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In this paper, an overview of literature supported by original experimental results on direct laser polym-
erization of three-dimensional micro-/nano-structuring of various photopolymers is presented. Alternative
technologies, principles of threshold based direct laser writing in polymers employing ultrafast lasers, issues of
optimization of the laser structuring parameters for increasing fabrication resolution and production through-
put are presented and discussed. Examples of woodpile templates and nanogratings are shown as well as an
opto-fluidic sensor design for usage in lab-on-chip type devices is demonstrated and its performance is charac-
terized. Additionally, a possibility to produce a three-dimensional electric circuit is introduced.
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1. Introduction

Nonlinear absorption induced laser fabrication of
true three-dimensional structures out of polymers
with submicrometre spatial resolution was intro-
duced a decade ago [EI]. To date, this kind of direct
laser writing based selective polymerization tech-
nique is already being applied widely in the fields
of photonics, microoptics, micromechanics, mi-
cro-/nano-fluidics and transferred to production
of artificial polymeric scaffolds, metamaterials and
plasmonic devices [@]‘ Ultrafast laser direct writ-
ing being a branch of rapid prototyping techniques
enables to form three-dimensional microstructures
of complex geometry with 100 nm spatial resolu-
tion with unmatched flexibility (structure geom-
etry and/or scale can be changed easily).

Direct laser polymerization is based on nonlin-
ear light and matter interaction, when a pulsed light
beam having high peak power from the range of vis-

ible or near infrared wavelengths is tightly focused
into the volume of a photosensitive polymer. Due
to temporal and spatial overlap several photons are
absorbed simultaneously at the beam waist. This is
additionally maintained by linear absorption and
thermal effects followed by further irreversible pho-
tochemical processes which are of threshold behav-
iour, like minimal concentration of photo-excited
highly reactive radical molecules. The thresholding
also arises from the post-processing of light exposed
samples and depends on the material's chemical
properties and the mechanical rigidity of the struc-
ture itself. In this way, by precisely tuning the inten-
sity of light and exposure dose one can reach sub-
diffraction (up to 1/30) spatial structuring resolution
[]. After the point-by-point exposure the trace
of the scanned laser focus in the polymer part of the
material becomes resistant to organic solvents. Ap-
plying proper developing and rinsing conditions to
yield rigid structures, up to 100 nm reproducible
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spatial resolution can be achieved to form functio-
nal three-dimensional micro-/nano-objects. To
date, direct laser polymerization offers a possibili-
ty to produce objects out of various photosensitive
polymer materials such as acrylates, organic-inor-
ganic hybrids and epoxies which are distinguished
for assorted optical, mechanical, chemical as well as
biological properties offering a possibility to tune
the material to case specific application. Finally,
direct laser polymerization set-up is not complica-
ted to use and does not require clean-room or any
additional facility costly in maintenance.

1.1. State-of-the-art and future apllications

The direct laser polymerization technique owns an
enormous potential of possible applications in fab-
rication of three-dimensional functional micro-/
nano-devices, yet it is still in its early stages of de-
velopment, especially concerning mass production
of devices required by industry. In order to expand
the practical applicability to reach the horizons of
potential it is necessary to optimize laser source and
exposure conditions, sample positioning and/or
beam scanning control, photosensitive response of
the material’s as well as developing and post-devel-
opment steps. For this goal it is a requisite to have
a synergetic collaboration between interdisciplinary
science fields, such as laser optics (including ultra-
fast laser phenomena), material sciences (material
properties at nanoscale) and chemistry (femtochem-
istry and nano-scaled chemistry). All together this
could lead to overcoming the challenges and offer a
direct and single-step process to structure micro-/
nano-objects with <100 nm spatial resolution in all
three dimensions []. This would open a way
not only to greatly minimize the size of nowadays
used complex micro-devices, but also allow the cre-
ation of manmade materials with properties which
are non-existing in the real world naturally, e. g.
plasmonic metamaterials which would realize invis-
ibility cloaking [] or artificial black holes which
could be employed for energy harvesting [19]. Pro-
duction of bio-attractive and biodegradable scaffolds
would enable one to control stem cell proliferation
and differentiation sequenced by advances in tis-
sue engineering and regenerative medicine [].
Additionally, direct laser polymerization allows for-
mation of complex shaped micro-/nano-devices on
various surfaces and materials easing the integration

of single elements into sophisticated systems like
lab-on-chip (LOC) [@, @] or micro-opto-electro-
mechanical systems (MOEMS) [@, @].

