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The formation and evolution of laser‑induced periodic surface structures in fused silica under 
irradiation of widely tunable (in the 1–3 µ m range) linearly polarized femtosecond (200 fs) pulses was 
studied experimentally. The structures were inscribed in high fluence regime (exceeding the surface 
ablation threshold for a single pulse) and characterized by using scanning electron microscopy and 
two dimensional Fourier transform. The results revealed rapid (after irradiation with a few successive 
pulses) formation of periodic laser‑induced periodic surface structures aligned parallel to laser 
polarization, whose period increases with increasing the inscription wavelength, obeying the �/n law. 
With further increase of number of pulses, the generated structures gradually reorganize into laser 
polarization‑independent low spatial frequency annular structures associated with formation of the 
damage crater, which fully established after irradiation with a few tens of successive laser pulses. This 
particular evolution scenario was observed over the entire wavelength tuning range of incident pulses.

Laser-induced periodic surface structures (LIPSS) spontaneously emerging from irradiation of solid-state mate-
rials with repetitive femtosecond laser pulses attract great scientific and technological interest and offer new 
perspectives for laser material  processing1–8. These structures arise from permanent material modifications due 
to complex light-driven material reorganization, whose key features, such as topography, periodicity and orienta-
tion, are functions of material properties, irradiation geometry, laser wavelength, polarization state, peak fluence, 
and number of pulses. According to periodicity, LIPSS are classified into high spatial frequency LIPSS (HSFL) 
and low spatial frequency LIPSS (LSFL), with characteristic periods of ∼ �/2n and ∼ �/n , respectively, where n 
is the refractive index of  material4. HSFL and LSFL are commonly observed LIPSS morphologies, although there 
exist more specific surface topographies, e.g. nanoparticle strings and quasiperiodic microspikes, that emerge 
upon ultrashort pulse irradiation of a conductive  solid9,10.

Many experiments on LIPSS formation were performed in various glasses and in fused silica, in particular, 
which represents versatile and one of the most relevant optical materials, finding diverse applications in con-
temporary optical sciences and  technology11. Transformation of LIPSS morphology from HSFL to LSFL was 
observed with the increase of number of impinging  pulses12 and laser  fluence13, in particular demonstrating the 
transition from the high spatial frequency perpendicularly oriented nanoripples to the low spatial frequency 
ripples, parallel or perpendicular to the laser  polarization14. Formation of more sophisticated forms of material 
reorganization, such as nanoplillar  arrays15 and supra-wavelength periodic surface structures, whose periodicity 
may exceed laser wavelength by several  times16,17, were reported so far. Irradiation by successive femtosecond 
laser pulses in high fluence regime produces polarization-independent low spatial frequency annular structures 
(LIPASS) at the center of the laser ablation  crater18. Further studies uncovered the change of surface morphology 
from HSFL to LSFL and eventually to LIPASS, with increasing the number of  pulses19. A similar evolution was 
observed in As2S3 chalcogenide  glass20 and more recently, in various transparent dielectric  materials21, attesting 
the universality of such morphological transition.
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Tailoring of LIPSS topography was demonstrated by employing double  pulse22 and two-color (near-IR fun-
damental and UV second harmonic)23,24 irradiation, and by using pulse trains with designed pulse  delays15. 
The experiments performed using single pulse fluence above laser-induced damage threshold, demonstrate 
that LSFL are produced without an intermediate step of HSFL  formation25,26. However, so far the vast majority 
of experiments on LIPSS formation in fused silica were performed within a very narrow spectral region, using 
fundamental harmonics of standard femtosecond Ti:sapphire and Yb-doped laser sources, emitting at around 
800 nm and 1.03 µ m, respectively. Much fewer experimental investigations were performed with  UV23,24 and 
near-IR pulses having longer  wavelengths19, while only theoretical study was conducted regarding LIPPS forma-
tion in the mid-IR27.

In this work, we study pulse-by-pulse formation dynamics and evolution of laser-induced periodic struc-
tures on the surface of fused silica over a broad wavelength range using widely tunable femtosecond pulses. The 
experiments were performed in the regime when a single pulse fluence exceeds surface ablation threshold and 
reveal rapid formation of LSFL with periods obeying the �/n law, which thereafter are reorganized into LIPASS 
due to formation of the ablation crater.

