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Abstract

Material processing of dielectrics by temporally shaped femtosecond laser pulses will be presented in the
following chapter. Structures with feature sizes in the sub-100 nm range are created and the motivation for their
application in optical devices is given. The properties of our processing method are discussed with respect to
the ionization effects of the light-matter interaction and the implemented tailored pulse shapes to address these
individually. Experimental results of structures created in dielectric solids are shown. Electron densities in a
water jet were studied numerically and by spectral interferometry to confirm a model for the light-matter
interaction. The application and characterization of fabricated patterns with regard to the implementation of an
optical filter element were studied by numerical simulations and experimental methods.

4.2.1 Application and processing of dielectric materials for optical devices

A large variety of optical elements are made from dielectric materials. For example lenses and prisms for free
space optics as well as optical fibers and of course thin-film coatings or optical MEMS (Micro-Electro-Mechanical
Systems) — they all are based on the distinctive properties of dielectrics [1]. The main advantage is their low
absorption over a wide spectral range, which makes them in most cases applicable from the UV to the near-IR.
Processing technologies to produce, deposit or structure these materials are well established and low-cost when
compared to other optical materials, like 1ll/V semiconductors. Optical properties and other important
parameters can be varied by choosing the appropriate group of dielectric materials. Fluorides, like MgF; and
CaF,, are highly transparent far into the UV range and own very low refractive indices, but are often hygroscopic
and show low mechanical stability. Nitrides, like SisN4 or AIN, are more stable and have a higher refractive index
around n = 2, but become absorbing for UV wavelengths. The most common group of dielectrics in optical
applications are oxides, which can own low refractive indices around n= 1.5, like SiO,, or are located in a medium
range below n = 2, like Al,O3, but reach also up to higher indices, like ZrO,, Nb,Os or TiO,. Oxides are in general
mechanically and chemically quite stable and can hence be applied if long-term durability is required. For our
investigation on processing of dielectrics by temporally shaped fs-laser pulses we focused only on amorphous
or poly-crystalline oxides as these feature most beneficial properties.

The optical properties of a dielectric material are mainly defined by the band gap energy, which is ranging at
least between Eg.p =5 eV ... 10 eV, and a Fermi level well below the lowest energy of the conduction band. Due
to the high band gap energies, light in the near-IR, visible or even UV range is not absorbed, as the energy of
single photons is not sufficient. Since the conduction band is not occupied by electrons the materials are also
electrically insulating, which actually defines the term , dielectric” [2].
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Optical elements with Nanostructures

The interaction of waves with a structure shows the strongest effects if the feature size of the structure is of the
same order as the wavelength or below. For the optical spectral range between A = 200 nm ... 2000 nm,
structures with sub-um dimensions or nanostructures are hence required. Feature sizes between approx. A\/4
and a few A lead to superposition of waves. This effect can be enhanced if a periodic pattern of the structure is
implemented, resulting in constructive, destructive or resonant behavior, respectively. Patterns with 1D
periodicity are for example diffraction gratings or multi-stacks of thin-films. By extending the periodic properties
to 2D or 3D, photonic crystals are obtained which can be described in analogy to the behavior of electrons in a
crystalline structure [3]. Photonic crystal devices are commonly fabricated in semiconductor materials, which
have excellent properties but limit their use to the near-IR. Similar structures in dielectrics have been reported
[4] with promising results and will be the subject of the first test of our material processing method using fs-
laser pulses.

When nanostructures with feature sizes far below the target wavelength are considered, rather different
interaction effects will take place. First, scattering of light can be observed and tailored by appropriate structures
[1]. A second approach is the generation of artificial refractive index materials by using the spatial averaging
properties of the incident wave [5]. Finally, the near field of optical waves can be accessed, analyzed and
manipulated, leading to an entirely new type of optics [6]. These effects are mainly observable for feature sizes
between A/100 and A/10, shifting structures even for applications in the near-IR range to the sub-100 nm range.
Thus, creating such structures by temporally shaped fs-laser pulses will be a promising method for future
applications.