From very first demonstration of direct laser po-
lymerization as a micro/nanostructuring technique
it has drawn a great attention for prototyping pho-
tonic crystal templates [@, @]. Recently, concen-
trated research is being done for its application in
plasmonics and metamaterial production experi-
ments []. Yet, only a few papers have been pub-
lished showing the potential to create sophisticated
microoptical devices as well as their integration into
complex three-dimensional optical circuits. Artifi-
cial polymer scaffolds fabricated by employing direct
laser polymerization were shown to be biocompat-
ible in vitro, yet lacking in practical demonstration of
their biological functioning as the common overall
size of the scaffolds was less than 100 ym which is too
tiny for in vivo tests. Then, based on contemporary
situation it was essentially meaningful to focus the
research for the creation of functional micro-/nano-
devices mainly on these topical vectors.

2. Techniques for three-dimensional micro/
nanostructuring of materials

The interest in down-scaled functional micro-/
nano-devices is growing steadily as low-cost and
high-efficiency devices are being applied wider in
everyday life. During the last decades, efforts in
improving the fabrication methods of such com-
ponents have advanced dramatically. UV lithogra-
phy [@], electron beam lithography [@], X-ray li-
thography [@] and NanoImprint Lithography [@]
techniques are widely used for nanostructuring;
however, these methods are suffering from lack of
flexibility, cost efficiency and sometimes are lim-
ited in true three-dimensional structuring. Recently,
the development of novel, less expensive technical
routes of three-dimensional fabrication in industrial
applications have emerged. It is represented by ink
jet and 3D printing [B€, B7], dip coating [@] and
selective laser sintering [BY, (] techniques. How-
ever, these methods are lacking fabrication resolu-
tion and are limited in restricted spectrum of us-
able materials. During the last decade, a nonlinear
lithography technique employing ultrafast lasers has
emerged as a direct laser polymerization structur-
ing approach [m]. Ilustrations showing the feasibil-
ity and flexibility of the method for production of
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three-dimensional microstructures are shown in the
following sections. A comparison of direct laser po-
lymerization and alternative technologies for micro/
nanostructuring is given in Table.

Direct three-dimensional writing in photopoly-
mers enables rapid, flexible and cost efficient fabri-
cation of microstructures required in the fields of
photonics [], micro-optics [@, @], microflu-
idics [@, ], biomedical components [48§, @] and
tissue engineering [P0, R2]. Compared to its ante-
rior alternative, UV pu-stereolithography [@, @], it
offers higher spatial resolution and easier fabrica-
tion of true three-dimensional structures [@, B].
Novel hybrid materials are expected to ensure high-
er structuring resolution and control, optimized
mechanical, optical and electrical or even magnetic
properties [@I,J@]. A possibility to selectively met-
alize these nanostructures provides an opportunity
to make it applicable in plasmonics or metamaterial
production [56-59]. Using the direct laser polymer-
ization technique, nearly 100 nm spatial structuring
resolution was demonstrated [] (prototype
systems are already commercially available [
é] ), but conventionally the structures are not much
bigger than several tens or hundreds of microme-
tres. It complicates the practical applications of na-
no-featured microstructures or even characteriza-
tion of their properties. This implies that a demand
of three-dimensional micro/nanostructures over a
large area is still high []. For example, larger
photonic crystals or microlens arrays can increase

their applicability; artificial scaffolds have to be big
enough for a biologist or surgeon for comfortable
handling. It is worth mentioning that biocompatible
as well as biodegradable polymers can be used [@,
ﬂ]. Furthermore, structure transfer can be realized
by a soft-lithography (micromolding) technique;
in this way the original structure can be replicated
into another material onto another substrate with-
out the need of an ultrafast laser [@]. As nowa-
days powerful amplified laser systems are available,
the implementation of diffractive optical elements
(DOE) could significantly increase the production
throughput of periodic micro/nanostructures [B].
In this way the whole structures (or single layers)
can be fabricated via single exposure [@,E]

