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The irradiation of metals with ultrashort laser pulses enables the rapid and cost-effective 
production of nanostructured surfaces with a wide range of industrial applications. The laser-induced 
surface roughening modifies the interaction processes upon electron impact, leading to a modification 
of the secondary electron emission. In this study, the nanostructuring as well as the secondary electron 
yield (SEY) variation of polycrystalline copper surfaces was investigated by irradiation with 1030 nm 
infrared ultrashort laser pulses at a constant repetition rate of 100 kHz. The influence of varying the 
pulse duration between 238 fs and 10 ps, the laser power and the number of laser pulses per unit area 
(induced by varying the scanning speed) on the surface topography and the SEY was investigated. 
Irrespective of the pulse duration, irradiation with low scan speed (v ≤ 20 mm/s) and high laser power 
(P ≥ 2.6 W) results in the formation of a surface with compact nanostructures and a very low maximum 
SEY δmax < 0.7. The δmax increased slightly with increasing pulse duration at similar laser parameters. 
Increasing the pulse duration also resulted in a slight decrease in the ablation threshold and volume. 
The observed SEY dependence is probably explained by the pulse duration dependence of the ablation. 
The results suggest that nanostructured copper surfaces with very low SEY can be produced with 
ultrashort laser pulses over a wide range of pulse durations. 
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1. Introduction
Short and ultrashort laser pulses can be used to create

nanostructures on copper surfaces. Such micro-nanostruc-
tured surfaces exhibit interesting macroscopic properties, in-
cluding reduced reflectivity [1] and reduced secondary elec-
tron yield (SEY) [2]. The SEY is defined as the number of 
secondary electrons emitted per incident electron and de-
pends on the energy of the incident primary electrons. SEY 
engineering plays an important role in overcoming the per-
formance limit of particle accelerators with intense posi-
tively charged beams [3-5]. The interaction of ultrashort la-
ser pulses with copper surfaces has been extensively studied 
for different pulse durations and laser wavelengths. The 
studies have mainly focused on laser ablation processes in 
the nanosecond to femtosecond pulse duration range, with 
wavelengths from the ultraviolet to the infrared [3, 6-26]. 
Various parameters such as the number of laser pulses [6], 
the laser pulse energy [7], the repetition rate [8, 27], the gas-
eous environment [9, 10] and the presence of external mag-
netic fields affect the copper ablation process[11]. Multi-
pulse burst irradiation has also been investigated[12, 28]. 
Ablation quantities such as the depth, the width, the shape 
and the volume of the formed craters and trenches depend 

on the laser parameters [25]. In general, the ablation volume 
increases with increasing laser pulse energy and ultraviolet 
laser pulses are more effective for copper ablation than in-
frared laser pulses [7]. Laser ablation not only results in the 
removal of material, but a fraction of the ejected metal par-
ticles redeposit on the irradiated sample surface, either di-
rectly in the reaction zone of the laser focus or in nearby re-
gions. This results in the formation of copper nanostructures 
on the treated surface, the morphology of which depends on 
the laser processing parameters [29]. This nanoparticle re-
deposition has many similarities to the widely studied pulsed 
laser deposition (PLD) process, which allows the deposition 
of thin films with complex stoichiometry. It is typically per-
formed at low pressure for high quality film growth, and 
copper PLD has been studied under vacuum and ambient 
pressure conditions [30, 31]. In addition to nanostructuring, 
laser induced periodic surface structures (LIPSS) on copper 
also allow the adjustment of the SEY [32]. This study fo-
cuses on infrared ultrashort pulse laser treatment of copper 
surfaces as a function of pulse duration in air to achieve 
nanostructuring of copper surfaces with a reduced SEY of 
less than 1. 
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2. Experimental Setup
The surface nanostructuring of cleaned, degreased, and

subsequently passivated polycrystalline copper samples 
(size 20 x 20 x 1 mm³) was performed by laser irradiation 
using ultra-short laser pulses with a pulse duration between 
238 fs and 10 ps. The samples were mounted onto an x-y-
stage of a laser workstation and irradiated in air by a solid-
state laser (Carbide CB3-40W from Light Conversion) with 
a laser wavelength of λ = 1030 nm and a variable pulse du-
ration. The repetition rate was set to frep = 100 kHz. The laser 
beam with a Gaussian beam profile (M² = 1.1) was focused 
by a f-theta lens on the sample surface with a focal length of 
165 mm. The Gaussian radius was determined by Liu plot, 
see section 3.1. Two different kinds of structuring processes 
were performed: engraving of single lines and areal treat-
ments with overlapping lines.  

