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Abstract 

The generation of nanostructured polymer films has been a challenge during the last 

decades. Surface nanostructuring based on the imprinting of nanoscale patterns on a 

homogeneous surface or on the deposition of nanostructures on the surface serves 

advantageously for nanofabrication of functional polymer materials. Advanced 

nanolithography typically requires multiple-steps procedures involving clean-room 

facilities, high vacuum or complex mask fabrication. Alternatively, laser-based methods 

enable high spatial resolution patterning of soft polymeric matter and afford the sought 

versatility and reliability without the need of stringent ambient conditions. In particular, 

the technique of laser induced periodic surface structures (LIPSS) has been successfully 

applied to nanostructuring of polymer films using a polarized laser source at several 

laser wavelengths and pulse durations. In this paper the formation of LIPSS on polymer 

films will be described. In particular, the possibilities of tuning the period and shape of 

the structures will be discussed since the control of the characteristics of the superficial 

structures can be crucial in order to match the requirements of a particular application. 

Additionally, an overview about the main and potential applications of LIPSS in 
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polymer films is provided. In particular, the use of rippled polymer films as substrates 

for cell culture/alignment, surface enhanced Raman scattering sensors, or applications in 

photovoltaics will be reviewed. 

 

Keywords: Laser induced periodic surface structures, polymer thin films, atomic force 

microscopy, semiconducting polymers, cell culture  
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1. Introduction 

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

chosen functionalities. In general, nanofabrication allows the manipulation of nanoscale 

building blocks for a desired purpose by furnishing macroscopic materials with 

nanometer-scale structural motifs that confer modified physical and chemical properties. 

Among the most popular examples, the hierarchical structure of the gecko foot or of the 

lotus leave are paradigmatic cases of an almost universal natural adherence [1] and of a 

natural superhydrophobic [2] behavior respectively. It therefore appears to be a 

rewarding project to structure the surface of a polymeric material periodically by 

varying both pattern and length scales. The periodic surface structures thus obtained can 

then be used as substrates in many fields stranding from organic photonics and 

microelectronics to biomedicine [3-7]. These substrates are generally provided as either 

spin-coated or free-standing polymer films.  

Common techniques for generating polymer structures at the nanoscale are mainly 

based in soft lithography methods, like micro-contact printing or nanoimprint 

lithography (NIL) among others [4, 8-11]. These methods aim at reproducibility and 

low-cost,
 
and generally

 
provide versatile processing strategies. Lithographic procedures 

suffer from limitations on spatial resolution. An additional drawback is the need of 

multiple-steps procedures involving clean-room facilities, high vacuum or complex 

mask fabrication. Advanced lithographic methods are attracting a lot of interest as a 

complement to standard lithography aiming to avoid the necessity of the mentioned 

demanding experimental conditions [12-15]. In this respect electrical [16], chemical 

[17, 18] and mechanical methods [19], block copolymer self-assembly [20], use of 

templates [21, 22] and laser induced [23] patterning of polymer surfaces are some 

versatile strategies in order to obtain functional polymer materials.  
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In particular, the last few years have witnessed the emergence of a new family of 

nanofabrication techniques with specific capabilities based in the use of lasers. They 

constitute attractive alternatives for high-resolution patterning of soft materials 

affording the sought versatility and reliability. Examples are laser induced periodic 

surface structuring (LIPSS) [24], laser foaming [25], and other techniques based on 

laser ablation, as laser interference lithography (LIL) [26], laser induced forward 

transfer (LIFT) [27], pulsed laser deposition (PLD) [28] and matrix-assisted pulsed laser 

evaporation (MAPLE) [29]. All these methods can be used to fabricate substrates with a 

variety of high-precision patterns at different length scales. More recently, specific laser 

processing techniques, taking advantage of optical trapping or of plasmonic 

enhancement effects [30, 31], have been developed and applied to the nanopatterning of 

soft polymer materials. In general, laser-based techniques can be applied to many 

different materials in non-contact and flexible set-ups under a great variety of 

environments. Moreover, the processing can be tuned both to the materials properties 

and to the desired surface pattern by controlling the laser parameters like intensity, 

fluence, wavelength, pulse duration, total photon dose and several other irradiation 

conditions [32]. When using laser with pulses in the nanosecond (ns) range the material 

thermal properties determine the outcome of the laser fabrication process. However, for 

lasers with femtosecond (fs) pulses the laser-material interaction is the key factor 

governing the surface modification mechanism [33-35]. In this case, the possibility of 

temporally shaping femtosecond pulses offers new avenues for controlling and tailoring 

the features of the created structures [36, 37].  

