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a  b  s  t  r  a  c  t

Thin  films  of the  biopolymers  gelatine  and  chitosan  were  treated  using  femtosecond  pulse  shaping
techniques  combined  with  a microscope-based  setup  for material  processing.  The  polymer  films  were
irradiated  with  laser  pulses  of  35  fs and  a central  wavelength  of  790 nm  provided  by  an  amplified
vailable online 29 October 2013
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Ti:Sapphire  system.  The  effect  of  temporal  pulse  shaping,  with  quadratic  and  cubic  spectral  phases,  on
the  induced  morphology  was  analyzed  by  characterization  of  the  created  surface  structures  via scanning
electron microscopy.  We  observed  different  material  modification  thresholds  and  different  structure
sizes  for  temporally  asymmetric  pulse  shapes.  The  results  indicate  the  possibility  of control  of  the  gen-
erated  microstructures  and  are  discussed  in  relation  to the  formation  of  free electrons  and  the  different
contributions  of  multi-photon  and avalanche  ionization  processes.

©  2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

The generation of micro- and nanopatterns with complex mor-
hologies remains an ambitious challenge in technology. Behind
he fundamental interest in understanding the physical process,
he motivation to study micro- and nanopatterning is also driven
y the great potential of such structures for advanced applica-
ions in e.g. nanofluidics, nanophotonics and biomedical devices
1–3].

Biopolymers constitute important sources of novel functional
aterials and advantageous alternatives to synthetic polymers in

iomedical applications. For those applications, both the substrate
opography and the substrate chemistry have an important effect
4,5]. In order to control these properties, a variety of processing
echniques such as stamping, stereo lithography, two-photon poly-

erization, electrospinning, polymer demixing and stencil [6–9]
ave been applied. However, common micro-fabrication tech-
iques are prone to difficulties when dealing with biomaterials
ue to their typical non biocompatibility [7]. As an alternative,

aser-based methods have been already used for porous scaffold

abrication on various materials [10–13], since they afford the
ought versatility and reliability [14–17]. Recently, superficial laser
oaming on films of biopolymers such as collagen and gelatine

∗ Corresponding author. Tel.: +34 915619400; fax: +34 915642431.
E-mail address: e.rebollar@iqfr.csic.es (E. Rebollar).

169-4332/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.10.111
has been reported, a phenomenon that is induced by applying
single pulses both in the nanosecond and femtosecond domains
[14,16–21].

Lasers delivering ultrashort pulses have emerged as a unique
tool for processing wide band gap materials for a variety of appli-
cations [22–24]. Materials which are transparent to light in the
visible and near infrared spectral region become highly absorb-
ing when ultrashort laser pulses of sufficient high intensity are
applied. This allows material processing, but effective control of
laser induced effects is required. Related to this, a large number
of experiments have been devoted to the study of laser induced
damage in the case of dielectrics. These involve investigations on
the effect of pulse duration [25,26] and the application of double
pulses [27,28], pulse trains [29] and temporally shaped asymmetric
pulses [30–32].

In this work, we  present experimental studies with single 35 fs
pulses with temporally asymmetric shapes obtained by introduc-
ing a third-order dispersion (TOD) via spectral phase modulation,
enabling the control of the effects induced on different biopolymer
films. Also chirped pulses making use of group delay dispersion
(GDD) (i.e. symmetric temporal pulse envelope but asymmetric
instantaneous frequency) and combination of shaped pulses with
GDD and TOD were tested. Our experiments reveal a systematic

dependence of the surface damage threshold and of the size of the
obtained structures on the phase mask applied in the case of TOD
shaped pulses for the different biopolymers, while no significant
differences are observed for those shaped via GDD.

dx.doi.org/10.1016/j.apsusc.2013.10.111
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. Calculated temporal intensity envelopes of pulses for different values of the
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form �(ω) = (�3/3 !)(ω − ω0)3 can be found in [31,35,36]. For each
pattern, three laser pulses with the same energy and focusing

F
c

hird order dispersion �3. Figure adapted from reference [31].

