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Abstract

:

Nanostructures can be produced on poly(ethylene terephthalate) (PET) foils by using a krypton fluoride (KrF) excimer laser with a wavelength of 248 nm and a pulse duration of about 20 ns. We show that surface nanoripples, nanodots, nanogrids, and hybrid patterns of ripples with dots or finer ripples on top can be fabricated. The effects of a water layer in front of the PET foil and of cooling during laser processing were investigated. For pattern formation, several irradiation parameters (pulse number, pulse energy, and polarization) were varied systematically. The spatial periods of the ripples were changed by adjusting the angle of incidence of the laser beam. All nanostructures were characterized by scanning electron microscopy, and relevant morphological parameters, such as peak-to-peak distances and spatial periods, were assessed. Shapes and heights of some structures were characterized by using focused ion beam cuts to avoid the tip-sample convolution effects typical of atomic force microscopy images. We further demonstrate nanoripple formation on PET foils as thin as 12 µm, 6 µm, and 1.4 µm. The remarkable variety of nanostructures on PET we present here enables customized fabrication for a wide range of applications.
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1. Introduction


Nature makes abundant use of highly versatile nano- and microscale surface features [1,2,3] for antiadhesion [4,5], wetting [6,7], directional liquid transport [8,9], and structural color [10,11]. All these surface properties are strongly influenced by the specific designs of the corresponding structures. Thus, in biomimicry, controlling the surface morphology is key to optimizing for a specific application [12]. Laser processing enables micro- and nanostructuring of areas of several square centimeters on widely used technical polymeric materials without the need for a clean room or mask fabrication [13,14]. In addition to their use in nanostructuring of polymer films [14], the unique capabilities of ultraviolet (UV) lasers, such as krypton fluoride (KrF) excimer lasers, make for a wide range of application areas, including the growth of thin films by pulsed laser deposition (PLD) [15], the synthesis of nanocrystals [16], and the creation of photosensitive two-dimensional structures by reactive PLD [17].



Under certain conditions, irradiation with polarized laser light generates self-organized nanoripples on surfaces [14,18,19,20]. These nanoripples are widely known as laser-induced periodic surface structures (LIPSS) and are a universal phenomenon [21]. Their fabrication on polymers such as poly(ethylene terephthalate) (PET) [14,22,23,24,25,26,27,28,29] requires thousands of nanosecond (ns) UV laser pulses of linearly polarized light on the same spot. The fluence of the pulses needs to be well below the single-pulse ablation threshold of the material. A simple theory [19,30] explains the emergence of nanoripples as associated with the incident laser beam interfering with the light scattered by the rough polymer surface. In the case of PET, the nanoripples are in parallel alignment with the direction of linear polarization.



Using s-polarization (also called σ-polarization), the spatial period Λ of LIPSS is given by


  Λ =   λ  /      n   e f f   −   sin  ⁡  θ       ,  



(1)




and, thus, depends on the angle of incidence θ of the laser light, the wavelength of the laser light, and the effective refractive index     n   e f f     [19,26,31]. The lower and upper limits of     n   e f f     are, respectively, the refractive indices of air and of the base material. From a mathematical point of view, perfectly regular nanoripples can be described as periodic functions because their shapes repeat. The spatial period Λ is the distance between consecutive positions at which the nanoripples have the same shape, for example, between consecutive peaks. The effective refractive index for PET was calculated to be 1.235 ± 0.053 (±4.3%) at an average fluence of approximately 5.7 to 6.2 mJ/cm2 when using a ns KrF excimer laser [32]. The emergence of LIPSS needs a positive feedback mechanism, such as a temperature field [19].



In [32], increasing the angle of incidence from 0° to 60° generated LIPSS with spatial periods in the range of ~214 nm to ~613 nm on 50 μm thick PET foils. The values measured were in accordance with Equation (1). A similar experiment with 50 μm thick PET foils was performed using a xenon chloride (XeCl) excimer laser with a wavelength λ of 308 nm [31]. The spatial periods ranged from 250 nm to 850 nm, which means that the total range was wider due to the lower effective refractive index and the starting spatial period was larger due to the higher wavelength. The experimental data were also in agreement with Equation (1). In this experiment, neff = 1.17 ± 0.01 served as a fit parameter.



LIPSS on polymers such as PET and their morphology have been thoroughly studied in recent decades [14,22,23,28,29]. Rodríguez-Beltrán et al. reported the formation of LIPSS on PET and PET/Expanded Graphite (EG) films [23]. They employed laser irradiation with ns laser pulses at 266 nm using the fourth harmonic beam from a Q-Switched Nd:YAG system. Among other physicochemical properties, the spatial periods and heights of the resulting nanoripples were studied as functions of the pulse numbers used. Cui et al. [22] studied the effects of film and substrate thickness on LIPSS formation on poly(styrene) (PS) films, using the aforementioned laser system. They found that thinner (<200 nm) and thicker (>400 nm) films developed well-ordered LIPSS, while those with intermediate thicknesses (200–400 nm) formed distorted LIPSS with drop-like structures. Nanoripples on PET with various spatial periods were studied, employing, again, the 266 nm—ns laser and alternatively a 193 nm—ns argon fluoride (ArF) excimer laser [29] or a 248 nm—ns KrF excimer laser [32]. While elliptically polarized light also resulted in ripples, the use of circularly polarized light gave rise to rounded structures with sizes close to the laser wavelength, thus extending structural variability. PET fibers were modified by both high [33] and low [34] fluences, resulting in micrometer-sized and submicrometer-sized ripples, respectively. Underwater laser treatment with a KrF excimer laser yielded “worm”-like structures on PET [35], and on photoresist, it resulted in similar corrugated ripples independent of the direction of the laser polarization [36,37]. In general, morphological changes of PET upon laser treatment were accompanied by chemical surface modification [29,35,38,39].



Bioinspired LIPSS on PET were shown to significantly reduce the adhesion of Escherichia coli bacteria [32] (~−91%) and nanofibers [4] (about −73% when combined with a gold coating) compared to the unstructured pristine surfaces. Other applications of LIPSS on PET include the formation of gold nanowires [24,27,40] for localized plasmon voltammetry sensing [40], the preparation of silver nanowires [41], and the activation of human microvascular endothelial cells (HMECs) [24].



For each current and future application field, structural morphology needs to be optimized, which in turn requires its characterization to be as good as possible. Topographical characterization of bioinspired LIPSS by atomic force microscopy (AFM) was shown to be affected by tip-sample convolution effects in [5], where these effects were most probably due to the high aspect ratios of the structures fabricated, and the steep slopes of their edges that made topography assessment by AFM more challenging. For certain example LIPSS structures processed under the same conditions, focused ion beam (FIB) cuts [4] gave larger structural heights than AFM images [32]. Furthermore, the ripples seemed considerably wider in AFM images [32] than in scanning electron microscopy (SEM) recordings and FIB cuts [4].



In this work, we aimed to broaden the variability and improve our understanding of nanoscale structures on 50 μm thick PET foils obtained by ns UV laser processing using a KrF excimer laser at a wavelength of 248 nm. To this end, we studied the influences of the angle of incidence, fluence, number of pulses, two directions of polarization, foil thickness, a water layer in front of the substrate, and substrate cooling on the structures obtained. Further, we succeeded in fabricating nanoripples on PET foils as thin as 12 µm, 6 µm, and 1.4 µm with the help of substrate support foils [42,43]. We thus manipulated the spatial periods of the ripples, their shapes and heights, even—to some extent—independently of each other. To have full access to ripple topography without any influences of the tip-sample convolution effects typical of AFM we used FIB cuts for characterization. Nanodots instead of nanoripples emerged below a particular fluence value. Above a specific fluence range, the structures became more complex than simple nanoripples. First, a finer ripple structure formed on top of the main nanoripples, which then differentiated further into diamond-like structures. The superposition of two independent directions of polarization resulted in self-assembled nanogrids and nanoripples with nanodots on top, which resembled pearl chains. A water layer changed the overall morphology of the structures: their regularity and their spatial periods. Substrate cooling below 0 °C, however, suppressed the creation of nanoripples or decreased their heights depending on the fluence applied.



This work presents, to the best of our knowledge, for the first time: (i) systematic analysis of LIPSS heights and shapes on PET using FIB cuts and thus completely eliminating the tip-sample convolution effects typical of AFM; (ii) LIPSS formation on very thin foils with thicknesses of some microns (hitherto only ultrathin films had been used); (iii) nanogrids and hierarchical structures on PET, such as nanoripples with nanodots on top, were fabricated by successively superimposing two directions of linear polarization; (iv) low-fluence nanodot formation on PET by using the linearly polarized light of a KrF excimer laser; (v) LIPSS formation on PET with a water layer in front of the foil during laser processing; and (vi) suppression of LIPSS formation on PET by cooling of the substrate. We were able to modify and broaden the spectrum of nanostructures achievable on PET. Furthermore, we refined the assessment of ripple characteristics by using FIB cuts. Possible applications of our findings are the fabrication of advanced surfaces that are anti-adhesive to nanofibers [4,5] or repel bacteria [32]. Furthermore, they might be used for improvements to localized plasmon voltammetry sensing [40], in biomimicry [1,3,12], and in the biomedical context [44,45,46], for instance, to activate cells [24,29]. We expect the main ideas presented in this paper to be transferable to poly(styrene) (PS) [24,47] and SU-8 thin films [48,49] because these materials have shown similar nanoripples at comparable fluences and wavelengths.




