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Abstract: Sub-picsosecond laser-induced damage (LID) is intrinsically linked to material
properties. Due to the weak adhesion of gold on dielectric substrates, LID is visible as
delamination at very low fluence thresholds. Adding a chromium adhesion layer between the
gold and the substrate increases damage thresholds for single laser shots by a factor of three.
Surprisingly, for multishot experiments, little or no increase in the optical damage threshold is
observed.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultra-short pulsed lasers are increasingly utilized in numerous industrial applications, ranging
from 2-photon microscopy in medicine and biology [1,2] to material processing and optical
metrology in semi-conductor device manufacturing and metal/steel processing [3—6]. However,
due to the requirement of high optical powers, the risk of laser-induced damage on optical
elements, for example a mirror, increases significantly. Thus, engineering of the materials from
the perspective of laser damage becomes increasingly important. Gold is a common material
used for NIR and Deep IR mirrors [7] and at the same time, it has been extensively studied in the
field of ultra-short laser physics as a model material [8—10]. From preceding studies on material
science, it is known that thin films of gold do not adhere well to dielectric substrates like fused
silica [11-13]. As a result, illumination with high fluence laser pulses can lead to delamination
and subsequent tearing of the thin film from the substrate [14—16]. In order to improve the
attachment of the gold film onto the fused silica, a chromium adhesion layer is commonly used
[11-13]. In principle, this should increase the laser damage thresholds, as delamination is more
or less prevented. Using an amplified femto-second laser, we have performed optical damage
experiments on two types of samples: a 50 nm gold thin film on fused silica with, and without a
5 nm chromium adhesion layer. We demonstrate that for single pulse illumination, the ablation
threshold for samples with an adhesion layer increases significantly. Surprisingly, we find that
this is not the case for multi-pulse illumination. There, other damage mechanisms appear at
fluence levels compared to those where for gold without adhesion layer, ablation/delamination is
observed.

2. Experimental setup and working procedure

The first step in the sample preparation is the removal of organic residues and dust from the fused
silica substrate (12 x 12 mm, 0.5 mm thick) using a standard base piranha solution. The thin films
are deposited onto the cleaned substrate using E-beam deposition (Polyteknik Flextura M508 E).
All gold thin films are 50 nm thick, while the chromium adhesion layer has a thickness of 5 nm.

Figure 1(a) shows a schematic drawing of the experimental setup. The laser pulses for the
damage experiments are generated by an amplified Ti:Sapphire femtosecond laser (Femtopower
HE3 from Femtolasers) at a repetition rate of 1 kHz, and have a pulse duration of 45 fs. After
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Fig. 1. (a) Schematic depiction of the experimental setup. A 45 fs laser pulse from an
amplified Ti:sapphire laser is frequency doubled in a BBO crystal to a wavelength of 400 nm
(blue beam). A pulse picker, consisting of a chopper and galvo-laser shutter, select a number
of pulses, which are subsequently focused onto the sample. A CW laser measures the pump
induced changes in the reflectivity of the sample. PD1 and PD2 are photodiodes. 1/2 is a
half wave plate to rotate the laser beam, allowing intensity tuning of the second harmonic
generation. DM are the dichroic mirrors that filter out the remaining fundamental laser
beam. BX: biconvex lens. AC: Achromat lens. (b) Layout of the illumination pattern on the
sample. Each black spot corresponds to a single 1, 10 and 100 shots exposure, where within
each 10x 10 grid, the fluence varies in a scanning fashion from left to right. (c) Example
measurement at one exposure site. the reference photodiode of the pump records the number
of pulses released and their respective fluences, while the probe photodiode PD2 measures
the change of reflection continuously, starting one second before the pump illuminates the
sample and stopping 1 second after pump illumination.

