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Abstract The effect of embedded plasmonic gold nanoparticles on the crater morphology was studied in
160 pm-thick UDMA-TEGDMA copolymer films irradiated by femtosecond single pulses of a Ti:Sa laser.
The plasmonic absorption of the embedded gold nanorods had a resonance at the wavelength of the laser.
It was observed that by increasing the laser intensity the diameter of the craters decreased, while the depth
of the craters increased. In addition, the crater depths were significantly higher in the presence of gold
nanorods. A threshold intensity of 1.5-10'7 W /cm? has been determined, above which a doubled roughness
and sevenfold increased crater volume was observed in the polymer containing gold nanorods.
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1 Introduction

The behaviour of polymers under laser irradiation is extensively studied and has wide literature as this treatment
allows to control their optical, thermophysical, electrical and other properties. The application of this technique
is extensive starting with directed creation of surface structures [1, 2], through ultrafast laser micro-machining [3]
to aeronautic applications [4]. Polymers can be used not just as a device or tool but as a matrix and fuel at the
same time [5].

Among the published research, only a few are devoted to the interaction of high-intensity laser pulses with
polymers containing plasmonic gold nanoparticles. Through the collective oscillation of their free electrons coupled
resonantly to the electromagnetic field of light in their vicinity these nanostructures could enhance various laser-
matter interactions, like Raman scattering [6], fluorescence [7] or absorption [8]. With plasmonics a 3-4 orders
of magnitude amplification of the electric field can be achieved [9], which can create ultra-high laser fields in
the surrounding of the nanoparticles [10]. Under these conditions protons can be accelerated to the level being
sufficient to initiate nuclear fusion [11].

The enhanced absorption due to plasmonic nanoparticles should also be reflected in the macroscopic outcomes
of laser-matter interaction. For example, there should be differences in the ablation and crater formation during
the irradiation of a material with and without embedded plasmonic gold nanorods by a high-intensity femtosecond
laser pulse. The aim of this work was to study the effect of plasmonic gold nanorods on the morphology and
dimensions of craters formed in a polymer upon irradiation with single-shot laser pulses of different intensity.
White light interferometry was used to record the 3D surface morphology and to determine the main geometric
properties (such as depth, roughness and volume) of the craters formed by femtosecond laser pulses of different
intensity.

2 Materials and methods

The two samples were prepared as it was presented in Ref. [12]. Both are based on a photopolymer matrix, one with
gold nanorods (marked as Au2) and one without them (Au0, handled as a reference). The parameters of the gold
nanorods were chosen so that their plasmonic absorption is resonant to the wavelength of the femtosecond laser
(795 nm) used later for irradiation [11, 13, 14]. Urethane dimethacrylate and triethylene glycol dimethacrylate was
mixed in 3:1 weight ratio to get the polymer matrix. The plasmonic nanoparticles capped with dodecanethiol were
added to the mixture and stirred by ultrasound bathing to get a homogeneous mixture. The photopolymerization
was performed between two glass plate by a normal dental cure lamp.

The laser irradiation experiments on the polymer targets were performed in a vacuum chamber evacuated to
1076 Pa pressure with a Coherent Hidra laser system having 795 nm central wavelength and 42 fs pulse length. The
focused beam of the laser provides intensities on the order of 1016107 W /cm?2. The irradiations were implemented
with two different pulse energies: 10 mJ and 25 mJ (Au2 sample)/27 mJ (Au0 sample). The incident beam reached
the surface of the target under 45°. Each treatment consisted of a single laser pulse. The intensity of the pulse
was changed by moving the sample in 0.2 mm steps along the laser beam by a motorized stage. The sample was
moved laterally after every shot, so the next laser pulse reached an untouched surface.

Morphology measurements were carried out by a white light interferometer (Zygo NewView 7100, HUN-REN
Wigner RCP, Budapest, Hungary) which ensured non-contact and non-destructive circumstances to investigate
the surface of the craters created during the irradiation of the polymer with single laser shots. The instrument
can achieve 0.1 nm vertical and 0.52 pm lateral resolution. The measurements were performed with a 50 x
Mirau objective having 0.19 mm x 0.14 mm field of view. Stitching was used to cover the whole crater area. The
dimensions and other properties of the recorded surfaces were determined by using the built-in functions of the
Zygo instrument software [15].

3 Results and discussion

3.1 Crater morphology

The crater surface changed as the polymer target surface was moved through the focal plane of the laser. Figure 1
compares the changes in the crater morphology in targets with and without plasmonic gold nanorods at low energy
(10 mJ) and higher energy (27.7 or 25 mJ) irradiations. The middle column shows craters created with the polymer
surface being at the focal spot; thus, those got the laser pulse with highest intensity. The two other columns show
the craters created in out-of-focus conditions. We can observe that the in-focus craters are much smaller than those
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Target/laser Target position relative to the focal point/Laser intensity compared to the in-focus case
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Fig. 1 White light interferometry images of the craters formed during the irradiation with low (top two) and high-energy
(bottom two) laser pulse of polymer without (Au0) and with (Au2) plasmonic gold nanorods. The three columns represent
the longitudinally after out-of-focus (left), in-focus (center) and before out-of-focus (right) conditions

formed with out-of-focus laser shots. It is evident that structure of each crater surface produced in the sample
containing gold nanoparticles differs from those which were created in the polymer without gold.

