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Abstract

The need for high-power, high-intensity laser facilities has driven the scientific community to
develop optics capable of withstanding higher fluences. The main challenge in increasing
power levels is the limited damage threshold of optics. In this paper, we report the laser-
induced damage threshold (LIDT) of aluminum coatings deposited via magnetron sputtering.
Aluminum coatings (150 nm) were investigated as 45° s-polarization mirrors, a geometry
widely employed for beam steering in high-power laser systems. The coatings were produced
using three plasma techniques: direct-current (DCMS), radiofrequency (RFMS), and high-
power impulse (HiPIMS). Our results show that the RFMS coating is rougher than the DCMS
and HiPIMS coatings, which affects its reflectance efficiency (at 45° in s-polarization), even
at 1060 nm, decreasing from 96% for DCMS and HiPIMS to 91% for RFMS. lk-on-1 LIDT
tests using a femtosecond laser beam (110 fs) at 1060 nm demonstrate that coatings deposited
by HiPIMS and DCMS withstand higher fluences (0.260 J/cm?) compared to RFMS (0.112
J/em?). Finally, the LIDT performance was compared with the Functional LIDT (F-LIDT),
defined as the incident fluence at which the reflected beam decreases by less than 5%. In this
study, we observed a discrepancy between the lk-on-1 LIDT and the F-LIDT values for
DCMS and HiPIMS. The F-LIDT for DCMS was higher (0.288 J/cm?) than that of HiPIMS
(0.232 J/cm?), which may be partly attributed to the larger crystallite size observed in DCMS.
Additionally, the potential use of the HiPIMS power supply mode for developing high-

performance optical coatings is discussed.
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1 Introduction

The race towards higher laser damage thresholds for optics for high-power lasers has
led to a better understanding of the laser-induced damage (LID) process in coatings. LID
corresponds to the permanent change in the material structure resulting from a significant
displacement of atoms.! There are several physical processes involved when a laser beam hits
the surface of a material, from the laser absorption to the atomic motion that induces LID. In
the case of a metal film, when irradiated by the laser, the free electrons strongly absorb the
laser energy. The energy dissipation is done by electron de-excitation via electron-electron
collisions, followed by electron-phonon collisions to release the energy into the surrounding
lattice and reach thermal equilibrium. During the energy dissipation stage, stress and
distortion of the material occur up to catastrophic damage due to mechanical failure, melting
of the surface, or a combination of both.>* This model is valid for the rather long pulse
regime (i.e., nanosecond and longer). However, in the femtosecond pulses regime, the time
scale of the energy dissipation is lower or comparable to the one of the pulses, thus the
electrons do not have enough time to transfer their energy to the lattice.® In this case, the LID
appears due to the fast ionization of atoms (via multi-photon ionization) and the acceleration
of the free electrons, which leads to the ejection of materials by Coulomb explosion.>¢

Considering this understanding, a few key parameters need to be taken into account
for the design of coatings that can withstand high laser energy with various pulse durations
without showing LID. First, the LID occurs due to the absorption of energy from the laser by
the coating. To minimize this absorption, one can reduce the roughness of the coating. A
rough surface increases diffuse scattering and promotes multiple internal reflections, which
enhances the optical path length within the material and thereby increases absorption. On the
other side, for a flat surface, more light undergoes specular reflection and less is absorbed.”®

Second, the presence of localized defects (i.e., cracks, grooves, pores, inclusions) is a major



source of LID in optical coatings.”!'® In metallic coating, the defects localized near the surface
are the most critical.! The absorption of the laser energy by a defect may induce two main
processes: 1) the build-up of a local thermal and mechanical stress, and ii) the amplification of
the electric field in the vicinity of the defect, leading to the melting or the fracturing of the
coating.! Third, excessive residual stress in the coatings causes the film to crack and
ultimately leads to the LID. These stresses result from many sources, including differences in
coefficients of thermal expansion of the substrate and film materials, intrinsic stresses related
to the film deposition process, and other contributions related to the growth and the interface
between the substrate and the thin film.!! Finally, mostly for longer laser pulse durations, the
localized temperature rise due to the dissipation of energy leads to LID. According to the one-
dimensional heat flow calculation estimation, this effect can be mitigated by increasing the
density of the coating.! Overall, an effective metallic coating should have low absorption, a
low number of defects, low residual stress, and be rather dense.