3. Direct laser polymerization technique

Nowadays, photopolymerization is an indispensa-
ble part of industrial processing for a vast variety
of daily used and hi-tech products. Yet, the history
of modern applications of photopolymerization on
the industrial scale is relatively short compared to
metallurgy and wood processing. First commercial
applications of this technique in coatings started in
early 1960s. Many new material systems, fitting a
wide variety of possible industrial applications, were
soon developed. Appropriate equipment allowing
fast material photo- and thermocuring providing
control over the process on the industrial scale was
introduced. In the 1980s the application of this tech-

Table 1. Direct laser polymerization among alternative micro/nanofabrication technologies: typical dimensions of
processing areas, spatial resolution limit, typical throughput, typical costs per fabricated part, flexibility to fabricate
different structures, and three-dimensional structuring possibility.

Technology Processing Resolution Through- |~ Cost per Flexibility 3D struc-
area put sample turing
Optical lithography wafer 30 nm rapid low low no
Nanoimprint litho- wafer 10 nm rapid low low no
graphy
Self-assembly wafer 100nm-1gm  medium low low low
Ink-jet printer cm 50 - 100 ym medium low medium medium
u-stereolithography cm 10 - 100 ym medium medium medium medium
Laser sintering cm 50 - 200 ym medium medium medium medium
fs laser ablation mm/cm 1-50um medium medium high no
Direct l'asex: poly- mm 100nm - 10gym medium  medium high high
merization
e-fion-beam litho- ym 10 nm low high high medium
graphy
AFM printing um 10 nm low high medium no
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nique expanded till wide acceptance in industry as a
rapid prototyping technology based photopolymeri-
zation. Stereolithography, also known as 3D print-
ing, a technique allowing to create complex three-
dimensional models from photosensitive materials,
was soon followed by u-stereolithography which
according to the provided CAD design enabled to
produce objects at microscale [@]. Polymerization
is defined as a process of reacting monomer mole-
cules together in a chemical reaction to form three-
dimensional networks or polymer chains. It can be
initiated via energy introduced from light or heat.
The photopolymerization is defined as a light in-
duced chemical reaction of monomers or oligomers
which results in a solid polymeric network. Modern
material systems for photopolymerization contain
two main components: a photoinitiator and a mon-
omer (or a mixture of monomers and oligomers).
Photoinitiators are the molecules which have low
photo dissociation energy and are added to increase
photosensitivity of material. Photopolymerization
reactions that form a cross-linked network follow
the characteristic steps of any chain polymerization
mechanism: photoinitiation, propagation and termi-
nation. Then the sample is immersed in the develop-
er bath to selectively remove the non-polymerized
part of the material.

Photopolymerization is advantageous compared
to thermal or mechanical polymerization routes
due to the provision of spatial and temporal control
of the initiation reaction through the control of illu-
mination conditions. Thus point-by-point structu-
ring enables “materialization” of a CAD model out
of the photopolymer as shown in Fig. . It is worth
mentioning that most of the photopolymers have
just a slight change in the optical refractive index
during polymerization and thus enable further
structuring focusing the beam through the already
produced structure. Additionally, some hybrid or
epoxy materials are in gel or solid state while being
processed and the photomodified areas are not flo-
ating but are fixed in space. This lets to flexibly cho-
ose the starting and the ending point of scanning
without any restrains which is sometimes conve-
nient for specific geometries.

