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Abstract: We show, for the first time to our knowledge, the role the heat accumulation plays 
on the evolution of ultra-short pulse laser-induced surface structures morphology when 
varying fluence, the number of scans and the repetition rate from 100 kHz up to 2 MHz. We 
demonstrate how to tailor the size of micro-spikes from nearly ten microns to several tens of 
microns by a systematic variation of both fluence and overlap. We believe our results will 
contribute to an in deep understanding of the mechanisms underlying laser surface 
structuration at high repetition rates. 
© 2017 Optical Society of America 
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1. Introduction 
Material surface texturing by ultra-short pulse (USP) lasers is an attractive technology since 
it enables the tailoring of some highly interesting material properties. By inducing periodical 
(ripples) and quasi periodical surface structures (spikes), also referred as LIPSS (laser 
induced periodic surface structures) the material surface wettability behavior [1–3], optical 
aspects [2,4,5] and tribological properties [6] could change radically without the need of 
coatings. In fact, irradiating the surface of several materials [7–10] with USP lasers can lead 
to the formation of LIPSS, subsequently modifying the surface interaction properties. 
Multiple phenomena [11] have been considered to elaborate a complete model describing the 
LIPSS formation mechanism. We mention for instance photon- surface plasmon coupling 
[12,13] inducing periodical thermal gradients and subsequently, micro-fluidic reallocation of 
material, as a possible explanation of ripple formation [14]. Whereas, micro grooves and 
conical micro-spikes formation could be ascribed to material movement due to Marangoni 
flow, driven by a local thermal gradient [15]. In all these cases the time interval between two 
successive laser pulses is considered long enough to permit effective heat dissipation and 
phenomena which are related with the inter-pulses heat accumulation are not taken into 
account. 

However, the exploitation of LIPSS into an industrial environment for commercial 
purposes requires implementing a reliable and effective production system whilst increasing 
the process throughput. This could be tackled utilizing very fast laser beam positioning 
systems delivering the beam with scanning speeds in the range of several tens of m/s [16] 
together with high power (tens of Watts), high repetition rate (MHz range) [17,18], industrial, 
ultra-short pulse laser systems. Nevertheless, surface processing at repetition rates within the 
MHz range, could induce inter-pulses heat accumulation, compromising the surface 
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morphology. During the irradiation with repetition rate values close to 1 MHz a metallic 
surface is expected to reach a saturation temperature of several hundreds of degrees [19]. Key 
process parameters such as the overlap, the fluence and the repetition rate are expected to 
impact this temperature. 

In this work, we show for the first time to our knowledge a comparative study on stainless 
steel highlighting the impact of the fluence, the overlap and the number of successive scans 
on the surface morphology when passing from 100 kHz to 1 MHz and even up to 2 MHz. 
Moreover, in the case of high repetition rates (1 and 2 MHz) we show that by systematic 
variation of process key parameters, it is possible to tune the size of the micro-spikes while at 
the same time avoiding detrimental effects related to heat accumulation. 

We believe that our results will contribute to a deeper understanding of the physical 
phenomena underlying the material surface texturing by MHz, USP lasers. Moreover, by 
showing a reliable way to exploit the full capabilities of up to date USP industrial laser 
sources [20] this study can open the way to export laser surface texturing into an industrial 
environment. 

2. Experimental setup and process parameters 
A commercial ultrafast fiber laser system (Tangerine, Amplitude Systèmes) emitting in the 
near infrared (λ = 1030 nm) with a maximum output power of 20 W and delivering ultra-
short pulses of 350 fs was utilized for the texturing experiments. The delivered laser beam 
was linearly polarized and Gaussian with an M2 = 1.1. We expanded the beam by a factor of 
2 and focalized it with a 100-mm f-theta lens. The spot diameter, measured via a beam 
profiler (Win CAM), was 2ω0 = 35 μm. With this setup we structured the surface of 316 L 
stainless steel samples of 0.5 mm thickness by scanning over the sample surface using a 
Galvo scanner (SCANLAB model IntelliSCAN 14 and hurrySCAN II 14). 

