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The formation of Laser Induced Periodic Surface Structures (LIPSS) on model spin-coated 

polymer films has been followed in situ by Grazing Incidence Small Angle X-ray Scattering 

(GISAXS) using synchrotron radiation. The samples were irradiated at different repetition rates 

ranging from 1 up to 10 Hz by using the 4th harmonic of a Nd:YAG laser (266 nm) with pulses 

of 8 ns. Simultaneously GISAXS patterns were acquired during laser irradiation. The variation of 

both the GISAXS signal with the number of pulses and the LIPSS period with laser irradiation 

time is revealing key kinetic aspects of the nanostructure formation process. By considering 
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LIPSS as one-dimensional paracrystalline lattice and using a correlation found between the 

paracrystalline disorder parameter, g, and the number of reflections observed in the GISAXS 

patterns, the variation of the structural order of LIPSS can be assessed. The role of the laser 

repetition rate in the nanostructure formation has been clarified. For high pulse repetition rates 

(i.e. 10 Hz), LIPSS evolve in time to reach the expected period matching the wavelength of the 

irradiating laser. For lower pulse repetition rates LIPSS formation is less effective and the period 

of the ripples never reaches the wavelength value. Results support and provide information on 

the existence of a feedback mechanism for LIPSS formation in polymer films. 

1. INTRODUCTION 

The surface properties of polymers can be of crucial importance in order to provide certain 

functionalities. In particular, the controlled micro- and nanostructuring of polymer surfaces is a 

useful approach aiming to create functional substrates. Different techniques such as those based 

on solution flow and evaporation, low energy ion beam erosion and advanced lithography have 

been proposed in order to produce superficial nanostructures on polymers.
1-7

 A current trend 

however is looking for alternative processes to lithography aiming to avoid the necessity of 

demanding experimental conditions, like clean rooms, high vacuum or complex mask fabrication 

among others. Formation of laser induced periodic surface structures (LIPSS) has been observed 

on the surface of different materials, such as metals, semiconductors and dielectrics upon 

irradiation with lasers at different wavelengths from ultraviolet to infrared and with different 

pulse durations from nanoseconds to femtoseconds. 
8-13

 In the case of polymers, irradiation with 

a linearly polarized laser beam induces self-organized ripple structure formation within a narrow 

fluence range well below the ablation threshold.
14-18

 LIPPS can be prepared in both spin-coated 

and free standing polymer films.
19

 This fact makes LIPSS a potential method to obtain large 
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surface area and good quality samples. The advantage of using laser based methods can be two-

fold. In the first place, the increased flexibility, since the periodicity of the structures can be 

tuned by the laser wavelength. In the second place, lasers treatment can easily be extended to 

large surface. An example of these structures is shown in Figure 1 for a thin film of 

poly(trimethylene terephthalate) (PTT) where LIPSS are parallel to the laser polarization vector.  

 

Figure 1. AFM height images (2 × 2 μm
2
) clockwise represented as a function of repetition rate 

for irradiation with a linearly polarized beam at 266 nm using 1000 pulses and 7 mJ/cm
2
. The 

height profile along a 2 μm line perpendicular to the ripples is shown below every image. 

 

The period of the ripples L produced by a laser beam of wavelength , reaching the surface of 

a material of refraction index n, at an incidence angle  respect to the surface normal, can be 

described by the relation L=/(n-sin). LIPSS are formed on the material surface as a result of 

the interference between the incoming and the surface-scattered waves, in such a way that an 

inhomogeneous intensity distribution, together with a feedback mechanism, results in the 
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enhancement of the modulation depth.
20, 21

 Recently, it has been proposed
15

 that for obtaining 

LIPSS it is important that the polymer absorbs efficiently at the laser wavelength used for 

irradiation. LIPSS formation in polymer substrates upon irradiation with nanosecond pulses is 

mediated by heating of the polymer surface. The formation of LIPSS in general requires that the 

polymer segments reach enough mobility to be able to rearrange. This can happen above the 

glass transition, if the polymer is amorphous or above the melting point if the polymer is 

semicrystalline. Heating provides enough polymer chain mobility to rearrange the material in the 

surface giving rise to the superficial height modulation.
15, 22, 23

 However, the whole mechanism 

responsible for LIPSS formation is still not completely understood in polymers. 