2. Materials and Methods


2.1. Fabrication of Structures on PET


2.1.1. Materials


Unless stated otherwise, 50 μm thick, flat, biaxially stretched PET foils (Goodfellow Ltd., Bad Nauheim, Germany) served as substrate. To simplify handling of these fragile, ultrathin PET foils (1.4 μm thin Mylar CW02, 6 μm thin Mylar C, and 12 μm thin Mylar C; Pütz GmbH + Co. Folien KG, Taunusstein, Germany), they were attached to a reusable support substrate foil—a silicone display protection foil similar to the support foils described in [42,43].




2.1.2. General Setup for Varying the Angle of Incidence, Pulse Number, and Fluence


Nanoscale structures were fabricated using a ns KrF excimer laser (LPX 300, Lambda Physik, Göttingen, Germany) (Figure 1) with a wavelength of λ = 248 nm and a pulse duration τ of approx. 20 ns. This setup was also employed in [4,5,32] for LIPSS formation. For all samples presented in this work, the pulse repetition rate was set to ν = 10 Hz in the laser control software. For all samples (except for those with irregular ripples), an operating voltage of 22 kV was chosen in the software. The laser light was linearly polarized by α-BBO polarizers from either Melles Griot, Carlsbad, CA, USA (for irregular ripples and variation of the angles of incidence, some of the thinner PET foils, the cooled samples, and those fabricated at elevated fluences) or Thorlabs GmbH, Bergkirchen, Germany (for all other parameter combinations studied).



A high-power variable attenuator with a dielectric coating (magnetron sputtered and with an antireflection coating, Laseroptik GmbH, Garbsen, Germany) mounted on an electronically controlled, rotatable stepper motor was used to adjust the pulse energies E. An elliptic aperture was placed after the attenuator. A telescope formed by two fused-silica lenses imaged the output of the polarizer onto the PET foils that had been fixed to a rotatable sample holder with adhesive tape. During the experiments, the homogeneity of the laser beam directly after the attenuator and directly after the elliptic aperture was regularly monitored. This way, the position of the elliptic aperture was optimized to reach maximal homogeneity of the laser beam.



The rotatable sample holder allowed the influence of the angle of incidence θ on ripple formation to be studied. The fluence ϕ = Eθ/Aθ, with Eθ the pulse energy and Aθ the area of the laser spot, was kept constant. To this end, the pulse energy Eθ and the angle of incidence θ needed to increase simultaneously, since the area of the laser spot Aθ grows according to the formula Aθ = A0°/cosθ with the increasing angle of incidence θ. At an angle of incidence θ = 0°, the laser hit the sample at a right angle and the area processed was the smallest, denoted by A0°. The size of a reference processed area (A30° processed with θ = 30°) was used to calculate the pulse energy necessary to achieve a particular fluence at a certain angle. The area was measured using the free open-source computer program Fiji [50] (version 1.53q; it is an ImageJ2 distribution developed by Wayne Rasband and coworkers, National Institutes of Health, Bethesda, MD, USA). To measure the area value given in Section 3.1.1., laser-processed areas of five different samples were copied onto pieces of transparent pristine PET foils using a permanent marker pen. Subsequently, they were placed on graph paper and photographs were taken with a standard mobile phone. The photographs were scaled with the “Set scale” function in Fiji and then the margins were traced with the “Polygon selections” function. The areas within the margins were calculated using “Measure” from the “Analyze” tab in Fiji. Depending on the angle of incidence θ and the polarizer used, the size of the laser-processed area was between one and three square centimeters. Fluence values were chosen by adjusting the corresponding pulse energies to the size of the processed area, considering the formulas above, and by using the attenuator and the energy measurement device previously described.




2.1.3. Adaptations and Amendments of the Setup for Fabrication of Irregular Ripples, Water Layer Usage, Substrate Cooling, and Superposition of Two Polarization Directions


For the formation of irregular nanoripples, no lenses, no polarizer, and N = 6000 pulses were used. To this end, a second beamline was established, where a fixed sample holder was aligned perpendicular to the laser beam, i.e., the angle of incidence was set to θ = 0°. Since there was no telescope configuration present in this beamline, the processed area was smaller in size. Despite that, the fluence Φ could be kept at approximately 5.7 to 6.2 mJ/cm2 by operating the laser at 18 kV (instead of 22 kV) and by using the aforementioned variable attenuator. For adaption purposes, the pulse energy was measured directly before the fixed sample holder using the aforementioned joulemeter.



A customized rotatable sample holder bore a layer of distilled water in front of the PET samples; a photograph of the sample holder is shown in Section 3.1.5. Spacers enabled to regulate the thickness of the layer; spacers for 2 mm, 4 mm, 6 mm, and 7.9 mm thick layers were available.



For substrate cooling, a Peltier element (model: RC12-6L, II-VI Marlow, division of Coherent Corporation, Saxonburg, PA, USA) was clued to an aluminum heat sink with a thermally conducting adhesive. A fan for cooling the hot side was mounted onto the heat sink. The equilibrium state with a constant temperature was awaited. The temperature of the PET foil was measured with an infrared temperature sensor (model: PC151LT-0, Calex, Leighton Buzzard, England, Great Britain; accuracy of ±1 °C or ±1% of reading) after the water which had condensed from ambient air had been wiped off with a lens cleaning tissue (Assistent, article number: 41019010, Glaswarenfabrik Karl Hecht GmbH & Co KG, Sondheim vor der Rhön, Germany). However, it could not be completely excluded that a thin water layer was present during the measurements. Directly before laser treatment, the thin water layer was wiped off again with the lens-cleaning tissue.



To superimpose two directions of linear polarization (Figure 2), first, the PET was processed with the linear polarization in parallel to the y-direction. Then, the foil was rotated by 90° and mounted on the sample holder again. After that, it was exposed to the laser light with the linear polarization parallel to the x-direction.





2.2. Scanning Electron Microscopy (SEM) Images


Before SEM imaging (model REM 1540XB Crossbeam, Zeiss, Oberkochen, Germany), a gold layer with a thickness of 8 to 10 nm was deposited using a sputter coater (AE1230, EMScope, Ashford, England, Great Britain; 3 min at a deposition current of 20 mA and a power of 14.3 W). Conductive silver paste (Leitsilber 200, Österreichische Gold-und Silber-Scheideanstalt Ges.m.b.H., Wien, Austria) was applied to establish electrical contact with the sample holder and to mount the samples on it. For SEM imaging, no stage tilt was used, working distances were between 5 mm and 8 mm, and acceleration (or electron high-tension) voltages of 3 kV were applied. At each position, SEM images with magnifications of 15.17 kx, 41.17 kx, and 143.37 kx were recorded.




2.3. Focused Ion Beam (FIB) Cuts


FIB cuts were used for morphological analysis because in previous studies the shape of the AFM tip caused the surface morphology to be distorted [5], and the resulting measurements of ripple heights were not completely accurate [32]. To prevent charging and improve the contrast between the sample surface and a protective coating, a 12 nm gold layer was applied using a sputter coater (AE1230, EMScope, Ashford, UK; 4 min at a deposition current of 20 mA and a power of 14.3 W). A dot of a black permanent marker pen (Lumocolor, Staedtler Mars GmbH & Co. KG, Nürnberg, Germany) served as a protective deposit at the location of the FIB cut. At the edge of this dot, where the protective layer was less thick than in the center, rectangles or trapezoids of approximately 10–15 µm size were cut into the material with a 1540XB Crossbeam (Zeiss, Oberkochen, Germany) using a milling current of 200 pA–500 pA and an acceleration voltage of 30 kV; this machine merges a GEMINI® field-emission scanning electron microscope utilized for imaging (FE-SEM) with a FIB device used for cutting. The ion source was a Ga+ filament.



The Fiji distribution [50] of the free open-source software ImageJ2 (versions 1.52s and 1.46r) served for evaluation of the FIB cuts. First, the tops and valleys of the nanoripples were identified using the “Multi-point” tool, and then their positions were extracted via the “Measure” tool. The heights of the ripples were calculated using Excel (Microsoft Office 16, Microsoft Cooperation, Redmond, WA, USA) by finding the differences between the tops and valleys. For each height value, the distances between each top and the valleys to its left and right were averaged. The scale bars of the SEM images of the FIB cuts were used to convert all values from pixels to nanometers. Twenty ripples at each position provided the basis to determine the mean values and standard deviations. For the determination of the nanodots’ heights, the same procedure as for the evaluation of the nanoripples’ heights was applied.




