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Abstract: A model is presented, which allows to predict the (in)homogeneity of large areas
covered with Laser-induced Periodic Surface Structures (LIPSS), based on the laser processing
parameters (peak laser fluence and geometrical pulse-to-pulse overlap) and experimentally
determined material properties. As such, the model allows to establish optimal processing
conditions, given the material properties of the substrate to be processed. The model is
experimentally validated over a large range of geometrical pulse-to-pulse overlap values and
fluence levels on silicon using a picosecond laser source.
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1. Introduction

Laser-induced Periodic Surface Structures (LIPSS), first found on semiconductors byBirnbaum [1]
in 1965, are regular nanoscale structures, which develop on top of surfaces when processed with
a laser beam in a narrow range of laser fluence levels, typically near the ablation threshold [2, 3].
LIPSS are a universal phenomenon [2, 4] and they can be produced on a wide range of
materials including metals [5–7], semiconductors [1, 7, 8], dielectrics [9], ceramics [10] and
polymers [11–15]. Several types of LIPSS have been identified, e.g. ripples [2, 16], pillars [17],
grooves [18] and cones [16]. One type, known as Low Spatial Frequency LIPSS (LSFL),
are surface ripples with a distinct direction (parallel or perpendicular to the laser polarization,
depending on the material), having a periodicity close to the laser wavelength, are the most
studied type of LIPSS. When ultra-short pulsed laser sources became more readily available in
the early 2000s, LIPSS with a periodicity much smaller than the laser wavelength were observed
(Λ � λ). These are referred to as High Spatial Frequency LIPSS (HSFL). Also, so-called
grooves, which are bumps with a spatial periodicity bigger than the wavelength, fall under the
definition of LIPSS [18].

The morphology and dimensions (spatial periodicity and amplitude) of LIPSS are controlled
by several laser parameters, including the wavelength λ, the polarization of the laser light, the
angle of incidence of the laser beam relative to the surface of the substrate, the laser peak fluence
F0 and the fluence distribution profile, the number of laser pulses N and the spatial pulse-to-pulse
overlap [2, 19].
For applications in surface functionalisation, such as improved wetting [20–23], improved

tribological properties [22,24], optical applications [7,22,23,25], anti-bacterial surfaces [26,27],
tissue-engineering [28], microfluidics [29] and optolectronics [30], surface areas larger than
the laser spot size need to be homogeneously covered by LIPSS. That is, one type of LIPSS
covers the entire surface area of a processed area without interruption or different types of
LIPSS superimposing the aimed type of LIPSS. Typically, iterative experiments are carried
out in order to establish the laser processing parameters, which induce uniform homogeneous
areas of LIPSS. Generally, the process window of laser parameters inducing homogeneous areas
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of LIPSS are small. Moreover, these experimentally obtained parameters might not imply the
highest production rates in terms of m2

s . Eichstädt [24] made a first step to mathematically derive
optimal laser process parameters for homogeneous areas of LIPSS by iteratively simulating the
accumulated laser fluence due to geometrically overlapping laser pulses over an area with material
dependent thresholds. Lehr and Kietzig [31] calculated accumulated intensities of overlapping
Gaussian laser beam profiles along a line to describe the role of accumulated intensities with
different types of LIPSS occurring at various pulse-to-pulse overlap values. To the best of our
knowledge, no closed–i.e. non-iterative, mathematical model has been reported to calculate
(optimal) processing parameters, which produce homogeneous areas of LIPSS. In this paper a
mathematical model is derived and validated, which allows to calculate processing parameters
producing homogeneous areas of LIPSS on the basis of material dependent values. As such, the
model allows to establish optimal processing conditions, given the material properties of the
substrate to be processed.

2. Model

2.1. Material dependent parameters

Fig. 1. Left: SEM micrograph of LSFL and grooves on the surface of silicon processed with 100
laser pulses on the same location at a wavelength of λ = 1030nm pulse duaration of tp = 6.7ps,
peak fluence of F0 = 1.03J/cm2, pulse frequency of f = 1kHz, beam diameter of 32.6µm; Right:
lower (F low

th ) and upper (Fup
th ) fluence thresholds for the formation of LSFL are indicated overlaid

on a Gaussian fluence profile. The arrow indicates the direction of the E-field of the laser
polarization −→E .

As an example, Fig. 1, left side, shows a SEM micrograph of the surface of silicon processed
with 100 laser pulses on the same location (here referred to as overscans NOS) using a Gaussian
shaped fluence profile. Two types of LIPSS can be observed in this micrograph. That is, within
the perimeter of the area marked by the dashed inner white circle, grooves can be observed.
Between the inner and outer dashed circles, an annular region with LSFL can be observed. To the
right of the micrograph, the corresponding cross-section of the Gaussian fluence profile is shown.
It can be concluded from Fig. 1, that the LSFL start to develop above a material dependent
fluence level threshold, in the following referred to as F low

th . Also from Fig. 1, it can be concluded
that at fluence levels above the material dependent fluence level Fup

th , LSFL are "destroyed" and
grooves are formed. These type of grooves may form through laser-induced melting of peaks of
previous formed structures, and accumulation of redeposited ablated material on the melt, which
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also leads to a coarsening of the grooves with increasing number of pulses [32].
Earlier studies showed, that with a increasing number of pulses impinging the same spot NOS,

the local fluence range decreases, at which LIPSS develop [33,34]. This phenomenom is referred
to as the incubation effect [34]. The relation between the fluence threshold, due to one laser
pulse Fth(1) and the fluence threshold Fth(NOS), due to several laser pulses on the same location
(NOS > 1), is usually expressed in the form of a power-law [5, 34]:

