. If any
modification on the tilting of the sample need to be performed, it can be adjusted
by micrometric screws placed in the sample holder. Once the sample is perpendic-
ular to the laser beam, the ablation experiments can take place. They consisted
in firing laser pulses of different energy over the sample, producing crater shaped
modifications on the surface. Figure 3.2 shows a plot that contains the radii of
the craters obtained at the different three positions, and a logarithmic fit for the
middle and down positions. Taking into account that the energy distribution of
the beam is Gaussian and that there is a fluence threshold for ablation (F};), the
square of the radius of the crater (ry) should follow a logarithmic trend with the
pulse energy (F), as mentioned in the Experimental section. Thus, the logarithmic
fit would allow finding the values for the laser beam waist w(z) and the threshold
fluence for ablation F}j, using the following equation:

2 2 2
2= 2(2) In(E) - 2 2(2) In <F“‘;W ) . (3.1)

After analizing the data from the measurements of the crater sizes, the best
position to achieve the smallest surface modifications on PMMA corresponds to the
middle position. Additionally, this is the best place on the z-scan curve to detect
any change on the z position in-situ during the ablation process, whereas craters
formed at the up position present an irregular shape. Therefore, the up position
should be disregarded for high precision ablation. In the case of the down position,
the sizes of the craters are similar to the ones produced in the middle positions, but
changes in the transmittance cannot be detected when the laser beam waist is in
the bulk material.

An improvement to the z-scan focusing method is presented in Paper 3. The
incorporation of an additional energy detector in conjunction with an extra beam
splitter placed properly in the optical path allowed measuring the reflected radi-
ation by the sample. In this way, the obtained data from the transmittance mea-
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Figure 3.2: Plot of the square radius of the craters vs. pulse energy for the three positions
where ablation experiments were performed. Solid lines correspond to logarithmic fits for

the middle and down series.

surements is completed by the reflectance data. When comparing reflectance and
transmittance measurements, it can be observed that they point out the close pres-
ence of the sample surface with respect to the beam waist. Nevertheless, it has
to be noted that transmittance measurements can be used with incident energies
close to the ablation threshold, while changes in the reflectance can only be de-
tected at higher energies. Figure 3.3 shows the range of positions where changes
in the transmittance and the reflectance measurements are detected. Note that for
this incident energy, the transmittance changes are detected in a range of z posi-
tions of about 4 um, while reflectance range is of about 6 pum. The increasing in the
accuracy for placing the sample is more evident when it is desired to perform abla-
tion experiments when the sample is placed in the down part of the transmittance
curve. The reflectance measurements allows placing the sample in those positions
since changes in the reflectance can still be detected, increasing the range where
positioning can take place in a controlled way (red shaded area in Figure 3.3).

The smallest ablated craters using only transmission measurements during the
z-scan focusing method had dimensions of about 200 nm obtained with an incident
energy of 80 nJ and z-steps of 1 um, which is well below the Airy disk dimensions
for the focusing objective at the laser wavelength. The combination of the trans-
mittance and reflectance measurements allows controlling the sample with more
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Figure 3.3: Plot of the transmittance and the reflectance of PMMA under a z-scan experi-

ment. The incident laser energy was 200 nJ.

accuracy, allowing the production of even smaller craters of 66 nm at 80 nJ with
z-steps of 100 nm.

3.2. Surface ablation of polymethyl-methacrylate

This summary contains the results that were published in Papers 4 and 5, corre-
sponding to the implementation of the z-scan focusing method to produce surface
ablation on polymethyl-methacrylate (PMMA) samples.

Z-scan focusing technique has been characterized before to produce ablation over
transparent samples. The results presented in section 3.1 showed that the control
on the sample positioning allows obtaining surface modifications with sizes that
overcome the diffraction limit. Different studies of ablation using the z-scan fo-
cusing method are presented in papers 4 and 5, with the aim to characterize the
damage of the sample at different positions of a z-scan and identify the exact po-
sition in our system where ablation on the surface is produced. This was done
following different analysis: the first one was the characterization of the irradi-
ated areas in the surface through AFM measurements and also in the bulk material
using focused ion beam (FIB). The second one was the comparison between the
experimental measurements of the crater sizes and the theoretical ones using a
simulation of the laser beam radius along the propagation direction. With these
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results, we could find the position of the laser beam waist by comparing both ex-
perimental an theoretical data, and at the same time, determine the best position
to perform laser ablation only in the surface. Finally, since the surface fabrication
of 2D patterns require the overlap of single pulses, we investigated the changes
on the transmittance curves when the accumulation of pulses takes place in the
surface micromachining of lines.

In Paper 4, we performed z-scan experiments with different energies over a
PMMA sample. Figure 3.4A shows a plot of the experimental average diameter
versus z-position for the four different z-scans. In order to compare this data with
theoretical diameters, it was necessary to calculate the laser beam radius along the
Z axis. As a first approximation, we implemented the M? model [106], that takes
into account the quality factor of the laser Gaussian beam. Using a 0.55 NA focus-
ing objective, the theoretical value for the laser beam waist wq is 0.6 um at this
wavelength. Since the experimentally obtained value for wy results to be 0.8 um,
the real quality factor is calculated as M?=1.5. From this simulation, the theo-
retical values for the craters diameters were obtained, and the data is plotted in
Figure 3.4B. Unfortunately, the obtained results using this model do not agree with
the trend followed by the experimental data. Therefore, we used vector diffraction
theory, taking into consideration the clipping factor between the beam diameter
and the rear objective aperture, in our experimental setup y=1.2. The theoretical
crater diameters using this model are shown in Figure 3.4C, and in contrast to the
M? model, it describes much better the experimental data. From this plot the po-
sition of the laser beam waist is defined at z = O um. Figure 3.4D contains a plot
of the laser beam radius along the z-axis for both models. The main differences
are found especially in the positions close to the beam waist. The vector diffraction
theory simulation presents an elongated beam waist which supposes a wider range
of positions where ablation occurs, as it is confirmed by the theoretical diameters
shown in Figure 3.4C.

It has to be noted that the vector diffraction theory data describes well enough
the experimental measurements when the laser beam waist is outside the sample
(negative positions on z). Since the maximum energy density is located outside
the sample, there is no major interaction in bulk and modification of the surface
is only dependent on the local laser fluence. In contrast, when the beam waist is
located inside the sample (positive positions on z), the focalization in bulk might
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Figure 3.4: (A) Plot of the average diameter versus z-position. (B) Theoretical diameters
following the M? model. (C) Theoretical diameters following the vector diffraction theory.
(D) Plot of the beam radius along z-axis following two different methods: the dashed line
plot was calculated following the M? model, while the continuous line plot was determined
through vector diffraction theory.

produce modifications inside the material that cannot be predicted only with the
analysis of the fluence in the surface.

Interestingly, after an inspection through AFM measurements, the craters at the
beginning and the end on the transmittance curve of a z-scan present similar mor-
phology and depth despite that a different amount of energy was absorbed. Be-
sides, under some specific experimental conditions, surface swelling in form of
bumps with submicrometric dimensions have been observed. An additional char-
acterization was performed inside the material under the irradiated areas, since
presumably the incident energy was causing damage inside the sample. Thus, FIB
ablation technique was used to ablate some of the craters of the z-scan made at
125 nJ (Figure 3.5).
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The morphological study shows that the bulk material below the irradiated area
is damaged in most of the z-positions. These modifications present a porous struc-
ture that displaces along the z-axis according to the position of the sample rela-
tive to the beam waist. When working with ultra-short laser pulses, and besides
non-linear absorption, some non-linear propagation effects such as self-focusing
are usually presented [108]. This occurs when a beam of sufficient intensity trav-
els through a material and produces refractive index changes in the volume that
is exposed to the incoming laser radiation. As a consequence, the material it-
self acts as a lens producing the subsequent focusing effect. The enlargement of
the porous structure presented during our experiments is likely produced by self-
focusing, since the critical power to produce this effect in PMMA (40 kW) is vastly
overcome in our experiments [109]. Importantly, the only positions in the z-scan
that remained undamaged in bulk correspond to positions where the transmittance
drop begins. Therefore, modifications only on the surface will occur if the sample
is placed in those positions.

-2.6 um 0.5 ym 3.9 uym 4 um

Figure 3.5: SEM images of the craters produced in a z-scan made at 125 nJ showing a trans-
verse section made on the material through FIB ablation (tilt: 45°). Z positions correspond
to -2.6, 0.5, 3.9 and 4 um in a transmittance curve made at 125 nJ of incident energy.

The feasibility for the production of lines over a sample of PMMA was also tested
by overlapping consecutive shots on the surface of the sample. Experiments at
different positions over a transmittance curve from a z-scan were used to produce
continuous lines in the surface of the material, and at the same time transmittance
measurements were acquired. The comparison between the transmittance curve
of single shot experiments with the ones obtained during the formation of the
lines shows that the transmittance values are generally lower. This effect is more
pronounced for increasing incident energies. Besides, the range in z where the
transmittance decreases is wider. These can be associated to accumulative effects
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that occur when the spots overlap. In terms of the morphology of the ablated
lines, if the sample is positioned in the upper position of the transmittance curve,
the lines presented some discontinuities, but as the distance between the sample
and the laser beam waist decreases, the lines became continuous and presented
similar morphology over a wide range of z-positions. The inner roughness of the
lines had a quasi-periodic porous structure with some ripple ordering for some
incident energies. The average periodicity of the ripples seemed to be independent
of pulse energy and z-position. Although at high energies, the porous structures
became more randomly distributed with similar orientation (perpendicular to the
line direction). In order to evaluate the inner morphology of the material, cross-
section experiments were performed (Figure 3.6).

lateral view

Figure 3.6: SEM images of the PMMA surface after the incidence of pulses of 100 nJ sepa-
rated 0.2 um at different positions along the Z axis: (a) -2.8, (b) -2.2, (c) -1.6, (d) -1.1, (e)
-0.5, (f) 0.1, (g) 0.6, (h) 1.2, (i) 1.8, (§) 2.3, (k) 2.9, () 3.5, (m) 4.0, (n) 4.6, and (0) 5.2
pm.

From these results it can be concluded that there is a region of positions on
the transmittance curve where the sample can be placed close to the laser beam
waist and produce modifications on the surface of the sample with control of the
z-position. However, it has to be noticed that true surface modification without
bulk damage is only possible in the upper positions on a transmittance curve of
a z-scan, as it has been confirmed with the FIB ablation characterization. Finally,
the production of lines by overlapping laser shots on the surface of the PMMA was
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proven feasible by controlling the position of the sample through the transmittance
measurements.
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4.1. High speed printing

This summary corresponds to the results that were published in Paper 6, de-
voted to the analysis of the interaction between adjacent jets addressed to investi-
gate very high speed printing. That work was carried out in collaboration with the
French laboratory LP3 from the Aix Marseille University (leader: P. Delaporte) and
the Swiss company DI Projekt AG (leader: G. Hennig).

LIFT has been demonstrated to be a suitable technique for the controlled high-
resolution printing of a wide range of materials in several applications. Despite
all the research aiming to optimize the LIFT of liquids (studies on the laser pulse
energy, pulse duration, or solution properties, among many others), the influence
of the printing speed has not yet been analysed in detail. This is relevant because
the processing speed is an essential parameter for in-line fabrication such as in roll-
to-roll production.

The feasibility for high speed printing with LIFT has been proven before. The
DI Projekt AG company, from Switzerland, developed an industrial-scale machine
for printing through LIFT in the packaging industry that allowed unprecedented
throughputs of 1.3 m?/min at 600 dpi resolution [110]. One of the problems that
DI Projekt AG had to face, though, was that at the highest printing speeds two
consecutive laser pulses expected to produce two separated pixels in fact resulted
in only one distorted pixel, something with a detrimental impact in the printing
outcomes. The motivation of this paper arised from our attempt to solve this prob-
lem, a solution which led to the discovery of a phenomenon of interaction between
liquid jets which understanding results essential when printing at very high speeds.

The machine of DI Projekt AG used a high repetition rate laser (24 MHz) op-
erating at scanning speeds of 1016 m/s. Since the average jet lifetime in a print-
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ing event is about a few hundreds of microseconds, at MHz laser pulse rates two
consecutive jets are formed almost simultaneously; therefore, it is possible that
consecutive jets that are produced at very small separation distances present cer-
tain interaction that may affect the quality of the printed outcomes. In order to
study the printing dynamics at those speeds, the same printing conditions should
be ideally reproduced, but such high speeds cannot be replicated in our experi-
mental setup. Given that consecutive jets formed at those speeds are practically
simultaneous, we can emulate the high speed printing conditions by generating
two simultaneous laser pulses, with the corresponding laser spots separated a dis-
tance which can be varied at will. This is achieved by the division of the main laser
beam in two quasi-identical beams by the use of beam splitters and mirrors. Then,
the beams are focused simultaneously on the donor substrate by a microscope ob-
jective, as it is depicted in Figure 4.1.

laser
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Figure 4.1: Sketch of the two-beam LIFT printing setup. Both jets are generated simultane-
ously using different inter-beam distances Ax.

The experiments were performed in two correlated steps. The first one was the
characterization of the printed outcomes for simultaneous (both beams) and al-
ternate (first beam #1 and then #2) modes at different inter-beam distances Ax.
The second one was a time-resolved imaging study of the jetting dynamics taking
place during the previous experiments. Basically, three different situations were
analysed based on the inter-beam distances. A first situation presented when that
distance is much larger than the droplet diameter showed the printing of separated
droplets using both printing modes, alternate and simultaneous. The time-resolved
imaging study confirmed that jet-jet interaction was not present. This situation is
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not different from the printing of single jets studied before [111]. Isolated droplets
were printed independently of the printing mode, since the separation between
droplets was large enough to avoid droplet contact in the receptor substrate.

The second situation corresponded to very small separations, smaller than the
droplet diameter: in this case, the printing outcomes in the receptor substrate were
elongated droplets for both modes, alternate and simultaneous. In the case of the
alternate printing mode, the droplets overlap in the receptor substrate. On the
other hand, in the simultaneous mode, the time-resolved imaging study showed
the formation of almost a single jet which originated from two bubbles that con-
tact each other during their expansion in the donor film.

A third situation using intermediate printing distances (but larger than the droplet
diameter) showed unprecedented results: the alternate printing mode produced
two isolated droplets, while the simultaneous produced only one droplet with an
elongated shape, similar to the one obtained using very small printing distances.
The time-resolved imaging study showed that the interaction between consecu-
tive jets occurs from the early stages of the bubble formation. In comparison with
the classical single-beam printing, the presented dynamics has additional elements
such as the formation of a second thicker yet, or the thin jet deflection which
provide clear evidence of the interaction of two consecutively generated jets. A
selection of results for the first and third situations are presented in Figure 4.2.

A mode

S mode

15pus 20ps 30ps 50ps 100 ps

A mode

Thick jet
S mode Thin jet
tion

Figure 4.2: Selection of results for 200 and 150 pum separation distances. On the left:
printed outcomes in both modes, alternate (A mode) and simultaneous (S mode). On the
right: images of the time-resolved study in simultaneous printing mode. The laser is im-
pinging the donor substrate from above, propelling the liquid towards the receptor substrate
placed at the bottom.
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All these results indicate that depending on the inter-beam separation there is
significant jet-jet interaction that leads to the printing of substantially different
outcomes. The observed dynamics has been attributed to changes in the pressure
distribution inside the liquid induced by the contact of the two bubbles with each
other. This jet interaction may have important implications during high-speed lig-
uids printing since it could lead to undesired deviations from the expected printing
outcomes.

4.2. Line printing

This summary corresponds to the results that were published in Paper 7, de-
voted to the development of strategies for the printing of continuous and stable
lines aimed to fabricate functional conductive paths. That work was carried out
in collaboration with the English companies Oxford Lasers (leader: D. Karnakis)
and CPI (leader: S. Ogier), and the Catalan company Sensofar Tech (leader: R.
Artigas).

The production of electronic devices in an ever decreasing scale requires the fabri-
cation of functional electric interconnections with small dimensions. Direct-write
techniques such as LIFT can potentially be used for the formation of continuous
lines of functional conductive materials with high spatial resolution. In spite that
most of the work on the LIFT of liquids has devoted the attention to depositing
isolated droplets, there has been some research on printing lines as well. The fea-
sibility of LIFT to produce lines of conductive materials from solid donor films and
liquid nanoparticle inks has actually been reported before [102, 104, 105]. How-
ever, in many cases the most common printing defects are still present!': on one
side, long lines often present discontinuities that compromise their functionality
as conductive paths, and on the other side, the printed liquid usually results in
the formation of bulges of material that can produce unwanted short-circuits be-
tween adjacent lines. In this work we present effective printing strategies aiming
to demonstrate the feasibility of LIFT to fabricate continuous and stable lines of
conductive inks for the fabrication of bulge-free conductive paths.

IThose defects are not exclusive to LIFT. They are also found in more conventional printing techniques,
like in ink-jet printing [31, 34,112].
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The experiments consisted in printing series of single droplets with different sep-
arations Ax (measured from center to center of two consecutive droplets). As Ax
decreases, first the droplets start to coalesce forming dashed lines and then, inter-
estingly, in all the separations where a continuous line is printed, the formation of
a bulge of liquid takes place, mainly at the beginning of the line and occasionally
at the middle. Bulging is attributed to capillary flows arising from an instability
produced inside the liquid due to small variations in curvature of the line between
the newly printed droplets and the previously printed line.

Overlap (%) A Overlap (%) B
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Figure 4.3: Ag ink lines printed with different printing separations between adjacent
droplets (Ax, measured from center to center) decreasing from left to right following
(A) alternate printing mode, where bulges are perfectly visible, and (B) alternate print-
ing mode with an intermediate drying step; bulging has been completely eliminated. The
dark dots/lines correspond to liquid ink, while white dots correspond to dried droplets.

A second experiment aimed to understand the origin of the bulge formed at the
beginning of the line consisted in printing lines with increasing number of droplets
(1,2,3...). The experiment demonstrated that the initial bulge starts forming at the
very early stages of the line growth, but that it keeps growing all the time, being
fed by capillary flow originated at distant positions along the line. Such direction-
ality in bulge formation suggested a second printing strategy, devised to minimize
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the inner liquid flow that can be present during the formation of the line. It con-
sisted in the alternate printing of droplets separated in two different sets: even
droplets were printed first without overlap between them, and then the odd ones
followed. In this way, the continuous line formation occurs only when the second
set of droplets is printed. The results of this experiment showed a decrease of
bulging for some of the printing separations, but not its total elimination.

A third printing sequence was tested taking into account that alternate printing
managed to reduce bulge formation. In this case, odd droplets were printed on
the receptor substrate followed by an intermediate drying step. Thus, when the
even droplets were printed, the odd ones were completely dried. Following this
printing sequence it was possible to mitigate the capillary flow inside the printed
liquid, allowing the fabrication of long continuous and stable lines completely free
from bulging. Finally, the conductivity measured on laser sintered lines reached
values close to the nominal, which is a positive indicator that the lines can be used
as functional conductive paths.

4.3. Microlenses fabrication

In this section, and for the sake of completeness, we include additional unpub-
lished work presented in Paper 8, which has been sent for publication to ACS Mate-
rials and Interfaces. In this work, it is presented a printing approach based on LIFT
aimed to the fabrication of high quality polymeric microlenses. The work was car-
ried out in collaboration with the Italian research center IIT (leader: A. Diaspro).

The fabrication of micro-optical components is playing an important role in the
development of functional devices such as detectors, organic solar cells and cam-
era sensors [113,114]. Fabrication methods that implement masks or molds such
as photolithography, microcontact printing and chemical etching have been used
for the fabrication of microlenses before, but its customization and positioning
at user defined locations are often expensive and time consuming process. Direct-
write techniques appear more suitable to address these challenges, but they present
some drawbacks that have to be considered; ink-jet printing, for example, is seri-
ously constrained by the rheology and viscosity of the liquids, requiring in most
of the cases either an extensive work of engineering on the ink and/or expensive
customization of the used setup. In particular, liquid optical prepolymers that are
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adequate candidates for the fabrication of microlenses are too viscous to be printed
with conventional ink-jet systems, which typical operational viscosities range from
1 to 50 mPa.s. LIFT is presented as an interesting alternative since it allows the
transfer of liquids with a wider range of viscosities. Therefore, in Paper 8 we
present a LIFT based approach that allows the printing of a highly viscous opti-
cal prepolymer (dynamic viscosity ranging between 120 and 150 mPa.s) for the
fabrication of tailored high quality microlenses with different optical properties at
specific positions on a receptor substrate.

Basically, our approach consisted in two steps: first, we performed LIFT using
a donor film of a photo-curable optical polymer, producing microdroplets on the
receptor substrate which size can be controlled by adjusting the incoming laser
energy. Then, the receptor substrate with the printed droplets was exposed to a
curing treatment with UV radiation in order to promote the cross-linking of the
polymer. The surface tension of the polymer when it is still liquid provided the
printed microdroplets with an almost perfect spherical shape that is preserved af-
ter curing, allowing the production of plano-convex microlenses. Since the micro-
droplets were positioned exactly where the laser beam impinged the donor film,
this printing procedure allows the fabrication of microlenses at user-defined posi-
tions. Arrays of microlenses in PDMS and glass are presented in Figure 4.4. The
overall process is reproducible and in all cases the fabricated microlenses present
high optical quality. It is important to note that following this process, the trans-
ferred volumes (that ranged from 25 fL to 9 pL for PDMS and from 220 fL to 9 pL
for glass), are well below the limits of conventional ink-jet systems.

A B

~ - —— - - -

-
p— - - -
- -
-
- - - C—
-

- - — - - - - o
50 um 50 ym

Figure 4.4: (A) SEM image of microlens arrays fabricated on PDMS, and (B) on glass.
Images were acquired with a 60° viewing angle.

Experiments using a wide range of energies were carried out in order to find
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the best printable conditions for the controlled fabrication of microlenses. Then,
arrays with different diameters were printed on both substrates and then charac-
terized. SEM and AFM morphology images confirmed the high overall quality of
the microlenses surface in terms of their roughness and sphericity, as it can be
observed in Figure 4.5A-B. Root mean square error (RMSE) values obtained from
the acquired data corresponded to high precision grade lenses. From point spread
function (PSF) measurements it was possible to determine that the focal length
increases with the lens diameter for both PDMS and glass substrates, but due to
the presence of spherical aberration the experimental focal lengths cannot be de-
scribed using paraxial optics. Instead, theory of third order aberrations was used
to model the focal lengths, showing a good agreement between theoretical and
experimental values. Furthermore, and also in good agreement with this theory,
the numerical aperture of the microlenses only depends on the refractive index and
contact angle of the polymer with the substrate. Therefore, for a given polymer the
liquid microlenses can be fabricated with different numerical appertures by only
changing the receptor substrate.

Figure 4.5: (A) AFM topography map of two microlenses with diameters of 7 and 26 um.
(B) Profile along the X axis of the droplets presented in (A) showing a nearly perfect spher-
ical shape (red line fitting curve). (C) Optical microscope image of the surface of a CD (line
pitch 1.6 pm) without and with the microlens on top. The increased resolution allows re-
solving the CD lines. (D) The projected image of a mask (IIT) appears in or out of focus
depending on the focal length of each microlens.
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In order to demonstrate the functionality of the printed microlenses, imaging
experiments were carried out. For example, they were used to enhance the re-
solving power of an optical system to visualize the fringes on the surface of a CD
through a conventional optical microscope (Figure 4.5C). In another experiment,
the image of a mask with the letters IIT was projected through a microlens ar-
ray and collected with a microscope objective, showing that the produced image
is in or out of focus depending on the focal length of the microlenses (Figure 4.5D.)

In conclusion, these results prove the feasibility of LIFT for the printing of a
highly viscous prepolymer for the fabrication of customized microlenses which op-
tical properties can be selected by changing the laser parameters and the wetting
properties of the receptor substrate.






5 Combined approaches

5.1. Nanopatterning with liquid microlenses

This summary corresponds to the results that were published in Paper 9, cor-
responding to the fabrication of liquid microlenses through LIFT for the surface
nanopatterning of materials. That work was carried out in collaboration with the
Italian research center IIT (leader: A. Diaspro).

Usually, optical systems are inherently limited by diffraction, which imposes a bar-
rier to the maximum achievable resolution. This problem is also present in laser
direct-write systems, in which the minimum feature size is limited to almost half
of the wavelength that is used to irradiate the material of interest. In order to
overcome this barrier, the incorporation of microlenses to use the near field effects
allows producing deep sub-wavelength patterning, which is of clear interest for
nanopatterning with visible and infrared wavelengths. An interesting solution is
the use of solid immersion lenses that consist in the use of dielectric hemispherical
lenses placed in contact to the substrate. These lenses increase the numerical aper-
ture of an optical system that in turn increases its lateral resolution, only limited
by the quality of the microlenses and the refractive index of the material used to
fabricate them. However, this solution establishes additional challenges in terms of
the fabrication techniques to produce high quality microlenses at specific locations.

Current techniques such as polymerization, chemical etching and microcontact
printing are multi-step and time consuming procedures that besides require com-
plex control systems to place the microlenses at user-defined positions. As an al-
ternative allowing to overcome this drawbacks, in Paper 9 we present a dropplet-
assisted laser processing (DALP) approach that uses liquid microdroplets as mi-
crolenses to increase the resolution of a conventional direct-write laser system. The
LIFT of a thin layer of liquid is performed with the aim of printing microdroplets at
specific locations on the receptor substrate, and the process is then completed by
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Figure 5.1: (A) Colormap plot of the intensity distribution of a Gaussian beam focused
through a 0.27 N.A. objective, (B) corresponding colormap plot after a hemispherical droplet
(n = 1.4) has been placed at the laser focus. (C) Plot of the beam intensity versus radial

distance at focus. (D) Plot of the beam intensity versus axial distance along the optical axis.

focusing laser pulses through the liquid microdroplets on the surface of the recep-
tor substrate in order to thus generate a spot with reduced dimensions.

The formation of liquid microlenses with a contact angle on the substrate of
about 90° is especially desirable; in this way, they will present an almost perfect
hemispherical shape, so that the effective numerical aperture of the optical system
is increased a factor that corresponds exactly to the refractive index of the printed
liquid. In order to better understand the optical behaviour of the droplets, we per-
formed simulations of the intensity distribution of the focused radiation through
a microscope objective with and without the droplet (Figure 5.1). The results us-
ing the droplet show an increase of the total intensity at the focus position and a
reduction of the Rayleigh length that is in accordance with the increased numer-
ical aperture. Besides, the radial intensity distribution using the droplet shows a
reduction of the full width at half maximum, which is ideal to increase the spatial
resolution of the patterned features.



5.1 Nanopatterning with liquid microlenses 49

The fabrication of the microlenses was performed by printing a solution of wa-
ter, glycerol and surfactant to produce the droplets through LIFT on a thin layer of
PDMS. This combination of liquid-substrate was chosen since they allow the for-
mation of contact angles of around 90°. The droplet diameter was controlled by
changing the incident pulse energy. Then, the substrate that contained the liquid
donor film was removed and the position of the laser beam waist was adjusted
to match the planar surface of the already formed microlens. At this point, the
DALP approach can be used following two different modes: the first one, that can
operate at high incident energies, allows the production of a single spot per liquid
microlens. Under these conditions the droplet could be deformed or even destroyed
when the laser pulse is fired, but this does not constitute a critical drawback since
the liquid droplets can be re-printed again at the desired position to produce an-
other spot. The second mode is devised to operate at very low energies and it is
specially suitable for the production of 2D patterns; because of the low energies,
the droplet remains unaltered after focusing consecutive laser pulses. Thus, if the
pattern dimensions are small enough, this can be produced inside a single droplet
by simply scanning the surface with overlapping spots.

In order to find the optimum operation conditions of DALP, we performed abla-
tion experiments with very low energies using droplets of 100 um diameter. Thus,
arrays of craters at different z positions along the beam axis were produced. The re-
sults showed an axial and radial range where the sizes and depths of the craters are
practically constant, in agreement with numerical simulations for different droplet
sizes. In order to compare the conventional laser direct-writing method with DALP,
ablation experiments in the absence of the droplet were performed with different
pulse energies at the same axial positions (same focusing conditions). Results show
that resolution is indeed improved with DALP, which is in good agreement with the
increment of the effective numerical aperture. Interestingly, at very low energies,
the ablation with DALP is feasible, producing craters with nanometric dimensions
(250 nm with a wavelength of 1027 nm) while the laser processing without the
droplet does not produce any visible modification on the surface at all.

Finally, the feasibility for nanopatterning was demonstrated by scanning the sur-
face of a droplet using very low energies, allowing the production of 2D patterns
on the surface of the irradiated material (Figure 5.2).
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Figure 5.2: Optical micrograph of a pattern fabricated with a 100 um droplet, (A) with the
droplet still in place and (B), without droplet. The drop produces a magnification of about
a factor of 1.5. (C) AFM characterization of the pattern.

5.2. Line printing in fluidic guides

This summary contains the results that were published in Paper 10, devoted
to the laser microfabrication of fluidic channels for the formation of high quality
conductive lines printed through LIFT. That work was carried out in collaboration
with the English companies Oxford Lasers (leader: D. Karnakis) and CPI (leader:
S. Ogier), and the Catalan company Sensofar Tech (leader: R. Artigas).

The LIFT technique has already been proved feasible for the printing of lines of
functional materials to fabricate electrical interconnections. However, as shown
in Section 4.2, the formation of continuous lines free from defects (bulging and
scalloping) is not a trivial task. In the same section we presented a LIFT based
approach that consisted in the fabrication of continuous lines free from bulge by
printing overlapping droplets with an intermediate drying step. In spite of the
success of the approach, the whole process was time consuming and the line edge
presented some residual scalloping that is detrimental for the overall printing qual-
ity. Therefore, alternative printing strategies are needed to address all these chal-
lenges. In this work we present a different approach that consists in the printing
of conductive inks through LIFT inside previously laser ablated fluidic guides that
allow confining the liquid following the geometry of the pre-fabricated pattern.

The experiments to demonstrate the feasibility of the proposed approach are di-
vided in two parts: first, fluidic guides were created on a substrate through laser
ablation. Then, a silver nanoparticle ink was printed inside the guides through
LIFT. It is important to note that the whole process is done using the same laser
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for ablation and printing. The used substrate was glass covered with a thin layer of
polymer. Then, laser pulses were focused on the surface of the polymer to produce
the selective ablation of the layer, leaving intact the glass substrate underneath.
Thus, the depth of the fluidic guides is determined by the thickness of the polymer
layer, in our case 1 um. Importantly, the polymer layer surface was substantially
more hydrophobic than the glass substrate in order to produce a good liquid con-
finement once the liquid is deposited inside the fluidic channel.

