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ABSTRACT: We have investigated the use of tightly focused,
temporally shaped femtosecond (fs)-laser pulses for producing
nanostructures in two dielectric materials (sapphire and
phosphate glass) with different characteristics in their response
to pulsed laser radiation. For this purpose, laser pulses shaped
by third-order dispersion (TOD) were used to generate
temporally asymmetric excitation pulses, leading to the single-
step production of subwavelength ablative and subablative
surface structures. When compared to previous works on the
interaction of tightly focused TOD-shaped pulses with fused
silica, we show here that this approach leads to very different
nanostructure morphologies, namely, clean nanopits without
debris surrounding the crater in sapphire and well-outlined
nanobumps and nanovolcanoes in phosphate glass. Although in
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sapphire the debris-free processing is associated with the much lower viscosity of the melt compared to fused silica, nanobump
formation in phosphate glass is caused by material network expansion (swelling) upon resolidification below the ablation
threshold. The formation of nanovolcanoes is a consequence of the combined effect of material network expansion and ablation
occurring in the periphery and central part of the irradiated region, respectively. It is shown that the induced morphologies can be
efficiently controlled by modulating the TOD coefficient of the temporally shaped pulses.

KEYWORDS: temporal pulse shaping, femtosecond lasers, dielectrics, phosphate glass, sapphire, nanofabrication

1. INTRODUCTION

Within the last two decades, ultrashort laser pulses have been
widely used for materials processing, covering a broad range of
technological applications.'™ This is particularly relevant for
the case of dielectrics, for which the high peak power and short
pulse duration associated with ultrafast lasers trigger multi-
photon (MPI) and avalanche ionization (AI) processes for
efficiently coupling the laser energy into the material. The
highly deterministic nature of MPI allows energy coupling into
the material with a spatial resolution without precedents (few
tens of nanometers).’ Al builds on the presence of seed
electrons produced by MPI, which are accelerated by the light
field and multiplied via impact ionization, leading to a strongly
enhanced absorption. The relative balance of these ionization
mechanisms is given foremost by the laser pulse duration/shape
that strongly influences the final crater morphology.” The
resulting complex excitation dynamics have been investigated
by monitoring the evolution of the optical properties of the
material with femtosecond resolution.* '* In particular,
temporal pulse shaping has emerged as a powerful tool for
investigating and controlling the underlying carrier excitation
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and relaxation mechanisms, in some cases yielding results that
cannot be achieved by using transform-limited (TL)
pulses.*">™" It has been shown that certain symmetric and
asymmetric pulse shapes provide superior structuring results in
713718 I this respect, the results associated with the
use of tightly focused, temporally nonsymmetric pulse trains for
surface structuring of fused silica are particularly signifi-
cant.”"*7'® The craters produced with third-order dispersion
TOD-shaped pulses with a decreasing intensity envelope
showed a diameter reduction of one order of magnitude
(Drop ® 100 nm) compared with the values achieved for TL
pulses with the same integrated energy (Dy & 1 ym)."*"> The
inspection of the surface topography by atomic force
microscopy (AFM) revealed that these narrow craters are
surrounded by a protruded rim likely caused by the flow of
molten material out of the crater caused by the recoil pressure
exerted by the ablating material.'®** Besides, these studies
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reported a different ablation threshold for the time-reversed
counterpart of the nonsymmetric pulse train, which was
explained by the differences in the energy coupling efficiency
for both pulse envelopes.

In this work, we have used tightly focused temporally shaped
fs-laser pulses to control surface-structuring processes in
sapphire and phosphate glass, tailoring the shape and lateral
dimension of the so-produced nanostructures. By exploiting the
different response of these materials upon irradiation with fs-
laser pulses (as studied under loose focusing conditions in
previous works),”*' = we have been able to produce structures
that are very different from those generated in fused silica
(nanopits, nanobumps, and nanovolcanoes with a well-outlined
rim). The topography and morphological features of the laser-
produced structures have been characterized by AFM and are
discussed in terms of the balance between the different
ionization mechanisms (MPI and AI), how they are
conditioned by the temporal shape, and by the specific material
response to fs-laser irradiation. The characteristics of the
produced nanostructures are also compared to those produced
by other nanostructuring techniques, such as 3D-micro-
machining,4’24’25 2D-ordered surface array fabrication, %%
and surface drilling,zg’29 in different materials.