Fth(NOS) = Fth(1)Nξ−1
OS , (2.1)

where ξ is the incubation factor (0 < ξ < 1). To process an area (much) larger than the laser
spot, the beam is to be scanned over the surface of the substrate. In order to obtain an area
homogeneously covered by LIPSS, the accumulated fluence (or dose) Fa(x, y) due to all laser
pulses shall be within the upper and lower fluence thresholds mentioned above. Hence, for an
uniform area of LIPSS the following two conditions must be satisfied:

Fmin
a ≥ F low

th (1)N
ξlow−1
OS , (2.2)

Fmax
a ≤ Fup

th (1)N
ξup−1
OS , (2.3)

in which Fmin
a is the minimum of the accumulated fluence Fa(x, y) to induce LIPSS and Fmax

a is
the maximum of the accumulated fluence level above which LIPSS are "destroyed".
Hence, one can predict whether LIPSS develop by calculating the accumulated fluence

depending on the laser processing parameters. For this research, LSFL have been chosen as the
type of LIPSS to be produced over large areas. However, this work can also applied to other
types of LIPSS.

2.2. Accumulated fluence and optimal laser parameters for homogeneous areas of
LIPSS

Assume a two-dimensional Gaussian laser fluence distribution F(x, y)[J/m2] in Cartesian
coordinates (x, y, z) on the surface (z = 0) of a substrate,

F(x, y) = F0 exp
(
−8(x2 + y2)

d2

)
, (2.4)

where x [m] and y [m] are distances to axis of propagation of the laser beam, d [m] is the 1/e2

beam diameter and F0 [J/m2] is the laser peak fluence.
Further, assume laser pulses are "spread" at equidistant locations on the substrate surface, as

the result of scanning the laser spot over the surface of the substrate in a orthogonal hatched spot
trajectory, at a spot velocity of v [m/s] and the laser pulse repetition rate of f [Hz] both in the
x- and y- direction. Then the geometrical distance ∆x and ∆y between subsequent laser pulses
equals ∆x = ∆y = v/ f in x- and y- direction respectively. Here, the geometrical pulse-to-pulse
overlap (0 < OL < 1) is defined as

OL = 1 −
v

d f
. (2.5)

Then, the dose, or the total accumulated fluence Fa(x, y)[J/m2] impinging on the surface,
equals

Fa(x, y) = F0

∞∑
n=−∞

∞∑
m=−∞

exp
(
−8[(x − n∆x)2 + (y − m∆y)2]

d2

)
, (2.6)

Note that here, for simplicity, an infinite number of laser pulses are assumed. This accumulated
fluence is periodic in the xy-plane with a periodicity of ∆x = ∆y = v/ f , see Fig. 2.
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Fig. 2. Accumulated fluence Fa(x, y), its maximum Fmax
a and its minimum Fmin

a value, as well as
upper Nξup−1

eff · Fup
th (1) and lower Nξup−1

eff · F low
th (1) fluence thresholds in between which LIPSS can

occur.

Unfortunately, the two summations in Eq. (2.6) do not converge to a simple closed expression.
Using the software tool Mathematica [35], it was found that Eq. (2.6) can be rewritten- using the
third Elliptic Theta function θ3(h, q), also referred to as a Jacobi Theta function [36], see Eq.
(2.7). In general, the third Elliptic Theta function θ3(h, q) which is defined as [37]

θ3(h, q) =
∞∑

n=−∞

qn2
exp (2nih) , (2.7)

where i denotes the imaginary number, h is, in general, a complex number and |q | < 1. Using
these functions, the accumulated fluence (2.6) can be rewritten as

Fa(x, y) = F0
π

8
d2 f 2

v2︸  ︷︷  ︸
Neff

θ3

[
−

f πx
v
, exp

(
−

d2 f 2π2

8v2

)]
︸                               ︷︷                               ︸

θ3,x

θ3

[
−

f πy
v
, exp

(
−

d2 f 2π2

8v2

)]
︸                               ︷︷                               ︸

θ3,y

. (2.8)

Using the software tool Matlab [38], it was verified numerically, that Eq. (2.6) and Eq. (2.8)
are indeed identical.
In Eq. (2.8), Neff is the effective number of laser pulses processing the surface per laser spot

area.
An expression for the effective number of pulses per laser spot diameters along a processed

line with overlapping pulses was given by Bonse et. al. [39]. It should be noted, that Neff in our
work is different to the Neff given by Bonse et. al. Instead of areas, the latter authors processed
“lines” with geometrically overlapping pulses along one direction. Compared to that study, in this
work, the number of effective pulses Neff is squared, because the sample surface is processed
with overlapping pulses in both, x− and y−direction.