For the single line processing, the focused laser beam 
was scanned by a galvo-scanner in geometrically separated 
parallel lines across the copper surface with a scanning ve-
locity v that varied between 1 and 200 mm/s (see Fig.1). 

The accumulated number of laser pulses NL for a single 
line is dependent on the Gaussian radius ω0, the repetition 
rate as well as the scanning speed: 

𝑁𝑁𝐿𝐿 =  𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙2∙𝜔𝜔0
𝐯𝐯

(1) 

and the accumulated laser fluence Φacc,L can be calculated 
by: 

Φ𝑎𝑎𝑎𝑎𝑎𝑎,𝐿𝐿 =  𝑁𝑁𝐿𝐿 ∙  
𝑃𝑃

𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙𝜋𝜋∙𝜔𝜔02
=  2∙𝑃𝑃

v∙𝜋𝜋∙𝜔𝜔0
(2) 

For the areal processing, homogeneously structured copper 
surfaces were fabricated with partial overlap of the scanned 
lines for a total treated area of 18 x 18 mm² per sample (see 
Fig. 1). The line distance was set to ∆y = 50 µm. For over-
lapping lines, the accumulated number of laser pulses NA can 
be estimated by:  

𝑁𝑁𝐴𝐴 =  𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙𝜋𝜋∙𝜔𝜔0
2

𝐯𝐯∙∆𝑦𝑦
(3) 

With the accumulated number NA of laser pulses, the ac-
cumulated laser fluence Φacc is given by: 

Φ𝑎𝑎𝑎𝑎𝑎𝑎,𝐴𝐴 =  𝑁𝑁𝐴𝐴 ∙  
𝑃𝑃

𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙𝜋𝜋∙𝜔𝜔02
=  𝑃𝑃

v∙∆𝑦𝑦
(4) 

The separated lines were measured by white light interf 
erometry (WLI), in particular the ablated volume Vab, the 
line diameter d and the line depth ∆z were analyzed. The ab-
lation volume per laser pulse was estimated from the ablated 
volume Vab at a line length equal to twice the Gaussian ra-
dius ωo devided by the number of laser pulses NL (Eq. 1). 
Before the measurement, the lines were mechanically wipe-
cleaned using propanol-immersed cotton and subsequently 
underwent ultrasonication in propanol to remove any re-de-
posited material and particles inside the trenches. 
For the samples that underwent large-area processing, the 
surface topography was measured by optical microscopy 
(OM) and scanning electron microscopy (SEM) and the sec-
ondary electron yield (SEY) was measured for primary elec-
tron energies between 50 and 1800 eV [3]. 

