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1. Introduction

The fact that irradiation of a material sur-
face with intense, linearly polarized laser
fields can generate periodic structures
through what appears to be a self-
organizing mechanism was recognized
shortly after the advent of the laser.[1]

The observation of laser-induced periodic
surface structures (LIPSS) with periods of
the order of the wavelength of the light,
which are sensitive to the incidence angle
and polarization, was soon recognized as
a universal phenomenon capable of
inducing permanent ripples in metals,
semiconductors, and insulators.[2] Initially

perceived as an unexpected laser phenomenon through a collat-
eral effect of laser processing, it has now gained recognition as an
appealing process for nanostructuring surfaces, and it has proven
to be a versatile tool that allows to address challenges in diverse
fields such as fluidics, optics, electronics, and medicine.[3,4]

Significant efforts have been dedicated to LIPSS research in
the recent decades, and the field of LIPSS remains a fertile
ground for research. There are important challenges and numer-
ous open questions, some of which have been examined in
recent reviews.[5] The identification of the role of the combined
morphological and chemical modifications on the resulting sur-
face properties, the control of the regularity of the LIPSS, their
long-term stability, and the scalability of the process are essential
for a successful transfer of the technique to industrial
applications.

In particular, in the case of polymers, it has been demon-
strated that surface micro- and nanostructures allow for control
of optical and mechanical properties, as well as wettability by the
modification of the surface energy.[6–8] When polymers are
exposed to nanosecond or picosecond laser pulses LIPSS are
formed, provided they absorb at the irradiation laser wavelength,
typically in the UV and visible regions.[9–12] In the case of fs
pulses, LIPSS are also formed at wavelengths at which the poly-
mers are optically transparent.[13,14] Unlike metals, where LIPSS
can be observed after irradiation with a single laser pulse,[15]

polymers require multiple pulses, ranging from tens to thou-
sands of pulses, to develop LIPSS.[11,16] Previous studies have
reported that, in order to form LIPSS on polymer surfaces,
the material must reach its glass transition temperature (Tg)
in the case of amorphous polymers or its melting temperature
(Tm) in the case of semicrystalline ones.[16] This implies that
the polymer chains must flow to facilitate surface modification.
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In this work, laser-induced periodic surface structures (LIPSS) are generated on
the surface of thin films of poly(trimethylene terephthalate) (PTT) fabricated by
spin coating on silicon. Previous studies have shown the appearance of LIPSS in
this type of materials with femtosecond laser pulses in the near-infrared region
of the spectrum, despite the extremely low absorption of the polymer. The
present work consists of an exploration of the effect of adding complexity to the
femtosecond laser fields employed for irradiation. Changes in the repetition rate
of the pulse train, the pulse duration, and the pulse temporal chirp are explored,
and conditions for optimum LIPSS formation are identified. The effects of these
modifications on the polymer surface topography, assessed by atomic force
microscopy, are described and discussed.

RESEARCH ARTICLE
www.pss-a.com

Phys. Status Solidi A 2023, 2300721 2300721 (1 of 7) © 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

mailto:r.nalda@csic.es
https://doi.org/10.1002/pssa.202300721
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.pss-a.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssa.202300721&domain=pdf&date_stamp=2023-12-07


Environment can influence LIPSS formation. For instance,
the size of LIPSS formed on metallic films can vary when irradi-
ated in different liquids compared to the irradiation in air.[17]

Also, the bulk temperature plays a role in LIPSS formation on
the surface of polycarbonate films, as higher temperatures result
in a stronger absorption of laser energy by the polymer.[18]

Additionally, the formation of LIPSS may also be influenced
by the thickness of the material film or the nature of the substrate
on which the material is supported.[19–23]

Besides the material and the environmental properties, the
characteristics of the applied laser irradiation play a defining role
on LIPSS formation. The laser fluence and the number of pulses
influence both the period and the quality of the resulting nano-
structures,[4] and the laser wavelength also determines the period,
while the polarization determines the direction of the LIPSS.
Additionally, it has been found that the beam wavefront curvature
plays a role on the regularity of the laser-fabricated LIPSS.[24]