Fabrication of Nanostructures in dielectric materials

Creation of nanostructures in dielectric materials can be rather challenging due to various reasons. The most
conventional methods are based on serial lithography by exposure of a resist material (e.g. PMMA) to an
electron beam or direct ion milling of the dielectric with the help of a focused Ga* ion beam. Both methods are
well established, commercially available and can reach down to feature sizes as small as a few tens of
nanometers [7] [8]. In the case of electron beam lithography further processing steps to transfer the pattern to
the dielectric material are required. The main disadvantage of these methods, when dielectrics are considered,
is the accumulation of charges at the sample surface. As the beams interact with the material, charged particles
of the beam and secondary charged particles due to inelastic scattering appear. For a conducting sample they
discharge via the sample stage which is electrically grounded. As dielectric materials are by definition insulating,
no charge transfer can take place and surface charging occurs which deteriorates the incident focus beam and
makes high quality patterning unfeasible. Acommon workaround when structuring dielectric materials is to coat
the surface with a thin conductive layer, for example sputtering or evaporating Pt or Au with a thickness of
10 nm. Aside from the additional processing steps of deposition and removal, the surface roughness of these
thin metal films is likely to reduce the achievable pattern quality if feature sizes in the sub-100 nm range are
desired. Another option is to implement active charge compensation by either installing a source of inversely
charged particles that are exposed to the sample surface during lithography or by increasing the pressure in the
vacuum chamber and exploit charge transport and compensation by residual gas molecules. Both methods
require additional complex components in the lithography system and add other undesired effects.
Furthermore, the discussed lithography processes require high vacuum conditions to provide sufficient free
mean path lengths for the particle beams. This can render problematic if samples with pores or closed cavities
are considered as well as for samples which contain outgassing materials.

Optical lithography can overcome the problems of charging and does not depend on vacuum conditions. Serial
laser beam exposure of a photoresist, however, cannot reach to resolutions in the sub-100 nm range due to the
diffraction limit. Making use of stimulated emission depletion however has the potential to overcome this



Optically-Induced Nanostructures Chapter 4.2

barrier [9]. In commercial photo-lithography, mask projection is employed for mass production and feature sizes
of a few ten nanometers are the state of the art [10]. The use of deep UV, vacuum UV or even extreme UV light
and the extremely high complexity of the related processing make this approach though economically not
justifiable for smaller batches or research. In recent years nanoimprint technology has become more and more
competitive for reproduction of nanostructures and may be a good option for the discussed applications. But as
a master template for the imprint has to be fabricated, still the demand for a primary structuring method exists.

Our approach to use temporally shaped fs-laser pulses ( A = 800 nm) for sub-100 nm material processing
combines the advantages of optical lithography with direct structuring techniques and the resolution of focused
charged particle beams. Since photons are used no charging effects occur and no vacuum conditions are
required. By employing nonlinear optical ionization effects and addressing them individually by tailored pulse
shapes, material ablation far below the diffraction limit has been achieved [11]. Complex patterns of
nanostructures are generated with the help of a piezo stage, scanning the sample in relation to the laser focus.
Lateral dimensions as well as the depth of the structures can be controlled by adjusting the exposure dose.

Different experiments have shown that laser-induced damage thresholds are strongly dependent on the laser
pulse duration [12] [13] [14] and its temporal shape [11], respectively. An exemplary pulse selection is shown in
Sec. 4.2.3. This can be attributed to the influence of the pulse characteristics on the ionization processes and
temporal evolution of free electron density [15] [16], as will be discussed in Sec. 4.2.2. Furthermore, it has been
demonstrated that direct structuring of dielectric materials with temporally shaped femtosecond laser pulses
[11] [17] [18] and double pulses generate reproducible structures with dimensions down to one order of
magnitude below the diffraction limit (sub-100 nm structures, compare Fig. 1). Femtosecond pulse manipulation
techniques play a major role in many applications [19] [20] [21].
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Fig. 1: Exemplary sub-100 nm hole in fused silica generated via a single double pulse with an inter-pulse delay
of 3.0 ps and a total pulse energy of E=122 nJ. The surface diameter of d = 65 nm was measured via atomic
force microscopy (resolution 1 pixel/nm) [57] (unpublished).
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4.2.2 Laser material processing of dielectrics via short and ultrashort laser pulses