3. Experimental results and Discussion
3.1  Ablation characteristics in dependence of pulse du-
ration

 In Fig. 2 (a), the square of the line width in dependence of 
the natural logarithmic of the laser power at fixed scanning 
speed of 2 mm/s is shown for selected pulse durations (Liu 
plot [33]). All lines are almost parallel. From the slope, the 
Gaussian radius was determined to be (23 ± 0.5) µm. Based 
on the estimated Gaussian radius, a laser pulse number 
NL = 2300 was calculated for v = 2 mm/s. Further, the abla-
tion threshold Pth in dependence of the pulse duration can be 
calculated from the extrapolation at d=0 for the given condi-
tions of at NL = 2300 (see Fig. 2 (b)). The ablation threshold 
at NL = 2300 slightly increases for increasing pulse duration 
from ~ 0.21 W (Φth ~ 130 mJ/cm²) at ∆tp = 238 fs to ~ 0.28 W 
(Φth ~ 170 mJ/cm²) at 10 ps. The obtained values are in the 
expected order of magnitude and are in reasonable agree-
ment with previously reported values [34-36]. For example 
Chen et al. [36] reported a single pulse ablation threshold of 
0.6 J/cm² at ∆tp = 1 ps. Furthermore, the ablation volume per 
laser pulse VN was determined as a function of the pulse du-
ration. The change of VN for a treatment at an average laser 
power of P = 4.33 W (Φ = 2.6 J/cm² for a single pulse) and 
v = 2 mm/s (Φacc,L ~ 6 kJ/cm²) is summarized in Fig. 2 (c). 
The increase of the pulse duration resulted in a slight de-
crease of the ablation volume, in consistence with the in-
crease in Pth. The ablation volume per laser pulse decreased 
from ~ 17 µm³ (ablation volume per laser pulse and pulse 
energy: 0.4 µm³/µJ) at ∆tp = 238 fs to ~ 14 µm³ 
(0.32 µm³/µJ) at 10 ps. The determined ablation volume of 
this study is slightly smaller than the value published by 
Zemaitis et al. [12] and the dependence on pulse duration is 
inverted. These discrepancies are attributed to the difference 
in the utilized laser parameter during treatment (scanning 
speed, repetition rate, Gaussian radius, laser power). 

3.2 Surface topography and nanostructure formation 
in dependence of pulse duration 

The laser irradiation results in a modification of the cop-
per surface, which strongly depends on the different pro-
cessing parameters (see Figs. 3 and 4). 

Fig. 1 Schematic illustration of the laser structuring setup. 
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Fig. 2 (a) Liu plot of laser treated lines in copper at a scanning 
speed of v = 2 mm/s (NL = 2300) at different pulse duration. For 
better readability of the graph, the error bars are not shown 
(∆d ~ 2 µm).  
(b) Ablation threshold Pth dependence on the pulse duration (red
line: trend line guide for the eye). (c) Ablation volume per laser 
pulse VN in dependence of the pulse duration at constant average
laser power P = 4.33 W and v = 2 mm/s (red line: trend line
guide for the eye).

The irradiation with high laser power and low scanning 
speed results in the formation of compact nanostructures, in-
dependent of the pulse duration. The parameter range, which 
results in the formation of compact nanostructures, is 
marked red in Fig. 3 and Fig. 4. 
At short pulse duration, the necessary laser power for the 
formation of compact nanostructures is smaller than for 
longer pulses (see Fig. 3 and 4). For example, at fixed scan 
speed of 20 mm/s, for 500 fs pulses a laser power of ~ 2.6 W 
is necessary, while at 10 ps pulses a power of ~3.46 W is 
required. 
The increase of the onset of nanostructure formation for 
larger pulse duration follows the trend that the ablation 
threshold increases at the same time (see Fig. 2 (b)). Further-
more, at low laser power and high scanning speed, the laser 
treatment induces no or only minor changes to the surface 
topography. The parameter field is marked green in Figs. 3 

and 4. In accordance with the ablation threshold dependency, 
the parameter field, for which no or only minor changes oc-
cur, is narrower at low pulse duration (500 fs) than at long 
pulse duration (10 ps). 

Fig. 3 Scanning electron micrographs of copper surfaces after 
treatment with different laser power and scanning speed (as 

indicated) at a pulse duration of  ∆tp =500 fs. 
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Fig. 4 Scanning electron micrographs of copper surfaces after 
treatment with different laser power and scanning speed (as 

indicated) at a pulse duration of  ∆tp =10 ps. 

3.3 Secondary Electron Yield 
   Besides the high-resolution SEM images, also low-resolu-
tion SEM images were acquired at a primary electron energy 
of 5 keV and fixed detector settings. In Fig. 5 such scanning 
electron micrographs are shown for which the brightness al-
lows a qualitative assessment of the number emitted second-
ary electrons at 5 keV, i.e. areas with a reduced secondary 

electron emission appear dark and areas with increased sec-
ondary electron emission appear bright. The picture clearly 
shows that the variation in laser processing parameters has a 
influence on the secondary electron emission. Especially the 
compact nanostructures exhibit a reduced secondary elec-
tron emission, while an intermediate fluence during treat-
ment increases the electron emission at 5 keV compared to 
untreated copper.  