The process parameters considered are the repetition rate (f), the fluence (Φ), the number 
of scans (N) and the pulses per spot (pps). The latter is defined as the average number of 
pulses irradiated in a dimentionless spot of the surface in a single scan calculated as pps = 
(2ω0 · f) / u where u is the scanning speed. Φ is defined as E/(π · ω0

2), where E is the energy 
of the pulse. The ppstot, defined as pps · N, is a variable used to describe the total amount of 
pulses irradiated on the surface. The lateral overlap is not taken into account. Finally, the 
dose, which represents the total energy irradiated per unit surface, defined as D = ppstot · Φ 
could give both a quantitative as well as a more perceptible way to describe the amount of 
energy irradiated on the surface. 

In our study we considered three different repetition rate values: 100 kHz, 1 MHz and 2 
MHz. The fluence was varied between Φ = 0.04 J/cm2 and Φ = 0.40 J/cm2 by increasing the 
laser pulse energy from 0.3 μJ to 9 μJ. The overlap was chosen between 15 pps and 200 pps, 
and the number of successive scans N was varied between N = 1 and N = 500. The 
experimental parameters are summarized in Table 1. 

Table 1. Summary of the experimental values used 

Parameter Minimum Maximum 
Repetition rate (f) 100 kHz 2 MHz 

Fluence (Φ) 0.04 J/cm2 0.40 J/cm2 
Pulse energy (E) 0.3 μJ 9 μJ 

Number of scans (N) 1 500 
Pulses per spot (pps) 15 pps 200 pps 

The surface morphology analyses were carried out utilizing two scanning electronic 
microscopes (SEM), a CSEM-FEG INSPECT 50 and a FEI Phenom. By using a commercial 
software (Gwyddion) we analyzed the SEM images by measuring the surface area of the 
obtained structures. The equivalent spike size diameter δ presented in this work corresponds 
to the diameter of the circumference having the same surface than the spike surface. The 
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average δ values, in most cases, occur by measuring several hundreds of features in an SEM 
image. 

For each set of process parameters, a 1 mm x 3 mm surface was raster scanned utilizing a 
hatch value of 10 µm. Finally, the material was cleaned in acetone ultrasonic bath in order to 
remove the ablation dust produced during the laser irradiation. 

 

Fig. 1. SEM images of stainless steel surface obtained at different repetition rates as indicated. 
N indicates the number of scans in each column. The fluence Φ increases from top to bottom 
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and is the same in each row. The overlap was fixed to 70 pps. Different types of 
nanostructures are indicated with different colour frames. 

3. Results and discussion 
3.1 Evolution of surface morphology for 100 kHz, 1 MHz and 2 MHz 

In this part, we present the results obtained by processing the samples with a fixed overlap 
(pps = 70) and by varying both the number of scans N (between N = 1 and N = 50) and the 
fluence Φ (between Φ = 0.04 J/cm2 and Φ = 0.40 J/cm2). The same combination of N and Φ 
was utilised for 3 repetition rates, f = 100 kHz, f = 1 MHz and f = 2 MHz. In Fig. 1 are shown 
the SEM surface structure morphologies we obtained. 

For all the three f values, areas including similar structures can be distinguished by a 
different colour frame. Ripples, periodical formations, with a period close to the laser 
wavelength, occur for low dose values with an orientation perpendicular to the laser 
polarization and are identified by a red frame. Diverse types of grooves, which are formed 
parallel to the laser polarization with a period significantly larger than the laser wavelength 
are indicated by a yellow frame. Coral like structures are marked by a blue frame. Spikes, the 
conical formations with diameters in the range of tens of microns, formed for higher doses 
are indicated by a black frame and finally holes by a green frame. 

The fact, that for higher doses, the same N and Φ values lead to different surface 
morphologies for different f values indicates the role of heat accumulation. For instance the 
couple Φ = 0.09 J/cm2 and N = 50 enables the formation of ripples at f = 100 kHz (Fig. 1), 
micro-grooves superposed to ripples at f = 1 MHz (Fig. 1) and, finally, spikes at f = 2 MHz 
(Fig. 1). The combination Φ = 0.19 J/cm2 and N = 10 enables the formation of a hole’s net at 
100 kHz, inhomogeneous spikes at 1 MHz and an inhomogeneous distribution of melted and 
re-casted material along the scanning axis at 2 MHz. 