passing through the telescope that reduces the beam diameter from 3 mm to 1 mm, the laser
beam propagates through a half-wave plate and a BBO crystal, for second harmonic generation
at 400 nm wavelength. Using the motorized rotation of the half-wave plate, the output power
of the second harmonic beam can be changed, allowing different fluences for the exposure at
the sample. A sequence of three dichroic mirrors filters out the remaining fundamental beam,
while transmitting the second harmonic beam. An optical chopper (Thorlabs MC2000B-EC),
that reduces the repetition rate to 100 Hz, and the galvo-mirror based ultrafast laser shutter
(Optogama) select the desired number of pulses that hit the target. An aperture in front of the
focusing biconvex lens (Thorlabs LB4453, f = 500 mm) clips the beam to create a cleaner spatial
profile (140 um FWHM) at the sample at the cost of about 30 % power loss. A silicon amplified
photodiode (Thorlabs PDA 100 A2) is placed behind the last mirror, which measures pump light
leakage through the mirror of each pulse during the experiments.
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During the exposure experiments, a continuous wave laser (Thorlabs PL202, 0.9 mW, 635 nm)
is used to continuously measure the reflectivity of the sample surface. It is focused under an
angle of about 10 degrees with respect to the pump laser at the center of the pump laser spot
using an achromatic lens (Thorlabs AC254-100-A, f = 100 mm, spot diameter 56 um FWHM).
The reflected light is collected by a lens with the same focal length (Thorlabs LA1509-A, f = 100
mm) and is finally measured by a amplified silicon photodiode (Thorlabs PDA 100 A2).

The sample surface is divided into a total of nine separate measurement areas, each contains
100 exposure sites (represented in Fig. 1(b) as a black dot). For each 10x10 area, the number of
pulses is kept constant and instead, the fluence per pulse is gradually changed from exposure
site to exposure site. Three measurement areas (indicated by the red rectangles in Fig. 1(b)) are
assigned to experiments, with 1, 10 and 100 shots per exposure site respectively. Ateach exposure
site, the laser shutter opens and transmits the specified number of pulses with a specified fluence,
which the pump reference photodiode measures as a voltage signal for each pulse. Meanwhile, the
probe photodiode continuously measures the reflection off the sample, starting 1000 ms before
the pump pulse illuminates the sample and stopping after 1000 ms post-illumination. Lastly, the
sample stage moves 250 um to the next exposure site for the next measurement and stops after all
100 sites have been illuminated. Due to the limited available space on the samples, exposures
were restricted to a maximum of 100 laser shots.

The pre-processing of the acquired data is done as follows (details in Supplement 1): the
relative reflection change AR is obtained by taking the average of the 1000 probe reflection
values before pump illumination E,,re and 1000 reflection values after the pump illumination

Rpost» calculating AR:

AR = Rpost = Rore. (1
Rpre

The conversion of the pump photodiodes voltage to the respective fluence for each pulse is
done by measuring the beam profile and performing a power to photo-diode-voltage calibration,
with the power meter placed at the sample’s location (details can be found in Supplement 1
section).

Characterization of damaged sites is done by optical microscopy (OM) in dark-field and
bright-field mode (Zeiss Axioskop2 MAT) and by Scanning Electron Microscopy (FEI Verios
460). The determination of all damage thresholds is performed on optical microscope images
using the Liu method [17] by calculating the area of the damage sites by ellipse fitting or by
counting the number of pixels, where damage is observed. Plotting the retrieved area against the
natural logarithm of the fluence yields a linear relationship, where the fluence thresholds are
found by the intersection of the linear fitted line with the x-axis (see Supplement 1 section for
more details).

3. Results

Figure 2 displays the scatter plot for all datasets on the sample without an adhesion layer (reference
sample). The relative reflection change of the sample surface is plotted against the average fluence
per pulse. For all experiments, a slight positive increase of the relative reflection change is seen
at a fluence at around 12 mJ/cm?, which could be an indication of delamination as observed
in previous studies [14,15]. Further increasing the fluence shows that after a certain threshold,
the reflection changes sharply by 80 %. For 100 shots, this drop appears at lower fluences (16
mJ [em?) than for the 10 shots (19 - 21 mJ/cm?) and for the one shot (25 mJ /cm?) exposures.
Lastly, the scatter plot for single pulse exposures reveals a cluster of data points that exhibit a
comparatively lower relative change in reflection at the corresponding fluences.