To design such optical coatings, many deposition approaches are available nowadays.
For example, the reports from the damage competitions'? highlight eight different thin film
deposition techniques, which can be categorized into three groups, namely: thermal
evaporation, sputtering, and solution deposition. Each technique shows pros and cons when it
comes to a dedicated application.!? If we focus on conventional magnetron sputtering (MS)
processes - Direct-Current (DC), or Radiofrequency (RF) -, the relatively low quality of the
coatings limits the LIDT. To overcome this drawback, one can bombard the coating with
neutral atoms or ions during the growth to increase the density and decrease the defect
generation.'*>!* Due to the relatively low degree of ionization of sputtered species (less than
1%) in conventional MS, most of the charged bombarding particles are made of Ar" ions.!"
However, the bombardment of the film by Ar" can be detrimental since it can cause the
subplantation of the Ar atoms in the film.'® This subplantation can lead to the formation of

lattice defects, high residual stresses, and a deterioration of the quality of the film/substrate
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interface.'*!” The deployment of high-power pulsed plasma sources (i.e., high-power impulse
- HiPIMS) allows for a considerably higher total ion flux composed of metallic ions to the
substrate and a sputtered material ionization of up to 80%.!*!® Therefore, HiPIMS allows the
creation of a denser coating with lower roughness compared to conventional magnetron
sputtering (DC or RF).'?* Moreover, HiPIMS coatings show a lower residual stress after
deposition compared to Ion-beam-assisted deposition techniques (IBAD).?!

A key issue for efficient coating design of optical components involved in laser-
material interaction applications is the accurate determination of the laser-induced damage
threshold (LIDT). LIDT is defined as the minimum laser peak fluence for which an
observable modification occurs. In principle, this minimal surface damage is related to LID.
Various standard and accurate methods for the estimation of the LIDT have been
developed.?>?* One of the most important detection techniques recommended in the ISO
21254 is the incident light microscope with the Nomarski-type differential interference
contrast (DIC).?* However, it has been pointed out that only analysis by DIC microscope is
not enough since it assumes that the usability of the coating is lost when any changes can be
seen. Thus, discussions have been made in the community to integrate the functional LIDT
(F-LIDT), which takes into account the evolution of the properties of the coating during the
test.?

In this paper, we report the LIDT and F-LIDT of optical coatings deposited using
magnetron sputtering processes, using three different plasma generation modes: DC, RF, and
HiPIMS. The coatings were tested at 45° in s-polarization. Mirrors operating at this geometry
are widely used in high-power laser facilities for beam transport and diagnostics,® and must
therefore withstand high fluence without compromising reflectivity. Aluminum is particularly
attractive for such applications due to its broad reflectance from the UV to NIR, minimal
group-delay dispersion (GDD), relatively low cost compared to noble-metal coatings, and

reduced environmental impact.?’” Unlike multilayer dielectric (MLD) mirrors, which are
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optimized for narrow spectral ranges and specific incidence conditions,?® metallic coatings
provide broadband and versatile performance, making Al particularly attractive for steering
mirrors in ultrafast laser systems.?” We compare the morphology, residual stress, and optical
properties of an aluminum thin film grown on fused silica by these three approaches using the
same parameters (i.e., average power, deposition pressure, and targeted thickness). A
femtosecond laser (110 fs) operating at 1060 nm has been used to compare the LIDT for each
coating. Moreover, the reflected beam has been probed during LIDT to get the evolution of

the F-LIDT.