Methods
Experimental. The experiments were performed with 200 fs, 1.32–3.0 µm-tunable spatially Gaussian pulses 
from an optical parametric amplifier (OPA, Orpheus-HP, Light Conversion Ltd.), which was pumped by fun-
damental harmonic of amplified Yb:KGW laser (Pharos, Light Conversion Ltd.) operating at 10 kHz repetition 
rate. The experimental setup is sketched in Fig. 1. The linearly polarized OPA beam was focused onto the front 
face of uncoated UV-grade fused silica sample with a f = + 15 mm home-made objective consisting of a pair 
of CaF2 lenses. A supplementary experiment was performed using the fundamental harmonic (1035 nm) pulse 
directly from the laser; in this case, the laser beam was focused with a f = + 100 mm lens. The input pulse 
energy was adjusted using metal-coated variable neutral density filter (NDC-25C-2, Thorlabs Inc.). At each 
wavelength the optimal energy was set experimentally so as to exceed surface ablation  threshold28 with a single 
impinging pulse. More specifically, the operating conditions at each wavelength were chosen to produce the 
ablation craters of a similar size, setting the input pulse energy approximately 1.5 times above the threshold 
energy where the ablation crater becomes detectable with an optical microscope (Olympus BX51).

To estimate the peak fluence and intensity, we first calculated the focal spot size using an expression 
2w0 =

4M2f �
π(2w)  , where � is wavelength and M2 is the beam quality parameter that was taken as 1.1 and 1.3 for 

the laser fundamental harmonic (1035 nm) and the OPA beams, respectively, as specified by the producer. The 
input beam diameter 2w (at the 1/e2 intensity level) was measured by a knife-edge  method29. These experimental 
parameters for each wavelength are specified in Table 1. Note that fluence and intensity do not show monoto-
nous increase versus wavelength due to the change of multiphoton absorption order, wavelength dependence of 
ionization rate and inverse bremsstrahlung that provides acceleration of free electrons to initiate the avalanche 
 processes30, and eventually, the onset of linear absorption of fused silica for wavelengths longer than 2500 nm.

The fused silica sample was mounted on a motorized three-dimensional translation stage. The LIPSS were 
produced by varying number of incident pulses using the laser built-in programmable pulse picker and inscrip-
tion wavelength, keeping a fixed fluence, as specified in Table 1. After each series of laser exposure, the sample 
was translated to a “fresh” (unexposed) site in the plane perpendicular to beam propagation direction (in the x−y 
plane), so recording an entire matrix of structures, as shown in the inset of Fig. 1. Thereafter the recorded LIPSS 
were imaged and characterized with a scanning electron microscope (SEM, Prisma E, Thermo Fisher Scientific).

Figure 1.  Sketch of the experimental setup employed for LIPSS formation on fused silica. The inset shows 
optical microscope image of the array of damage structures produced by varying energy and number of 
successive pulses.
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Results and discussion
The number of laser pulses irradiating the same area is one of the essential parameters governing the overall 
LIPSS formation dynamics, morphology and periodicity, see e.g.12. Fig. 2 displays SEM images of the irradiated 
area showing formation and pulse-by-pulse evolution of LIPSS in fused silica produced with OPA pulses hav-
ing a central wavelength of 1700 nm (see the experimental parameters specified in Table 1). The first impinging 
pulse ( N = 1 , Fig. 2a) melts and ablates the material, producing a sharply defined shallow crater with diameter 
of ∼ 10 µm . The ablation crater has no clear features apart a number of scattered nanoparticles which may act as 
an initiators of the nanograting formation via laser field scatter. The second pulse ( N = 2 , Fig. 2b) only slightly 
deepens, enlarges the crater and slight organization of the nanoparticles on a ring is evident. As the third pulse 
( N = 3 , Fig. 2c) irradiates the previously formed crater, the interference of the incident radiation field and elec-
tromagnetic waves scattered on a rough surface leads to spatially modulated impinging electric  field14. As a result, 
the modulated deposition of energy occurs via generation of periodic density of quasi-free electrons through 
multiphoton absorption (13-photon absorption, assuming fused silica bandgap of 9.0 eV and incident photon 
energy of 0.73 eV) that is further amplified by inverse bremsstrahlung effect and avalanche ionization. This in 
turn promotes the generation of spatially modulated electronic defect states that modify the lattice system and 
eventually lead to surface  modulation14,27. After the arrival of fourth successive pulse, surface modulation takes 
a more definite character with feature size of the order of laser wavelength ( N = 4 , Fig. 2d). Fully developed 
regular LSFL pattern with orientation parallel to the polarization of the laser pulse is established after five laser 
pulses ( N = 5 , Fig. 2e), which thereafter does not change significantly with the arrival of more successive laser 
pulses, as attested by SEM images in Figs. 2f,g,h.