A variety of lasers were successfully applied for
direct laser polymerization in three dimensions at
micro-/nano-scale. Traditionally a Ti:Sapphire la-
ser was employed for that purpose, its common
parameters were A = 780-800 nm, 7 = 20-200 fs,

Fig. 1. The structure is inscribed in a point-by-point
manner, as the localized photomodification follows the
scanned contour of the focused laser beam. It changes
the solubility of the material in organic solvents, thus af-
ter the development free-standing volumetric structures
having intrinsic 3D geometry can be obtained.

v =1kHz - 80 MHz. At tight focusing conditions
amplification of pulses is not necessary and femto-
second oscillator can be used [@]. However, by em-
ploying powerful pulses one can directly write inside
non-photosensitized resins [@], thus avoiding an
undesired photoinitiator, which can cause unwanted
changes to the material (mostly because of photoini-
tiators being light absorbing and toxic compounds).
Recently, demonstration of ps [@], ns [@] and even
CW [@,] applied for nanofabrication was reported.
In most cases longer pulses narrow the spectra of the
processable materials. On the contrary, extremely
short pulses seem to influence the highest achievable
spatial resolution [@], yet are more complicated to
handle as they are more sensitive to the ambient con-
ditions of the laboratory. Based on our experience, a
pulse duration of several hundreds of femtoseconds
and visible wavelengths are the most universal for ef-
ficient lithographic processing [@].

However, it still has drawbacks such as structure
shrinkage and geometrical deformations. Shrink-
age is a result of material densification compared to
the original material formulation before polymeriza-
tion. Since the amount of material before and after
polymerization does not change, this density change
will result in volume reduction corresponding to
shrinkage [@]. Geometrical deformations occur
when the structure is not rigid enough to withstand
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the developing and drying process. It is known that
material rigidity is proportional to the volume of the
material. Therefore, at micro-scale it would mean
that a 10 times smaller feature would be 1000 (~10°
lesser in volume) times fragile/soft. This becomes
crucial when getting near to 100 nm spatial reso-
lution in all three dimensions (confined volume of
fl). One more issue which is important for structure
formation is the bulk material hardness. Usually it is
better to apply harder material (with higher Young’s
modulus) in order to achieve lesser distortions, yet
if the overall structure size increases, the material
densification caused stress can induce mechanical
cracks to release the accumulated tension. These
questions were explained in a more detailed man-
ner in Ref. [@].

The direct polymerization technique employing
femtosecond lasers is based on point-by-point pho-
tomodification of the resin in space. It comes as a
novel p-stereolithography technique based on non-
linear light-matter interaction (an analogue to laser
scanning multiphoton microscopy). Spatial resolu-
tion of structured features is defined by the above
threshold intensity distribution in the volume of the
tightly focused laser beam waist. Precisely varying
light intensity within the so-called fabrication win-
dow allows fine tuning of the voxel size. The fabri-
cation window is defined as the I /I, ratio, which is
the intensity of the material optical damage divided
by the threshold intensity required for polymeriza-
tion (Fig. @(a)). A wider fabrication window ensures
easier photostructuring and enables to tune voxel
size by changing laser intensity I (Fig. @). By moving
the sample relatively to the fixed focus spot one can
photomodify the material along the scanning direc-
tion. Later, the sample (in case of a commonly used
negative photopolymer it is a droplet on a substrate)
is developed in organic solvent and the unexposed
pre-polymer is washed out revealing a free-standing
three-dimensional structure.

3.1. Laser power (intensity)/translation velocity
tuning for fabrication resolution scaling

The simultaneous excitation mechanism involves a
virtual intermediate state which is created by the first
photon and the second photon which is absorbed
only if it arrives within the virtual state life time of
105 s [@]. For this mechanism it is imperative to
have a high intensity source which would ensure

Fig. 2. (a) Fabrication is window and sub-wavelength
resolution. The fabrication is window defined as I/, .
By precisely adjusting the introduced laser intensity I
one can tune voxel dimensions and overcome the dif-
fraction limit corresponding to the applied laser light
wavelength. (b) Voxel size and aspect ratio. Voxel size
follows light intensity distribution and has a form of an
ellipsoid.

