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Abstract—The use of laser light to modify the material’s sur-
face or bulk as well as to induce changes in the volume through a
chemical reaction has received great attention in the last few years,
due to the possibility of tailoring the material’s properties aiming
at technological applications. Here, we report on recent progress
of microstructuring and microfabrication in polymeric materials
by using femtosecond lasers. In the first part, we describe how
polymeric materials’ micromachining, either on the surface or
bulk, can be employed to change their optical and chemical prop-
erties promising for fabricating waveguides, resonators, and self-
cleaning surfaces. In the second part, we discuss how two-photon
absorption polymerization can be used to fabricate active mi-
crostructures by doping the basic resin with molecules presenting
biological and optical properties of interest. Such microstructures
can be used to fabricate devices with applications in optics, such as
microLED, waveguides, and also in medicine, such as scaffolds for
tissue growth.

Index Terms—Laser ablation, laser excitation, laser material
processing applications, optical polymers, two-photon absorption
(TPA).

I. INTRODUCTION

HE miniaturization of devices has been pursued by sci-
T entists in the last decades, due to the need for producing
more compact and efficient equipment, for applications in mi-
crofluidics, micromechanics and microelectromechanical sys-
tems (MEMS), biochips, photonics, etc. Among the techniques
employed in the miniaturization of devices and fabrication of mi-
cro/nanostructures are the layer-by-layer (LBL) technique [1],
[2], electrochemical deposition [3], lithography, soft lithogra-
phy [4], laser-induced chemical vapor deposition [5], and others.
Most of these methods, however, are limited to microfabricat-
ing surfaces, being, therefore, not capable of producing 3-D
structures. In the last few years, ultrashort laser microstructur-
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ing has received considerable attention because of its precision
and ability to structure materials in 3-D. Furthermore, the use
of such methods has become widespread thanks to the range of
laser sources available and the flexibility they provide. In laser
microstructuring, a focused laser beam is used to microstructure
materials, taking advantage of nonlinear optical interactions. In
addition to the use of ultrashort laser pulses to ablate or modify
structural properties of materials, a new technology has appeared
recently to allow building 3-D structures. This approach, called
two-photon absorption (TPA) polymerization [6], provides res-
olution in the nanometer scale, relatively high production speed,
and ability to create complex 3-D structures. The key advantage
of using TPA polymerization to fabricate microstructures is re-
lated to the ability of hardening the polymeric resin in a tiny
spatial region. In addition, by selecting distinct photopolymers
and photoinitiators, one can incorporate doping materials into
the resin formulation, including dyes, metals and ceramics, en-
hancing the properties of the final structure. In this paper, we
present some results our group has obtained on the femtosecond
(fs)-laser micromachining of polymers and on the two-photon
polymerization microfabrication of doped microstructures, with
potential implication on photonic devices and biology.

II. MODIFICATION OF A POLYMERIC
MATERIAL BY AN FS LASER

A. FS-Laser Micromachining in Polymers

The use of ultrashort laser pulses for micromachining trans-
parent materials has been applied in the fabrication of several
optical devices, such as, for instance, amplifiers, resonators,
waveguides, and switches, most of them in glass [7]-[9]. In
the last few years, however, this technique has started being
explored to fabricate photonic devices in polymers [10]-[13].
Polymeric materials are promising candidates for photonic de-
vices mainly because their optical properties can be modified
by chemical synthesis or doping, which allows tailoring for spe-
cific applications. Although there are several methods capable of
structuring polymers in a low-cost and reproducible way, most
of them—standard photolithography, electron beam writing, or
photopatterning in photosensitive polymers [4], [14]-[17]—are
limited to structuring only the sample’s surface. FS-laser mi-
cromachining, on the other hand, allows a precise manner to
structure also in 3-D.
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When fs pulses are focused into a material, the light intensity
at the focal volume can be enough to induce nonlinear optical ef-
fects. The light absorption in a transparent material is nonlinear
because the incident photons do not have enough energy to
promote electronic transition in the material by single-photon
absorption. However, highly intense and tightly focused laser
pulses can achieve an electric field with magnitude comparable
to the ones that binds the electrons in atoms or molecules (as
high as 10® V/m) [18], [19] thus, inducing the nonlinear optical
phenomena of multiphoton absorption. Such a localized mul-
tiphoton absorption process leads to structural changes in the
material [20], [21], which can be used to produce distinct types
of devices. For example, when the index of refraction is modi-
fied, waveguides can be written enabling the 3-D integration of
photonics devices [22], [23].