Structural characterization of nanopatterned surfaces is commonly undertaken by microscopy 

techniques like scanning electron microscopy (SEM) and atomic force microscopy (AFM).
24, 25

 

The visualization of nanostructures in real space is advantageous since it allows direct 

assessment of pattern morphology. However, quite frequently microscopies allow visualization 

restricted to small and superficial areas of the sample. Moreover, these techniques become 

unpractical upon dealing with evaluation of fast processes in real time. For these cases, the use of 

X-ray scattering techniques with synchrotron radiation can be very useful as they allow obtaining 

reciprocal space structural information in the millisecond time range.
26

 In order to perform X-ray 

scattering on surface nanostructures it is very convenient to work under total X-ray reflection 

conditions.
27-30

 The X-ray pattern provides statistical information integrated over a large sample 

area covered by the footprint of the incident beam on the material surface. Therefore, the 

scattering pattern can deliver structural information averaged over an area of several hundreds of 

microns. Previous studies on the evolution with time/number of laser pulses of LIPSS have been 

carried out by irradiating a given sample with a certain number of pulses and by performing the 
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structural characterization ex-situ.
15, 18, 22

 This procedure limits the amount of samples and rules 

out in situ analysis and the investigation of laser irradiation at high repetition rate. 

In this work we have accomplished in situ characterization of LIPSS formation on the surface 

of a model polymer film by using Grazing Incidence Small Angle X-ray Scattering (GISAXS) 

with synchrotron radiation. By this novel approach the characterization of the nanostructure 

formation process has been possible for a laser pulse repetition rate up to 10 Hz. Additionally, 

the role of pulse repetition rate on LIPSS formation has been studied, since the time elapsed 

between consecutive pulses may have an influence on the effective nanostructure formation 

process. 

2. EXPERIMENTAL  

2.1. Materials and samples preparation 

The model polymer used was poly(trimethylene terephthalate) (PTT) which is a linear 

aromatic polyester based on the terephthalic acid, as some others like poly(ethylene 

terephthalate) (PET) and poly(butylene terephthalate) (PBT). PTT was synthesized by 

polycondensation as previously described,
31

 yielding a number molecular weight of Mn = 31294 

g/mol and a polydispersity of Mw/Mn = 2.22, as determined by size exclusion chromatography. 

PTT is a semicrystalline polymer, with a melting temperature of Tm = 229 °C and a glass 

transition temperature, determined by calorimetry,
32

 of Tg = 44 °C. Polymer thin films were 

prepared by spin-coating on silicon wafers (100) (Wafer World Inc.) polished on one side. The 

wafers were previously cleaned with acetone and isopropanol. PTT was solved in trifluoroacetic 

acid (Sigma-Aldrich, reagent grade ≥ 98%) with a concentration of 20 g/L. A fixed amount of 

0.1 mL of polymer solution was instantly dropped by a syringe on a square (typically 2×2 cm
2
) 

silicon substrate placed in the center of a rotating metallic horizontal plate. A rotation speed of 
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2380 rpm was kept during 30 s. Spin-coated polymer films with a thickness of about 157±24 nm 

and extremely flat surface (mean surface roughness Ra ≤1 nm), as measured by AFM, are 

typically obtained under these conditions
22

.    

2.2. Simultaneous GISAXS-LIPSS experimental set-up 

For LIPSS formation on the polymer spin-coated films we used the linearly polarized laser 

beam of a Q-switched Nd:YAG laser (Lotis TII LS-2131M) with pulses of 8 ns at repetition rates 

in the 1-10 Hz range. The fourth harmonic at 266 nm was used as this laser wavelength falls into 

the absorption band of PTT, being its linear absorption coefficient
22

 α266 = 26·10
3
 cm

-1 
. The 

monitoring of LIPSS formation in situ was carried out by using synchrotron radiation at the 

DUBBLE beamline
33

 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). 