LIPSS formation was first observed by Birnbaum [38] after ruby-laser irradiation of 

several semiconductor materials and since then, this type of structures has been 

generated on a wide variety of materials. LIPSS originate from the interference of the 
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incident and reflected/refracted laser light with the scattered light near the interface. The 

interference between the different waves leads to an inhomogeneous energy input 

which, together with positive feedback mechanisms, can cause surface instabilities [39-

41]. LIPSS have been reported on the surface of metals, semiconductors and dielectrics 

with lasers of different pulse duration from nanosecond to femtosecond, and different 

wavelengths from the ultraviolet (UV) to the infrared (IR) [42-46]. In the case of 

polymers, several studies have shown that irradiation by a polarized laser beam induces 

self-organized ripple structure formation within a narrow fluence range, well below the 

ablation threshold [39, 44, 45, 47, 48]. As an example Figure 1 illustrates a typical 

ripple structure on poly(3-hexyl thiophene), P3HT, as observed by atomic force 

microscopy (AFM) [49].  

 

Figure 1. AFM height image of P3HT irradiated at 532 nm with 4800 pulses at a fluence 

of 26 mJ/cm
2
. The arrow indicates the laser polarization direction. Adapted from 

reference [49]. 

 

The period of the ripples L depends on the laser wavelength and on the angle of 

incidence of the radiation and their direction is related to the direction of the laser beam 

polarization [50]. The spacing of the structures can be described by the expression [50]: 
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where  is the laser wavelength, n the effective refractive index of the material and  the 

angle of incidence of the laser beam.  

For polymers irradiated with nanosecond laser pulses different processes such as 

thermal and non-thermal scissoring of polymer chains, amorphization of crystalline 

domains, local surface melting, ablation, photolytic shrinkage, photooxidation and 

material transport and rearrangement, have been proposed to be involved in ripple 

formation [24, 39-41, 48, 51]. More recently it has been reported [6, 52] that in order to 

obtain LIPSS in amorphous polymers, a minimum fluence value is necessary in order to 

ensure that the surface temperature overcomes the glass transition temperature (Tg), 

therefore allowing polymer segmental and chain dynamics. In the case of 

semicrystalline polymers, the thermal properties are governed not only by the glass 

transition temperature but also by the melting temperature (Tm). Thus, the temperature 

reached at sample surface upon laser irradiation must overcome Tm so that superficial 

crystallites melt providing enough polymer dynamics [49].  

LIPSS generated by femtosecond pulses (fs-LIPSS) in polymers have been mostly 

observed at the bottom of ablation craters. In this case, together with the classical 

process of interference between incident and scattered waves, some other mechanisms 

have been proposed. Particularly, the work of Sipe et al. [53] proposes a first-principle 

theory which takes into consideration the interaction of an electromagnetic wave with a 

microscopically rough surface and also includes the possible excitation of surface 

plasmon polaritons (SPP). In later publications, Young and co-workers, as well as Clark 

and Emmony, applied this theory to explain the formation of LIPSS in semiconductors 

[54-56] and metals [54, 56]. Some other theoretical attempts have been made to 
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describe fs-LIPSS based on well-known hydrodynamic models of thin films [57] and on 

the Sipe-Drude model [43, 58], which considers the laser induced changes in the 

complex refractive index due to transient generation of quasi-free electrons in the 

conduction band of the solid. Other authors [59] have proposed different type of 

mechanisms in which the laser irradiation first originates a highly electrostatically 

unstable surface followed by emission of high momentum surface ions, which in turn 

induces an appreciable recoil pressure on the substrate. In this case, ripples would arise 

from relaxation rather than from wave interference effects. Despite the extensive studies 

on LIPSS, only few works report about LIPSS on polymers upon irradiation in the 

femtosecond regime [7, 60-63]. This is in contrast with the wealth of information on 

laser processing of polymers by nanosecond pulses [6, 24, 64, 65] . 