that the second photon arrives within the life time
of the virtual state. In the case of two-photon ab-
sorption, the electron transition is induced by two
photons, each with half of the required energy of
the gap between the two energy levels. This con-
dition can be easily fulfilled when ultrashort light
pulse lasers (usually ~100 fs or less) are used. The
laser beam is tightly focused with a high numerical
aperture objective lens into a volume of a photo-
curable resin creating the highest photon densities
within the vicinity of the focus. Since the two-pho-
ton absorption rate has a quadratic dependence on
the photon density profile, the integrated photo-
sensitive material response is greatly enhanced at
the focal spot. The two-photon absorption cross-
section is generally extremely low, thus a very high
spatial resolution beneath the limit of diffraction
of the light used in the direct laser polymeriza-
tion process can be realised. When focusing a high
intensity laser beam tightly into the volume of a
liquid- or gel-state photoresin which is transpar-
ent to visible or near infrared light, radiation is
absorbed by the photoinitiator molecules which
generate free radicals (initiation). The radicals
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react with monomers producing monomer-radi-
cals, so the monomer-radicals expand in a chain re-
action (chain-propagation) until two radicals meet
(termination). The irreversible photopolymerization
reaction efficiency is proportional to a multiphoton
absorption rate and occurs only in the region where
light intensity is above the threshold required for po-
lymerization I> 1.

1 I
d= 2—In|—|,
Wo N n[[ J (1)

(2)

where d and [ are voxel diameter and length, w, is
beam waist at the focal position, z, is Rayleigh range,
N is the order of absorption nonlinearity. A volu-
metric pixel (voxel) is considered to be the smallest
repeating element which adds up to make a three-
dimensional structure. On the focal spot, initial vox-
els take the shape of the intensity distribution of the
focused laser beam. Voxel growth follows prolonged
exposure in all directions uniformly and becomes
especially enlarged along intensity distribution with
increase in the applied laser power. Voxel expansion
is a radical diffusion-dependent process. The effect of
variation of power and exposure time on the growth
of voxels to formulate the scaling laws for voxels has
been studied in detail [@]. Although the final dimen-
sions of the photomodified region depend on the
spatial light intensity profile, material response, to-
tal exposure dose, photoinitiator concentration and
pulse repetition rate have to be taken into account,
especially at the close-to-threshold conditions:

N,
d =2 |inlo Bty (3)
NA I,
2
lzzzR exp l(dNAJ -1, (4)
n 20 1

where 7 is exposure time, f3 is experimentally deri-
ved constant (two-photon absorption crosssection,
concentration and quantum efliciencyof the pho-
toinitiator), 7 and v are laser pulse duration and

repetition rate, # is a refractive index of photosen-
sitive material. Theoretically calculated and expe-
rimentally measured resolutions (voxel sizes) are
graphed in Fig. H It is evidently seen that achieva-
ble structuring resolution (as well as the aspect ra-
tio of the voxel) greatly depends on the properties
of the material.

Fig. 3. Direct laser polymerization structuring spatial
resolution graphs. Voxel diameter d (a) and length [ (b)
versus applied laser power P in different used photopo-
lymers.

4. Examples of functional micro-/nano-devices

The field of applications has expanded dramatically
since the first experimental demonstrations of the
principle itself to the nowadays micro/nanostructur-
ing via direct laser polymerization. The capability of
this technique to create complex three-dimension-
al structures with resolution, reproducibility and
throughput superior to other approaches has estab-
lished this young technology as seriously mature
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Fig. 4. Resolution bridge for power scaling measure-
ments: (a) schematic of a resolution bridge consisting
of supports fabricated on the substrate and suspended
lines hanging in between them; SEM images of (b)
oblique and (c) top views. It is seen that line thickness
and height increase as the applied laser power and is in-
creased.

and unique. An interest in direct laser polymeriza-
tion has been continuously growing from both sides,
fundamental and technological, and there is still a lot
of room for improvement of both.

Next, sample structures proving the feasibility
of the technique for the fabrication of various func-
tional structures will be presented. In all cases an im-
mersion oil NA = 1.4 100x objective and frequency
doubled 515 nm irradiation wavelength (except
for woodpile structures it was kept fundamental of
1030 nm) was used (pulse duration was set at 300 fs
and repetition rate at 200 kHz). The 3DPoli software
was used for the complete control and automation of
the direct laser polymerization set-up [@].

4.1. Three-dimensional periodic structures as
woodpile templates

In this section we show successfully fabricated
three-dimensional templates having woodpile ge-
ometry. Such kind of structures can find numer-

ous applications in high and low refractive index
contrast photonic templates [#2, B9], microfluidic
or cell scaffolding applications [90, P1f]. It is worth
mentioning that such structures can serve as masks
for host material filling techniques; direct pat-
terning of TiO, and infiltration of Si was already
demonstrated [P2, @]. It dramatically expands the
usage of such three-dimensional structures for the
creation of functional micro-/nano-devices with
desired optical, electric or mechanical properties.