GISAXS patterns were acquired while simultaneous laser irradiation on the sample was taking 

place. A scheme of the set-up is shown in Figure 2. 

 

Figure 2. Scheme of the experimental set-up for in situ monitoring of LIPSS formation by 

GISAXS. The laser beam (blue dashed line) is directed by a collection of three dichroic mirrors 

(DM) to the sample surface so that it impinges vertically on the sample at normal incidence. The 
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laser beam size is controlled by an iris (I) and its intensity by a variable attenuator (VA). The X-

ray beam (black line) reaches the sample which is positioned in grazing incidence conditions
22, 

34
. The scattering plane, containing both the direct and the specular beams intersects the detector 

plane along the meridian, m-m line, of the GISAXS pattern. The horizon, h-h line, is the 

intersection between the sample plane and the plane of the detector. 

 

The sample is mounted horizontally and parallel to the X-ray beam in a grazing incidence 

geometry
22, 34

. A precise alignment of the laser beam is required in order to reach the sample 

surface perpendicularly. Furthermore, the laser polarization vector, which determines the axis of 

the ripples, must be parallel to the X-ray beam direction, since LIPSS are formed parallel to the 

laser polarization direction. The use in our case of three dichroic mirrors for control of the laser 

beam direction facilitates this condition. A laser fluence of 7 mJ/cm
2
 was used for all the 

experiments which were carried out at four different repetition rates of 1, 2, 5, and 10 Hz. For the 

sake of comparison, all the samples were irradiated with 2000 pulses. A laser irradiated area of 5 

mm diameter was selected with an iris placed in front of the sample. For the GISAXS 

measurements an X-ray wavelength λ= 0.124 nm and a beam size (HxV) of 1.1x0.5 mm
2
 were 

used. Spatial overlap between the laser and X-ray beams was achieved in such a way that the 

central part of the laser irradiated spot was completely covered by the footprint of the X-ray 

beam. The GISAXS patterns were recorded by a Pilatus detector (981x1043 pixels, 172.0 µm 

pixel size) which was located at 3.949 m from the sample position. The sample was aligned with 

its surface horizontal and parallel to the X-ray beam and at a height which intercepted half of the 

beam intensity. Then, for the GISAXS measurements, the sample was rotated in order to reach 

an incidence angle between the sample surface and the beam of αi = 0.4º. GISAXS patterns show 
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the scattering intensity collected by the detector above the horizon line (exit angle α = 0º) which 

corresponds to the intersection of the sample plane with the detector plane. A vertical plane 

(known as the scattering plane) is defined by both the incident and reflected beams which 

intersects the detector along the meridian, m-m line (ω = 0º). Thus, each point (y, z) of the pattern 

is defined by the angular coordinates (ω, α) or by means of the corresponding components (qy, 

qz) of the reciprocal scattering vector q. The angular and reciprocal coordinates are related by the 

expressions
35

 qy = (2π/λ)sinωcosα  and qz = (2π/λ)(sinαi + sin α), where λ is the X-ray 

wavelength.  

In order to follow LIPSS formation in situ, both laser irradiation and GISAXS acquisition were 

simultaneously activated. Acquisition time for the GISAXS patterns for laser irradiation at 1, 2 

and 5 Hz was 5 s while 3 s was selected for the first seven patterns for the faster repetition rate of 

10 Hz. GISAXS patterns were analyzed by the Fit2D software.
36

  

3. RESULTS  

A representative example of the in situ monitoring of LIPSS formation upon laser irradiation is 

shown in Figure 3 for a laser repetition rate of 5 Hz. This figure shows a sequence of GISAXS 

patterns during irradiation of a PTT film as a function of both the number of pulses and the 

corresponding real experimental time. The first pattern taken after laser irradiation with 25 pulses 

(5 s) is still the characteristic one for a spin-coated film in absence of relevant structure in the 

angular range investigated
37

. After irradiation with 200 pulses (40 s), the GISAXS pattern starts 

exhibiting clear vertical diffraction maxima. For higher number of pulses the vertical diffraction 

maxima increase both in number and in intensity. 
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Figure 3. Sequence of GISAXS patterns acquired in situ as a function of both time and number 

of pulses for a PTT film laser irradiated with a laser repetition rate of 5 Hz. 

