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ABSTRACT 

      In this paper we show simulations of low spatial frequency laser-induced period 

surface structures (LSFL) and deduce appropriate process parameters for their 

specific experimental generation on dielectrics. We employed the established 

efficacy factor theory to forecast the periodicity and the orientation of low spatial 

frequency laser-induced period surface structures including a Drude-model to 

determine the required carrier density for LSFL generation. This approach is 

applied exemplarily to the LSFL generation on fused silica. We extend the 

theoretical approach by a rate equation based calculation of the required laser 

fluence to excite the necessary carrier density by photo- and avalanche ionization 

using ultra-short pulsed laser irradiation.  

INTRODUCTION 

      Laser-induced periodic surface structures (LIPPS) are a universal phenomenon 

after irradiation of solid materials with polarized laser light (see figure 1). LIPPS 

were firstly reported by Birnbaum [1] and have been intensively studied during 

recent years being found on conductors [2-4], semiconductors [1,2,5] and dielectrics 

[2,6,7]. Two types of LIPSS are generally distinguished: low spatial frequency 

LIPSS (LSFL) and high spatial frequency LIPSS (HSFL). The difference between 

these two types is the periodicity 𝛬 of the periodic structures and the orientation 

with respect to each other being orthogonal. For LSFL, 𝛬𝐿𝑆𝐹𝐿 is in the range of the 

laser wavelength 𝜆 whereas 𝛬𝐻𝑆𝐹𝐿 is smaller than 𝜆/2 [2]. Emmony et al. [8] 

established a fundamental theory for LSFL wherein the basic approach is based on 

interference between the incident laser light and a scattered wave on the rough 

surface. The period 𝛬𝐿𝑆𝐹𝐿 is determined to be 𝜆/(1 ± 𝑠𝑖𝑛𝛩), with 𝛩 being the angle 

of incidence. Sipe et al. [9] further developed this theoretical approach and 

established a mathematical formalism for the interference of the incident laser light 

with a surface scattered wave. Contrary to this, for HSFL no established model 

exists yet.  
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Fig. 1 

Scanning electron microscope image of LSFL on stainless steal 

 

      For dielectric materials, the development of surface scattered waves is more 

challenging due to the absence of free and the difficulty to generate them above the 

band gap. However, LIPSS generation on dielectric materials, such as fused silica, 

is highly attractive, since manifold applications of these materials would benefit 

from the possibility to alter the wettability properties e.g. for microfluidics [3,4] or 

the cell growth in biotechnical applications [7,10] by the periodic surface structures. 

 

THEORETICAL BASIS FOR SIMULATION 

 

      The first established theory about the generation of LSFL was introduced in the 

1973 by Emmony et al. [8], attributing their generation to an interference between 

the incident laser light with a scattered wave on the rough surface. Based on this 

approach, 1983 Sipe et al. [9] composed a mathematical formalism to simulate the 

inhomogeneous energy deposition of the irradiated laser light interfering with a 

surface scattered wave at a rough surface (generally referred to the efficacy factor 

(EF) theory). Eq. 1 describes the inhomogeneous energy deposition 𝐴(𝑘⃗ ) while 

𝑏(𝑘⃗ ) is the Fourier component of the rough surface and 𝜂(𝑘⃗ , 𝑘⃗ 𝑖) the efficacy factor, 

with 𝑘⃗ 𝑖 describing the wave vector component of the incident laser and 𝑘⃗  the wave 

vector, both parallel to the surface. While 𝑏(𝑘⃗ ) is a slowly changing function, only 

𝜂(𝑘⃗ , 𝑘⃗ 𝑖) is generally under investigation to calculate the orientation and periodicity 

of appearing LSFL.  

 

𝐴(𝑘⃗ ) ∝  𝜂(𝑘⃗ , 𝑘⃗ 𝑖) |𝑏(𝑘⃗ )|               (1) 

 

      In Eq. 2 the efficacy factor is shown with the expressions 𝜈(𝑘⃗ +) and 𝜈∗(𝑘⃗ −) as 

auxiliary functions. Within this approach, 𝜂(𝑘⃗ , 𝑘⃗ 𝑖) depends on the laser wavelength, 

angle of incidence, complex refractive index, surface topography and the 

polarization of the laser light [9]. Simulating 𝜂(𝑘⃗ , 𝑘⃗ 𝑖) yields the efficacy to create 

LSFL, their periodicity and orientation.  