Summarizing, for values beyond ripple formation, the evolution of the material surface 
and its final surface morphology shows two distinctive behaviours at f = 100 kHz and when f 
is in the range of MHz. 

 

Fig. 2. SEM images showing the surface evolution at 100 kHz obtained with Φ = 0.19 J/cm2 
and pps = 70. N indicates the number of scans. The red arrow shows the polarization direction, 
and the white dotted arrow indicates the scanning axis. 

Figure 2 shows in detail how the material surface evolves for pps = 70, f = 100 kHz and 
Φ = 0.19 J/cm2, when increasing the number of scans from N = 1 to N = 50 (Fig. 2(a)-2(d)). 
Starting from N = 1 (Fig. 2(a)), ripples are formed perpendicularly to the polarization 
direction (see red arrow). At the same time, shallow undulations arise parallel to the laser 
polarization. Their orientation and period are similar to micro grooves observed in solids 
[9,15]. Between the undulations, craters are generated (see orange ellipse) with an increasing 
number of scans (N = 5 Fig. 2(b)). We believe that both are resulting from lateral 
displacement of material. For N = 5 (Fig. 2(b)) the scanning hatch (see white arrows) impacts 
the surface with the formation of relatively wide and shallow, parallel, trenches spaced of 10 
μm. 
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By increasing N, craters are transformed into holes of nearly 5 μm diameter (Fig. 2(c) and 
(d)). Very likely, this transformation can be attributed to an enhancement of light absorption 
around the crater: in particular, phenomena related to plasmonic resonances [21] and the local 
enhancement of the incident field [22], lead to locally increased ablation. 

For N = 50 (Fig. 2 (d)) the predominant surface morphology becomes a net of 5 μm 
diameter micro-holes aligned along the laser scanning direction and regularly spaced of 
nearly 10 μm combined with a coral-like roughness. Spare spikes (see blue circle) are also 
formed but, in the range of the applied process parameters, micro-holes constitute the 
predominant morphology on the surface. In Fig. 1 we observe that the micro-hole diameter 
depends not only on the number of scans N, but, for a fixed N value, also on the fluence Φ 
and, the higher the fluence the larger the diameter. For instance, in the case of N = 50, the µ-
hole diameter passes from nearly 1 μm (Φ = 0.09 J/cm2) to more than 5 μm (Φ = 0.40 J/cm2). 
Interestingly, once the μ-holes are formed, their number doesn’t change remarkably with the 
variation of the process parameters. Moreover, the increase of the micro-hole diameter with 
Φ and N jointly with coral-like roughness ascertains, to a large extend, the prevailing of 
ultrafast ablation phenomena on thermofluidic effects in determining material removing and 
local material reallocation. 

During the irradiation with repetition rates in the range of MHz, thermal effects are 
expected to arise. Residual heat remaining after the irradiation on the surface of the material 
[23] is dissipated into the bulk within the time frame of a millisecond [11,24]. In case of high 
repetition rates, the delay between the pulses becomes comparable with the time required for 
heat dissipation from the surface to the bulk. Under specific conditions, such as high overlap 
or fluence, residual heat builds up pulse after pulse. It has been demonstrated [19] that under 
high repetition rate irradiation (800 kHz, pulse duration of 10 ps) of stainless steel, heat is 
accumulated within a single scan preventing the temperature of the surface to decrease below 
a saturation temperature Tb. Depending on the process parameters, Tb could be in the range of 
several hundreds of degrees influencing the nanostructure formation. Each successive pulse 
further increases the surface temperature. For specific values of Φ and pps, the transient 
temperature could reach the melting point of the material. This phenomenon, being referred 
to as heat accumulation, observed in bulk materials [25], and in thin films [26,27], is as we 
believe the interpretation of the significantly different nanostructures shown in Fig. 2 and 
Fig. 3. 

 

Fig. 3. SEM images showing the surface evolution at 2 MHz obtained with Φ = 0.19 J/cm2 and 
pps = 70. N indicates the number of scans. The red arrow shows the polarization direction. 