 

The influence of the laser repetition rate on LIPSS formation is illustrated in Figure 4 where 

selected GISAXS patterns corresponding to irradiation with 1000 laser pulses are shown. A first 

look of the patterns of Figure 4 reveals that the separation of the vertical diffraction maxima is 

similar for the three lower repetition rates used (1, 2 and 5 Hz) and larger than that observed for 

10 Hz. The morphology as revealed by AFM of the films with LIPSS corresponding to these 

patterns, is shown in Figure 1. 
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Figure 4. GISAXS patterns clockwise represented as a function of increasing laser repetition rate 

for the same number of 1000 laser pulses. The red horizontal box on the pattern at 10 Hz 

indicates the region where vertically integrated intensity profiles were taken.  

 

From the GISAXS patterns we have extracted horizontal intensity profiles along w for constant 

a values. These were obtained by vertical integration of a horizontal strip (11 pixel high) as the 

one shown in Figure 4 around the maximum of intensity of the vertical diffraction maxima (α ≈ 

0.15º). This angular region corresponds to the Yoneda peak, which is related to the critical angle 

of polymers for the X-rays
38

. The intensity profiles for a repetition rate of 2 Hz are shown in 

Figure 5a as a function of w. These data are qualitatively similar to those obtained for 1 and 5 

Hz. Figure 5b shows the corresponding intensity profiles for the sample irradiated at 10 Hz. 
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Figure 5. Selected GISAXS intensity profiles in logarithmic scale for laser irradiation at 

repetition rates of (a) 2 Hz and (b) 10 Hz. The labels indicate the experimental real time at which 

the patterns were acquired. Curves for 2 Hz are shifted vertically by a half decade for clarity. 

 

The period of the LIPSS can be derived from the lateral position of the first maxima, that is the 

nearest one to w=0º (qy = 0 nm
-1

), using the expression: L = 2π/qy
max

. The outer maxima are 

consecutive orders of the first one.
22

 By comparing the intensity profiles for the samples 

irradiated at 2 and at 10 Hz, it is clear that a larger period is obtained for the sample irradiated at 

10 Hz. This is corroborated by the analysis of the AFM images shown in Figure 1. Figure 6a 
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presents the variation of the period extracted from the GISAXS analysis with the laser irradiation 

time for the samples irradiated at different repetition rates. 

 

Figure 6. (a) Time dependence of the period of LIPSS developed on PTT films upon laser 

irradiation at different laser repetition rates as indicated. (b) Time dependence of the GISAXS 

intensity profiles (for the ω interval from -0.4º to + 0.4º), in logarithmic scale, at different 

repetition rates. The inset shows the half time (■) and induction time (□) for LIPSS formation. 

 

For the sample irradiated at 10 Hz the period increases with the number of pulses from a value 

around 220 nm and reaches a plateau with a value close to the laser wavelength (266 nm). For 

irradiation at lower repetition rates 1, 2 and 5 Hz, the period remains practically constant 

independently of the number of pulses. In this range, the period is significantly smaller than the 
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wavelength of the laser. This observation is in good agreement with the period derived from 

analysis of the AFM images shown in Figure1 which yields values of 188±10, 188±8, 201±11 

and 259±8 nm for 1, 2, 5 and 10 Hz respectively. In all the cases, the period obtained from 

GISAXS measurements is smaller than that derived from AFM analysis, as previously 

observed
15, 22

 although a good agreement within ∼20% is obtained between both period values. It 

is known that for nonhomogeneous systems the comparison between AFM Fourier transformed 

images, which produce essentially a two-dimensional power spectral density function, and 

diffraction patterns can exhibit slight mismatches
39

 since GISAXS averages over a sample 

volume usually larger than that visualized by AFM. 