(a) ∆tp = 500 fs

(b) ∆tp = 10 ps
Fig. 5 Secondary electron low resolution SEM images at a pri-
mary electron energy of 5 keV for samples treated with differ-
ent laser power and scanning speed (as indicated) at pulse dura-
tions of ∆tp = 500 fs (a) and ∆tp = 10 ps (b)  

The secondary electron yield (SEY) in the primary electron 
energy range between 50 and 1800 eV for selected samples 
treated at high power and slow scanning speed (P = 4.33 W, 
v = 2 mm/s) is shown in Fig. 6 (b). At low pulse duration 
(∆tp = 500 fs) and high pulse duration (∆tp = 10 ps) the irra-
diation results in a distinct reduction of the SEY compared 
to an untreated copper surface, which exhibits a maximum 
secondary electron yield of δmax = 2.2 [20]. The SEY maxi-
mum of the laser treated surfaces increased at increasing pri-
mary electron energy up to a primary electron energy of 
EP ~ 1300 eV to δmax ~ 0.63 and ~ 0.69 at ∆tp = 500 fs and 
10 ps, respectively. 
In Fig 6 (c) the secondary electron yield maximum of the 
laser treated copper surfaces in dependence of the pulse du-
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ration is summarized including the variation across the sam-
ples as indicated by the error bars. There is a tendency for 
the δmax to increase slightly with increasing pulse duration. 
The maximum absolute error of our SEY measurement is 
0.05 - 0.1 for δ < 0.8. Consequently, the difference between 
the samples is not significant. Nonetheless, the slight trend 
can be understood considering the similar surface structures 
that are formed for 500 fs and 10 ps pulse duration (see Fig. 
6 (a)) via partial redeposition of copper nanostructures from 
the ablated material in the generated plasma plume [20]. 
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Fig. 6 (a) High resolution scanning electron micrographs of cop-
per surfaces after laser treatment (P = 4.33 W, v = 2 mm/s) with 
pulse durations of ∆tp =500 fs (left, red marked) or 10 ps (right, 
blue marked). (b) SEY in dependence of the primary electron 
energy for the same copper surfaces. (c) SEY maximum δmax in 
dependence of the laser pulse duration ∆tp utilized for surface 
processing. The error bars represent the standard deviation 
based on measurements at three different spots on each sample 
to evaluate sample homogeneity. 

The SEY can vary if the surface composition changes. We 
have performed X-ray photoelectron spectroscopy analysis 
of the samples (not shown) using the same conditions as in 
Ref. [3]. Laser treatment in ambient air at high laser fluences 
> 2000 J/cm2 leads to strong roughening, very low SEY and
oxidation of particles in the reaction zone resulting in the
formation of a CuO-like surface [3]. The XPS results of the
samples discussed in this study are identical to these earlier
observations. Furthermore, the surface composition did not
change when the pulse duration was varied. Consequently,
the changes in SEY can be attributed to topographic varia-
tions. In general, δmax increases for increasing accumulated
laser fluence and the ablation volume / nanostructured layer
thickness increases at increasing accumulated laser fluence
[3, 20-22]. The experimental results in the literature suggest
that the resulting SEY depends, among other influences, on
the density of the nanoparticles on the surface, i.e. the SEY
decreases with increasing particle density. The performed
line tests revealed that the ablation volume slightly decreases
for increasing pulse duration, which is expected to lead to a
lower particle density on the processed surface, and thus to
slightly influence on the SEY.

4. Conclusions
IR laser irradiation of polycrystalline copper with ultra-

short laser pulses allows the fabrication of micro/nanostruc-
tured surfaces at different pulse durations ∆tp from 238 fs to 
10 ps. The nanostructured surface, especially the compact 
nanostructures generated at high laser power and low scan 
speed, results in a very low secondary electron yield (SEY) 
maximum of only 0.63. The SEY maximum increases 
slightly with increasing pulse duration (at constant laser 
power or accumulated laser fluence, where the pulse peak 
intensity is reduced), while the shape of the nanostructures 
formed is similar. The slight increase of δmax can be ex-
plained by the reduction of the ablation volume by more than 
20%, resulting in fewer deposited nanoparticles. The laser-
based SEY modification can be extended to other materials. 
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