2. EXPERIMENTAL SECTION

The experimental layout combines a temporal pulse shaper with an
automated irradiation setup.’®*' The laser source used in this work
was a Ti/sapphire amplifier that delivers TL pulses of 30 fs pulse
duration, at 790 nm and 0.8 m] per pulse. The linearly polarized laser
pulse passes through the temporal pulse shaper system, which allows
modulation of the laser spectrum (spectral width AA = 30 nm
(fwhm)) and consequently the temporal shape of the laser pulse. A
detailed description of the system is given in refs 14, 15, and 30. In
brief, it combines a 4f zero-dispersion system and a dual liquid-crystal
spatial light modulator (LC-SLM, with two layers of 640 pixels)
located at its Fourier plane. The LC-SLM modulates the relative phase
of each spectral component of the pulse by changing the birefringence
of the liquid crystals at each pixel via electro—optical control. In this
way chromatic dispersion can be introduced, which changes the
temporal pulse shape. In particular, the spectral phase can be described
via the Taylor expansion, with second-, third-, and higher-order terms.
The SLM is connected to a personal computer that runs an ad-hoc-
developed software, which allows for individually setting the
coefficients of the Taylor expansion of the spectral phase. In this
work, only the third-order dispersion coefficient ¢ was used to
control the pulse shape because this order allows for design of
asymmetric pulse trains with ¢ values ranging from 0 up to 1000 X
10° fs3. Afterward, the laser pulse is injected in the irradiation setup,
which uses a microscope objective (Zeiss LD Epiplan 50X, NA = 0.5)
to focus the beam at the sample surface to a nominal diffraction-
limited 1/e? spot diameter of 1.4 um (Dyomma = 2(0.444/(NA))).*
The pulse shaper system is calibrated by maximizing the signal of a
two-photon absorption photodiode (in the plane where the sample
will be placed), in order to precompensate the residual spectral phase
of the laser pulse, induced by passing through several optical elements
(especially the microscope objective). A three-axis motorized trans-
lation stage is used for positioning the sample, whereas the laser pulse
energy is adjusted by a motor-driven gradient-neutral density filter and
measured with a cross-calibrated photodiode. The single-shot, laser-
exposed regions are distributed in a 2D array where the energy and the
Z position of the sample are varied in discrete steps (AE ~ 5—10 nJ,
Az ~ 1-2 pm) along the horizontal and vertical directions of the
matrix, respectively. The optimal Z position, in which the spot size of
the laser beam at the surface is minimum, is identified afterward by
selecting the line with the lowest (energy) modification threshold for a
given pulse form. All irradiations presented here were produced using
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single laser pulses, therefore no incubation effects caused by multipulse
exposure were observed.

For the temporal characterization of the laser pulses, a cross-
correlation technique was used.'*"> The spectral phase induced by the
SLM was adjusted to maximize the two-photon absorption signal of a
photodiode positioned at the sample plane in order to ensure the
shortest pulse duration and determine the reference phase for the
pulse shaper. For experiments with TOD pulses, the corresponding
phase masks with positive coeflicients have been applied, which lead to
the generation of pulse trains with decreasing intensity envelopes.'®

We have irradiated two different dielectric materials for which the
ablation behavior upon irradiation with 100 fs laser pulses has been
already described in detail in literature.”*'~>* Namely, sapphire (E, =
9.9 eV, from VM-TIM) and an (Er,Yb) co-doped phosphate glass EEg
= 3.6 eV, 2% Er’", 2.5% Yb** wt %, MM2 from Kigre). Before and after
irradiation the samples were cleaned in an ultrasonic bath (16 min),
using different organic and/or inorganic solutions depending on the
sample composition (isopropanol, KOH, and HCl). Then, the
topography of the irradiated regions was characterized by using
AFM. A Multimode 8 AFM with a Nanoscope V controller (Bruker)
was used in tapping mode with NCHV probes (Bruker). Square
images with a 512 X 512 pixels resolution were acquired. Analysis of
the size and shape of nanostructures was performed with the
NanoScope Analysis 1.40 software (Bruker), using a Bruker NCHV
tip with front angle (FA) = 25°, back angle (BA) = 15°, and side angle
(SA) =22.5°. A conservative estimation of how deep this tip can probe
holes with a narrow diameter can be made using the largest angle (FA
= 25°) and the geometric relation, tan(FA) = crater radius/crater

depth = 0.47.