. Experimental

Self-standing films of the biopolymers gelatine B75 (Sigma) and
hitosan (Aldrich) were prepared by the method of solvent evapo-
ation. Chitosan was solved in acetic acid 0.4 M in a concentration
f 20 g/L, while gelatine was solved in water in a concentration of
2 g/L. Then, solutions were poured on Petri dishes with a diameter
f 8.5 cm.  The thicknesses of the resulting films are 110–180 �m.

he mean roughness values (Ra) are in the range of a few nanome-
ers as determined by atomic force microscopy (AFM).

ig. 2. SEM images of patterns obtained upon irradiation with TOD shaped pulses (�3 = 0
hitosan films (c) and (d) at the indicated energies per pulse and same distance to focus.
cience 302 (2014) 231–235

For irradiation we  combine femtosecond pulse shaping tech-
niques [30,31,33] with a microscope setup for material processing
[34]. The system was  previously described in refs [30,31]. Briefly,
laser pulses with �t  = 35 fs full width at half maximum (FWHM)
and a central wavelength of 790 nm are provided by an amplified
Ti:Sapphire laser system.

For material processing phase shaped femtosecond pulses are
directed onto the different polymer films via a 50x/0.5 objective.
Irradiation is carried out in defocused conditions, with a calcu-
lated diameter, taking into account a Gaussian profile, of ca. 17 �m,
which corresponds to peak fluences of about 1 J/cm2. The single
shot pulse energy is adjusted by a motor-driven gradient neutral
density filter and recorded with a calibrated photodiode. The sam-
ple is translated by a 3-axis piezo-table to a new position for each
shot. In order to ensure that the surface is within the chosen focus
position, the sample surface is probed with a HeNe laser prior to
material processing.

While phase modulation does not change the spectrum of the
pulse, the temporal profile is altered. By applying a TOD (�3) we
obtain a train of pulses with an asymmetric time profile (see Fig. 1).
Changing the sign of the �3 inverts the time profile.

Analytic formulas for cubic phase shaped laser pulses of the
conditions were used for irradiation, with values of �3 = 0 and
±6 × 105 fs3, where �3 = 0 corresponds to an unshaped pulse.

 (middle), +6 × 105 fs3 (upper) and −6 × 105 fs3 (lower)) on gelatine (a) and (b) and
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ig. 3. Diameters of the laser modified area for a chitosan film irradiated with pulses
ith different values of �3. Lines are drawn to guide the eye.

dditionally, we used GDD temporally shaped pulses obtained by
pplying the phase masks �2 = ±1 × 104 fs2, as well as shaped pulses
y combination of TOD and GDD.

Analysis of the irradiated samples, previously coated with a plat-
num layer of ca. 3 nm thick, was carried out by Scanning Electron

icroscopy (SEM, HITACHI S4000). We  determined the threshold
or material damage and the change of morphologies induced by
aser irradiation.

. Results

Irradiation with a single fs pulse above the modification thresh-
ld energy of the studied polymer films leads to the formation
f superficial circular spots with a foamy and fibrous appearance,
s reported before [14,16,17,19,21]. The modification threshold
nergy for unshaped pulses is around 1.2 �J, both for chitosan and
elatine and the diameter of the laser induced structures is typically

 few micrometers.
Fig. 2 shows SEM micrographs of structures obtained on gela-

ine (a and b) and chitosan (c and d) films. These correspond
o irradiation with triplets of laser pulses with different �3 val-
es and fixed energy and distance to focus. In each micrograph,
or all �3 values, the pulses have the same energy, spectral
ntensity, and spatial profile. Pulses with positive and negative
hase masks have the same duration but their temporal profile

s time-inverted (see Fig. 1). Fig. 2 shows structures resulting
rom �3 = 0 and ±6 × 105 fs3. Micrographs in Fig. 2a and c corre-
pond to irradiation with a lower energy per pulse at the same
istance to focus, i.e., lower fluence, in comparison to those shown

n Fig. 2b and d.
As observed in Fig. 2, the threshold energy for ablation is higher

or the pulses with negative TOD. For instance in the case of chi-
osan, when processing with a positive �3 value, the ablation
hreshold is around 2.5 �J. For negative �3 however, modification
f the surface occurs for energies higher than 2.9 �J and the modi-
ed area has the same size than the one obtained upon irradiation
ith positive �3.