3.2 Crater parameters

Figure 2 shows the deepest profiles of each crater formed in different longitudinal out-of-focus and in-focus positions
of the target surface relative to the laser focal point. It can be seen that the crater size strikingly changes as a
function of the distance from the focal point when the samples are irradiated with 10 mJ laser pulse energy (top
left in Fig. 2). The deepest crater, with approx. 21 pm depth is formed in the in-focus case, and the depth decreases
to 2 wm as the sample is moved away in both directions. The opposite can be observed for the crater diameter: as
expected, it increases as the sample becomes out-of-focus, where the laser spot is larger.

The same behaviour can be observed for the sample containing gold nanoparticles, with similar crater sizes for
10 mJ irradiation energy (top right in Fig. 2). The largest crater depth is approx. 28 pm, and the smallest is around
2 pm. A comparison of the crater profiles for the two samples clearly shows the difference in their morphology
described earlier, with smooth crater walls for the undoped target and rippled for the gold-containing one.

The formation of larger craters at higher pulse energies is reflected in their crater profiles as well, together with
the differences between the wall morphologies for the doped and undoped cases. For the undoped sample, the
largest crater depth for the 27.5 mJ irradiation is 33 wm, while for the Au-containing target irradiated with 25 mJ
energy it is much larger, around 45 pm. As in the low-energy case, moving the target out of the focus results in
shallower, but wider craters.

The change of the crater depth with the laser intensity at the target surface is shown in Fig. 3. It can be seen
that at the low-energy irradiations the Au2 depths are slightly under the values measured in the Au0 craters at
lower intensities, but they increase overall. Above 4.5 x 1016 W /cm? the depths continue to grow in both samples,
but at craters in sample Au2 the maximal depth starts to be more prominent. For high laser pulse energy, however,
the presence of the plasmonic nanoparticles results in deeper craters, being cca. 1.5-times as deep for the highest
laser intensities, as those formed in the undoped target during the irradiation with slightly higher energy.

As the analysis of the crater morphologies revealed, the walls of formed craters are different for the undoped and
doped targets: while they are smooth for the former, a rippled surface is formed in the case of the latter. In order
to quantify this difference, the quadratic (Sq) and averaged (Sa) surface roughness values were calculated from
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Fig. 2 The deepest profile of craters created at different focal distances. The irradiation was carried out with single laser
shots of low (10 mJ, top row) and high (27.5 mJ and 25 mJ, bottom row) pulse energies for the samples without gold
nanoparticles (Au0, left) and with embedded gold nanorods (Au2, right)
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the white light interferometric images. The results for the high-energy irradiated undoped and doped samples are
shown in Fig. 4. The figure shows that the increase in the laser intensity causes a rise in the surface roughness.
For the undoped sample, the Sa values range between 0.67 and 1.37 um (for 1.11 x 106 and 1.25 x 107 W/cm?
laser intensities, respectively), while for the gold-doped one—between 0.73 and 9.27 pwm (for 1.59 x 106 and 1.13
x 107 W/cm?, respectively). While the values for the lowest laser intensity are similar, there is a remarkable,
almost sevenfold difference for the highest intensity case. These findings support the conclusions made from the
surface morphologies.

The effect of the gold nanoparticles is more striking when looking at the volumes of the formed craters (Fig. 5).
In accordance with the previous findings, there is no significant difference between the two target types for the
10 mJ irradiations, where the highest laser intensity is around 107 W /cm?. The crater volume decreases with the
laser intensity, from 0.85 x 105 pm? (5.2 x 105 W /cm? laser intensity) to 0.20 x 10° pm? (9.5 x 106 W /cm?
laser intensity). A similar tendency can be observed in the crater volumes for the high-energy irradiation case up
to around 1.5 x 107 W/cm? laser intensity. In this region the crater volumes for the undoped and doped samples
are also similar and slowly decrease from 1.28 x 10% pm? (1.1 x 1016 W/cm? laser intensity) to 0.44 x 10% um3
(8.8 x 10'® W/cm? laser intensity). Obviously, the volumes are higher than for the 10 mJ irradiations.

A different behaviour can be observed in the dependence of the crater volume on the intensity above the 1.5 X
10'" W/cm? threshold. While the volume shows some slight increase with the intensity for the undoped sample,
it rapidly rises for the Au2 sample. A 1.7-times increase in the intensity results a 6.8-fold larger crater volume.
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Fig. 4 Quadratic mean (Sq, left axis) and average surface roughness (Sa, right axis) values of the craters formed during
the high-energy irradiation of the undoped (left) and doped (right) polymer targets with different laser intensities
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4 Conclusions

The crater formation was studied during the single-shot irradiation of undoped and doped with plasmonic gold
nanoparticles polymer targets with focused femtosecond laser pulses. Two series of experiments were performed on
the two types of samples with 10 mJ and 25.0/27.7 mJ pulse energies and with different laser intensities, adjust by
changing the longitudinal position of the target surface relative to the focal plane. While similar craters are forming
in both undoped and doped targets below 1.5 x 1017 W/cm? laser intensity, the presence of the nanoparticles
leads to the formation of larger craters above this threshold. Here the crater volume increases with laser intensity,
especially in the gold-doped target, where the 1.7-fold increase of the laser intensity is accompanied by an almost
sevenfold larger crater volume.
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