A first printing experiment was performed using the same separation distance
between two consecutive droplets (measured from center to center) inside pre-
fabricated fluidic guides of different widths (Figure 5.3A). The results of this ex-
periment showed that the liquid is confined within the guides until some extent;
the finishing quality of the border is affected by the presence of debris that re-
mained after the laser ablation process.
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Figure 5.3: Conductive lines generated by printing silver ink droplets with (A) a constant
printing separation (Ax) of 160 um inside different widths (Aw) fluidic guides, and (B)
at different printing separations inside fluidic guides of 200 um width. (C) Pattern of two
straight long lines forming an angle of 90° between them, formed by printing droplets
separated 60 um inside fluidic guides of 200 um width.
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In a second experiment, the accumulation of debris was avoided by the use of an
air flow on the surface of the substrate during the ablation procedure. Then, print-
ing experiments using different separations between consecutive printed droplets
were used on fluidic guides of the same width. As the printing distance was grad-
ually reduced, the droplets coalesced to eventually form a continuous line. Figure
5.3B shows a selection of results of this experiment, where it is observed that a
high quality printed line with no bulging or scalloping confines almost perfectly
the liquid within the fluidic guide, so that the approach indeed leads to a signifi-
cant improvement in line definition.

In order to demonstrate the degree of control and definition that is possible to
achieve with the proposed approach, we performed the realization of a challenging
pattern: two long connected lines forming a 90° angle (Figure 5.3C). This pattern
is a clear indicator that the proposed approach has the potential to create com-
plex geometries with exceptional printing quality. Finally, the feasibility to work as
electrical interconnections was demonstrated by performing conductivity measure-
ments; the lines were first dried and then laser sintered with a CW laser to improve
the conductivity of the silver ink. The results showed conductivities very close to
the nominal value provided by the supplier.



6 Conclusions

The following conclusions can be drawn from the results obtained along the thesis
work:

Subtractive laser direct-writing

= The proposed z-scan focusing technique has proven to be a suitable method
for the positioning of a transparent sample close to the laser beam waist. The
characterization of the z-scan along different positions on the beam propaga-
tion axis allowed determining the optimum position to produce ablation on
the surface of a transparent sample of PMMA. Ablation experiments allowed
determining the fluence threshold for ablation in this material, as well as the
minimum laser beam waist of the used optical system.

= The agreement between experimental and theoretical data found with vector
diffraction theory simulations of the laser beam allows finding the position of
the laser beam waist among the z range provided by the z-scan. This results
to be an useful parameter to take into account for large area processing of
transparent materials with high spatial resolution.

= An overall improvement that allows controlling the sample position in a
wider z range has been demonstrated by registering simultaneously the en-
ergy transmitted and reflected by the sample during the surface ablation ex-
periments. This allows controlling the sample tilt in larger areas allowing
the fabrication of continuous and long lines on the surface of a transpar-
ent sample. Besides, due to the high control on the positioning, the proposed
z-scan focusing method has allowed the generation of surface sub-diffraction-
limited features along relatively long distances.
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Additive laser direct-writing

» Liquid transfer through LIFT emulating very high printing speeds has re-
vealed the presence of significant interaction between adjacent jets. The
time-resolved imaging studies carried out have confirmed that this interac-
tion originates when the laser generated bubbles contact each other during
the very early stages of their expansion. The liquid ejection dynamics result-
ing from that interaction presents new elements, such as the two thin jets that
coalesce into a single one, which can compromise severely the pixel quality
when printing at very high speeds.

= [t is feasible to print through LIFT functional conductive lines that overcome
common defects such as discontinuities and bulging by using a printing strat-
egy that consists in the transfer of alternate droplets (the odd ones first and
then the even ones) with an intermediate drying step. This allows mitigating
the unwanted capillary flows inside the printed lines which are ultimately
responsible for the bulge formation.

» LIFT has been proved to be a feasible technique to print very small volumes of
a highly viscous polymer for the fabrication of tailored high precision grade
polymeric microlenses. The proposed fabrication approach consisting in only
two steps (LIFT printing and UV polymer cross-linking) allows controlling the
microlenses diameter by simply adjusting the laser parameters, which makes
possible to control the resulting focal length of the microlenses.

Combined approaches

= The combination of a conventional laser direct-write approach with hemi-
spherical liquid microlenses printed through LIFT has been proved successful
to generate deep sub-wavelength modifications in a solid substrate. By us-
ing this approach, the effective numerical aperture of the optical system is
increased a factor that corresponds exactly to the refractive index of the lig-
uid. The potential impact of the proposed approach for 2D nanopatterning is
demonstrated by the fabrication of complex geometry patterns using a single
microdroplet during the entire fabrication process.
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= The printing of liquids through LIFT inside laser ablated fluidic guides has
been successfully used for the fabrication of high quality conductive lines
free from the most common printing defects, specially bulging and scalloping.
The fabrication of two connected lines forming a 90° angle demonstrates the
potential of the proposed approach for the fabrication of complex geometry
patterns with an unprecedented degree of definition.
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1. Introduction

Laser direct-write techniques appear as an alternative to pho-
tolithography in the production of miniaturized devices, especially
when customization or rapid design modifications are required [1].
Designs are directly transferred from a computer file to the device
by the relative motion between the laser beam and the piece being
fabricated, thus avoiding the expensive and time-consuming pro-
duction of masks. One application of lasers for microfabrication is
to use them as tools for material removal. Ablation occurs when
the laser beam intensity is high enough to transform the irradiated
material into plasma. The resolution of the patterns that can be
done is limited by the beam size and the extension of thermal and
mechanical collateral damages [2]. Beam size is limited by diffrac-
tion and it depends on the focusing conditions, laser wavelength
and beam quality. Smallest beam sizes can be achieved by tight
focusing Gaussian beams with high numerical aperture focusing
lenses. Thermal and mechanical damages depend on the energy
delivery in the sample. These collateral damages can be greatly
reduced by using ultrashort laser pulses. In one hand, femtosec-
ond laser pulses minimize heat transfer to the lattice. On the other
hand, very high intensities capable of ablation can be reached with
areally small amount of energy per pulse. Consequently, collateral

* Corresponding author. Tel.: +34 934039216.
E-mail address: jmfernandez@ub.edu (J.M. Fernandez-Pradas).

0169-4332/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2013.03.032

ablation effects are minimized. Additionally, the non-linear nature
of absorption of femtosecond laser pulses allows processing areas
below the diffraction limit [2].

The interaction of femtosecond laser pulses with polymethyl-
methacrylate (PMMA) is being studied for years [3]. PMMA is a
transparent plastic polymer that is often used as a substitute of
glass. It has good biocompatibility and is being used as material
for implants or for dynamic drug release [4]. Owing to its trans-
parency and good environmental stability PMMA can also be found
as substrate material for microfluidic and lab-on-a-chip devices
[5]. Microchannels and waveguides can be fabricated with fem-
tosecond lasers with wavelengths in the near infrared, not only in
surface but also inside the bulk of PMMA [6-9]. Femtosecond lasers
can also modify the hydrophobicity of the PMMA surface [10,11] or
enhance its ability for binding proteins on it [12]. Consequently,
femtosecond lasers are very promising tools for the fabrication and
modification of microfluidic and biomedical devices in PMMA.

When very high resolution of patterns in the surface is required,
this must be precisely placed in the beam waist, where the beam
size is minimum. Otherwise the beam size on the surface can
increase rapidly when using high numerical aperture focusing
lenses. In this paper, we present a z-scan method for determin-
ing the sample position with respect the beam waist in order to
find the best focusing conditions with control. Z-scans are gen-
erally applied for measuring optical non-linearities of transparent
materials by using the thin-film approximation [13,14]. For these
measurements, the material thickness must be much shorter than
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Fig. 1. Scheme of the experimental setup: (a) laser, (b) attenuator, (c) beam split-
ter, (d) photodiode, (e) mirror, (f) focusing objective, (g) cover slip, and (h) PMMA
sample.

the beam waist and absorbtion is generally neglected. For our pur-
pose, z-scan is used in a semi-infinite medium approximation,
where the material thickness is much longer than the beam waist
and absorption detection is the basis for determining the sample
surface position with respect to the beam waist. In this work, the
ablation of the PMMA surface with femtosecond laser pulses is
studied under these tight focusing conditions.

2. Experimental

Rectangular PMMA blocks of 10 mm x 25 mm and thickness of
4 mm were used in the experiments. The PMMA blocks were placed
on a motorized platform allowing a minimal incremental motion of
0.5 wm for the horizontal x- and y-axes and of 1 wm in the vertical
z-axis. A scheme of the setup used for the experiments is shown
in Fig. 1. A chirped pulse amplified laser with Yb:KYW as active
medium delivered 450 fs pulses at 1027 nm wavelength on demand
triggered by an external pulse generator. The intensity distribution
of the laser beam was nearly Gaussian. The pulse energy was var-
ied in the 10'-103 nJ range by rotating a half-wave plate placed
before a fixed polarizer. The pulse energy was monitored in situ
through a calibrated photodiode that received part of the beam
transmitted by a beamsplitter. The reflected beam was directed by
different laser line mirrors to the entrance of a microscope objec-
tive with 0.55 numerical aperture that focuses it at about 13 mm
of its outer lens. A glass coverslip was placed between the objec-
tive and the sample in order to prevent the objective from ablation
debris deposition.

The focusing procedure consisted in open aperture z-scan exper-
iments [13,14]. Hence, a second calibrated photodiode was placed
just after the sample, so the full beam entered in the detector area.
The first photodiode was calibrated in order to indicate the same
energy arriving into the second detector when there is no sam-
ple in between. Initially, the PMMA sample was placed beyond
the beam waist and then it was progressively approached to the
focusing objective in 1 um steps (z-direction). For each step, the
transmittance of a single pulse was determined by comparing the
energy measurements in both photodiodes. Standard deviation of
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Fig. 2. Plot of the transmitted energy vs z at different incident pulse energies: (¢)
40nJ, (v)65n], (a)90n], (O)200n], (M) 1.0 pJ.

the energy measurements is generally below 1% and occasionally
reaches 2% as a maximum. For every transmittance measurement
the sample was also moved horizontally in order to impinge in a
fresh area of the sample and thus avoiding cumulative effects.
After the z-scan process with different energies, the sample sur-
face was placed in the beam waist, and it was irradiated with single
pulses at different energies in order to evaluate the positioning
method. The energy impinging the sample and the energy arriv-
ing at the photodiode placed after the sample were recorded for
every pulse. The effects of the pulses on the PMMA surface were
inspected by optical and scanning electron (SEM) microscopies.

3. Results and discussion

The z-scan experiment was done for different pulse energies
in decreasing order. The results are presented in Fig. 2. When the
sample is placed outside the beam waist, 90% of the pulse energy
passes through the PMMA sample, what corresponds to the losses
by reflection with no signs of absorption. The first signs of absorp-
tion appear when approaching the sample to the beam waist so the
intensity is high enough to promote absorption processes. As it can
be seen in Fig. 2, the transition from total transmission to absorp-
tion occurs in a distance range of about 2 wm. Such abrupt changes
in transmission are due to the non-linear character of absorption
and can be easily detected. The band gap of PMMA was estimated
near 4.58 eV [15], which is much higher than the 1.21eV of a sin-
gle photon of the laser beam. For this reason PMMA is in general
transparent to the laser beam, but if the intensity is high enough
non-linear absorption processes become possible. For high-energy
pulses, the change in transmission is more evident but the tran-
sition zone from no absorption to maximum absorption is larger
than for low energy pulses. Thus, high energy pulses can be used to
do the first approximation of the sample surface to the beam waist,
and then the pulse energy of the following z-scans can be progres-
sively decreased in order to place the sample surface in the beam
waist position with the highest precision.

Once the sample surface is placed in the beam waist and ready
for performing ablation, variations in the energy transmitted can
serve to monitor in situ possible modifications in the position of
the sample’s surface that can be rapidly corrected.

The measurements for the transmitted energy ratio at different
incident energies with the sample’s surface placed in the beam
waist following the above mentioned method are presented in
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Fig. 3. Plot of the transmitted energy vs pulse energy.

Fig. 3. This transmittance plot reveals the presence of an energy
threshold. Hence, the PMMA is transparent for pulses with energy
below this threshold. Above the threshold the PMMA partially
absorbs the energy of the pulses and the transmission ratio
decreases as the pulse energy increases. This behavior is associated
with the non-linear nature of the absorption process [16]. Because
it is difficult to directly identify the energy at which the trans-
mittance starts decreasing, the energy threshold for absorption
was determined at 65n] as the cross-point of the horizontal line
corresponding to the points of total transmittance with the straight
line fitted to the first points where absorption is clear.

The inspection of the PMMA surface in the optical microscope
revealed the presence of surface changes for pulse energies higher
than 80 nJ (Fig. 4). A sub-micrometric dark spot can be glimpsed
where a 80 n] pulse impinged. Circular dark spots of few microns in
diameter surrounded by a small ring are clearly visible in the case
of higher pulse energies. The diameter of the spot increases as the
energy of the pulse increases. The SEM characterization of the spots
(Fig. 5) shows that the dark area corresponds to a round crater. The
crater is surrounded by a rim of material elevated from the surface
that corresponds to the ring observed in the optical microscope.

(9)

(h) ()

Fig. 4. Optical microscopy images of the PMMA surface after the incidence of a pulse of (a) 70 n]J, (b) 80 nJ, (c) 90 n]J, (d) 100 nJ, (e) 200 nJ, (f) 300 nJ, (g) 500 nJ, (h) 800 nJ, and

(i) 1.0 ).
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Fig. 5. SEM images of the PMMA surface after the incidence of a pulse of (a) 80 nJ, (b) 85n], (c) 100 nJ, and (d) 1.0 pJ.

The smallest holes found were done with 80n] pulses and they
have dimensions of about 200 nm (Fig. 5a), which is well below the
Airy disk dimensions for the focusing objective at the laser wave-
length. Below this pulse energy no signs of surface modification
were detected. The SEM images of bigger craters done with higher
pulse energies show that the walls of the craters are smooth. The
morphology of the rim around the craters suggests that some melt-
ing occurred around the ablation area. Some swelling attributed to
resolidified molten material was already found for the irradiation
of PMMA with single 150 fs pulses at 800 nm wavelength near the
ablation threshold [17]. So it seems reasonable to think that this is
also occurring with longer pulses.

The radius of the craters (rp) was measured and its squared
value plotted versus the pulse energy (E; ) (Fig. 6). The experimental
points show alogarithmic relationship. Hence, assuming a Gaussian
distribution of the energy of the laser beam, this means thatan abla-
tion fluence threshold (Fy;) exists [18] and it can be determined by
fitting the experimental points to the expression:

2 2 2
2 _ o [ Fpmow w’
g = 5 ln( 5 ) + 5 In(Ep) (1)

where w is the radius of the laser beam. Thus, for the experimen-
tal conditions of this work, the beam radius on the surface was
1.2 wm and the fluence threshold for ablation of PMMA with 450 fs
pulses at 1027 nm wavelength is 3.2]/cm?. As expected, the value
of the fluence threshold is higher than those determined before for
shorter pulse durations and smaller wavelengths [17,19]. Anyway,
the size of the ablation craters are well below the beam diame-
ter, what shows that non-linear absorption process of femtosecond
laser pulses allows going beyond the diffraction limit [2]. The small

size of the craters obtained corroborates the z-scan focusing proce-
dure as a good method for placing the surface on the beam waist.
The peak fluence (F,) of a Gaussian beam is given by:

2k

F, =
P™ w2

(2)
Thus, in the conditions of our experiment the pulse energy at which

the peak fluence corresponds to the fluence threshold is 72 nJ. This
is in good agreement with the fact that no changes were observed

20

r (um’)

0.5

0.0 T
30 100 300 1000
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Fig. 6. Plot of the square radius of the craters vs the pulse energy.
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in the morphology of the surface irradiated with a pulse of 70 nJ,
and that the first signs of ablation were seen with pulses of 80 nJ.
However, PMMA starts the absorption of pulses with energies a
little bit lower than the threshold for ablation. In this small range of
energies below the ablation threshold, some PMMA properties such
as the density or the index of refraction can be changed without
producing ablation damage in the surface [15].

4. Conclusion

The surface of PMMA can be placed in the beam waist of a laser
beam with a precision of +1 um following a progressive z-scan
focusing procedure. This allows sub-micrometric resolution in the
ablation of PMMA with 450 fs laser pulses at 1027 nm wavelength.
The pulse energy must be just above the value required to over-
come the fluence threshold for ablation, which is 3.2 J/cm? for our
experimental conditions. For pulse energies just below this ablation
threshold absorption in the PMMA surface can be still detected, but
the surface morphology remains unchanged.
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In this work, a study of the laser ablation on the surface of poly methyl-methacrylate (PMMA) is pre-
sented. Experiments were performed with a femtosecond laser delivering 450 fs pulses at a wavelength
of 1027 nm. The laser beam energy was controlled through a polarizer based attenuator and measured
by a calibrated photodiode energy meter. A focusing method called z-scan is used to place the sample on
the beam waist. This method uses a second energy meter placed behind the sample, which was used to
monitor the energy transmitted across the sample in situ. Thus, the absorption was evaluated by com-
paring the measurements of both energy meters. The z-scan method is evaluated by studying the laser
ablation in three different positions between the sample and the laser beam waist. It is found that above
a threshold energy that depends on the focusing conditions, the absorbance of the samples increases
with the pulse energy. After irradiation, dimensional analysis of the craters produced at different pulse
energies is performed in order to determine the best focusing conditions and the ablation threshold for
ablation of PMMA samples.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the latest years, laser direct-write techniques have been used
as a precision method to modify a wide variety of materials [1].
In comparison with photolithography and thermoforming tech-
niques, it is not necessary to use masks or any master piece in order
to obtain small features on the material [2]. This allows making
design changes on the run decreasing time and costs of production.
The resolution of laser direct-write techniques is limited by factors
such as the laser focusing conditions, the wavelength of the laser
and the duration of the pulse, as well as the composition of the sam-
ple [3]. Nevertheless, when laser ablation is produced it is common
to find damaged material around the irradiated area. This region is
formed when the transference of the laser energy to the material
takes enough time to produce thermal damage in the surround-
ings. One alternative to significantly decrease this thermal damage
on the material is the use of lasers with sub-picosecond pulse dura-
tion. With these lasers the energy is transferred to the material in
a very short period of time. Additionally, lasers with shorter pulses
produce higher peaks of power allowing the modification of even
transparent and dielectric materials [4-6].

Polymers have been chosen as substrate materials for many
applications in bioanalysis systems due to properties like its high

* Corresponding author. Tel.: +34 934 039 216; fax: +34 934 021 139.
E-mail address: jmfernandez@ub.edu (J.M. Fernandez-Pradas).

0169-4332/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2013.10.145

transparency in VIS and IR, chemical stability and ease of man-
ufacture [7]. It has been shown that by using tightly focused
femtosecond lasers it is possible to modify their surface roughness
[8] and to ablate the irradiated material achieving a spatial resolu-
tion under the diffraction limit [9]. However, this is not a trivial task
because the ablation on the surface is strongly dependent on the
control over the position of the sample relative to the laser focus
[10]. If the laser focus is located inside the material, the energy is
absorbed in bulk instead of the surface. Some techniques have been
developed to ensure that the surface of the material is on the laser
focus position.

Probably, the most common method consists in forming lines
on the surface of the material at different positions between the
sample and the laser focus [11]. The lines are produced by over-
lapping laser pulses. Once the lines are produced, the observer has
to estimate where the position of the thinnest and best defined
line is, based on the images provided by a CCD camera. Then, the
sample is displaced until it reaches the position where the thinnest
lines were done, and subsequently the visualization system has to
be adjusted to focus on that position. The main drawback is that
the measurement depends strongly on the visual perception of the
observer, the depth of focus of the imaging system and the energy
used to produce the lines.

Another method consists in the measurement of the sample
surface position using a confocal point sensor. Once the position
is located, an actuator performs a correction to focus the laser
beam on the surface at any given height variation [12]. This method
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provides better resolution than the previous method, but it is dif-
ficult to implement and synchronize at high speeds and it can only
be used in one direction of the xy plane.

Az-scan method has been also proposed to evaluate that the sur-
face of the material is on the laser focus [ 10]. This method is mainly
based on the method used previously to measure optical non-linear
behaviors on transparent materials where the absorption of energy
is neglected [13,14]. It consists in measuring the incident and the
transmitted energy at different z positions between the sample and
the laser beam waist. The objective is to measure the amount of
transmitted energy in each position and then identify which is the
most adequate position to work on the surface of the material. In a
previous work, the z-scan method has been used as a focusing pro-
cedure on PMMA samples by using large z steps (1 um) between
measurements.

In this work we characterize the z-scan method in order to get
high positioning control of the sample along the laser beam waist
for producing surface ablation on transparent materials. For this
we used a z step of 0.1 wm in order to improve the resolution of
the method. The experiments were performed on poly methyl-
methacrylate (PMMA) samples. Laser ablation experiments at three
different positions in the z-scan were analyzed in detail in order to
evaluate the focusing procedure.

2. Experimental

The experiments were done on Goodfellow PMMA samples, pre-
pared in rectangular pieces of 20mm x 10 mm and thickness of
1.1 mm. The samples were irradiated using a pulsed laser of Ampli-
tude Systemes whose active medium is a crystal of Yb:KYW. It has
pulse duration of 450 fs at a wavelength of 1027 nm. The laser was
focused using a high numerical aperture objective NA=0.55 with a
working distance of 13 mm. The energy distribution profile of the
beam was Gaussian with a quality factor of M2 =1.3. The samples
were placed on a holder in which the tilt of the sample can be cor-
rected by means of two micrometric screws. Moreover, the samples
were moved by a motorized stage in the three perpendicular axes.
The setup includes two energy detectors. One placed before the
focusing objective measures the incident energy with the help of a
beam splitter. The other one is placed behind the sample for mea-
suring the transmitted energy. A CCD camera was placed coaxially
to the laser beam for the visualization of the sample in situ. The
focal plane of the camera was located near to the focal plane of the
laser, so that the focused image of the CCD gave a good estima-
tion of the position of the laser beam waist. The distribution of the
elements and further details about the setup are described in [10].

The first step to perform a z-scan is to place the sample around
30 wm over the laser beam waist position. This is possible using
the image of the CCD camera. At this point, the laser focus is far
enough of the sample and, if the material is transparent to the laser
wavelength, there should not be energy absorption. Every time that
a laser pulse is fired, the positioning system moves the sample
0.1 wm in the z axis direction by decreasing the distance between
the surface and the laser beam waist. At the same time, the sam-
ple is moved in the xy plane in order to fire the next laser pulse
with a separation of 5 um horizontally and hence avoiding cumu-
lative effects. Both incident and transmitted energies are recorded
for every pulse and, after data analysis, the values for transmit-
tance and absorbance are obtained. Since the used energies are well
below the critical energy to produce the self-focusing effect in air
(a few mJ), non-linear effects are negligible before the beam enters
inside the PMMA sample [15,16].

The selected energy to perform the z-scan was 200 + 2 nJ based
on previous studies [10]. The transmittance curve variation in each
z position along 30 wm starting from a certain point close to the

100
95 e
9% -m‘
85 s‘
80 - b
L
e

751
*
70- %
.

Transmittance (%)

65 o c
*7 ‘pcusdameara
55
50

T
0 5 10 15 20 25 30
z (um)

4 i

Fig.1. (Top)Plot of the transmitted energy vs.z position at 200 nJ of incident energy.
(Bottom) scheme of the laser focus at different z positions during the z-scan, (a)
slightly out of the sample, (b) on the surface, and (c) inside the sample.

surface is shown in Fig. 1. In this plot, it is possible to identify
3 stages. The first stage corresponds to a region where the sur-
face of the sample is getting closer to the laser focus but the
energy intensity is not high enough to be absorbed. Therefore, the
transmittance value presents its maximum value (91 +3%). As the
sample gets closer to the beam waist, the energy intensity in the
surface increases until a point where it is high enough to promote
energy absorption. Thus, a decrease in the transmittance values is
presented at those positions (point a in Fig. 1). During the second
stage, the sample approaches the beam waist where the intensity
reaches its maximum so that the energy absorption increases sig-
nificantly. Thus, the transmittance decreases in each step (zone b
in Fig. 1). At a certain point the energy absorption of the sample
reaches a maximum (point cin Fig. 1). Beyond this point, the trans-
mittance in all the subsequent positions reaches a constant value
around 58 £ 3%, indicating that the sample overpasses the beam
waist position and it is already inside the material.

It has to be pointed out that the z-scan should be performed
when the samples are placed perpendicular to the beam axis, so the
xy motion of the samples does not imply an unwanted modification
of the surface position. For this reason, a procedure called ‘scan’ is
used in order to achieve that perpendicularity before any z-scan
experiment. ‘Scans’ are made in the xy plane along a total distance
of 2mm in steps of 5 um. It is essentially a scan of the sample in
the xy direction without variations in the z position.

Three scans made at 200+ 2 n] of incident energy are shown
in Fig. 2. The first one (squares) was made with the sample in a
position over the a point in Fig. 1. Consequently, the transmittance
curve shows a horizontal trend at its maximum value because there
is no energy absorption. This gives an estimation of the uncertainty
in the transmittance measurements. In the second ‘scan’ (circles),
the sample was placed in a position where the transmittance value
initially corresponds to the point b in Fig. 1. At this position, the
performed ‘scan’ reveals a variation in the transmittance along the
horizontal direction, indicating that the sample was tilted. Then, the
sample holder tilt was adjusted by using two micrometric screws
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100 plateau at 90+ 5% indicating a lack of absorption for pulse ener-
05 gies below some critical energy value. For pulse energies higher
than the critical value, which is different for every sample posi-
gom tion, the transmittance progressively decreases showing that part
- of the pulse energy was absorbed in the sample. Since the exact
& 859 energy at which the sample starts to absorb is difficult to determine
§ 804 with precision, the critical energy for absorption was determined as
] the cross-point of the horizontal line corresponding to the points
€ 754 presenting no absorption with the straight line fitted to the first
% points in the semi-log plot where absorption is clear. Following
= this method, the values obtained for the critical energy are 112 nJ,
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Fig. 2. Scans on PMMA with the laser focus at different positions on a length of
2000 pm along the x axis, (M) out of the sample, (®) within a tilted sample, and (a)
within a sample after tilt correction.

each for x and y axis until the performed scan follows a trend with
a £5% variation in the transmittance along the scan similar to the
third one presented in Fig. 2 (triangles). At this point, it is assumed
that the tilt of the sample is adequate to perform the experiments.

Once the horizontality of the sample was controlled, a z-scan
was performed. Three different positions were identified in the
transmittance curve: up, middle and down, corresponding to trans-
mittances of 90+ 5%, 75+5% and 65+ 5%, respectively (Fig. 1).
Afterwards, the sample was placed in these positions by sending
pulses at 200n] and moving the sample in the z-axis until the
transmittance reaches the corresponding value. Then, laser pulses
were fired at different energies from 30 nJ up to 2 pJ, keeping the
same z position. After irradiation, the surface modifications were
characterized by atomic force microscopy (AFM).

3. Results and discussion

A plot of the transmittance as a function of the pulse energy for
the up, middle and down positions is shown in Fig. 3. Each point
in the plot is the average of three consecutive pulses fired onto the
sample that were separated 5 wm or 10 wm depending on the used
energy. For the lowest energies, the transmittance curves show a
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Fig. 3. Plot of the transmitted energy vs. pulse energy for (M) up, (o) middle, and (®)

down positions. Dot lines correspond to the cross-point analysis for critical energy
determination.

123 nJ, and 533 nJ for down, middle, and up positions, respectively.
Thus, in terms of absorption, the difference between the down and
middle positions is small, while the up position is significantly dif-
ferent from them.

Some AFM reconstruction images of the surface of the irradiated
areas are shown in Fig. 4. Different modifications were produced
depending on where the sample surface was placed and the laser
pulse energy used. As it has been found in the transmittance curves,
the middle and down series show quite similar morphologies and
evolution. The first signs of surface ablation for the up position
appear at higher pulse energy than for the down and middle pos-
itions. For the up series, ablation starts for pulse energies above
170 n]J, while for middle and down series the first signs of ablation
appear at 110 nJ. Surprisingly, ablation appears in the up series at
pulse energies well below the critical energy determined before
from the transmittance curve, while the values of critical energy
for the middle and down series coincide quite well with the pulse
energies where ablation starts. The ablated areas have the mor-
phology of circular and ellipsoidal craters surrounded by a small
rim, which height is one order of magnitude lower than the depth
of the crater. In all the cases, the size of the craters increases with the
pulse energy. Craters formed at the up position present an irregular
shape. Therefore, this position should be disregarded for high pre-
cision ablation. Despite the similarities between the middle and
down series, the spots produced with the sample at the middle
position seem to be slightly smaller than the spots obtained with
the same incident energy at the down position. Additionally, submi-
crometric bumps with a height around 20 nm appear when sending
pulses of 100 n] and 105 nJ at the down position, however, these
bumps do not appear in the middle series. It has been shown that
the irradiation of PMMA at fluences near the ablation threshold
produces bumps of material due to the hydrodynamic expansion of
the hot material under the surface [17]. These bumps may appear in
the down position because the energy absorption would take place
in a position located slightly inside of the sample at incident ener-
gies close to the energy threshold, while for the middle position the
energy would be focused on the surface of the material.

For pulse energies above 1 pJ, some irregularities in the mor-
phology of the craters can be observed. This behavior seems to
correspond with changes in the energy distribution of the laser
beam. These could be produced by the self-focusing effect in the
glass elements of the focusing device [ 18]. Taking into account that
the critical power for the glass is 2.5 MW [19] and that the pulse
duration is 450 fs, this effect would appear for pulse energies higher
than 1.1 pJ.

The radii of the craters were measured at a depth corresponding
to a 10% of the total depth of each crater. Taking into account that
the energy distribution of the beam is Gaussian and that there is a
fluence threshold for ablation (Fg,), the square of the radius of the
crater (ro) should follow a logarithmic trend with the pulse energy
(Ep):
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Fig. 5. Plot of the square radius of the craters vs. pulse energy for (W) up, (a) middle,
and (@) down positions. Solid lines correspond to fits of expression (1) for the middle
and down series.

where w is the laser beam radius. Indeed, the plot of the square of
the radius against the pulse energy (Fig. 5) follows this logarithmic
behavior for the down and middle series in the range of 135 nJ-1 pJ,
where no self-focusing effects interfere. However, this behavior
is not clear for the up series. The next observation that stands
out is the confirmation that, for the same incident energy, craters

produced in the middle position are similar or slightly smaller than
those produced in the down position. The craters in the up series
are much bigger than the ones obtained at the middle or down pos-
itions. These results corroborates that working on conditions where
the transmittance is just starting to decrease is not the best choice
for getting precision and control in producing surface ablation. On
the other hand, there is arange of around 1 um between middle and
down positions, where the sample surface can be placed and where
very similar features can be obtained with precision and control.

Fy, and w in the middle and down positions were determined
by fitting the data of the middle and down series in Fig. 5 with
expression (1). Thus, the values found for w are 0.7 +0.1 wm and
0.8 +0.1 wm for middle and down positions, respectively. The cor-
responding threshold fluences found are 13 + 4 J/cm? for the middle
series and 10+ 4J/cm? for the down series.