The intensity needed to produce changes or damage in mate-
rials is determined by the pulse energy E, the pulse duration 7,
and the beam focusing numerical aperture NA. In general, the
maximum £ and the minimum 7 are given by the specific laser
system being used. For fixed values of 7 and NA, the absorption
depends basically on E; the smallest value of E that produces
multiphoton absorption and, consequently, changes in the ma-
terial is the threshold energy. If E is kept close to the threshold,
the changes will be localized only to the vicinity of the focus.
On the other hand, if E is increased above the threshold, the
region affected by the laser is also increased. The NA basically
determines the width of the focal volume and, consequently, the
feature size of the micromachining. The NA also impacts on
the geometry of the structure. When NAs higher than 0.6 are
used, spherically symmetric features are produced. Conversely,
for NAs smaller than 0.6 asymmetric structures are created.
Overall, ultrashort laser micromachining in polymers can be
achieved only with energies per pulse of nanojoules, which can
be obtained through laser oscillators (not amplified systems).
Ti:sapphire laser oscillators typically have megahertz repetition
rates and pulses on the order of 50-100 fs [7], [20], [21], [24].
For the so-called oscillator-only-micromachining, the time be-
tween pulses (tens of nanoseconds) is smaller than the heat
diffusion characteristic time (on the order of microseconds for
micrometric focal volumes) [7], [20], [21], [24], 25], conferring
an accumulative nature to the micromachining. Some papers
studying fundamental aspects of the micromachining process as
well as the fabrication of devices, mostly in transparent mate-
rials, can be found in the literature [11], [12], [26]-[31]. In our
group, we have focused on the investigation of fs-laser micro-
machining either in polymers doped with organic compounds
with interesting optical properties, or in polymeric materials
presenting special properties (optical, electrical, or biological).

B. Two-Photon Absorption Polymerization Microfabrication

The two-photon absorption (TPA), which was theoretically
predicted by Maria Goeppert Mayer in 1931, states that an atom
or a molecule can undergo an electronic transition by simul-
taneously absorbing two photons in a single quantum event.
Although the TPA probability is too low to be measured by
conventional light excitation [32], it can be observed when in-
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tense laser light is used. By using fs-laser pulses in a nonlinear
material, the TPA rate can reach values of few events per sec-
ond, which is possible to be measured. As a consequence of the
high light intensity required for the experimental observation
of TPA, it became more popular after the invention of the laser
in the 1960s. The first experimental observation of fluorescence
induced via TPA was carried outin 1961 in a CaFy:Eu*? crystal
using a Ruby laser [33].

The TPA rate displays a quadratic dependence on light in-
tensity, which provides high spatial resolution and low light
scattering, because of the nonlinear nature of the process and
use of longer wavelengths. These features have impelled TPA
to be used in several technological applications, such as opti-
cal limiting, TPA fluorescence microscopy, optical data storage,
photodynamic therapy, and TPA polymerization [34]-[36].

In polymerization, molecules of low molecular weight, called
monomers, are chemically reacted to form a macromolecule or
a polymer chain. The starting point for the chemical reaction
is to form radical species, which, in the case of conventional
(one-photon) photopolymerization, are obtained by exposing
the initiating molecule to standard light. However, in TPA poly-
merization, electronic transition of the initiating molecule oc-
curs by simultaneous absorption of two photons. In such a case,
absorption takes place only in a confined spatial region (focal
volume), and as a consequence, radical formation (in the case
of radicalar polymerization) and polymerization occur on the
vicinity of the focused laser beam. Due to this feature, two-
photon absorption polymerization has been proposed as a tool
for fabricating micro- and nanodevices [19], [37]-[40].

As TPA polymerization requires a high-intensity light source,
objective lenses are employed to focus the laser beam into the
sample. As an outcome, there is a physical limit imposed to
the laser beam waist, given by the diffraction limit. In the case
of a light source with uniform intensity profile, the focused
beam presents an intensity profile given by the Airy disc [41],
yielding a minimum beam waist D = 1.22 A/NA, where A is
the excitation wavelength and NA is the objective numerical
aperture. For instance, if we employ an excitation wavelength
of 780 nm and an objective with NA = 0.5, the diffraction-
limited spot size would be nearly 1900 nm. In practice, however,
due to its nonlinear nature, which depends on the square of the
intensity, TPA polymerization overcomes the diffraction-limited
spot size, enabling polymerization of much smaller voxels.