Furthermore, the properties of LIPSS can be fine-tuned by
manipulating the temporal features of the laser pulses. In partic-
ular, LIPSS formation is clearly influenced by the laser pulse
duration. When using ns or longer pulse durations and irradiat-
ing at normal incidence, the resulting low-spatial frequency
LIPSS (LSFL) typically exhibit periods very close to the irradiation
wavelength. However, for ultrashort laser pulses, reported peri-
ods often range between 0.7λ and 0.9λ and can be influenced by
the number of laser pulses applied.[25] High-spatial frequency
LIPSS (HSFL) with periods much shorter than λ are exclusively
observed when using ultrashort laser pulses. These ultrashort
pulse durations are typically below the specific electron–phonon
relaxation times of solids, which hinders significant heat dissi-
pation from the regions where energy deposition is produced
during irradiation.[4] Dzienny et al. reported that the nanorip-
ples obtained with nanosecond irradiation are shallow and
smooth in comparison with those formed with pico- and fem-
tosecond pulses, due to the melting and surface oxidation in
case of ns irradiation,[26] while Bashir et al. investigated the for-
mation of LIPSS on zirconium using laser pulses with dura-
tions ranging from 25 fs to 100 fs.[27] Keeping the number of
pulses and the pulse energy constant, LIPSS were better formed
for the shortest pulse duration of 25 fs. To our knowledge, the
behavior of LIPSS as a function of the sign of the pulse chirp
has only been reported once for the case of a ceramic material
by Kakehata et al.[28]

Other features of the pulse structure have also demonstrated
their influence on LIPSS. For example, different research groups
have investigated the effect of temporal delays in double-fs-pulse
sequences,[29–31] the energy distribution within pulses,[32] the
relevance of the polarization direction and the wavelength in
double-pulse sequences,[33] and even the application of more
than two pulses within each sequence.[34] Additionally, the role
of the repetition rate has also been examined for LIPSS formed in
silicon.[35,36] The behavior of LIPSS in polymers as a response to
the features of the ultrashort laser pulse train has only been
scarcely studied.

In this work, LIPSS have been generated on the surface of thin
films of poly(trimethylene terephthalate) (PTT) fabricated by spin
coating on silicon. Previous studies had shown the appearance of
LIPSS in this type of materials with femtosecond laser pulses
in the near-infrared region of the spectrum,[13,14]despite the

extremely low absorption of the polymer. The effects of repetition
rate and pulse duration have been explored, and an investigation
of the role of the sign of the group velocity dispersion, or pulse
chirp, has been undertaken. The effects of introducing these
changes in the nature of the laser pulse train on surface topog-
raphy are described and discussed, and as a result, the conditions
for optimum LIPSS formation have been identified.

2. Results and Discussion

Irradiation of the PTT samples with sequences of 5–20� 104 pulses
(with pulse energies in the region of 400–600 μJ, corresponding to a
fluence region of 20–40mJ cm�2) produced periodic surface struc-
tures along the direction parallel to the polarization axis of the laser
beam. A typical example of such structures can be seen in the
atomic force microscopy image shown in Figure 1a for the central
part of an irradiated region. As is typical of short pulse irradiation of
this type of material,[26] the surface also presents some granularity
in the direction perpendicular to the polarization direction, but no
periodicity is present along this dimension.