In addition, when the effective number of pulses Neff is multiplied by the peak fluence F0 does
yield the accumulated fluence level only in the very center (x = 0) of a processed line, if the
x-axis is the scanning direction. Adopting this product for locations outside of the center of
the processed line (x , 0), this calculation would lead to an overestimation of the accumulated
fluence. Therefore, to calculate the accumulated fluence over a whole area, the energy per pulse
per pulse area (EP/d2) of a Gaussian fluence distribution has to be taken into account. The
energy per pulse of a Gaussian fluence distribution reads

EP = F0

∫ ∞

−∞

∫ ∞

−∞

exp
(
−8(x2 + y2)

d2

)
dxdy = F0

π

8
d2. (2.9)
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Therefore, and for the sake of simplicity, for this study, the factor π/8 is taken into account
into the effective number of pulses Neff . Therefore, here the effective number of pulses in Eq.
(2.8) reads

Neff =
π

8
d
∆x

d
∆y
=
π

8

(
d f
v

)2
=

π

8(OL − 1)2
, (2.10)

in which Eq. (2.5) was used. That means, the accumulated fluence is a product of the effective
number of pulses impinging one spot and the pulse energy of the individual pulses.
Substituting Eq. (2.5) in Eq. (2.8) reduces the amount of parameters in the expression of the

accumulated fluence Fa(x, y), which then reads

Fa(x, y) = F0
π

8(OL − 1)2︸        ︷︷        ︸
Neff

· θ3

[
−

πx
d(OL − 1)

, exp
(
−

π2

8(OL − 1)2

)]
︸                                             ︷︷                                             ︸

θ3,x

· θ3

[
−

πy

d(OL − 1)
, exp

(
−

π2

8(OL − 1)2

)]
︸                                             ︷︷                                             ︸

θ3,y

.

(2.11)

As visualized in Fig. 2, the accumulated fluence is periodic in the xy−plane, because the
terms θ3,x and θ3,y in Eq. (2.11) are dimensionless periodic functions of x, and y respectively.
Next, expressions for the maximum value of the accumulated fluence Fmax

a = max{Fa(x, y)}
and the minimum value of the accumulated fluence Fmin

a = min{Fa(x, y)} need to be derived.
The maximum value of the accumulated fluence Fmax

a occurs at locations in the xy-plane where
both θ3,x and θ3,y reach their maximum value, which is for example the case at (x, y) = (0, 0),
see Fig. 2. Hence, for both θ3,x and θ3,y the first argument h of the Jacobi Theta function (2.7)
equals zero. Then, expanding the Jacobi Theta series of Eq. (2.7) yields

θ3(0, q) =
n=∞∑
n=−∞

qn2
= 1 + 2

n=∞∑
n=1

qn2
= 1 + 2q + 2q4 + 2q9 + ... (2.12)

Because, here, the second argument of the Jacobi Theta function equals q = exp
(
−π2

8(OL−1)2

)
,

see Eq. (2.11), and |q | < 1, for all values of OL, this series can be approximated by considering
only the first two terms of the series (2.12), which yields as an approximation for the maximum
values of θ3,x , as well as of θ3,y

max{θ3,x} = max{θ3,y} ≈

[
1 + 2 exp

(
−π2

8(1 −OL)2

)]
. (2.13)

A similar procedure can be followed to find an estimate for the minimum value Fmin
a of the

accumulated fluence, which occurs at locations ”in between” laser spots–i.e. at x = ∆x/2 =
d(1−OL)/2 and y = ∆y/2 = d(1−OL)/2. At these locations, the approximations of the minima
of the two Jacobi Theta terms in (2.11) reads

min{θ3,x} = min{θ3,y} ≈

[
1 − 2 exp

(
−π2

8(1 −OL)2

)]
. (2.14)

The relative error introduced by truncating the Jacobi Theta series to the first two terms
are less than 3%, which is negligible considering the typical uncertainty in experimental laser
parameters and material parameters. Therefore, when using the approximations (2.13) and (2.14),
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the minimum and maximum accumulated fluence Fmin
a and Fmax

a can be reasonably accurately
approximated by

Fmin
a ≈ F0

π

8(OL − 1)2

[
1 − 2 exp

(
−π2

8(1 −OL)2

)]2

, (2.15)

and

Fmax
a ≈ F0

π

8(OL − 1)2

[
1 + 2 exp

(
−π2

8(1 −OL)2

)]2

. (2.16)

In order to meet inequalities (2.2) and (2.3) the number of overscans impinging one spot NOS
(that is OL = 1) must be replaced by the effective number of pulses Neff of Eq. (2.10). Then
inequalities (2.2) and (2.3) reads

Fmin
a ≥ F low

th (1)N
ξlow
eff , (2.17)

and
Fmax

a ≤ Fup
th (1)N

ξup
eff . (2.18)

Finally, when substituting (2.15) into (2.17) and (2.16) into (2.18), combining the two
inequalities and then solving the resulting expression for the peak fluence F0 gives the condition
for homogeneous areas of LIPSS,

F low
th (1)N

ξlow−1
eff

[1 − 2 exp (−πNeff)]
2︸                     ︷︷                     ︸

Fmin
0

≤ F0 ≤
Fup

th (1)N
ξup−1
eff

[1 + 2 exp (−πNeff)]
2 .︸                      ︷︷                      ︸

Fmax
0

(2.19)

Hence, inequality (2.19) prescribes the range of peak fluence levels F0 in between Fmin
0 and

Fmax
0 , which will induce homogeneous areas of LIPSS on the surface of the substrate.