In general, LIPSS can be prepared in both spin-coated [6, 7, 52, 66, 67] and in free 

standing polymer films [64, 68, 69]. This fact makes LIPSS a potential method to obtain 

large processed surface area and good quality samples. The characteristic surface 

structures formed in this way, can be used to tailor a great variety of surface properties 

such as adhesion and friction [51, 70], induced cell alignment [64], liquid crystal 

alignment [71] and colour generated by superficial gratings [72]. 

In this paper, we will focus on LIPSS formation on polymers by using either 

nanosecond or femtosecond pulses. The influence of different irradiation parameters 

including polarization and angle of incidence will be discussed. Applications of the 

nanostructured polymer films for cell culture and for Surface Enhanced Raman 

Scattering (SERS) substrates are described. The possibility of nanostructuring 

semiconducting polymers with potential applications in organic photovoltaics will also 

be discussed.  
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2. Laser nanostructuring of polymer films 

2.1. LIPSS formation in polymers using nanosecond laser pulses 

As a main rule, a high absorption coefficient at the laser wavelength is needed in order 

to obtain LIPSS upon irradiation with nanosecond pulses. Thus, knowledge of the UV-

visible absorption spectra of the polymer is necessary in order to ascertain the 

possibility of LIPSS formation. In addition, the original samples must present a smooth 

surface with mean roughness in the range of few nanometers. In principle, LIPSS can be 

formed on the surface of a great variety of polymers such as polystyrene (PS), 

poly(ethylene terephthalate) (PET), poly (trimethylene terephthalate) (PTT) and 

polycarbonate bisphenol A (PBAC) among others [6, 52, 64]. Also naturally-derived 

polymers such as chitosan and its 50/50 wt. % blend with the synthetic polymer 

polyvinylpyrrolidone (PVP) [71, 73] and the poly conjugated polymer poly(3-

hexylthiophene) (P3HT) have been reported to form LIPSS [49]. Ripple formation 

appears after laser irradiation at an appropriate wavelength, fluence range, well below 

the ablation threshold, and with a given number of pulses. The ripple axis is parallel to 

the polarization vector of the laser beam (see Figure 1). The nanostructured area is 

restricted to the footprint of the laser beam. Typically, an area of several tens of mm
2
 

can be structured while keeping the sample at a fixed position upon irradiation. 

Alternatively, sample scanning may be used in case larger nanostructured areas are 

needed. LIPSS formation depends on the laser fluence. As a typical example, Figure 2 

displays AFM height images of areas of PTT irradiated with 1200 pulses at different 

fluences. For low fluences, no morphological changes are induced on the polymer 

surface and the roughness remains unchanged. At intermediate fluences (Figure 2b), 

surface modification starts, as revealed by an increase of roughness. For even higher 

fluences the structures start to be formed (Figure 2c) in the form of ripples which are 
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parallel and well defined in a narrow range of fluences (Figures 2d,e). Finally, for even 

higher fluences (Figure 2f) LIPSS become distorted. This trend is general for most 

polymers although the specific fluence values depend on the particular polymer 

properties. 

 

Figure 2. AFM height images (5x5 m
2
 size) of PTT: (a) non-irradiated; irradiated at 

266 nm with 1200 pulses at fluences of: (b) 4 mJ/cm
2
, (c) 5 mJ/cm

2
, (d) 6 mJ/cm

2
, (e) 8 

mJ/cm
2
, and (f) 10 mJ/cm

2
. The arrow indicates the polarization direction. Adapted 

from reference [6].  