As mentioned before, most advantages of the conventional, primary structuring processes are combined in the
alternative approach with fs-laser. For goal-oriented material processing comprehensive knowledge of the
material, in this case the dielectric and its interaction with the laser is necessary. Hence the following section
will give a short summary of the current state of research.

4.2.2.1 Fundamentals: Light-matter interaction of dielectrics and pulse shaping

Transparent dielectric materials, e.g. glasses, become highly absorbing by applying ultrashort laser pulses with
sufficient intensities [22] [23]. As soon as the laser pulse exceeds a certain intensity it is able to generate small
numbers of free electrons. In turn, this so produced plasma is highly absorbing for the later parts of the laser
pulse [11] [24]. The first step is accomplished by multi-photon ionization® (MPI), which is related to the wide
band gap of the dielectric in relation to the photon energy. It is well known, that the probability of MPI is
proportional to 1", where | is the intensity of the laser pulse and N the number of photons required to
overcome the band gap. These first few electrons can be considered as seed-electrons for avalanche ionization
(Al). Al is a two-step process, where an electron in the conduction band gains kinetic energy by free carrier
absorption (inverse Bremsstrahlung) and impact ionizes another electron from the valance band (compare Fig.
2). Please note that in laser material processing the expressions “ionization” and “free electrons” are commonly
equivalent to “excitation” and “conduction band electrons”, respectively [23].
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Fig. 2: Generation of a high density of free electrons in dielectrics. Left: Six photons are simultaneously
absorbed by the electron from the highly intense laser pulse to overcome the band gap. Right: The combination
of free carrier absorption and impact ionization is known as Avalanche ionization. An existing electron in the
conduction band can absorb single photons to increase its energy. Since the electron has sufficient energy it
can impact ionize a valence band electron.

The relevance of the different ionization channels is strongly related to the temporal shape of the ultrashort
laser pulses, as will be discuss in detail later. But first we want to expand on the typically employed pulse shapes,
by giving the basic mathematic description and examples. An overview of the four basic classes of pulse shapes
we typically applied is represent in Fig. 3.

A more detailed representation — comprising pulse shaping technique via spectral phase modulation — can be
found e.g. in Ref. [17] [25] [26].

1 In general strong field ionization contains MPI and tunnel ionization. Due to the relatively low intensities in the
experiments tunnel ionization only contributes in a minor fashion and can be neglected.
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Fig. 3: All pulses are simulated with the same total pulse energy and are intensity normalized to the bandwidth-
limited pulse (BWL) with a FWHM pulse duration of t = 35 fs (a). BWL pulse with a FWHM pulse duration of T =

35 fs (a), double pulses (each pulse T = 35 fs) with an inter-pulse delay of AT :lpS and an intensity ratio of
1:1 (b). BWL pulse subjected to a second order dispersion (GDD) of ¢, = +1.5010%fs® (c) and BWL pulse

subjected to a third order dispersion (TOD) of ¢ = =6 [10°fS’ (d) leading to a pulse duration of T =1ps,
respectively.

a) Bandwidth-limited ultrashort laser pulses

The first class of pulses are ultrashort bandwidth-limited pulses (BWL) with Gaussian temporal pulse envelope
(Fig. 3a) and a full width at half maximum (FWHM) pulse duration of T = 35 fs. Since MPI requires a highly intense
laser pulse and requires no initial free electrons, it has the highest efficiency for the generation of a high free
electron density for pulses shorter than approx. 50 fs. In contrast, due to the shortness of the pulse, there is no
time for Al to establish and Al can therefore be neglected. The BWL pulse has the lowest energy threshold for

material ablation and the according pulse envelope of such an unmodulated pulse can be mathematically
described as