Polymerization threshold is another key feature in TPA poly-
merization, and it is related to the production of initiating species
from the photoinitiator triplet state, which is given by the quan-
tum efficiency of initiation. The performance of the polymer-
ization threshold depends on the individual mechanisms of the
photochemical reactions. In the radical polymerization, molecu-
lar oxygen plays an important role [19], because it may suppress
the polymerization through two specific routes: 1) suppression
of the triplet state of the photoinitiator by energy transfer to oxy-
gen and 2) suppression of the triplet state of the photoinitiator
through a direct reaction with oxygen, leading to the forma-
tion of peroxide radical, which is less reactive than the radical
itself. Both routes can be used to limit the voxel size, once
they compete with the polymerized voxel formation [19]. By
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Fig. 1. Distribution of light intensity for a Gaussian laser beam. A, B, and
C denote intensity levels above, slightly above, and below the polymerization
threshold (dashed line), respectively.

controlling the intensity of light in the focal volume, it becomes
possible to reach a situation where the radicals formed by TPA
survive, initializing the polymerization only in the region where
the laser energy is higher than the polymerization threshold,
enabling the confection of structures with feature size below the
diffraction limit. Such a situation is illustrated in Fig. 1, which
shows a radial distribution of the light intensity for a Gaussian
laser beam. In this figure, A, B, and C denote intensity levels
above, slightly above, and below the polymerization threshold
(dashed line), for a hypothetical TPA polymerization. For both
A and B intensity levels, TPA polymerization takes place, al-
though B allows polymerizing voxels with size features below
the diffraction limit.

III. EXPERIMENTAL SETUP
A. FS-Laser Micromachining in a Polymer

In general, laser micromachining is carried out by focusing
the laser light into the sample volume or surface, while the
beam is scanned or the sample translated. As mentioned earlier,
the light intensity achieved at the focus can be sufficient to
cause multiphoton absorption, leading to optical breakdown in
the material. The nonlinear nature of the absorption localizes
the process to the vicinity of the focal volume. The amount
of energy deposited in the material may produce permanent
structural changes, degradation or ablation of the material.

The samples were micromachined using laser pulses cen-
tered at 800 nm, with temporal duration of approximately
100 fs, delivered from a Kerr-lens mode-locked Ti:sapphire
oscillator (~80 MHz repetition rate). Pulses with energies of
only a few nanojoules are enough to micromachining polymers.
Besides, the temporal interval between pulses for oscillator-
only-micromachining, as the one described here, is smaller than
the heat diffusion time. Therefore, the micromachining process
presents an accumulative nature. The laser beam is focused into
the sample by microscope objectives with distinct numerical
apertures (NAs). This parameter determines the width of the
focal volume and, consequently, the feature size of the micro-
machined area. The range of NA employed spans from 0.25 to
0.6. The sample is placed on a computer-controlled x—y—z stage,

100 fs
-
Ti:sapphire \
800 nm
[ | objective
v sample

Xx-y-z stage

Fig. 2. Scheme of the experimental setup used for fs-laser micromachining.

which moves the sample with a constant speed, while the objec-
tive lens remains fixed. The basic experimental setup used for
the micromachining is illustrated in Fig. 2.

The micromachined samples were analyzed by optical mi-
croscopy, atomic force microscopy, and fluorescence mi-
croscopy. The optical properties of the samples were evaluated
by measuring their UV-vis absorption spectrum.

B. TPA Polymerization Microfabrication

The resin we employed in the TPA polymerization fabrica-
tion consists of a mixture of two tri-acrylate monomers: tris(2-
hydroxyethyl)isocyanurate triacrylate (SR368) and ethoxy-
lated(6) trimethylolpropane triacrylate (SR499). The first one
increases the microstructure hardness, while the second one re-
duces shrinkage upon polymerization. As TPA photoinitiator,
we use ethyl-2,4,6-trimethylbenzoylphenylphosphinate, com-
mercially known as Lucirin TPO-L, which has been proven to
be a suitable photoinitiator for TPA polymerization [42], [43].

The experimental setup used to fabricate the structures con-
sists of a Ti:sapphire laser oscillator system (100 fs and 800 nm).
The laser beam is focused onto the sample with a 0.65-NA mi-
croscope objective. The average power, depending on the dopant
employed in the resin formulation, ranges from 10 mW up to
40 mW, measured before the objective. The sample is prepared
by placing a drop of resin on a glass substrate, which lies on a
glass slide. The resin is retained inside a spacer and enclosed
by a cover slip. The sample is positioned in the axial z direction
using a motorized stage, while the laser is scanned across the
sample in the xy plane using a pair of galvano mirrors. After
the desired microstructure is fabricated, the sample is immersed
in ethanol to wash away the unsolidified resin, leaving behind
the desired structure on the glass substrate. A charge-coupled
device (CCD) camera is coupled to the experimental setup to
monitor TPA polymerization in real time. An illustration of the
experimental setup (inverted microscope scheme) is displayed
in Fig. 3.