The woodpile structures were fabricated to have
a varying filling factor. It was achieved by increas-
ing the lateral period p  from 0.4 to 2.3 ym and
keeping the same irradiation power P at 1.78 mW
or setting p _at 2 ym and reducing P from 1.8 to
1.3 mW. The structures were fabricated from a hy-
brid zirconium-doped polymer SZ2080 photosen-
sitized by 4,4’-bis(diethylamino) benzophenone.
Some samples were prepared from a hybrid poly-
mer doped heavier with zirconium SZ3070 and
mixed with amine groups from DMAEMA (2-(di-
methylamino)ethyl methacrylate) [@]. Woodpiles
were of 4-5 unit cell height, which corresponds to
16-20 layers. Figure E shows SEM images of an ar-
ray of woodpiles fabricated out of SZ2080 when
irradiation power was reduced from left to right.
With lower power thinner lines are fabricated (Fig.
E(b—d)), and while keeping the same lateral period
the filling factor is finely reduced. Figure E(e, f)
shows a 45° angle view of a woodpile in column I
where a longitudinal period is observed.

4.2. Nanogratings

Electron beam lithography is traditionally consid-
ered to be the structuring technique distinguished
for the highest spatial resolution. Electrons of high
energy can excite even non-photosensitized mate-
rials and by tuning their acceleration velocity one
can tune the penetration (material modification)
depth. However, next to its advantages lie a few lim-
itations keeping the electron beam lithography at a
distance from practical usage in industry. Among
them is a high cost of equipment, requirement of
clean room facilities as well as relatively low fab-
rication throughput and restricted structuring in
three dimensions (even no high aspect ratio in two
dimensions can be achieved).

In this section we show a possibility to reach ul-
trahigh resolution of two-dimensional phase grating
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Fig. 5. All woodpiles have designed measurements
100 x 100 x 20 ym?® and lateral period p _ of 2 ym.
Different irradiation power was used to fabricate the
structures which resulted in varying feature line thick-
ness. A woodpile in column I was fabricated using
1.8 mW irradiation power, in column II 1.52 mW, in
column III 1.36 mW. Respective feature line thickness
is shown in (b-d). 45° angle view of the woodpile in
column I demonstrating the longitudinal period is
shown in (e) and (f).

by employing conventional laser micro/nanofab-
rication set-up. The produced nanogratings were
obtained using the following strategy.
Two-dimensional gratings with a period of
400 nm were fabricated out of a hybrid polymer
with added amine groups and photosensitized with
thioxanthen-9-one. In order to achieve the de-
sired resolution, irradiation power which was just
enough to produce stable gratings that withstand
development was set and then the scanning plane
of a laser beam was translated deeper into sub-
strate in steps of 250 nm. This approach is shown
in Fig. E(a) where the dashed blue line indicates
the surface line of a produced grating in each case
of laser beam focusing. Figures B(b c) show SEM
images of 2D gratings that have a period of 400 nm.
As in all lithography techniques, the manufac-
tured patterns can be transferred to other materi-
als or substrates as well as sputtered with metal or
semiconductor thin layers or removed applying

lift-off method [pg].

Fig. 6. (a) The scheme of 2D gratings of 400 nm fab-
rication. Laser beam focus plane was translated into
the substrate by 250 nm and the resulting grating with

distinct separation between neighbouring features was
produced (b, ¢).

4.3. Opto-fluidics

Direct laser polymerization is an attractive ap-
proach for structuring micro-optical devices due to
several reasons:

(i) material properties with a tunable optical re-
fractive index (which can be matching the substrate
or not) [@, @];

(ii) true free- form fabr1cat10n and flexible
change of the shape

(iii) easy integration [ . and

(iv) material can be additionally functionalized
by doping with fluorescent dyes [].