In order to compare the evolution with time of LIPSS formation for the different repetition 

rates, in Figure 6b we have represented the total integrated intensity of the scattering profiles, 

like those shown in Figure 5, as a function of irradiation time. For the sake of comparison we 

have subtracted the integrated intensity of the intensity profile corresponding to the first 

GISAXS pattern for each experiment. Figure 6b shows that for all the investigated repetition 

rates there is an initial time regime in which the logarithm of the integrated intensity rapidly 

increases followed by a second regime where it tends to stabilize. The initial regime is faster for 

a higher repetition rate. From these data it is possible to estimate the half time for LIPSS 

development, defined as the time at which half of the maximum intensity is reached. The inset in 

Figure 6b shows that the half time for LIPSS formation decreases logarithmically with the 

repetition rate. Moreover, from the analysis of the GISAXS patterns we can infer an induction 

time for LIPSS formation, defined as the first time at which the first scattering vertical maxima 

start to be detected. These data have been also included in the inset of Figure 6b. As one sees, 

induction times exhibit similar repetition rate dependence as that of the development half times.  
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4. DISCUSSION 

4.1. Order development in LIPSS 

As mentioned above, the number of vertical maxima present in the GISAXS patterns increases 

with the time of laser irradiation (Figure 3). In addition, the number of vertical maxima observed 

in a GISAXS pattern depends on the laser repetition rate for a similar number of pulses applied 

(Figure 4). The correlation between the number of reflections/peaks related to a given periodicity 

and the perfection of the lattice along such a periodicity is well known in crystallography
40

. In 

previous studies we showed that the GISAXS patterns obtained for LIPSS fabricated in polymer 

films can be understood by considering that the ripples constitute a one-dimensional 

paracrystalline lattice,
15, 22, 41

 where the long range order disappears gradually in a probabilistic 

way.
27, 42-44

 The probability of finding a particle at a periodic distance L is defined by the 

Gaussian function p(x): 
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As the paracrystalline disorder parameter
43

 g= /L increases, the structural disorder of the 

lattice increases, while for very small g values a 1D crystalline lattice is obtained. By using 

modelling tools it is possible to derive the g value. Here, we have used the IsGISAXS
45

 software 

to generate the intensity profiles corresponding to theoretical one-dimensional lattices of known 

period, L, constituted by a series of elongated boxes as the scatterer motives. This model has 

been previously applied to LIPSS in films of different polymers including PTT.
15, 22, 41

 In this 

way we can generate different GISAXS patterns, that can be compared to those obtained 

experimentally, by changing the value of the paracrystallinity parameter g. As an example, 

Figure 7 shows a series of horizontal intensity profiles of different GISAXS patterns obtained by 

varying the g value for a one dimensional paracrystalline lattice with a period L = 250 nm 
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containing the same motive, a box of dimensions 2R = 100 nm; H/R = 0.3; W/R= 10, where 2R, 

H, and W denote the width, the height, and the length of the box respectively. 

 

Figure 7. Intensity profiles from simulated GISAXS patterns with different paracrystalline 

parameter g values: 4 % (black), 10 % (red), and 20 % (green). The lattice period L= 250 nm, 

and the box motive has the dimensions: 2R = 100 nm, H/R = 0.3 and W/R= 10 where 2R, H, and 

W denote the width, the height, and the length of the box respectively. The position of the first 

maximum associated to the structure factor and that of some consecutive orders are also labelled 

inside the graphic. Intensity profiles are vertically shifted by a decade for the sake of clarity. 