IV. RESULTS AND DISCUSSION

A. FS-Laser Micromachining in Polymers

1) Micromachining a Conjugated Polymer: Poly[2-meth-
oxy-5-(2'-ethylhexy-loxy)-p-phenylene vinylene] (MEH-PPV)
is a conjugated polymer that presents interesting optical
and electrical properties, being therefore a potential candidate
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Fig. 3. Scheme of the experimental setup employed for the TPA

polymerization.

for fabricating optoelectronic devices such as organic light-
emitting diodes, chemical sensors, semiconductors, and flexible
displays [44], [45]. 350-nm thick films of MEH-PPV were pro-
duced by spin-coating a chloroform solution of the polymer (5
mg/ml) in a glass substrate.

In [46], MEH-PPV samples were micromachined at a trans-
lation speed of 20 pm/s and pulse energies from 0.07 up to
2.4 nl. The threshold energy for inducing visible modification
in the MEH-PPV sample was determined to be 0.05 nJ. We ob-
served that the m — 7" absorption band of MEH-PPV, located
around 500 nm, decreases its magnitude as the pulse energy
used for micromachining is increased, indicating sample pho-
tobleaching upon micromachining due to photooxidation of the
polymer [47], [48]. However, a decrease in the absorption peak
of about 62% was obtained for the sample micromachined at an
energy of 0.89 nJ, revealing that unbleached MEH-PPV remains
in the sample, provided that the right range of pulse energy is
respected [46]. These results suggest that the polymer’s conduc-
tive properties may also be preserved after the fs-laser microma-
chining if the correct energy regime is used. We also observed
that the micromachined areas of MEH-PPV preserve its char-
acteristic fluorescent emission (around 600 nm), although with
smaller intensity if compared with the nonirradiated areas [46].
Such result corroborates that MEH-PPV electrical properties
may be preserved after the micromachining, depending on the
energy employed.

Our results revealed two distinct micromachining regimes as a
function of pulse energy [46], as shown by the two representative
atomic force micrographs of grooves fabricated at pulse energies
of 0.3 and 2.0 nJ, displayed in Fig. 4.

The atomic force micrographs also show an increase in the
average surface roughness of the micromachined region, being
about 10 nm below the ablation threshold and 50 nm above
it [46]. Similar results have also been observed for poly(methyl-
methacrylate), although the surface roughness can be decreased
by thermal annealing if smoother surfaces are required [29],
[31].

The depths of grooves, determined by atomic force mi-
croscopy, are plotted as a function of pulse energy in Fig. 5.
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Fig. 4 Atomic force micrograph of grooves micromachined in MEH-PPV
films with pulse energies of (a) 0.3 nJ and (b) 2.0 nJ. Reprinted from [46].
Copyright [2007], with permission from Elsevier.
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Fig.5. Depth of the grooves as a function of the pulse energy for a translation
speed of 20 m/s. The inset illustrates the two distinct micromachining regimes
achieved. Reprinted from [46]. Copyright [2007], with permission from Elsevier.

As seen in Fig. 5, material is only slightly removed from the
sample surface for pulse energies up to 1 nJ. The maximum
groove depth in this case is approximately 30 nm, which rep-
resents less than 10% of the sample thickness. Conversely, for
energies higher than 1.4 nJ the depths of the fabricated grooves
are of the order of the film thickness (250 nm). As illustrates in
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the inset of Fig. 5, depending on the pulse energy employed for
the micromachining, polymer removal, surface modification or
photobleaching can be achieved [46]. Therefore, fs-laser micro-
machining seems to be an interesting option for the development
of applications in conjugated polymers based devices.

2) Micromachining a Polymer Containing Azoaromatic
Chromophores: Poly(methyl methacrylate) (PMMA) is one of
the polymers mostly used for the development of optical com-
ponents due to its high transmission in the visible and near-
infrared [49]. This has motivated in recent years the fabrication
of waveguides by fs-laser micromachining in pure PMMA, as
well as in other nondoped polymers [11]. However, this tech-
nique has not been much exploited for polymeric matrixes doped
with optically active organic molecules. Hence, our research in
this field has been focused toward this direction. Here, we sum-
marize some results we obtained on the use of fs-laser micro-
machining in PMMA doped with azoaromatic chromophores,
specifically Disperse Red 1 (DR1), Disperse Red 13 (DR13),
and Disperse Orange 3 (DO3) [25]. Azoaromatic chromophores
present attractive linear and nonlinear optical properties, which
have motivated their study for the development of devices,
such as, for example, second-harmonic generators [50] and
birefringence-based optical storage [51], [52].