2 Experimental

2.1 Deposition of the aluminum coating

Aluminum thin films (~ 150 nm) were deposited using three different magnetron sputtering
processes on a 2.54 cm diameter fused silica substrate (Optoman, Lithuania). The substrates
were cleaned in an ultrasonic bath with a 5% DeContam® (EPSI Metals, USA) solution,
followed by rinsing in demineralized water before each deposition. Depositions took place in
a vacuum chamber with a base pressure of 10 mbar, equipped with an aluminum target
(99,99 % purity) with a diameter of 5.08 cm mounted on a magnetron positioned 20.7 cm
from the substrate. The magnetron was operated with a MAGPULS MP2-20 (Magpuls,
Germany) power supply, enabling deposition in either DC or HiPIMS modes. For RF
sputtering, a COMET Cito Plus (Comet AG, Switzerland) generator was used. The deposition
rate and film thickness were determined in-situ during deposition using a quartz crystal
microbalance (QCM) sensor integrated in the chamber. The QCM measures the change in
resonance frequency of a quartz crystal as material accumulates on its surface, which can be
130

directly converted into deposited thickness using the known density of the film materia

This technique is widely used for sputtered films and provides reliable real-time monitoring of



the deposition process.’! The substrate remained at floating potential and was maintained at a
constant temperature of 23°C. The deposition pressure was fixed at 0.5 Pa, with an argon flow
of 20 sccm and substrate rotation at 10 rpm. The average power applied to the target was 35
W across all three techniques. For DCMS, the target voltage was 325 V with a current of 0.1
A, resulting in a deposition rate of 0.72 nm/min. RFMS operated at 157 V with a deposition
rate of 0.36 nm/min. For HiPIMS, a unipolar pulse of -575 V with a 50 ps pulse duration and
a 1% duty cycle was applied to the cathode. The peak current reached 15 A, corresponding to
a peak target current density of approximately 0.72 A/cm?, with a resulting deposition rate of

0.6 nm/min.

2.2 Characterization

Scanning electron microscopy (SEM) was performed in a Thermo Scientific - FEI Quattro S
with an acceleration voltage of 5 kV.

Surface roughness was measured using a Zygo interferometer DynaFiz® operating at 633 nm
in DynaPhase mode. Tilt and piston were removed using Zernike polynomial subtraction. A
high-pass kernel convolution filter (median type, size 49) was applied to isolate the roughness
component. The roughness was quantified over a circular area of 20 mm in diameter, and the
reported values correspond to root mean square roughness (Rg).

The X-ray diffraction (XRD) measurements were conducted both in a parallel beam and
Bragg-Brentano setup using a Rigaku SmartLab diffractometer equipped with a 9 kW rotating
anode Cu source generating Ka radiation (wavelength A = 0.15418 nm). It included a set of 5°
Soller slits to eliminate axial divergence in both the primary and diffracted beams, and a 2D
hybrid pixel single-photon counting HyPix3000 detector. The XRD patterns were measured
over a 20 range from 20° to 120° with a step size of 0.01°. Two fixed incident angles of 1°

and 0.23° were used for the measurement in parallel beam setup. The parasitic wavelengths W
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Lo and Cu KB K from the X-ray tube produce weak twins of the peaks at lower 20, those were
identified and ignored for the Rietveld analysis.

The optical properties were measured with a spectrophotometer Photon RT by Essent Optics,
with an angle of 45°, from 250 to 1500 nm, and with s-polarized light.
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Figure 1: Schematic of the LIDT setup used in this study. A/2: half-wave plate, TFP: Thin

Film Polarizer, RGA: Residual Gas Analysis.