Given that the peak fluence (Fy) of a Gaussian beam follows the
expression:

25
T nw?

Fp (2)
the corresponding pulse energy thresholds for the middle and
down positions are 101 + 42 n] and 104 + 48 n], respectively. These
energy threshold values for ablation correspond quite well with
the critical energy values for absorption found before from the
transmission measurements (Fig. 3), taking into account the exper-
imental margin of error. However, according to the results found
for the up position, the method used for finding the critical energy
cannot be extended for all the positions in the z-scan.
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The ablated volume of the craters was calculated from the AFM
measurements. The results are plotted in Fig. 6a against the laser
pulse energy. The ablated volume follows a linear trend with the
pulse energy for energies up to 400-500 n] depending on the series.
At higher energies, the ablated volume continues increasing but
with higher dispersion. The middle series presents the lowest dis-
persion in all the range of pulse energies studied. At low pulse
energy, the down position shows the best efficiency in material
ablation from the point of view of the energy sent to the sample.
However, if the ablated volume is represented as a function of the
energy absorbed during the process (Fig. 6b), there are almost no
differences between the down and middle series. This indicates a
direct correlation between the amount of material removed during
ablation and the amount of energy absorbed.

All these results show that there is a range between the mid-
dle and down positions in the z-scan where the performance of the
ablation in the surface does not significantly change. Anyway, it is
in the middle position where the best resolution for ablation on
the surface of the sample can be achieved. Thus, we can infer that
the middle position would correspond to the position where the
surface of the sample is closer to the beam waist in comparison to
the up and down positions. Furthermore, any change in the rela-
tive position between the sample surface and the laser beam waist
can be easily detected by monitoring the transmittance and then
corrected in-situ during the ablation process.

4. Conclusions

The z-scan method has been evaluated for the surface ablation
of PMMA with high focusing control through the characterization
of three representative positions along it. It has been found that
there is a range of positions between the middle and down points
that provide similar finishing quality and allow the production of
craters with submicrometric diameter. The z-scan method allows
placing the sample with good accuracy for obtaining high repro-
ducibility on the crater shape modifications even for the smaller
craters where the conditions are critical. According to the obtained
results, the best position to achieve surface modification on a trans-
parent sample of PMMA is the middle point. Additionally, this is the
best place on the z-scan curve to detect any change on the z position
in-situ during the ablation process.
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Femtosecond lasers are versatile tools to process transparent materials. This optical property poses an
issue for surface modification. In this case, laser radiation would not be absorbed at the surface unless
the beam is just focused there. Otherwise, absorption would take place in the bulk leaving the surface
unperturbed. Therefore, strategies to position the material surface at the laser beam waist with high
accuracy are essential.

We investigated and compared two options to achieve this aim: the use of reflectance data and trans-
mittance measurements across the sample, both obtained during z-scans with pulses from a 1027 nm
wavelength laser and 450 fs pulse duration. As the material enters the beam waist region, a reflectance
peak is detected while a transmittance drop is observed. With these observations, it is possible to con-
trol the position of the sample surface with respect to the beam waist with high resolution and attain
pure surface modification. In the case of polymethyl-methacrylate (PMMA), this resolution is 0.6 um. The

results prove that these methods are feasible for submicrometric processing of the surface.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the last years, the use of femtosecond lasers in the fabri-
cation of microdevices has been increasing. The applications of
these devices include different areas such as microfluidics, opti-
cal waveguides and materials surface functionalization [1-3]. This
short pulse duration produces really high power peaks that trig-
ger non-linear absorption processes like multi-photon absorption,
tunneling ionization [4,5] and avalanche ionization [6,7]. These
processes make possible the absorption of the laser radiation and
therefore modification of even transparent materials [8,9].

Among these materials, polymers are chosen for the production
of microdevices because of their ease and low cost of manu-
facture, biocompatibility and optical transparency. One of the
polymers used as substrate for microfluidic devices, polymethyl-
methacrylate (PMMA), is especially appropriate because of its
adequate properties such as moderate hydrophilicity, good trans-
mission at visible wavelengths (about 90%), and biocompatibility.
Thus, PMMA substrates were also chosen for several applications
in the field of biology that range from analysis of biomolecules to a
wide diversity of observations in cellular biology [10].

* Corresponding author. Tel.: +34 934 039 216; fax: +34 934 021 139.
E-mail address: jmfernandez@ub.edu (J.M. Fernandez-Pradas).

http://dx.doi.org/10.1016/j.apsusc.2015.12.135
0169-4332/© 2015 Elsevier B.V. All rights reserved.

Surface modification of the materials is crucial in this kind of
studies since changes in the properties like the roughness of the
material surface affects the flow resistance of liquids or the protein
and cell adsorption efficiency on the surface [11-14]. Therefore, a
controlled and precise surface modification of the material surface
is essential for these studies.

Several studies with lasers of various wavelengths and pulse
durations have shown that laser ablation can be a good microfab-
rication process on PMMA [15-17]. Nevertheless, thermal effects
during the energy transfer to the material limit the resolution of
the ablation. This problem can be minimized if the duration of the
pulse is shorter than the time of the energy transfer to the lat-
tice. In this regime, electron-electron impact ionization leads to the
rapid formation of plasma that expands and ends producing abla-
tion of the material, all confined in the tight region where the laser
isfocused [18]. The timescale of this exposure (some femtoseconds)
is shorter than the energy transfer to the lattice (in the range of the
picoseconds) and ablation occurs through direct plasma formation
or non-thermal melting of the material [19]. Thus, thermal dam-
age is markedly reduced in comparison with ablation produced by
longer pulse duration lasers [20,21].

Since non-linear absorption processes are involved, tightly
focused femtosecond lasers can produce modifications with lower
size than the laser wavelength, overcoming the diffraction limit.
This can be achieved by using laser pulses with incident fluence
values slightly higher than the ablation threshold. In this way,
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transparent polymers have been modified with ultrashort pulsed
lasers achieving submicrometric resolution [22].

High energy densities are necessary for these processes to take
place, which are reached by tight focusing the laser beam at the
material. Consequently, a good control of the relative position
between the sample surface and the beam waist is necessary for
precise surface modification. In case that the main objective is the
surface functionalization, only surface changes should be produced.
However, the modification of the surface of a transparent sample
is not a trivial task, since finding out where the surface is depends
largely on the implemented experimental system. Currently, some
methods allow the adjustment of the position of the surface of
transparent samples in the laser beam waist with few micrometers
accuracy [23-25].

One of them is the z-scan method [26]. In this work we take
advantage from this method to get a precise control on the sample
surface position in regard to the beam waist to be able to opti-
mize the fabrication of spots produced at the material surface and
achieve high resolution for the dimensions of the spots. A sample
of PMMA was irradiated at different incident energies and values
for the relative position between the sample surface and the laser
beam waist. Simultaneous reflectance and transmittance measure-
ments were performed during sample irradiation. Finally, in order
to characterize the results of the surface modification, scanning
electron microscopy (SEM) images of the surface after irradiation
were taken.

2. Experimental

The used laser produces pulses of linearly polarized near-
infrared radiation with a wavelength of 1027 nm and duration
of 450fs in an active medium consisting of a crystal of Yb:KYW.
These pulses arrive at the sample after being reflected and pass-
ing through different optical elements. The beam is focused by a
50x, 0.55 numerical aperture objective at about 13 mm of its outer
lens. A glass coverslip between the objective and the sample sur-
face was also included to prevent ablation debris to deposit on the
objective lens. The energy distribution profile after the objective
was Gaussian.

The experimental setup was equipped with three energy
detectors that allowed the measurement of reflectance and trans-
mittance through the sample for each laser pulse. One detector was
used to control the energy of the incident light. The reflected light
was collected by the same objective after being reflected at the
sample surface facing the objective. After leaving the objective, the
reflected beam followed the same path as the light coming from
the laser until it encounters the coated side of a beam-splitter,
which reflects it to a lens that collects this energy and focuses
it into the energy detector for the reflected light. For the trans-
mitted light, it was measured by a detector placed just after the
sample.

The experiments were performed on samples of PMMA with
rectangular shape (20mm x 10mm, 1 mm thickness) cut with a
diamond blade saw from a commercial 100% pure PMMA sheet
available by Goodfellow. No special treatment was needed for the
sample preparation before or after laser irradiation.

Previous to the fabrication of the spots, the sample was scanned
horizontally in a total range of 2 mm at steps of 10 um while trans-
mittance and reflectance were tracked in order to correct the tilt
of the sample surface. When the sample was not perpendicular to
the laser beam, a non flat tendency for the measured values was
obtained. The horizontality of the sample surface plane with ref-
erence to the beam propagation axis was assumed when a flat
tendency of the transmittance with a +-5% variation along the sam-
ple surface was observed.
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Fig. 1. Plot of reflectance vs. z-position at (W) 100n], (e) 125n], () 150n], (¥)
200n], (4) 300nJ, and (») 500 nJ of incident energy. The experimental error for the
reflectance data is +0.3%.

During spot production, series at fixed incident energy and with
5 wm separation between the impinging laser pulses on the surface
were produced. The used incident energies took values in the range
of 50-500 nJ. While keeping the incident energy of the pulses fixed,
spots at different z-positions (relative position between the sam-
ple surface and the beam waist) were produced by scanning the
sample surface horizontally along a total distance of 2 mm. In this
way, laser pulses always impinged in pristine areas of the mate-
rial. Reflectance and transmittance measurements were performed
simultaneously to the spot production.

The range of z-position values at which lines were produced was
20 pm with the center of this range in the position z=0 pm where
the sample surface lays at the beam waist. Additional details and a
further description about the setup and the z-scan method can be
found in [25,26].

After laser irradiation, the modified surface of the sample was
inspected through scanning electron microscopy (SEM).

3. Results and discussion

Reflectance changes for each single pulse on pristine material
for different z-positions are shown in Fig. 1. Negative values for z
indicate that the beam waist is outside the sample, while positive
values correspond to positions where the beam waist is inside the
sample.

These observed tendencies for reflectance measurements can be
contrasted with transmittance measures that were simultaneously
taken. These values are represented in Fig. 2 in the same way as
reflectance measurements were plotted in Fig. 1. As it has been
observed and explained in previous studies [25-27], the transmit-
tance decrease observed as the sample enters the beam waist can be
used to monitor the relative position between the sample surface
and the beam waist and makes possible to ensure a good posi-
tion control during the experiments. It also allows determining the
beam waist position z=0 wm and therefore correct the z-position
values for the experimental data [28]. The correction is based on
the fact that at z=0 wm, the corresponding transmittance value is
found approximately at an 83% decrease of the total transmittance
difference between the transmittance value where no absorption
is detected (91.4%) and the bulk transmittance value for the corre-
sponding incident energy.

This correction makes that the z-position of the reflectance peak
is found close to the value corresponding to the sample surface
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laying at the beam waist position. This also means that performing
reflectance measurements is a good way to determine the beam
waist position because the detection of a maximum is enough. For
this reason, the beam waist position determination by reflectance
measurements is much easier than when done by a tracking of
transmittance data.

Reflectance measurements show a peak for the series of spots
produced at 125 nJ and higher incident energies (see Fig. 1). For z-
positions where the sample surface is far from the beam waist, a
flat tendency of the reflectance was observed as the pulse energy
is not absorbed by the PMMA and only the light reflected by the
surface (refractive index change) is measured, which for the laser
wavelength (1027 nm) corresponds to a reflectance value of 8.6%.
As the sample surface is brought closer to the beam waist, flu-
ence increases and when it overcomes a certain threshold value,
absorption of the laser radiation starts taking place. At this point,
transmittance starts decreasing and reflectance starts increasing.
Reflectance continues increasing as the surface gets closer to the
beam waist position until it reaches its maximum value around
the position z=0 pm. Then, the reflectance starts decreasing as the
fluence at the surface gets lower and higher fluences are inside
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Fig. 3. Peak reflectance values for the different studied incident energies. The fitted
line describes the linear tendency that these values follow in the range of energies
between 125 nJ and 500 nJ. The experimental error for the peak reflectance values
is £0.3%.

the bulk. Finally, when the beam waist is deep inside the bulk, the
reflectance recovers the original value.

The reflectance peak tends to shift slightly for increasing inci-
dent energies to z-positions where the beam waist is below the
sample surface. At the same time, the peak width and height also
increase while going to higher incident energy values. This ten-
dency of the peak height can be observed in Fig. 3. It can be seen
that the peak maximum value increases linearly with increasing
incident energies. This behavior makes possible to find a threshold
energy value that has to be overcome to start observing a peak in
the reflectance. This value can be found when the line fitted to the
data meets the reflectance value of 8.6% corresponding to the usual
reflectance of the PMMA for light at 1027 nm. This energy value is
106 nJ. Experimental results agree to this value, as no peak could
be observed for energies lower than 125 nJ. The presence of this
threshold for the observation of a reflectance peak could be related
to the formation of a plasma at the sample surface. In view that
ablation is always observed when reflectance is higher than 8.6%,
it can be assumed that an electron-ion gas-like plasma is gener-
ated as indicated in previous simulations of the process of PMMA

9.5+

Reflectance (%)

Reflectance (%)

7.0 T L MARA ML LAAad sl | T

9 -8 -7 -6 -5-4-3-2-101
z (um)
(b)

Fig.4. Plotof reflectance vs. z-position for incident energies of the pulse between (a) 50 nj and 100 nJ, and (b) 100 nj and 500 nJ. For lines in (a), the energy values are (magenta)
50n)], (red) 60n], (green) 70n], (blue) 80 n], (cyan) 90 nJ, and (black) 100 nJ. For (b), the line colors correspond to the following energies: (black) 100 nJ, (red) 130 nJ, (green)
150n], (blue) 200 n], and (wine) 300 nJ, and (orange) 500 n]. The lines only link data points (separated by 0.1 um) to make easier following the data tendency. Experimental
error for all reflectance data is +0.3%.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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for all the values.(For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

ablation [29,30]. The increase of the reflectance is directly related
to the increase of the plasma density.

A more detailed observation of the reflectance values for 90 and
100 nJ (below the threshold for peak observation) reveals a small
reflectance decrease in form of a valley (Fig. 4a). The position of the
valley is found around the beam waist (z=0 wm) but also slightly
shifted to z-positions corresponding to the beam waist being below
the surface. For energies higher than the peak observation thresh-
old (see Fig. 4b), the reflectance decrease (valley) is still present
following the peak. Nevertheless, the reflectance minimum does
not seem to change much for the different incident energies stud-
ied. On the other hand, after the peak and the valley, the reflectance
value follows again a flat tendency corresponding to the situation
when the beam waist is inside the bulk. All these phenomena can be
interpreted according to previous studies on some semiconductors
like silicon, where the evolution of the reflectance behavior is stud-
ied with respect to the excited electron-hole density at the material
surface [31,32]. According to thisresearch, the density of the plasma
created on the surface by the impinging laser pulse modifies the
optical response of the material that can be explained by the Drude
model, which is characterized by a decrease of the reflectivity at
lower densities and a drastic increase at higher densities.

When comparing reflectance and transmittance measurements,
it can be observed that they point out the close presence of the sam-
ple surface with respect to the beam waist in a similar way: the
reflectance peak starts at the same position as the transmittance
drop begins. However, the end of the reflectance peak is found at
higher values for the z-position than the end of the transmittance
drop. The later end of the reflectance peak can be used to monitor
the z-positions where spots are still produced but the transmittance
has already reached the bulk flat value. Fig. 5 shows the width of
the range where the z-position of the surface can be determined
by reflectance or transmittance measurements. The values were
obtained by measuring the width of the transmittance drop and
the width of the basis of the reflectance peak. The results show
that for the studied incident energies, both measurements give
comparable margins for the sample surface position determination
and, therefore, can be used similarly as position control methods.
Nevertheless, it has to be noted that transmittance measurements

Fig. 6. Plotof the z-scan slope (transmittance decrease rate) for the different studied
values of the incident energy of the pulses. This decrease rate corresponds to the
transmittance reduction observed when the sample enters the beam waist region.
The experimental error of the plotted slope values is +0.5%/m.

can go down to incident energies close to the ablation threshold,
while changes in the reflectance can only be detected at higher
energies. On the other hand, reflectance measurements provide an
extended range for the determination of z-positions where surface
modification is still present.

In this way, both reflectance and transmittance data can be put
to work to correct the sample surface position with respect to the
beam incident direction. Any change in the values would detect
a tilt of the sample surface. Transmittance measurements provide
an easier way for correcting this tilt considering that the sign of
the change of the measured transmittance gives the direction for
the correction of the sample tilt: a lower transmittance value indi-
cates that the sample surface is going inside the beam waist. On the
contrary, reflectance measurements require more steps for doing
this correction because the peak behavior of the data does not give
directly the direction needed for the tilt correction (see Fig. 1): a
decrease at the left of the reflectance peak means the sample sur-
face going further from the beam waist while at the right of the
peak, it means just the contrary. In this case, additional measure-
ments are necessary for being able to correct the sample tilt.

In order to evaluate the precision of the positioning method
through transmittance measurements, we analyzed the slope of the
transmittance drop in the z-scans. This slope was calculated by fit-
ting a line to the experimental data. The tendency that these values
follow has been represented in Fig. 6. For incident energies close to
the ablation threshold, the slope rapidly increases until 200 nJ. The
higher the value of the transmittance drop slope, the higher the sen-
sitivity to detect a change in the z-position. Therefore, the control of
the z-position with transmittance measurements presents the best
precision for incident energies around 200 n]. For higher energies,
the method still has a good performance as a position control proce-
dure since the slope value only decreases a little. If we take 8.5%/pm
as an average value for the slope at these energies (100-500 n]J),
the 5% margin for the surface horizontality in transmittance values
commented in the experimental section gives a precision in the
determination of the z-position of 0.6 wm. This number can be con-
sidered a good representative value for the precision of the z-scan
method as a position determination procedure.

However, for energies very close to the ablation threshold,
which are used to produce very small spots, transmittance mea-
surements cannot ensure such a good position control. In this
situation, only a reduced range of z-positions where fluence
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Fig. 7. SEM images of the first two craters produced each one by one pulse with the same incident energy when the sample is entering the beam waist region and the fluence
at the surface overcomes the threshold value. The right crater is the first one, while the left crater is produced when the sample surface is 0.1 wm closer to the beam waist.
The images correspond to different incident energy values: (a) 80 nJ, (b) 90 nJ, (c) 100 n], (d) 125 ], (e) 150n], (f) 200 nJ, (g) 300 nJ, and (h) 500 n].

overcomes the ablation threshold is suitable for spot production
and the relative position of the sample surface with respect to the
beam waist becomes more critical. However, small spots can be also
produced at higher energies. Spots shown in Fig. 7 were obtained at
the two first positions where a transmittance decrease is detected.
Their dimensions are visibly smaller than the diffraction limit of the
focused laser beam. There is a change in the z-position of 0.1 um
between the two spots visible at each image and the incident energy
values at which they were produced go from 80 n] (just above the
ablation threshold) until 500 nJ. The radii of these spots are in the
range between 66 nm for the smallest one (obtained at 80 nJ) and
340 nm for the largest one (obtained at 200 n]). Even with 500 nJ of
incident energy, spots with radii below 300 nm were obtained.
These results certainly show that in situ reflectance or transmit-
tance measurements during the surface modification process make
possible a high precision position control of the sample surface with
respect to the beam waist and, consequently, a good control of the
dimensions of the produced surface modifications. As well, this
optimization of the surface modification procedure contributed
to the surface ablation of spots with sizes in the submicrometric
domain without being restricted just to incident energies very close
to the ablation threshold. Precise surface ablation is also possible
with pulse energies clearly higher than the ablation threshold.

4. Conclusions

Reflectance and transmittance measurements performed simul-
taneously to surface modification of PMMA gave valuable data
about the surface position with respect to the beam waist and,
in consequence, surface modification can be optimized to pro-
duce spots with submicrometric dimensions. Spots with a radius
of 66 nm were ablated on the surface. This is much smaller than
the diffraction limited spot for the laser wavelength at 1027 nm.
Thanks to the high precision of the z-scan as a positioning method,
higher energies can be also applied to produce these small spots.
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Abstract

CrossMark

Spatial resolution of laser micromachining of polymers can be improved with the use of
femtosecond laser pulses. Due to the short interaction time, thermal effects are significantly
reduced. Additionally, the non-linear character of the interaction of ultrashort laser pulses
with transparent materials allows the modification inside their bulk also. However, this creates
the challenge to accurately focus the laser beam in the surface when only surface ablation

is required. Thus, this work presents a study of the laser ablation of a transparent polymer

at different pulse energies and focusing positions controlled through z-scan transmittance
measurements. Experiments were performed using an Yb:KYW laser with 450 fs pulses and
1027 nm wavelength. Morphological analysis of the polymer surface after irradiation was
performed using scanning electron microscopy. Similar ablation craters were found for a
range of sample positions around the beam waist. However, focused ion beam cross-sections
of the craters unveil significant inner modifications under most of the focusing conditions
leading to surface ablation. Hence, surface ablation without damaging the bulk material only
occurs at critical positions where the beam waist is located slightly outside the sample. In situ
monitoring of the sample position can be made through transmittance measurements.

Keywords: femtosecond laser ablation, surface patterning, polymers, micro- and nanoscale

patterning

Online supplementary data available from stacks.iop.org/JPhysD/48/335302/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

During the latest years, the design and fabrication of micro-
devices have increased the usage of femtosecond lasers for
applications such as lab-on-a-chip and microfluidic devices,
optical waveguides and materials surface functionaliza-
tion [1-3]. Their versatility relies on the short time that the
sample is exposed to the laser radiation. The short pulse dura-
tion produces very high power peaks that enable non-linear
absorption processes as multi-photon absorption, tunneling
ionization [4] and multi-photon ionization [5] besides other

0022-3727/15/335302+9$33.00

non-linear propagation effects as self-focusing and plasma
defocusing [6—8] involved when modifying transparent mate-
rials. Electrons in the valence band are firstly promoted to the
conduction band by multi-photon absorption or tunneling ion-
ization. This initial electron density in the conduction band
initiates ablation through further excitation of these electrons
by the high intensity of the focused laser beam. Thus, elec-
tron—electron impact ionization leads to the rapid formation of
plasma that expands and ends producing ablation of the mate-
rial, all confined in the tight region where the laser is focused
[9]. The timescale of this exposure (some femtoseconds) is

© 2015 IOP Publishing Ltd  Printed in the UK
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shorter than the time by which this energy can be transferred
to the lattice (in the range of the picoseconds) and abla-
tion occurs through direct plasma formation or non-thermal
melting of the material [10]. Thus, thermal damage decreases
dramatically in comparison with ablation produced by longer
pulse duration [11].

Since non-linear absorption processes are involved, tightly
focused femtosecond lasers can produce modifications with
lower size than the laser wavelength, overcoming the diffrac-
tion limit [12]. This can be achieved by using laser pulses
with incident energy values slightly higher than the ablation
threshold. This precise energy deposition allows improving
spatial resolution and finishing quality which are needed in
specific applications like the fabrication of microchannels in
biocompatible materials and the production of optical wave-
guides [13, 14]. For instance, transparent polymers have been
modified with ultrashort pulsed lasers achieving submicro-
metric resolution [15].

Most of the femtosecond laser interaction studies with
transparent materials have been performed in glass and fused
silica where the modification of the material occurs in bulk
[16, 17]. However, some applications such as micromachining
for microfluidics and micro-optics require the best control over
the position where the energy is delivered [18]. In case that the
main objective is the surface functionalization without modifi-
cations in the bulk, only surface changes should be produced.
However, the modification of the surface of a transparent
sample is not a trivial task, since to find out where the surface
is depends largely on the implemented experimental system
for both focusing the laser light and positioning the sample. If
the focusing system incorporates high enough numerical aper-
ture objectives, the Rayleigh length can be short enough so
that small changes in the relative position between the sample
and the beam waist can easily lead to deposit the energy in the
bulk instead of the surface or to focus the beam outside the
sample [19]. Currently, some methods allow the adjustment of
the position of the surface of transparent samples in the laser
beam waist with few micrometers accuracy [20-22].

One of them is the z-scan method [22]. During a z-scan
experiment, pulses at a fixed energy are sent to the sample
surface. The incident and transmitted energies are measured
at different sample positions in the z-axis relative to the laser
beam waist. As a result, a transmittance curve along a range
of z-positions is obtained. The information of the transmit-
tance curve can be used to place and control the position of the
sample in the z-axis with high accuracy.

In this work, we study the relation between the resulting
modifications produced by the laser irradiation at different
sample positions along the beam axis and the transmittance
values during z-scan experiments. Typically the surface
modifications are craters produced by material ablation, but
depending on the focusing conditions and the laser fluence,
some protuberating bump structures are also produced. One
objective is to identify the position in the transmittance curve
where the laser beam waist is located. Another objective is
to determine the best position to produce modifications in
the surface of the sample. For this, atomic force microscopy
(AFM) and scanning electron microscopy (SEM) images of
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Figure 1. Scheme of the experimental setup: (a) laser, (b) attenuator,
(c) beam splitter, (d) photodiode, (¢) PMMA sample, (f) cover slip,
(g) focusing objective, (h) mirror, and (i) CCD camera.

the surface after irradiation were taken, registering the change
of the morphology at different z-positions of the sample. A
selection of modified areas was ablated using focused ion
beam (FIB) technique in order to obtain cross-sections. Then,
SEM images were taken in order to visualize the inner mor-
phology of the material beneath the irradiated areas.

2. Experimental details

The laser pulses were generated by a diode-pumped Yb:KYW
laser system of Amplitude Systemes, with 1027 nm wavelength
and 450fs pulse duration. The energy distribution profile cor-
responds to a Gaussian beam with nominal quality factor
M? = 1.3 and diameter of Smm at 1/e? of the peak intensity
before entering the objective. The pulses were focused using
a 50 X objective with numerical aperture 0.55, working dis-
tance 13 mm and rear aperture diameter of 6 mm. Experiments
were performed with pulse energies of 87 + 1nJ, 100 + 2n],
125 + 2nJ and 200 + 2nJ. Using these energies and the
beam waist size obtained in section 3 we could calculate the
peak fluences and intensities that range from 7.8 to 18Jcm™>
and from 17 to 40 TW cm™2, respectively.

The material used in the experiments was polymethyl-
methacrylate (PMMA) disposed in rectangular pieces of
20 x 10mm and thickness of 1.1 mm. The system allowed
moving the sample in three perpendicular axes with minimum
incremental steps of 100 nm by the action of motorized stages.
The tilting of the sample was corrected by adjusting two
micrometric screws properly placed in the sample holder. Two
energy detectors were used; the first one measured the inci-
dent pulse energy after the laser beam passes through a beam
splitter, and the second one was placed behind the sample for
measuring the transmitted energy. Visualization of the sample
in situ was performed with a CCD camera placed coaxially
with the laser beam. Figure 1 shows a diagram of the general
setup used for the ablation experiments.

In a z-scan experiment, single pulses are fired to pris-
tine sample areas and the amount of transmitted energy is
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measured at different z-positions. Therefore, the horizontal
motion of the sample must not imply an uncontrolled z-posi-
tion change in order to get accurate z-scan data. Previous
experiments show that the transmitted energy changes along
different positions on the xy plane if the sample is tilted [23].
Thus, this horizontality was achieved by modifying the tilting
of the sample while sending pulses of 135 + 2nJ until the
transmittance value showed variations below the signal to
noise ratio of +5% along the area of interest. Once the sample
tilt is corrected, the focus of the laser beam is placed near the
surface of the sample by means of the image obtained in the
CCD camera. The focal plane of the camera and the position
of the laser beam waist are close enough to place the surface
near the laser focus based on the image of the camera. Then,
the sample is displaced a distance of around 10um farther
from the objective, in order to assure the position of the beam
waist outside the sample with no significant energy absorp-
tion. Starting from this position, the laser fires pulses one
by one and the position of the sample is modified in steps of
100nm in the z-axis and 5 ym along the x-axis, thus only one
laser pulse impinges on the same region of the sample.

After irradiation, the sample surface was characterized
through AFM and SEM. Finally, FIB technique was used to
ablate material in some of the irradiated spots of one z-scan
in order to visualize a cross-section of the produced modifica-
tions and the bulk material beneath the irradiated areas. As
the material is very sensitive to thermal changes, the energy
of the ion beam was kept very low and long exposure times
were needed to avoid unwanted damage on the sample (5kV,
20min). After FIB ablation, the sample was covered with a
graphite thin film of ~20nm for SEM imaging. SEM images
after FIB ablation were taken with tilting of 45° with respect
to the surface plane in order to visualize the cross-sections of
the ablated zones.

3. Results and discussion

Figure 2 shows the plots of the transmittance versus the
z-position corresponding to incident pulse energies of 87, 100,
125 and 200n]. In this figure the z-positions start at —5um
and end at 6um. The negative values correspond to sample
positions where the beam waist is outside the sample. This
range was chosen in view of the change in the transmittance
along a complete z-scan of 20 um. During the first positions,
the value for the transmittance corresponds to the maximum
value of 91 + 5%.

In these positions, the beam waist is far enough from the
sample so the intensity in the surface is not high enough to
modify the material. As the sample moves towards the beam
waist, the fluence at the surface increases and the transmit-
tance decreases during a range of z-positions. This range
begins at different positions depending on the incident pulse
energy. For instance, the position where the transmittance
starts changing for the curve of 87nJ is z = —1.8 um while
for 200n] it starts at z = —3.1um. This is reasonable since
an energy increase means a fluence increase on the surface
that allows obtaining surface modifications at farther positions
from the laser beam waist. Afterwards, for all the curves, there

97
C Florian et al
100
Ll ) w
Sl Y "':K
° h, e,
= Fr Vma
€ w . Tl
L]
g s [ Lt
§ 70] 't “A8 [0, tpemtes 2x el i W)
£ RN
A AL A "
§ 60 ‘v"v Vil BN
o "vv
T e s T T P

40 :
z (um)

Figure 2. Transmittance values for z-scans produced with pulse
energies of (m) 87nJ, (@) 100nJ, (A) 125n] and (¥) 200nJ. The
position z = 0 um corresponds to the position of the laser beam
waist determined from what is found in figure 5(b).
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Figure 3. AFM profile of craters produced in the series made of
125n]J of incident energy. The corresponding positions are (solid
line) z = —1.9 ym and (dashed line) z = Opm.

is a position from which the transmittance presents a plateau
with constant value. The transmittance value of the plateau
presents lower values as the pulse energy increases. Despite
that the sample is moving in steps of 100nm, the range for
positioning the sample close to the beam waist can be esti-
mated by the z range where the transmittance decreases from
the maximum value to the plateau value, being different for
each incident energy. For 125n], the z range starts from z
=—2.6um to z = 1.4 um resulting in a z range or ~4 ym.
According to AFM data, the morphology of most of the
surface modifications corresponds to a crater shape (figure 3).
It can be observed that as the pulse energy increases, the depth
of the craters also increases. In addition, it is remarkable that
the crater depth and shape are similar despite the position
changes in the z-axis for all the studied energies. Some cra-
ters produced during the z-scans made at pulse energies of
87, 100, 125 and 200 nJ are shown in figure 4. In general, the
craters have circular shape during the first positions of the
z-scans, but after certain position the morphology becomes
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09um 23um 32um 3.6pm 43 um 45um 54 um

Figure 4. SEM images of surface modifications. The corresponding pulse energies in each series are (a) 87nJ, (b) 100nJ, (c) 125nJ and
(d) 200nJ. The sample position is indicated next to each image.

a bit elliptical. The modifications on the surface are shown waist and the fluence at the surface is high enough to pro-
from left, where the beam waist is far from the sample, to  duce ablation. The craters size starts increasing as z-position
right, where the sample moves towards the beam waist and increases until it is reached a range where the size seems to
ends with it inside. be more or less constant. After this range, the crater sizes

In this way, the first presented image shows the closer posi-  decrease gradually until the appearance of bump shaped
tion where the laser does not produce any surface modifica- modifications. Their morphology consists of bubble shaped
tion. After this position, the sample moves towards the beam  structures that protrude over the surface level. The sizes of the
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Figure 5. (a) Plot of the average diameter versus z-position. (b) Plot of the theoretical diameter versus z-position. The series were produced

with pulse energies of (M) 87nJ, (@) 100nJ, (A) 125nJ and (V) 200nJ.

bumps decrease as z-position continues increasing until there
is no visible modification or ablation on the sample surface.
Bumps are present for all the studied z-scans although they are
not shown in figure 4(d).