£(t) =%@xp ~In(4) Gj

With an amplitude &, of the pulse and 7 is the unmodulated pulse duration. The instantaneous frequency is

constant throughout the unmodulated pulse and the spectral phases are constant (in contrast to parabolic and
cubic phase for GDD and TOD, see below).

b) Chirped laser pulses by group delay dispersion (GDD)

The second class is represented by linearly chirped pulses with varying instantaneous frequency w(t) (Fig. 3c).
Their spectrum and the symmetric, Gaussian temporal pulse envelope are identical to those of BWL pulses, but
in comparison the peak intensity is reduced due to temporal broadening of the pulse (energy conservation).
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Group delay dispersion (GDD) is introduced by applying a parabolic spectral phase function @(@) :% S to

the spectrum g(a)) (gmod (w) = Z’(w) @_W“’)) and ¢, is the so-called chirp parameter. A positive value of ¢,

leads to an up-chirped pulse characterized by a linear increase of the instantaneous frequency in time, whereas
a negative value of ¢, implies a decrease of the instantaneous frequency, known as down-chirp. The modulated

FWHM pulse duration for a chirped Gaussian pulse is

Teon = J 2 +16 mln(z)lz(%j

Therein t denotes the unmodulated pulse duration and ¢, the chirp parameter. The higher ¢, the more

pronounced is the temporal broadening. When the pulse duration exceeds 50 fs the avalanche ionization can
no longer be neglected for free electron generation.

c) Temporally asymmetric shaped laser pulses by third order dispersion (TOD)

The third class of pulses is characterized by an elongated pulse duration and an asymmetric pulse envelope. The
instantaneous frequency —and therefore the photon energy provided by the pulse —is constant over the course
of the whole pulse. Third order dispersion (TOD) is introduced by applying a cubic spectral phase function

P (w) :%W to the spectrum g(a)) and g, is the dispersion parameter of third order. This leads to a

modulated pulse shape, which is characterized by an intense initial pulse followed by a sequence of pulses with
decaying amplitudes. The sign of ¢, controls the temporal direction of the pulse shape: positive values of ¢,

lead to a series of post-pulses whereas negative values of @, result in a series of pre-pulses (Fig. 3d).

Since TOD pulses are asymmetrically broadened in time, the temporal FWHM is no longer a suitable property to

describe the pulse duration. Therefore, we use the statistical pulse duration? 20 =7 /+/2In2 [25] to describe
the pulse duration. Since the statistical pulse duration 2¢ delivers shorter values for an unmodulated Gaussian

pulse compared to the FWHM, we define the modulated pulse duration by 7, =+/8N(2) [&' to obtain a

guantitative measure of the pulse duration

Fro0 = J 2 +16 mmaf(%]

[26] that agrees with the FWHM of the unmodulated pulse.

d) Bandwidth-limited double pulses with 1:1 ratio

The last class of laser pulse shapes that were applied in our studies for material processing are BWL, Gaussian
shaped double pulses with varying inter-pulse delay and an intensity ratio 1:1 (Fig. 3b). The generation with a
polarization pulse shaper of such pulse shapes is described in detail in [27].

2 The statistical definition of the pulse duration derived with the help of the second moment of the intensity distribution
uses twice the standard deviation o to characterize the pulse duration.
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4.2.3 Experimental results in dielectrics

4.2.3.1 Fused silica SiO2

The results obtained from our earlier experiments [11] [28] are summarized in Fig. 4. Systematic studies with
phase shaped laser pulses based on TOD leading to asymmetric temporally shaped laser pulses revealed a

change in the damage threshold depending on whether the direct (positive ¢4 ) pulse shape or the time inverted

profile (negative ¢4 ) was used [see Fig. 4a]. Theoretical simulations based on a multiple rate equation (MRE)

model described in Ref. [15] show that it is the timing of an intense photo-ionizing sub-pulse which can turn on
Al or not. The observed nanoscale structures are an order of magnitude below the diffraction limit and
remarkably stable with respect to variations in laser fluence [see Fig. 4c]. Applying pure second order dispersion
at threshold, also sub-diffraction structures are created; however, no substructure being stable with respect to
laser fluence variations was observed [26].
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Fig. 4: (a) SEM micrographs of a measurement pattern on fused silica: For an applied energy E and focal
position, a triplet of applied laser pulses is highlighted by the ellipse. Negative, zero, and positive TODs were
used where the corresponding normalized temporal intensity profiles are sketched in black for different TODs.