The laser damage threshold (LIDT) experiments were performed using the L4 ATON front-
end at ELI-Beamlines operating at a wavelength of 1060 nm, a repetition rate of 5 Hz, and a
pulse duration of 110 +/- 10 fs. The characteristics of the beam (Figure S1) have been
recorded with a Few Cycles Spectral Phase Interferometry for Direct Electric-field
Reconstruction (FC SPIDER, APE, Germany), which provides both spectrum and temporal
pulse characterization. The three 1-inch samples were mounted on a two-dimensional
translational stage and a rotational stage. The LIDT experiments were carried out at an angle
of incidence (AOI) of 45 degrees between the normal of the substrate and the incoming beam.
The laser beam was focused on the sample surface using spherical focusing mirror (focal
length of 80 cm) to a beam diameter of 165 um. The setup details are displayed in Figure 1.

The 532 nm laser diode was used as a probe beam to detect damage in situ through scattered
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light captured by the detection camera. The polarizer was a broadband thin-film polarizer
placed at 70° incidence. The LIDT experiments were performed in a vacuum chamber
evacuated using a primary pump and a turbomolecular pump, reaching ~10~° mbar. Further
details of the setup can be found in our previous work.*? A quadrupole mass spectrometer was
used to monitor the residual gas (RGA) during the experiments. The typical RGA spectrum
before the LIDT experiment is provided in Figure S2. The LIDT of the coatings was
evaluated following ISO 21254 standard procedures.’® Two complementary protocols were
applied: (i) R-on-1 (ramp test): the same site is irradiated while progressively ramping the
laser fluence until the first permanent damage is observed. This method is sensitive to laser
conditioning effects, where progressive exposure to sub-threshold fluences can slightly
modify the coating prior to failure. (ii) S-on-1 (multishot test): a site is exposed to a fixed
number of pulses at constant fluence, and a new site is then tested at a higher fluence.! In this
study, each site was exposed to 1000 consecutive pulses (1k-on-1), which is particularly
relevant for functional LIDT (F-LIDT) assessment, as it probes long-term resistance and
cumulative damage mechanisms. The combination of these methods provides complementary
insight: R-on-1 captures conditioning behavior, while lk-on-1 evaluates resistance under
extended irradiation. We monitored the laser damage online through continuous laser
scattering from the irradiated spot, in which changes triggered the beam to abort. The damage
morphologies were characterized ex-situ by an Olympus OLS5100 microscope in differential
interference contrast (DIC) configuration. The LIDT measurements were performed at three
positions on each sample. The reported uncertainties include the fitting error, estimated as half
the transition width (difference between the lowest damaged and highest undamaged fluence),
and independent contributions from pulse-to-pulse energy fluctuations (=1%), spatial
variations (=2%), and system calibration (=5%). All contributions were combined using root-

sum-square (RSS) to yield the total standard uncertainty.
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3 Results and Discussion

3.1 Characterization of Aluminum thin films

3.1.1 Microstructure of the thin films. First, the thickness of the film has been fixed ~ 150
nm since the expected loss of energy by transmittance for aluminum is negligible (lower than
10®%) for this thickness.>* Moreover, the theoretical calculation showed that the damage
threshold reaches a plateau for thicknesses over 150 nm in thickness.* To deposit the films,
the deposition rate has been measured for each discharge mode. The fastest deposition rate is
observed for DCMS (i.e., 0.72 nm.min™"), followed by HiPIMS (i.e., 0.6 nm.min") and finally
RFMS (i.e., 0.36 nm.min'"). Samuelson et al.*> reported a deposition rate ratio between
DCMS and HiPIMS for aluminum around ~ 0.83, and according to Nyaiesh et al.,*¢ the
deposition rate ratio between DCMS and RFMS is ~ 0.5. However, in our case, the observed
drop in deposition rate for RFMS may also result from power dissipation in the impedance
matching box, despite the controller reporting a low reflected power at the target (2 W). The
decrease in deposition rate between DCMS and HiPIMS samples would highlight the

effective ionization of the target.