Figure 3 illustrates the structures obtained for f = 2 MHz, Φ = 0.19 J/cm2 and pps = 70 
while increasing N. For N = 5 (Fig. 3(b)), micro-holes of 5-10 μm diameter are already 
formed and distributed along the laser scanning lines. Compared with f = 100 kHz (Fig. 2), 
holes are formed for smaller number of scans when f = 2 MHz. Moreover, melted and re-
casted material characterized by a smooth and bumpy external surface is clearly visible 
between two scanning lines spaced of nearly 10 μm. Increasing the number of scans to N = 
20 (Fig. 3(c)) further movement of material tend to fill the holes and coalesce in larger 
aggregates consisting of bumpy protrusions. Finally, for N = 100 (Fig. 3(e)), the surface 
morphology mostly consists of a uniform distribution of bumpy spikes (referred as spikes). 
The equivalent average spike diameter δ was measured to be δ = 22 ± 3 μm. Interestingly, 
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once the spikes are formed δ is barely affected by increasing the number of scans, even for N 
>> 50 (δ = 22 ± 4 μm for N = 200). On the contrary, δ changes with the repetition rate f. 
Indeed, for Φ = 0.19 J/cm2, N = 100 pps = 70 and f = 1 MHz we obtained δ = 14 ± 3 μm. 
This observation is consistent with the idea that the spike formation is driven by 
hydrodynamical flow resulting from temperature gradients [15]. Higher repetition rate is 
expected to lead to higher Tb and thus to a deeper penetration of the heat during the 
irradiation. As a consequence we expect the volume of the material subjected to Maragony 
driven flow to be more extended as f increases, subsequently leading to the formation of 
larger features. 

3.2 The role of fluence on spike morphology 

An extremely interesting aspect of the results reported in the previous paragraph lies in the 
correlation between the quantity of heat deposited into the material during the laser pass, and 
both the size and the morphology of the bumps. It can be argued that a fine control of the 
process parameters, such as fluence could be the key element to gauge the quantity of heat 
deposited. A dependence between fluence and spike size has been previously reported for 
low repetition rates in several metals [28]. Moreover, this behavior seems to be independent 
from the irradiation wavelength [29]. In the following part, we show the impact of the 
fluence on the induced structures for f = 1 MHz. In our experiment, we deliver the same 
number of pulses (ppstot = 3500), using the same strategy in all cases (pps = 70 N = 50) and 
we varied the fluence between Φ = 0.11 J/cm2 and Φ = 0.54 J/cm2. Results are illustrated in 
Fig. 4. 

 

Fig. 4. SEM images (right) and graph (left) illustrating the continuing change of the equivalent 
diameter δ with increasing fluence. The SEM images correspond to the data shown on the 
graph and where obtained at a 45° tilt. The fluence values are inserted in the corresponding 
SEM images. 

The graph (left) in Fig. 4 shows the δ values versus the fluence Φ. For relatively low 
fluence values (0 < Φ < 0.16 J/cm2) no spikes are formed. In these experimental conditions, a 
uniform distribution of spikes comes out only beyond a threshold value of ≈0.16 J/cm2 
having an equivalent diameter δ = 8 ± 2 μm. Within the experimental fluence range (0.16 
J/cm2 < Φ <0.54 J/cm2), δ increases monotonically from δ = 8 ± 2 μm to δ = 59 ± 15 μm. We 
therefore observe that it is possible to control the resulting spike size over a relatively wide 
range by varying the fluence. Interestingly, within the used fluence values unwanted thermal 
effect of the high repetition rate are avoided enabling the formation of uniform and well 
defined, bumpy surface structures. 
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3.3 The role of overlap on spike morphology 

Recently, it has been shown [29] for 1 MHz that when keeping the same dose values, e.g. 
deliver the same number of pulses having the same fluence, is it possible to modify the spike 
morphology by varying the number of pulses per spot (pps). Furthermore, a correlation 
between overlap and Tb has been established in reference [19]. 