Optical bright field images of the sites exposed to a fluence where this steep reflection change
occurs, are depicted in Fig. 3(I) and (II), and are marked with the same label in the scatter plot


https://doi.org/10.6084/m9.figshare.30462356
https://doi.org/10.6084/m9.figshare.30462356
https://doi.org/10.6084/m9.figshare.30462356

Research Article Vol. 33, No. 23/17 Nov 2025/ Optics Express 48143 |

Optics EXPRESS

Thresholds
25.0 mJ/cm?
it L]
0 | R — 21.0 mJ/cm?
| 1 — 15.8 mJ/cm?
O\O i
c —20 ) Scatter Plot
5 E . 1 Shot
(o)) ] : * 10 Shots
s Mo « 100 Shots
£ -40 :
@) |
c |
.0 .
= 1 .
© 60 " O')
D ] s
x 1 -
_80_ ..l-: ’ .
. °9, Mh‘ .
,,,*’1’—#4-1-'

10 20 30 50
Fluence in [mj/cmz]

Fig. 2. Scatter plots of the relative reflection changes versus fluence per pulse for 1 laser
shot (yellow dots), 10 shots (orange dots) and 100 shots (brown dots) for a 50 nm gold on
fused silica without adhesion layer. The vertical lines indicate the ablation thresholds for the
respective number of shots (yellow: 1 Shot, orange: 10 Shots, brown: 100 Shots).

of Fig. 2. It can be seen that the black hole, corresponding with ablation, here defined as the
significant removal of material, correlates with the steep drop in reflection. Furthermore, for
both cases, the 1 shot (Fig. 3, I) and the 100 shots craters Fig. 3, II) show ruptures and cracks
reminiscent of torn paper, which has been observed also in previous studies for single pulse
illumination [14,15]. Using the optical microscope images of all illuminated sites, the ablation
thresholds are determined and plotted in Fig. 2 as straight vertical lines. A comparison of the
lines shows the same trend as observed in the sharp reflection decrease: The higher the number
of shots, the lower the ablation threshold.

Figure 4 depicts the relative reflection change of the sample surface plotted against the average
fluence per pulse for all three numbers of shots on the sample with the adhesion layer. All scatter
plots show the same steep reflection decrease due to ablation. However, they occur at significantly
higher fluence ranges (74 to 84 mJ /cm?* compared to 16 - 25 mJ /cm?) for the sample without an
adhesion layer. While the single shot measurements do not display significant reflection changes
before ablation, both the 10 shots and 100 shots do: the 10 shots measurement displays a gentle
drop before ablation (starting at a fluence of around 50 m.J /cm?), and the 100 shots measurement
show a more gradual drop starting at around 23 m.J/cm?, followed by an increase of relative
reflectivity starting at around 40 mJ/cm?). Lastly, a small dip in the reflectivity is visible at
around 15 mJ/cm?. These changes are indicative of another form of damage other than ablation,
which is only observed for multi-shot measurements. Figure 3 shows bright-field images of the
ablation craters from the sample with a 5 nm chromium adhesion layer (Fig. 3, III and IV). It
can be seen that the ablation craters look very different in comparison to the sample without an



Research Article Vol. 33, No. 23/17 Nov 2025/ Optics Express 48144

EXPRESS

Fig. 3. Brightfield microscopy images showing typical ablation craters for the gold thin
film sample without adhesion layer (I : 1 shot, IT : 100 shots) and for the sample with an
adhesion layer (III : 1 shot, IV: 100 shots). The respective fluence per pulse is shown in the
image as well. Image I) and II) are also marked in the scatter plots of Fig. 2. The scale bar
applies to all images.

adhesion layer (Fig. 3 I and II). The rupturing is not observed anymore and instead the craters
edges are smooth for the 1 shot illumination sites while the 100 shots illumination sites show
an agglomeration of small holes. Furthermore, a ring with discoloration is visible around the
agglomeration. These observations so far indicate a strong impact of the adhesion layer on the
optical damage.