 

For a given fluence, LIPSS formation also depends on the number of pulses as 

exemplified in Figure 3 for a PET film. As illustrated, a certain amount of pulses, in this 

case N > 100, is required in order to obtain well defined LIPSS.  

5 nm
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60 nm
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100 nm
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130 nm
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Figure 3. AFM height images (5x5 m
2
 size) of PET: (a) non-irradiated and irradiated at 

266 nm and 6 mJ/cm
2
 with (b) 300 pulses, (c) 700 pulses and (d) 1200 pulses. The 

arrow indicates the polarization direction. Adapted from reference [6]. 

 

In general for polymers, the period of the LIPSS increases with increasing fluence until 

it reaches a plateau for a value of period similar to the irradiating laser wavelength [6, 

52]. This effect, which is exemplified Figure 4a, is expected according to equation 1. A 

similar trend is observed for the dependence of the LIPSS period with the number of 

pulses (Figure 4b). 

(a) Non-irrad.
14 nm

(b) 300 p
100 nm

80 nm

(c) 700 p
170 nm

(d) 1200 p
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Figure 4. Period of LIPSS formed in PET, PTT and PBAC upon irradiation at 266 nm 

(a) as a function of fluence for a fixed amount of pulses N= 600 and (b) as a function of 

the number of pulses at 7 mJ/cm
2
. Adapted from reference [52]. 

 

Regarding the mechanism of LIPSS formation upon irradiation with nanosecond pulses, 

as mentioned above, it is commonly accepted that interference between the incident 

laser beam and the surface scattered wave plays a crucial role [39, 50]. The irradiated 

surface scatters the incident beam which interferes with the surface wave resulting in a 

modulated distribution of the energy on the surface. Laser irradiation causes the heating 

of the upper layer of the polymeric film and the corresponding temperature increase can 

be estimated as a function of time at different depths from the surface, in a first 

4 5 6 7 8 9 10

200

240

280

 

 

 PET

 PTT

 PBAC

P
e

ri
o

d
 (

n
m

)

Fluence (mJ/cm
2
)

0 1000 2000 3000 4000

200

240

280

 

 

 PET

 PTT

 PBAC

P
e

ri
o

d
 (

n
m

)

Number of pulses

(a)

(b)



13 
 

approach, by solving the one-dimensional heat conduction equation [6, 39]. The results 

of the calculations show that in order to generate LIPSS, a minimum value of the laser 

fluence is necessary in order to ensure that the surface temperature overcomes Tg. This 

makes possible the devitrification of the surface and therefore it allows polymer 

segmental and chain dynamics [6, 52]. The heating above Tg is expected to induce an 

increase of surface roughness caused by capillary waves [73], thus enhancing surface 

inhomogeneities and facilitating the feedback mechanism involved in LIPSS formation. 

When comparing polymers with different Tg values, like PET, PTT and PBAC, it is 

observed that the one with higher Tg, PBAC, requires higher fluences and number of 

pulses for LIPSS formation [6]. In fact, some authors have proposed that a higher Tg 

tends to extend the “incubation (induction)” period needed for generation of LIPSS 

[45]. The estimation of temperature increase upon laser irradiation allows discussing the 

dependence of ripple period on the fluence in the restricted range at which ripples are 

formed (Figure 4a). In fact, the increase of fluence leads to the increase of surface 

temperature which in turn generates a “softer material” with lower superficial viscosity 

[74]. In general, this allows the formation of wider structures characterized by larger 

periods.  

 

2.2. In situ monitoring of LIPSS formation 

The more common way to investigate the morphology of LIPSS is to carry out direct 

microscopic imaging of the surface by techniques like AFM [38, 41, 61, 63, 64] or 

scanning electron microscopy (SEM) [36, 46, 47, 63, 65]. The visualization of 

nanostructures in real space is advantageous since it allows direct assessment of the 

pattern morphology. However, scattering techniques can be more suitable than those 

based on microscopy when dealing with fast dynamic processes. Grazing incidence X-
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ray scattering at small (GISAXS) and wide angle (GIWAXS) with synchrotron radiation 

are appropriate to deal with dynamic processes enabling to obtain reciprocal space 

structural information evolving even in the millisecond time range [75]. A 

representative example of the in situ monitoring of LIPSS formation upon repetitive 

laser irradiation by GISAXS is shown in Figure 5 for a laser repetition rate of 5 Hz. 