The observed LSFL formation without an intermediate step of HSFL is in line with earlier experimental 
findings reported in high fluence regime using fundamental harmonics (1025 and 1030 nm) of femtosecond 

Table 1.  Summary of the experimental parameters: � is the pulse central wavelength, 2w is the beam diameter 
on a focusing lens, 2w0 is the estimated diameter of the focal spot, E is the pulse energy, F is the peak fluence, I 
is the peak intensity and N is the number of pulses.

� (nm) 2w (mm) 2w0 ( µm) E ( µJ) F (J/cm2) I (TW/cm2) N (pulses)

1035 5.1 28 11 3.6 18.6 10

1500 1.5 25 8 3.3 15.3 10

1700 2.0 21 8 4.6 21.7 10

1900 2.0 24 8 3.5 16.6 10

2500 1.7 37 14 2.6 12.2 12

2900 2.0 36 18 3.5 16.6 12

Figure 2.  SEM images of fused silica surface after irradiation with different number of linearly polarized 200 
fs, 1.7 µ m pulses with a fixed fluence of 4.6 J/cm2 . The red arrow indicates polarization direction of the incident 
laser pulse.
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Yb  lasers25,26. Our experiments performed with inscription wavelengths of 1035, 1500, 1900, 2500 and 2900 nm 
uncovered essentially identical scenario of LSFL formation as reported above, despite the fact that the underly-
ing effects contributing to free electron generation, such as multiphoton absorption and inverse Bremsstrahlung 
exhibit strong wavelength dependence. Figure 3a–d present examples of LSFL patterns produced with incident 
pulses having central wavelengths of 1500, 1700, 1900 and 2500 nm under experimental conditions listed in 
Table 1.

In what follows, we analyzed the periodicity of these structures by applying two dimensional fast Fourier 
transform (2D-FFT) on SEM images. Figure 3e–h show the respective spatial frequency spectra, which consist 
of relatively compact ridges positioned along νx axis, confirming parallel orientation of the LSFL with respect 
to the polarization of incident laser pulse. The estimated LSFL periods versus the inscription wavelength are 
summarized in Fig. 4. The LSFL periods were calculated as � = 2π/ν , taking the peak value of spectral intensity 
from the central slice of the ridge in the ( νx , νy ) space, while the error bars were estimated as full widths at half 
maximum of the same slice, as schematically illustrated in Fig. 3e.

The estimated LSFL period of 750± 72 nm as inscribed by incident fundamental laser harmonic (1035 nm) 
pulses is very close to previously reported value of 735 nm, obtained with a similar laser wavelength (1025 nm) 
and similar fluence of incident  pulses26. The overall wavelength dependence demonstrates that the LSFL period 
increases with the increase of inscription wavelength, and in the 1–2 µ m range the estimated LSFL periods 
nicely follow the �/n trend, which is depicted by a solid line. Interestingly, the spatial frequency spectrum of 
LSFL at 2500 nm (Fig. 3h) reveals four ridges, suggesting two distinct periods of 1400 nm and 750 nm, which 
both are plotted in Fig. 4. A closer inspection of Fig. 3d reveals that the smaller period (the higher spatial fre-
quency) is attributed to clearly dual sub-structure of individual ripples, and to some extent, to apparently more 

Figure 3.  SEM images of LSFL in fused silica, inscribed with OPA pulses having central wavelengths of (a) 
1500 nm, (b) 1700 nm, (c) 1900 nm and (d) 2500 nm pulses. (e–h) The corresponding spatial frequency spectra 
retrieved by 2D-FFT. The red arrow indicates polarization direction of the incident laser pulse.
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Figure 4.  LSFL period as a function of inscription wavelength. Pairs of data points at 2500 and 2900 nm 
illustrate formation of double periodic structures, see text for details.
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densely-packed structures located at the margins of irradiated area. A very similar double-periodic feature was 
also found in LSFL at 2900 nm (the SEM image is not shown, but measured LSFL periods are depicted in Fig. 4). 
In our opinion, formation of these specific structures is related to the onset of linear absorption in fused silica, 
which first contributes to the ablation process and therefore alters the LSFL formation and its periodicity.