The samples were micromachined using 130-fs, 800-nm laser
pulses from a laser oscillator operating at 76 MHz. The threshold
energy at which change occurs in the samples decreases with
the azochromophore concentration, and scales with the TPA
of the dyes at 800 nm [53], [54]. Such a result indicates that
the micromachining, in this case, is driven by the TPA of the
azochromophores [25]. For pure PMMA, the surface damage
was determined to be 0.54 nJ, and is related to a multipho-
ton absorption. On the other hand, for the doped samples the
threshold is much smaller. For example, the threshold energy
for a PMMA sample containing 1% (by weight) of DR1 was
measured to be 0.11 nJ. Thus, doping substantially decreases the
threshold energy. It is important to mention that when an energy
of 0.54 nJ is employed to micromachine the doped polymers,
sample carbonization is obtained.

A decrease in the 7 — 7 absorption band of the azochro-
mophores occurs after fs-laser micromachining for the doped
PMMA samples, which was attributed to photodegradation.
It has been shown that photodegradation of azochromophores
is mainly due to photooxidation, being also dependent on the
polymeric matrix, temperature, and environment and [55], [56].
Therefore, molecules presenting large oxidation potentials are
the most stable ones. Such behavior can be observed in the
micromachined samples, since the decrease in absorbance is
smaller for DR13 that presents higher oxidation potential than
DO3 and DRI [55], [56]. In fact, the observed photobleach-
ing for DR13 is negligible for the energy range used (energies
ranging from 0.01 nJ to 0.2 nJ).

In Fig. 6(a), we present an optical microscopy image of two
waveguides, separated by about 200 pm, fabricated by fs-laser
micromachining in the bulk of a thick DR1-doped PMMA sam-
ple [25].

The waveguides were written along the 5 mm length of the
sample. The cross-sectional view exhibited in Fig. 6(b) reveals

(2)
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Fig.6. (a) Optical microscope image of waveguides micromachined in PMMA
doped with DR1 written at a speed of 20 pm/s. (b) Cross section of the waveg-
uides fabricated. Reprinted from [25]. Copyright [2008], with permission from
Optical Society of America.
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Fig. 7. (a) Basic concept of the experimental setup used to check the waveg-
uiding in the fabricated sample. (b) Output image of the single-mode profile
of 632.8-nm light coupled through the waveguide, along with the spatial in-
tensity distribution of the profile. Reprinted from [25]. Copyright [2008], with
permission from Optical Society of America.

an elongated profile, probably related to the Rayleigh range
of the objective used to fabricate the waveguide [7]. Since the
waveguide was fabricated using a high-repetition laser, accumu-
lative effects take place because the interval between consecu-
tive pulses is shorter than the thermal diffusion. In this way, the
region around the focus is heated up and, subsequently, cooled
down when the area is translated away of focus. Hence, the poly-
mer resolidifies leading to a change in the index of refraction,
yielding waveguiding.

The waveguiding of the fabricated structures was verified by
coupling light, from a HeNe laser operating at 632.8 nm, in and
out the waveguide, which was carried out with the aid of two
10x microscope objectives. The light at the output of the wave-
guide was imaged using a CCD camera [25]. The basic concept
of the setup used is illustrated in Fig. 7(a). Fig. 7(b) shows the
image of the light at the output of the waveguide, confirming a
single-mode guide at 632.8 nm [25]. In summary, these results
demonstrate the feasibility of micromachining polymers con-
taining organic compounds with controlled degradation of the
active dye, which can be further explored for new applications
in photonics.

3) Micromachining Polymers for Fabricating Super-
hydrofobic Surfaces: In the last few years, the development
of methods to produce superhydrophobic surfaces has increased
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Fig. 8. Atomic force micrograph of a square-shaped-pillars morphology
(4-pm period) micromachined in PODR1 with 100-fs pulses and energy of
0.06 nJ.

substantially, mainly motivated by applications in microfluidics,
waterproof devices, low-friction coatings, and self-cleaning
elements [57]-[59]. Considering that the surface wettability de-
pends on the chemical nature of the material and also on the
surface morphology, research has been conducted in these two
directions to achieve materials with enhanced hydrophobicitiy.
Therefore, attempts have been recently made on strategies to
alter the materials’ surface topology, aiming at the fabrication
of superhydrophobic devices [58], [60]-[65]. Among the meth-
ods investigated, the use of ultrashort laser micromachining has
been shown to be an interesting option. For instance, remarkable
results have been obtained on structuring silicon surface [62],
[66].