This figure shows a sequence of GISAXS patterns during laser 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. The GISAXS patterns start exhibiting clear vertical diffraction 

maxima after irradiation with 200 pulses (40 s). Scattering maxima out of the meridian 

(≠ 0) are clearly visible in the range of LIPSS formation. The scattering patterns have 

shown to be characteristic of a one-dimensional paracrystalline lattice formed by the 

ripples [52, 76, 77]. For higher number of pulses the vertical diffraction maxima increase 

both in number and in intensity. The period of the LIPSS can be derived from the lateral 

position of the first maxima [48]. The AFM images at the bottom of the image illustrate 

the initial and the final state of the polymer film. In situ monitoring of LIPSS formation 

have shown that the dynamics of nanostructure formation is dependent on the laser 

repetition rate and this can be related to the feedback mechanism [6]. For 10 Hz, a much 

lower number of pulses (≈ 30 ) is needed for the appearance of LIPSS in comparison to 

the number of pulses (≥100 )required at lower repetition rates. The process is more 

efficient for a shorter time separation between successive pulses.  
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Figure 5. Sequence of GISAXS patterns acquired in situ as a function of both time and 

number of pulses for a PTT film irradiated at 266 nm with a laser repetition rate of 5 Hz 

and with a fluence of 7 mJ/cm
2
. The bottom AFM images (2x2 m

2
) illustrate the initial 

and the final state of the polymer film. Adapted from reference [76]. 

 

2.3. Different approaches for the formation of alternative periodic structures  

2.3.1. LIPSS with different periods: variation of incidence angle  

The period of LIPSS can be modified by changing the laser wavelength but also by 

varying the angle of incidence of the laser with respect to the surface according to 

equation 1 [50]. By increasing the angle of incidence the period of the structures 

increases. Figure 6a-6c shows LIPSS with periods of around 250, 320 and 490 nm that 

were measured for angles of incidence of 0º, 22º and 45º, respectively, upon irradiation 

at a wavelength of 266 nm [67]. It is important to mention that the amplitude of the 

structures obtained also increases for larger periods, from 50 to 120 nm.  

0

40

80

25

400

-0.4

0

0.4

0

a
(o

)
200

5

100

200

1000



16 
 

 

Figure 6. AFM height images (4 x 4 m
2
) of a PET film irradiated with a linearly 

polarized beam at 266 nm using 1200 pulses and 7 mJ/cm
2
 at: (a) normal incidence, (b) 

22º and (c) 45º. (Adapted from reference [67]). 

 

2.3.2. LIPSS with different shapes: variation of polarization. 

It is worth mentioning that certain control over the morphology of the superficial 

structures can be achieved by changing the polarization of the laser beam. Either linear 

or circular polarization can be obtained by inserting a quarter-wave plate in the laser 

beam path. Figure 7a-7c shows nanostructures of different shape obtained by changing 

the state of polarization of the beam. Irradiation with a linearly polarized beam induces 

standard LIPSS formation parallel to the polarization vector of the beam (Figure 7a). By 

rotating the quarter-wave plate, the polarization is changed to elliptic and, as seen in 

Figure 7b, the ripples appear aligned to the larger axis of the polarization ellipse. A very 

different surface pattern appears for circular polarization (Figure 7c). In this case the 

sample is covered by uniformly distributed nanodots with a diameter of around 260 nm, 

similar to the laser wavelength. This change of morphology must be related to the fact 

that the amplitude of the electric vector for circularly polarized light is constant and 

rotates around the propagation direction in such a way that the irradiated and 

subsequently heated and rearranged material aligns to the successive polarization 

directions and gives rise to a uniformly distributed pattern.  