2.4. Computation of Morphological Features


2.4.1. Spatial Periods of Regular Ripples


The free software Gwyddion (version 2.55, Czech Metrology Institute, Brno, Czech Republic) was applied to calculate the spatial periods Λ of regular LIPSS on PET, as described in [4,32]. First, SEM micrographs of the samples (magnification of 15.14 k-times) were analyzed using two-dimensional fast Fourier transforms (2D FFT) under default conditions (output type “modulus”, window type “Hann” and “Subtract mean value beforehand”). Depending on their spatial periods and the working distance during SEM imaging, between 15 and 100 ripples were evaluated. Subsequently, profiles were acquired by measuring along the lines that traverse through the resulting peaks. Lorentzian functions with the expression L(k) = y0 + a/[b2 + (k − k0)2] served as fit functions for the peaks. In this formula, the position of the peak is represented by k0. The spatial periods Λ were computed from the formula Λ = 2/Δk by using the distances Δk = k0,right − k0,left between the peaks located to the left and right sides of the central peak situated, respectively, at the k0,left and k0,right positions. In case only one position was evaluated and therefore no mean of the results at several positions was computed, the Gaussian law of propagation of uncertainty was applied to determine the errors of the spatial periods from the errors of the peak positions given by Gwyddion’s Lorentzian fit function.




2.4.2. Peak–Peak Distances of Surface Features


In the cases of irregular ripples resulting from leaving out the polarizer or from using a water layer or in the case of finer ripple structures, no distinct peaks were visible in the Fourier transforms. That is why the peak-to-peak distances dpp between the ripples were assessed directly from SEM images. Profiles were extracted along lines perpendicular to the ripples using the free software Gwyddion. Then, the peak-to-peak distances were measured in the resulting graphs with this software.




2.4.3. Areas, Distances, and Radii of Nanodots


The mean radii of the nanodots were computed from the areas assessed by using Gwyddion. First, the “Edit mask” tool was used to color the nanodots red; hereby, the “Freehand mask drawing” tool with a radius of two pixels was applied and voids were filled with the “Fill Voids” action. Then, the “Data process” function “Distributions of various grain characteristics” was employed to compute the projected areas and the equivalent disc radii. The mean distances between the dots were assessed by measuring the center distance(s) between a dot and its nearest neighbor(s), respectively, on the same nanoripple or the nanoripple to the left.






3. Results


3.1. Nanoripples


3.1.1. Change in the Angle of Incidence


We assessed the influence of a changing angle of incidence on the ripples’ heights and shapes using FIB cuts. During this study, we maintained a pulse number of N = 6000, an average fluence ϕ of about 5.7 to 6.2 mJ/cm2, and a pulse repetition rate of ν = 10 Hz. For height measurements, twenty ripples were evaluated at each position and angle of incidence. Theoretically, the spatial periods of LIPSS increase with increasing angle of incidence θ following Equation (1). Angles of incidence ranging from 0° to 60° in steps of 10° resulted in ripples with spatial periods of 214 nm, 247 nm, 281 nm, 331 nm, 400 nm, 459 nm, and 613 nm [4,32]. Here, the standard deviations calculated by the Gaussian law of propagation of uncertainty were below 1 nm in all cases. Irregular ripples were generated without a polarizer [4]. Their mean peak-to-peak distance ± standard deviation was 274 nm ± 91 nm (±33%; n = 30), their median value was 250 nm, and their spacings ranged between 130 nm and 480 nm [4].



The heights and shapes of the ripples changed with the spatial periods (Figure 3 and Figure 4). SEM images and FIB cuts revealed that at some angles and positions the ripples were very homogeneous (Figure 3b), while at others, merging and bifurcation often resulted in exceptionally short (light blue arrow) and high (dashed light green arrow) ripples (Figure 3a). Figure 4 displays boxplots of the heights evaluated from FIB cuts at one or two positions on the sample surfaces. The mean heights of the regular ripples slightly increased with the angles of incidence increasing from 0° to 30° and thus with the spatial periods. However, this increase was not significant for all positions assessed in this range, e.g., position 1 with θ = 0° did not differ significantly from θ = 10°. From θ = 30°, the heights of the ripples stayed approximately constant considering the large standard deviations of the measurement results. For ripples fabricated with angles of incidence of θ = 20° and θ = 30°, the relative standard deviations were the least, i.e., these ripples were the most homogeneous ones. In addition to the large extent of possible height values for most samples (see whiskers in Figure 4), we found the ripple heights and homogeneity to change considerably between different positions on the cm2-sized sample area, e.g., for the two positions compared, respectively, for θ = 0° and θ = 30°.



Some of the regular nanoripples on PET are iridescent (Figure 5), i.e., the observer perceives different colors of the processed area depending on the angle of view. They can shine, e.g., in blue (Figure 5a), light green, orange, or violet (Figure 5b from left to right). The sample shown in Figure 5 was fabricated using N = 6000 pulses with an average fluence Φ of 5.7 to 6.2 mJ/cm2 at a pulse repetition rate of ν = 10 Hz and an angle of incidence of θ = 30°. Figure 5a also shows the size, shape, and overall homogeneity of a laser-processed area that is covered with LIPSS and that was fabricated under an angle of incidence of θ = 30° (using the aforementioned α-BBO polarizer from Thorlabs). This area is A30° = 196 mm2 ± 8 mm2 (±4%; n = 5).




3.1.2. Change with the Pulse Number


We studied the effect of the pulse number on the spatial periods and the heights of the ripples using SEM images and FIB cuts (Figure 6). During this study, we maintained an angle of incidence of θ = 30° of the linearly polarized light, a fluence ϕ of about 4.2 to 4.5 mJ/cm2, and a pulse repetition rate of ν = 10 Hz. Figure 6 depicts exemplary SEM images (top) and FIB cuts (bottom) at (a) 6000 pulses, (b) 2000 pulses, and (c) 1000 pulses. The FIB cuts show that the height of ripples increased with increasing pulse number and that the shapes of the ripples changed; first, they were sinusoidal, and at higher pulse numbers, they became more and more rectangular. We evaluated SEM images and FIB cuts at three positions on each sample, and even at six positions for N = 1500 and N = 6000 (Figure 7). Robust fits through the mean values serve to guide the eyes and were computed in Matlab R2022b (The MathWorks, Inc., Natick, MA, USA). The graphs indicate that an increase in the pulse number resulted in a moderate, approximately linear increase in the spatial periods up to about 3000 pulses (Figure 7a). Then, they stayed constant until the highest tested value of 10,000 pulses. Similarly, the heights of the ripples rose approximately linearly with increasing number of pulses (Figure 7b). They were also approximately constant from 3000 pulses on. The increase was steeper than the increase in the spatial periods. The relative errors of the heights were high at low pulse numbers (about 25%), then dropped to about 15% at higher pulse numbers, and then rose again (to about 25%) at 8000 and 10,000 pulses (Figure 7c). From all tested pulse numbers, 5000, and especially 3000 and 6000 pulses, resulted in the most homogeneous heights with the least relative errors, while simultaneously, the mean spatial periods and heights had reached their saturation values. Both the spatial periods and the heights did not significantly differ from those of the sample fabricated with a slightly higher fluence of about 5.7 to 6.2 mJ/cm2 with θ = 30° (see Section 3.1.1).




3.1.3. LIPSS on Ultrathin PET Foils


We succeeded in the formation of LIPSS on ultrathin PET foils by using a carrier substrate (Figure 8 and Table 1). For all samples, N = 6000 pulses of linearly polarized light, an angle of incidence of θ = 30°, and a pulse repetition rate of ν = 10 Hz were applied. We used two average fluence values, namely ϕ of about 4.2 to 4.5 mJ/cm2 and ϕ of about 5.7 to 6.2 mJ/cm2. The mean spatial periods Λ ± standard deviations were evaluated at three and five exemplary positions, respectively, on the ultrathin foils and the 50 μm thick reference foil (Table 1).



For both fluences, the spatial periods slightly increased with increasing foil thickness t for the ultrathin foils with t = 1.4 μm, 6 μm, and 12 μm. This change was not significant when thicknesses of 1.4 μm and 6 μm were compared for the lower fluence value; all other changes were greater than the computed standard deviations. However, for the reference foil with a thickness of 50 μm, the spatial period decreased again. A slightly higher fluence value ϕ of about 5.7 to 6.2 mJ/cm2 led to a significant decrease in the spatial periods compared to the lower value of about 4.2 to 4.5 mJ/cm2. In the last column of Table 1, the formulas of the corresponding linear trend lines through the mean values are shown. They were computed in Microsoft Excel (Microsoft Office LTSC Professional Plus 2021, Microsoft Corporation, Redmond, WA, USA).