3. RESULTS AND DISCUSSION

3.1. Sapphire. Figure la shows the calculated temporal
intensity profiles of the laser pulses used to irradiate the
sapphire sample, a TL pulse of 30 fs pulse duration (left) and a
pulse train (right) generated using a TOD coefficient of go<3) =
600 X 10° fs’. Figure 1b displays the corresponding AFM
micrographs and topography profiles of the craters. The
individual energies used in each case were selected so that
similar crater depths were produced. The images illustrate the
large decrease in crater diameter when using TOD-shaped
pulses. This can be more clearly seen in the crater depth
profiles, featuring fwhm-diameters of Dgy,(TL) = 720 and
Dgypm (TOD) = 164 nm, respectively. In both cases, unlike the
case of fused silica,'* the crater edge shows a clean perimeter
without traces of splashing or material redeposition. The
absence of such an elevated rim is most likely related to the low
viscosity of molten sapphire (7 &~ 0.027 Pa-s at T = 2500 K),
which is five orders of magnitude smaller than that of fused
silica at the same temperature.” It has been shown that such
low viscosity leads to the formation of a transient elevation at
the edge of the crater, caused by the ablating plasma recoil
pressure acting on the molten phase. This effect has been
studied in fs-microscopy experiments and is evident after a few
hundreds of picoseconds.” The much higher viscosity of silica,
although impeding a substantial material flow for larger laser
spot sizes,” leads in this case to significant viscous flow/
splashing effects when using tight focusing. Our results thus
demonstrate that the material choice is crucial when pursuing
nanostructuring applications requiring the production of
cleanly ablated holes.

Although the crater profile produced by the TL pulse shows
a maximum depth of h = —350 nm, the one produced by the
pulse train features two different ablation regimes: a deep and
narrow central crater (h = —450 nm), surrounded by a wider,
shallow annular depression (h = —S50 nm). By using pulse
trains, it is possible to reduce the crater diameter while
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Figure 1. (a) Calculated temporal intensity profiles (blue color) of the
laser pulses used for irradiating the sapphire sample; TL-pulse with a
pulse duration of 30 fs (left) and TOD-shaped pulse train (right),
produced with a TOD phase mask, ¢ = 600 x 10° £°. (b) AFM
micrographs overlaid with depth cross sections (black line) of two
craters produced using a TL pulse at 89 nJ (left) and a TOD pulse
train at 97 nJ (right). The arrows and dotted lines in b indicate the
border of the different ablation regimes, evidenced as a slope change in
the depth cross sections. (c) Squared diameter of the ablated zone as a
function of the logarithm of the laser pulse energy for the different
ablation regimes marked in b.

preserving the maximum depth of the generated structure. It is
worth noting that the actual crater depth is likely even deeper,
but the AFM tip is too wide to be able to probe this depth. The
narrow crater shown produced by TOD shaped pulse in Figure
1b features an inner crater radius d = 125 nm, which predicts
with a conservative estimation (Experimental Section) a
maximum measurable depth of d = 270 nm. The fact that
actual value obtained from the measurement is higher is due to
the conservative assumption made above, using the largest
angle of the AFM tip for the estimation. The important point is
that the AFM measurements made on such narrow structures
might underestimate the actual depth, giving a lower bound of
depth values. However, we have checked that this potential
problem only affects a few nanopits in sapphire near the
threshold fluence and does not compromise the message of our
paper because it does not rely on absolute depth measurements
but rather focuses on strategies to fabricate different shapes of
narrow surface structures. We are currently working on
implementing a method to provide correct depth values, by
fabricating a replica as described in ref 34.