The analysis of the images was performed by averaging the
atomic force microscopy (AFM) height data across vertical lines
in a box of the image typically sized 6 μm (horizontally) by 1 μm
(vertically). Sinusoidal functions were used to fit the obtained
curves, with period and amplitude as free parameters. The pro-
cedure was repeated several times so that errors could be esti-
mated from statistical analysis. The study of the AFM images
yields depth profiles like that shown in Figure 1c. From the
fit of the parameters of a sine function to the experimental data,
values of the period and amplitude of the topographic structures
can be obtained. Measured periods are found to be slightly below
the radiation wavelength, as is expected from low-spatial fre-
quency LIPSS at normal incidence.[13] The modulation of the
depth is of the order of the sample thickness, indicating that
the process involves the whole polymer thin film. Figure 1b
shows the edge of the modified region in a similar situation.
It shows that the onset of the strong depth modulation is rather
sharp, taking place across a few hundred nanometers. Also, it
reveals that the process involves material reorganization, since
different parts of the newly generated surface lie both above
and below the untreated material. As has been observed previ-
ously,[37] self-standing films of this polymer do not show the
appearance of LIPSS under short-pulse near-infrared irradiation.
Therefore, the Si substrate on which the thin films are deposited
plays a crucial role in the formation of the structures.

2.1. Role of the Pulse Train Repetition Rate

The study of the role of repeated illumination was undertaken by
varying the repetition rate of the pulse train while keeping
the total number of pulses applied to a target region constant.
Thus, starting from a reference situation where each sample
region was irradiated at 1 kHz over a period of 10 s, the repetition
rate was reduced by factors of 2, 5, 10, 20, 50, 100, and 200,
obtaining frequencies of 500, 200, 100, 50, 20, 10, and 5Hz,
respectively, and exposure times were increased by the same fac-
tors so that all regions received a total of 10.000 laser shots.
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Figure 2 shows a selection of the topographies obtained with
this procedure. We observed that 1 kHz and 500Hz produced very
similar surface structures. However, further decreasing the repe-
tition rate to 200Hz or below, corresponding to interpulse delays
of 5ms or longer, was deleterious for the generation of periodic
structures. Instead, a granular structure was observed in these
cases. Only a selection of the images obtained for these lower rep-
etition rates are shown in the figure, since very similar results were
measured for repetition rates between 5 Hz and 200Hz.

These results show that the interpulse delay in the pulse train
is a crucial parameter for the formation of periodic structures.
They suggest that heat accumulation, which cannot happen if
the interpulse delay is long -i.e., if the repetition rate is low-
is essential for the formation of LIPSS. We find the transition
from the formation of LIPSS to their disappearance between
500Hz and 200Hz, that is, between 2 ms and 5ms interpulse
delay in this case. The value of the thermal diffusivity of PTT
is very low (1.2� 10�7 m2 s�1),[9] and that of the Si substrate
is moderately low too (9.97� 10�5 m2 s�1), which causes a very
slow cooling process after each laser shot. The one-dimensional
model applied in ref. [19] for a similar situation shows expected
temperature decay times compatible with the range of 10�3 s
found here for polymer layers of the order of 200 nm. For

PTT, interpulse delays shorter than 5ms are thus necessary
for the heat accumulation required to overcome the glass transi-
tion, allowing periodic material reorganization. It is conceivable
that this parameter shows a window effect, in that higher repeti-
tion rates, at the same pulse energy and number of pulses, may
cause a temperature increase so large that it may prevent the for-
mation of organized structures, but the limitations of the experi-
ment, where the maximum attainable repetition rate was 1 kHz,
did not allow this exploration. To our knowledge, no previous
work on the role of the repetition rate on LIPSS formed on poly-
meric materials exists. However, Mezera et al.[18] explored a
related parameter: the role of the bulk polymer temperature.
Their observation showed that preheating the polymer reduced
the required laser fluence for the formation of LIPSS, and this
was interpreted through the idea that, in a preheated polymer,
less energy deposited by the laser is required to reach the glass
transition temperature. This is applicable to the situation
described here where higher temperatures are only attained
through higher repetition rates, i.e., shorter interpulse delays that
do not allow for sufficient cooling time.