Figure 2: SEM micrographs at (a-c) low and (d-f) high magnification of the surface of the

aluminum deposited on fused silica by (a, d) DCMS, (b, ¢) HiPIMS, and (c, f) RFMS.
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The film topography observed by SEM is very similar to aluminum coatings made by electron
beam evaporation.>’ The aluminum coatings made by DCMS and HiPIMS reveal a collection
of close-packed, apparently rounded protusions. The aluminum sample made by RFMS shows
a more open structure, suggesting an increase in the roughness. The roughness of the samples
has been evaluated by interferometric measurements. As expected, the aluminum sample
deposited by RFMS is rougher than DCMS and HiPIMS, with an RMS value of 29, 4, and 2
nm, respectively (Figure S3, Table 1). This difference in morphology may result from
changes in adatom energy and/or enhanced bombardment by energetic particles, including
backscattered fast neutrals originating from Ar* ions accelerated in the cathode sheath. In
DCMS, the Ar" ions, accelerated to the target, have more energy due to the steady electric
field compared to RFMS. Although the Ion Energy Distribution Function (IEDF) in RFMS is
shifted to higher energy, resulting in a higher plasma potential, the kinetic energy of the
sputtered adatoms is higher in DCMS due to the consistent acceleration provided by the
steady electric field. When the adatoms arrive at the substrate, they will diffuse according to
their energy. For DCMS, the higher adatom energy and momentum transfer from energetic
particles to film atoms contribute to the formation of a denser film, whereas RFMS tends to
produce a rougher surface morphology. The similarity in morphology between the DCMS and
HiPIMS coating is also due to the high energy of the sputtered adatoms and bombarding
particles. In the case of HIPIMS, a denser and less rough coating is expected. However, in this
study, for the HiPIMS deposition, the current density was limited to 0.72 A/cm? and the peak
power density to 0.4 kW/cm? which is rather low to ensure a sufficient ionization of the target

material. 314
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Figure 3: XRD pattern of the aluminum coating deposited by (top) RFMS, (middle) DCMS,
and (bottom) HiPIMS. Data collected in a parallel beam setup at a fixed incidence angle of 1°.
(red) Experimental data are fitted by (black) Rietveld fit and their (green) difference. The

diffractograms are plotted with identical y-axis scaling; curves are offset vertically for clarity.

To probe the film phase constitution, XRD analysis has been carried out on each coating
(Figure 3). The lattice parameter, obtained through Rietveld refinement of the XRD patterns,>
is consistent with that of pure aluminum (4.0504 A) for both DCMS and HiPIMS, whereas
RFMS exhibits a slightly larger value (4.0522 A, see Table 1). The angular dependence of the
peak broadening corresponds to the absence of the microstrain in all samples. The crystallite
size remains nearly constant for HIPIMS and RFMS, at approximately 50 £ 2 nm, while
DCMS results in significantly larger crystallites, around 80 + 5 nm. Similar trends have been
reported in the literature, where HiPIMS leads to smaller grains compared to DCMS in the
sputtering of materials such as copper and tungsten.’® A comparable behavior has also been
observed between RFMS and DCMS in the deposition of molybdenum films.*°

The physical origins of these observations differ: in HiIPIMS, the energetic ion bombardment
interferes with crystal growth, thereby inhibiting the development of larger grains.***! In
RFMS, the reduced deposition rate compared to DCMS vyields to smaller crystallites.*® In
contrast, DCMS, with weaker ion bombardment and a higher deposition rates, allows more

12



extensive coalescence and produces larger grains. These results highlight that crystallite size
is not governed by deposition rate alone, but by the interplay of deposition kinetics and ion
bombardment during growth.

Residual stress, as determined by Rietveld refinement, reveals low compressive values for
both RFMS and HiPIMS, whereas the DCMS film remains nearly stress-free. In aluminum
coatings, it has been reported that residual stress evolves from tensile to compressive with
increasing thickness and can partially relax during interruptions in film growth.*?