Lazare et al [24] proposed a model to predict the evolution
of the absorption for a silk protein during the femtosecond
laser pulse by evaluating the ionization probabilities consid-
ering multiphoton ionization and electron impact ionization
and the density of ionizable electrons of the material. Results
show that only a fraction of the energy is absorbed in the first
10nm of the surface, so great part of the laser pulse energy
continues propagating inside. The amount of absorbed energy
increases with increasing laser fluence. Taking into account the
values corresponding to the peak intensities used in our exper-
iments and the band gap of 3.7eV for the PMMA samples
(calculated from an UV-visible transmittance spectrum), we
find that the Keldysh parameter [4] takes values ranging from
1 for the highest energy pulses to 2 for the lowest ones. Thus,
the first ionization mechanism occurring in our experiments is
probably produced by multiphoton absorption, although some
contribution from tunneling ionization cannot be completely
disregarded. However, once the critical density for impact
ionization is reached, most of the ionized electrons are gener-
ated by this last mechanism and results should not be highly
dependent on the first ionization mechanism probabilities.
The density of ionizable electrons (n,) for PMMA has been
evaluated from its theoretical density and the number of single
C-0 bonds of the PMMA monomer as they contain the most
ionizable electrons [25]. In our case n, = 7.17 x 10*'cm™>,
which is one order of magnitude lower than the value reported
by Lazare for silk protein [24]. Consequently, absorption
probability would be lower and transmittance higher.

Figure 5(a) shows a plot of the measured crater diam-
eter versus the z-position. The measurements were obtained
from the SEM images. Comparing the size evolution with the
z-scans in figure 2, we can identify that the first and smaller
craters are produced just in the positions of each z-scan
where the transmittance starts decreasing. The transmittance

0.6

Radius® (umz)

o
L

0.0

T T T T
50 100 150 200 250 300

Pulse energy (nJ)

Figure 6. Plot of the radius squared versus the pulse energy.
The error bars correspond to the experimental errors of the crater
measurements.

at this position almost corresponds to the highest value and
virtually no absorption is detected. Afterwards, the transmit-
tance values decrease gradually as the size of the diameters
increases. Then, there is a range of z-positions where the
crater size is more or less the same, while transmittance values
continue decreasing. This range ends at positions where the
transmittance has already reached the plateau. The same
trend can be observed in all the different pulse energies. The
average diameter in the flat central zone is 700 + 20nm for
87n], 835 + 25nm for 100nJ, 980 + 30nm for 125nJ, and
1.30 + 0.04 um for 200nJ. It is noteworthy that although the
transmittance values change significantly, there is no signifi-
cant change in the crater sizes for all the z-scan experiments. It
is at the transmittance plateau region that there is a decrease of
the crater size and, finally, the later bump formation.

Based on the above results, the often used method to locate
the position of the laser beam waist by searching the smallest
modification produced in the sample surface at a given pulse
energy is not correct since the smallest modifications are
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Figure 7. Plot of the beam radius along z-axis following two
different methods: the dashed line plot was calculated following
the M2 model [28], while the continuous line plot was determined
through vector diffraction theory taking into consideration the
clipping factor between the beam diameter and the rear objective
aperture [30].

obtained when the laser beam waist is located far from the
surface, outside or inside the sample, as it can be seen in
figure 5(a). Presumably, the position of the laser beam waist
is located somewhere among the positions where the diam-
eters of the craters are more or less constant. Assuming this
hypothesis, we represented the average values of the crater
squared radii around the maximum values versus the laser
pulse energy (figure 6) in order to get information of the laser
beam waist.

The logarithmic correlation shown in the plot of figure 6
suggests that the beam intensity profile is Gaussian at the
beam waist, and that PMMA ablation is activated when the
fluence on the surface overcomes certain threshold value (Fy,)
[26, 27]. Therefore, the following equation (1), which gives
the crater radius (r) ablated at a given pulse energy (E) in a
Gaussian beam, can be used to find the beam radius (w) at the
beam waist and the fluence threshold.

2 2
[0} Fnrw
2 — —ln(m—

0)2
: )+ 2 In(E). M

The logarithmic fit gives a value for the threshold fluence
of 5.5 + 2.0Jcm™2 and for the radius at the beam waist of
0.84 + 0.11 um. Based on these experimental results, their
comparison with the theoretical ones for our focusing system
gives a M? factor of 1.5, since the theoretical beam waist
would have to be 0.55um. Following the M?> model for the
propagation of the laser beam, the radius at different z-posi-
tions is given by equation (2):

Mz)
Z] @

0 (z) = a)oz 1 +[ >

W,
where w is the radius at the beam waist, A is the laser wave-
length and z = 0 the position of the laser beam waist [28].
The size of the laser beam around the beam waist following
this equation is plotted as a dashed line in figure 7 for our

experimental values. When substituting the theoretical values
of the beam size in equation (1) together with the experimental
values for the beam waist radii and fluence threshold, in order
to calculate the theoretical evolution of the crater radius with
z-position (media 1) (stacks.iop.org/JPhysD/48/335302/
mmedia), it results that the maximum crater size occurs at
the beam waist position and that the craters of minimum size
are obtained at the two symmetrical outermost points of the
range at which craters should be present. However, this range
is notably shorter than the experimental one and it does not
show a plateau of constant size craters for most of the simu-
lated pulse energies.

Gillen et al [29] demonstrated analytically that the M?
model fails in the description of the propagation of clipped
focused Gaussian beams. Depending on the clipping factor
(named y and defined as the ratio between the size of the
objective rear aperture radius and the size of the laser beam
waist before entering the objective) the energy distribu-
tion around the laser beam waist can change considerably.
However, in this work the beam configuration corresponds to
a very low NA focusing configuration (the clipping is being
performed on a Gaussian beam converging from 5+/2 to 5 um,
in a Rayleigh range of 10mm). Thus in our case where we
work with a 0.55NA objective, we have used the Richards—
Wolf theory for simulating the propagation of the laser beam
in our experimental system and for finding the precise inten-
sity distribution around the beam waist. This electromagnetic
theory is the standard rigorous description of the focusing of a
near paraxial beam through a high numerical aperture optical
system (as in our case) and takes into account relevant quan-
tities defining our experiment: size of the input laser beam,
focusing lens data, working distances and specially the clip-
ping factor, which in our experimental setup is y = 1.2 [30].
Our calculations show that cross-sections of simulated inten-
sity profiles close to the beam waist are nearly Gaussian.
The simulated beam size is plotted with a continuous line in
figure 7. Firstly, it has to be noted that the simulated results
agree quite well with the size of the beam waist found experi-
mentally. Besides, it can be observed that in these computed
results there is a range of z-positions around the beam waist
where the beam has similar size. This zone is much flatter and
homogeneous than the presented on the M? model. According
to these results, the simulated clipped beam propagation
should match better the experimental results.

Using this simulation, the theoretical crater diameters for
all the different z-positions were also determined using equa-
tion (1). Figure 5(b) shows the plot of the theoretical diam-
eters versus the z-position. The position z = 0 ym corresponds
to the position of the laser beam waist. We used this position
as a reference for all the other plots in this paper. Comparing
the information plotted in figures 5(a) and (b), we can see that,
indeed, the theoretical diameters are now in better agreement
with the experimental data. It is remarkable that diameter
sizes of the modifications produced when the laser beam waist
is outside of the sample agree quite well for all the studied
incident energies, both in size and z-positioning. Afterwards,
there is a region of z-positions where the diameter of the cra-
ters has a similar value. This trend can be associated with the
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Figure 8. Plot of the experimental (A) and theoretical (A)
diameters (left axis) and the corresponding transmittance curve
(e, right axis) for a z-scan experiment produced at incident pulse
energy of 125nJ.

flattened zone near the focus where the beam size is almost
constant. Nevertheless, the plotted points for positions after z
= 0pum on each series do not fit so accurately with the experi-
mental results. The real diameters are bigger and modifica-
tions are present in a deeper range of z-positions.

In order to better compare theoretical and experimental
results, we gather all the results from the z-scan experi-
ment made at 125n]J in figure 8. Hence, this figure shows
three different plots: the transmittance curve of the z-scan,
the experimental diameters of the produced craters and the
theoretical diameters. In this plot it can be observed that the
first surface modifications start at positions where the trans-
mittance starts decreasing, as shown in figure 4(c). As the
PMMA surface approaches the position of the beam waist,
the size of the modifications increases and the transmittance
decreases gradually. After z = Oum, it can be seen that the
experimental craters have a bigger size in comparison with
the theoretical ones. Besides, the last crater observed on the
surface corresponds to the position z = 3.6 um, while the
theoretical results suggest the position of the last one at z =
2.6 um. For the positions where the beam waist is out of the
sample, the maximum energy density is located outside the
sample; therefore, there is no major interaction in bulk and
modification of the surface is only dependent on the local
laser fluence.

In contrast, when the beam waist is located inside the
sample, the focalization in bulk might produce certain modi-
fications inside the material that can induce side-effects on
the surface, modifying the expected size given by the fluence
threshold. Furthermore, the formation of bumps only when
the focalization of the laser beam occurs well inside the mate-
rial reinforces the hypothesis that the effects inside the bulk
material affect the surface as well. Thus, the energy absorp-
tion in bulk may produce a fracture of the polymer and the
creation of gas which expands inside the material, leading to
the increment of the crater sizes beyond the area limited by the
fluence threshold and the formation of bump like modifica-
tions when the peak fluence at the surface is well below this
threshold [27].

In order to observe the inner morphology of the material
below the irradiated areas, FIB ablation technique was used to
ablate some of the craters of the z-scan made at 125nJ. SEM
images of the FIB ablated areas are shown in figure 9.

In those images it can be seen that the bulk material
below the irradiated area is damaged in some of the z-posi-
tions. These modifications present a porous structure which
displaces along the z-axis according to the position of the
sample relative to the beam waist. For the positions shown in
figures 9(a) and (b), the produced craters do not present any
visible structure underneath. Starting from figure 9(c), it can
be observed that the crater is accompanied by the formation
of a porous structure whose length increases as the beam waist
moves into the sample (figures 9(c)—(k)). This porous struc-
ture remains for all the rest of positions and at some point it
is not possible to observe the real length because the struc-
ture seems to be elongating even more as the beam waist is
entering the material. In figures 9(1) and (m), the FIB abla-
tion of two bump shape modifications and porous structures
beneath the irradiated area are shown. This structure would
be produced due to the expansion of the material near the sur-
face, and this in turn produces the formation of bumps that
can be seen in figures 9(1") and (m’) on an intermediate phase
of FIB ablation. It is noteworthy that neither the diameter nor
the depths of the craters seem to have drastic changes for the
different z-positions as already seen with AFM, but certainly
the processes occurring inside the material that produce the
porous structure also affect the surface. The enlargement of
the porous structure is likely produced by self-focusing, since
the critical power to produce this effect (40kW) is vastly over-
come in our experiments [31].

There are some studies that simulate the behaviour of the
interaction between femtosecond lasers and different mate-
rials [20, 27-34], but a complete explanation of the ablation
mechanisms remains unaccounted. According to molecular
dynamic simulations of the ablation of PMMA with a pulsed
laser in the femtosecond regime [35], the formation of a crater
on the surface of PMMA is consequence of the formation of
surface swelling followed by an expansion of the material
underneath the irradiated area, and finally the expulsion of
the irradiated material producing a crater in the surface of the
polymer. The reported porous structure beneath the irradiated
area in the simulation [35] can be associated with the porous
structure of the experimental results observed in figure 9.
This absorption depends strongly on the position of the laser
beam waist relative to the position of the sample surface and
it can be clearly observed that the size of the porous structures
increases as the laser beam waist enters into the sample. In
this way, the drop in the transmittance can be associated with
the formation of the porous structure due to the energy absorp-
tion. This result is in good agreement with the transmittance
drop in all the z-scan experiments shown in figure 2.

In view of these results, we can see that the craters made
at positions where the transmittance value is the closest to the
maximum of 91 + 5% correspond to the z-positions where the
sample has to be placed to produce surface ablation without
modifying the bulk material (figures 9(a) and (b)). This position
is very critical, since slight changes on the position between
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(a)

(d)

Figure 9. SEM images of the craters produced in a z-scan made at 125nJ showing a transverse section made on the material through FIB
ablation (tilt: 45°). The z-positions at which the craters were produced are (a) —2.6 um, (b) —2.3 ym, (¢) 1.9 um, (d) —0.8 ym, (e) —0.4 um,
() Opm, (g) 0.5um, (h) 1.7 pm, (i) 2.7 ym, (j) 3.1 um, (k) 3.2 ym. The images showed in (1) 3.9 gm and (m) 4.0 gm correspond to z-positions
where the irradiated area showed a bump instead of a crater. In (I’) and (m”) it can be seen the protuberances on the surface of the material

in an intermediate phase of the FIB ablation.

the sample and the beam waist can lead to the energy absorp-
tion in bulk or not absorption at all. If the placement of the
laser beam waist on the surface is required, the sample has to
be placed in an intermediate zone on the transmittance curve.
For this, the sample position is not so critical since there is a
range where the size of the modifications does not vary signifi-
cantly. Besides, the position can be controlled with high accu-
racy through the transmittance values at each z-position. But, it
is important to know that the material will be modified not only
on the surface but also in bulk, as shown in figures 9(c)—(m).
Finally, in order to produce bump structures, the sample has to
be placed in positions where the transmittance curve shows the
plateau region. Again, this position is very critical, since slight
changes of the position between the sample and the beam waist
can lead to unwanted crater formation or not bump formation
due to the absorption in bulk with no effect on the surface mor-
phology. Additionally, there is no control in the positioning
through the transmittance values because they correspond to
the plateau region of constant value.

4. Conclusion

Depending on the incident pulse energy, the z-scan transmit-
tance values provide a range of positions in the z-axis where

the sample can be placed in order to obtain surface modifica-
tions with high reproducibility and similar feature sizes. The
position of the z-scan where the laser beam waist is located
can be found at the end of the transmittance drop but before
the bottom plateau in the transmittance curve. Dimensions of
the craters are determined by a fluence threshold for z-posi-
tions where the beam waist is located outside the sample. A
porous structure inside the bulk is also generated when the
laser irradiation is absorbed inside the sample. This structure
is attributed to the expansion of gas inside the bulk material,
leading to the formation of larger craters and bumps on the
surface beyond the regions limited by the fluence threshold.
The position for the production of surface features avoiding
the modification of bulk material is located at positions in
the z-scan where the transmittance value is the closest to the
maximum.
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The fabrication of lines at the surface of polymethyl-methacrylate (PMMA) was studied. A femtosec-
ond laser with pulse duration of 450 fs and wavelength of 1027 nm was used. The z-scan method was
employed as a focusing procedure to control the sample position with respect to the beam waist through
transmittance measurements. This allowed the production of continuous lines with a length of 2mm
on the surface of the PMMA sample. The variation of the lines profiles and dimensions was studied for
different values of the sample position with reference to the beam waist. Also effects on the lines fabri-

gﬂ/g;:;nd laser cated at different values of incident energy and separation on the sample surface between consecutive
2-Scan impinging laser pulses were investigated. A range of positions where lines with similar features and sizes

were produced was obtained. Submicrometric surface modifications were achieved as surface swelling in
form of successive bumps. After inspecting the sample cross section, it was observed that depending on
the relative position of the beam waist regarding the sample surface, inner modifications appear under

Polymethyl-methacrylate (PMMA)
Line ablation

the modified material surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidic devices, substrates with enhanced protein binding
or lab-on-chip (LoC) devices require precise control in the micro-
fabrication techniques used to obtain the desired patterns and
structures that help to accomplish the function of their design
[1-4]. Another important point for the design of these devices is
the material used to manufacture them. Regarding that, polymers
are adequate because of their ease and low cost of manufacture,
biocompatibility and optical transparency. Furthermore, because
of their chemical composition polymers allow producing micro-
scopic characteristics that are harder to obtain on other materials.
Among the group of polymers used as substrates for microfluidic
devices, polymethyl-methacrylate (PMMA) is specially appropri-
ate because of its moderate hydrophilicity, good transmission at
visible wavelengths (about 90%), strength similar to aluminum,
resistance against chemical attack of several compounds, perme-
ability of oxygen and carbon dioxide, and biocompatibility. All these
good properties make possible to use PMMA substrates for sev-
eral applications in the field of biology that range from analysis of
biomolecules to a wide diversity of observations in cellular biol-
ogy [5]. In order to be able to carry out these functionalities on

* Corresponding author. Tel.: +34 934 039 216; fax: +34 934 021 139.
E-mail address: jmfernandez@ub.edu (J.M. Fernandez-Pradas).

http://dx.doi.org/10.1016/j.apsusc.2014.10.128
0169-4332/© 2014 Elsevier B.V. All rights reserved.

substrates for microfluidic devices, a controlled and precise sur-
face modification of the materials is highly desirable since changes
in the properties like the roughness of the material surface affects
the flow resistance of liquids or the protein adsorption efficiency
on the surface [2,3,6].

Various methods have been used to fabricate microfluidic
devices such as photolithography, micromilling, injection mold-
ing and hot embossing technologies. All these techniques are
based on a controlled manipulation of the material during the
manufacturing process with a significant level of precision. This
can also be achieved by laser ablation. Laser light is very direc-
tional, coherent and monochromatic. All these characteristics allow
focusing the light tightly in a relatively small space region when
using adequate objectives, producing large energy densities that
can ablate specific regions of a sample. Therefore, laser ablation
presents an alternative to the conventional methods before com-
mented.

The use of lasers is preferred in front of other techniques during
the early stages of the development of a device, when producing
prototypes. This is because of its flexibility; injection molding, hot
embossing and photolithography are attractive for mass produc-
tion, but for prototypes laser ablation is more flexible and does not
require costly molds or patterns with features at the microscale
or smaller. The designed patterns can be reproduced by the laser
faster than when a mold is required. Thus, changes in the design
can be implemented also more quickly.



108

Subtractive laser direct-writing

F. Caballero-Lucas et al. / Applied Surface Science 336 (2015) 170-175 171

Micromilling, a widely used technology for the production of
LoC prototypes, suffers from limited resolution (50-100 wm) [7,8]
and surface quality because of the size of the tool. Regarding other
direct-write methods such as this one, lasers make possible to
obtain (with the use of adequate objectives) higher precision of
the fabricated patterns in the microfabrication process.

Several studies with lasers of various wavelengths and duration
of the pulse have shown that laser ablation can be a good micro-
fabrication process on PMMA [9,10]. Nevertheless, thermal effects
during the energy transfer to the material limit the resolution of the
ablation. This problem can be minimized if the duration of the pulse
is shorter than the time of the energy transfer to the lattice. There-
fore, lasers with pulse duration of femtoseconds are more adequate
to achieve better quality results in microfabrication compared to
other lasers with longer pulse duration [11]. Furthermore, the sur-
face patterning of PMMA with a femtosecond laser at fluences close
to the ablation threshold does not produce significant variations in
the chemical properties of the surface [1].

When a femtosecond laser is employed, even near-infrared radi-
ation (in this case, with a wavelength of 1027 nm) can be used
for material ablation. Despite the transparency of the PMMA at
these wavelengths, this radiation can be absorbed through non-
linear processes. Apart from the reduced thermal effects from the
short pulse duration, these processes also provide better precision
in the material affected region because of their non-linearity. High
energy densities are necessary for these processes to take place,
which are reached by tight focusing the laser beam at the material.
Consequently, a good control of the relative position between the
sample surface and the beam waist is necessary for precise surface
modification.

In this work we use the z-scan method [12] to get a precise con-
trol on the sample surface position in regard to the beam waist
to be able to study the influence of this position over the features
and dimensions of the fabricated lines at the material surface. A
sample of PMMA was irradiated at different incident energies and
two values for the separation between the spots (scanning speeds)
to produce the lines. Transmittance measurements were also per-
formed during line production.

2. Experimental

The experiments were performed on samples of PMMA with
rectangular shape (20 mm x 10 mm, 1 mm thickness) and an aver-
age surface roughness of 3 nm. Samples where cut with a diamond
blade saw from a commercial 100% pure PMMA sheet available by
Goodfellow. Before irradiation, samples were cleaned with ethanol
and distilled water in an ultrasonic bath and dried with nitrogen.
No other special treatment was performed during sample prepa-
ration. The employed laser produces pulses of linearly polarized
near-infrared radiation with a wavelength of 1027 nm and dura-
tion of 450 fs in an active medium consisting of a crystal of Yb:KYW.
These pulses arrive at the sample after being reflected at a beam-
splitter and two mirrors and passing through a 50x, 0.55 numerical
aperture objective that focuses the beam at about 13 mm of its outer
lens. A glass coverslip between the objective and the sample surface
was also included to prevent ablation debris to deposit on the objec-
tive lens. The energy distribution profile after the objective was
Gaussian. Previous studies showed that the beam waist obtained
under these tight focusing conditions was 0.8 +£ 0.1 wm [13].

The experimental setup was equipped with two energy detec-
tors that allowed the measurement of the transmittance of every
laser pulse through the sample. Previous to the fabrication of the
lines, the sample was scanned horizontally in a total range of 2 mm
at steps of 10 wm while the transmittance was tracked in order to
correct the tilt of the sample surface. When the sample was not
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Fig. 1. Plot of the transmitted energy vs z-position at (M) 100, (¢ ) 130, (A ) 150, (V)
200, and (¢ ) 300 n] of incident energy. The experimental relative error correspond-
ing to all transmittance data is 5%.

perpendicular to the laser beam, a non flat tendency for the mea-
sured transmittance values was obtained. The horizontality of the
sample surface plane with reference to the beam propagation axis
was assumed when a flat tendency of the transmittance with a 5%
variation along the sample surface was observed.

The transmittance measurements also allowed the realization
of z-scans previously to the production of each series of lines. In
Fig. 1, it can be seen how the transmittance changes for a single
pulse on pristine material for different positions of the sample sur-
face with reference to the beam waist (z-positions) at the incident
energies used in the experiments. The value z=0 wm corresponds
to the case where the sample surface lays at the beam waist position
according to the results in previous studies [ 13]. Negative values for
zindicate that the beam waist is outside the sample, while positive
values correspond to positions where the beam waist is inside the
sample. The transmittance decrease produced as the sample enters
the beam waist is used to monitor the relative position between the
sample surface and the beam waist and makes possible to ensure a
good position control during the experiments.

Each series was produced at fixed incident energy and separa-
tion between the impinging laser pulses, this means, fixed scan
speed. The used incident energies took values in the range of
100-300n]. These energies together with the small size of the
beam waist lead to peak intensities higher than 1 TW/cm?2, where
non-linear absorption processes are expected [14]. Two values for
the separation between consecutive laser pulses were explored:
0.2 wm and 0.5 wm, which correspond, respectively, to 200 pwm/s
and 500 pm/s scan speeds at a laser repetition rate of 1 kHz. While
keeping these parameters fixed, lines at different z-positions were
produced by scanning the sample surface horizontally along 2 mm
in the direction perpendicular to the laser polarization. The range of
z-position values at which lines were produced was chosen accord-
ing to the transmittance drop range for the different incident energy
values. This range gets wider for higher incident energy values
(Fig. 1). Transmittance was also measured during line ablation for
all the series. Additional details and a further description about the
setup and the z-scan method can be found in [12,13].

After laser irradiation, the modified surface and cross section of
the sample was inspected through scanning electron microscopy
(SEM). The cross section could be visualized thanks to a previous
split of the sample. This was carried out without any special treat-
ment after cutting by saw two incisions perpendicular to the lines
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100 situation of the beam waist with reference to the sample surface
95 ] produces that the fluence at the surface is not high enough to reach
004 the ablation threshold along all the scanned distance and the lines
are not continuous. For pulses of 100 nJ and 0.2 m of spot separa-
85 tion, these correspond to z-position values of Fig. 3(a) and (b). Here
S 80 the position of the sample is very critical and irregularities larger
° than the surface roughness like small movements of the sample
g 75 holder and stages, defects, scratches, and other imperfections on

£ 70 the sample surface result in a discontinuity of the lines.
5 654 For closer positions of the sample to the beam waist, lines are
E continuous along all the scanned distance (2 mm), Fig. 3(c)-(j). At
= 60 first sight, the width of the lines does not significantly change dur-
55 ing these different z-positions. Only at the beginning and at the
503 end of this range of z-positions lines look slightly thinner than for
the central z-positions. Deeper positions of the beam waist with
45 T T T T T T T T respect to the sample surface make that the pulse energy is mostly

z (um)

Fig. 2. Plot of the average transmitted pulse energy vs z-position for (J empty sym-
bols) 0.2 wm, and (M filled symbols) 0.5 wm of spot separation and for (W) 100, (e )
130, (A ) 150, (¥ ) 200, and (¢ ) 300 ] of incident energy. The average value cor-
responds to transmittance measurements done during the fabrication of each line.
Lines connecting data points are just an eye guide. The experimental relative error
corresponding to all transmittance data is 5%.

in order to guide the crack at the beginning of the split, which was
performed by hand.

3. Results and discussion

Following the methods described in the experimental section,
the transmittance measurements were also extended to the line
production process. This made possible to obtain the average trans-
mittance of the laser pulses employed for the line fabrication for
every line. The obtained series of data are represented in Fig. 2
for the different conditions used to fabricate the lines. The aver-
age transmittance measured during line production (Fig. 2) follows
trends similar to the z-scans obtained with single spots (Fig. 1).
In both cases, the transmittance decrease range of the z-position
widens with increasing incident energy, as well as the transmit-
tance values get lower for increasing incident energies. On the other
hand, the transmittance values measured at the same experimen-
tal conditions (incident energy and z-position) are generally lower
in the case of average transmittances measured during line fabri-
cation than in previous z-scans. This comparison also shows that
the range in z where the transmittance decreases is clearly wider
for line ablation than for single shot ablation. Both, the wider range
of the transmittance decrease and the lower transmittance values
for lines than for single spots, can be associated to accumulative
effects due to spot overlap [15].

If we look at Fig. 3, we can relate the transmittance decrease
with lines ablation at the surface. This figure shows SEM images of
one series of produced lines at 100 nJ of incident energy and 0.2 um
of spot separation between consecutively impinging laser pulses.
It can be observed that continuous lines at the surface are obtained
for z-positions around z=0 wm. More concretely, at these condi-
tions continuous lines are observed on the surface fromz=—1.6 um
(Fig. 3(c)) to z=2.3 wm (Fig. 3(j)). This corresponds to z-positions
in the transmittance decrease range in Fig. 2. This correspondence
has also been observed for the other experimental conditions of
incident energy and spot separation at which lines were produced.

The morphology of the lines at the sample surface can be
inspected as well as its cross section profile. In the surface visu-
alization, it can be observed from left to right how the progressive
approach and entrance of the sample surface into the beam waist
region affects the obtained lines. At the beginning, the external

concentrated below the surface (range of Fig. 3(k)-(n)). Thus, the
fluence at the surface is not high enough to ensure a continuous
line ablation at the surface and lines start to become discontinuous
again. Here some swelling of the not superficially ablated part of
the line is observed. Finally, when the beam waist is well inside the
sample, almost no surface modification is present except in some
segments, where small surface swelling is visible. This corresponds
to the case of z-position value in the sample of Fig. 3(0). No surface
modification would be expected for deeper positions of the beam
waist with regard to the sample surface [5].

Another feature that can be examined in the surface images
is the roughness of the bottom of the channels. The roughness
presents a quasi-periodic porous structure with some ripple order-
ing for incident energies up to 150 nJ. The direction of these porous
structures is perpendicular to the line direction. This characteristic
has been previously observed in similar studies [ 16] where the rip-
ple direction coincides with the incident linear laser polarization,
which is parallel to the sample surface and perpendicular to the
scan direction of the lines. For higher energies, the porous struc-
tures become more randomly distributed in terms of the profile
of the structures, but the orientation of the ripples perpendicular
to the line direction is kept. The average periodicity of the ripples
seems to be independent of pulse energy and z-position, and has
a value ~350 nm, which is in agreement with results in [17]. The
origin of these ripples has been previously explained through inter-
ference between the incident energy and the surface scattering
wave or surface plasmon polaritons [17,18].

The bottom part of Fig. 3 corresponds to the cross section of the
PMMA sample and allows the visualization of the profiles of the
lines and the material modifications produced under the surface.
In the same way as in the surface images, here the effect of the beam
waist entering the sample can be studied. At a very external posi-
tion of the beam waist with respect to the sample surface (Fig. 3(a)),
no inner modification is visible. Just some surface swelling in form
of bumps can be seen at the surface, forming the previously com-
mented discontinuous line. When the sample approaches to the
beam waist, lines are produced at the surface (Fig. 3(b)-(j)). We
can distinguish two groups, which in this case correspond from
Fig. 3(b) to (f) and from (g) to (j). In the first one, only the pro-
file of the lines can be seen, without any modification under the
channels. The profiles of these lines show quite vertical walls and
a flat bottom. The profiles of the second group of lines show a nar-
rower width at the surface and a circular profile. The dimensions
of the profiles become smaller for higher values of the z-position.
Furthermore, inner modifications appear in the material under the
bottom of the lines. These modifications elongate as the beam waist
goes deeper into the sample. For lines produced at deeper positions
(Fig. 3(k)-(n)), the sample surface clearly presents swelling in form
of aline of successive bumps. At these positions, the inner modifica-
tions become considerably more elongated and go some microns
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Fig. 3. (Top) SEM images of the PMMA surface after the incidence of pulses of 100 nJ separated 0.2 pm at (a) —2.8, (b) —2.2, (c) —1.6, (d) —1.1, (e) —0.5, (f) 0.1, (g) 0.6, (h)
1.2, (i) 1.8, (j) 2.3, (k) 2.9, (1) 3.5, (m) 4.0, (n) 4.6, and (0) 5.2 wm for the z-position values. For these surface images, the sample had a tilt of 30°. (Bottom) Corresponding SEM

images of the PMMA cross section and part of the surface.

inside the material in the incident beam direction. Lastly, it can
be observed that for an inner z-position any surface modification is
not observable (Fig. 3(0)). Instead of this, a cavity appears under the
surface. Also here material modifications under this cavity can be
seen. The presence of a region with modified material under surface
ablated areas has been already obtained in simulations that study
the femtosecond laser radiation absorption in PMMA [19] and also
observed in studies of craters and lines produced at the surface of
PMMA [16]. Thermal expansion of the material with formation of
gaseous nanopores at the region where the laser pulse is focused
and multiple filamentation inside the material for the case of doped
PMMA are two mechanisms that can explain the presence of this
region with modified material [16,19].