𝜂(𝑘⃗ , 𝑘⃗ 𝑖) = 2𝜋 |𝜈(𝑘⃗ +) + 𝜈∗(𝑘⃗ −) |                    (2) 

 

      Upon irradiation of dielectrics with ultra-short pulsed lasers having high peak 

intensities 𝐼0, the materials change their characteristics. Free charge carriers are 

excited while and after the laser pulse, causing changes in the complex dielectric 

permittivity. In case of fused silica, which is investigated here, this is equivalent to 

a change of the complex refractive index with 𝜀̃ being the complex permittivity of 

the non-excited material and 𝑛̃ the complex refractive index (𝜀̃ = 𝑛̃²) [11]. Applying 

a Drude-model, Dufft et al. [11] calculated the complex refractive index change 

(∆𝜀𝐷̃𝑟𝑢𝑑𝑒) including different excited states. As a result, ∆𝜀𝐷̃𝑟𝑢𝑑𝑒 is given by 

equation 3, including the electron charge 𝑒, the laser-induced free carrier density 

𝑁𝑒, the vacuum dielectric permittivity 𝜀0, the optical effective mass of the electrons 

𝑚𝑜𝑝𝑡
∗ , the free electron mass 𝑚𝑒, the optical angular frequency 𝜔 and the Drude 

damping time 𝜏𝐷, respectively. 

 

 ∆𝜀𝐷̃𝑟𝑢𝑑𝑒 =
−𝑒²𝑁𝑒

𝜀0𝑚𝑜𝑝𝑡
∗ 𝑚𝑒𝜔2[1+

𝑖

𝜔𝜏𝐷
]
                          (3) 

 

      Stuart et al. calculated 𝑁𝑒 based on a rate equation including the processes 

photo- and avalanche ionization [12]. Equation 4 expresses the evolution of the 

carrier density with the avalanche coefficient 𝛼 and the time dependent laser 

intensity 𝐼(𝑡) yielding the avalanche ionization. The photoionization is given by a 

strong-field Keldysh formula 𝑃(𝐼).  

 
𝜕𝑁𝑒

𝜕𝑡
= 𝛼𝐼(𝑡)𝑁𝑒 + 𝑃(𝐼)           (4) 

 

      In this contribution, we apply the above described combined EF theory / Drude-

model approach to determine the required carrier density for LSFL generation with 

a specified periodicity and orientation. In a second step, we calculate the necessary 

laser fluence 𝛷0 for an ultra-short pulsed laser to excite this required carrier density 

in fused silica by photo- and avalanche ionization. This provides a practical guide 

for the specific generation of LSFL with defined periodicity and orientation.   

 

SIMULATION OF EFFICACY FACTOR 

 

      Simulation of the EF for fused silica with different excitation states have been 

done under laser irradiation with a wavelength of 𝜆 = 1030 nm and an angle of 

incidence 𝛩 = 0°. The complex refractive index of fused silica is taken from Ref. 13 

to be 𝑛 = 1.45 + i0 at a non-excited state. Further parameters for simulation can be 

found in table 1. 

 

 



Table 1 

Parameters used for simulation of EF 

Symbol Description Value Reference 

𝜆 wavelength 1030 nm  

𝛩 angle of incidence 0°  

𝑝 polarization p-pol  

𝑛 complex refractive index 1.45 + i0 [13] 

𝑚𝑜𝑝𝑡
∗  effective mass of electrons 0.86 [14] 

𝜏𝐷 Drude damping time 1.0 fs [14] 

𝑓 filling factor 0.1 [5,9] 

𝑠 shape factor 0.4 [5,9] 

 

 
Fig. 2 

EF maps for different excited states of fused silica showing 𝜂(𝑘⃗ , 𝑘⃗ 𝑖) in the Fourier 

space of 𝜅𝑥 = 𝜆/𝛬𝐿𝑆𝐹𝐿 in normalized colour map 

 

      Figure 2 shows different resulting EF maps in a normalized colour map style. 