In our case, the compressive stress in HIPIMS films can be linked to atomic peening induced

by ion bombardment,***

while in RFMS the low deposition rate favors densification and the
compressive stress. By contrast, the weaker bombardment and high deposition rate in DCMS
permits partial relaxation, resulting in a nearly stress-free state.

It is important to emphasize that the absolute values of residual stress are low (few tens of
MPa), and the differences between the three samples are not significant. For DCMS, the stress
is very close to zero, which explains the large relative error observed in this case: small
absolute fluctuations in the measurement translate into a high uncertainty percentage.
Therefore, no unambiguous correlation between residual stress and LIDT can be drawn.
These differences in crystallite size and stress are consistent with the observed surface

morphology: higher deposition rates in DCMS promote smoother surfaces with larger grains,

while lower deposition rates in RFMS lead to smaller grains and increased roughness.

HiPIMS, with energetic ion bombardment, modifies surface morphology through

densification and occasional subsurface features.

Name Lattice Crystallite | Residual Roughness Reflectance LIDT R- | LIDT 1k- | F-LIDT
parameter size (nm) stress (MPa) | RMS (nm) at 1060 nm | on-1 on-1 (J/em?)
A) S-pol (%) (J/cm?) (J/cm?)

DCMS | 40504 (= | 80(x5) | 4(=10) 4 96.3 0551 (+/- | 0260 (+- | 0.288 (+-
0.0006) 0.046) 0.015) 0.016)

13



RFMS 40522 (£ | 48(£2) | -22(%6) 29 91.0 0632 (+-] 0112 (+-] < 0.112
0.0006) 0.150) 0.011) (+-0.011)

HiPIMS | 40508 (= | 48(x2) | -18(=6) 2 95.9 0584 (+- | 0262 (+- | 0232 (+-
0.0006) 0.042) 0.015) 0.013)

Table 1: Summary of the characteristics of the aluminum coating deposited on fused silica. F-
LIDT corresponds to the highest fluence below which the fluence, after 1000 shots, of the

reflected beam is higher than 95% compared to the fluence of the first shot.

3.1.2 Optical properties of thin films. Reflection measurements with s-polarized light and
with an incident angle of 45° were carried out to probe the optical properties of the coating,

since the latter are aimed at a mirror (Figure 4).
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Figure 4: Specular reflectance spectra for s-polarized light with an incident angle of 45°

The behavior of the specular reflectance for the three samples is typical for aluminum
coatings, i.e., with a dip corresponding to an absorption peak at around 800 nm due to
interband transitions. The low reflectance of the RFMS sample is due to the roughness of the
sample (Figure 2). The roughness increases the diffuse reflection and consequently decreases
the specular one. For DCMS and HiPIMS samples, the lower the wavelength, the higher the
difference in reflectivity. For shorter wavelengths, the DCMS sample has a higher specular
reflectivity. This difference suggests that, despite similar roughness, the HIPIMS sample may
have more surface or subsurface features,* contributing to increased diffuse scattering,

leading to reduced specular reflectivity.*>*’ For the wavelength of LIDT analysis (i.e., 1060

14



nm), the reflectance is similar for DCMS and HiPIMS at 96.3% and 95.9% respectively,

similar to the one reported in the literature.*®

3.2 Laser-induced damage threshold (LIDT)

3.2.1 Damage analysis. After the characterization of each coating, the LIDT experiment was
carried out on each sample to determine the highest fluence that it can withstand. The damage
mechanism in the femtosecond regime, used in this study, is a non-thermal process. For
aluminum, the electron-phonon relaxation is around 1 ps, which means that during the laser
pulse, the energy is first transferred to the electrons without significant heating of the lattice.
This energy transfer creates hot electrons, which further absorb energy and lead to ultrafast
ionization. When the density of these laser-generated free electrons reaches the critical plasma
density, a dense plasma forms.*=>! This plasma expands and causes material ejection by the
Coulomb explosion. To probe the LIDT, two types of tests have been done, namely R-on-1
and S-on-1. The R-on-1 analysis allows for the evaluation of the maximum fluence that the
coating can handle while enabling conditioning effects. The S-on-1 reports the durability of