The different ablation regimes induced by the TOD-shaped
pulse shown in Figure 1b can be identified as strong (red
arrow) and gentle (blue arrows) ablation. Gentle ablation is a
low-fluence-induced mechanism in which electron emission
from the surface under ultrashort laser pulse excitation leads to
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the creation of an equal amount of positive charges at the
target. Above a certain net charge density (ng, ~ 10*' cm™) of
positive ions at the surface, a strong electric field E is created,
which is directed away from the target and can lead to breaking
of atomic bonds for values of E > Ey, (Ey, = 5 X 10'° V/m in
sapphire). This eventually leads to ejection of positive ions in
a fast, explosive process known as Coulomb explosion (CE). In
a recent work using fs pulses with different pulse durations/
shapes and loose focusing, it has been shown that gentle
ablation can be enhanced by pulse temporal shaping, yielding
slightly larger crater depths.”’ By studying the ablation
dynamics in sapphire using fs-resolved microscopy, changes
in the energy coupling behavior were observed and attributed
to changes in the dominant ionization mechanisms caused by
the temporal shape of the laser. For the TOD-shaped pulses
used here, free carrier excitation and Al are enhanced with
respect to MPI, leading to the generation of free carriers with
higher kinetic energy (a seed and heat process, explained in refs
15 and 16 for fused silica and in ref 21 for sapphire) that favors
CE*' The observed behavior is consistent with previous
results’' on the ablation dynamics of sapphire under fs-laser
pulse irradiation.

The graphs in Figure 1c show the evolution of the square of
the crater diameter as a function of the natural logarithm of the
pulse energy. This is a standard method for determining the
laser intensity distribution and diameter at the sample plane®®
and also enables to infer, by extrapolation, the corresponding
ablation thresholds. The linear fits included in the figure show a
high correlation coefficient for both TL pulses and TOD-
shaped pulses data sets. The extrapolated fluence threshold
obtained for the TL pulse is F; = 5.0 J/cm® The estimated
thresholds for gentle and strong ablation (GA and SA,
respectively) produced using TOD-shaped pulses (see fluences
in Table 1) show a relative increase: AF/Fry of 83% (Frop,a =

Table 1. Relation between the Different Temporal Pulse
Shapes Used and the Corresponding Ablation Regime,
Along with Their Characteristic Fluence Thresholds in
Sapphire

fluence threshold

pulse shape TOD (fs*)  ablation regime (J/em?)
transform-limited 0 strong ablation S.0
pulse train 600 X 10>  gentle ablation 9.2
pulse train 600 X 10°  strong ablation 10.1

9.2 J/em?) and 100% (Fropsa = 10.1 J/cm?). We find that for
both the TL pulse and the TOD-pulse train the same 1/e’
diameter value, D1y gy = Drop,ga = 2.0 um, is obtained in the
GA regime. This indicates that the nominal diffraction-limited
diameter expected in the experiment (Dpomna = 1.4 pm,
Experimental Section) is not achieved either because M* > 1 for
the laser beam or a slight beam defocusing (M? is the beam-
quality factor; it denotes the degree of deviation the laser beam
has with respect to an M? = 1 ideal diffraction-limited Gaussian
beam). Alternatively, for pulse-train-generated craters in the
strong ablation regime, the fluence-dependence shows a
considerably different slope (yet still Gaussian), yielding
Dropsa = 1.0 um. The effective beam profile in the SA regime
for the TOD-shaped pulse is thus different from that of a TL
pulse, which is indicative of a change in the ablation
mechanism. This further supports the idea that excitation
mechanisms can be modified by changing the temporal
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distribution of the laser pulse and provides an explanation for
the ability of such gulses for producing nanostructures below
the diffraction limit.”'*~'%*"3” Although other approaches exist
that allow fabrication of nanopits in dielectrics, they do have
considerable drawbacks. Colloidal-particle lithography employ-
ing transform-limited fs laser pulses leads to nanopits with a
diameter of down to 80 nm in soda-lime glass but also featuring
a strong presence of debris, and it is inherently limited to the
fabrication of hexagonal patterns.*® While, fabrication of
nanopits in glasses using focused ion beam (FIB) techniques
is doubtless superior in terms of achievable feature resolution,
with 8 nm pores being reported recently in silica membranes,
the complexity and slow throughput of FIB excludes it from the
list of candidates for rapid precision manufacturing for
industrial applications.”

Possible applications of nanopits fabricated with temporally
shaped laser pulses could be the production of large-scale
(arrays) low-cost molds for the fabrication of bioinspired, self-
cleaning superhydrophobic polymeric surfaces (i.e., using soft
lithography with urethane polymer*®).