The dependence of the diameter of the structure with energy for
he three �3 values (unshaped, positive and negative TOD) is shown
n Fig. 3. The diameter increases with pulse energy, however, the
tructure sizes created with pulses of both positive and negative
3 are smaller than those resulting from irradiation with unshaped

ulses (�3 = 0) at threshold.

In the case of pulses with GDD, the differences between posi-
ive and negative phase masks are not evident concerning the film

odification threshold. Fig. 4 shows SEM images of a gelatine film
cience 302 (2014) 231–235 233

irradiated with pulses with GDD �2 = ±1 × 104 fs2 at the same dis-
tance to focus than those applied in the sample shown in Fig. 2a and
b. When combining TOD and GDD masks, the observed effects are
similar to the ones for irradiation with TOD shaped pulses alone,
the modification threshold being higher for the cases when �3 < 0.

4. Discussion

Laser induced foaming observed upon fs single pulse irradia-
tion of biopolymer films has been reported before and ascribed
to the increase of substrate temperature and to the evolution in
the substrate of the laser-induced pressure wave. These give rise
to nucleation and growth of bubbles and eventually to the for-
mation of fibrillar structures or foam on the surface of the film
[21,37]. The sudden heating induces the generation and propaga-
tion of a thermoelastic wave with a characteristic wave propagation
time through the heated volume, defined as �m = 1/˛cs, where  ̨ is
the absorption coefficient and cs the sound propagation velocity
(∼1.5 × 103 m/s  [21]). Under fs irradiation, and for these weakly
absorbing materials, the condition for confinement of thermoelas-
tic stress, �p/�m < 1, is well fulfilled, thus photomechanical effects
play a definitive role in the observed material modifications [21].

As observed herein the modification threshold is achieved at
lower pulse energies for positive �3 values for the same absolute
value of the cubic phase. Thus, with pulses of identical fluence, spec-
trum and pulse duration, the different energy distribution in time
has a significant influence on the material modification thresh-
old. A commonly accepted prerequisite for surface modification or
ablation upon fs laser pulse irradiation is the generation of a cer-
tain critical electron density [23,31]. The two main processes for
generating free electrons are multi-photon ionization (MPI) and
avalanche ionization (AI). MPI  occurs on a time scale of a few fem-
toseconds, at a rate that is independent of the number density of
free electrons (it requires no initial free electrons) and has highest
efficiency for shortest pulses, i.e. highest intensities. In contrast, AI
depends on the number density of free electrons and requires a
longer time scale to develop. The process of AI can only contribute
significantly for laser pulse durations in the femtosecond range
after a large number density of free electrons has been provided
by MPI.

Several authors have used rate equations based on the Drude
model to describe the temporal evolution of the volumetric den-
sity of free electrons, �, and to calculate breakdown thresholds for
various laser parameters [26,38]. The generic form of such a rate
equation is

d�

dt
= �mp + �av� − g� − �rec�2 (1)

where the first and second terms on the right-hand side of the equa-
tion represent the production of free electrons through MPI  and AI,
while the last two  terms describe electron losses through diffusion
and recombination, respectively. The AI rate, �rec, and the diffusion
loss rate, g, are proportional to �, while the recombination rate,
�av, is proportional to �2, as it involves an interaction between two
charged particles (an electron–hole pair).