 

In the intensity profiles one can distinguish two different types of maxima. The sharper ones 

are associated to the lattice structure factor while the rounded ones are attributed to the form 

factor of the scatterer.
41

 The maxima associated to the structure factor can be easily 

distinguished. It is observed that the number of peaks related to the structure factor decreases 

when the g parameter increases. On the other hand, the position of the first minimum of intensity 

is related to the box width (100 nm). For this particular lattice the first minimum appears at 2.5 

times the position of the first peak since L/2R = 2.5. Then the 5
th
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the second minimum of intensity. Thus, for g = 4% the number of structure peaks can be 

estimated as being between 8 or 9 (black curve in Figure 7). For g = 10 % the number of peaks is 

between 3 and 4 (red curve) while for g = 20 % only the first peak would be observed (green 

curve). Figure 8 shows the correlation between the paracrystalline disorder parameter g and the 

number of peaks related to the structure factor for a series of lattices with the same box 

dimensions and different periods. For simulation, X-ray beam was considered parallel to the 

main box axis. It is observed that variation of the height of the box, H, does not significantly 

modify the shown trend. 

 

Figure 8. Correlation between the paracrystalline disorder parameter g and the number of 

structure factor maxima corresponding to the horizontal intensity profiles derived from simulated 

GISAXS patterns for 1D-paracrystalline lattices of different period, 300 nm (•), 250 nm (○) and 

200 nm (∆).The scatterer motive is in all cases an elongated box of 100 nm width (2R) with H/R 

= 0.3 and W/R = 10 being H and W the height and length of the box, respectively. 

 

The results shown in Figure 8 indicate a hyperbolic correlation between the paracrystalline 

disorder parameter g and the number of maxima associated to the structure factor. Thus, in a first 
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approach it looks reasonable to use the correlation found in Figure 8 to experimentally derive the 

g parameter from the number of vertical diffraction maxima observed in each GISAXS pattern 

acquired in the present experiments. The variation of the paracrystalline disorder parameter with 

the laser irradiation time is presented in Figure 9 for the different repetition rates used. 

 

Figure 9. Paracrystalline disorder parameter, g, estimated by means of the correlation found in 

plot of Figure 8, from the number of vertical diffraction maxima observed in the GISAXS 

patterns as a function of the laser irradiation time for different repetition rates. The continuous 

lines are a guide for the eye. 

 

According to the results of Figure 9, an initial decrease of g is observed for all the repetition 

rates investigated. This reveals a progressive order improvement of LIPSS as the number of 

pulses applied to the polymer film increases. The improvement is clearly dependent on the laser 

repetition rate, being 10 Hz the one which renders the more perfect structure in terms of 

paracrystalline order. For 10 and 5 Hz the curves show a minimum. This would indicate that 

after the minimum further laser irradiation induces the deterioration of the ripples. For 1 and 2 

Hz the g parameter seems to reach a plateau after an irradiation time corresponding to about 
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1000 pulses. Taking into account the results presented above we can say that the induced 

structural order on the surface of spin-coated polymer film by laser irradiation is strongly 

dependent on the laser repetition rate applied. The scattered intensity of the GISAXS patterns is 

related to the evolution of the nanostructure formation on the polymer film. The main structural 

feature is the formation of ripples as illustrated in Figure 1. In this figure it is observed that the 

height profiles clearly depend on the laser repetition rate. That means a very different 

corrugation of the samples which is maximum for 10 Hz. The corrugation on the polymer surface 

is equivalent to an electronic density contrast which is responsible for the scattered intensity 

observed on the GISAXS patterns.
46

 On the one hand, when the electronic contrast is periodic 

like in LIPSS morphology several periodic scattering maxima are observed. On the other hand, 

the non-periodic electronic contrast would contribute to a continuous scattering. The latter 

contribution is particularly evident in the plots depicted in Figure 5b  

4.2. Mechanism of LIPSS formation 

Our results of in situ monitoring of LIPSS formation show that the dynamics of nanostructure 

formation is dependent on the laser repetition rate in the range 1-10 Hz, as reflected by the trend 

observed for the half time and the induction time (inset of Figure 6b). In addition, the final 

values of the LIPSS periods are observed to be a function of the laser repetition rate (Figure 6a). 