the coating after repeated shots.
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Figure 5: (a) R-on-1 test and (b) lk-on-1 test. Catastrophic damage probability of the

aluminum coating deposited by (blue) DCMS, (red) RFMS, and (green) HiPIMS

Figure 5a reports the R-on-1 analysis of the coating. The LIDT in R-on-1 of the RFMS
deposited aluminum film is the highest at 0.632 J/cm?; however, the damage probability spans
over a large range with an uncertainty of +/- 0.150 J/cm?. The R-on-1 LIDT of the RFMS and
HiPIMS deposited aluminum coating are very similar, around 0.550 J/cm?. Then the S-on-1
experiments were carried out on each coating. The number of maximum shots was fixed to
1000 (1k-on-1). Figure 5b (and Figure S5) shows the damage probability according to the
fluence for each coating. Besides a higher LIDT in the R-on-1 procedure, the 1k-on-1 LIDT
of the RFMS deposited aluminum film is the lowest at 0.112 J/cm?. This low LIDT value is
linked to the high roughness, which is detrimental for fs-laser coating applications. Indeed, for
smoother coating, i.e., DCMS and HiPIMS, the value of LIDT is higher at around 0.260
J/em?. This behavior is also correlated with the optical properties of the coatings since the

DCMS and HiPIMS coatings have a higher reflectance than RFMS, i.e., 96% and 91%
16



respectively (Figure 4). The rough coating absorbs more radiation from the laser and thus
triggers the damage at a lower fluence than the smooth counterpart. This observation is also
supported by the similar LIDT between HiPIMS and DCMS deposited aluminum coating.
Overall, the values for the LIDT are in the range of those anticipated by theoretical studies,
which evaluate the LIDT around 0.25 J/cm? for a 150 nm thick aluminum coating irradiated
by a 1026 nm, 170 fs laser beam.* The discrepancy between the R-on-1 LIDT and 1k-on-1
LIDT for the RFMS deposited aluminum might be due to the low reflectance of the sample.
The R-on-1 LIDT is determined when the damage is detected using the scattered light of a
laser diode (532 nm - Figure 1), compared to the lk-on-1, where the evaluation is made
afterwards (ex-situ). However, this coating is absorbing in the visible range. Thus, the
scattered light might be harder to catch by the camera, resulting in delaying the damage

detection for the R-on-1 procedure.

3.2.2 Reflectance properties. The LIDT values reported above are not sufficient to evaluate
the efficiency of a coating, since the main aim of a mirror is to reflect the light effectively. A
discrepancy between the damage threshold reported by the standard ISO procedure and the
functional threshold (F-LIDT), i.e., a decrease in the performance of the coating, can arise. To
probe the F-LIDT, the fluence of the reflected beam has been recorded during the lk-on-1

procedure (Figure 6).
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Figure 6: (a-c) In-situ measurement of the reflected energy normalized to the first reflected
pulse during the lk-on-1 test showing the decrease of the reflectivity with the number of
pulses related to the input fluence for (a) DCMS, (b) HiPIMS, and (c) RFMS. Note that for
high fluences the data does not extend to 1000 pulses, as the detection camera automatically

stopped upon catastrophic damage. (d) Energy ratio of the coating as a function of the input
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fluence after 1000 shots for (green circle) HiPIMS, (blue square) DCMS, and (red triangle)

RFMS. The dashed line represents the 1k-on-1 LIDT.