In non-polymeric materials, the laser pulse train repetition
rate was extensively studied in relation to LIPSS by the group
of Amoruso and co-workers for the case of silicon.[36] A relevant

Figure 1. LIPSS formed on the surface of PTT upon fs laser irradiation. The double arrow indicates the polarization direction of the laser. a) AFM image of
zone irradiated with 10.000, 600 uJ pulses at 800 nm central wavelength, 1 kHz repetition rate. b) AFM image of the edge of a zone irradiated with 20.000,
460 uJ pulses at 800 nm central wavelength, 1 kHz repetition rate. c,d) Profiles of the surfaces obtained upon integration across the direction parallel to
the laser polarization in the boxes indicated with a dashed yellow line on (a) and (b), respectively. The grey dots are the values obtained from the
measurement; the blue line corresponds to a fit to a sine function.
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finding in those works was the deleterious role of plasma shield-
ing when high repetition rate trains were employed in air, which
set a maximum repetition rate of 10 kHz for successful LIPSS
generation. In the experiment described in this work, the repeti-
tion rates have always been kept below 10 kHz, but even if higher
rates had been used, we do not believe that plasma shielding
would play an important role, since our processing conditions
take place well below the ablation threshold, as opposed to the
works by Amoruso et al.

2.2. The Role of the Pulse Duration and Chirp

The second type of experiment that was undertaken to under-
stand the role of the details of the irradiation field on the gener-
ated surface patterns was the introduction of nonzero group
velocity dispersion in the laser pulses and the observation of the
resulting surface modification. Introduction of chirp was done by
de-optimizing the distance between the diffraction gratings in
the compressor of the laser after amplification as is explained

Figure 2. AFM images of PTT irradiated with 10.000 laser shots at single pulse energies of 520 μJ. The four images correspond to different repetition rates
and exposure times, as follows: a) 1 kHz, 10 s exposure; b) 500 Hz, 20 s exposure; c) 200Hz, 50 s exposure; d) 10 Hz, 1000 s exposure.

Figure 3. AFM images of irradiated PTT with trains of 10.000 NIR pulses at 1 kHz repetition rate and 600 μJ single pulse energy, for a range of pulse
durations obtained by introducing either positive or negative chirp. a) Transform-limited pulses of 50 fs duration; b–d) Pulses with positive chirp, with a
duration of 100, 200 and 350 fs, respectively; e–g) Pulses with negative chirp, with a duration of 100, 200 and 350 fs, respectively.
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in the experimental section, producing up-chirped or down-
chirped pulses depending on whether the grating distance is
made longer or shorter than optimum. In this way, pulses with
durations of 100, 200, and 350 fs were synthesized and diag-
nosed, both with up-chirp and down-chirp.

The results of applying sequences of these chirped pulses on
the PTT surface are shown in Figure 3. In all cases, sequences of
10.000 pulses at 1 kHz repetition rate and with pulse energies of
600 μJ were applied. As can be appreciated, periodic structures were
generated on the sample surface for the transform-limited pulse
and for pulses that were temporally stretched up to the value of
200 fs. Beyond this pulse duration, even though roughness appears
on the surface, no clear periodicity can be detected. For each given
pulse duration, the structures appear similar for up-chirp compared
to down-chirp. Separate experiments were conducted for different
total irradiation times, with similar results. Also, the observations in
further experiments conducted at lower pulse energies (520 μJ)
were also compatible with those described here.

In order to quantify the observed changes, the periods and
amplitudes of the structures generated for each of the pulse dura-
tions employed, both with positive and negative chirp, and for
different values of the total exposure time, have been analyzed
and are shown in Figure 4. The graph has included data for
50, 100, and 200 fs pulses, since those of 350 fs duration do
not produce structures with sufficient order to be analyzed. In
all cases, data for negatively chirped pulses are shown with solid
symbols and data for positively chirped pulses, with open sym-
bols. Total exposure times are indicated in the figure. It can be
seen that both periods and amplitudes of the structures gener-
ated in the different conditions are compatible with the error
bars. Therefore, a value of the average period and amplitude
has been obtained and plotted on the figure, with an indication
of the standard deviation with a shaded-grey area. The period
measured from this global average has a value of 750� 35 nm,
whereas the obtained amplitude is 195� 40 nm, from which we
can note that the determination of the period is significantly
more precise than the determination of the amplitude of the sur-
face structure. The scatter of the data with respect to the central
value is higher for the longer, 200 fs pulses, probably revealing
the progressive loss of order as the pulse length is increased.