In the following sets of experiments we investigate the role of the overlap in spike 
formation for high repetition rates. The evolution of spike diameter versus the ppstot is shown 
in Fig. 5, which illustrates the results for f = 1 MHz (left) and f = 2 MHz (right), respectively. 
For both f values two different pps values were considered i.e. pps = 70 and pps = 300 for 1 
MHz and pps = 30 and pps = 70 for 2 MHz. Finally, a fixed fluence value (Φ = 0.19 J/cm2) 
means that the same ppstot corresponds to the same overall energy dose. 

 

Fig. 5. Evolution of average equivalent spike diameter (δ) under successive scan irradiation 
for different overlaps and repetition rates. On the left side, the results obtained with f = 1 
MHz, and on the right side those obtained for f = 2 MHz are shown. Different shapes indicate 
different overlaps. The fluence was constant in all cases (Φ = 0.19 J/cm2). 

Within our experimental conditions, spikes are formed starting from a threshold value of 
nearly ppstot = 1400 independently of the overlap and the repetition rate. It can be clearly 
observed that δ increases, when the overlap (pps) increases. At 1 MHz, the initial diameter 
corresponding to similar doses is δ = 9.5 ± 2.5 μm for pps = 70 (ppstot = 1400) and δ = 13.5 ± 
2.5 μm for pps = 300 (ppstot = 1500). In this case, we can extract an increment of roughly 
Δδ/Δpps = 0.0174 µm/pps. Variations in the value of overlap for 2 MHz seem to have more 
significant impact. For similar doses, the diameter is δ = 11 ± 2 μm for pps = 30 (ppstot = 
3000) and δ = 21 ± 3 μm for pps = 70 (ppstot = 3500), respectively, showing an increment of 
Δδ/Δpps = 0.25 µm/pps. Finally, a dose value of ppstot = 3500 delivered with the same 
strategy (N = 50, pps = 70) will lead to structures with δ = 12.5 ± 2 μm for f = 1 MHz and δ = 
21 ± 3 μm for f = 2 MHz, highlighting the brunt of repetition rate in the thermofluidic 
mechanism that leads to spike formation. 

Moreover, a specific trend in spike evolution is observed as the ppstot increases. Starting 
from 1 MHz we observe for 1400 ≤ ppstot < 5000, δ clearly increases and tends to be stable 
for ppstot> 5000 reaching a saturation value δs which is δs = 13.5 ± 2.5 μm for pps = 70 and δs 
= 19.5 μm ± 6 μm for pps = 300, respectively. On the contrary for 2 MHz the spike size 
doesn’t change after they emerge and the saturation value varies between δs = 11 μm ± 2 μm 
for pps = 30 and δs = 21 μm ± 3 μm for pps = 70, respectively. Saturation in the growth of 
spikes could be interpreted by the fact that the delay between two successive scans is much 
longer than the time required for the diffusion of the heat accumulated during one laser scan. 

Therefore, it can be concluded that for fixed fluence and dose values the impact of the 
pulse overlap and repetition rate on the spike morphologies is confirmed at 1MHz and 2 
MHz. Furthermore, after reaching a certain ppstot threshold value it is even possible to use the 
overlap as an effective knob to finely tune the spike size. 
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4. Conclusions 
We carried out a comprehensive study on the influence of process parameters, such as 
fluence, repetition rate, overlap and pulse per spot, on the laser induced structures at high 
repetition rates (up to 2 MHz). The impact of the heat accumulation on the structures 
morphology when the repetition rate is in the MHz regime has been reported. Interestingly, 
different morphologies are obtained for different repetition rates values also when the rest of 
process parameters (fluence, overlap and number of scans) are identical. We have shown a 
correlation between both pulse per spot and fluence values and the spikes size providing a 
useful tool to tune the spikes morphology. By comparing the results obtained at 100 kHz and 
2 MHz we attempt an interpretation of the possible mechanisms that drives the evolution of 
the surface morphology. Our interpretation is consistent with the idea that spike formation is 
ascribed to thermo-fluidic phenomena driven by temperature gradients. Finally, our study 
will contribute to a deeper understanding of the spike formation process providing at the 
same time a useful tool for controlling their size. 
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