Lab-on-chip [@] is an interesting device con-
ception which should be a cheap and disposable chip
to be used for various tests replacing expensive to-
day’s laboratory equipment. Before it becomes widely
available several important challenges must be over-
come. One of these challenges is to create accurate,
simple and cheap sensors. Several possible sensor
conceptions were suggested .P 103] although they
are not really suitable for widespread usage because
of their complexity, difficult fabrication processes,
and so on. A solution to overcome such a problem
might be a usage of an opto-fluidic sensor with a spe-
cifically designed microlens array as its main com-
ponent (Fig. [](a)). A microlens array would be fab-
ricated directly to a micro-fluidic channel (Fig. ﬁ(b)).
Above these microlenses would be a light detector.
Every lens would be calculated to focus light to a
detector in different refractive indices thus making
only one lens focus light correctly to a detector at any
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given time. In this way, it would be possible to de-
termine which lens focuses light best and, using that
data, to extract the refractive index of the medium in
a microchannel. There would be no problems to fab-
ricate structures like these because of easy integration
offered by a direct laser writing technique [, ].

In this work a Ti:Sapphire oscillator system
Tsunami with pulse duration of 80 fs, repetition
rate of 80 MHz and wavelength of 800 nm was
used. Structures were fabricated out of a hybrid
organic-inorganic $Z2080 polymer photosensi-
tized by adding 2 wt.% of 4,4’-bis(diethylamino)
benzophenone. After fabrication the structures
were developed in methyl isobutyl ketone. Both

Fig. 7. (a) Components of an opto-fluidic sensor using
a microlens as its main component: (1) detector, (2)
micro-fluidic channel, (3) surrounding medium, (4)
microlens; n,n,n, refractive indices of medium in mi-
crochannel. (b) SEM image of microlenses integrated
directly into a micro-fluidic channel.

spherical and a spherical microlenses were mod-
eled and fabricated during this work. It was achived
because of a true free-form fabrication possibility
[@, @] that the direct laser technique offers. The
diameter of lenses with spherical symmetry was
60 ym and the radius of curvature of the lens sur-
face was 54.5 ym. Aspherical lenses were 50 ym in
diameter. During the fabrication process the sam-
ple translation velocity was kept at 200 ym/s, op-
tical laser power at 25 mW. The fabrication time
of a single lens with diameters from 50 to 60 ym
was from 45 min to 1 h, if all inner volume of the
lens was fabricated using direct laser writing. The
fabrication time was improved by applying a me-
thod in which only the outer shell of a microlens
was fabricated (Fig. E(a)). In this case, microlenses
of the same diameter could be fabricated in only
4-5 minutes using a laser and additional 3 minutes
of UV exposure. Further improvement in fabrica-
tion efficiency was done by applying the PDMS
soft-lithography [@] technique. This technique
allows replication of an entire microlens array by
using a rapid and simple approach. It also allows
replicating microlenses in polymers that might be
impractical to use in direct laser writing (Fig. 8(b)).
Masks for soft-lithography were fabricated from
poly(dimethylsiloxane) (PDMS) elastomer. PDMS
was also used for replicas. Another material used
for replicas was PEG-DA-258 (poly(ethylen)glycol
diacrylate of M.w: = 258). PEG-DA-258 was photo-
sensitized by adding 2 wt.% of Irgacure 369. Apply-

Fig. 8. (a): I Outer shell fabrication, II development, III
UV light exposure, IV produced lens. (b): I PDMS on
the original microlens, ITa mask covered with 15 nm of
gold, IIb mask, IIIa making of PDMS replica, IIIb mak-
ing of PEGDA-258 replica, IVa PDMS replica, IVb PEG-
DA-258 replica.
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ing deadhesion layer of 15 nm gold one can make a
replica into the same material, for instance transfer
PDMS into PDMS.

During this work, microlenses for usage in
optofluidical sensors were modelled and fabricated
using the direct laser writing technique. The me-
thod of fabricating only the outer shell was applied.
Microlens arrays were also replicated using PDMS
based soft-lithography. Profiles of replicated lenses
were really close to the profile of the original micro-
lens (Fig. 9). Also, microlens focusing properties in
different liquids were tested. The tests were success-
ful - microlenses showed significant focal distance
changes (up to tens of micrometres) in liquids with
a relatively small difference in their refractive index
(order of 0.01). Although these results were prom-
ising, some problems associated with the focusing
of these lenses, such as spherical and chromatic ab-
errations, were noticed. Work should be continued
using solely aspherical lenses and improved me-
thods for focal length measurement.