The loss of order of generated LIPSS as the pulse duration is
increased in the tens-to-hundreds of femtoseconds range was
reported previously by Bashir et al. in experiments in zirconium
immersed in a liquid,[27] and also on Zn in air and ethanol,[38]

with results that indicate best response of the nanostructure for-
mation with shorter, and thus more intense pulses, in the same
direction that we have found in this work for the polymeric mate-
rial deposited on Si.

As mentioned previously, the Si substrate plays a crucial role
in the formation of the LIPSS in the polymer, and the observation
of a quasi-constant LIPSS amplitude is an indication that LIPSS
are only observed when the whole thin film is involved in mate-
rial reorganization. Further, in a separate set of experiments, it
was observed that self-standing PTT films do not show LIPSS
under similar irradiation conditions.[37] We believe that the for-
mation of LIPSS in thin films of PTT on silicon may be related to
the coupling of the laser light with surface plasmon polaritons
(SPPs) expected to appear at the interface between the dielectric
polymer and the substrate. The role of SPPs in the formation

of LIPSS in thin polymeric films was explored in[23] for the case
of gold substrates. The authors concluded that the generation of
SPPs on the polymer/Au interface giving rise to a periodical field
pattern on the surface of the thin film caused an inhomogeneous
temperature rise on the surface of the sample and constituted the
main mechanism underlying the formation of LIPSS in these
systems. Although SPPs are primarily described at metal/dielec-
tric interfaces,[39] they may appear in a dielectric/Si interface due
to metallization of the character of the Si substrate, as was dis-
cussed by Nürnberger et al.[40] for the case of layers of SiO2 on Si.
It is important to note, however, that if interference with the
SPPs was directly imprinted on the polymeric layer, then it would
be expected that the direction of the ripples would be perpendic-
ular to the laser polarization axis, as was indeed observed in the
SiO2/Si work.

[40] Instead, the fact that the ripples observed in the
PTT film are parallel to the laser polarization points to a less
direct mechanism causing temperature modulation on the film
due to substrate excitation.

Figure 4. Periods a) and amplitudes b) of the LIPSS formed on PTT with
either negatively chirped pulses (solid symbols) or positively chirped
pulses (open symbols). The labels beside the symbols indicate exposure
time, where 20, 10, and 5 s are indicated with squares, circles and trian-
gles, respectively. The dotted horizontal line on each graph indicates the
average of all measurements, with shadowed area showing one standard
deviation.
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The introduction of chirp in the individual laser pulses,
with the subsequent stretch in pulse duration, despite maintain-
ing the laser fluence constant, causes a decrease in the peak laser
intensity. The observation that ordered LIPSS disappear for these
longer pulses suggests that nonlinear effects play a role. One pos-
sibility is that, for longer pulses, the sample does not reach a tem-
perature that is high enough for material reorganization.
However, the high induced roughness seems to indicate other-
wise, so we believe that the loss of order is rather related to the
dispersion in the periods, which would prevent the emergence of
a periodic structure.

Regarding the influence of the sign of the GVD, or pulse
chirp, we have found scarce information in the literature,[28]

and none concerning polymers. In the article by Kakehata et al.,
describing laser processing of a ceramic material, the authors
report a significantly varying LIPSS period with pulse duration,
which is in contrast to the present work for the PTT polymer.
However, their findings are not dependent on the sign
of the chirp, as was observed for the case described in the present
work.