Low thermal affectation is observed in the SEM images of the
lines. Well-defined contours in the surface image as well as profiles
from the cross section, and the observable roughness of the bottom
of the channels lead to non noticeable thermal side effects despite
accumulation is present because of the pulse overlapping used to
produce continuous lines.

The general behavior of the line production regarding different
z-position values for the rest of experimental conditions of inci-
dent energy and spot separation at which lines were produced
is the same as the described above, with some differences in the
z-position values.

Measurements done in the SEM images taken for all the
produced lines allowed the study of the line width and depth
dependence with the experiment variables (Fig. 4). First of all, a
general behavior is present in all the cases: the width and depth
of the channels have larger values for higher incident energies.
Another general trend for width values (Fig. 4(a) and (b)) is that
they do not significantly change at fixed incident energy for dif-
ferent z-positions except in the case of 300nJ, where there is a
clear transition between two ranges of z-position values. In the
first one, which corresponds to the situation where the beam waist
is outside the sample, lines about 3.2 wm wide can be obtained.
At positions of the second range, the line width is thinner with a
value around 1.8 wm. Apart from this behavior at 300 nJ, the fact

that lines show similar widths at fixed energy independently of the
z-position at which they are fabricated establishes a wide margin
in the z-position that goes from 4 um at 100 nJ to almost 8 wm at
200 n] for producing lines with similar sizes at the sample surface.
Concerning the line width, slightly thinner lines are obtained for
0.2 wm spot separation than for 0.5 pm.

The analysis of the depth data of the lines (Fig. 4(c) and (d))
shows some different behaviors in comparison with the trends of
line width. For all the studied incident energies, but especially for
200n] and 300n], the depth of the lines tends to increase as the
beam waist enters the sample. This satisfies the expected behav-
ior: lines produced when the beam waist is closer to the sample
are deeper. However this increase of the depth with increasing z-
position values stabilizes at some point, approximately 1 wm before
the beam waist reaches the sample surface (z=—1 wm). This also
allows the determination of a certain range of z-positions where the
depth of the channels shows similar values. Nevertheless this range
is not as wide as in the case of the line width because at some point
corresponding to higher values of the z-position the depth tends
to slowly decrease. As an example, this range of lines with similar
depths is 4 wm wide at 200 nJ, while lines with similar widths can
be obtained in a range of 8 wm at the same incident energy.

In the comparison of the two different values for the separation
between spots, the lines obtained with a spot separation of 0.2 um
tend to be deeper than in the case of 0.5 um, particularly for higher
incident energies (200 nJ and 300 n]). The fact that a higher overlap
produces deeper channels is in agreement with previous studies
[6,20].

At some specific experimental conditions, surface swelling
in form of bumps with submicrometric dimensions has been
observed. These conditions correspond to two different cases. In
the first case, bumps are observed at low incident energies (up to
150nJ) and small negative values of z-position, this is, when the
beam waist is outside the sample. Some of the bumps produced
at these conditions had a width of 340 £ 10 nm (Fig. 5), which is
much lower than the laser wavelength value of 1027 nm. No inner
modifications, only the presence of bumps have been observed. In
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Fig.4. Plots of the dimensions of the channels vs z-position. The measurements were obtained from SEM images of the sample surface and cross section. (a) and (b) correspond
to width measurements while (c) and (d) show the depth of the lines. Colors and shapes of the represented data correspond to (O empty symbols) 0.2 wm, and (M filled
symbols) 0.5 um of spot separation and (W) 100, (e ) 130, (A ) 150, (¥ ) 200, and (¢ ) 300 nJ of incident energy. All width and depth measurements have an experimental

error of +0.1 pm.

Fig. 5. SEM image (surface) of a line of bumps obtained at 150 n] of incident energy,
0.5 wm of spot separation and —3.7 um for z-position.

the second case, bumps also appear at higher incident energies
when the beam waist is inside the material but still close to the
surface and the internal expansion produces some swelling at the
surface in form of bumps. In this case, the expansion is not strong
enough to ablate the surface material. This process has been also
explained in dynamic simulations corresponding to the thermal
processes related to the energy absorption [19]. In agreement with
the simulation results, inner modifications are clearly visible under
the bumps obtained at these conditions.

After the analysis of the data of the produced lines, some results
on the positioning of the sample to ensure a precise surface mod-
ification by line fabrication can be presented. First of all, there is a
margin of some microns in the z-position around z=0 wm (beam
waist at the material surface) to obtain lines with similar features,
particularly for the line width. This range of z-positions is the best
option for a reliable surface modification with reduced affectation
from possible vibrations of the setup. Second, there are two pos-
sibilities for obtaining submicrometric features. These are surface
modification in form of bumps (obtained at two different experi-
mental conditions) or the use of low energies close to the ablation
threshold to produce lines with the smallest feasible dimensions.
This last case presents a smaller variation of width and depth, with
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width values close to 1 wm and depths around 0.7 wm. Finally, in [4] R. Osellame, HJ.W.M. Hoekstra, G. Cerullo, M. Pollnau, Femtosecond laser
order to avoid the presence of any kind of inner modifications microstructuring: an enabling tool for optofluidic lab-on-chips, Laser Photonics

Rev. 5(2011) 442-463.

under the_ Wf‘)dlﬁeq surface, recommended positions are Whe.n tl_]e [5] K. Sugioka, Y. Cheng, Femtosecond laser processing for optofluidic fabrication,
beam waist is outside the sample surface, shortly before entering it. Lab Chip 12 (2012) 3576-3589.
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Simultaneous two-beam laser-induced forward transfer (LIFT) was carried out for various
inter-beam separations, analyzing both the resulting printing outcomes and the corresponding liquid
transfer dynamics. In a first experiment, droplets of an aqueous solution were printed onto a
substrate at different inter-beam distances, which proved that a significant departure from the
single-beam LIFT dynamics takes places at specific separations. In the second experiment,
time-resolved imaging analysis revealed the existence of significant jet-jet interactions at those
separations; such interactions proceed through a dynamics that results in remarkable jet deflection
for which a possible onset mechanism is proposed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4889802]

Digital manufacturing techniques are at the core of
today’s printing industry. This is a competitive market in a
constant demand for better strategies capable of increasing
the speed, control, or resolution of the printing processes
while in the same time decreasing the production costs. The
excellent performances currently achieved by digital printing
techniques have dramatically extended their field of applica-
tion beyond the graphics arts industry and towards such
promising areas as the fabrication of organic electronic or
biomedical devices.

The most prominent laser-based digital printing tech-
nique is possibly the laser-induced forward transfer (LIFT),
which enables the controlled high-resolution printing of a
wide range of materials for a plethora of applications.'™'*
LIFT can also provide superior cost-efficient printing
throughputs,'® as well as an almost unrestricted range of
materials choice (e.g., it can print a wide variety of ink pig-
ment sizes) which is otherwise not possible to achieve with
inkjet printing. Its working principle consists in focusing a
pulsed laser beam into a thin film of donor material placed
on a laser-transparent substrate. As a result of the laser pulse
absorption, a high-pressure bubble forms inside the liquid,
and it then rapidly expands to produce a fast and thin jet
which propagates away from the donor film. The jet contacts
the nearby-placed acceptor substrate and leads to the deposi-
tion of a tiny droplet on its surface.'>>* In spite that signifi-
cant research effort has been dedicated to the understanding
of the influence of several LIFT process parameters (e.g.,
laser pulse energy, pulse duration, or solution properties) for
the optimization of the technique, such a critical and cost-
decisive printing parameter as the printing speed has not yet
been analyzed in detail.”* Moreover, this is of special interest
since LIFT high-speed printing has already been proved fea-
sible: DI Projekt AG has developed an industrial-scale,
large-area printing machine (0.53 m web size) based on the
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LIFT technique which achieves unprecedented throughputs
of 1.3 m*/min at 600 dpi resolution. The device employs an
ultrafast laser scanning method at a speed of 1016 m/s and at
such high repetition rate as 24 MHz. If the resolution require-
ments are lowered to 300 dpi, though, a higher throughput of
2.6 m*/min can even be achieved, working at a scanning
speed of 2116m/s and at a repetition rate of 25MHz."
However, the use of such high laser repetition rates can lead
to situations for which the time between successive laser
shots becomes shorter than the average lifetime of a single
jet. In this instance, the initial jet might not even have time
to reach the acceptor substrate before the next one is emitted.
Actually, since the jet lifetime is about a few hundreds of
microseconds, at MHz laser pulse rates the consecutive jets
are practically simultaneous. In this case, it can be expected
that for jets generated close enough to each other (the jet
inter-distance being determined by the printing speed), non-
negligible jet-jet interaction can take place, which could sig-
nificantly alter the printing dynamics. Therefore, a deeper
understanding of this phenomenon and its underlying dy-
namics is needed. Such knowledge is important not only for
high-speed printing applications but also from a more funda-
mental point of view, since little knowledge on such liquid
interaction is currently available.

In this work, we present a time-resolved imaging study
of the jet-jet interaction dynamics that takes place in LIFT
printing and we correlate it with the actual deposits on the
acceptor substrate. The experiment investigates the interac-
tion between two simultaneous jets generated at various sep-
arations relative to one another. In this way, the experiment
provides with a simple situation that allows the study of jet
interaction, which in turn corresponds to conditions close to
the ones typical of LIFT printing at very high laser repetition
rates.

The experimental apparatus consists of a LIFT printing
setup coupled to a time-resolved imaging setup. LIFT was
carried out through the use of a pulsed Nd:YAG laser
(355 nm wavelength, 10 ns pulse duration) whose main beam
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was split into two quasi-identical beams by means of a series
of beamsplitters and mirrors. The beams were simultane-
ously focused by a 15x microscope objective onto the donor
substrate, a glass slide covered by a 50nm thick Ti laser-
absorbing film, as shown in Fig. 1(a). The optical setup was
constructed in such way that the two beams traveled very
similar distances, arriving at the focusing objective at about
the same time. The inter-beam separation could be finely
adjusted using the tuning knob of one of the mirrors of the
optical system. For both beams, the laser spot size on the Ti
film was of about 40 um, and the laser pulse energy of
around 70 uJ, leading to an estimated average laser fluence
of 5.5)/cm?. The printing liquid, consisting of a 50% (v/v)
water and glycerol mixture plus 2 mg/ml of sodium dodecyl
sulphate, embodies characteristics that are typical for many
inks currently used in the printing industry (6 mPa s viscos-
ity, 30 mN/m surface tension). A 30 um thick liquid film was
prepared from this solution by blade-coating it onto the do-
nor substrate. The acceptor substrate was a glass slide placed
at a relatively large distance (1 mm) from the donor. Such
large gap, which is not common in most LIFT experiments,
was especially chosen in order to facilitate the imaging con-
ditions of a rather difficult time-resolved imaging
experiment.

The time-resolved imaging setup was a stroboscopic
system able to take sequential, side-view images of the liquid
transfer process, each image corresponding to a unique trans-
fer event. It consisted of a home-made illuminating source
comprising a LED coupled to a driver that controls it and
allows setting pulse widths down to 100 ns. This system was
coupled to a condenser lens, and it was triggered through a
delay generator which in turn controlled the laser pulse and
the aperture of a 2 Mp CCD camera. The camera was
coupled to a 15x microscope objective and placed at grazing
incidence respect to the donor film.

In the first experiment, series of droplets of the aqueous
solution were printed through LIFT at different separations
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FIG. 1. (a) Sketch of the two-beam LIFT printing setup (not on scale), and
(b) optical microscopy image of the droplets deposited on the acceptor sub-
strate after carrying out two-beam LIFT printing, and the corresponding
laser-generated spots on the Ti film at different separation distances (Ax)
between the two laser beams. The droplets were generated using either a si-
multaneous beam sequence (mode S) or an alternate one (mode A).
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between the two laser beams (Ax =100, 130, 150, and
200 um), with the corresponding results being presented in
Fig. 1(b). For each distance, the droplets were generated
using either two simultaneous laser pulses (mode S), in
which the transfer was carried out with both beams arriving
unrestricted to the donor, or through alternate laser pulses
(mode A). The latter consisted of the following two step
sequence: one droplet printing with one beam blocked fol-
lowed by another droplet printing with the other beam
blocked.

Three different situations can be pointed out. At the
largest beam separation (200 um), the transfer results in the
formation of individual droplets that present a similar mor-
phology for both printing modes (A or S). Only small differ-
ences are observed in the resulting outcomes: in mode S the
printed droplets appear to be slightly larger than those of
mode A. This effect, however, does not seem to be very sig-
nificant, since it can be easily due to minute fluctuations in
the laser pulse energy and/or small non-uniformities in the
liquid film thickness. However, for the smallest distance
(100 pm), and regardless of the printing mode, the outcome
consists in the formation of a single, larger, and elongated
droplet with a slightly irregular shape. In this case, droplet
coalescence certainly takes place in mode A, because the
beam inter-spacing (100 um) is smaller than the diameter of
an individual, single-beam printed droplet (120 um).
However, nothing could be yet inferred for mode S, since at
such short separations jet-jet interaction appears to be possi-
ble. Nevertheless, it can be stated that overall, the printing
outcomes of these two extreme cases are consistent, at least
in their final form, with the classical picture of independent,
non-interacting jets.

However, both of the other two separation cases (150
and 130 um) mark a clear difference from the classically
expected deposits, and therefore, this strongly indicates that
significant jet-jet interaction takes place. In such intermedi-
ate cases, the inter-beam distance is larger than the single
droplet diameter (120 um), and therefore in the alternate
printing mode two individual, non-coalesced droplets are
printed on the substrate. However, for the same inter-beam
separation, simultaneous beam printing results in the forma-
tion of a single and larger elongated droplet. The difference
between the two printing modes in this case is obvious.

The second experiment presents four complete stop-
action movies of jetting events (Fig. 2) that correspond well
to the previously analyzed cases. In all of the images, the do-
nor substrate is situated at the top of the frame, with the laser
beam impinging downwards, and with the acceptor substrate
visible at the bottom of the image. Fig. 2 shows that for the
largest inter-beam separation, the overall two-jet dynamics
leads to separated droplets printing, in accordance with the
results of the previous experiment. No noticeable interaction
between the two jets is observed, and the individual jet dy-
namics is identical to the one observed in single-beam LIFT
experiments.'>™'7 For each beam, the expanding cavitation
bubble produces symmetrical liquid flows around the bubble
wall that collide at the bubble top pole and generate a local-
ized high-pressured area within the fluid; the resultant flow
velocity approaches zero. Such a special zone, also known as
stagnation point, is characterized by a high static pressure
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FIG. 2. Series of time-resolved images of two-beam LIFT events for various inter-beam separations (marked with arrow bars). In every image, the laser beam
is impinging the donor substrate from above, with the acceptor substrate being placed at a distance of 1 mm respect to the donor one.

that is released through the formation of a jet and counter-jet
pair as sketched in Fig. 3(a).'"*?*? In this case, the beam
spacing is large enough that the adjacent flows around the
two bubbles have practically no influence on the liquid situ-
ated in between those bubbles. The flow symmetry and the
large separation are responsible for the vertical direction of
jet propagation, with both jets traveling parallel to one
another at an average speed of about 1.5m/s until they con-
tact the substrate.

The next two rows of Fig. 2 show a series of stop-action
movies that correspond to the intermediate cases of Fig.
1(b). The larger separation (150 um) depicts a situation for
which, unlike the previous case, the two bubbles interact,
with their boundaries clearly touching each other at the
moment of maximum expansion (4-5 us). This contact is
likely responsible for the dark border observed between the
two bubbles in the 7 us frame; at this time the jets are already
formed. Subsequently, the two jets propagate almost parallel
to one another up until 9 us, when bubble collapse is practi-
cally complete. Starting at 15 us, and clearly visible at 20 us,
anew central and thicker jet emerges and subsequently prop-
agates away at a speed of 0.8 m/s. This new jet is consider-
ably slower than the previously emitted thin jets, which
travel at a speed of about 1.5m/s. Meanwhile, the thin jets
bases approach each other, and at about 30 us the jets appear
to both originate from the thick jet front. However, the
50-100 ps transition displays a quite surprising jet dynamics:
during this interval the two thin jets merge, appearing in

(2)

Time

FIG. 3. Sketches depicting essential stages of the liquid transfer dynamics
for the (a) largest and (b) intermediate inter-beam separations (not on scale).
The dashed lines represent liquid flows around the bubble walls, the solid
dots indicate the formation of stagnation points, the circles represent high
pressure areas within the liquid, and the solid lines show the induced effects
of such flows on the overall liquid dynamics. Several effects are depicted:
the release of the high-pressure stagnation points through the ejection of two
oppositely propagating thin liquid jets, denominated as jet (1) and counter-
jet (2), the formation of the central thick jet (3) as a result of the high pres-
sure area located beneath it, and the deflection of the thin jets (4) as a conse-
quence of the unbalanced liquid flows around the bubble walls.
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contact with the acceptor substrate (100 us). In the same
time, the thick jet seems to suffer a recession and disappears
into the donor substrate by enlarging the jets base.

For the other intermediate separation (130 yum), the bub-
ble boundaries at their maximum expansion (4 us) clearly
overlap, leading to even more pronounced interaction effects
than in the previous case. Subsequent to a fast expansion
phase, the two bubbles start to collapse as an apparently uni-
fied structure. Jetting arises during such bubble collapse: two
thin jets are ejected from the bubbles tips at about 5-7 us, to
subsequently propagate away at a speed of about 1 m/s. The
thin jets ejection is followed by the emission of a much more
prominent thick jet which, in contrast to the previous case,
can now reach the acceptor substrate, advancing at a speed
of 0.8 m/s. Even if the separation distance was decreased by
only 13% from the previous case, the resulting jet dynamics
is remarkably different, producing important changes to the
final jet geometry. The two thin jets do not merge now, but
advance together, forming a horn-like structure situated at
the front of a much more elongated thick jet.

These results correlate well with the experiments pre-
sented in Fig. 1(b), where a single unified droplet was
obtained on the substrate. Indeed, the deposits observed in
the time-resolved imaging experiments for both of the inter-
mediate separations show that a unique feature is printed on
the acceptor substrate despite the fact that the two cases pres-
ent several differences in their jet dynamics. This is clearly
visible in the 130 um case, and also suggested in the 150 um
case by the rather unsharpened but still appreciable liquid
deposits. The enlarged single droplets are elongated along
the direction of the line connecting the two laser spots, and
the effect appears to be more dominant for smaller separa-
tions. The elongation of the droplets could be attributed to
the wetting asymmetry created by the horn-like structure that
contacts the substrate before the thick jet arrival. In this case,
the droplet preferentially grows in the direction that connects
the impact points of the horns with the substrate.

In the above described cases, the thick jet represents a
novel element of the liquid dynamics not observed in previ-
ous LIFT experiments. Its origin can be attributed to the for-
mation of a high pressure center at the interface between the
two bubbles, which would be released in the form of a thick
jet, as sketched in Fig. 3(b). The small separation between
the two expanding bubbles makes possible that the adjacent
lateral flows converge in the central zone, enhancing signifi-
cantly the overall liquid flow in the area between the two
bubbles, and therefore, the local pressure. The formation of
this high pressure center between the bubbles not only dis-
rupts the symmetry of the liquid flows around the walls of
the individual bubbles but also favors an upward net liquid
flow in the central area. Such flow in an individual bubble
would have been deflected around the wall profile towards
its top pole. An additional effect of the liquid flows interac-
tion is a net jet deflection, as the two thin jets progressively
approach each other, moving towards the central symmetry
line. The deflection can be understood in terms of the above
mentioned asymmetry of the liquid flows around each bub-
ble. Thus, after the formation of the high pressure central
zone, the non-adjacent flows around an individual bubble
dominate over the corresponding adjacent component (that
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mostly contributes to the thick jet formation). This leads to a
sideways net flow for each jet, as suggested in the sketches
of Fig. 3(b) by the sideways solid arrows labeled with “4.”
The resulting force tends to unite the bases of the thin jets,
increasing in magnitude with the decrease of inter-beam sep-
aration. Finally, for the smallest separation case presented in
Fig. 2, the boundaries of the two bubbles at maximum expan-
sion (4 us) considerably overlap, appearing as a single and
enlarged expanding bubble. As a result, the liquid dynamics
is similar to the single jet case which resulted from the single
bubble expansion. The jetting dynamics is now completely
dominated by the prominent thick jet that advances at about
1 m/s, whereas just a small horn-like structure positioned at
its front reminds of the incipient thin jets existence. This is
consistent with the corresponding deposit found in mode
S of Fig. 1(b)—a single, larger, and slightly elongated
droplet—which is actually very similar to the one obtained
in mode A. However, although the printing outcomes of both
modes are similar, the mechanisms that lead to droplet for-
mation are quite different. In this respect, the single droplet
obtained in the alternate mode is due to coalescence of indi-
vidual droplets arising from independent jets, a coalescence
that takes place on the acceptor substrate. On the other hand,
in the simultaneous mode a single and larger jet is formed,
and it is its contact with the acceptor substrate that is respon-
sible for the single droplet generation.

In conclusion, LIFT printing through separate simulta-
neous pulses presents a much enriched liquid dynamics in
respect to the classical single-beam LIFT; depending on
inter-beam separation, it can display very different print-
ing outcomes as a result of significant jet-jet interaction.
This arises from the liquid flows that originated during
bubble expansion, and which superpose in the central area
between the two bubbles to modify the pressure distribu-
tion inside the liquid, which is ultimately responsible for
the generation of jets. This jet interaction may have a pro-
found impact in high-speed printing since it can finally
result in pixel distortion: separate pixels in the digital file
containing the printing data may appear as a single elon-
gated droplet on the printed substrate. Such pixel distor-
tions, caused by interaction and displacement of the jets
have been observed along the scan direction at DI Projekt
AG’s high speed printing machine when printing continu-
ous line segments.'?
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Laser induced forward transfer (LIFT) is a technique which allows printing a wide variety of materials.
It presents several advantages over inkjet printing, such as a potentially higher resolution, being free
from clogging issues, and the possibility to work with a much broader range of viscosities. LIFT appears,
therefore, as an interesting alternative in all those fields where miniaturization is a major requirement,
as in the microelectronics industry. The fabrication of electronic devices requires the printing of small,
narrow and thin conductive lines, and in this work we investigate the printing of continuous lines of
conductive silver ink on glass substrates through LIFT. Lines are initially formed through sequentially
printing adjacent droplets with different overlaps. We show that above a certain overlap continuous
lines can be obtained, but unfortunately they show bulging, a problem which compromises the func-
tionality of the lines. In order to solve the problem, other printing strategies are tested; they consist in
printing adjacent droplets in alternate sequences. It is found that the alternate printing of two overlapping
sets of droplets with an intermediate drying step allows obtaining functional continuous lines without

bulging.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The feasibility of the laser induced forward transfer (LIFT) tech-
nique to transfer a large variety of materials for diverse applications
has been widely proved. Originally, LIFT was applied to print
materials from thin solid films [1,2], but some years later it was
demonstrated that it was also possible to transfer materials in the
liquid phase [3,4]. In comparison with inkjet printing, LIFT does not
present problems of nozzle clogging or head contamination since
the transfer process is contact-free. Additionally, LIFT allows work-
ing with a wider range of viscosities (1-103 mPa s), attaining high
degrees of spatial resolution and transferring sensitive materials
without significant damage [5-8]. Thus, LIFT has been used to print
materials as diverse as DNA for sensors [9], ITO nanoparticles for

* Corresponding author at: Universitat de Barcelona, Departament de Fisica Apli-
cada i Optica, Marti i Franqués 1, E-08028 Barcelona, Spain. Tel.: +34 934 039 216;
fax: +34 934 021 139.
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thin film solar cells [ 10] or organic semiconductors for organic light
emitting diodes (OLEDs) [11] among others.

Despite that most of the work devoted to the LIFT of liquids
has been focused on depositing isolated droplets, the problem of
printing continuous lines appears to be especially interesting, since
one of the main applications of any printing technique is the real-
ization of interconnects in microelectronic devices. Actually, the
feasibility of printing conductive lines through LIFT has already
been proved, both from solid metallic films [12] and from nanopar-
ticle inks [13-17]. In spite that the very small line widths achieved
through the LIFT of solid metallic films make this option really
attractive in applications requiring very high resolutions, there are
still some issues like the presence of splatter or the short length
of the printed lines which still limit its industrial implementation.
The LIFT of nanoparticle inks on the other hand constitutes a more
conventional approach, probably closer to the current industrial
demands. However, it is not free from problems either: it is in gen-
eral difficult to find the right process parameters to obtain stable
continuous lines free from bulging [18-21]. This problem is not
specific from LIFT, but also common to other even more conven-
tional techniques, such as inkjet printing, for instance. This not
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Fig.1. Sketchof the experimental setup: (a)laser, (b) focusing objective, (c) Ag layer,
(d) vacuum chuck, (e) stages, (f) CCD camera, and (g) IR mirror.

only limits the spatial resolution and quality of the printed fea-
ture, but also compromises its functionality: the presence of bulges
can result in undesired short-circuits between adjacent parallel
conductive lines. The objective of this work is, therefore, the devel-
opment of strategies which allow printing continuous conductive
lines through LIFT avoiding the problem of bulge formation. In order
to do so, different printing experiments were performed using LIFT
to transfer silver conductive inks on glass substrates. Once a suc-
cessful strategy was found, the bulge-free printed lines were laser
cured and their functionality was tested through resistivity mea-
surements.

2. Experimental setup

The printing system uses an Amplitude Systemes Yb:KYW laser
with an output wavelength at 1027 nm and pulse duration of 450 fs.
The laser beam is focused through a microscope objective of 50x,
with a working distance of 1.3 mm and numerical aperture of 0.55.
The laser spot diameter was 12 um and it remained fixed during all
the experiments. The objective is mounted on a translation stage
which allows changing the focusing conditions on the sample. A
CCD camera placed coaxially to the laser beam axis allows con-
trolling the position of the laser beam focus on the sample. The
sample is mounted on a vacuum chuck to ensure the steadiness
while the printing process is taking place. The vacuum chuck is in
turn mounted on a translation stage to move the sample in the XY
plane. A scheme of the setup used is shown in Fig. 1.

Acommercially available Ag nanoparticle dispersion from Sigma
Aldrich® is used in all the LIFT experiments. The particle size is
<50 nm and the solid content is around 30-35%. The donor film is
prepared by blade coating thin layers of the ink on glass microscope
slides, with film thicknesses between 20 and 30 wm; such rela-
tively large thicknesses should help to improve the uniformity of
the donor film, avoiding its fast drying. The acceptor substrates are
also glass slides and they are separated from the donor substrates
by a 200 wm gap through cover slips used as spacers. Although dur-
ing LIFT experiments it is usual to use a sacrificial absorbing layer
[22], in our experiments it is not used because the Ag ink itself
absorbs well the laser radiation.

After printing the lines are left to dry and once dried its conduc-
tivity is measured. Next, they are laser cured with a CW Nd:YAG
laser (Baasel LBI 6000, 1064 nm wavelength, 1.2 W output power)
operating at a speed of 2 mm/s with an irradiance on the sample of

12 kW/cm?. At the end of the process the conductivity of the lines
is measured again and compared with the initial value.

3. Results and discussion

The printing process begins just after the preparation of the
donor film since the drying time affects the donor layer quality in
terms of both viscosity and thickness [22]. Series of equally spaced
droplets are printed in order to generate lines. Different drop to
drop shifts (measured from center to center) are set with the aim
of investigating the influence of this parameter on the morphology
of the resulting lines, and the total number of droplets is adjusted to
always produce 3 mm long lines. The translation stages are moved
between consecutive droplets, but these are printed with the stages
at rest. The purpose of this procedure, otherwise inefficient from
an industrial point of view, is to analyze the bulging problem under
the simplest conditions. Issues related with the relative motion
between laser beam and sample, and the influence of printing speed
on the process are in progress [23].

Fig. 2 shows the results of the first experiment, carried out at
a laser fluence of 530 mJ/cm? following the procedure described
above. The shift between adjacent droplets in each line increases
from left to right, and consecutive lines have been printed in alter-
nate directions, with the first line starting in the upper left corner of
the figure; since whenever bulging appearsinaline it always does it
atthe beginning of that line (though not exclusively), such alternate
printing sequence allows minimizing the chance of coalescence
between bulges corresponding to adjacent lines. The average diam-
eter of an isolated droplet is around 100 wm (two first lines, with
no droplet overlap), and all the droplets show a high degree of
uniformity and excellent definition which actually constitutes a
proof of the success in the preparation of the uniform donor film.
When the printing distance between adjacent droplets reaches
90 wm the droplets start to coalesce, though such coalescence is
not enough to result in a continuous line yet. As the printing dis-
tance decreases, the frequency of droplet coalescence increases,
until a shift of 70 wm is reached, for which a continuous line with
some scalloping is observed and a significant bulge in its starting
point is formed. Further on, the continuous lines become more uni-
form but they are always accompanied by bulges, especially in the
beginning and occasionally in the middle. In all cases the average
width of the lines is around 65 pm, substantially smaller than iso-
lated droplets. All along the experiment no continuous line free
from bulging is ever obtained. As it has already been pointed out in
the Introduction, it is not surprising to find bulging in the printed
continuous lines. Previous work on conductive ink printing, both
through LIFT and through inkjet, has shown the persistent presence
of such detrimental effect in continuous lines [21,24,25].

Duineveld [25] has analyzed the stability of continuous lines
deposited by inkjet printing and he has established a dynamic
model which provides an explanation for the bulge formation pro-
cess. In this model, bulge formation is attributed to capillary flow
arising from an instability produced inside the liquid due to varia-
tions in the contact angle along the line between the newly printed
droplets and the previously printed feature. According to this expla-
nation, it is not surprising that bulging appears at random positions
along the printed line. However, the model does not account for the
systematic formation of the initial bulge.