3.1.4. Changes Due to an Increase in Fluence


The ripples on the reference samples fabricated with the slightly higher fluence of ϕ = 5.7 to 6.2 mJ/cm2 appeared to extend longer in the lateral direction parallel to the direction of polarization than those fabricated with ϕ = 4.2 to 4.5 mJ/cm2 (Figure 9). Furthermore, they showed a more distinct preferential direction and therefore a higher order, i.e., they arranged more uniformly along the direction of the polarization. We have repeatedly monitored the homogeneity of the LIPSS on these foils by SEM imaging at five different evenly distributed positions on the laser-processed area and found them to have a very similar morphology at all positions. This is emphasized by the low relative standard deviations of about 2% of the spatial periods (Table 1).



Next, we studied the influence of an increase in fluence on the nanoripples’ morphology compared to the so-far used higher reference value of ϕ = 5.7 to 6.2 mJ/cm2 (i.e., a pulse energy E = 12 mJ) (Figure 10a). For all samples, N = 6000 pulses of linearly polarized light, an angle of incidence of either θ = 30° or θ = 50° and a pulse repetition rate of ν = 10 Hz were applied. An increase in the pulse energy E and therefore in the fluence ϕ to, respectively, 20 mJ and 6.3 mJ/cm2 led to the generation of two finer ripples on top of the base ripples (Figure 10b)—one peak split up into two separate ones. The higher the fluence became, the more fine ripples were generated and the more the ripples lost their parallelism (Figure 10c). Some of the fine ripples disconnected and became dots. At about 8.2 mJ/cm2 (i.e., a pulse energy E = 16 mJ), the structures resembled “diamonds” because the finer ripples as well as the dots enclosed diamond-shaped areas without ripples. In Figure 10c exemplary diamond-shaped structures are highlighted by light blue lines. The tops of their walls were furnished with several fine ripples and dots that were connected at some positions. The maximum width of the diamonds was 2.25 μm ± 0.48 μm (±21%, n = 20) in the direction perpendicular to the polarization. Exemplary measurement data in the inset of Figure 10c explain how the maximum width was determined. The distance between the fine ripples was approximately 0.247 ± 0.069 μm (±28%, n = 20).




3.1.5. Change in Ripple Morphology Due to Substrate Cooling and a Water Layer


Cooling of the PET foil with a Peltier element below 0 °C to between −1.5 °C and −2 °C (±1 °C) caused the nanoripples either to vanish completely in the case of a fluence value of ϕ = 5.3 mJ/cm2 (Figure 11) or to fade and to become very short in the case of a slightly higher fluence value of ϕ = 5.7 to 6.2 mJ/cm2. At a critical temperature of approximately 2.4 °C (±1 °C), some iridescent ripples formed again when the lower aforementioned fluence value was chosen, at which they had completely vanished at a cooling temperature of between −1.5 °C and −2 °C (±1 °C). For all the laser-processed samples N = 6000 pulses, an angle of incidence of θ = 30° and a pulse repetition rate of ν = 10 Hz were applied. Briefly before and during processing, water droplets condensed on the PET foil from ambient air. They expanded into a thin water film on the processed area during laser fabrication because it had changed the contact angle of PET. The amount of condensed water depended on the relative humidity of the ambient air. Preliminary contact angle measurements using a custom-tailored setup, 1 μL droplets of deionized water, and the θ/2 method for evaluation gave a reduction of the contact angle from ~76° (±3°, n = 12) on the pristine PET foil to ~48° (±2°, n = 3) on an example laser-processed area, where ripple formation had been suppressed by cooling.



Putting a water layer with a thickness of 7.9 mm in front of the PET during laser processing using a customized sample holder (Figure 12a) led to more irregular ripples compared to the reference sample fabricated in the air (Figure 12b), and furthermore to the generation of craters. The specifically designed rotatable sample holder allowed for the usage of an angle of incidence of θ = 30°. Here, N = 6000 pulses, a fluence Φ of 5.7 to 6.2 mJ/cm2, and a pulse repetition rate of ν = 10 Hz were applied. The peak-to-peak distances in between the ripples were reduced from dpp,air = 351 nm ± 29 nm (±9%, n = 150) to dpp,water = 292 nm ± 43 nm (±15%, n = 153). The decrease in the mean peak-to-peak distance of ~−17% was not significant. For the fabrication of this kind of irregular nanoripples, the thickness of the water layer was crucial. For smaller thicknesses of the water layer, such as 6 mm, the ripples faded, and for even smaller thicknesses of 4 mm or 2 mm, the processed areas became more and more inhomogeneous.





3.2. Nanodots Due to a Decrease in Fluence


Before we had discussed that a decrease in the fluence led to shorter ripples concerning their lateral extension along the direction of the linear polarization (Figure 9). A further reduction in the fluence gave rise to even shorter ripples and the generation of nanodots (Figure 13). Here, the nanodots were distributed randomly. All samples were fabricated using linearly polarized light with an angle of incidence of θ = 40°, applying N = 6000 pulses with a pulse repetition rate of ν = 10 Hz. As the fluence values were decreased from ϕ = 2.9 mJ/cm2–3.2 mJ/cm2 (Figure 13a), i.e., pulse energies E of approx. 7.5 mJ–8 mJ, to ϕ = 2.6 mJ/cm2 (Figure 13b), i.e., pulse energies E of approx. 6.5 mJ, the proportion of the short ripples became less. At ϕ = 2.4 mJ/cm2 (Figure 13c), i.e., pulse energies E of approx. 6 mJ, mainly nanodots were left.



It seems that at least some nanoripples in Figure 13a,b had been formed from merged nanodots whose shapes are still visible (see exemplary ripples marked by solid light blue arrows). The short ripples aligned preferentially in the direction of polarization. Most of them are arranged not perfectly in parallel to the polarization vector (see exemplary ripples marked by dotted light green arrows). Some dots are very short and have a considerably smaller diameter than the others (see exemplary dots marked by double-lined light magenta arrows); they might constitute nucleation centers for nanodot formation. The dots’ mean equivalent disc radii ± standard deviations are 129 nm ± 35 nm (±27%, n = 80) for Figure 13a, 115 nm ± 30 nm (±26%, n = 100) for Figure 13b, and 106 nm ± 15 nm (±15%, n = 100) for Figure 13c, i.e., the mean radii decreased with decreasing fluence, although not significantly. Furthermore, the dots’ radii became more homogeneous when less energy was used, which is reflected by the decreasing relative standard deviations. The dots’ centers are located at distances of 441 nm ± 90 nm (±20%, n = 50) for Figure 13a, 391 nm ± 49 nm (±12%, n = 100) for Figure 13b and 339 nm ± 58 nm (±17%, n = 100) for Figure 13c from the centers of their nearest neighbors, i.e., the dots moved closer together when the fluences decreased, although not significantly. The mean height of the dots ± standard deviations measured in FIB cuts was 96 nm ± 26 nm (±38%, n = 23); here, the dots were cut at an arbitrary position that was not necessarily the highest one. However, it has to be noted that the dots were far more sensitive to variations in the fluence than the ripples, wherefore they were not as homogeneously distributed over the cm2-sized sample area due to slight variations in the laser beam energy over the area. Thus, the approx. same spots on the laser-processed areas were analyzed for each set of parameters.




3.3. Nanoscale Grids and Hierarchical Structures Due to Superposition of Two Polarization Directions


In some cases, superimposing two different directions of linear polarization increased the complexity of the structures (Figure 14 and Figure 15). To this end, we performed two successive steps applying two directions of polarization perpendicular to each other employing θ = 30° and ν = 10 Hz for all samples. First, we used laser light with a linear polarization in the y-direction, and then—in a second step—we continued with light linearly polarized in the x-direction. For further details, the reader is referred to Section 2.1.3.