These differences must be related to the mechanisms underlying LIPSS formation. It is 

commonly accepted that interference between the incident laser beam and the surface-scattered 

wave plays an important role in LIPSS formation.
20,21

 In this case, the irradiated surface scatters 

the incident beam which interferes with the surface wave resulting in a modulated distribution of 

the energy on the surface.
47

 Additionally, a feedback mechanism has been proposed to be 

involved, and LIPSS become fully developed only after a sufficient number of laser pulses have 
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been applied to the polymer surface.
15, 48-50

 However no information is available on the kinetics 

of LIPSS formation and the influence of pulse repetition rate has not been previously assessed in 

detail.  

In principle one can consider the surface of a spin-coated polymer thin film at room 

temperature as having a profile randomly decorated with height variations caused by quenched, 

frozen-in, thermally excited capillary waves.
51, 52

 These random height variations can be 

envisioned as the superposition of many different Fourier components with different spatial 

periods.
47, 53

 In this case the roughness, , is given by:
53

 

𝜎 = √𝜎0
2 +

𝑘𝑇

2𝜋𝛾
ln(

𝑙𝑙

𝑙𝑠
)           (eq.2) 

where o is the molecular roughness,  is the surface tension, and ls and ll are, respectively, the 

shortest and longest wavelength of capillary waves that can be sustained at the liquid–vapor 

interface. The shortest wavelength is of the order of the distance between the atoms or 

molecules in the liquid and the longest is limited by the attractive interaction with the underlying 

substrate
53

. Due to the fact that in our case the PTT film at room temperature is below the glass 

transition temperature Tg (44 ºC), the film roughness is then dictated by the complex mechanism 

of solidification of the liquid solution during spin-coating.
54

  

For polymer films in general, and for PTT in particular, it has been proposed that laser 

irradiation causes heating of the upper layer of the polymeric film.
15, 21, 22

 The corresponding 

temperature increase can be estimated by solving the one-dimensional heat conduction equation, 

as previously reported.
15,22

 For PTT, upon irradiation with a single nanosecond pulse at 

irradiation fluences above 4 mJ/cm
2
, the temperature increases above Tg reaching values of 

around 87 and 203 °C for fluences of 5 and 14 mJ/cm
2
 respectively.

22
 Laser heating induces the 

transformation of the polymer from a glassy to a viscoelastic liquid state and therefore allows 
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polymer segmental and chain dynamics. According to eq. 2, the increase of temperature leads to 

an increase of surface roughness caused by capillary waves
53

. After laser induced local heating 

the polymer material cools down to its initial surface temperature. Surface inhomogeneities are 

expected to be enhanced as the next pulse would find a rougher surface thus facilitating the 

feedback mechanism. The time interval between successive pulses is 1, 0.5, 0.2 and 0.1 s for 

repetition rates of 1, 2, 5 and 10 Hz respectively. In our case, in situ monitoring of LIPSS 

formation by GISAXS serves to study the influence of time separation between successive laser 

pulses on both the period of the nanostructures and on the irradiation time (i.e., number of 

pulses) needed for LIPSS formation. The results show that for the repetition rates of 1, 2 and 5 

Hz, the LIPSS period shows no significant changes with irradiation time (Figure 6a) for the 

number of pulses used in these experiments (up to 2000). However, for the highest repetition rate 

investigated, 10 Hz, a clear evolution of the LIPSS period is observed as it increases with 

irradiation time until a plateau is reached for values close to the laser wavelength (266 nm). 