The question which arises is: is the initial bulge formed during
printing of the first droplets, or rather at some later time, once an
incipient line has already been printed? In order to find that out, an
experiment was carried out where lines with increasing number
of droplets were printed. Fig. 3 shows the results of such exper-
iment, with the number of droplets in each line increasing from
left to right and with printing direction always from bottom to top
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Fig. 2. Optical microscopy image of (a) lines printed with different printing distances between adjacent droplets (Ax, measured from center to center) decreasing from left
to right, and (b) 3D confocal microscopy and 2D profile of a single liquid droplet after printing. Odd series, starting on the left, were printed from the bottom to the top of the

image, and even ones in the opposite direction.

in the figure. In this case the average droplet diameter of a single
droplet is around 90 wm (slightly smaller than in the experiment
of Fig. 2, probably due to slight differences in film thickness) and
the shift between adjacent droplets remains constant at 40 pum, i.e.
45% overlap in length. It can be observed that as the number of
droplets increases the size of the resulting feature increases. When
the number of droplets is 3 and 5, the printed outcome is an elon-
gated and larger droplet. When the number of droplets increases
to 10, the formation of bulging followed by a small line is observed.
As the number of droplets continues increasing, the line formed
is longer and the dimensions of the initial bulge size increase. The
average width of the lines produced is around 70 pm. This experi-
ment confirms that the initial bulge already starts with the very first

=
200 pm
#Droplets 1 2 3 5 10 15 20

30 40 70

Fig. 3. Optical microscopy image of lines corresponding to different numbers of
droplets printed with a constant shift between them of 40 pm (45% overlap). The
number of printed droplets increases from left to right. The printing direction was
from the bottom to the top of the image in all the cases. Numbers in the bottom of
each line indicate the number of droplets per line.

droplets, though its dimension keeps growing as long as the length
of the printed line is increased, probably being fed by capillary flow
originated at distant positions along the line. Such directionality in
the initial bulge formation suggests that the phenomenon could be
possibly avoided, or at least minimized, by changing the printing
sequence.

In order to test the last hypothesis, a third experiment was per-
formed: lines were printed through varying the printing distance in
a similar way to that of the experiment presented in Fig. 2, but this
time the printing sequence was different. Instead of printing the
droplets sequentially, odd and even droplets were printed alter-
nately. That is, odd droplets were printed first, and the process was
repeated immediately after for even droplets. The corresponding
results are presented in Fig. 4, with odd droplets printed from bot-
tom to top in the figure and even droplets printed in the opposite
direction. In this way, the amount of liquid which coalesced at the
beginning on the acceptor substrate should be lower than the one
in the previous printing sequence. The first line from the left in Fig. 4
corresponds to non-overlapping odd droplets, and the second one
to the corresponding even ones. The diameter is similar in both
series (95 wm) and the distance between droplets is 160 wm. In the
subsequent lines, the alternate printing of odd and even droplets
presents different outcomes. As the shift between adjacent droplets
is decreased, they overlap forming small groups in broken lines.
This is the case for drop to drop shifts between 80 and 65 pm. At
larger overlaps a continuous line is formed, with some scalloping
and an average width of 75 wm. Unfortunately, the initial bulge is
still present.

A close inspection of the results of Fig. 4, however, shows that
despite bulging is not being eliminated, it is less prominent and
it appears at larger overlaps than in the first experiment (Fig. 2).
In consequence, it can be concluded that changing the printing
sequence results in some improvement. The main drawback arises
from the fact that shifts between adjacent droplets such as 70
and 65 wm that previously resulted in continuous lines (Fig. 2),
now they are bulge-free but broken, possibly due to the way that
droplets coalesce in the new printing sequence. This suggests that
if flow between adjacent droplets during coalescence could be
minimized (or eliminated), printing of bulge-free continuous lines
should be possible, and this could be attained through increasing
the viscosity of odd droplets before the even ones were printed, for
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Fig. 4. Optical microscopy image of lines formed by droplets printed with different
printing distances between adjacent droplets (Ax, measured from center to center)
in which Ax decreases from left to right (except for the first two lines). The first line
of non-overlapping droplets, from left to right, is identical to the second line, but
with a printing shift which corresponds exactly to half the printing distance between
adjacent droplets. All the other lines have been printed in an alternate sequence:
first odd droplets were printed, and then even ones. The printing direction for all
the odd droplets was from the bottom to the top of the image, while for the even
ones it was the opposite.

example, through drying them. Thus, the next printing experiment
uses the same printing sequence as that of Fig. 4, i.e. odd-even
droplet printing, but this time by setting a drying delay of a few
minutes between the deposition of odd and even droplets.

The results of this last experiment are shown in Fig. 5. The odd
dried droplets correspond to the brighter pixels while the even ones
are the darker ones, since they were still liquid on the acceptor
substrate when the image was taken. In this way, when the even
droplets reach the substrate, the odd droplets are not liquid any-
more. The two lines on the left correspond to odd and even droplets
printed with no droplet overlap between them. The droplet diame-
ters are similar (80 pm), even after the delay needed for the drying
step. When the shift between adjacent droplets equaled the droplet
diameter, some liquid droplets contacted the dried ones, forming
broken lines. It can be observed that the liquid flowed along the
dried pixels and in some cases it covered them almost completely,
as found at 80 and 75 pwm drop to drop shifts. At 65 and 55 pm
shifts an almost continuous line was formed. The odd discontinuity

z (um)
1

(a)

Overlap (%) 0
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Ax(um) 160 120 80 75 70 65

55 40
Fig. 5. Optical microscopy image of lines of droplets printed with different printing
distances between adjacent droplets (Ax, measured from center to center) in which
Ax decreases from left to right. Droplets have been printed in an alternate sequence.

After printing odd droplets, they were dried (bright spots) prior to even droplets
printing (dark droplets).

in the 55 wm shift line is probably due to a missing laser pulse
(the total absence of any ink residue in that position suggests it).
Finally, at a 40 wm shift the degree of droplet overlap was high
enough to produce a perfectly continuous line completely free from
bulging. Actually, bulging is totally absent along the entire experi-
ment, in clear contrast with the previous strategy for LIFTing, where
it appeared whenever continuous lines were obtained.

It can be concluded, therefore, that the combination of alternate
printing and drying allows eliminating bulging. It is clear, though,
that the strategy still requires some refinement. On one hand, such
long drying delays as the ones used in the experiment are not prac-
tical from an industrial perspective; concerning this, however, the
process could be substantially accelerated if using a laser for the
drying step. A similar approach has been employed, for example,
for drying and sintering both source and drain contacts in thin film
transistors [26] with success. On the other hand, the morphology
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Fig. 6. (a) Confocal microscopy image of the dried continuous line produced with a printing distance of 40 um between adjacent droplets (measured from center to center)

shown in Fig. 5. (b) Profile along the printing direction.
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of the bulge-free lines is not as uniform as it would be expected:
not only the contact line shows some scalloped morphology but
also there is an excess of Ag ink in the positions corresponding to
the droplets printed prior to the drying step (Fig. 6). First, it has
to be mentioned that this is a minor problem when compared to
bulging; actually, the functionality of the lines does not seem seri-
ously affected by these morphological issues, as it will be shown
later, while bulging can have very detrimental effects on a printed
device if it results in undesired short-circuit. Second, it can be
considered that it would be possible to eliminate the mentioned
non-uniformities through partial drying of the first set of printed
droplets before the second one is printed. Indeed, in this way their
viscosity would be dramatically increased through partial evap-
oration of the ink solvent without achieving total drying, which
would allow mitigating the flow between coalescing droplets with-
out eliminating it completely. This could also be carried out through
laser irradiation, which would require tuning of the laser parame-
ters to attain the desired evaporation rate.

Finally the conductivity of the continuous bulge-free lines was
measured in order to test their functionality as interconnects. Its
value immediately after drying was found to be 1.9 x 103 S/m, three
orders of magnitude below the ink nominal value after curing,
9.1 x 108 S/m (according to the Sigma Aldrich® datasheet). The con-
ductivity of the printed ink, though, raises to 10.4 x 106 S/m after
laser curing, a value very close to the nominal one, which not only
indicates that the printed lines are functional, but that the laser
curing step provides analogous results to those corresponding to
the more conventional oven curing process, with the advantage
of being much faster (1.5s over 40-50 min) and less invasive to
regions adjacent to the lines.

4. Conclusions

Bulging is a common problem in most printing techniques, and
as such LIFT is not immune to it. We have proved that the problem
can be eliminated through a strategy which combines the alternate
deposition of two sets of droplets with an intermediate drying step.
First, a set of equally spaced non-overlapping droplets is printed.
In a second step, they are dried. Finally, the second set of equally
spaced droplets is printed, with a shift with respect to the first set
which corresponds exactly to half the distance between adjacent
non-overlapping droplets (measured from center to center). This
process allows mitigating the capillary flow along the printed line
which is responsible for both bulging and line breakup, thus obtain-
ing continuous stable lines free from bulging. After a laser sintering
process, the printed lines present a conductivity very close to that
of the ink after curing in an oven.
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ABSTRACT We report a laser-based approach for the fast fabrication of high optical quality
polymeric microlenses and microlens arrays with controllable geometry and size. Our strategy
consists in the direct laser printing of microdroplets of a highly viscous UV-prepolymer at
targeted positions, followed by photo-curing. We study the morphological characteristics and
imaging performance of the microlenses as a function of substrate and laser parameters, and
investigate optimal printing conditions and printing mechanisms. We show that microlens size
and focusing properties can be easily tuned by the laser pulse energy, with minimum volumes

below 20 fL and focal lengths ranging from 7 to 50 pm.
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Microlenses are becoming a key component of a growing number of functional devices in
fields as important as energy harvesting or camera manufacturing.* This has spurred the
development of technologies not only capable of producing high-quality micro-optical elements,
but also to position them on a specific target.” Among existing approaches, those based on the
use of masks or molds are prevailing, with main examples including soft-lithography and
photolithography.*® Despite successful efforts in trying to simplify the multi-step nature of these
techniques,”® the preparation of a mask or mold still remains a time-consuming and potentially
costly step that limits the overall process efficiency. This is particularly aggravating with the
advent of additive manufacturing tools and the consequent trend towards small customized units.
In these instances, direct-write technologies (DWT) such as ink-jet printing or laser
micromachining, capable of building structures without intermediate steps, appear more
suitable.” However, several shortcomings still constrain the use of DWT for fabrication of micro-
optical components. Conventional ink-jet printing, for instance, is limited by the rheology of the

1011 insufficient for most

inks, with typical operational viscosities in the range of 1 to 50 mPa-s,
thermosetting polymers with adequate optical properties in terms of transparency or dispersion.

Even if customized ink-jet systems can provide pressures high enough to induce jetting of highly

viscous inks, obtaining single droplets on demand remains challenging. Alternatives such as

pyro-electrohydrodynamic printing offer a promising solution, although reproducibility and
resolution are still an issue.'>'> Problems also arise in common laser-based techniques such as

laser swelling or two-photon polymerization,'* ¢

where high-quality microlenses can only be
obtained of limited number of materials and control of the lens positioning on a surface of

interest remains elusive.
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Here, we propose a one pot method to fabricate tailored microlenses at defined positions on a
substrate that addresses the challenges encountered with current direct-write approaches. Our
method uses high intensity laser pulses to propel a UV-curable liquid prepolymer from a donor
film onto a substrate. As a result, microdroplets are formed whose size can be controlled by
adjusting the laser pulse energy. Notably, surface tension provides the printed microdroplets with
almost perfect spherical shape and hence high optical quality. Upon UV exposure, the droplets
can be cross-linked and converted into solid plano-convex microlenses. We demonstrate our
approach by fabricating lenses with different diameters and by characterizing their morphology
and optical properties.

A scheme of the microlens fabrication process is shown in Figure 1A. First, laser-induced
forward transfer (LIFT) is used to print droplets at specific positions on a substrate.'”'* More in
detail, femtosecond laser pulses are focused on a donor film that contains the prepolymer to be
printed and that is placed in close proximity to the substrate. In this experiment, the donor
consisted of a glass slide coated with a 50 nm thick titanium film and a 2 pm layer of the UV-
curable polymeric glue Norland NOA164. This is an optical glue commonly used in
microfluidics and optics, with excellent transmission spectra in the visible, high refractive index
(1.64) and a dynamic viscosity ranging between 120 and 150 mPa-s. When a laser pulse is fired
into the donor film, and due to the transparency of glass to the laser radiation, all the beam
energy is absorbed within a fraction of the titanium film, upon which it is volatilized. This
phenomenon induces the creation of a cavitation bubble in the prepolymer and the subsequent
generation of a jet that propels a fraction of the liquid toward the substrate.'*' The impact of the
jet with the substrate results in a printed droplet.”*?* Since the droplet is positioned were the laser

was fired, plano-convex microlenses can be fabricated at user-defined positions with high
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precision and accuracy. After printing, a second step consisting in the exposure of the droplets to
UV light completes the microlens fabrication process (Experimental details are included in
Supplementary Material 1). Note a fundamental difference between inkjet printing and LIFT:
whereas the first requires very specific conditions to assure jet breakup in the form of a single
droplet that flies to the substrate, the latter overcomes this issue by allowing the jet to impact the
substrate before breakup. In fact, LIFT can be used to print at conditions where jet breakup does
not even occur.”* This greatly facilitates the printing of highly viscous materials which tend to
form ultra-stable jets, such as the polymeric glue used in these experiments.”® In addition, the
nozzle-free nature of LIFT relaxes the condition of high-pressures characteristic of ink-jet
printing of highly viscous inks.

A study of the laser energy range suitable for microlens printing is presented in Figure 1B. In
this case, we prepared 2 different lens microarrays at different energy conditions, one on glass
and another on PDMS. Each individual microlens was obtained by firing a single laser pulse.
Interestingly, control of the droplet diameter can be obtained by simply changing the laser
energy, from around 7 pm to 50 um for PDMS or 20 to 70 um in the case of glass. Within this
range, lenses present a well-defined circular shape and uniform morphology. Importantly, by
considering the contact angle between prepolymer and substrate (50° for PDMS and 31° for
glass), the volume of the printed droplets range from 25 fL to 9 pL for PDMS and from 220 fL to
9 pL for glass, values well below the limits of conventional ink-jet systems.”® Note that the
minimum energy required for printing depends on the particular substrate used. In this way, an
energy of 13 pJ suffices to print droplets on glass, whereas for PDMS at least 15 uJ are required.
This difference can be attributed to the adhesion forces (wetting) between substrate and printed

material. More in detail, at energies just above the printing threshold and due to the elasticity of
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Figure 1: (A) Schematic diagram of the laser-based microlens printing process. First, a laser
pulse impinges on the donor substrate containing a film of the viscous liquid monomer NOA 164.
As a result, a jet is ejected toward a receiving substrate, where a circular droplet is collected.
Patterns can be generated at will by translation of the laser beam relative to the donor substrate.
In a second step, droplets are polymerized using a UV lamp that triggers the polymerization of

NOA164 producing solid microlenses. (B) Characterization of the printing process. Optical

micrograph of an array of microlenses obtained at different laser pulse energies. (C) Plot of the

diameter versus laser pulse energy for lenses fabricated on glass (m) and on PDMS (0).

the polymer, the laser induced jet can recede after being formed without ever breaking up.
Under these conditions, when a substrate is placed at a distance within the jet pathway
(Supplementary Figure S1), contact between jet and substrate occur, after which the jet recedes
back to the donor film. At this point, only the force interplay between substrate adhesion and jet

pulling force (capillary force) dictates the amount of material that remains on the substrate.
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Hence, for a substrate that presents high affinity with the printed materials such as glass (contact
angle of 31°), the energy threshold for printing is lower than in the case of PDMS (contact angle
of 50°). As the laser energy increases, the jet pulling force diminishes due to higher kinetic
energy of the jet toward the substrate, allowing more material to be deposited. This explains the
increase in lens diameter with energy. Eventually, and due to the high viscosity of the printed
prepolymer, the jet pulling force is low enough to allow the formation of a stable capillary bridge
between donor film and the receiving substrate (Supplementary Figure S1). Such phenomenon is
confirmed by SEM images obtained after polymerizing in-situ both donor film and substrate
prior to its separation (Supplementary Figure S2). Notably, when conditions leading to capillary
bridge formation are reached, the lens diameter experiences a sudden rise and maintains
approximately this value even if the energy is further increased (gray area in Figure 1C). A
possible interpretation of this behavior is the long settling time given to the capillary bridge to
stabilize —from firing until the donor film is separated from the substrate. Thus, the exact shape
of the bridge will be predominantly given by capillary forces rather than the laser pulse energy.”’
In fact, at this condition the procedure of capillary bridge breakage by pulling off the donor film
becomes the truly parameter that determines the final amount of printed material, which can
explain the higher dispersion in the microlens diameters observed at this stage.

One of the key elements in the fabrication of microlenses is the roughness and sphericity of
their overall surface. To this end, we characterized different microlenses obtained at conditions
suitable for printing. A scanning electron micrograph of a couple of representative lenses with a
diameter of 7 and 26 pm on PDMS (Figure 2A) clearly illustrates the high quality of the
fabricated structures, with no scratches or digs. The respective atomic force microscopy (AFM)

topography maps shown in Figure 2B confirm this observation. From the AFM measurements it
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is also possible to quantify the spherical shape of the printed microlenses (Figure 2C). In
particular, a standard figure of merit to evaluate the accuracy of the surface of an optical element
is the root mean square error (RMSE). The RMSE is given by the standard deviation of the
measured surface relative to an ideal spherical reference. In this experiment, the reference
surface is obtained through fitting (red line, Figure 2C). The mean RMSE values obtained when
analyzing 50 lenses of different diameters at a wavelength of 632 nm are A/18 on glass and A/27
on PDMS. Note that lenses with such RMSE values are considered to be of high precision grade,
and tend to be extremely difficult and costly to fabricate. Contrary to this, our technique exploits
the fact that microlenses are initially prepared in liquid form; thereby surface tension provides
them with perfect smooth and spherical quality, prior to polymerization. In fact, we had
previously demonstrated that liquid microdroplets could behave as solid immersion lenses to
improve the resolution of a laser direct write system due to their high optical quality.?®

Further analysis of the optical performance of microlenses is presented in Figure 2D-E. In this
case, we acquired a series of snapshots of the intensity of a laser beam at different axial positions
after passing through the lens — the initially collimated beam was incident from the planar
surface of the microlens corresponding to the Z axis. The 2D representation of such intensity in
the XZ plane for a 26 um lens on PDMS (Figure 2D), a parameter known as axial point spread
function (PSF), is a direct indicator of the lens imaging capabilities. From this information, the
resolving power and focal length of the microlens can be determined.” In this particular case, the
resolving power is 1.2 pm, as extracted from the lateral size of the PSF (full with half maximum)
at its maximum intensity. Note that the PSF does not show a defined focal spot, but rather
presents several fringes parallel to the optical axis. This effect is due to the presence of spherical

aberration. Indeed, this type of aberration is characteristic of spherical surfaces with
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Figure 2: (A) SEM image of two lenses printed on PDMS at different energy conditions, with
diameters of 7 and 26 um (viewing angle: 60°,) (B) AFM topography map of the two microlenses
and (C) corresponding profile showing a near perfect spherical shape (red line fitting curve).
(D) XZ intensity plot of the experimental PSF of a 26 um microlens printed on PDMS. The
incident light source was a collimated beam from a 632 nm CW laser. (E) Plot of the focal length
versus laser pulse energy for microlenses printed on glass and PDMS. The continuous lines are

the values expected from third order aberration theory.

high curvature, as that of a microlens, which cause marginal rays to be deviated from the
paraxial focus. A plot of the focal length (distance between lens curved surface and maximum
intensity of the PSF) for microlenses of different diameters is presented in Figure 2E.
Interestingly, the focal length increases with the lens diameter D, for both glass and PDMS
substrates. However, due to the presence of spherical aberration, the experimental focal lengths

cannot be properly modeled using paraxial optics that predicts:
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h=ig=mmos: O

2s5inf(n-1) "’
where is R the radius of curvature, n the lens refractive index and 6 the lens contact angle.
Instead, theory of third order aberrations predicts a focal length f;, given by (Supplementary
Material 2):

fs = % [1 - %(1+8RZ;‘2n‘2)] = ZsinBD(n—l) [1 - i(m)] ? @

which is in good agreement with experiment. Note that, in the case of lenses printed on PDMS

and for diameters below 20 um, the experimental focal length is smaller than the theoretically
estimated one. These shortened focal lengths could be an indication of the presence of near-field
effects.’® In any case, by knowing the relationship between lens diameter and laser pulse energy
(Figure 1), and the contact angle between printed material and substrate, our approach enables
the direct fabrication of microlenses at user-defined positions and with a specific focal length.
Another important property of any focusing element is its numerical aperture (NA). For the case
of microlenses, it can be estimated to be NA = nD/(2f;). Based on Equation 2, this parameter is
independent of the diameter, and only depends on the refractive index and contact angle of the
polymer with the substrate. For the present experiment, the NA of the fabricated polymeric
microlenses is relatively high, with a value of 0.3 for glass substrate and 0.45 for PDMS.

To demonstrate the fabrication possibilities of our technique, we prepared different patterns of
microlenses on glass as well as on PDMS (Figure 3A-C). A variety of patterns can be obtained
by the simple translation of the laser beam relative to the donor film and substrate, ranging from
microlens arrays to more complex geometries (Figure 3C). The overall process is reproducible
and, in all cases, microlenses present a high optical quality. The fabricated patterns are also
functional, as shown in Figure 3D. In this case, we used a microlens placed on top of the surface

of a compact disk (CD) to enhance the resolving power of an optical system (microscope with a
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Figure 3: (A) SEM image of microlens arrays fabricated on PDMS, and (B) on glass. Images
were acquired with a 60° viewing angle (C) SEM image of a star shaped pattern of microlenses.
(D) Optical microscope image of the surface of a CD (line pitch 1.6 um) without and with the
microlens on top. The use of the microlens increases the effective resolution of the optical system
allowing the visualization of the CD lines. (E) Schematic diagram of the implemented imaging
setup. A light source illuminates a mask containing the letters I1IT, and the image formed after
the microlens is collected by a microscope objective. (F) Imaging process through a microlens
array. (G) By changing the distance between objective focal plane and microlens array, the

projected images appear in or out of focus depending on the focal length of each microlens.

Nikon Plan Fluor 10x, 0.3 NA objective). Without microlens, the 1.6 pm spacing between

lines of the CD cannot be resolved. Instead, the microlens enables one to clearly resolve the



Paper 8

141

periodic pattern (Figure 3D). A printed transparency containing the letters IIT was illuminated
and the projected image after passing through the microlens array was collected with a
microscope objective (Nikon Plan Fluor 40x, 0.75 NA in Figure 3E). The lensing properties of
an array composed of microlenses with different diameters are presented in Figure 3F.
Interestingly, by axially displacing the microlens array using a mechanical stage (Figure 3G,
Supplementary Video), images of the letters come in and out of focus depending on the lens
diameter (focal length). This illustrates the potential of our technique for fabricating functional
and arbitrarily-designed microlenses at chosen positions on a substrate.

In summary, the use of laser printing of a highly viscous photocurable prepolymer provides a
simple two-step approach for the fabrication of tailored microlens patterns. The process is fast,
reproducible and allows the control of both lens diameter and lateral position by adjusting the
laser parameters. We demonstrated that within the range suitable for printing, all microlenses
present high optical quality with an RMS value below A/18. The versatility of our approach
allows for the direct fabrication of functional microlens patterns on a variety of substrates,
including glass and PDMS. In the conditions herein, the minimum microlens diameter was 7 pm,
with a volume of only 27 fL. However, this value depends on the wettability of the printed
prepolymer with the substrate, and we believe that the combination of our approach with
substrates with lower affinity can result in the generation of nanoscale lenses with a control, in

terms of diameter and position, currently inaccessible.
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Supplementary Material 1: Experimental details

Microlens fabrication: The printing system consisted of a femtosecond Ti:Sapphire regenerative amplifier
(Coherent Evolution, wavelength 800 nm, 100 fs pulse duration) operating in single shot mode, a 50x 0.55
NA long working distance microscope objective (Mitutotyo M Plan Apo 50x) and an XYZ mechanical
translation stage (Prior Scientific FB204). A CMOS camera (Thorlabs DCC1645C) and a dichroic mirror
(reflected 800 nm and transmitted the visible spectrum) enabled real-time visualization of the laser-induced
effects. Laser pulse energy was selected by using a laser beam attenuator (Eksma 990-0070-800H) and
measured by means of an energy meter (Coherent Fieldmax II with J-10MB-LE Energy Sensor). The laser
spot diameter used during the printing experiments was around 45 um.

The donor film was prepared by spin-coating the photo-curable prepolymer Norland NOA164 (viscosity of
120-150 mPa-s at 20 °C) on a glass slide coated with a titanium thin film (50 nm thickness). The role of the
titanium was to favor absorption and reduce the direct exposure of the polymer to the laser radiation. The
overall thickness of the prepolymer film was 2 um, estimated from a weight measurement and later
confirmed with AFM images. The donor film was placed on top of the receiving substrate (either glass or
polydimethylsiloxane) by 25 pm spacers, and then the whole donor-receiving system was positioned on the
XYZ stage to initiate the printing experiments. In general, a single shot was used to create a single microlens.
Subsequent firing at different positions on the donor-receiving system resulted in customized microlens
arrays. After completion of the printing process, the droplets on the receiving substrate were cured using a

UV lamp.

Microlens characterization: The morphology of the microlenses was characterized by optical microscopy
(Fluoview 1000, Olympus) as well as SEM (JSM-6490LA, Jeol). Topography maps of the lens surface were
obtained by AFM operating in non-contact mode (Park Systems XE-70, AppNano ACTA probes with size of
14-16 pm). Measurements of the point spread function (PSF) of the microlenses were performed by
irradiating the lens with a CW laser diode (637 nm wavelength) and collecting the intensity with a 100x
objective lens (0.9 numerical aperture) plus a 200 mm tube lens and a CMOS camera (Thorlabs
DCC1545M). The distance between the microlens surface and the objective focal plane was controlled with
a mechanical stage (minimum step size 50 nm). Imaging through the microlenses was evaluated with both
reflection (Fluoview 1000, Olympus) and transmission microscopes (Nikon Eclipse N-1).
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Supplementary Material 2

The paraxial approximation cannot be typically used to describe the focusing properties of microlenses. This
is mainly due to the relatively large curvature and reduced size of these lenses: in most applications the entire
microlens aperture is used and marginal rays are largely deviated. As a consequence, even plano-convex
microlenses with a perfectly spherical surface will suffer from spherical aberration. In these cases, though,
third order aberration theory can still provide a valid analytical expression to describe the focal length of
microlenses. More in detail, the overall longitudinal spherical aberration (distance between paraxial focus f,
and marginal ray focus f,,) can be written as:

1 1 D¥n?
fm Jp 8fp3(n_1)2,

where D corresponds to the lens diameter, n is the lens refractive index and f,, = R/(n — 1), with R being
the lens radius of curvature. Note that this equation is valid for light impinging from the lens flat surface
(spherical aberration is reduced when light is incident from the curved surface). The position of best focus f;,

where intensity is the maximum, corresponds to the half point between f, and f,,, which yields to:

1 fo R 1 1
fs=1to _E<1 +8fZ(n - 1)2/D2n2> Th-1 [1 - E(HTZ/DW)]’
where the position is measured from the lens principal plane (tangential to the vertex of the curved surface
for a plano-convex lens). There are different methods to experimentally determine R. We used the following
equation based on the geometry of the fabricated microlenses, assuming that the morphology corresponds to
a spherical cap:

R_r2+h2
T 2n

where r=D/2 corresponding to the radius of the microlenses measured from the topography images, and /4 is

the height of the microlenses measured from the vertex to the flat surface of the microlens.
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Figure S1: Printing mechanism of the optical glue NOA164. When the laser pulse energy is not high enough
to produce the transfer of the polymer, the formed jet is contracted towards the liquid layer. Once the pulse
energy is sufficiently high, the formed jet contacts the surface of the receiving substrate. For energies just
above the printing threshold, the contacting jet breaks leaving behind a tiny amount of polymer that takes the
shape of a circular droplet. For higher energies, the contacting jet has pulled enough liquid to enable the

formation of a stable capillary bridge. The arrows in the image indicate the movement of the liquid.

Figure S2: In this figure it is presented the result of a printing experiment in which the layer of NOA164 is
cured before separating the donor substrate from the receiving one. The energy used during this experiment
was 25 pJ (gray area Figure 1C). (A) SEM image of the donor film that presents the formation of structures

that correspond to capillary bridges that were broken when the donor film was separated from the receiving
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substrate. On the other side, (B) shows an SEM image of the receiving substrate. This figure shows the
remaining capillary bridge that matches the ones shown in (A). In the middle of the structure, it is possible to
observe the cavitation bubble that remained after the printing process. Both images were taken with a

viewing angle of 60°.

Supplementary Video: Through focus imaging of a projection mask containing the words IIT after passing

through two microlenses of different size. The formation of sharp images at different axial positions

demonstrates the dependency of focal length on lens diameter.
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© When a drop of liquid falls onto a screen, e.g. a cell phone, the pixels lying underneath appear

Sub-wavelength Laser
Nanopatterning using Droplet
Lenses

Marti Duocastella®, Camilo Florian?, Pere Serra? & Alberto Diaspro*

magpnified. This lensing effect is a combination of the curvature and refractive index of the liquid
droplet. Here, the spontaneous formation of such lenses is exploited to overcome the diffraction
limit of a conventional laser direct-writing system. In particular, micro-droplets are first laser-printed
at user-defined locations on a surface and they are later used as lenses to focus the same laser
beam. Under conditions described herein, nanopatterns can be obtained with a reduction in spot
size primarily limited by the refractive index of the liquid. This all-optics approach is demonstrated
by writing arbitrary patterns with a feature size around 280 nm, about one fourth of the processing

. wavelength.

Optical methods are unrivaled as patterning tools thanks to the possibility to operate in ambient con-
ditions, integration in direct-writing systems and ease of use. However, the far-field diffraction barrier

© limits the minimum feature size in optical systems to about half the processing wavelength, impos-
: ing a serious restriction for nanopatterning at visible or infrared wavelengths. The primary strategy
. to overcome diffraction has been the use of near-field effects. By focusing light through the tip of an

atomic force microscope!, a microsphere?, or a plasmonic lens’, evanescent waves can be coupled to

. the material enabling deep sub-wavelength patterning. In this way, feature sizes below 100nm can be
. produced, but maintaining the spacing between probe and substrate is extremely critical and difficult to
: perform in practice. Self-positioning systems® offer an interesting solution, although they tend to be time

consuming and/or require complex setups’. In contrast, sub-wavelength feature sizes can also be fabri-
cated by exploiting non-linarites in the interaction of light with a particular material, as in multiphoton
absorption®!® or photopolymerization inspired by reversible saturable optical fluorescence transition
(RESOLFT) microscopy'!'2. Since these methods are based on the particular photophysics of the mate-
rial to be patterned", resolution enhancement is material-dependent and optimal results are typically
constraint to a narrow range of available photoresists.