The smallest value of the overlap OLmin at which homogeneous areas of LIPSS can occur, is
the value of OL at which Fmax

a = Fmin
a . Because a low overlap implies a high production rate,

this smallest value of the overlap, resulting in homogeneous areas of LIPSS, is of interest from an
industrial point of view. Mathematically, this minimum feasible overlap OLmin can be found by
equating the left hand side of inequality (2.19) to the right hand side, and subsequently solving
for Neff . Unfortunately, a closed mathematical solution to this problem does not exist and one
would need to resort to numerical solution methods to solve it. However, for many cases the
incubation factors ξlow and ξup are close. Therefore, when assuming ξlow = ξup, the smallest
value of the overlap OLmin at which homogeneous areas of LIPSS can occur, can be derived from
inequality (2.19) and equation (2.10) to read,

OLmin = 1 −
π

2
√

2

ln
©«−2 +

4Fup
th (1)
∆F

+ 4
©«

Fup
th (1)

(
Fup

th (1) − ∆F
)

∆F2

ª®®¬
1
2 ª®®®¬


−1
2

, (2.20)

where ∆F = Fup
th (1) − F low

th (1). In practice, one should adopt a slightly higher value than OLmin,
to ensure homogeneous areas of LIPSS are formed in the face of uncertainties in the laser
processing conditions, as well as in the material dependent parameters.
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3. Experimental setup and methods

3.1. Laser setup and material

In order to validate the model, as derived in the previous section, a pulsed Yb:YAG disk laser
source (TruMicro 5050 of Trumpf GmbH, Germany) emitting a laser beam with a wavelength of
1030 nm, maximum pulse frequency of 400 kHz, pulse energies up to 125µJ and a pulse duration
of 6.7ps was used. The fluence profile of the laser beam is nearly Gaussian (M2 < 1.3). The
beam was focused on the surface of an n-type doped, 〈100〉 oriented, single crystalline, optical
grade silicon wafer substrate, using a telecentric Fθ lens (Ronar of Linos GmbH, Germany)
with a focal length of 80mm. The beam was scanned over the substrate using a galvoscanner
(intelliSCAN14 of ScanLab GmbH, Germany). Prior to processing the samples were cleaned in
an ultrasonic bath for 5 minutes at room temperature with industrial ethanol.

3.2. Analysis tools

The laser power was measured using a photodiode power sensor (S132C of ThorLabs, Germany)
at a measurement uncertainty of ±7%, connected to a readout unit (PM100A of ThorLabs,
Germany). The focal e−2 beam diameter 32.6 ± 1.6µm was measured using a laser beam
characterization device (MicroSpotMonitor of Primes GmbH, Germany).

Laser-induced surface structures were analysed using a Scanning Electron Microscope (SEM,
JEOL JSM-7200F, Japan). The dimensions of the inner and outer circle of LSFL of single
processed spots on the surface (see Fig. 1), were derived from SEM micrographs using the open
source software ImageJ [40] in order to derive the lower and upper LSFL fluence thresholds.

From SEMmicrographs, the homogeneity and periodicity of LSFL areas of 120×90 µm2 were
analyzed with the help of a 2D Fast Fourier Transform (FFT) algorithm using a MATLAB [38]
script. This script converts the spatial information of the surface structures (LSFL, grooves etc.)
in the SEM micrographs into the frequency domain. Next, the script filters the frequency data
to reduce noise, such that the frequencies of the most dominant LIPSS in the SEM micrograph
are highlighted in the frequency plots. It was found empirically that the 100 most prominent
frequencies in the frequency plot are sufficient to accurately determine the homogeneity and
periodicity of LSFL.

3.3. Methodology

To determine the lower and upper LSFL thresholds F low
th and Fup

th , "static" laser processing
experiments were conducted. That is, the sample surface was processed with laser pulses with an
overlap of OL = 1 (so laser pulses on the same spot on the surface) with increasing number of
overscans NOS =2, 10, 15, 20, 30, 50, 75, 100, 125 and decreasing peak fluence levels F0 at a
pulse repetition rate of f = 1kHz. This assures the development of LSFL within the laser-material
interaction zone. The diameters of the inner (dup

th (NOS)) and outer (dlow
th (NOS)) rings, in which

LSFL appear (see Fig. 3), were determined using the software ImageJ. From these diameters, the
corresponding lower and upper threshold fluence levels were calculated as