Left: low TOD (@ = 12.5E||.O4f53, statistic pulse duration of 20 = 50 fs, E = 77 nJ) results in negligible

differences between created structures. Middle: high positive TOD (¢, = +6 D.05f83, statistic pulse duration
of 20 =960 fs, E = 71 nJ) results in a change of structure size and threshold energy. Right: the threshold energy
for ablation with high negative TOD (¢ = —6 [10°fS?) is reached with E = 110 nJ. Here, the unshaped pulse is

suppressed in order not to mask structures with TOD. (b) Transient free electron density N, (solid lines) as

calculated with help of the MRE, together with the density of electrons provided by photoionization N,

(dashed lines), and the corresponding transient intensities (dashed-dotted lines) of the pulse with positive TOD
(index +) and negative TOD (index —), respectively. (c) Inner diameters (compare Fig. 5) of ablation structures
as a function of pulse energy for unshaped pulses (circles). For (+) shaped pulses (triangles pointing right) and
for () shaped pulses (triangles pointing left), the diameter of the substructure is displayed. Without changing
the focus spot diameter, substructures below 300 nm are obtained over a large energy range, thus providing a
large process window for creation of nanostructures. The smallest structures are about 100 nm in diameter.
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In Fig. 5, the observed morphologies for BWL pulses and TOD shaped pulses are summarized. Our original data
were analyzed mainly via SEM (Scanning Electron Microscopy) and AFM (Atomic Force Microscopy). Recently,
we turned to FIB characterization (Focused lon Beam) in combination with SEM in addition. The maximum depth
of the generated structures may be limited by the shape of the used high aspect ratio tip. The shape of the high
aspect ratio tip is also responsible for the asymmetry in profile seen in Fig. 5b. At threshold, the structures are a

few 10 nm in depth.
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Fig. 5: (@) SEM micrographs for selected structures of Fig. 4c. od = outer diameter, id = inner diameter, and sub
= diameter of substructure. For unshaped pulses at threshold for material processing (40 nJ) (1), atintermediate

energy (140 nl) (2), and at high energy (240 nJ) (3). Structures for high positive TOD (¢ = +6 [10°fs®) at

threshold (4), at intermediate energy (120 nJ) (5), and at high energy (150 nJ) (6). At threshold, the substructure
merges into the inner structure. For unshaped pulses, the substructure occurs only for high intensities and is
embedded in a large area defined by the inner structure. (b) AFM image of structure a6. The distance BB defines
the outer diameter od and AA defines the inner diameter id. Note the high aspect ratio of the 800 nm deep
structure. As a general trend, the depth of the structures increased approximately linearly from the threshold
up to 50 nJ above threshold in a range from several 10 to several 100 nm for positive and negative phase masks.
(c) Typical AFM structures for the unshaped laser pulse. In the energy range up to 140 nJ, a shallow crater is
observed (1), whereas in the energy range from 150 to 250 nJ, the additional small substructure appears (2).