In recent years, we have been working on the use of ultra-
short laser pulses to microstructure polymeric surfaces, aiming
at the fabrication of surfaces with controllable hydrophobic-
ity. We have produced by micromachining, polymeric surfaces
with square-shaped pillar morphologies and distinct period-
icities, from 5 pm to 500 pum. These microstructuring were
produced in 2-pm-thick films prepared with the commercial
poly(1-methoxy-4-(O-disperse Red 1)-2,5-bis(2-methoxyethyl)
benzene) (PODR1).

In Fig. 8, we show a typical atomic force microscopy image
of the PODRI1 sample, whose surface was microstructured us-
ing 100-fs pulses at 800 nm (76 MHz repetition rate), with an
energy of 0.06 nJ per pulse. In this case, the periodicity of the
microstructure is 4 pm. By using fs-laser pulses, we are able to
fabricate microstructures with periods ranging from 1 gm up to
100 pm, employing energies from 0.05 nJ up to 0.1 nJ. Although
the results achieved with this approach present very good res-
olution in regards to the width of the grooves, it is relatively
limited to the depth of the inscribed structure (on the order of
few nanometers). Such behavior is related to the TPA nature of
the micromachining for this case, since the azochromophores in
PODRI1 do not present linear absorption at 800 nm, but exhibit
reasonable TPA cross section in the near-infrared (~ 300 GM).
Because the two-photon excitation is highly confined to the fo-
cal volume, high resolution of the micromachining is obtained.
Conversely, for the same reason, the depth of the structuring is
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Fig. 9. Scanning electron microscopy image of PODRI film microstructured
with a period of 10 pm.

um 10 um 15um 20 ym 25um
30um 35um 40 um 80 um flat

8664

Fig. 10.  Sequence of pictures of water droplets on top of the microstructured
surface (square-shaped pillars) with different periodicities (noted on top of each
image). The last image corresponds to the droplet on the flat (not microstruc-
tured) surface.

relatively small. These results indicate fs-laser micromachining
of polymers containing two-photon absorbing dyes as an option
when high precision in the microstructuring is needed, although
they are somewhat limited when deep patterns are necessary.

As an illustration, Fig. 9 shows a scanning electron microg-
raphy of a PODRI1 film, micromachined using 70-ps, 532-nm
pulses from a Q-switched and mode-locked Nd: YAG laser, op-
erating at a repetition rate of 850 Hz. For obtaining such kind
of result, pulse energies from 20 nJ up to 70 nJ are focused
with a 0.65-NA objective at a translation speed of 1 mm/s.
The depth of the patterns, obtained through atomic force mi-
croscopy, is approximately 2 pm. After microstructuring the
sample surface, they were treated with (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trichlorosilane to increase its natural hydropho-
bicity [62], [64].

Fig. 10 shows a sequence of images of a water droplet on sur-
faces microstructured with distinct periodicities (from 5 pm to
80 um), as well as on a flat surface. As can be seen, the contact
angle increases from 108°, at the flat surface, to approximately
160° on the microstructured surface with periods from 5 pm to
30 pm, therefore reaching the superhydrophobic limit (contact
angle higher than 150°). Such a result can be understood based
on the Cassie—Baxter model [67], [68], which assumes that the
liquid does not completely wet the surface because air pockets
are trapped in the gaps of the rough surface. The aspect ratio
of the morphologies fabricated is such that the entrapped air
diminishes the contact area between water and polymer, result-
ing in a larger increase in the contact angle. Thus, the use of
an ultrashort laser pulse seems to be an interesting approach
to design the morphology of polymeric surfaces, allowing the
control of the wetting properties.
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low index substrate

Fig. 11.  (a) Scanning electron microscopy of a pyramidal microstructure con-
taining MEH-PPV. (b) Fluorescence optical microscopy (top view image) of a
pyramid. (c) Fluorescence optical microscopy (top view image) of waveguide
containing MEH-PPV fabricated by TPA on a mesoporous silica substrate. Light
is guided through the microstructure ends when it is excited at its center. On
the right-hand side of (c) we display a schematic side view of the structure.
Reprinted with permission from [87]. Copyright [2009], American Institute of
Physics.