4.4, Three-dimensional electric circuits

Direct laser polymerization enables fabrication of
three-dimensional microstructures on opaque and
reflective surfaces [@]. Furthermore, the usage of
materials having metal binding groups which can be
subsequently metalized and gain ohmic conductiv-
ity by applying wet chemistry methods has already
been demonstrated [@]. To show the proof of the
principle a three-dimensional microstructure con-
sisting of 2 micro-electrodes and several nano-wires
was manufactured on a gold layer of 20 nm. This was

Fig. 9. Comparison of the microlenses replicated in
PEG-DA-258 (blue online) and PDMS (black online),
the profile of the original microlens (red online).

done by initially sputtering the gold layer (gold sput-
terer Quorum QR 150 RS) on a cover glass. Then it
was treated as a substrate and standard direct laser
polymerization was performed. A hybrid polymer
doped with zirconium SZ3070 and mixed with 30%
DMAEMA (2-(dimethylamino)ethyl methacrylate)
which has metal binding groups was used for struc-
ture fabrication. The resulting structure is depicted
in Fig. . The nanowires are suspended 15 ym
above the electroconductive gold surface.

This approach presents a novel way to create in-
tegrated three-dimensional electric circuits (3D-IC)
which can have advantages to planar ones, as it al-
lows to increase the density of interconnects com-
pacting them into the third dimension. Thus, com-
pared to the established printed electronics, more
sophisticated architectures can be realized; they can
have advantages in sensor devices or simply help
in avoiding heat excess. Additionally, it can be em-
ployed for the MOEMS technology where several
electric micro-devices need to be interconnected.

electrodes

Fig. 10. Three-dimensional structure consisting of 2
micro-electrodes and 7 nano-wires. The nano-wires are
suspended in 15 ym above the electroconductive gold
surface.

5. Summary

In brief, the principle of direct laser polymerization
employing ultrafast lasers was introduced as well as
its vast potential for applications in photonics, mi-
cro-optics and nano-electronics was demonstrated
experimentally. The presented technique was com-
pared to alternative already well-established tech-
niques for micro/nanostructuring of planar and
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three-dimensional objects. Its efficiency, scalability
and the variety of processable materials as well as
flexible integration makes it advantageous among
other techniques. The peculiarities of pulse dura-
tion, sample translation trajectory and the influ-
ence of the material on the final object shape were
discussed. Sample nanophotonic, opto-fluidic and
integrated circuit functional structures were intro-

duced.

5.1. Outlook

The employment of high repetition rate amplified
femtosecond pulses combined with fast sample
translation and precise beam deflection subsys-
tems seems to be an efficient way for precise en-
ergy delivery in three-dimensional micro/nano-
structuring at macro volumes. If additional beam
shaping techniques are used [[L0g], it can reach the
final manufactured structure range (of up to cm’),
yet still keeping its intrinsic geometry and ~100 nm
fidelity. So, it is strongly believed that it can find ap-
plications for the creation of artificial scaffolds out
of biopolymers for stem cell studies [] and tis-
sue engineering [] in the near future.
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Santrauka

Pristatomas tiesioginés lazerinés polimerizacijos me-
todas, pateikiama i$sami literatiiros apzvalga, palygina-
mos trimaciy mikrodariniy ir nanodariniy formavimo al-
ternatyvios technologijos, paaiskinami fizikiniai principai
ir taikymo galimybés. Visa tai paremta originaliais ekspe-

rimentiniais autoriy gautais rezultatais. Darbe parodomi
funkciniy trimaciy polimeriniy mikrodariniy ir nanoda-
riniy pavyzdziai, apibiidinamas jy veikimas. Pirmakart
pademonstruojama opto-fluidinio lusto lazerinio forma-
vimo ir jo perkélimo ant kito padéklo bei integruotos tri-
matés mikro-elektro grandinés jgyvendinimo galimybés.