The number Ny and the energy Ey of the pulses with the polarization in the y-direction were kept constant at Ny = 6000 and at Ey = ~12–12.5 mJ (i.e., at ϕ = ~6–6.3 mJ/cm2). The energy Ex of the pulses with the polarization in the x-direction was kept constant at Ex = ~12–12.5 mJ (i.e., at ϕ = ~6–6.3 mJ/cm2). The influence of a decrease in the pulse number Nx of the second polarization direction was investigated (Figure 14). Using Nx = 6000 (Figure 14a) or Nx = 4000 pulses the first layer of ripples along the y-direction was completely erased and overwritten. For Nx = 6000 pulses the ripples of the second layer looked well defined. However, they merged and bifurcated at some positions, which made it difficult to evaluate the spatial period by Fourier transformation from the low number of ripples shown in Figure 14a; the corresponding spatial period was 349 nm ± 6 nm (±2%, n = 3). In contrast, for Nx = 4000 pulses, the ripples appeared a bit washed out, i.e., maybe the formation of defined ripples was hindered by the first layer of ripples. Their spatial period was 331 nm ± 6 nm (±2%, n = 3), i.e., the same as for the single layers shown in Figure 6a, Figure 7a and Figure 9. The situation changed completely when we used considerably lower pulse numbers in the second direction, namely either Nx = 2000 (Figure 14b), Nx = 1500, or Nx = 1000 (Figure 14c). In this case, the second layer of ripples only partly overwrote the first one, and nanogrids formed. In the cases of Nx = 1500 and Nx = 1000, the nanogrids were more defined and homogeneous than for Nx = 2000 across the whole cm2-sized processed area. Evaluating the grid constants in the two directions of polarization, i.e., the spatial periods, via 2D FFT of SEM images like those in Figure 14 resulted in Λx = 332 nm ± 11 nm (±3.4%, n = 3) and Λy = 332 nm ± 4 nm (±1.2%, n = 3) for Nx = 2000, Λx = 336 nm ± 12 nm (±3.6%, n = 3) and Λy = 325 nm ± 8 nm (±2.5%, n = 2 due to bad quality at one position) for Nx = 1500, and Λx = 314 nm ± 12 nm (±3.7%, n = 3) and Λy = 343 nm ± 8 nm (±2.3%, n = 3) for Nx = 1000. This means that the spatial periods in both directions and therefore the grid constants were in the same range as those listed in Table 1 and shown in Figure 7a for θ = 30° and different energies and pulse numbers.



The energy used for ripple generation was then set to a lower fixed value in the first direction of polarization and gradually reduced in the second direction of polarization (Figure 15). The resulting formations resembled pearl chains. As before, the number Ny and the energy Ey of the pulses with the polarization in the y-direction were kept constant, this time at Ny = 6000 and Ey =~8.5 mJ (i.e., at ϕ = ~4.2–4.3 mJ/cm2). The energy Ex of the pulses with polarization in the x-direction was considerably reduced to Ex = ~6.5 mJ (i.e., ~3.2–3.3 mJ/cm2) (Figure 15a), Ex = ~6 mJ (i.e., ~3 mJ/cm2) (Figure 15b), and Ex = ~5.5 mJ (i.e., ~2.7–2.8 mJ/cm2) (Figure 15c), respectively, to trigger the formation of nanodots. Values in this energy range have also been used to create only nanodots, which are shown in Figure 13. This resulted in ripples with regularly distributed nanodots on their tops (Figure 15a,b) or at their beginnings and ends (Figure 15c). For the highest tested energy Ex = ~6.5 mJ, sometimes merged dots bridged two ripples (light blue arrows) and seldomly two dots touched because they originated very closely to each other (double-lined light magenta arrows); sometimes dots were located in between the ripples and not on their tops (dashed light blue arrows). Reducing the energy in the second direction of polarization (Figure 15b) the dots’ shapes became more elliptical with the minor axis being parallel to the ripples and the major axis being aligned along their widths. Furthermore, the ripples appeared to become higher and the dots shorter.



The distances between the dots and their nearest neighbors on the same ripple are 447 nm ± 82 nm (±18%, n = 100) for Figure 15a and 409 nm ± 102 nm (±25%, n = 100) for Figure 15b, i.e., that the dots moved closer together when the energy was reduced; however, the change was not significant, most probably since not all dots on top of the ripples were fully developed. For the lowest energy, the dots formed mainly at the beginnings and ends of the ripples (Figure 15c), and therefore their distances were significantly larger, namely 1500 nm ± 670 nm (±45%, n = 10). The distances between the dots and their nearest neighbors on another ripple were 373 nm ± 64 nm (±17%, n = 100) for Figure 15a, 351 nm ± 36 nm (±10%, n = 100) for Figure 15b, and 628 nm ± 363 nm (±58%, n = 17) for Figure 15c, i.e., taking into account the high standard deviations, they were all within the same range, although their means showed the same qualitative behavior as before. Interestingly, the equivalent disc radii of the dots were 113 ± 13 nm (±11%, n = 100) for Figure 15a, 104 ± 12 nm (±12%, n = 100) for Figure 15b, and, respectively, 93.7 nm ± 5.0 nm (±5%, n = 24) for Figure 15c. The means decreased, however, at first, not significantly. Computing the distances in between the ripples by 2D FFT resulted in spatial periods of 339 nm ± 4 nm (±1%, n = 3) for Figure 15a, 326 nm ± 10 nm (±3%, n = 3) for Figure 15b, and 337 nm ± 11 nm (±3%, n = 3) for Figure 15c. These values are similar to those obtained for ripples with the same set of parameters as used for the first polarization direction (see Figure 6a and Figure 7a and Table 1). Therefore, the second direction of polarization did not influence the ripples’ spatial periods.





4. Discussion


4.1. Nanoripples


Formation of regular nanometric LIPSS requires polarization of the laser light [19,31]. We were able to fabricate irregular nanoripples without a polarizer in the beam path, possibly due to the attenuator and the dielectric mirror polarizing the unpolarized laser light to some extent. On 50 μm thick PET foils, we measured the heights of regular nanoripples with spatial periods from ~214 nm to ~613 nm, as well as of irregular ones, and assessed their shapes using FIB cuts (Figure 3 and Figure 4). This resulted in measurement values systematically higher than those obtained from AFM topography images in [24,25,26,27,32], although the processing parameters and used materials were very similar or even the same. Probably, the differences are caused—to some extent—by tip-sample convolution, which is typical of AFM measurements, especially in the case of high densely packed ripples with steep slopes such as ours. Therefore, the valleys in between the ripples might not be reached—an effect which was described in [5]. Furthermore, some of the literature values for ripple heights h were calculated from the arithmetic mean roughness or average roughness Ra of recorded AFM topography images—using the relation h = 2Ra. The average roughness accounts for the arithmetic average of profile height deviations from the mean line. This software-aided method is fast and easy to compile. For the two following reasons, this method might deviate from the true peak-to-valley heights of the ripples. First, the shapes of the ripples influence the outcome: only in the case of ripples of nearly rectangular shape (i.e., in our case, the use of high pulse numbers, see Figure 6) will the results of the two calculation methods match. Second, analyzing the AFM topographies shown in [24,25,27,32] reveals that the ripples’ shapes from AFM data appear systematically wider compared to those assessed by FIB cuts—most probably due to tip-sample convolution.



Shapes and mean ripple heights depended on the angle of incidence (Figure 3 and Figure 4). Given the high absolute and relative standard deviations, very few heights differed significantly, e.g., ripples fabricated with θ = 30° were significantly higher than those fabricated with θ = 10° and θ = 20°. The most extreme values represented by the whiskers revealed the large variability of possible height values. Ripple merging and bifurcation caused extreme variations in ripple heights, namely exceptionally short and high ripples (Figure 3a). Regularity depended on the angle of incidence and was most pronounced at θ = 20° and θ = 30° with relative standard deviations between 9% and 23% compared to 31–49% for the other angles of incidence. The underlying cause of the relation between nanoripple regularity and angle of incidence remains unknown. However, it may be connected to the surface roughness of the pristine PET foils: Csete et al. [51] reported that perfectly flat spin-coated PC films upon 193 nm—ArF excimer laser processing led to more regular LIPSS compared to commercial PC foils. In cases of applications that require very precise geometries, other methods such as direct laser interference patterning (DLIP) [52,53] and electron [54] or ion beam lithography [55] are indispensable because the LIPSS formation process lacks the necessary regularity control feature.



Some of the nanorippled PET surfaces showed iridescence (Figure 5). Iridescence, i.e., the angle of view or the angle of illumination changes the color appearance of a certain surface, is an example of a structural coloration mechanism that is also observed in nature [10]. Here, it is thought to arise from diffraction gratings formed by the nanoripples themselves such as in the iridescent fan of the seed-shrimp (ostracod crustacean) Azygocypridina lowryi [56]: a similar color spectrum is observed, which is in this case caused by ripples with peak-to-peak distances in the range of 480 nm to 550 nm. A similar effect was also achieved by laser-induced ripples on metals such as aluminum [57] and copper [58]. In [57], ripples with a spatial period of 540 nm rendered aluminum iridescent, while in [58], nanoripples on copper with spatial periods between 600 nm and 665 nm caused the copper´s color to change with the angle of view. All the ripple distances of the above-cited works [56,57,58] are therefore within the range of the nanoripples we fabricated. For this kind of low-energy color change mechanism, no chemical energy is needed, which might be an advantage in the biological evolution of certain species, e.g., of the seed-shrimp Azygocypridina lowryi [56], and also for long-term stability, as these colors do not fade like pigment colors [10]. This might be desirable for applications in communication, decoration, and anti-counterfeiting design [10].