An interesting alternative for sub-wavelength optical patterning consists of using a dielectric hemi-
spherical lens, known as a solid immersion lens (SIL), placed in contact with the surface. A SIL effectively
increases the numerical aperture of a focusing optical system, producing an enhancement in lateral reso-

. lution only limited by the refractive index of the SIL material. Successful implementations of SILs include
: microscopy'*1%, spectroscopy'’, photolithography'® and optical recording'®, with reported feature sizes

as small as 100 nm?. However, the use of SILs for surface nanopatterning presents a series of problems

. that prevent this approach to be widely implemented. For instance, the relative high laser energies usu-

ally required for processing a surface, especially in the case where laser ablation is to be performed, can

: irreversibly damage SILs. This is particularly problematic due to the challenges involved in the fabrica-
: tion of SILs. In fact, conventional grinding techniques are time consuming and are limited to SILs with

diameters larger than 1 mm?!. Small lenses are desirable since they suffer from less aberrations and they
can be easily positioned at local uniform parts of an overall uneven surface. Promising methods such as

INanoscopy, Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy. 2Departament de Fisica Aplicada i

Optica, Universitat de Barcelona, C/Marti i Franqués 1, 08028 Barcelona, Spain. Correspondence and requests for
materials should be addressed to M.D. (email: marti.duocastella@iit.it)
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Figure 1. Schematic of the droplet-assisted laser processing approach. (A) A liquid droplet is printed
on top of the surface to be patterned by using LIFT. (B) After removal of the donor film, the same laser
source is focused through the droplet, which acts as a liquid lens. As a consequence, nanopatterns can be
fabricated.

photopolymerization? or chemical etching?' can produce high-quality micro-SILs, but the fabrication
process remains cumbersome. In addition, to generate nanopatterns over an extended surface one needs
to mechanically translate the SIL along different positions of the sample. Such stepwise approach is
inherently slow and requires sophisticated feedback control systems.

Droplet-assisted laser processing (DALP) addresses the challenges encountered in current micro
and nanopatterning techniques. Our approach is based on a two-step process (Fig. 1). First, we use
laser-induced forward transfer (LIFT)* to print droplets with sizes ranging from 10 to 200pm into
specific areas of interest of a surface. Next, we use the printed droplets as lenses to focus laser pulses
directly below each droplet, locally modifying the surface. Notably, the same laser source used for print-
ing can be used for surface patterning. One can consider the droplet to act as the liquid version of SILs
without the constraints involved in its fabrication and placement - droplets present a flawless surface,
and can be easily printed at desired locations on a surface. Thereby, this approach produces a straight-
forward increase in the focusing capabilities of a system by a factor that depends to first order on the
liquid refractive index. In addition, contrary to immersion objectives, liquid micro-lenses can be used
in a variety of optical systems, the focusing enhancement can be controlled by simply changing the liq-
uid, and the small size of the lens minimizes possible absorption effects and even temporal dispersion
in the case of irradiation by ultrafast laser pulses. Here, we investigate the optimal conditions of DALP
and demonstrate the feasibility of this approach by creating nanopatterns on a polymeric surface with a
feature size about one fourth of the processing wavelength.

Results

Principle of droplet-assisted laser processing. The basis of our approach can be found in the lens-
ing effect that a drop of liquid produces on a surface. This phenomenon - clearly observed when a liquid
falls on a screen, with the underlying pixels appearing magnified - can be explained by the curvature
and refractive index of the liquid (n > 1), causing each drop to act as a plano-convex lens. In particular,
DALP uses micrometer-size droplets whose contact angle with the surface is about 90° (almost perfect
hemispherical shape). By placing such a droplet at the focal plane of an optical system, the effective
numerical aperture of the system increases and, consequently, enhancement in lateral as well as axial
resolution is achieved?!. Most importantly, droplet focusing is carried out without introducing spherical
or coma aberrations. This is a consequence of the hemispherical nature of the droplet - light is focused
at the plane lying just underneath the flat surface, at a position corresponding to the first aplanatic point
of a sphere?.

To better understand focus enhancement induced by a micro-droplet, we simulated light focusing
through an optical system with and without droplet. In particular, we considered a lens doublet as the
focusing element (N.A. 0.27) and solved the diffraction propagation equation for a Gaussian beam
(1027nm wavelength). The colormap intensity plot at the vicinity of the system focus without
micro-droplet is presented in Fig. 2A. The beam displays the characteristic features of a focused Gaussian
beam. In particular, intensity at the focal plane presents a Gaussian profile along the radial direction,
with a measured full-width at half maximum (FWHM) of 1.48um (Fig. 2C). Regarding beam intensity
along the propagation direction (Fig. 2D), the beam presents the parabolic profile typical of Gaussian
beams. The corresponding Rayleigh range, characterized by a decrease in intensity of a factor of 2, is
equal to 6 pm. Notably, the focusing characteristics of the optical system drastically change when a hem-
ispherical micro-droplet (n= 1.4, 20pum in diameter) is placed at the focal plane, as shown in Fig. 2B. In
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Figure 2. Simulation of the intensity and focusing enhancement produced by droplet-assisted laser
processing. (A) Colormap plot of the intensity distribution of a Gaussian beam focused through a 0.27 N.A.
objective, and (B) corresponding colormap plot after a hemispherical droplet (n= 1.4) has been placed at
the laser focus. The liquid lens results in about a factor of 2 intensity enhancement. (C) Plot of the beam
intensity versus radial distance at focus. In the case of using a liquid lens, the FWHM is decreased by a
factor corresponding to the lens refractive index. (D) Plot of the beam intensity versus axial distance along
the optical axis. The system depth of field is reduced when using the liquid lens.

this case, the lensing effect induced by the droplet produces stronger focusing, with an enhancement in
intensity of about a factor of 2. In addition, the radial plot profile of Fig. 2C reveals a FWHM at focus
of 1.05um, a factor of 1.4 smaller than without droplet. This value corresponds to the refractive index of
the droplet, and it is in good agreement with theoretical work on SILs?. In fact, the droplet is expected
to produce an increase in the effective numerical aperture of the system equal to the lens refractive index.
Assuming no absorption in the droplet, the enhancement in intensity can be directly correlated to the
decrease in spot size — the focusing area scales as the square of the radius, and hence the increase in
intensity is1.4> & 2. The micro-droplet also constrains the focus extent along the axial direction (Fig. 2D).
In this case, the Rayleigh range is 3 um. This is also consistent with the increase in numerical aperture
of the system, since the Rayleigh range scales as the inverse square of this parameter?. Simulations per-
formed with hemispherical droplets whose diameter ranges from 20 to 200 um do not present significant
differences, and in all cases the droplet produces an enhancement in the system numerical aperture
proportional to the liquid refractive index.

Implementation of DALP. The successful implementation of DALP requires a method capable of
printing hemispherical droplets with controlled size at precise locations on a surface. Here, we used
laser-induced forward transfer or LIFT to achieve this goal, but other methods such as inkjet printing?®
could be valid as well. LIFT is a laser-direct writing technique based on transferring material from a
donor film to a substrate placed in close proximity to it*® (Fig. 1A). In the case of using a liquid film,
laser pulses induce the formation of a cavitation bubble in the liquid that evolves into a jet propelling
a fraction of the material toward the substrate?*. When the jet contacts the substrate, a droplet is
formed®!. Interestingly, droplets with diameters ranging from microns to sub-millimeters can be obtained
by simply modifying the laser pulse energy, which renders this approach optimal for DALP. Contrary to
inkjet printing?, the nozzle-free nature of LIFT makes this technique suitable for printing liquids with
a wide range of rheological properties. In addition, the use of LIFT for DALP is further justified by the
possibility of using the same laser source for both droplet lens printing as well as material processing.
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A crucial aspect of DALP is the shape of the micro-droplet. Failing to achieve hemispherical droplets
inevitably results in spherical aberrations and the consequent loss of optical performance. Therefore, it is
necessary to assure an equilibrium contact angle between droplet and surface of 90°. Provided a hydro-
phobic surface, contact angle can be adjusted by adding a surfactant to the liquid. This is the approach
we used in the current experiment, where the contact angle between polydimethylsiloxane (PDMS) and
a mixture of water and glycerol (n=1.5), typically around 110°, was decreased to 90° by adding a sur-
factant (Supplementary Figure 1). In the case of patterning an initial hydrophilic surface, a hydrophobic
coating must be first applied. By using spin-coating or other chemical deposition processes, thin films
below 10nm can be obtained®?, with minimal impact on the optical performance of DALP. Besides the
need for contact angle control, there is a second factor that plays a crucial role in the formation of a hem-
ispherical droplet: the balance between gravitational and surface tension forces — gravity tends to pull
the center of the droplet disrupting its spherical shape®. The ratio between these forces can be expressed
using a dimensionless number, the Bond number:

Bo = Apgl’/, (1)

where Ap is the density difference between drop and air, g is the gravity constant, + is surface tension
and L is a characteristic length of the droplet (diameter, in this particular case). For Bo<0.01 gravita-
tional effects can be neglected®, and the droplet retains a perfect spherical shape. When using aqueous
solutions, such a value is reached for diameters below 300pum, which justifies the need for printing
micrometer-size droplets in order to obtain aberration-free liquid lenses.

Once micro-droplets with a hemispherical shape are deposited on a surface, sub-wavelength nano-
patterning is possible by focusing laser pulses through the droplets. At this point, there are two different
modes to implement DALP. The first one consists of firing a single laser pulse for each droplet. Any
potential deformation or even volatilization that the droplet may suffer as a consequence of laser irradi-
ation becomes irrelevant - each droplet/lens is used only once. In fact, for sub-picosecond pulses, vola-
tilization would occur well after the laser pulse is over®. This approach works best when small features
with large separations are required, since the minimum distance between spots is initially determined by
the droplet diameter. By repeating the printing process, the separation between features can be reduced,
but this process becomes cumbersome. Alternatively, it is possible to fabricate structures arbitrarily sepa-
rated by using a single droplet and scanning the laser beam across it. This provides a direct approach for
fabricating user-defined structures, including continuous nanopatterns, but questions remain about the
performance of the lens off center, as well as the potential droplet deformation caused by multiple firing.

Experimental characterization of DALP. To demonstrate the feasibility of DALP, we first laser
printed an array of droplets on PDMS using an energy of 8.5 (1027 nm wavelength, 450 fs pulse dura-
tion). The corresponding laser fluence was 2.7]J/cm? (laser was defocused). Well-defined droplets with
an average diameter of 100jum were obtained, with a standard deviation of only 4pm (Supplementary
Figure 2). Such droplet control assures good reproducibility to our approach. Next, we removed the
donor film used in LIFT and moved axially the planar surface of the droplet to match the objec-
tive focal plane. We then fired 10 shots at the vicinity of the droplet center, each spaced 2pm from
one another. We repeated this experiment for different laser pulse energies, using a different drop-
let for each energy (range of 2 to 30nJ, which corresponds to fluences from 80 to 1170mJ/cm?).
Plots of the spot diameter and depth measured by atomic force microscopy (AFM) are presented in Fig. 3
as a function of laser pulse energy. For comparison, the results obtained with regular laser processing (no
droplet) are also included. Notably, given a laser pulse energy, the spot diameter is larger and the depth
is greater with DALP. This can be explained by the stronger focusing produced by the droplet and the
consequent increase in the effective laser fluence. In fact, by using a moderate numerical aperture objec-
tive (N.A. 0.55 in this experiment), energies ranging from 3.5 to 10n]J can be used to ablate PDMS. The
corresponding laser fluences are 140 and 390 m]/cm?, below the ablation threshold for PDMS without
a droplet (390mJ/cm? in the current experiment, in agreement with values found in literature®). Such
low energies open the door to use DALP with low power lasers or directly from laser oscillators. More
importantly, at these energies (sub-threshold fluence) deep sub-wavelength patterning is possible. In this
way, spot sizes as small as 280nm were obtained for 3.5n] pulses, about one fourth of the processing
wavelength (Fig. 4). This is almost a factor of 1.8 smaller than the minimum spot size obtained in this
experiment with regular laser processing (490 nm). Such a reduction in feature size above the liquid lens
refractive index (1.5), is caused by the threshold effect characteristic of laser ablation and the nonlinear
relationship between beam waist and laser pulse energy®. Therefore, even if the laser beam waist is
reduced by a factor equal to the lens refractive index, nonlinearities in light-matter interaction enables
one to use DALP to further reduce spot size.

Figure 5A,B show the change in spot diameter and depth as the beam is focused through the droplet
at different axial positions. Such characterization is of pivotal importance for the technical implementa-
tion of DALP. Indeed, accurate z-focus control is a classic problem in laser patterning: real-world surfaces
are non-flat and can present warpage or texture, which typically require costly and time consuming
methods capable of adjusting the focal plane relative to the surface for uniform processing to occur®.
This problem is aggravated when high spatial resolution is desired, i.e. in high numerical aperture
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Figure 3. Plot of hole diameter versus energy for DALP and regular processing. The deep sub-wavelength
patterning area accessible only by DALP is shown in gray. (B) Plot of hole depth versus energy. Notably, for
an energy of 10n]J, holes obtained by DALP are about 3 times deeper.

systems or near-field super-resolution techniques, where the short depth of field (DOF) inherent of
these approaches constrain their use to the de facto processing of flat surfaces. In contrast, DALP toler-
ates an axial shift of the focal plane as high as 5pm (Fig. 5A,B). Within this range, ablated holes at an
energy of 12n] present a diameter and depth variation of only 10% with respect to the mean value. Such
axial processing range is comparable to the DOF of the optical system without droplet (Supplementary
Figure 3). Therefore, the enhancement in lateral resolution produced by DALP does not impose stronger
requirements on axial focus control. In other words, DALP increases the effective numerical aperture of
a focusing system without altering its original working distance or DOF. This can be understood by the
theory of hemispherical SILs: as long as the planar surface of the lens is within the DOF of the focusing
objective, strong focusing and deep sub-wavelength processing can be obtained without aberrations. In
addition, the critical distance between lens and surface is maintained constant in DALP - the droplet is
always in contact with the surface to be patterned, effectively making DALP a self-positioning approach.

The focusing performance of a liquid micro-lens off center is presented in Fig. 5C,D. An array of holes
was prepared by laterally scanning the laser beam across a 100 pm droplet. The plots of the ablated hole
diameter and depth versus radial position (Fig. 5C,D) show variations for these parameters of less than
5% (maximum - minimum values) up to a distance of about 5pum off the lens center for all axial posi-
tions analyzed. This radial distance corresponds to about 10% of the initial droplet diameter. Such a value
is in agreement with numerical simulations for different droplet sizes (Supplementary Figure 4), where
in all cases a change of less than 2% in the FWHM of the focused beam is obtained for up to 10% of the
droplet diameter - in fact, due to laser energy fluctuations the experimental values are expected to pres-
ent a slightly higher variability than theory. As the beam is focused off the lens axis, the diameter values
starts to vary significantly while the hole depth tends to decrease, which is consistent with the presence
of aberrations at these positions. Consequently, it is possible to use DALP to write nanopatterns within
a single droplet, but the irradiated area must remain relatively close to the lens center. Considering the
limit in droplet diameter imposed by gravity (Bond number) for most common fluids, ~100 pm droplets
present a suitable trade-off between preservation of hemispherical shape - absence of aberrations — and
area that can be patterned (10 x 10pm?).

Potential distortions within a droplet caused by laser firing are also an important aspect to consider.
The nature of such distortions can be diverse, largely depending on laser pulse energy or laser repetition
rate. In this particular experiment, we observed the formation of micrometer-size cavitation bubbles for
energies exceeding 15n] (fluence of 59 mJ/cm?). Such phenomenon can be caused by the use of energies
above the optical breakdown in the liquid®, or by by-products of the ablative process®. Most bubbles
seem to disappear after around 1 second, but the scattering induced by a bubble already imposes a lim-
itation in the repetition rate of DALP: about 1Hz for E > 15n] for this current experiment. For energies
below 15n] and repetition rates below 5Hz we observed no distortion in the droplet shape nor any
cavitation effects. However, higher repetition rates resulted in non-circular ablated holes. We attribute
this effect to the heating induced by the ablation of the polymer, and the consequent change in refrac-
tive index in the liquid that caused aberrations during droplet focusing. In particular, when firing two
consecutives laser pulses (repetition rate higher than 5 Hz) at slightly different positions, the thermal
effects induced by the first shot can laterally perturb the second one, breaking the circular symmetry of
the focal spot and causing coma aberration. Using higher energies or higher repetition rates resulted in
a significant aggravation of these effects, eventually producing a change in the droplet shape or volume,
or even its total volatilization. In such instances, though, it is still possible to use DALP using a single
pulse for each droplet.
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Figure 4. Characterization of droplet-assisted laser processing versus regular processing. (A) AFM image
of 280nm diameter holes obtained by single-shot ablation at an energy of 3.5n] using DALP with a droplet
size of 100 um. (B) Morphology of the same surface irradiated using 3.5n]J using regular processing. No
modification is observed (C) Line scan corresponding to Fig. 3A, and (D) to Fig. 3B.

Nanopatterning. The nanopatterning capabilities of DALP are presented in Fig. 6. In this case, we
prepared 3 concentric squares using a 100 pum droplet and 5n] pulses. Notably, the formation of contin-
uous features with a width of 200nm is feasible by pulse overlapping (shot-to-shot distance of 100 nm
in the current experiment). After laser irradiation and with the droplet still in place, the pattern can be
clearly distinguished upon examination in an optical microscope (Fig. 6A). Washing out the droplet does
not modify the pattern, which is still visible by optical microscopy (Fig. 6B). However, a simple compar-
ison of the 2 optical micrographs reveals the lensing effects of the droplet. Indeed, the pattern imaged
through the droplet appears magnified by a factor of about 1.5. This value is close to the refractive index
of the liquid. In addition, the resolution is also enhanced by the droplet — nearby features are only dis-
tinguishable by droplet imaging. A statistical analysis of the pattern from AFM characterization (Fig. 6C)
shows an average line width of 350nm and depth of 50nm, with a standard deviation of 30nm and
5nm, respectively. It is important to note that the lack of parallelism in the fabricated structure is not a
fundamental limitation of DALP but is caused by the limited position accuracy of the mechanical stages.

Discussion

In this paper, we have successfully demonstrated that liquid micro-droplets can be used to enhance the
focusing capabilities of a laser direct-writing system, and produce features with a size down to 280 nm
at sub-threshold fluences, about one fourth of the processing wavelength. We have implemented our
approach by first laser-printing hemispherical droplets at user-defined positions on a surface, and subse-
quent firing through the droplet. Each droplet acts as a lens, whose optical performance depends on the
refractive index of the liquid in a way analogous to a solid immersion lens. The axial position of the drop-
let with respect to the focal plane of the optical system does not significantly compromise the outcome
of our approach as long as the plane surface of the droplet is within the depth of field of the focusing
objective. Furthermore, continuous nanopatterns can be written within a single droplet by scanning the
laser in the XY direction at low laser fluences and low repetition rates. No artifacts or aberrations are
induced off the droplet center up to about 10% of the droplet diameter. In addition, droplet-assisted laser
processing could further improve resolution by using high refractive index liquids, including polymers
or nanoparticle-doped solutions®. DALP is easy to implement using any laser-direct writing system,
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Figure 5. Alignment tolerance of droplet assisted processing. Plot of the diameter (A) and depth (B) of
holes ablated in the center of the droplet at different axial positions. The presence of the droplet provides
enhanced focusing but does not modify the axial working range suitable for uniform processing. Plot of the
diameter (C) and depth (D) of holes ablated using DALP at different radial positions within a droplet. For
a distance corresponding to about 10% of the droplet diameter, the hole size and depth remains constant
indicating that aberration-free nanopatterning is possible.

12
X (pm)
Figure 6. Nanopatterning of concentric squares. Optical micrograph of a pattern fabricated with a 100 pm

droplet, (A) with the droplet still in place and (B), without droplet. The drop produces a magnification of
about a factor of 1.5. (C) AFM characterization of the pattern.

it can be performed in ambient conditions and it obviates the need for precision axial z-focus control
or other constraints typical of current nanopatterning approaches. By combining optics and fluidics,
DALP provides researchers with a powerful tool capable of overcoming the traditional diffraction barrier,
extending the well-known advantages of lasers to deep sub-wavelength patterning.
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Methods

Laser direct-writing system. A Yb:KYW femtosecond laser (Amplitude Systemes S-pulse) with a
wavelength of 1027nm and a pulse duration of 450fs was used in single shot mode. The beam profile
was Gaussian with M?=1.35. The laser pulse energy was controlled by means of a variable optical den-
sity filter, and the energy of each pulse was measured by an energy meter (Ophir PD10-SH). The laser
irradiation was focused onto the sample using a 50x, 0.55 NA long-working distance objective (Mitutotyo
M Plan Apo 50X). The sample was positioned on a XYZ mechanical translation stage with a minimum
step size of 0.5pum (Physik Instrumente TM M-414) aligned perpendicular to the focusing objective. Real
time visualization of the ongoing process was carried out by a CMOS camera (Thorlabs DCC1645C)
thanks to a dichroic mirror that reflected IR (1027 nm laser) and transmitted the visible spectrum.

Sample preparation. A solution of polydimethilsiloxane (PDMS) dissolved in ethyl acetate (5% v/v)
was drop-casted on top of a silicon wafer. After solvent evaporation, a PDMS film with a thickness
of 200nm was obtained. Thickness control could be achieved by changing solvent concentration, but
200nm presented the highest uniformity. It is important to note that the thickness of the polymeric
layer cannot be smaller than a certain value (which depends on the optical absorption of the polymer)
or otherwise ablation of the underneath surface occurs. In this case, the PDMS layer acts as a coating
that provides the appropriate contact angle between droplet and surface to be patterned.

Laser printing. The donor film used in LIFT was prepared by blade coating a solution of water and
glycerol (50% v/v) with 1% sodium dodecyl sulfate on top of a microscope slide covered with a 50nm
thick titanium film. The titanium film was used as the absorbing layer. No presence of titanium on the
printed droplets was observed. However, in order to completely rule out potential contamination by the
absorbing layer, it would be possible to use a volatile organic absorbing layer*! or even directly print from
a liquid reservoir by using high intense pulses without any absorbing layer*2. The thickness of the liquid
film obtained was about 10 um estimated from a weight measurement. The donor film was placed on top
of the PDMS surface - liquid facing PDMS - at a distance of 100jum using spacers. The donor-PDMS
substrate system was then moved to the XYZ stage to initiate the printing process. Due to the low vapor
pressure of the water and glycerol solution, the donor film remained stable over a period of about 1
hour. For the same reason, the diameter of the printed droplets changed very slowly over time while
its hemispherical shape was in all cases maintained (contact angle of about 90°), providing an effective
processing window time for DALP of about 30 minutes.

Optics simulation. The physical optics propagation (POP) package from Zemax (Radiant Inc.) was
used to solve the diffraction equations for an optical system consisting of a lens doublet with an estimated
numerical aperture of 0.27. A Gaussian beam with a wavelength of 1027 nm was launched through the
system, and the intensity distributions at different axial positions were measured. To simulate the effects
of DALP, the simulations were repeated with a hemispherical lens with refractive index of 1.4 placed at
the system focus.

Sample characterization. Optical micrographs of the fabricated patterns were captured with a com-
mercial microscope (Carl-Zeiss Axio Imager). AFM characterization was carried out in non-contact
mode using a pyramidal tip with size of 14-16pm (AppNano AFM probes ACTA), in an AFM system
(Park Systems XE-70). Contact angle measurements were performed using a goniometer system (KSV
CAM 200 Optical Tensiometer). In all cases, MATLAB was used for data analysis.
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The generation of conductive lines from liquid inks through laser-induced forward transfer (LIFT) is
achieved by printing a sequence of overlapping droplets. This procedure, however, is not free from draw-
backs: the formation of continuous lines is often accompanied with undesired scalloping or bulging. In
this work we present an innovative method consisting in the deposition of conductive ink through LIFT

inside fluidic guides produced by laser ablation. The aim of the approach is that the guides confine the

Keywords:
Laser forward transfer

liquid within them so that the most common defects can be prevented. The production of guides through
laser ablation followed by LIFT of ink inside them has proved that it is possible to find conditions in which

LIFT the total confinement of liquid within the guides is achieved with good uniformity all along the line. This

Laser printing
Microfluidics
Conductive inks

proves the feasibility of the proposed approach for printing continuous lines free from scalloping and
bulging with excellent definition.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Laser induced forward transfer (LIFT) is a direct writing tech-
nique which has been shown to be capable of printing a wide variety
of materials. Though LIFT was originally applied to transfer mate-
rials from thin solid films [1,2], it was later demonstrated that the
technique also allowed the transfer of materials in the liquid phase
[3,4]. In fact, the LIFT of liquids operates in a similar way to inkjet
printing: the material of interest is dissolved or dispersed as an ink,
the ink is transferred, and following solvent removal the material
remains adhered to the substrate as a pixel [5]. LIFT presents, how-
ever, remarkable advantages over inkjet printing. On one hand, it
is free from clogging issues, since there is no need for a nozzle in
order to print the liquid and the good spatial resolution of the tech-
nique is provided by the high focusing power of the laser beam. On
the other hand, LIFT allows the user to work with a substantially
broader range of inks, with few limitations concerning the viscosity
or rheology of the liquid to be printed.

* Corresponding author at: Universitat de Barcelona, Departament de Fisica Apli-
cada i Optica, Marti i Franqués 1, E-08028 Barcelona, Spain. Tel.: +34 934 039 216;
fax: +34 934 021 139.

E-mail address: pserra@ub.edu (P. Serra).
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0169-4332/© 2015 Elsevier B.V. All rights reserved.

The principle of operation of LIFT has been described in detail
previously [5]. Briefly, a pulsed laser beam is focused on a thin film
of the donor ink, which itself is coated upon a substrate transparent
to the laser radiation, the donor substrate. Under the action of a
laser pulse, a tiny fraction of liquid is transferred from the donor
ink film to the acceptor substrate, usually placed at a short distance
from the donor one (between tens of microns to few millimeters).
Typically, the printing outcome of a single laser pulse is a circular
droplet, the size of which depends on the focusing conditions, laser
pulse energy and the wetting properties of the acceptor substrate
[6-9]. Using LIFT, a diverse range of materials including inorganic
inks, polymers, biomolecules and living cells have been successfully
printed [10-16].

The mechanisms of liquid ejection and droplet formation during
LIFT have been investigated in detail [6-9,17-19] with the aim of
optimizing the performance of the printing technique. The real-
ization of patterns with geometries more complex than simple
droplet arrays raise challenges greater than those associated with
single droplet formation. When printing lines, for example, factors
such as droplet coalescence and capillary flow within the printed
line play an essential role in determining the printed line stability
[20]. In practice, the formation of stable and continuous lines free
from defects like scalloping or bulging is not a trivial task [20-24].
This is true not only for LIFT, but for other commonly employed
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printing techniques such as inkjet printing [25]. In a previous
work [26] we proposed a printing procedure for conductive inks
which mitigated a number of the problems. However, the proposed
method was time consuming and the resulting degree of defini-
tion was not as good as desired, with some residual scalloping
remaining.

In this work, we present an alternative approach for printing
which achieves continuous lines free from bulging and scalloping
in a very reproducible and controlled way. The technique con-
sists of printing conductive inks through LIFT inside previously
patterned laser ablated fluidic guides. The obtained results demon-
strate excellent definition and uniformity. Furthermore, and in
spite that the feasibility of the approach is demonstrated for a sil-
ver conductive ink, it can be easily extrapolated to liquids of very
different nature.

2. Experimental setup

The experiments were performed using an Amplitude Systemes
Yb:KYW laser with a wavelength of 1027 nm, a pulse duration of
450fs and a Gaussian beam intensity profile. A microscope objec-
tive of 50x with a working distance of 13 mm and a numerical
aperture of 0.55 was used to focus the laser radiation onto the sam-
ple. A CCD camera placed coaxial to the laser beam axis allowed
controlling the position of the laser beam focus on the sample. Glass
substrates coated witha 1 wm thick hydrophobic cross-linked poly-
mer layer were used as acceptor substrates. The polymer layer was
selectively removed through laser ablation in order to generate the
fluidic guides and these were later filled with printed ink through
LIFT. In order to achieve a good confinement of the ink inside
the guides it was necessary that the polymer were substantially
more hydrophobic than the glass substrate. The hydrophobicity of
the polymer was achieved through the use of a fluorosurfactant
additive. This combination of polymer layer/glass was chosen for
convenience (the aim of the work is to prove the feasibility of the
proposed printing approach), but it is anticipated that a wide range
of other combinations would be possible, provided that both layer
and substrate have a sufficient difference in surface energy.

The fluidic guides were produced by laser ablation using a pulse
energy of 75 nJ and laser spots with a diameter of 2 um, which cor-
responded to a laser fluence of about 2.4]J/cm?. The production of
a single fluidic guide was achieved by scanning the surface of the
acceptor substrate at a speed of 1 mm/s and a laser repetition rate of
2 kHz. This resulted in a shift of 0.5 um between consecutive over-
lapping laser spots. The generated debris during the laser ablation
process was removed by using an air flow over the treated area.

Once the fluidic guides were produced the ink was deposited
into the channels by means of LIFT. The laser pulse energy dur-
ing printing was 600 nJ and the laser spot diameter 12 pm (a laser
spot diameter larger than that used in the production of the fluidic
guides was achieved by changing the distance between the objec-
tive and the sample): this resulted in a laser fluence of 530 mJ/cm?.
In these conditions the printed droplet diameter on the glass sub-
strate was about 180 pm. In spite that much smaller diameters can
be obtained through conventional LIFT [27], the printing conditions
required to achieve such small droplets are very sensitive to non-
uniformities in the thickness of the donor film. Since the purpose of
this work is to prove the feasibility of the proposed approach and
not yet to optimize its resolution, we chose to work in the most
favorable conditions for the test: printing relatively large droplets,
which does not compromise the reproducibility of the printing pro-
cess.

A commercially available Ag nanoparticle ink from
Sigma-Aldrich® was used in all the LIFT experiments. The
particle size was smaller than 50 nm and the solid content was

around 30-35%. The donor films were prepared by blade coating
thin layers of ink with a thickness between 20 and 30 um on
glass microscope slides. The gap between the donor and acceptor
substrates (160 m) was maintained through the use of cover slips
as spacers. Although it is common that LIFT experiments use a
sacrificial absorbing layer, in the presented experiments this was
not needed because the Ag ink itself absorbs the laser radiation
at this wavelength. The printed lines, once dried, were laser
cured by means of a CW Nd:YAG laser (Baasel LBI 6000, 1064 nm
wavelength, 1.2 W output power and a Gaussian intensity profile)
operating at a scan speed of 2mm/s with an irradiance of about
12 kW/cm?. At the end of the process the conductivity of the lines
was measured and compared with the expected value for the ink.