To further investigate each visible trend for the 100 shots, dark-field images of each data point,
marked in Fig. 4, are displayed in Fig. 5. The image with label V, shows a bright diffusive spot
at an exposure fluence of 25.7 mJ/cm? that eventually transitions to quasi-periodic structures,
visible in image 5.VI for an exposure fluence of 43.1 mJ/cm?. Increasing the fluence further
shows that the surface appears smooth again (Image VII, at exposure fluences of 75.3 mJ /cm?)
before ablation features, such as small hole agglomeration, begin to appear (5.VIII, at exposure
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Fig. 4. Scatter plots of the relative reflection changes versus average fluence per pulse for 1
laser shot (yellow dots), 10 shots (orange dots) and 100 shots (brown dots) for 50 nm gold
with a 5 nm chromium adhesion layer on fused silica. The vertical lines indicate the ablation
(straight lines) and damage thresholds (dashed lines) for the respective number of pulses.

fluences of 81.4 mJ/cm?). The last image (VIII) shows the same illuminated area as the image in
Fig. 3 IV and it is clear that the rough and semi-periodic structures are linked to the observed
discoloration. These observations also match with the respective measured reflection changes
where the roughening and semi-periodic structures lead to less specular reflected light, while the
smooth surface before ablation is associated with an increase of reflected light. Like before, the
ablation thresholds are displayed as solid lines in Fig. 4 for each respective number of pulses.
Furthermore, a general damage threshold can be determined from, the dark-field images based on
the earliest sign of visual change, other than ablation. These thresholds are plotted as dashed lines
in Fig. 4. While ablation thresholds appear to be significantly larger compared to the reference
sample without an adhesion layer, this is not the case anymore when considering any surface
modification in general. Then, the observed damage thresholds for multi-shot illumination are
not much higher than the ones for the gold sample without adhesion layer.
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Fig. 5. Dark-field microscope images obtained after exposure of the adhesion layer sample
containing 50 nm of gold and 5 nm of chromium to 100 laser shots at four different fluences,
indicated in the figure.

4. Discussion

The observed damage and ablation mechanisms are very much dependent on the material
properties of the sample. For the gold thin film sample without an adhesion layer, the primary
observed laser damage mechanism is delamination, followed by rupturing due to the weak
adhesion of the thin film to the substrate [14]. This mechanism is observed as cracks and tears at
the respective ablation area for 1, 10 and 100 shots (Fig. 3 I and II). The sharp reflection drop
corresponds to ablation, as less light is reflected from the sample surface due to the ablation
crater. The determined thresholds, as well as the reflection drop, show that low fluences are
sufficient to effectively remove material, which agrees with the weak attachment of the gold to
the substrate. The observed cluster of data points showing a relatively lower change in reflection
can be attributed to the fact that, during the delamination process, some flakes remain within the
ablated area.
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Introducing an adhesion layer increases the attachment of the gold thin film to the glass
substrate [11-13], and hence effectively removes the weakness of poor adhesion. It would seem
that this should increase the damage thresholds, as delamination is not the primary damage
mechanism anymore. This observation is correct if only full ablation is considered, where the
required fluence for effective material removal is about three times higher for all three tested
numbers of pulses. It is also visible that the mechanism of ablation is not delamination anymore
as the corresponding bright-field images do not show tears and cracks. Instead, the single shot
image displays elliptical ablation craters with smooth edges as the only visual change under the
microscope. These images correspond to the data points where the reflectivity sharply drops
due to ablation. The ablation mechanism in this case appears to be most likely vaporization,
as it looks similar to earlier results from ultrafast ablation measurements on thin films [18].
This hypothesis cannot be conclusively verified, as only the incident fluence was measured. To
provide supporting evidence, it would be necessary to determine the total absorbed energy per
unit volume, enabling a direct comparison with the vaporization energy required to remove the
material within the crater.

The multi-shot experiments, however, already show changes in reflectivity before full ablation
occurs. This indicates that ablation is not the only damage mechanism. Following the reflection
curve representing the 100 shots measurements in Fig. 4, the first drop in reflectivity is linked to
the observed increased scattering visible in the dark-field image (Fig. 5(V)). This is most likely due
to roughening of the surface that eventually evolves into laser-induced periodic surface structures
due to melting and resolidification (LIPSS, Fig. 5(VI)), which has been already extensively
described in literature [19,20]. It should be noted that the semi-periodic surface modifications,
observed in the microscope images in Fig. 5(VI), are not the LIPSS pattern itself. The periodicity
of the LIPSS pattern typically corresponds to values around the laser wavelength [20], which
cannot be resolved with a conventional microscope objective. Figure 6 shows a SEM Image
taken from the same exposure side from Fig. 5(VI) at a higher magnification, where the LIPSS
pattern are clearly visible.
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Fig. 6. Example image of the LIPSS Pattern, taken from the SEM of the exposure sites of
the sample with the adhesion layer (illuminated by 100 shots at a peak fluence per pulse of
43.1 mJ/cm?). This exposure site is the same as shown in Fig. 5VI.