Additionally, for 10 Hz a much lower number of pulses (ca. 30) is needed for the appearance of 

LIPSS, in comparison to the number of pulses required (close or above 100) at lower repetition 

rates. The fact that the period increases for higher repetition rates, while the irradiation time and 

number of pulses needed to observe LIPSS decreases, indicates that this process is more efficient 

for a shorter time separation between successive pulses. This observation supports the combined 

action of subsequent pulses as the origin of the positive feedback for LIPSS development. In 

fact, for a pulse separation longer than 0.1 s the feedback effect is reduced although is still 

present at times as long as 1 s. Our results indicate that subsequent cooling after the action of a 

single pulse may be not complete for 10 Hz repetition rate, thus successive pulses will lead to an 

enhanced heating effect. According to eq. 2 this will lead to an increase of roughness by the 
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enlarged contribution of the longest wavelength Fourier components which in turn will make 

possible to reach the longest possible period, close to the irradiating laser wavelength. On the 

contrary, for lower repetition rates heating caused by a single pulse can be more effectively 

dissipated before the next one reaches the sample surface and the roughness cannot evolve 

towards the longest periods. The time intervals between pulses in the range of repetition rates 

studied are much longer than the thermal diffusion times calculated considering the thermal 

properties of the pristine polymer and its absorption coefficient.
15, 22

 However, it must be 

considered that the polymer physical properties are modified upon successive irradiation and its 

optical and thermal properties depend on temperature, thus explaining the difference between the 

calculated and the experimental observation. This will cause a kind of incubation effect resulting 

in an increase of the absorption coefficient upon repetitive irradiation, and thus, in an increasing 

feedback effect and the subsequent reduction of threshold for LIPSS formation. Similar results as 

the ones reported here, concerning the dependence of structures size and quality on the pulse 

repetition rate have been previously reported
55, 56

 for silicon and calcium fluoride irradiated with 

femtosecond pulses and repetition rates in the range of 10
3
 -1 Hz. In these works Reif et al. 

proposed that the way in which the obtained superficial patterns change suggests that at longer 

separation between pulses the accumulated dose is less than that at short separation,
55

 thus 

concluding that the feedback effect takes place for separation times of 1 s and longer. These 

authors performed calculations on temperature and carrier density and, even if the simulation 

indicated the existence of a feedback behavior, the time scale was by far shorter than the 

experimental observation. 

The increase of the period obtained for irradiation at 10 Hz as a function of the number of 

pulses is also in agreement with an effective feedback effect, i.e. the accumulation of successive 
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pulses leads to an increase of the superficial temperature, which in turn generates a softer 

material with lower superficial viscosity allowing the formation of wider structures characterized 

by larger periods at larger number of pulses
57

. 

CONCLUSIONS 

In situ GISAXS measurements during laser irradiation of spin-coated films of a model 

polymer, poly(trimethylene terephthalate), have been shown to be feasible by using synchrotron 

radiation. The analysis of the GISAXS patterns recorded simultaneously to laser irradiation has 

allowed us to characterize in detail the kinetics of LIPSS formation. The ripples are modelled as 

forming one dimensional paracrystals with order degree that depends on both the laser fluence 

and number of pulses. A method based on modelling the periodic structures has been proposed to 

estimate the paracrystalline order from the in situ data. The role of the laser repetition rate in the 

development of the superficial nanostructures has been clarified. For high pulse repetition rates 

(10 Hz) LIPSS evolve in irradiation time to reach the expected period matching the laser 

wavelength. For lower pulse repetition rates, 1, 2 and 5 Hz, LIPSS formation is less effective and 

the period of the ripples formed never reaches the value of the laser wavelength. Our results 

indicate that subsequent cooling of the surface of the polymer film after the action of a single 

pulse may be not complete for the high repetition rates. In this case the heating effect induced by 

the next pulse will be enhanced causing an increase of roughness until the longest period is 

reached. However, for lower repetition rates, the heating induced by a single pulse can be more 

effectively dissipated and the condition that makes roughness to evolve towards the longest 

possible period is never reached. This behaviour supports the existence of a feedback effect for 

LIPSS formation in polymer films. For a pulse separation longer than 0.1 s, the feedback is 

reduced, although still present at time intervals as long as 1 s.  
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