B. TPA Polymerization Microfabrication
of Doped Microstructures

Regarding TPA polymerization microfabrication, consider-
able part of the studies reported in the literature focuses on
undoped microstructures whose properties cannot be probed
or altered by external sources. In the last few years, however,
numerous research groups have seek for new resin formula-
tions incorporating dyes or other materials of interest [69]-[73],
leading to fabrication of active microstructures with chemical,
biological, or optical properties, with prospective applications
in optical data storage [73], photonic crystals [71], [74], [75],
and biomedicine [76]-[79]. Here, we present some results our
group has obtained based on a methodology to incorporate dis-
tinct dopants in the two-photon resin formulation, aiming at
obtaining microstructures with unique properties for technolog-
ical applications.

1) Microstructures Doped with a Conjugated Polymer: As
mentioned earlier, MEH-PPV is a conjugated polymer known
for its conductivity [80], electroluminescence [81], [82], and
nonlinear optical properties [83]-[86]. In [87], a methodology
was proposed to incorporate MEH-PPYV into the basic resin in a
guest—host strategy, in which the host consists of two triacrylate
monomers. Initially, it is prepared an ethanol solution containing
the photoinitiator Lucirin TPO-L. To this solution, MEH-PPV
(up to 1% by weight) is added, and then this solution is mixed up
for 2 h. Ethanol is eliminated by evaporation at room temperature
for 24 h, yielding a viscous liquid.

Fig. 11(a) shows a scanning electron microscope image of
a pyramidal microstructure containing MEH-PPV, fabricated
by TPA polymerization, which presents good definition and
structural integrity, indicating that the presence of MEH-PPV
does not affect the fabrication process. Furthermore, MEH-PPV
is retained in the microstructure, which can be seen by the
fluorescence micrograph observed in Fig. 11(b). The structure
containing MEH-PPV was excited with an average power of 1
mW by an Nd:YAG cw laser operating at 532 nm.

Waveguides containing MEH-PPV have also been fabricated
by the same method, using as substrates mesoporous silica films,
which have a low refractive index (n = 1.185) throughout the vis-
ible spectrum and, therefore, minimize waveguiding losses [88].
Fig. 11(c) shows a fluorescence microscopy top view image of
100 pm-long waveguide fabricated on a mesoporous silica sub-
strate, illuminated in its central region by the laser at 532 nm. The
MEH-PPV fluorescence is guided through the microstructure
and scatters at both microstructure ends. When the experiment
was carried out in waveguides fabricated on top of a conven-
tional glass slide, no waveguiding was observed due to light
coupling to the substrate. The right-hand side of Fig. 11(c) dis-
plays a schematic side view of the microstructure excitation and
the corresponding waveguiding. The methodology employed
to fabricate doped microstructures on top of mesoporous silica
substrate is promising to be used in photonics applications, such
as microLEDs and waveguides.

2) Microstructures Doped With Chitosan: Two-photon
polymerized structures incorporating chitosan have also been
fabricated and reported in [78]. For that purpose, a guest—host
strategy was employed, in which the host consists of the two tri-
acrylate monomers, and the guest material is chitosan [(1—4)-2
amino-2-deoxy-/3-D-glucan], which is a linear cationic polysac-
charide obtained by deacetylation of chitin [(1—4)-2 acetamide-
2-deoxy-(-D-glucan], found in crustaceans shells [89].
Chitosan has appealing properties for being a biodegradable
and biocompatible polymer, with applications in blood coag-
ulation [90]-[92], soft tissue and bone regeneration [93], an-
tibacterial action [94], nanostructured films [95], and drug de-
livery [96]. After purification, chitosan was dissolved in a solu-
tion of acetic acid in ethanol (7% by volume), and mixed for 30
min with the basic resin and photoinitiator.

A scanning electron micrography of a two-photon polymer-
ized structure containing chitosan is displayed in Fig. 12(a).
The structure was fabricated from a solution containing 10
wt% of chitosan, with a laser average power of 20 mW. The
pattern displaying nanometer features on the surface of the
structures was produced during the fabrication. Ideally, the chi-
tosan should be retained within the structure without form-
ing any kind of crosslinking, which would alter its chemical
properties and, therefore, would be deleterious for bio-related
application.