(d) (e) (f)

1 m 1 m 1 m

(a) (c)(b)

1 m 1 m 1 m
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Figure 7. PET film irradiated at 266 nm using 1200 pulses and 7 mJ/cm
2
 with 

polarization (a) linear; (b) elliptical, and (c) circular. Reproduced from Ref. [67] with 

permission.  

 

2.4. LIPSS formation in polymers using femtosecond laser pulses 

As mentioned above, significant absorption at the laser wavelength is required in order 

to obtain LIPSS with nanosecond pulses. However, it has been reported that LIPSS can 

be fabricated upon irradiation with femtosecond pulses at a wavelength at which the 

material has a low linear absorption coefficient. Figure 8 illustrates the case for PET 

films irradiated at the fundamental wavelength of a Ti:Sapphire laser (795 nm) [7, 66]. 

Upon irradiation with femtosecond pulses, due to the large laser intensities involved, 

multiphoton absorption and ionization processes mediate the coupling of laser light with 

the outer layer of the polymer film. This makes possible the formation of LIPSS at this 

long wavelength at which the absorbance of the polymers is very small. In this case the 

period and height of the LIPSS structures tend to increase with both fluence and number 

of pulses towards the value of the laser wavelength [66]. 

(a) (b) (c)

1 m 1 m 1 m
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Figure 8. AFM height images (5 x 5 m
2
) of PET irradiated at 795 nm with pulses of 

120 fs and different pulses, as indicated, at the fluence of 37 mJ/cm
2
. The height profile 

along a 5 m line perpendicular to the ripples is shown below every image. Adapted 

from reference [66]. 

 

2.5. Physico-chemical modifications upon LIPSS formation  

Besides the topographical changes previously described, additional physico-chemical 

modifications can be induced upon nanostructuring of the polymer surfaces. The extent 

of chemical changes can be inspected for example by micro-Raman spectroscopy [67]. 

Figure 9 shows Raman spectra corresponding to a film of PET before and after 

irradiation using different laser conditions. Changes upon irradiation of the band at 1615 

cm
-1

, which is assigned to the ring stretching, can be detected. As shown, this band 

shifts by ~ 2 cm
-1

 to a lower wavenumber, and broadens somewhat for samples 

irradiated at 266 nm with circular polarization and with linear polarization at 45º. These 

changes suggest a rearrangement of the polymer chains after irradiation. Figure 9 also 

shows the stretching vibration of the C=O bond (band at 1726 cm
−1

). Upon irradiation it 

reveals a shoulder at lower wavenumbers which could be assigned to carboxylic acid 

group formation. By comparing the total integrated intensity in the 1650-1800 cm
-1
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spectral region it is observed that the total C=O content increases. These results suggest 

that irradiated samples contain a higher amount of oxygen atoms due to the appearance 

of new carboxylic and carbonyl groups, which can be ascribed to surface oxidation. 

Contact angle (CA) measurements in this case provide information on the strength of 

non-covalent forces between the liquid and the substrate surface. For irradiated samples, 

the CA of water (also shown in Figure 9) decreases, indicating that the surface displays 

a more hydrophilic character after irradiation. Changes occur at a higher extension for 

the substrates irradiated with circular polarization.  

 

Figure 9. Raman spectra of a PET film before and after irradiation at 266 nm, 1200 

pulses and 7 mJ/cm
2
 with linear polarization at an angle of incidence of 45º and with 

circular polarization. For comparison, spectra have been baseline corrected and the 

intensities normalized to that of the band at 1615 cm
-1

. To the right, images of a water 

drop on the different surfaces are shown: non-irradiated (upper), irradiated with linear 

polarization at an angle of incidence of 45º (center) and irradiated with circular 

polarization (bottom). Adapted from reference [67].  

 

3. Applications of polymer LIPSS 
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Once we have shown that it is possible to generate LIPSS with different sizes and 

shapes we will describe how these substrates can be appropriate for different 

applications. In particular, in the following paragraphs we will show examples of the 

use of polymer LIPSS for cell culture, for SERS substrates, and of the nanostructuring 

of semiconducting polymers of interest in photovoltaics. 