F low
th (NOS) = F0(NOS) exp

(
−2dlow

th (NOS)
2

d2

)
, (3.1)

and

Fup
th (NOS) = F0(NOS) exp

(
−2dup

th (NOS)
2

d2

)
, (3.2)

Next, dynamic experiments (OL < 1) were conducted with varying pulse overlap values
ranging from OL = 0.4 to OL = 0.9 with fluence levels ranging from below, to above, the
calculated peak fluence levels for processing homogeneous areas, see inequality (2.19).
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The polarization of the laser beam is a crucial parameter for generating wide areas of regular
LIPSS. That is, the laser-induced surface structures show low number of bifurcations. Ruiz de la
Cruz et al. [41] found that LIPSS form most regular on Cr when the laser scanning direction is
orthogonal to the laser polarization. On Mo it was reported, that the scanning direction is not
required to be orthogonal to the laser polarization, but can also be up to 45◦ [42] to form regular
LIPSS. Interestingly, to form regular LIPSS on silicon, it was found by Puerto et. al. that the
scanning direction needs to be parallel to the laser polarization to form regular areas of LIPSS [43].
Therefore, here, the scanning direction was set parallel to the laser beam polarization. SEM
micrographs of each experiment were analyzed with the 2D-FFT MATLAB script, mentioned in
section 3.2.

(a) Laser-induced modification on the surface
of the sample processed with NOS = 2 at F0 =
1.75J/cm2.

(b) Laser-induced modification on the surface
of the sample processed with NOS = 125 at
F0 = 1.18J/cm2.

Fig. 3. SEM micrographs of Laser-induced modifications processed with NOS =2 and NOS =125
overscans on silicon.

4. Results and discussion

4.1. Determination of material dependent fluence thresholds and incubation factors

As an example, Fig. 3(a) shows laser-induced modifications processed with NOS = 2 and a peak
fluence of F0 = 1.75J/cm2. At these conditions, in the center of the modified area, LSFL are
"destroyed" (melted) due to a too high laser dose. The surface shown in Fig. 3(b) was processed
with more pulses, namely NOS = 125, but at a lower peak fluence of F0 = 1.18J/cm2. Several
differences can be observed when comparing Fig. 3(a) to Fig. 3(b). First, in the center of the
modified area in Fig. 3(b) an ablation crater occurs. Secondly, in the center of the ablation crater
grooves are observed. Thirdly, the grooves are surrounded by annular region of LSFL. And, last,
debris (redeposition of ablated material) and a heat affected zone surrounds the annular region of
LSFL, in Fig. 3(b).

Based on the results it is concluded that for a low number of overscans (NOS < 10), the lower
and upper LSFL thresholds are close to the melting threshold of the material for the studied
fluence regimes. For an increasing number of overscans (NOS > 10) and decreasing fluence
levels, grooves start to develop on the surface within the laser-material interaction zone, instead
of melting.
The fluence thresholds F low

th (1), Fup
th (1) were determined by fitting a curve through the

accumulated fluence thresholds NOSFth as a function of the number of overscans NOS (both on a
logarithmic scale), see Fig. 4. Then, extrapolation of the curves to NOS = 1 yields the thresholds
F low

th (1) = 1.49 ± 0.1J/cm2 and Fup
th (1) = 1.99 ± 0.14J/cm2. The incubation factors ξlow and ξup
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follow from the slopes of these fitted curves [33] and were found to be equal ξlow = 0.74 ± 0.01
and ξup = 0.76 ± 0.01. As mentioned at the end of section 2.2, the two incubation factors are
indeed close for this material and laser processing parameters.

He et.al [44] found fluence thresholds and incubation factors of LSFL for silicon processed with
a λ = 800nm, τ = 35fs laser source, to equal FLSFL

th (1) = 0.2 ± 0.04J/cm2, ξLSFL = 0.76 ± 0.04
and of grooves Fgr

th (1) = 0.54± 0.08J/cm2, ξgr = 0.84± 0.03. Compared to our work, the fluence
thresholds found by He et.al. are lower, which can probably attributed to the shorter wavelength
and much shorter pulse duration in their work. However, the incubation factor for LSFL is close
to the incubation factors presented in this study. A physical explanation of this similarity fall out
of the scope of this paper.

10
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Fig. 4. Experimentally derived upper and lower accumulated fluence thresholds as a function of
the number of overscans on silicon samples at f = 1kHz with λ = 1030nm and tp = 6.7ps.

4.2. Model validation

Fig. 5 shows the accumulated lower fluence threshold (Neff F low
th ) and accumulated upper fluence

threshold (Neff Fup
th ) based on the material dependent parameters F low

th (1), ξlow, Fup
th (1) and ξup

of silicon found in the previous subsection, as well as the calculated minimum (Neff Fmin
0 ) and

maximum (Neff Fmax
0 ) allowable accumulated peak fluence levels for homogeneous areas (see Eq.

2.19), all as a function of the overlap.