3. Conclusion

LIPSS have been successfully generated on the surface of thin
films of PTT fabricated by spin coating on Si through near-
infrared irradiation with trains of ultrashort laser pulses.
Ripples with spatial periods slightly below the laser wavelength,
and depth close to the full film thickness have been fabricated in
a single-pulse fluence range of 20–40mJ cm�2 after the applica-
tion of several thousand pulses. It has been concluded that in
these conditions the Si substrate plays a crucial role in the for-
mation of the ripples. The study of the features of the structures
as a function of the pulse train repetition rate has revealed that
trains with a temporal spacing longer than 2ms are not adequate
for the generation of the periodic structures, which has been
ascribed to the absence of heat accumulation effects necessary
to allow for material reorganization. A study of the effect of pulse
duration revealed that the structures present optimum contrast
and regularity for the shortest 50 fs pulses used, and also for
moderately stretched pulses to 100 fs pulse width. Further
stretching of the pulses gave rise to less regular structures, until
for pulses beyond 300 fs periodic ripples were no longer visible.
No differences in the generated LIPSS could be observed for a
given pulse duration for different signs of the group velocity dis-
persion in the pulse.

4. Experimental Section
PTT was synthesized by polycondensation as previously described.[41]

Molecular weight, determined by size exclusion chromatography (SEC), is
Mn= 31 294 gmol�1, with a polydispersity of Mw/Mn= 2.22. PTT is a
semicrystalline polymer, with a melting temperature Tm= 229 °C. It can
be quenched from the molten state to render a fully amorphous state with
a glass transition temperature Tg= 44 °C, as determined by calorimetry.

Polymer thin films were prepared by spin coating on silicon wafers
(100) obtained from Wafer World Inc., which were polished on both sur-
faces. Before deposition, the substrates were cleaned in an ultrasonic bath
with acetone and isopropanol. PTT was dissolved in trifluoroacetic acid
(Sigma-Aldrich, reagent ≥98%) at a concentration of 15 g L�1 for 2 h at

room temperature. For thin film preparation, 0.2 mL of the polymer solu-
tion was dropped onto a square silicon substrate, typically measuring
2� 2 cm2. Immediately thereafter, the samples were spun for 2 min at
2400 rpm using a Laurell WS-650 series spin controller. These conditions
yield spin-coated polymer films with a thickness of approximately
150 nm and an average surface roughness (Ra) of about 1 nm, as mea-
sured by AFM.

The light source for irradiation was a chirped pulsed amplified Ti: sap-
phire laser delivering 800 nm, 3mJ, 50 fs linearly polarized pulses at a max-
imum repetition rate of 1 kHz. For this experiment, a maximum pulse
energy of 600 μJ was employed, controlled by the combination of a
half-wave plate and a polarizer. A 15 cm focal length spherical lens was
installed in this near-infrared beam and the sample plane was situated
4 cm in front of the focal plane in such a way that the dimensions of
the irradiation area were 2.4 mm� 1.8 mm (1 e�2 diameter). Normal inci-
dence was used in all cases. In this position, the maximum peak fluence on
the sample was �35mJ cm�2. The typical number of laser pulses applied
to the same sample position was of the order of 104. The repetition rate of
the laser pulse train could be varied by adequately timing the output
Pockels cell in the laser amplifier. For experiments requiring the use of
temporally stretched pulses, the distance between the two diffraction gra-
tings in the laser compressor was de-optimized, and thus pulses with pos-
itive or negative chirp could be obtained. The resulting time duration was
monitored with a single-shot autocorrelator.

Surface topography was characterized by AFM in tapping mode.
Measurements were done with an AFM Multimode 8 (Bruker®) with
the controller Nanoscope V (Bruker®) and analysis was carried out using
Nanoscope Analysis 1.9 software (Bruker®). For these measurements,
silicon tips NSG30 (NT-MDT) with a curvature radius of�6 nm, a nominal
resonant frequency of 320 kHz, and a typical spring constant of 40 Nm�1,
were used.
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