3.2. Phosphate Glass. Our choice of this phosphate glass
for nanostructuring was motivated by recent works reporting
surface swelling upon irradiation with loosely focused fs-laser
pulses (120 fs, spot diameter D ~ 100 um) at fluences below
the ablation threshold.”*** Surface swelling was attributed to an
expansion of the molten/resolidified glass network, leading to a
significant decrease of density (rarefaction) and refractive index
(Ang/n, < —1%).>*** On the basis of this material peculiarity,
we have performed a study using tightly focused 30 fs TL
pulses and TOD-shaped pulses. Figure 2a shows the AFM map
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Figure 2. (a and ¢) AFM micrographs and (b and d) depth cross
sections for nanostructures produced in phosphate glass using a TL
pulse at fluences below (a and b, 30 nJ) and above (c and d, 49 nJ) the
ablation threshold of 39 n]J.

of a region exposed to a single TL pulse below the ablation
fluence threshold, featuring a nanobump. It can be seen in the
corresponding topography profile along the center (Figure 2b)
that the lateral extension (Dyymp(fuhm) = 242 nm) is well below
the beam spot size and its height is considerable (hbumP = +70
nm). Other authors reported organized nanobump arrays
(standard microscope slides) produced in glass by using fs-laser
pulses combined with a polystyrene microsphere matrix.”” In
that particular case, the feature size of the nanobumps (h < 100
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nm, diameter 1 ym) were of the same order of magnitude as
presented here. However, their fabrication required a complex
previous step in the form of preparation of a colloidal
monolayer, and their controllability strongly depends on the
processing conditions and microsphere size plus matrix
geometry. The approach presented here could be employed
as a one-step simple method for the fabrication of nanolens
arrays, whose features (diameter and curvature or height) can
be tuned by tailoring the temporal intensity distribution of the
laser.

Figure 2¢ shows an AFM map of a structure produced using
a TL pulse at a fluence above the ablation threshold. For this
fluence range, the irradiated area features a deep central crater
surrounded by an elevated rim, resembling a nanovolcano. The
corresponding topography profile (Figure 2d) reveals that the
maximum crater depth is Agjqne craer = —360 nm and the rim
reaches a height of h,gcno im = +145 nm, yielding an overall
depth of Ahygne = —505 nm. It is worth noting that for this
structure the crater is less narrow than the one produced in
sapphire; thus, the measured depth is most lightly not
underestimated. The fact that the rim is higher than the
nanobump shown in Figures 2 a)b suggests that bump-shaped
nanostructures with larger heights can be fabricated by a slight
increase of the laser fluence. We have confirmed this
assumption experimentally by obtaining bumps with height
values equal to those of the rims (bumps with Ay, & 150 nm
have been produced for TL pulses). However, we found that a
height increase of nanobumps is unavoidably linked to an
increase of their lateral size because of the underlying formation
mechanism being resolidification of a laser-molten region into a
less dense lattice structure. Its subablative nature also implies
that the fabrication of nanobumps is constrained in a very
narrow fluence window.

We have explored the influence of the TOD coefficient on
the features of nanovolcano structures. Figure 3 shows several
representative AFM maps of irradiated regions using different
TOD coeficients (0—700 X 10> f£s*).>*** The irradiation
fluences were chosen closely above the ablation threshold (for
each temporal pulse shape) in order to compare different
vertical features for craters with a similar lateral extension. The
overall appearance in terms of the lateral extension of rim and
crater is quite similar for all TOD values. The neatest structure
with the lowest amount of debris surrounding the crater is
observed for a TOD value of ¢ = 700 x 10° f5’, suggesting
that this pulse shape is optimal for fabricating sharp
nanovolcanoes. As for the vertical dimension of the different
topography maps, the considerable difference in image contrast
already points out changes in the rim height. We have
performed a detailed study, statistically analyzing the rim
heights of 30 nanovolcanoes for each TOD coeflicient. We have
found that the rim height produced by a pulse with a given
TOD coefficient is constant for pulse energies above the
ablation threshold. This fact allowed us to determine a mean
value for the rim height from an analysis of all nanovolcanoes
(for a given TOD value) produced using different energies. The
results are shown in Figure 4. The initially elevated rim height
(h = 140 + 10 nm) for TL pulses (0 fs*) features a sharp
decrease to h & 75 nm by adding a relatively small amount of
TOD (100—300 X 10° fs®). A further increase to 600 X 10> fs>
and up to 1000 X 10° fs* leads to a height increase well beyond
the values obtained by TL pulses.