Finally, we investigated the post-evolution of LSFL by further increasing the number of successive laser pulses. 
Fi. 5a–d present SEM images of surface structures inscribed with 10, 20, 50 and 100 successive pulses having a 
central wavelength of 1900 nm. The images show gradual reorganization of periodic vertically aligned ripples into 
annular (laser polarization-independent) periodic fringes, attesting the change of LIPSS morphology from LSFL 
to LIPASS, whose formation is attributed to the interference between the incident laser field and that reflected 
from the crater  walls18. Figure 5e–h present the respective spatial frequency spectra, which confirm the transi-
tion from linear to annular topography of the induced structures. The spatial frequency spectra also indicate a 
decrease of structure period from 1.3 to 1.0 µ m, when the number of successive laser pulses increases from 10 
to 100. Note that the apparent period of annular rings is a projection of the surface fringe onto the crater cone 
walls, so is a function of crater width and depth. The crater dimensions (depth of 8 µ m and width of 12 µ m) 
were estimated by inspection of the structure using an optical profilometer (Sensofar PLµ 2300), yielding the 
crater cone angle of ∼ 72◦ and so the annular fringe period of 0.8 µ m, which is close to the experimental value 
retrieved from 2D-FFT. No further noticeable change of the structure topography, as well as its period was 
detected after irradiation with 50 laser pulses. This suggests that the ablation crater is already fully formed, or 
at least its further development slows down considerably due to change of irradiation geometry resulting in a 
decrease of laser fluence, as the incident pulse energy becomes distributed over entire surface area of cone-shaped 
ablation crater, compared with irradiation of almost flat surface producing LSFL. Finally, we verified that LSFL 
evolve into LIPASS using shorter (1035 nm) as well as longer (2500 nm) inscription wavelengths, suggesting 
essentially identical post-evolution scenario of LSFL.

Conclusions
In conclusion, the experimental investigation of pulse-by-pulse inscription dynamics of laser-induced periodic 
structures on the surface of fused silica with femtosecond pulses in high fluence regime uncovered the evolution 
scenario which is valid for a wide range (1–3 µ m) of inscription wavelengths. In particular, our experiments 
demonstrated rapid emergence of LSFL aligned parallel to laser polarization, which thereafter gradually reorgan-
ize into laser polarization-independent LIPASS. Our findings underline the role of laser wavelength aiming at 
inscription of LIPSS with desired and well-controlled periodicity. We expect that our results could be helpful also 
for validating the existing numerical models, especially for simulating the dynamics of periodic surface structures 
inscribed with currently available widely tunable ultrafast light sources based on optical parametric amplification.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Figure 5.  (a–d) SEM images of surface structures inscribed with 10, 20, 50 and 100 successive pulses. The 
pulsewidth is 200 fs, the central wavelength is 1900 nm, the peak fluence is 3.5 J/cm2 . (e–h) The corresponding 
spatial frequency spectra retrieved by 2D-FFT.



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20231  | https://doi.org/10.1038/s41598-022-24771-9

www.nature.com/scientificreports/

Received: 26 September 2022; Accepted: 21 November 2022

References
 1. Bonse, J., Krüger, J., Höhm, S. & Rosenfeld, A. Femtosecond laser-induced periodic surface structures. J. Laser Appl. 24, 042006 

(2012).
 2. Vorobyev, A. Y. & Guo, C. Direct femtosecond laser surface nano/microstructuring and its applications. Laser Photon. Rev. 7, 

385–407 (2013).
 3. Buividas, R., Mikutis, M. & Juodkazis, S. Surface and bulk structuring of materials by ripples with long and short laser pulses: 

Recent advances. Prog. Quantum Electron. 38, 119–156 (2014).
 4. Bonse, J., Höhm, S., Kirner, S. V., Rosenfeld, A. & Krüger, J. Laser-induced periodic surface structures-a scientific evergreen. IEEE 

J. Sel. Top. Quantum Electron. 23, 9000615 (2017).
 5. Bonse, J. Quo vadis lipss?-Recent and future trends on laser-induced periodic surface structures. Nanomaterials 10, 1950 (2020).
 6. Stoian, R. & Colombier, J.-P. Advances in ultrafast laser structuring of materials at the nanoscale. Nanophotonics 9, 4665–4688 

(2020).
 7. Simon, P., Ihlemann, J. & Bonse, J. Special issue laser-generated periodic nanostructures. Nanomaterials 11, 2054 (2021).
 8. Mastellone, M. et al. Lipss applied to wide bandgap semiconductors and dielectrics: Assessment and future perspectives. Materials 

15, 1378 (2022).
 9. Pedraza, A. J., Fowlkes, J. D. & Guan, Y.-F. Surface nanostructuring of silicon. Appl. Phys. A 77, 277–284 (2003).
 10. Tsibidis, G. D., Fotakis, C. & Stratakis, E. From ripples to spikes: A hydrodynamical mechanism to interpret femtosecond laser-

induced self-assembled structures. Phys. Rev. B 92, 041405 (2015).
 11. Moore, L. A. & Smith, C. M. Fused silica as an optical material. Opt. Mater. Express 12, 3043–3059 (2022).
 12. Höhm, S., Rosenfeld, A., Krüger, J. & Bonse, J. Femtosecond laser-induced periodic surface structures on silica. J. Appl. Phys. 112, 