The Raman microscopy analysis of the structures with chi-
tosan is displayed in Fig. 12(b) [78]. As the presence of chitosan
does not affect the vibrational Raman spectrum of the resin, the
crosslinking or other chemical interaction between the acrylic
resin and the chitosan is negligible. The nonreaction between
the acrylic resin and chitosan is desirable for biomedical appli-
cations, because it implies that the resin retains chitosan without
altering any of its biological or chemical properties. The same
spectrum [see Fig. 12(b)] shows a monotonically rising back-
ground, which is attributed to fluorescence from chitosan, also
seen in the spectrum of neat chitosan (not shown) [78]. In addi-
tion, hardness measurements of specimens fabricated of acrylic
resin with and without chitosan reveal that the biomolecules
are not deleterious to the mechanical properties of the
resin. Therefore, two-photon polymerized structures containing
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Fig. 12.  (a) Scanning electron microscopy of a structure containing chitosan.
(b) Raman spectrum of a two-photon polymerized microstructure doped with
chitosan. Reprinted with permission from [78]. Copyright [2009], American
Scientific publishers.

Fig.13.  Scanning electron microscopy images of conical structures containing
rhodamine, fabricated by TPA polymerization.

chitosan could be an option to fabricate scaffolds for tissue en-
gineering and bone reconstruction.

3) Microstructures Doped With Rhodamine 610: Micro-
structures containing rodhamine 610 have also been fabricated
by TPA polymerization. The dye is well known for its chemical
stability, strong luminescence, and nonlinear optical properties.
As observed for the other reported formulations incorporating
dyes, rhodamine is not deleterious for the physical properties of
the structures. In Fig. 13, scanning electron microscopy of con-
ical structures, fabricated by TPA polymerization, containing
rhodamine (0.5 wt %) is displayed.

The distribution of rhodamine into the polymeric structure
was verified by confocal microscopy images of sections of a
cubic structure, which are displayed in Fig. 14. The images,
acquired by using as excitation a cw laser centered at 445 nm,

183

Fig. 14. Confocal microscopy images of planes of cubic structure contain-
ing rhodamine, fabricated by TPA polymerization. Images from (a) bottom,
(b) 6.0 um, and (c) 12 pm from the bottom of the structure. Reprinted with
permission from [97]. Copyright [2011], Springer Science+Business Media
B.V.

500 nm

Fig. 15. Scanning electron microscopy image of a silica nanowire used to
excite the fabricated polymeric microstructure.

were obtained in planes separated by 6 pm and reveal that
rhodamine is distributed throughout the structure [97].

4) Excitation of Fluorescent Microstructures Through
Nanofibers: Microstructures doped with luminescent dyes
render their optical properties, including linear and nonlinear
absorption and luminescence, which might be useful for pho-
tonics devices. In this sense, it is desirable to optically inte-
grate such microstructures, either to excite or collect light from
them. Selective excitation of fluorescent two-photon polymer-
ized structures can be achieved by employing nanowires. Silica
nanowires, with diameters of approximately 1 pum, are pro-
duced using the fiber tapering technique (flame-heated fiber
drawing) [98]. In Fig. 15, we show a scanning electron mi-
croscopy of a typical silica nanowire fabricated, which is used
to excite the polymeric microstructures. The intense fluores-
cence of rhodamine-containing microstructures was obtained
by using silica nanowires coupled to an Ar* laser.

By using this methodology, it was possible to selectively ex-
citeisolated microstructures in a controlled manner, as displayed
by the optical microscopy images in Fig 16. We see the red
emission arising from the rhodamine contained into the mi-
crostructure, which was excited by laser light at 514 nm, cou-
pled into the silica nanofiber. Fig. 16(a) shows an optical mi-
crograph of the nanowire exciting three microstructures, while
in Fig. 16(b) only one microstructure is being predominantly
excited. Such an approach is the first step to integrate complex
arrays of optical microstructures, aiming at the fabrication of
micro-optical photonics circuitry [97].
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Fig. 16. Luminescence of microstructures doped with rhodamine, excited by
light at 514 nm coupled into a silica nanowire. In (a) the light excites three
microstructures while in (b) one microstructure is being predominantly excited.

V. CONCLUSION

We have demonstrated that fs laser is a useful tool to modify
polymeric materials through micromachining and microfabrica-
tion via TPA polymerization. Specifically, micromachining of
polymeric materials demonstrated that by a controlled degra-
dation, removal or modification of polymeric material, grooves
of wide range of depth can be recorded, which can be used to
produce waveguides, superhydrophobic surfaces, etc. By using
TPA polymerization, 3-D microstructures of high definition and
structural integrity could also be fabricated. Distinct dopants
can be incorporated into the basic resin, which, in general, are
distributed throughout the microstructures, and preserve their
properties after the fabrication, such as biocompatibility, lu-
minescence, and waveguiding properties. By doping the resins
used in TPA polymerization, one can greatly enhance the prop-
erties/performance of microstructures for applications in mi-
crodevices, such as microLEDs, waveguides, microfluidics, and
scaffolds for tissue engineering.
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