The mechanism that causes the large structure which is observed in the dark-field images,
is unclear at the moment. The transition to a smooth surface (Fig. 5(VII)), when the optical
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fluence is increased further, is currently under investigation. Possible hypotheses include the
removal of the LIPSS pattern via gentle ablation and/or further melting and re-solidification of
the material. Before the ablation crater formation, the agglomeration of holes was observed,
which are reminiscent of dewetting, which has been observed in the past for gold thin films as
well, although with a titanium adhesion layer [21]. The 10 shots experiment shows in principle
the same behavior as the 100 shots one, except that the surface smoothing is not observed and
instead, ablation/de-wetting appears to follow the LIPSS formation directly.
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Fig. 7. Bar plot of all determined optical damage thresholds for the sample with (gray
background) and without (yellow background) an adhesion layer. Blue bars indicate the
ablation thresholds, red bars indicate earliest visible damage thresholds. The 1 shot
experiment on the adhesion layer has ablation as its first visible damage and therefore its
red and blue bars are the same. The error bars were the retrieved from statistical fitting
procedure during threshold determination (see Supplement 1).

For the 1, 10 and 100 shots experiments on the sample without the adhesion layer, the first
observed change under the optical microscope is ablation. This is also the case for the 1 shot
experiment on the sample with the adhesion layer. For the 10 and the 100 shots experiments
on the same sample, earlier signs of damage are observed before ablation starts. Therefore, a
separate threshold is determined for that form of damage. All thresholds, which are depicted as
vertical lines in Fig. 2 and Fig. 4 are combined in a bar plot, depicted in Fig. 7 together with
their respective error margins. These are obtained from the statistical fitting procedure during the
threshold determination (see Supplement 1). When comparing only ablation thresholds (Fig. 7,
blue bars), it appears that the optical damage threshold increases by about 3 times by adding
an adhesion layer. However, when considering all visible surface modification induced by the
laser, more specifically the first observed roughening and subsequent LIPSS formation, then the
difference between the thresholds between both samples is smaller. For the 100 shots case, the
difference amounts to only about 60 % (15.8 mJ/cm? no adhesion layer vs 23.8 mJ/cm? with
adhesion layer). Since all thresholds are determined using optical microscopy, the accuracy of
the determined threshold values are limited by this inspection technique. More subtle changes,
potentially visible under SEM or AFM could result in lower thresholds. Furthermore, during
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the threshold determination, two approaches were employed to determine the damaged area: for
elliptical/circular craters, like the 1 shot experiment on the sample with an adhesion layer, ellipse
fitting to the images was used, following Liu’s method. For non-elliptical crater images, like the
ruptures of 100 shots on the sample without adhesion layer, a simple ablation pixel count was
employed, due to the challenge of fitting an ellipse to a non-elliptical damaged spot (details in
Supplement 1). To test both approaches, ellipse fitting and pixel counting have been employed
for the 1 shot experiment on the adhesion layer sample for comparison (see Supplement 1). It
appears that the impact of the method for damage area determination on the threshold value is
fairly small, with a difference of less than 0.3 m.J /cm?, which is within the error margin of our
threshold determination.

5. Conclusion

In summary, we studied the impact of adding an adhesion layer between gold thin film and a fused
silica substrate on laser damage thresholds in single- and multi-pulse illumination experiments.
For the sample without the adhesion layer, the delamination due to the weak adhesion appeared as
expected for all experiments, leading to rather low damage thresholds [14]. The experiments on
the sample with an adhesion layer, however showed interesting results: When considering only
ablation as the damage mechanism, the damage thresholds compared to the reference sample
increased by a factor of three, particularly in the case of single pulse illumination. For the
multi-pulse illumination, however, other laser-induced damage mechanisms like LIPSS were
observed at significantly lower fluences. When taking these different damage mechanisms into
consideration, then the differences in thresholds between the gold layers with and without an
adhesion layer was much smaller. Our results show that adding an chromium adhesion layer only
has a limited effect on the optical damage threshold.
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