014901 (2012).
 13. Fang, Z. et al. Femtosecond laser-induced periodic surface structure on fused silica surface. Optik 127, 1171–1175 (2016).
 14. Rudenko, A. et al. Spontaneous periodic ordering on the surface and in the bulk of dielectrics irradiated by ultrafast laser: A shared 

electromagnetic origin. Sci. Rep. 7, 12306 (2017).
 15. Shi, X. et al. Temporal femtosecond pulse shaping dependence of laser-induced periodic surface structures in fused silica. J. Appl. 

Phys. 116, 033104 (2014).
 16. Tsibidis, G. D., Skoulas, E., Papadopoulos, A. & Stratakis, E. Convection roll-driven generation of supra-wavelength periodic 

surface structures on dielectrics upon irradiation with femtosecond pulsed lasers. Phys. Rev. B 94, 081305 (2016).
 17. Xu, S.-Z. et al. Periodic surface structures on dielectrics upon femtosecond laser pulses irradiation. Opt. Express 27, 8983–8993 

(2019).
 18. Liu, Y. et al. Laser-induced periodic annular surface structures on fused silica surface. Appl. Phys. Lett. 102, 251103 (2013).
 19. Liang, Q. et al. Optical transmission during mid-infrared femtosecond laser pulses ablation of fused silica. Appl. Surf. Sci. 471, 

506–515 (2019).
 20. Yu, X. et al. In situ and ex-situ physical scenario of the femtosecond laser-induced periodic surface structures. Opt. Express 27, 

10087–10097 (2019).
 21. Grigutis, R. et al. Conical third harmonic generation from volume nanogratings induced by filamentation of femtosecond pulses 

in transparent bulk materials. Opt. Express 29, 40633–40642 (2021).
 22. Rohloff, M. et al. Formation of laser-induced periodic surface structures on fused silica upon multiple cross-polarized double-

femtosecond-laser-pulse irradiation sequences. J. of Appl. Phys. 110, 014910 (2011).
 23. Höhm, S., Herzlieb, M., Rosenfeld, A., Krüger, J. & Bonse, J. Formation of laser-induced periodic surface structures on fused silica 

upon two-color double-pulse irradiation. Appl. Phys. Lett. 103, 254101 (2013).
 24. Höhm, S., Herzlieb, M., Rosenfeld, A., Krüger, J. & Bonse, J. Laser-induced periodic surface structures on fused silica upon cross-

polarized two-color double-fs-pulse irradiation. Appl. Surf. Sci. 336, 39–42 (2015).
 25. Schwarz, S., Rung, S. & Hellmann, R. Generation of laser-induced periodic surface structures on transparent material-fused silica. 

Appl. Phys. Lett. 108, 181607 (2016).
 26. Gräf, S., Kunz, C. & Müller, F. A. Formation and properties of laser-induced periodic surface structures on different glasses. Materi-

als 10, 933 (2017).
 27. Tsibidis, G. D. & Stratakis, E. Ionisation processes and laser induced periodic surface structures in dielectrics with mid-infrared 

femtosecond laser pulses. Sci. Rep. 10, 8675 (2020).
 28. Chimier, B. et al. Damage and ablation thresholds of fused-silica in femtosecond regime. Phys. Rev. B 84, 094104 (2011).
 29. Khosrofian, J. M. & Garetz, B. A. Measurement of a gaussian laser beam diameter through the direct inversion of knife-edge data. 

Appl. Opt. 22, 3406–3410 (1983).
 30. Gallais, L. et al. Wavelength dependence of femtosecond laser-induced damage threshold of optical materials. J. Appl. Phys. 117, 

223103 (2015).

Author contributions
M.N., R.G. and G.T. conceived and conducted the experiment, M.N. and V.J. performed data analysis, M.N. and 
A.D. wrote the paper. All authors reviewed the manuscript.

Funding
This work has received funding from the Research Council of Lithuania (LMTLT), Grant S-MIP-22-19.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20231  | https://doi.org/10.1038/s41598-022-24771-9

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Low spatial frequency laser-induced periodic surface structures in fused silica inscribed by widely tunable femtosecond laser pulses
	Methods
	Experimental. 

	Results and discussion
	Conclusions
	References