Previous studies on laser induced foaming of biopolymer films
have shown that for unshaped pulses, the electron critical density
is achieved via MPI  processes [19,21]. A remarkable difference in
the transient electron density generated in the medium as well as
in the achieved final values, is revealed for both signs of the TOD �3.
For �3 > 0 (see Fig. 1), a strong pulse is followed by a train of weaker
pulses. The amount of free electrons created by the first strong pulse

via MPI  is not sufficient for reaching the critical electron density
value. However, the consecutive pulses can increase the electron
density via AI to the critical density. For �3 < 0 the intensity of
the pulses increases and is terminated by a strong pulse. The first
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Fig. 4. SEM images of patterns obtained upon irradiation with GDD shaped pulses (�2 = ± 1 × 104 fs2) on a gelatine film with energies per pulse of 2.51 �J (a) and 2.6 �J (b)
and  same distance to focus.
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eak pulses are not intense enough for efficient MPI  and due to the
bsence of free electrons, AI is not operative either. Only the final
ulse is able to deliver free electrons via MPI  further increased by
I. For this case a higher energy is needed compared to the case of
3 > 0 in order to reach the critical density, explaining the higher
odification thresholds observed.
The absence of differences in the observed modification thresh-

lds for GDD shaped pulses indicates that a change in frequency
rdering within the same temporal envelope does influence the
ontributions from MPI  and AI as seen also on dielectrics and water
39,40].

The smaller structure size obtained with modulated pulses
ould be also related to the different morphology observed when
omparing the effect of temporally shaped and unshaped pulses.
n the case of irradiation with unshaped pulses we obtain modified
reas with a fibrillar-like structure, even at fluences close to the
odification threshold, while irradiation with temporally shaped

ulses gives rise to a swelling effect of the irradiated area. This
s especially evident in the case of gelatine (Figs. 2a and b and
) and could be explained by different propagation mechanisms.
pon irradiation with unshaped pulses, as previously reported

17,19,37], the confinement of thermoelastic stress gives rise to
he evolution of the pressure wave in such a way that the nuclea-
ion and growth of bubbles cause the final fibrillar structure, via
n explosive mechanism assisted by the tensile component of the
aser-induced photoacustic transient wave. In the case of tempo-
ally shaped pulses, a different morphology has been observed in
ielectrics and it was speculated that nanoplasmonic effects like
ear-field effects from a spatially confined region with high elec-
ron densities can be proposed as responsible for the observed steep
ole structures [32]. On the other hand, since the temporally shaped
ulses are effectively longer, the thermal diffusion and pressure

engths are larger, and the condition of confinement of thermoelas-
ic stress is not so well fulfilled; instead, the pressure is only high
nough in a small area where swelling takes place, but not reach-
ng the values needed for explosive formation of the fibrillar/foam
tructure. This is more evident in the case of gelatine due to the
ature of the biopolymer, as this material has a high water content,
hich on the one hand reduces the tensile strength of the substrate,
acilitating bubble nucleation and growth, and on the other hand, in
resence of water, laser energy is consumed as latent heat of evap-
ration contributing to suppression of increment of temperature in
he irradiated region [37].
5. Conclusions

Laser irradiation of biopolymer films focused through a micro-
scope objective using single femtosecond pulses of 790 nm leads
to superficial foaming in a micrometer size region of the film. For
gelatine and chitosan films the modification thresholds depend on
the phase mask applied to the pulses, observing higher thresh-
old values for temporally shaped pulses in comparison to the
unshaped ones. When employing temporally asymmetric pulse
shapes, higher modification thresholds were obtained in the case of
negative phase masks. These differences are related to the different
contribution of multi-photon and avalanche ionization processes.
In contrast, the absence of differences in the observed modifica-
tion thresholds for GDD shaped pulses is due to the symmetry
of their temporal distribution. The results reported herein show
a way to develop tailored pulse shapes for controlled superficial
laser microstructuring of polymers.
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