 

3.1. Polymer LIPSS for cell culture 

LIPSS generated on PET films with different sizes and shapes have been used for 

mesenchymal cell culture tests as illustrated in Figure 10. By comparing the culture on 

non-irradiated samples (Fig. 10a) to that on a polymer with LIPSS, it can be inferred 

that nanostructures promote in all cases cell adhesion and growth [67]. It is important to 

note that samples irradiated at 266 with circularly polarized laser light (Figure 10e) 

exhibit a larger increase of oxygen groups as mentioned above, and a higher value of 

surface free energy as determined by CA measurements, indicating that these 

characteristics can be  relevant for cell culture [67]. 
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Figure 10. Microscopy images of cell cultured PET films: (a) non-irradiated, (b) 

irradiated at 193 nm, (c) irradiated at 266 nm, linearly polarized laser at normal 

incidence, (d) irradiated at 266 nm, linearly polarized, incidence at 45º, (e) irradiated at 

266 nm, circularly polarized. Adapted from reference [67].  

 

As another example, it has been reported that LIPSS generated on PS films [64] with 

different periodicities have been used for culturing human embryonic kidney (HEK-

293) cells, Chinese hamster ovary (CHO-K1) cells and skeletal myoblasts. It was shown 

that adhesion and proliferation of cells is enhanced for the polymer LIPSS in 

comparison to the unmodified PS. Furthermore, the cells align along the direction of the 

ripples, although the alignment is cell-type dependent and occurs only when the 

periodicity of the nanostructures is above a critical value. Thus, while HEK-293 and 

CHO-K1 cells align along the direction of the ripples for periods equal or above 340 

nm, rat skeletal myoblast align on the ripples with periodicities equal or above 430 nm 

and human myoblasts only align for periodicities equal or above 270 nm.  

 

3.2. Polymer LIPSS for Surface Enhanced Raman Spectroscopy (SERS) 

substrates 

Polymer LIPSS can be used as Surface Enhanced Raman Scattering (SERS) sensors 

[78, 79]. To that purpose LIPSS nanostructured polymer films were coated with a gold 

layer by pulsed laser deposition (PLD). The morphology of the gold coated polymer 

samples retained the initial periodic relief after PLD coating as can be observed in 

figure 11. Raman spectra were acquired on drops of aqueous solutions of the model 

analyte benzenethiol (BT) in different concentrations, poured onto the gold coated 
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polymer substrates and dried in air. The enhancement factor of the Raman signal for the 

gold-coated substrates is of eight orders of magnitude and an additional enhancement is 

achieved by the presence of the periodic structures. Figure 11 compares the spectra 

obtained for a BT concentration of 10
-5 

M on a substrate consisting of unstructured and 

nanostructured PTT coated with gold both by PLD with 24000 laser pulses of 213 nm 

and 2 J/cm
2
 which resulted in a gold layer of ca. 10 nm thickness. The bands observed 

are readily assigned to the analyte. The observed enhancement effect of around a factor 

of 10 is due to the presence of the periodic nanostructures. Thus, in comparison with 

pure gold substrates the above example indicates that a very low amount of gold applied 

on the polymer LIPSS is enough to observe a substantial enhancement of the Raman 

signal. 

 

Figure 11. (Left) AFM height images (5 x 5 m
2
) of non-irradiated PTT and 

nanostructured PTT both gold coated by PLD. The height profile along a 5 m line 

perpendicular to the ripples is shown below every image. (Right) Raman spectra of BT 
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at a concentration of 10
-5

 M on gold coated non-nanostructured and nanostructured PTT 

substrates. Adapted from reference [78]. 