The intriguing observation in Fig. 5 is that the observed substructure for unshaped pulses occurs only for high
intensities and is embedded in a large area defined by the inner structure, whereas for the TOD shaped pulses,
this substructure starts to appear already at threshold. On a first glance, the substructure might be attributed
to filamentation processes as observed in bulk fused silica under similar excitation conditions [29] as well as on
surfaces of dielectrics [30] [31] and reviewed in Ref. [32]. However, as filamentation usually needs propagation
to occur, the lack of observed propagation structures especially for the TOD shaped pulses may rule out
filamentation as the only explanation. Note that no plasma in air was observed at the applied laser energies, i.e.
the used pulse energies for TOD are well below (factor of approx. 10) the critical power for self-focusing and
filamentation processes. In order to investigate to what extent the seed and heat model explaining the
differences in observed ablation threshold for temporally asymmetric pulse shapes may be extended to explain
the spatial observations, we started simulations. The motivation stems from the simple picture that an initial
part of the temporal pulse structure may create a free electron density well below the damage threshold via
MPI in a spatially very confined region and the remaining pulse initializes Al to reach the critical energy also in a
very restricted area. In those simulations, we solve rate equations for a Gaussian spatial beam profile taking
MPI, Al and trapping into account as a function of various temporal profiles. So far we did not get a conclusive
picture from these simulations: in the calculations, the threshold of material ablation was set by reaching a
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certain electron density. This criterion allowed to describe the threshold for material ablation correctly for
various temporal profiles, however, the structure diameter (inner structure) as a function of fluence was
sometimes overestimated and sometimes underestimated compared to the measured ones. The substructure
behavior was never reproduced in this approach. Currently we extend this approach to take propagation effects
into account. Dedicated double pulse experiments up to 10 ps with the help of our latest pulse shaping setup
[27] are currently performed in our labs in order to study early stage material modifications (see Fig. 1). An
extension of the experiments to materials with different orders of the MPI process seems to be a promising
route for a better understanding as well.

4.2.3.2 Experimental realization for fused silica

In our experiments, we combine femtosecond pulse shaping techniques [19] (that can reach nowadays
zeptosecond precision) [27] with a microscope setup for material processing [11] [33]. Linearly polarized laser
pulses with 35 fs FWHM pulse duration and a central wavelength of 790 nm are provided by an amplified
Ti:Sapphire laser system. After passing a calibrated home built spectral phase modulator [34], the pulses are

focused via a Zeiss LD Epiplan 50x/0.5 NA objective to a spot diameter of 1.4 um (1/ €? value of intensity profile).
The dispersion of the objective was constantly compensated prior to the experiments. The pulse shaper is
properly operated in a parameter regime far away from space time coupling effects [35] as verified also via
quantum optical measurements with the same setup [36] [37]. Shaped pulses are characterized in the
interaction region via second order cross correlation. The sample is translated by a 3-axis piezo stage to a new
position for each shot (a single laser pulse). A typical measurement pattern consists of an array of points where
we vary the pulse shapes, energy and focal z-position. After laser processing, the samples are analyzed via SEM
and AFM.

4.2.3.3 Spectral interferometry: motivation and setup

Usually the influence of the temporal duration of laser pulses on the laser material processing is investigated via
different post mortem techniques, such as AFM/SEM or optical microscopy. But this has the disadvantage, that
between the excitation of the electrons and the final material ablation a large number of processes take place,
which can’t be directly observed this way. That is why we chose an in-situ measurement approach to directly
observe the excitation of water in real-time with femtosecond resolution from the initial excitation up to 6.5 ps
later. Water can be treated as an amorphous semiconductor with a reported energy band gap ranging from 6.5
eV [38] up to 8.3 eV and 12.4 eV [39] and shares the main ionization processes like solid dielectrics.

In our experiments, the laser pulses interact with a free flowing water jet, which ensures a new and fresh area
of the sample for each laser pulse at repetition rate of 1 kHz.

Due to the fact that the optical breakdown process® is a general one, our findings can be well expanded to the
behavior of solid dielectrics. In either cases the first step in the ablation process is the optical breakdown in

which a high density of free electrons (around 10 -10% cm'3) is generated by the above mentioned nonlinear

ionization processes. The free electrons absorb energy from the laser pulse, transfer it to the ions, atoms and
molecules and, on a significantly longer time scale (several ps to ns), ablation can take place. The final features

3 Optical breakdown describes the case when a transparent dielectric gets highly absorbing due to a high free electron
density.
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of the ablation process are strongly dependent on the primary processes involved in the laser-matter
interaction.