A water layer with a thickness of 7.9 mm before the sample decreased the mean peak-to-peak distances between the ripples on 50 μm thick PET foils (Figure 12), although not significantly. This is most probably due to the higher refractive index of water of 1.36 at 248 nm and 25 °C [59] compared to air, which then changes the effective refractive index neff. According to Equation (1), this higher effective refractive index neff reduces the spatial periods. The purpose of the water layer was to increase the effective refractive index neff, thus adding another tuning parameter for the spatial period Λ to the system. In addition to neff, the angle of incidence θ can be adjusted. Similarly, the spatial periods diminished by several times, when LIPSS on metals were produced by a femtosecond laser in liquid environments instead of air [60]. Interestingly, a water film that was generated by melting a thin frost layer on the target silicon surface not only increased the quality of laser-ablated microstructures considerably but also gave rise to high-spatial-frequency LIPSS [61]. These were not generated at all without the frost layer, even when the same processing parameters had been applied.



Our nanoripples fabricated with a water layer in front of the PET were not as regular as the ones fabricated in the air and occasionally craters appeared. Applying thinner water layers led to faded ripples (in case of 6 mm) or to very inhomogeneous surfaces with a few faded ripples at some positions (in case of 4 mm and 2 mm). This is most probably due to bubbles generated either in between the fused-silica plate and the polymer foil or at their interfaces. Some mechanisms of bubble generation and their effects on the beam path were described in [36]. In the following, we discuss them concerning our experimental configuration. Bubbles might not have been able to escape easily from the sample holder in case the water layer was too thin: it seems likely that they adhered either to the fused-silica plate or to the PET foil. These bubbles are thought to have diverged the—in our case—nearly parallel laser light (after the telescope configuration of the lenses) since the refractive index of water is higher than the one of water vapor; others might have collapsed and caused a flow field therein. Furthermore, cooling of the PET surface by the water layer may have affected structure formation [37].



Previously, slightly different processing parameters of KrF excimer laser treatment of PET using an approx. 5 mm thick water layer and θ = 0° resulted in worm-like structures [35]. Only in exceptional cases several ripples were visible, namely at the lowest fluence of 8 mJ/cm2 at very low and high operating voltages. At fluences above the ablation threshold, porous structures formed [62]. In water the ablation threshold of PET was found to be less than half of that in air, namely 14 mJ/cm2 compared to 29 mJ/cm2 [62]; these values were determined for a 75 μm thick PET foil from Mylar by using a similar ns KrF excimer laser setup [62]. This low ablation threshold value together with fewer bubbles deviating the laser beam might explain why we generated nanoripples instead of worm-like structures at a lower fluence value together with a thicker water layer of 7.9 mm compared to the 5 mm in [35]. Also, for ns excimer laser treatment of PS in air, a similar trend was observed [63]: the formation of nanoripples and worm-like structures at lower and higher fluences, respectively.



We succeeded in suppressing ripple formation on 50 μm thick PET foils by substrate cooling (Figure 11). This cannot be discussed without considering the water layer formed during cooling. However, it has to be pointed out that the thickness of the water film increased with the relative humidity of the ambient air; it was very thin, probably not continuous, and barely visible at low relative humidity, and very pronounced at high relative humidity. First, droplets condensed on the PET foil from the surrounding air. Then, they expanded to form a water film in response to a lower contact angle due to laser-processing. Due to gravity, the water layer was thicker at the bottom than at the top in case it was continuous. The initial droplets might have served as plano-convex lenses focusing the laser beam for physicochemical surface modification. Then, the water layer formed due to physicochemically induced contact angle reduction. Bubbles might have escaped the film readily because of an open interface to the surroundings and such might not have diverged the laser beam. Therefore, we assume substrate cooling to interfere with the temperature field. As ripple generation has been suppressed, this result might be considered experimental evidence that the temperature field is the positive feedback mechanism needed for structure formation, as described in [22,28,64]. Interestingly, cooling of the target silicon surface in [61] had the contrary effect and gave rise to high-spatial-frequency LIPSS. In the future, interesting follow-up experiments would include high-speed camera recording of bubble generation during laser processing, water temperature measurements, physicochemical analysis of the liquid after laser irradiation, and nanostructure analysis upon substrate cooling at various temperatures. Future control of the relative humidity of the ambient air might constitute a way to regulate the existence and thickness of the water layer generated by substrate cooling during laser processing. Multiphysics simulation of the underlying effects is challenging but would provide a way for future structure prediction.



We fabricated nanoripples on ultrathin foils with thicknesses of 1.4 μm, 6 μm, and 12 μm (Figure 8). In the future, these foils might be possibly applied to improve the efficiency of ultrathin solar cells [65] by using the principle described in [66]. Or, they might cover arbitrarily shaped objects with nanoripples to equip them with bacteria repellency [32] or antiadhesion against nanofibers [4,5]. We found different thinner foil thicknesses t to result either in ripples of significantly higher (t = 12 μm), smaller (t = 1.4 μm), or the same (t = 6 μm) spatial periods compared to the 50 μm thick reference foil depending on the applied fluence. This is in accordance with previous work [22], where the thickness of PS films, the applied fluence, and the thermal and optical properties of the underlying substrate affected LIPSS generation. According to the theoretical considerations presented in [22], these parameters influenced the temperature of the material during processing. However, the tested film thicknesses in [22] were about one magnitude of order smaller than the ones in our case, namely some hundreds of nanometers compared to some microns. Provided that the trend described in Figure 3 of [22], with an initial increase, a plateau, and then a decrease in spatial periods and heights with increasing film thickness, is also applicable in our case, then the film thicknesses of several microns we used represent the initial slope of the curve.



Our FIB cuts revealed that the ripple shape changed with the pulse numbers (Figure 6). At lower values, they were approximately sinusoidal, and at higher ones, they became increasingly rectangular. Our results indicate that both the height and spatial period of the ripples increased with increasing number of pulses and then reached a saturation value at ~3000 pulses (Figure 7). The slopes are approximately linear. This effect could be exploited to increase the mean ripple height from ~25 nm to ~100 nm (i.e., by ~300%) by using higher pulse numbers. The spatial period would increase by only ~12%, and this moderate change could be balanced by using slightly lower angles of incidence (see Equation (1)). The ripple heights measured differed slightly depending on the measurement position on the processed surface, which may have been caused by slightly inhomogeneous fluences over the several square centimeter-sized processed areas as a consequence of a non-uniform laser profile. Masks could be used to restrict the processed area and guarantee a defined fluence. For very low and high pulse numbers, the relative variations in height increased, which means that the regularity of the ripples decreased. The trends in height and spatial period observed also match those described by Rebollar et al. [67] for femtosecond laser-induced LIPSS on polymer films (including PET). LIPSS from ns UV laser processing, in contrast, were reported to first generate nanorough surfaces with several randomly located nanodot-like surface features of various sizes [14,22,64]. However, Rebollar et al. [28] calculated the temperature increase induced by laser irradiation, which indicates that LIPSS formation in amorphous spin-coated polymer films takes place by devitrification of the film surface at temperatures above the characteristic glass transition temperature Tg of the polymers. With the parameters we chose for our study of the influence of pulse number, we did not observe an initial regime with distinct nanodot formation. These differences in the structures observed and in the different pulse numbers needed for LIPSS formation on the same polymer make it clear that, currently, each combination of material, substrate, and setup requires its own procedure to optimize LIPSS quality.



When we increased the fluence, the ripples became longer and parallel to the linear polarization (Figure 9). Above a certain threshold, they separated into finer ripples (Figure 10b). This process started with twin peaks at approx. 6.3 mJ/cm2 and then led to diamond-shaped surface features at about 8.2 mJ/cm2 (Figure 10c). These structures can be considered hierarchical: the tops of the diamonds’ walls exhibited several finer ripples and nanodots, both of which were connected at some positions. It seems likely that—given a proper theoretical explanation of the self-assembly mechanism of these diamond-like structures—their regularity might be improved in the future.