 

3.3. LIPSS in semiconducting polymers 

The semiconducting semicrystalline polymer P3HT has been widely studied as the 

active layer in organic field-effect transistors (OFET) [80-82] and organic solar cells 

[83-85]. Besides common patterning methods, it is also possible to fabricate LIPSS on 

films of this material (Figure 1) [49, 86]. Interestingly enough, LIPSS in P3HT generate 

regions of different electrical conductivity as illustrated in Figure 12. Here, conductive 

force microscopy, C-AFM, can be used to characterize the electrical properties at the 

nanoscale of P3HT films with LIPSS generated at 532 nm. Figure 12 shows the C-AFM 

current images, acquired in contact mode, of a P3HT thin film sample before and after 

irradiation with a fluence of 26 mJ/cm
2
 and 4800 pulses, by applying a constant voltage 

of -5 V on the conducting substrate. The current image of the sample before irradiation 

(Figure 12a) shows that the film is conductive in the whole area. The image displaying 

the current map of the irradiated polymer film (Figure 12b) shows trenches with a 

similar conductivity to that of the initial film separated by nonconductive ridges.  

 

(a) (b)
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Figure 12. C-AFM current images of a P3HT thin film measured at a constant bias of -5 

V. a) Non-irradiated film, b) film with LIPSS fabricated at 532 nm, 26 mJ/cm
2
 and 4800 

pulses. Adapted from reference [49]. 

 

Spectroscopic investigation has revealed the absence of significant chemical changes in 

the P3HT films after LIPSS formation. Raman and GIWAXS results suggest that laser 

irradiation of P3HT at the initial stage melts the polymer surface and generates ridges 

with lower molecular order than that of the original thin film [49]. The ridges are over a 

continuous P3HT thin film whose initial orientation and crystallinity seems to be 

unaffected. As a consequence, electrical conduction in the ridges is smaller than that in 

the trenches. 

 

5. Conclusions and outlook 

Laser-induced Periodic Surface Structures with periods similar to the laser wavelength, 

and parallel to the laser polarization direction, are observed in films of strongly 

absorbing polymers in a narrow range of fluences. LIPSS formation takes place by 

heating the film surface above the characteristic glass transition temperature of 

amorphous polymers or above the melting temperature in the case of semicrystalline 

ones. Grazing incidence X-Ray Scattering techniques are introduced for the study of 

LIPSS to assess morphology order over large sample areas. In addition, GISAXS can be 

used for in in situ monitoring of LIPSS formation and allows the study of the role of the 

laser repetition rate in the development of the superficial nanostructures. The results 

obtained support the presence of a feedback effect for LIPSS formation in polymer 

films.  
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Different types of structures can be obtained by changing the laser parameters. Thus, 

while the period of the ripples is close to the laser wavelength for irradiation at normal 

incidence, it increases for irradiation at different angles. Additionally, the use of 

circularly polarized light gives rise to circular structures with diameters close to the 

laser wavelength.  

In order to overcome the limitation of this method concerning the necessity of a high 

linear absorption coefficient at the irradiation wavelength, femtosecond lasers may be 

used, which allows tuning and controlling the morphology and size of periodic 

structures on the surface of polymer films.  

Different applications of polymer substrates with LIPSS are proposed and 

demonstrated. The first application refers to cell culture. A higher cell proliferation rate 

has been observed for samples in which larger surface modifications were induced by 

laser irradiation in terms of surface free energy. Additionally, nanostructured polymer 

substrates are proposed for cell alignment. A second application concerns the use of 

polymer LIPSS as SERS substrates. Coating with gold by pulsed laser deposition has 

been shown to preserve the relief of the nanostructured polymer films and to ensure 

good adhesion. Gold coating of the films induces an enhancement of 8 orders of 

magnitude, while an additional enhancement of one order of magnitude arises by the 

presence of LIPSS. This approach allows reducing the quantity of precious metal 

needed to prepare SERS substrates. Finally, it has been shown that LIPSS can be 

prepared on films of a semiconducting polymer such as P3HT, preserving its chemical 

integrity and producing nanometric regions different electrical conductivity. 

The LIPSS technique has demonstrated to be advantageous due to its simplicity and 

versatility. Structures in the range 170-800 nm can be obtained by selecting adequate 

irradiation parameters. It is important to mention that this laser treatment can easily be 
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extended to large surfaces. The characteristic surface structures formed in this way are 

being used to tailor a great variety of surface properties and as shown display high 

potential for applications in different fields. 
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