Fig. 5. Upper (Nξup
eff Fup

th ) and lower (Nξlow
eff F low

th ) accumulated LIPSS fluence threshold and
calculated allowed minimum (Neff Fmin

0 ) and maximum (Neff Fmax
0 ) fluence levels. The material

dependent parameters F low
th (1) = 1.49J/cm2, Fup

th (1) = 1.99J/cm2, ξlow = 0.74 and ξup = 0.76,
corresponding to this graph were found in the previous subsection.
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Note that, in this case OLmin ≈ 0.4. So for OL . 0.4, Fmin
a (2.15) would be larger than Fmax

a

(2.16), implying no homogeneous LSFL areas can form. Therefore these dashed curves were
omitted for OL . 0.4 in Fig 5. Further, in Fig. 5, five regions can be identified:

I In this region, defined by Neff F0 < Nξ low

eff F low
th (1) and ∀ OL, the accumulated peak fluence

levels are below the lower fluence threshold at which LSFL form. Therefore, no surface
structures will occur in this region.

II In this region, defined by Nξlow
eff F low

th (1) < Neff F0 < Nξup
eff Fup

th (1) and OL < OLmin, the
accumulated peak fluence levels Neff F0 are in between the lower and upper thresholds for
the formation of LSFL. However, because the spatial pulse-to-pulse overlap is below the
minimal overlap value at which homogeneous areas of LIPSS can occur, the surface will
be covered by ”islands“ of LIPSS in a ”sea“ of the unmodified surface, comparable to Fig.
6(a).

III In this region, defined by Nξlow
eff F low

th (1) < Neff F0 < Nξup
eff Fup

th (1) and OL > OLmin, the
accumulated peak fluence levels are in the range of the thresholds for LSFL. That is,
the peak fluence meets inequality (2.19). Hence, when Neff F0 is chosen in this range,
homogeneous areas of LIPSS will occur.

IV In this region, defined by Neff F0 > Nξup
eff Fup

th (1) and OL < OLmin, no homogeneous areas
of LIPSS can occur. Instead, inhomogeneous areas of melting, grooves or ablation will
occur in this region.

V In this region, defined by Neff F0 > Nξup
eff Fup

th (1) and OL > OLmin, the accumulated peak
fluence levels are above the upper fluence threshold for LSFL. Hence, instead of the aimed
LIPSS, either homogeneous areas of melting, grooves or ablation will occur.
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Table 1. Laser processing parameters which were used to validate the model, as well as identified
resulting surface structures. Beam diameter was d = 32.6µm and pulse frequency was f = 1kHz

v [mm/s] OL F0 [J/cm2] Indentified structures Fig.

19.58 0.4 1.51 to 1.63 inhomogeneous LSFL -

19.58 0.4 1.67 to 2.09 inhomogeneous LSFL and melting -

16.32 0.5 1.19 to 1.36 inhomogeneous LSFL 6(a),6(b)

16.32 0.5 1.52 homogeneous LSFL 6(c)

16.32 0.5 1.63 to 1.98 LSFL and melting 6(d)

13.05 0.6 1.08 to 1.24 inhomogeneous LSFL -

13.05 0.6 1.33 to 1.39 homogeneous LSFL -

13.05 0.6 1.41 to 1.87 LSFL and melting -

9.79 0.7 0.83 inhomogeneous LSFL -

9.79 0.7 1.08 to 1.53 homogeneous LSFL -

9.79 0.7 1.65 LSFL and grooves -

6.53 0.8 0.72 inhomogeneous LSFL -

6.53 0.8 0.84 to 1.27 homogeneous LSFL -

6.53 0.8 1.39 to 1.65 LSFL and grooves -

3.26 0.9 0.58 to 0.59 inhomogeneous LSFL 6(e),7(a)

3.26 0.9 0.60 to 0.63 homogeneous LSFL 6(f), 7(b)

3.26 0.9 0.72 to 0.84 LSFL and grooves 6(g), 7(c)

3.26 0.9 0.85 to 0.96 grooves 6(h), 7(d)

Table 1 list the various parameters which were used to validate the model, as well the identified
structures. As an example of typical surface morphologies obtained, Fig. 6 shows SEM
micrographs of areas processed with an overlap of OL = 0.5, micrographs (a-d), and OL = 0.9,
micrographs (e-h), and at various peak fluence levels F0. It can be observed that molten droplets
occur on the rims of the LSFL, see Fig. 6(a). This indicates that the laser fluence applied in this
case is near the melting threshold and melting would occur for higher fluence levels. Figures
6(b), 6(c) and 6(d) show laser processed areas with the same parameters as applied in Fig. 6(a),
but with increasing laser fluence levels. One can observe that the LSFL width increases with
increasing laser fluence, but also more molten, bubble like features occur (see Fig. 6(b) and Fig.
6(c)). At an even higher fluence, the LSFL are "destroyed" by a molten layer, see Fig. 6(d).