The energy ratio is defined as the reflected energy normalized to the first reflected pulse. The
energy ratio on the aluminum coating made by DCMS (Figure 6a) doesn’t show any decrease
in reflectivity until the catastrophic damage is reached, with a reflectivity of more than 95%
for every 1k-on-1 experiment (Figure 6d). Even after 1000 shots at 0.288 J/cm? (Figure 6d),
almost no drop in reflectivity has been reported even though the 1k-on-1 LIDT is lower (i.e.,
0.260 J/cm?). Discoloration has been observed after 1000 shots at a fluence between 0.260
and 0.288 J/cm? (Figure S5 and S6). Thus, the discoloration observed by Nomarski
microscopy doesn’t alter the reflective properties of this coating at the wavelength of the laser
(1060 nm). The origin of the discoloration can be due to oxidation or contamination of the
coating during LIDT. For aluminum coating made by HiPIMS (Figure 6b), the energy
decrease can be seen even before the catastrophic damage is reached, with a drop of up to
20% of reflectivity after 1000 shots at 0.241 J/ecm? (Figure 6d). To keep a decrease in
reflectivity limited to 5% after 1000 shots, the input fluence should be limited to 0.232 J/cm?.
This value is lower than the lk-on-1 LIDT reported earlier. A possible explanation for the
discrepancy between DCMS and HiPIMS may lie in the differences in film microstructure, as
the DCMS coating exhibits larger grains and, consequently, a lower density of grain
boundaries (i.e., fewer defects). In the case of aluminum coating made by RFMS (Figure S7),
the energy drop is more pronounced (Figure 6¢). After 1000 shots at a fluence of 0.150 J/cm?,
a decrease of the reflectivity of 38% is observed (Figure 6d). When reaching the lk-on-1
LIDT (i.e., 0.112 J/cm?), a reduction in the reflected fluence of the coating of more than 5%
can be seen. The limited reflectivity properties from the RFMS-coated sample, even for low
fluence, highlight the importance of having a smooth coating at the nanoscale to keep a

reflectivity higher than 95% of the incoming beam with a high LIDT.
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4 Conclusion

This study shows the influence of femtosecond laser beam irradiation at 1060 nm on an
aluminum mirror coating. Aluminum coatings were made using three different magnetron
sputtering discharges: DCMS, RFMS, and HiPIMS while keeping the same average power.
The aluminum coating made by HiPIMS showed a similar structure to the DCMS one,
exhibiting a 45-degree reflectance at 1060 nm and S-polarization of around 96%. Besides the
similar 1k-on-1 LIDT (around 0.260 J/cm?), the DCMS coating reveals a decrease of the
reflected power by 5% at higher fluence (0.288 J/cm?) than the aluminum coating made by
HiPIMS (0.232 J/cm?). This study reveals the importance of investigating the fluence in the
reflected beam to evaluate the LIDT of a highly reflective (HR) coating. We emphasize the
importance of having a smooth coating at the nanoscale because the 1k-on-1 LIDT of the
RFMS, which has a rough surface, drops significantly to 0.112 J/cm? compared to coatings
from HIPIMS and DCMS. Additionally, grain boundaries appear detrimental to the F-LIDT
performance, as shown by the lower threshold for the HiPIMS coating compared to the
DCMS coating. Finally, the capability of using HiPIMS as a power source for magnetron
sputtering for the synthesis of the optical coating is demonstrated. Despite a slight increase in
the lk-on-1 LIDT of the coating compared to DCMS. Further optimization of the HiPIMS
process is expected to enhance the coating quality and increase the LIDT, paving the way

toward high-performance coatings suitable for demanding applications such as ELI.
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Supplementary material

The supplementary material provides (Figure S1) the characteristics of the laser beam used for
the LIDT experiments. (Figure S2) A representative RGA spectrum of the LIDT chamber
before experiments. (Figure S3) The surface topology map of aluminum coating. (Figure S4)
The Rietveld refinement of the XRD patterns. (Figure S5) The 1k-on-1 LIDT data. (Figure S6
and S7) Differential Interference Contrast (DIC) images of the irradiated area after 1k-on-1

test.
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