4.2. Nanodots Due to a Decrease in Fluence


We succeeded in forming about 96 nm high nanodots on PET foils at low fluences in the range of 2.4–3.2 mJ/cm2, using linearly polarized laser light (Figure 13). Their mean equivalent disc radii (~106 nm to ~129 nm) and their mean center-to-center distances (~339 nm to ~441 nm) increased slightly with increasing fluence. At the lowest fluence value, only dots were present, while at the higher values, some dots merged into short ripples. This is in agreement with the work of Csete and Bor [64] who patterned PET using mainly a 193 nm—ns ArF excimer laser. They showed experimentally that with this specific setup, proliferating nanogranules constituted the points of origin for ripple formation. Interestingly, using other parameters, we did not observe nanogranules on the surface before ripple formation (Figure 6). This could mean that there are two different ripple formation mechanisms at lower and higher fluences, respectively, which might also influence the parallel orientation of the resulting nanoripples (Figure 9). For our surface nanodots on PET, we envision a possible future application in biomimetics. As mentioned in Section 1, surface nanoripples on PET bioinspired by the calamistra of cribellate spiders reduced the adhesion of nanofibers [4,5] and bacteria [32]. However, the calamistra of some spider species such as Amaurobius similis and Menneus superciliosus not only possess surface nanoripples but also protrusions that look more like nanodots or nanospikes [4]. Their role is still elusive and might be probably unraveled with the help of biomimetic nanodots of similar dimensions. A promising candidate for a further future application area is plasmonics [68]. Covering the foils with thin layers of gold or silver, the nanodots might couple photons into surface plasmon polaritons. In [24,40], separate gold nanowires were fabricated with the help of LIPSS on PET, which had partly shielded the surface during thermal vacuum evaporation under an angle. They showed surface plasmon resonances. Similarly, separate gold or silver nanodots for the generation of localized surface plasmons might be produced using the PET surface nanodots that we fabricated in this work.



Rebollar et al. [29] fabricated densely packed nanodots with center distances similar to those of ours on PET surfaces by applying circularly polarized ns UV laser light. Csete et al. [51] observed the beginning transformation of line-shaped structures into droplets below a particular thickness of spin-coated PC films on a glass substrate processed by polarized ArF excimer laser light. This was explained by laser-induced melting across the whole film thickness and subsequent de-wetting of the substrate. We assume that a similar mechanism might be involved in the formation of the nanodots presented in this work: semi-crystalline PET might melt (in the case of the crystalline phase of PET) or rearrange (in the case of the amorphous phase of PET) preferentially at nanograins (e.g., filler particles) or other structural inhomogeneities on the surface and in the top layer of the foil. We found evidence for such inhomogeneities in SEM images (Figure 11a) and optical microscope images. These inhomogeneities might serve as seeds for nanodot formation as they might become covered by rearranged or melted material and thus concentrate PET around and on them. Cui et al. [22] observed the replacement of ripple formation by distorted LIPSS with drop-like structures on spin-coated PS films of intermediate thickness on silicon. These publications suggest that the interplay between material thickness, substrate, and laser parameters is decisive in the mechanism that leads to the formation of surface nanodots. High-fluence ns KrF excimer laser processing resulted in extremely densely packed nanodots on 50 μm thick polyethersulphone foils [69], while ours are in most cases separated and their surfaces do not touch each other; polyethersulphone formed LIPSS at similar fluences and pulse numbers as the PET foils used in this study. In contrast to our randomly arranged nanodots, highly regular hexagonally arranged nanodot-like surface protrusions were created by Porta-Velilla et al. [70] on nickel tungsten alloy tapes using picosecond UV laser pulses. These protrusions were ~200 nm in diameter, ~130 nm high, and exhibited closest-neighbor distances of ~400 nm.




4.3. Nanoscale Grids and Hierarchical Structures Due to Superposition of Two Polarization Directions


We produced nanogrids (Figure 14) and hierarchical structures that exhibited nanoripples with nanodots on their tops—formations that resembled pearl chains (Figure 15). To this end, we successively superimposed two linearly polarized laser beams by rotating the sample by 90°, rendering the directions of polarization perpendicular to each other. We found that the grid constants were in the same range as the spatial periods of nanoripples fabricated with similar pulse numbers and fluences. Note that for nanogrids to be generated, the number of pulses in the second direction (2000 or 1000 pulses) needed to be significantly lower than that in the first direction (6000 pulses), while all other parameters remained constant, as otherwise the first structure was completely overwritten. This overwriting might be used to one’s advantage to cover larger areas seamlessly by stitching them together. A similar technique was applied by Csete et al. [51], who used polarized ArF excimer laser light to form a nanogrid on 78 nm thick spin-coated PS film on glass. However, they used 1000 laser pulses in both polarization directions. Nanogrids might be applicable for the formation of regularly spaced separate noble metal nanodots for plasmonics [68] using the technique described in [24]. The walls of the grid are expected to partly shield the surface during thermal vacuum evaporation under an angle. Furthermore, nanogrids with thin layers of gold or silver on top might serve as couplers for the generation of surface plasmon polaritons.



Nanoripples with nanodots on top, resembling pearl chains, formed when we lowered the fluence in the second polarization direction to values used for nanodot generation on flat surfaces. The mean equivalent disc radii (~94 to ~113 nm) and the center-to-center distances of the nanodots (~351 nm to ~447 nm) slightly decreased with decreasing fluence. With decreasing fluence, the nanodots became increasingly elliptical in shape. For the lowest fluence value tested, the nanodots developed mainly at the beginnings and the ends of ripples. Interestingly, the spatial periods of the ripple structures underneath were in the same range as those of single layers of ripples fabricated with the same parameters. Hierarchical structures incorporating LIPSS on polymers have previously been achieved mainly in combination with other techniques for micrometric structure formation, such as DLIP [71] and contact lithography [72].





5. Conclusions


We found ns KrF excimer laser processing to be a versatile technique for achieving various kinds of nanostructures on 50 μm thick PET foil. These ranged from regular nanoripples with spatial periods from ~214 nm to ~613 nm to irregular ripples, nanodots, nanogrids, and hierarchical structures composed of ripples with finer ripples or nanodots on top. Interestingly, we succeeded in forming nanodots when we used very low fluences. In some cases, superimposing two directions of polarization increased the complexity of the structures. This way, we generated nanogrids and “pearl chains”; that is, nanoripples with nanodots on top. To the best of our current knowledge, such kinds of LIPSS structures have not previously been described in the literature. In the case of other parameter combinations, the ripple structures were overwritten, which allows several processed areas to be “stitched” together. Substrate cooling suppressed ripple formation, which could be considered experimental evidence that corroborates theoretical models based on heating by laser pulses [22,28,64]. A water layer of a specific thickness changed ripple morphology, making it more irregular; our custom-built sample holder allowed a water layer to be used also during ripple formation under a certain angle of incidence of the laser beam.



We studied changes in ripple topography upon parameter variation, using SEM images and FIB cuts to fully exclude tip-sample convolution effects that are typically present in AFM images. The angle of incidence of the laser beam determined the spatial periods and heights of the ripples. Some nanoripples showed iridescence. In a beamline without a polarizer, irregular nanoripples formed. The number of pulses influenced the spatial periods, shapes, and heights of the ripples: At pulse numbers below 3000, the spatial periods and the heights decreased approximately linearly. Above this value, both the spatial periods and the heights were saturated. A moderate increase in fluence made the nanoripples longer in the direction parallel to the linear polarization of light and increased their parallelism. An even higher increase in fluence gave rise to hierarchical structures: finer ripples and dots on top of the main nanoripples that were arranged in diamond-like structures. Reducing the PET foil thickness to 12 μm, 6 μm, and 1.4 μm influenced the spatial periods depending on the fluence: they were significantly lower, the same, or higher than the spatial periods of nanoripples on reference foils with a thickness of 50 μm.