3. Results and discussion

The common printing procedure for the generation of lines con-
sists in depositing consecutive overlapping droplets. Fig. 1 displays
the outcome of such an experiment corresponding to silver ink
printed on a glass substrate. In that experiment different overlaps
were tested with the aim of finding the conditions leading to the
formation of stable continuous lines free from defects. The shifts
between adjacent droplets (Ax) in Fig. 1 corresponded to the cen-
ter to center distance and ranged from 160 to 25 wm. The first two
shifts (Ax=160 and 120 wm) result in non-overlapping droplets
with diameters around 80 um. When the shift becomes equal
or smaller than the droplet diameter (Ax <80 wm), the droplets
coalesce, resulting first in dashed lines (Ax=80-72 wm) and for
even smaller shifts (Ax <56 um) continuous lines. However, in
these last cases bulges are always present, mostly at the begin-
ning of the line and occasionally in the middle. This defect can be
highly detrimental in electronic circuits since it can easily lead to
unwanted short-circuits between adjacent lines. It is clear, there-
fore, that the objective is not fulfilled: no continuous lines free from
defects are obtained in such a straightforward way.

Overlap (%)
0 0

EOSSPD = WEBVIIEI & ED 0000000 D000 © = [

160 120 80 72 56 40 25

Ax (um) 200 pm

Fig. 1. Optical microscopy image of lines printed with different shifts between adja-
cent droplets (Ax, measured from center to center) decreasing from left to right.
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Fig. 2. Sketch of the procedure used for the a) laser ablation of the fluidic guides with different widths (Aw) and b) LIFT of the Ag ink inside the fluidic guides using different

printing shifts between adjacent droplets (Ax, measured from center to center).

In a previous work [26], we proposed a printing strategy which
allowed overcoming bulging and which consisted in the alternate
deposition of both odd and even droplets with an intermediate
drying step between them. The strategy proved successful because
the dried pixels helped confining the newly deposited liquid; this
spread along the adjacent dry pixels, which pinned the contact line.
Unfortunately, that procedure was fairly inefficient (the drying step
was time consuming) and the final result was not so good; in spite
that the printed lines were free from bulging, they presented a
scalloped morphology which hindered the definition of the prin-
ting outcome. Notwithstanding, the strategy provided an idea for
a more efficient and flexible approach: printing ink on previously
defined fluidic guides. Since bulging is a problem of liquid overflow
beyond the parallel edges of the printed line due to the onset of
an instability driven by capillary flow, the presence of the guide
should help to confine the liquid and thus prevent the formation of
bulges.

The new printing approach consists in a two-step process, as
described in the Section 1. First, the fabrication of the fluidic guides
through the selective laser ablation of the polymer layer coating
the glass substrate (Fig. 2a). Second, the LIFT of ink inside the fluidic
guides (Fig. 2b). The use of the polymer coating has advantages over
the direct ablation of glass. On one hand, the removal of the poly-
mer layer requires substantially lower fluences than those needed
for the direct ablation of glass: if the laser beam is focused at the
polymer-glass interface it is possible to detach the polymer coating

200

0 100

300
X (Mm)

at a low enough fluence that does not damage the glass under-
neath. On the other hand, and as a consequence of that, a much
cleaner ablation can be obtained: as it is observed in Fig. 3, the
bottom of the crater is flat and its walls sharp and straight (the
extremely small scalloping present in the edges is due to the 0.5 pm
shift between adjacent laser spots). Similar sharp edge profiles have
been reported during laser ablation of PMMA on glass [28]. Since
the polymer is transparent to most conventional laser radiations,
femtosecond laser pulses are especially convenient here. If tightly
focused, they are absorbed by essentially any material, and for that
reason they can be also used for LIFT. Consequently both steps,
ablation and printing, were carried out with the same laser system.

Once the fluidic guides were created, printing was carried out
inside the channels. The results of a first experiment are shown in
Fig. 4. In this case, fluidic guides with different widths were pre-
pared, ranging from 60 um up to 200 wm, and the shift between
adjacent droplets (Ax) was kept constant at 160 pm. Initially the
approach seemed promising: in three out of five widths (100, 80
and 60 pm) continuous lines free from bulging were obtained. In all
those cases the liquid covers uniformly the guide and is quite well
confined within. The three lines were substantially narrower than
the diameter of each individual droplet (~180 wm), which clearly
indicates that the guiding effect is successful. However, the con-
finement of the ink was not totally accomplished. Indeed, there
was some overflow beyond the borders of the guides. The overflow
extent was surprisingly similar in the three guides, despite that

400 500 600 700

Fig. 3. Laser ablated fluidic guide on the acceptor substrate. The clean ablation of the 1.0 wm thick polymer layer, which leaves the underneath glass unaltered, can be

observed. The width of the guide is about 150 pm.
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Fig. 4. Conductive lines generated by printing Ag ink through LIFT inside fluidic
guides of different width (Aw). The shift between consecutive droplets (measured
from center to center) is 160 pm.

they had different sizes and that the amount of ink was always the
same. It could be expected to find the largest amount of overflow
in the narrowest guides, which could not eventually contain the
excess of liquid. However, in view of these results it is reasonable
to assume that the overflow was not due to excess of liquid. It can be
attributed to ink crawling along the polymer walls, which became
hydrophilic during the ablation process (induced roughness and/or
composition change). A close inspection of the borders of non-
printed guides revealed the presence of some debris resulting from
re-deposition of polymer ablation products. Thus, the crawling ink
would then overflow beyond the edge of the guides until it meets
the clean hydrophobic polymer (the debris border), which would
pin the contact line of the liquid.

With the aim of achieving a better confinement of the ink within
the guides, and assuming that the observed overflow is indeed
due to the presence of debris, an air flow that removed the abla-
tion products was implemented in the experimental setup. A new
experiment of printing inside guides which had been ablated with
the air flow on was then carried out. This time, however, instead of
producing guides of different width and printing droplets at con-
stant shift between them, the procedure was reversed: droplets
separated by shifts ranging from 240 to 60 um were printed inside
200 pm wide guides (Fig. 5a). At a distance Ax =240 wm separated
droplets were obtained, since their diameter is of about 180 um
and there is no overlap. As the distance was decreased, the printed
droplets started to coalesce, but no continuous line was generated
until the distance was reduced to 80 wm. It is observed, though, that
at this distance the line is not covered uniformly, probably due to
an insufficient volume of liquid, and some overflow occurred in a

( A XXX E X R EEREN XY
CA LR SRS RS Y "]
0000000 @D

——
1mm

Fig. 5. a) Conductive lines generated by printing Ag ink through LIFT at different
shifts between consecutive droplets (measured from center to center) inside fluidic
guides with a constant width of 200 um. b) Pattern consisting in two long and con-
nected straight lines forming an angle of 90° generated through LIFT of Ag ink inside
previously ablated fluidic guides of 200 pm width.

localized point, where in spite of the air flow some debris were pos-
sibly deposited. Nevertheless, a further reduction of the distance
between droplets to 60 wm finally allowed fulfilling the objective:
the formation of a continuous line uniformly covered with ink per-
fectly confined within the guide. In fact the definition is excellent,
with no bulging, scalloping or overflow at all, which proves the
feasibility of the proposed approach.
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Some additional discussion is required at this point. The printed
lines presented in this work are substantially wider than the min-
imum features which can be attained through conventional LIFT
[27]. The reasons for this have already been pointed out in Exper-
imental, and according to them it is clear that the objective of the
work has been fulfilled. Nevertheless, it is obvious that it would
be desirable that the new approach presented resolutions close to
those attainable with the conventional method. In this regard it
must be stated that there is no limitation inherent to the presented
approach that hinders that aim. On one hand, it is possible to print
droplets through LIFT with minimum diameters close to 10 um,
and on the other, fluidic guides with similar widths can be eas-
ily produced through laser ablation. Therefore, it can be expected
that ultimate resolutions about 10 wm could be achieved with the
proposed approach.

As a demanding test of the degree of control and definition of
the approach of LIFT printing inside fluidic guides, we proposed
the realization of a challenging pattern: two long and connected
straight lines forming an angle of 90°. The obtained result is pre-
sented in Fig. 5b. It can be observed that the finishing quality of the
pattern is very high, with the most common printing defects elim-
inated completely: the lines have almost perfectly straight edges
and the 90° angle shows a definition impossible to achieve with-
out the guides, through the direct printing of overlapping droplets
on glass. In spite of the length of the angle sides (about 3 mm),
the liquid confinement within the guides is practically total. Only a
few tiny overflow features are perceptible in the lower edge of the
horizontal side, again possibly due to debris which had not been
completely eliminated during the ablation step by the air flow. In
any case, this realization constitutes a clear proof that the approach

a
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Fig. 6. a) Pattern consisting in two 2 x 3mm rectangular pads connected by a
200 pm wide line produced by laser ablation and subsequently filled with Ag ink
printed through LIFT. b) Confocal microscopy image and transverse profile of the
line indicating the correct filling of the guide with the Ag ink.

of LIFT printing inside laser ablated fluidic guides allows generat-
ing complex patterns with an unprecedented degree of control and
definition.

As a final test, the feasibility of the produced lines to work as
interconnects in electrical circuits was proved. To that end, a pat-
tern consisting in two 2 x 3 mm rectangular pads connected by a
200 pm wide line was produced by laser ablation and finally it was
filled with conductive ink through LIFT. With the two pads serving
as contacts, this pattern should allow measurement of the electri-
cal resistance of the line. After a drying time, the pattern was laser
cured to improve the conductivity of the silver ink. Fig. 6a shows an
image of optical microscopy of the final pattern after curing, where
it can be observed that the fluidic guides again confine the liquid
within their boundary without significant overfilling. With the pur-
pose of measuring the ink level inside the fluidic guide, confocal
images of the connecting line were acquired, as shown in Fig. 6b.
The ink covers around 85% of the ablated volume with good unifor-
mity along the line and has a mainly constant thickness. Finally, the
conductivity was measured, resulting in a value of 10.1 x 106 S/m,
very close to the nominal value provided by the supplier after cur-
ing in an oven (9.1 x 10% S/m). This indicates that the approach of
LIFT printing inside laser ablated fluidic guides is suitable for the
production of high definition conductive patterns.

4. Conclusion

The presented approach of depositing conductive ink through
LIFT inside laser ablated fluidic guides has proved feasible for
printing stable and continuous lines with excellent definition and
control. For a given fluidic guide width there is a range of overlaps
between consecutively printed droplets that results in the perfect
confinement of the ink inside the guide; the most typical defects
in line printing, such as scalloping and bulging, are totally elimi-
nated. The successful application of the described approach to the
realization of such a challenging pattern as two long and connected
straight lines forming an angle of 90° has revealed the potential of
the method for the production of patterns with complex geometries
with an unprecedented degree of definition. Finally, laser curing of
the printed lines has demonstrated that their conductivity can be
increased to values similar to those attainable through curing in an
oven. This demonstrates the potential of these printed patterns as
interconnects in electronic circuits.
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Resum en Catala

La fabricacié digital de dispositius tecnologics requereix el desenvolupament de
noves i millors técniques per al microprocessament de materials que siguin al ma-
teix temps compatibles amb metodes de produccié en série a gran escala com el
roll-to-roll processing. Aquestes técniques han de complir certs requisits relacionats
amb la possibilitat d’'implementar canvis de disseny rapids durant el procés de fa-
bricacio, I'alta velocitat de processament, i al mateix temps permetre la produccioé
de motius de forma controlada amb altes resolucions espacials.

Els lasers son eines versatils que compleixen els requisits de compatibilitat, velo-
citat i resoluci6 espacial necessaris per a la fabricacié digital. Actualment, aquests
dispositius es troben presents en diferents arees com la inddustria, la medicina, les
telecomunicacions i la investigacié cientifica, entre d’altres. A causa de les propie-
tats de la radiacié laser, com I’alta monocromaticitat i direccionalitat, és possible la
generaci6 d’altes intensitats en volums molt petits, el que els fa una eina ideal per
a la microfabricacié de materials. En general, el microprocessament de materials
amb laser es pot dur a terme de dues formes: substractiva i additiva. La primera
consisteix a irradiar un determinat material amb radiacié laser prou enfocada com
per promoure 'ablaci6 selectiva de I'area irradiada. La segona permet la transferén-
cia de petites quantitats del material d’interés sobre una gran varietat de substrats.

L’ablaci6 amb laser és una de les técniques de processament de materials més
esteses. El seu principi d’operacié consisteix en la vaporitzacié d'una petita fraccié
de material just a I'area irradiada, produint modificacions permanents en el mate-
rial. Degut a que la difusié termica afecta considerablement la resolucié espacial
de les modificacions produides, en molts casos és necessari 1'is de lasers polsats
amb durada d’impuls molt curta, idealment inferior als picosegons, fet que redueix
drasticament els efectes térmics. En aquestes condicions és possible fins i tot el
processament de materials transparents a la longitud d’ona del laser. No obstant
aixo, el processament d’aquests materials en superficie planteja nous reptes, ja que
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el resultat final és extremadament sensible a la focalitzacié del laser: lleugers can-
vis en la posicié relativa de la mostra respecte a la cintura del feix poden produir
danys no desitjats dins del material o fins i tot no generar cap modificacié. Per tant,
cal desenvolupar nous meétodes de focalitzacié del feix sobre la mostra de forma
controlada.

Entre les tecniques de diposit de materials amb laser destaca la transferéncia
induida per laser LIFT (per les sigles en angles laser-induced forward transfer) que
consisteix en la transferencia de petites quantitats de material a partir d’'una capa
fina donadora sobre una gran varietat de substrats sota I'accié d’'un impuls laser.
Aquesta tecnica permet la produccié de motius amb alta resolucié espacial uti-
litzant materials funcionals, inclosos materials tan sensibles com ara proteines o
cél-lules. Malgrat que la técnica LIFT ha estat ampliament estudiada en els dltims
anys, hi ha encara reptes importants, com I’analisi de la impressié de liquids a alta
velocitat o la fabricaci6 de linies continues amb gran resolucié espacial.

D’aquesta manera, en la present tesi es proposen i implementen solucions viables
a alguns dels reptes relacionats amb la microfabricacié amb laser tant substracti-
va com additiva. D’'una banda, es presenten estudis d’ablaci6 amb mostres d’'un
material transparent per a la caracteritzacié d'un metode d’enfocament que per-
met posicionar la mostra amb alta precisié en posicions properes a la cintura del
feix. D’aquesta manera s’aconsegueixen obtenir resolucions espacials que superen
el limit de difraccié a la superficie de la mostra. D’altra banda, es presenten ex-
periments d’impressié que emulen el dipodsit de liquids a alta velocitat i permeten
estudiar-ne la dinamica subjacent mitjancant la caracteritzacié dels pixels produits
sobre el substrat receptor i del procés d’impressié utilitzant un sistema d’adquisicié
rapida d’imatges. A més, es presenten estrategies d’'impressid de tintes conductores
amb l'objectiu de produir linies continues amb alta qualitat d’impressid. Finalment,
s’inclouen dues propostes que s6n producte de la combinacié de les dues técniques,
la impressi6 de liquids i I’ablacié amb laser.

Aquesta tesi s’ha desenvolupat com un compendi de 10 articles dels quals 9 han
estat publicats en diferents revistes cientifiques internacionals. Els resultats de la
tesi s’han resumit i organitzat en capitols tal com es presenten a continuacio:
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Tecniques subtractives

En aquest capitol s’inclouen els resultats d’estudis d’ablacié utilitzant mostres de
polimetil-metacrilat (PMMA) fent servir un laser polsat de femtosegons. L'objectiu
és trobar les millors condicions per produir controladament l’ablacié superficial
amb alta resolucié espacial utilitzant una longitud d’ona per a la qual el material
és transparent. Per aconseguir-ho, s’ha desenvolupat un metode que permet posi-
cionar la mostra amb un alt grau de precisio en posicions properes a la cintura del
feix. El métode proposat té el mateix principi que el procediment experimental per
mesurar el coeficient de refraccié no lineal d’'un material, conegut com a ’z-scan’:
I'energia transmesa es registra en un detector mentre la mostra es desplaga al llarg
de 'eix de propagacié de la radiacié laser cap a la cintura del feix. Quan la densitat
d’energia a la mostra és prou alta, 'energia és absorbida, per tant la corba de trans-
mitancia presenta una disminuci6 drastica quan la cintura del feix laser es troba
just sobre la superficie de la mostra.

Els primers estudis es van centrar en el desenvolupament de la técnica. En primer
lloc es va avaluar com variava la transmitancia durant 'aproximaci6 de la super-
ficie a la posicid de la cintura del feix. A continuaci6 es van realitzar experiments
d’ablacié per diferents posicions i amb diferents energies incidents sobre la super-
ficie de la mostra, obtenint craters dels quals les mides depenen de la posicié al
llarg de I'eix del feix i de I'energia emprada per a produir-los. De la caracteritzaci6
morfologica dels craters produits es va poder concloure que la millor posicié per
controlar la posicid de la mostra corresponia a les posicions intermedies dins de
la corba de transmitancia. A més, les mesures de les mides dels craters produits
indicaven que la cintura del feix es trobava en aquestes posicions. També, es va
descobrir que en fer un rastreig en el pla de la mostra i coneixent la corba de trans-
mitancies és possible detectar canvis en la inclinacié de la mostra respecte al pla
focal, fet que resulta d’especial interes per a la produccié de modificacions superfi-
cials en arees grans.

En estudis posteriors es va refinar la técnica del z-scan per tal d’optimitzar la
resolucid espacial que es pot obtenir. La simulacid de la mida del feix al llarg de la
direcci6 de propagacid va permetre trobar d'una banda la relacié entre la densitat
d’energia a la superficie i els craters produits, i de l'altra, va permetre determinar
amb precisié la posicié de la cintura del feix dins de la corba de transmitancia. Les
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dades calculades teoricament presenten una bona correlacié amb els resultats ob-
tinguts experimentalment per a les posicions en que la cintura del feix es troba fora
del material. Un cop la cintura del feix esta situada a I'interior, les dades obtingudes
tedricament es desvien lleugerament de les experimentals. Un estudi de la seccid
transversal dels craters en profunditat mitjangant un feix d’ions focalitzats FIB (per
les seves sigles en anglés focused ion beam) va confirmar la preséncia d’estructures
poroses per sota de la superficie.

D’altra banda, es va proposar una millora addicional al metode del z-scan en
incorporar un detector extra en el muntatge experimental dedicat a registrar els
canvis en l'energia reflectida per la mostra en les diferents posicions al llarg del
feix laser. Aquestes mesures van permetre incrementar el control en la posici6 de
la mostra. D’aquesta manera, va ser possible la realitzacié de linies continues en la
seva superficie obtenint resolucions micrométriques de gran definicio.

Tecniques additives

El primer estudi correspon a la transferéncia de liquids mitjancant LIFT emulant la
impressio a alta velocitat. El segon i tercer estudis corresponen a dues aplicacions
diferents per a la impressié de liquids funcionals: una per a la impressié de linies
conductores lliures de defectes d’impressié i I'altra per a la creacié de microlents
d’alta precisié. L’empresa Suissa DI Projekt AG va desenvolupar una impressora
industrial basada en la tecnica LIFT per a la impressié d’embolcalls en la indtstria
alimentaria a freqiiéncies de repeticié de desenes de MHz, obtenint rendiments
sense precedents de 1,3 m?/min amb 600 dpi de resolucié. Un dels problemes
presents en condicions d’impressié a freqiiéncies de repeticié tan altes va ser la
distorsid i coalescencia de pixels adjacents a distancies de separacié on el motiu es-
perat eren pixels separats, possiblement a causa de la interaccié entre jets de liquid
adjacents emesos per impulsos laser consecutius. Per trobar una solucié al proble-
ma es va proposar analitzar la dinamica d’ejeccié de liquid en condicions similars.
Aixi, es va estudiar la dinamica d’interaccid entre els jets de liquid ejectats per dos
impulsos laser simultanis i adjacents (a tan elevades freqiiéncies de repeticié dos
impulsos consecutius sén practicament simultanis).

Per analitzar la dindmica d’'impressié es va realitzar un estudi d’adquisici6 rapi-
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da d’imatges per a spots laser simultanis generats a diferents distancies de separa-
cié entre ells. Els resultats es van correlacionar amb les impressions obtingudes en
condicions identiques. L’estudi va demostrar I'aparicié d'una dinamica d’emissi6 de
liquid no reportada fins llavors, que en aquest cas era deguda a la interacci6 entre
jets adjacents, i que tenia lloc precisament per a aquelles distancies de separacié
per a les quals s’obtenia un unic pixel distorsionat on s’esperava la impressié de
dos pixels circulars separats. Aquesta nova dinamica posa de manifest I'existencia
d’efectes inesperats durant la impressié a alta velocitat, els quals s’han de tenir en
compte en el disseny dels dispositius d’impressid, ja que poden repercutir negati-
vament en la qualitat del resultat final.

Pel que fa a la impressié de linies conductores, es van proposar diferents alterna-
tives d’'impressié amb 'objectiu d’eliminar els defectes més comuns: discontinuitats
i’bulging’ (eixamplament espontani i no desitjat de la linia a causa del flux capil-lar
al llarg d’aquesta). L’estratégia més simple correspon a la impressi6 seqiiencial de
pixels a diferents distancies de separacié; d’aquesta manera, quan la separaci6 és
inferior al diametre del pixel impres, aquests s’ajunten donant lloc a la formacié
de linies continues. No obstant aix0, tant aviat com una linia continua es produeix,
apareixen regions amb ’bulging’, cosa que afecta no només la qualitat de la impres-
sid, siné també la seva funcionalitat ja que dues linies adjacents poden produir un
curtcircuit a causa del contacte no desitjat entre elles.

Un estudi per caracteritzar la formacié del ’bulge’ va consistir en la impressié de
diferent quantitat de gotes de tinta en ordre creixent. Els resultats van mostrar que
la formacié del 'bulge’ passa des del principi de la impressid, fet que va suggerir la
segona estratégia: la impressié alternada de pixels (primer els parells, després els
imparells) amb un pas d’assecat intermedi. D’aquesta manera, els fluxos capil-lars
no desitjats es redueixen, donant lloc a la formacié de linies continues totalment
lliures de ’bulging’. Finalment, mesures de la conductivitat de linies produides des-
prés d’'un tractament de sinteritzacié amb laser van presentar valors propers a la
conductivitat nominal, el que va demostrar la viabilitat de I'estratégia proposada.

Finalment, es va proposar un metode basat en la técnica LIFT per a la impressio
d’un polimer altament viscés amb l'objectiu de fabricar microlents d’alta qualitat
optica. L'estrategia va consistir en el diposit de microgotes d’'un pre-polimer seguit
de la seva foto-polimeritzacié induida amb radiacié ultraviolada. Ja que inicial-
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ment el material dipositat és liquid, la superficie de la gota formada en el substrat
receptor es conserva fins i tot després de la seva polimeritzacio, fet que permet
obtenir una lent solida de forma hemisferica gairebé perfecta. L'estudi, realitzat
sobre vidre i PDMS, va permetre la fabricacié de microgotes amb diferents angles
de contacte segons el material del substrat, fet que es tradueix en diferents ober-
tures numeriques per a les lents. A més, és possible controlar la distancia focal de
les microlents mitjancant el control de I'energia de I'impuls laser durant el procés
d’impressié6. Finalment, la qualitat de les microlents produides va ser avaluada a
partir de la seva morfologia, les seves propietats d’enfocament i la seva funcionali-
tat per reproduir imatges. Dels resultats obtinguts es pot concloure que la LIFT pot
ser utilitzada com una técnica de fabricacié de microlents d’alta qualitat.

Teécniques mixtes

Les tecniques presentades dins d’aquesta secci6 son producte de la combinacié de
I'ablacié amb laser i de la impressié de liquids mitjancant LIFT. D’'una banda, es
presenta una estratégia per millorar la resolucié d’un sistema convencional de pro-
cessament amb laser mitjancant la utilitzacié d’'una lent liquida fabricada amb LIFT.
D’altra banda, s’utilitza la técnica d’ablacié de materials transparents amb laser per
a la creacié de guies de microfluidica en les que després s'imprimeix una tinta me-
tal-lica per a la fabricacié de linies conductores amb alta qualitat d’'impressio.

La primera proposta mixta utilitza la LIFT per a la impressié de microgotes li-
quides seguida de I’ablaci6 de la superficie d'un material amb un laser de femtose-
gons enfocat a través de la gota liquida. En aquesta proposta, mitjancant 'eleccié
adequada del liquid emprat per a cada substrat receptor €s possible generar micro-
gotes hemisferiques. D’aquesta manera s’incrementa I'obertura numerica efectiva
del sistema de marcat amb laser un factor que correspon exactament a I'index de
refracci6 del liquid emprat. En realitzar experiments d’ablacié utilitzant la gota per
enfocar la radiacié laser sobre el material d’interes, les mides dels craters van acon-
seguir superar el limit de difraccié del sistema optic. A més, en comparar les seves
grandaries amb els del procés convencional d’ablacié en superficie es va demostrar
que l'estratégia proposada permet la produccié de craters nanométrics utilitzant
energies per a les quals el procés convencional d’ablacié no presenta alteracions
detectables sobre la mostra irradiada. Finalment, es va demostrar la viabilitat de
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la técnica proposada per a la produccié de motius en dues dimensions amb altes
resolucions espacials emprant només una microlent liquida durant el procés de fa-
bricacid.

Per ultim, es va demostrar que en combinar I'ablacié amb laser per a la creacidé
de guies de microfluidica juntament amb la técnica LIFT és possible fabricar linies
conductores amb alta resolucié espacial. La fabricacié de guies rectangulars de mi-
crofluidica es va dur a terme mitjancant I'ablaci6 selectiva d’'una capa de polimer
dipositada préviament sobre un substrat de vidre. Les guies es van fabricar amb
diferents amplades per avaluar la influéncia de les seves dimensions en la conten-
cié de la tinta liquida una vegada impresa mitjancant LIFT. Després, es van dur
a terme experiments d’impressié de tintes liquides utilitzant diferents distancies
d’'impressié entre dos pixels consecutius. La impressié es va realitzar dins de les
guies de microfluidica, aconseguint contenir el liquid al seu interior. D’aquesta ma-
nera, la tecnica mixta proposada demostra que és possible fabricar linies continues
eliminant per complet els defectes d’impressié més comuns, com el ’bulging’ i les
ondulacions presents en les vores, amb un nivell de definicié fins i tot superior al
que es pot obtenir amb l'estratégia presentada a la seccid anterior. Aixi mateix, es
va fabricar una estructura de dues guies connectades mitjancant un angle de 90°
per contenir tinta liquida en el seu interior. El resultat d’aquest experiment demos-
tra el potencial de I'estrategia proposada per a la creacié d’estructures complexes
amb qualitats d’impressio sense precedents. Finalment, les mesures de conducti-
vitat de les linies després d’'un tractament de sinteritzat amb laser van presentar
conductivitats properes al valor nominal.






Conclusions en Catala

Les segiients conclusions es poden extreure dels resultats obtinguts al llarg del
treball de tesi:

Teécniques subtractives

= La técnica proposada per 'enfocament denominada z-scan ha demostrat ser
un metode adequat per a la col-locacié d’'una mostra transparent a prop de la
cintura del feix laser. La caracteritzacié del z-scan per diferents posicions en
'eix de propagacio6 del feix permet determinar la posicié optima per produir
I’ablacié a la superficie d’'una mostra transparent de PMMA. Els experiments
d’ablacié permeten determinar la fluéncia llindar per a ’ablacié en aquest
material, aixi com la cintura del feix laser minima del sistema Optic emprat.

= La concordanca entre les dades experimentals i teoriques, que es van trobar
amb simulacions del feix laser mitjangant la teoria de la difraccié vectorial,
ha permes trobar la posicié de la cintura del feix laser en el rang de posicions
determinat pel z-scan. Aquest és un parametre util per tenir en compte en el
processament de materials transparents en arees grans i amb alta resolucié

espacial.

= Un altre resultat d’aquest estudi ha estat la millora en el control de la po-
sicié de la mostra en un rang de z més ample mitjancant el registre simul-
tani de ’energia transmesa i reflectida per la mostra durant els experiments
d’ablacié en superficie. Aix0 permet controlar la inclinacié de la mostra en
arees grans, permetent la fabricacié de linies continues i llargues a la super-
ficie d’'una mostra transparent. A més, gracies al bon control de la posicid, el
meétode d’enfocament z-scan proposat ha permeés la produccié de modifica-
cions superficials amb dimensions que superen el limit de difraccié al llarg de

distancies relativament llargues.
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Tecniques additives

= Latransferencia de liquid a través de LIFT emulant altes velocitats d’impressi6
ha revelat la presencia d’'una interaccid significativa entre jets adjacents.
Els estudis d’adquisicié d’imatges amb resolucié temporal (en anglés, time-
resolved imaging study) han confirmat que aquesta interaccid s’origina quan
el laser genera bombolles que contacten entre si durant les primeres etapes
de la seva expansid. La dinamica de I'ejeccié de liquids resultant de la inter-
accié presenta nous elements, com €s el cas de dos jets s’ajunten fins unir-se
en un de sol, fet que pot comprometre seriosament la qualitat dels pixels en
el cas de velocitats d’impressio elevades.

= Es factible imprimir mitjancant LIFT linies conductores funcionals que elimi-
nin els defectes d’'impressié més comuns com les discontinuitats i el ‘bulging’
mitjancant I'ds d’una estratégia d’'impressié que consisteix en la transferén-
cia alternada de les gotes (les senars primer i després les parelles) amb una
etapa d’assecat intermédia. Aixo permet la mitigacié dels fluxos capil-lars no
desitjats dins les linies impreses que son, en ultima instancia, responsables
de la formacié del ‘bulging’.

= La técnica LIFT ha demostrat ser efectiva per imprimir volums molt petits
d’un polimer altament viscds per a la fabricacié de microlents polimeriques
amb propietats definides i d’alt grau de precisié. L'estrategia de fabricacié
proposada consisteix en només dos passos (impressié per LIFT i polimerit-
zacié amb radiacié UV), permetent controlar el diametre de les microlents
simplement ajustant els parametres del laser, i d’aquesta manera és possible
controlar la distancia focal resultant de les microlents.

Tecniques mixtes

= La combinacidé d'un sistema convencional laser d’escriptura directa amb mi-
crolents liquides amb geometria hemisférica impreses a través de LIFT ha
demostrat ser adequada per generar modificacions que superen el limit de
difracci6 en un substrat solid. Mitjancant 1'is d’aquesta estratégia, I'obertura
numerica eficac del sistema Optic s'incrementa en un factor que correspon
exactament a l'index de refraccié del liquid emprat. L'impacte potencial de



183

I'estrategia proposada per a la generacié de motius nanometrics en 2D s’ha
demostrat mitjancant la fabricacié de patrons geometrics complexos utilit-
zant només una microgota durant tot el procés de fabricacio.

La impressié de liquids a través de LIFT dins de guies de fluidica fabricades
per ablacid laser s’ha fet servir exitosament per a la formacié de linies con-
ductores d’alta qualitat lliures dels defectes d’impressié més comuns, espe-
cialment el ‘bulging’ i les ondulacions de les vores. La fabricaci6 de dues linies
connectades que formen un angle de 90° demostra el potencial de ’estrategia
proposada per a la fabricaci6 de patrons de geometria complexa amb un grau
de definicid sense precedents.
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