To enable a quantitative comparison between the results
obtained using TOD-shaped pulse trains and single TL laser
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Figure 3. AFM maps of nanovolcanoes produced in phosphate glass
using temporally shaped fs-laser pulses with increasing TOD
coefficients; clockwise from top left, @® =01 (for a TL pulse, 49
nJ pulse energy), 300 X 10° fs* (86 nJ), 600 X 10° fs* (121 nJ), and
700 X 10° fs* (122 nJ). The insets show the temporal intensity profiles
of the laser pulses. The structures shown are illustrative of the
observed features for the TOD values and were chosen in terms of
sharpness rather than threshold.
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Figure 4. Height of the crater rim as a function of the TOD
coeflicient. The values were averaged for 30 irradiated regions above
the ablation threshold with saturated rim height. The upper x axis
shows the modulated pulse duration, corresponding to the duration of
the pulse intensity envelope.'®

pulses, we have calculated the modulated pulse duration At,, 4,
which can be understood as the duration of the pulse intensity
envelope of the pulse train. To this end, we have made use of
the simplified formula: At 4 ~ 2.31(¢®/A#), where ¢ is
the TOD coeflicient and At is the pulse duration (fwhm) for a
TL pulse (this approximation is valid because ¢ > Af for
every TOD value employed).'® The extracted values have been
included in Figure 4 as an upper axis and show that the
modulated pulse duration of TOD-shaped pulses is quite long
even for low TOD coefficients. Although a definitive
explanation for the observed increase of the rim height with
TOD coefficients above 100 X 10° fs* cannot be given with the
available data, we can provide a hypothesis for this behavior.
The different temporal pulse shapes, associated with the
different TOD values employed, lead to a different excitation

6617

dynamics. As a consequence, free electrons produced by the
leading part of the laser pulse train via MPI'*'®*" experience
significant and long-lasting heating and acceleration by the long
tail of the pulse, leading to impact ionization over a prolonged
time. In particular, pulses produced with high TOD values favor
electron acceleration and impact ionization. We speculate that
the resulting free electrons with high kinetic energy penetrate
deeper into the material and thus lead to larger melt depth. As a
consequence, upon resolidification into a less dense structure,
the absolute volume increase is larger, leading to higher rims.

Similar hollow nanostructures, nanobowls, and nanovolca-
noes have been generated using other fabrication methods in
different materials. Large-sized ordered surface arrays of bowl-
like TiO, units were obtained using colloidal-particle
lithography combined with ion-beam milling, atomic layer
deposition, and etching.** Hollow nanovolcanoes were
fabricated in photoresist with high controllability by exploiting
the optical near and far field of a colloidal monolayer on a thick
photoresist layer to etch 3D structures.” Yet, a strong point of
our approach compared to the above-mentioned techniques is
its ability to produce these nanostructures in a single-step
process. Such structures can be used for nanoparticle trapping,
as seen in ref 25, and could be further functionalized for
applications in drug delivery and biotrapping (already
investigated in hollow silica nanoparticles).**

4. CONCLUSIONS

In this manuscript, the use of ultrashort pulse trains generated
by third-order dispersion has been demonstrated to be a
powerful tool for surface nanofabrication in dielectrics. This
approach, combined with a smart material selection according
to the specific response to ultrashort laser pulse irradiation,
enables the fabrication of a variety of technologically relevant
nanostructures, including nanopits (sapphire), nanobumps
(phosphate glass) and nanovolcanoes (phosphate glass).

We have found that for sapphire, clean nanoscale processing
is possible without melt—flow or splashing effects. It has been
shown that it is feasible to reduce the diameter of the so-
produced nanopits by a factor of four while preserving the
crater depth when using TOD-shaped pulses instead of TL
pulses. The use of TOD-shaped pulses allows control of the
material ejection mechanisms in sapphire, ranging from gentle
to strong ablation. For phosphate glass, nanobumps can be
produced at subablation fluences. Above the ablation threshold,
the irradiated region shows a volcanolike shape, and the height
of the rim surrounding the central ablated hole can be
controlled by tuning the TOD coefficient.
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