We set up a common-path spectral interferometer to investigate in real-time the free electron density of the
transient plasma produced by temporally asymmetric shaped ultrashort laser pulses in a thin water jet [24].
Spectral [40] [41] [42] [43] and spatial [44] [45] interferometry techniques are well established methods [46] to
investigate the early time dynamics of laser excited dielectrics. In spectral interferometry a pair of probe and
reference pulse, usually created in a Michelson line interferometer, is sent to an imaging spectrometer and
frequency domain interference is produced. From the spectral interference data the phase shift — a reduction
of the temporal separation of the probe pulse pair —and the transmission coefficient of the probe pulse can, for
example, be obtained by inverse Fourier transformation [40]. Both quantities are directly dependent on the real
and imaginary part of the complex refractive index of the excited sample, as seen by the probe pulse.

Inspired by [47], we make use of a common-path interferometer in which a pair of frequency doubled 400 nm
reference and probe pulses (7, = 50fS) are generated as ordinary and extraordinary beams when the light
propagates through a birefringent crystal (see Fig. 6). The time delay between the pulses is defined by the
thickness of the crystal. A second, thinner birefringent crystal, oriented 90 degrees with respect to the first one,
is used to decrease the delay between the interfering pulses just before entering an analyzing spectrometer.
This common-path approach leads to a stability much higher than in conventional interferometers.
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Fig. 6: From left to right: A time delayed pulse is frequency-doubled to 400 nm (blue pulses) and passes through
a birefringent crystal a-BBO 1. This one creates a pair of orthogonally polarized pulses with a temporal
separation of 6.5 ps. The reference and probe pulses propagate through the interaction area, together with the
pump pulse (red pulse) in between, probing the changes in the optical properties. A second birefringent crystal
a-BBO 2 decreases the temporal separation between the blue pulses to 0.2 ps. After passing through a polarizer
(P) the frequency-domain interference pattern is recorded in a spectrometer, containing the optical properties
of the excited sample. An example (raw-data) for a pump pulse energy dependent scan is shown.

A 800 nm shaped pump pulse is adjusted in such a way, that it creates the free carriers within the thin water jet
inside the 6.5 ps time window between the reference and probe pulse (Fig. 6). The resulting phase difference
and contrast of the interference fringes contains direct information about the optical properties of the plasma.
This common path setup for the probe pulses was hitherto not used in combination with spectral interference.
We demonstrated that it is a powerful tool to investigate the early and medium time dynamics of ultrafast
processes [24].

10
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4.2.3.4 Spectral interferometry: results on water jet

Our experimental realization of the spectral interferometry gives access to two main parameters of the resulting
spectra: The phase shift A® contains information about the real part of the refractive index of the water jet
and the optical density OD about the free electron plasma absorption. From the combined data, the electron
density and electron collision time 7, can be evaluated by the well-known Drude formalism [48]. But, this is
only directly possible as long as the sample is excited homogenously along the propagation direction of the laser

pulse [45] [49], which can be assumed for low pump pulse intensities, compare Fig. 8B. Within this range the
phase shift is directly proportional to the electron density.

In the following, the results of two investigations will be presented. The first section deals with the dependence

of A® and OD on the peak intensity of a BWL pump pulse. Subsequently the effect of positive and negative
temporal asymmetrically shaped TOD pulses is investigated.

Please note that here we only present the pump pulse energy dependent excitation of water right after the BWL
or TOD pump pulse has passed through the water jet. Time sensitive measurements over the whole 6.5 ps time
window have been performed as well and are extensively discussed in [24].

Bandwidth-limited femtosecond pulses

Fig. 7 presents the dependence of the absolute phase shift and of the optical density on the peak pump laser
intensity. For low intensities the dependence follows a power law indicated by the solid lines in Fig. 7, with an
exponent of 5.1+ 0.2 for the phase shift and 5.2 £ 0.2 for the optical density. This hints at a five-photon ionization
process in the range of 0.1-0.8 rad as also expected from the band gap of 6.5 eV mentioned in the introduction
section. With increasing pump intensity, the absolute phase shift also increases, but the assumption of a
longitudinal homogeneous distribution is not valid anymore and the deviation from the straight line is evident.