Different to the processed areas with an overlap of OL = 0.5, where LSFL start to form in the
center of the laser-material interaction zone, the LSFL processed with an overlap of OL = 0.9 and
at a laser peak fluence of F0 = 0.58J/cm2 start to appear "randomly" on the surface, see Fig. 6(e).
It can also be observed that, instead of bubble like melting features, redeposited ablated material
(debris) covers the surface. From this phenomena it can be concluded that the laser fluence is
below the melting threshold, but incubation due to numerous laser pulses led to a "softening" of
the surface and ablation occurs. At a slightly higher peak fluence of F0 = 0.6J/cm2, the whole
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area is homogeneously covered with LSFL, see Fig. 6(f). At even higher fluence levels, grooves
start to superimpose the LSFL structures (see Fig. 6(g)), until only grooves are present at a
fluence of F0 = 0.96J/cm2 (see Fig. 6(h)).
Comparing these results to the results of the static experiments (see section 4.1), one can

observe that the surface features found after the static experiments are also present on processed
areas, depending on the overlap value. For a low overlap (OL ≤ 0.6), melting can be observed
above the threshold at which LSFL occur, like is the case for the static experiments for a low
number of overscans. On the other hand, for a high overlap (OL ≥ 0.7), grooves appear above
the LSFL fluence threshold.
The carrier density in the conduction band of silicon plays a key role for the formation of

LIPSS. Bonse et. al. [45] showed theoretically and experimentally, that LSFL features occur
on single-crystalline silicon when processed with near infrared femtosecond laser pulses in a
close range of fluence levels, for which the laser-induced carrier density in the conduction band
is about 1021 − 1022cm−3 . Although, Bonse et. al. calculated the densities due to fs pulses at
800nm wavelength, we approximated for each case in Fig. 6(a) to Fig. 6(h), the carrier densities
for our experimental conditions by

Ne ≈
(1 − R)F line

a
E

[
α +
(1 − R)F line

a β

2
√

2πτ

]
, (4.1)

with the Planck-Einstein relation E = h · c/λ = 1.93 × 10−19J, the Planck constant h, the
speed of light c, the surface reflectivity of silicon at normal incident R = 0.315 [46], the
linear absorption coefficient α = 30.2cm−1 [46], the two-photon absorption coefficient (for a
λ = 800nm femtosecond laser source) β = 6.8cm/GW [47], the FWHM pulse width τ = 6.7ps
and the accumulated peak fluence levels for processing one line, which is given by calculating the
square root of the effective number of pulses times the peak fluence F line

a =
√

Neff F0. The latter
was chosen under the assumption, since, in our experiment, that the time between processing
of two subsequent lines is much longer than the time of carrier diffusion in the lattice. The
range of the carrier densities for the eight cases lie between Ne = 1.25 · 1021cm−3 for Fig. 6(a),
Ne = 7.36 · 1021cm−3 for Fig. 6(f) and Ne = 1.84 · 1022cm−3 for Fig. 6(h), which is in accordance
to the results presented by Bonse et.al. [45].
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Fig. 6. SEM micrographs of laser processed areas at an overlap of OL = 0.5 (a-d) and OL = 0.9
(e-h) at various fluence levels. These used peak (F0) and accumulated fluence levels (Fa) are
indicated in the images. The accumulated fluence levels are a product of the peak fluence levels
and Neff . All micrographs were obtained from 50◦ tilted samples at the same magnification,
except for Fig. 6(a), which shows a magnified top view of LSFL and molten regions originating
from overlapping consecutive pulses. The arrows indicate the scanning direction −→v and the laser
polarization direction −→E .
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(a) FFT frequency map of inhomogeneous
area of LSFL, as shown in Fig. 6(e).

(b) FFT frequency map of homogeneous
area of LSFL, as shown in Fig. 6(f).

(c) FFT frequency map of area of LSFL
with superimposed grooves, as shown in
Fig. 6(g).

(d) FFT frequency map of area at which
grooves erased most of the LSFL, as shown
in Fig. 6(h).

Fig. 7. FFT frequency maps from the same surface structures processed with an overlap OL = 0.9
as in Fig. 6(e) to 6(h) in the same order. The periodicities (frequencies) of the surface structures
on the vertical and horizontal axis are normalized to the laser wavelength of λ = 1030nm. The
SEM micrographs on which these FFT maps are based, were taken from 0◦ angle (top view).
The rotation from 7a, 7b to 7c and 7d originates from different rotations of the sample when
analyzed with the SEM.

As a more objective criterium to identify (in)homogeneity, than the eye, 2D FFT frequency
maps of SEM micrographs were calculated. As an example, Fig. 7 shows 2D FFT frequency
maps of SEM micrographs of surface structures processed at an overlap of OL = 0.9. Based on
these plots and the micrographs in Fig. 6, six types of surface morphologies were identified:

(i) no observable modification of the surface of the substrate,
(ii) inhomogeneous areas of LSFL, see Fig. 6(a), 6(b), 6(e) and Fig.7(a),
(iii) homogeneous areas of LSFL, see Fig. 6(c) and 6(f) and Fig. 7(b),
(iv) homogeneous areas of LSFL with superimposed grooves, see Fig. 6(g) and Fig. 7(c),
(v) homogeneous areas of grooves, see Fig. 6(h) and Fig. 7(d),
(vi) inhomogeneous areas of LSFL due to melting in the center of the laser-material interaction

zones, see Fig. 6(d).
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In total, the morphologies of 101 samples were analyzed and classified as described above.
These results are summarized in Table 1, as well as in Fig. 8.
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Fig. 8. Segments of Fig. 5, including identified surface structures (data points) in SEM
micrographs using 2D FFT maps, all as a function of the overlap (OL) compared to model
(curves). For the sake of clarity, the errorbars are not shown. For each studied overlap value, the
identified surface morphologies of the processed areas are indicated for the used accumulated
fluence. Note that the values of the vertical axes shift for every segment.