The efficacy factor is given in the Fourier space with 𝜅𝑥,𝑦 being 𝜆/𝛬𝐿𝑆𝐹𝐿. The EF 

maps are showing sickle-shaped features typical for LSFL. According to Sipe et al. 

and Young et al. [5, 9], LSFL are not only formed where the efficacy factor 𝜂(𝑘⃗ , 𝑘⃗ 𝑖) 

reaches high values, but also where the efficacy factor exhibits distinct sharp peaks. 

We therefore analyse cross sections of the different efficacy factor maps. Taking 

into account the orientation of the typical sickle-shaped features in the EF maps, we 

orientate the cross sections along 𝜅𝑥 = 0 and 𝜅𝑦 = 0 as shown in figure 3 for 

different carrier densities. It turns out that cross sections for 𝜅𝑦 = 0 aren’t of 

interest because 𝜂(𝑘⃗ , 𝑘⃗ 𝑖) remains on a significantly lower level as compared to 

those for 𝜅𝑥 = 0. Apparently, the efficacy factor becomes largest for a carrier 

density of 𝑁𝑒 = 6*1021 cm-3 at 𝜅𝑥 = 0. However, for lower carrier densities sharper 

peaks within the cross section are perceived. As a trade-off between distinct peaks 

and high values of EF in the cross sections, we choose a carrier density of 𝑁𝑒 = 

8*1021 cm-3 as an appropriate compromise for the further examination. For this 

carrier density, the two sickle-shaped features in figure 2 indicate the orientation of 

the LSFL parallel to the polarization of the laser (the later indicated by the black 

arrow in Fig. 2). In addition, for this carrier density figure 3 yields a periodicity of 

the LSFL (𝛬𝐿𝑆𝐹𝐿 = 𝜆/𝜅𝑦) of 954 nm. 



 
Fig. 3 

Cross section of EF maps for different carrier densities 𝑁𝑒 at 𝜅𝑥 = 0 (left)  

and 𝜅𝑦  = 0 (right). 

 

CALCULATION OF FREE CHARGE CARRIERS 

 

      After identifying a suitable carrier density (here 𝑁𝑒 = 8*1021 cm-3) to generate 

LSFL with specified properties (periodicity and orientation), we determine the 

required laser fluence to excite this chosen carrier density by photo- and avalanche 

ionization by solving the rate equation given in formula 4. Since fused silica has a 

band gap of 9 eV [16], an eight-photon-absorption is necessary to excite carriers 

with a wavelength of 1030 nm. The avalanche coefficient 𝛼 is taken to be 0.01 cm² 

ps-1/GW [12] and for the photoionization 𝑃(𝐼) = 9.52*1010*I8 cm-3 ps-1 is used [16]. 

Based on the employed laser parameters wavelength 𝜆 = 1030 nm and laser pulse 

width 𝜏 = 222 fs (FWHM), our calculations reveal that a carrier density of 𝑁𝑒 = 

8*1021 cm-3 can be excited after the laser pulse with a peak intensity 𝐼0 = 7.6 

TW/cm2. This intensity corresponds to a peak fluence 𝛷0 of 1.8 J/cm2 (𝛷0 =
 (𝜋/𝑙𝑛2)0.5 𝐼0 τ/2), which is in good agreement to those values determined by 

Stuart et al. for similar laser parameters [16]. In addition, these findings confirm 

that the generation of LSFL occurs in a fluence range close to the ablation threshold 

of the material [2, 3]. 

 
  

CONCLUSION 

 

      We applied the efficacy factor theory extended by a Drude-model and simulated 

the required carrier density to generate laser-induced periodic surface structures 

with low spatial frequency on fused silica. Based on a rate equation including 

photo- and avalanche ionization we further extended the theoretical approach to 

calculate the necessary laser fluence to excite the afore determined carrier density. 

For exemplarily chosen laser parameters of 1030 nm wavelength and 220 fs pulse 

width, the simulations yield a periodicity of 𝛬𝐿𝑆𝐹𝐿 = 954 nm and an orientation 

parallel to the incident laser light. Moreover, the extended calculation of the laser 

fluence provides a practical guide to generate these LSFL. Further experiments will 

be conducted and presented to experimentally prove this extended concept. 
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