We expect that our approaches for structural variability can also be applied to other polymers such as SU-8 [48,49] and PS [24,47] because they develop similar ripple patterns at comparable processing parameters. We foresee numerous possible applications of the structures presented, as—in combination with masks—they allow customized patterning of the surface topography for the antiadhesion of nanofibers [4,5], the repellency of bacteria [32,53], plasmonics [24,40,68] and the alignment and activation of cells [24,29,45,47]. Our experimental achievements will, we hope, inspire theorists to create models that describe the formation of the structures presented here.
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Figure 1. Setup for the formation of nanostructures on poly(ethylene terephthalate) (PET) films using ns pulses of UV laser light. Adapted from [4,5,32]. 
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Figure 2. Superposition of two directions of linear polarization by rotating the sample by 90° after the first processing step. The white arrows mark the direction of the linearly polarized light of the first layer of ripples (aligned in the y-direction in the completed sample). 
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Figure 3. The spatial periods Λ and heights of nanoripples on PET depended on the angle of incidence θ of the linearly polarized UV laser light. For each sample, scanning electron microscopy (SEM) images (top) and focused ion beam (FIB) cuts (bottom) are depicted. An average fluence ϕ of about 5.7 to 6.2 mJ/cm2 was applied. Exemplarily, samples fabricated with angles of incidence of (a) θ = 10°, (b) θ = 20°, (c) θ = 40°, and (d) θ = 50° are depicted. The white arrows mark the direction of the linearly polarized light. Light blue and dashed light green arrows in (a) show exemplary merging and bifurcation resulting in exceptionally short (light blue) and high (light green) ripples. All scale bars in the images are 1 µm long. 
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Figure 4. Box-whisker plots of nanoripple heights fabricated with different angles of incidence θ using linearly polarized light or no polarizer in the beamline (n.p.). The black boxes show the results for the first measurement position and the blue ones, respectively, for the second measurement position. The box-whisker plots present the 25th and 75th percentiles within the box along with mean (filled magenta diamonds) and median (continuous line) values, as well as statistical outliers (red crosses). The whiskers extend to the most extreme data points not considering the outliers. 
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Figure 5. Laser-induced periodic surface structures (LIPSS) on PET can be iridescent, i.e., they appear to shine with different colors as the angle of view changes. (a) Top view of PET film with a laser-processed area shining with blue color. (b) Left view of the PET film: The color of the laser-processed area in (a) changes from light green to orange and violet depending on the angle of view. The white arrows mark the direction of the linearly polarized light during laser processing. 
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Figure 6. Exemplary SEM images and FIB cuts indicate that the heights of the nanoripples decreased when the number of pulses was reduced. The shapes of the nanoripples changed as well. An average fluence ϕ of about 4.2 to 4.5 mJ/cm2 was applied. (a) Reference fabricated with N = 6000 pulses. The ripples became shorter by applying (b) N = 2000 pulses and (c) N = 1000 pulses. The scale bars in the SEM and FIB cut images are, respectively, 1 μm and 500 μm long. The white arrows mark the direction of the linearly polarized light. 
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Figure 7. Influence of the number of pulses on the sample morphology. An average fluence ϕ of about 4.2 to 4.5 mJ/cm2 was applied. Three positions were evaluated (red, blue, and black symbols). Filled magenta diamonds show the mean values of all positions. The dotted magenta lines represent robust fits through the mean values and serve to guide the eyes. (a) The spatial periods slightly increased with increasing pulse number, and from about N = 3000 pulses on they stayed approximately constant. (b) The heights of the ripples increased with increasing number of pulses and then maintained an approximately constant value from N = 3000 pulses on. (c) The relative errors in the heights first decreased with increasing number of pulses and then increased again for higher numbers of pulses. 
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Figure 8. SEM images (top views) show LIPSS on ultrathin PET foils with thicknesses of (a) 12 μm, (b) 6 μm, and (c) 1.4 μm. The scale bars in all images are 1 μm long. The samples were fabricated with an angle of incidence of θ = 30° and an average fluence ϕ of about 5.7 to 6.2 mJ/cm2 using linearly polarized light, the same parameters as for the LIPSS shown in Figure 9b. The white arrows mark the direction of the linearly polarized light. 
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Figure 9. Influence of a slight increase in fluence on the ripples’ morphology: changing the fluence Φ from (a) approx. 4.2 to 4.5 mJ/cm2 to (b) approx. 5.7 to 6.2 mJ/cm2 resulted in longer ripples with a more distinct preferential direction in parallel to the polarization vector. The white arrows mark the direction of the linearly polarized light. 
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Figure 10. Influence of an increase in fluence on the ripple morphology. (a) Increasing the fluence Φ from 4.2 to 4.5 mJ/cm2 to approx. 5.7 to 6.2 mJ/cm2 resulted in a reference sample with longer ripples. (b) At even higher fluences, more complex structures arose, and the tops of the ripples separated into finer ripples. This process started with twin peaks at approx. 6.3 mJ/cm2. (c) At about 8.2 mJ/cm2 the structures resembled “diamonds” and the tops of their walls were furnished with several fine ripples and dots that were connected at some positions. Exemplary diamond-shaped structures are highlighted by light blue lines. Exemplary measurement data in the inset explain how the maximum widths of the diamonds were measured; two exemplary values 1 and 2 are shown and they are illustrated with horizontal white arrows. The vertical white arrows mark the direction of the linearly polarized light. The scale bars in the images and the zoom-ins, respectively, are 5 μm and 1 μm long. 
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Figure 11. Cooling of the foil during laser processing suppressed ripple formation on PET. During laser fabrication water condensed from ambient air and formed a film on the processed area. SEM images of (a) unstructured and (b) laser-processed PET foils. (b) The reference sample possesses nanoripples (left). Substrate cooling during laser processing led to a surface without ripples (right). The topography of the latter one looks similar to the unstructured foil in (a). The scale bars in all images are 1 μm long. The white arrow marks the direction of the linearly polarized light. 
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Figure 12. Water layer during laser processing. (a) Photo of the rotatable sample holder with a liquid reservoir. The scale bar in the image is 5 cm long. (b) The morphology as well as the mean spatial periods of the ripples changed when a layer of water with a thickness of 7.9 mm was placed in front of the sample. The white arrow marks the direction of the linearly polarized light. The scale bars in the images are 1 μm long. 
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Figure 13. Reduction of pulse energy: the lower the fluence was, the shorter the ripples became and the more nanodots were present on the sample surface. (a) Fluence Φ of 2.9 to 3.2 mJ/cm2, (b) fluence Φ of ~2.6 mJ/cm2, and (c) fluence Φ of ~2.4 mJ/cm2. The scale bars in all images are 1 μm long. The white arrows mark the direction of the linearly polarized light. The light blue arrows show exemplary nanoripples that have been formed from merging nanodots. The dashed light green arrows mark exemplary nanoripples that are not parallel to the direction of polarization. The double-lined light magenta arrows highlight exemplary nanodots that are very small in size and short. 
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Figure 14. Effects of decreasing the pulse number in the x-direction when superimposing two perpendicular directions of polarization, starting with linear polarization in the y-direction. (a) Using Nx = 6000 pulses of the same energy for both directions of polarization resulted in overwriting of the nanoripples in the y-direction. (b) Lowering the number of pulses with polarization in the x-direction to Nx = 2000 gave rise to a nanogrid. (c) The structure became even more defined and homogeneous across the sample area when the pulse number was even lower, namely Nx = 1000. The cross of white arrows marks the two perpendicular directions of the linearly polarized light. The scale bars in the images are 1 μm long. 
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Figure 15. Different energies in both directions: superposition of two perpendicular directions of polarization one after another starting with linear polarization in the y-direction. In insets, the typical shapes of the dots are shown. (a) The ripples in the y-direction were furnished with nanodots in a “pearl-chain” configuration when the energy of the pulses with linear polarization in the x-direction was lowered to ~6.5 mJ (i.e., ~3.2–3.3 mJ/cm2). Light blue arrows show exemplary merged dots that bridge two nanoripples. Double-lined light magenta arrows highlight two dots that touch because they have originated very closely to each other. Dashed light blue arrows mark dots that are located in between the ripples and not on their tops. (b) Similar hierarchical structures were also generated for a pulse energy of ~6 mJ (i.e., ~3 mJ/cm2). (c) At a lower pulse energy of ~5.5 mJ (i.e., ~2.7–2.8 mJ/cm2) only a few nanodots on top of ripples were formed; they are located preferentially at the beginnings and ends of the ripples. The cross of white arrows marks the two perpendicular directions of the linearly polarized light. The scale bars in the images are 1 μm long. 
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Table 1. Nanoripples on ultrathin PET foils: the mean spatial periods Λ ± standard deviations depended on the film thickness t.
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Thickness t (μm)

	
1.4

	
6

	
12

	
50 (Reference)

	
Linear Fit






	
fluence ϕ of about 4.2 to 4.5 mJ/cm2




	
spatial periods Λ (nm)

	
334 ± 7 (±2%)

	
335 ± 2 (±0.6%)

	
396 ± 5 (±1%)

	
334 ± 6 (±2%)

	
6.10 t + 316




	
fluence ϕ of about 5.7 to 6.2 mJ/cm2




	
spatial periods Λ (nm)

	
304.0 ± 0.8 (±0.3%)

	
326 ± 4 (±1%)

	
360 ± 4 (±1%)

	
327 ± 6 (±2%)

	
5.39 t + 295

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
 §

Solaht verows
number of pses

[

wasal period ()

et o)

/HHH

{31

st e )

o 100 s w0 W
et of s ()

®






media/file4.png





media/file30.png
Exzomliiiii s E,=55m) ..}.

2 442 zoom; Lt b 1l






media/file18.png





media/file21.jpg





media/file31.png





media/file26.png





media/file27.jpg
N, = 6000 N, = 2000






media/file3.jpg





media/file22.png
unstructured 13N VA1 5.3 mi/cm? |

cooling ON

i






media/file19.jpg
82ml/em?, 30° ¢






media/file7.jpg
heights (nm)

306

251

!
@ 8
S

3
38

Heights versus angle of incidence

0

0

3

@
8

o

angle of incidence (°)





media/file28.png
N. = 6000

e

N, = 2000

e

N. = 1000

e






media/file10.png
(b)





media/file14.png
Spatial period versus Height versus

Relative errorin heights versus
number of pulses

number of pulses number of pulses
- - 150 r v v 35 . . -
360 3 o
E A o - =y ’ 3 3 )
cC ! oo o | = o~ ®« TN
— 340 (I 37 S R— - S—— 'S -V Y U B 2 T S— o~