For clarity, Fig. 8 only shows segments of the horizontal axis (OL) of Fig. 5, together with the
identified surface morphologies as discussed above and summarized in Table 1, visualized here
as data points of the accumulated fluence levels Fa = F0Neff . It can be observed in Fig. 8, that in
accordance with the model, up to an overlap of OL ≈ 0.4, no homogeneous areas were found.
Instead, inhomogeneous areas of LSFL (when Neff F0 < Fmin

a ) and areas with LSFL and melted
features (when Neff F0 > Fmax

a ) were found. Also in accordance with the model, for an overlap
of e.g. OL = 0.5 and OL = 0.6 only a small range of F0 were found to process homogeneous
areas, since melting occurs near the LSFL threshold. Homogeneous areas of LSFL were found
in the range of F0 for the overlap regimes OL = 0.7 and OL = 0.8, as predicted by the model.
The surface morphologies found for Neff F0 < Fmin

a (no LSFL; inhomogeneous areas) and for
Neff F0 > Fmax

a (LSFL and superimposed grooves) are in very good alignment with the model.
For an overlap of OL = 0.9 a small range of F0 was found at which homogeneous areas of LSFL
were found. At higher fluence levels, grooves start to superimpose the LSFL structures even
within the range of Fa. Overall, the surface morphologies found are in good agreement with the
predictions by the model.
Using Eq. (2.20) the approximate value of OLmin = 0.39 is found. It was found, by equating

the left hand side of inequality (2.19) to the right hand side, and subsequently solving for Neff
numerically, that the exact value equals OLmin = 0.40. Hence, the difference between the
approximated and exact value OLmin is less then 3%. Therefore, Eq. (2.20) is indeed a useful
expression to calculate the overlap value, for which homogeneous areas of LIPSS can be produced
most efficiently, in terms of production rate.
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4.3. Step-by-step plan to produce homogeneous areas of LIPSS at the highest pro-
duction rate

As a summary, this section provides a step-by-step plan, to establish optimal laser processing
parameters to produce LIPSS at the highest possible production rate. This step-by-step plan is
based on the assumption that the fluence profile of the laser beam used is Gaussian.

1. Determine the diameter d [m] of the laser spot,

2. Set the pulse frequency f [Hz] of the laser source to its maximum,

3. Establish the material dependent parameters F low
th (1) [J/cm

2], Fup
th (1) [J/cm

2], ξlow [-] and
ξup [-] of the material, for the desired structure type (e.g. LSFL, or HSFL, or grooves), by
static experiments as described in section 3.3,

4. If the incubation factors ξlow and ξup are close (less than 10% difference), calculate the
minimal overlap value OLmin for which homogeneous areas of LIPSS occur using Eq.
(2.20). If ξlow and ξup differ more, relapse to numerically determination of OLmin. To
account for measurement and system uncertainties, add 10% to the value of OLmin,

5. Calculate the relative velocity of the laser spot as v = d · f · (1 −OLmin),

6. Set the device(s) scanning the laser spot over the surface to a line pitch of ∆x = ∆y = v/ f ,

7. Using the material parameters found in step 3 and the overlap OLmin found in step 4,
calculate the minimal and maximal peak fluence levels Fmin

0 and Fmax
0 using Eq. (2.19).

Calculate the required peak fluence level as F0 = (Fmin
0 + Fmax

0 )/2. Use this result and Eq.
(2.9) to calculate the required laser pulse energy to be set in the laser source,

8. Process areas of the desired dimensions on the surface of the substrate, using the parameters
found in the previous steps.

5. Conclusion

In this paper, a non-iterative closed mathematical model was derived, which allows to calculate
optimized laser processing parameters (peak laser fluence F0 and geometrical pulse-to-pulse
overlap OL) based on material dependent parameters, to manufacture homogeneous areas of
Laser-induced Periodic Surface Structures (LIPSS). A method was presented to experimentally
establish these material parameters for a given type of LIPSS. As an example, these parameters
determined for silicon when processed with an IR ps laser source, targeting Low Spatial
Frequency LIPSS (LSFL) on the surface of the silicon sample. Using these material parameters,
a range of peak fluence levels and pulse-to-pulse overlap values can be derived using the model,
which will allow the production of homogeneous areas of LIPSS at the highest achievable rate.
Model validation, involving a wide range of overlap values and fluence values, showed that the
experimental results are in good agreement with the mathematical model. A step-by-step plan
was presented, which, when using the model, provides laser processing parameters, will lead to
homogeneous areas of LIPSS produced most efficiently, in terms of production rate.
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