Pump energy [W]

-3

Free electron density [cm™]

| 10"

|AD| [rad] / OD

/ 1018
1 - 1013

Pump peak intensity [Wecm™2]

Fig. 7: Measured absolute phase shift and optical density OD as a function of the peak pump laser intensity for
35 fs BWL pulses together with a fit taking a 5-photon ionization process into account (solid lines). On the right
scale the calculated free electron density assuming a homogeneous distribution (realistic only for low laser
intensities) is also shown. The light gray window represents the intensity in which an electron collision time of

(1.6 £ 0.3) fs was determined. In this intensity regime, both the OD and the phase shift follow the power law
1°,

The phase shift reaches a maximum at pump peak intensity of 4.8 [10"”Wcem™ and starts to decrease for higher

values. This behavior was also observed for solid dielectrics [22] [45] and was attributed to a strong
inhomogeneous distribution of free electron density in longitudinal direction (in contrast to the assumption of
homogenous excitation made above). This can be substantiated by the observation of visible localized plasma
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spark inside the water at 9.6 [0 Wcem™. Also, previous studies reported an averaged threshold intensity of

6.610”Wcm™ for which the longitudinal distribution of high density free electron plasma is on the order of
1 um [49] and thus much smaller than the sample thickness of our water jet.

The optical density shows roughly the same dependence on the pump laser intensity as the phase shift. From
the two curves the Drude collision time can be extracted; the value was measured to be 7, = (1.6+ 0.3)fs [24]

for the intensity range indicated in Fig. 7, where the assumption of a homogeneous distribution is reasonable.
This value is in good agreement with values presented in the literature, ranging from 1.2 fs [49] to 1.7 fs [50].

Third-order dispersion shaped pulses

Temporally asymmetric laser pulses and their temporal inverted counterparts show quite different effects than
band width limited pulses of the same pulse energy. The measured dependence of phase shift on pump pulse
energy can be seen in figure 8. The threshold value for TOD shaped pulses is higher than for the BWL pulse due
to the decreased peak laser intensity (compare Fig. 3 in section 4.2.2). It can also be seen, that for identical
pump pulse energy the absolute phase shift induced by positive TOD shaped pulses is higher than the one
corresponding to the negative TOD.

Furthermore the maximum phase shift produced by positive TOD is considerably higher than for negative TOD
or BWL pulses. Seeing that the trend of phase shift is in each case continuously falling after the maximum is
reached, even the band width limited pulse with its high peak intensity is at no pulse energy as effective as the
positive TOD pulse. This is a strong indication that temporally shaped pulses can be used to optimize the transfer
of the laser pulse energy into the transparent dielectric, which merits further investigation.

In addition to the above mentioned experiments a basic rate equation model was employed to simulate the
laser excitation and the optical properties in the range of homogeneous excitation [24]. By applying the different

pulse shapes (hamely BWL and 6 [0°fs? TOD) we were able to extract, for the first time, the multi-photon

and avalanche ionization coefficients of water. The simulated and measured curves showed a very good
agreement, as seen in Fig. 8B.

h 1019

| AD| [rad]
|AD| [rad]

1018

10

6 8 10 .
Pump energy [W] Pump energy [W]

o bandwidth-limited pulses > + 6x10°fs® <« - 6x10° fs3

Free electron density [cm™]

Fig. 8: Dependence of the absolute phase shift on the pulse laser energy for BWL 35 fs pulses and +6 E||.05fS3

third order dispersion shaped pulses in linear representation. Positive cubic shaped pulses produce a higher
phase shift than negative ones for the same total energy (tilt of triangles indicate sign of dispersion) (a). Excerpt
of (a) in double logarithmic representation from region of homogeneous excitation. Black dashed lines show
simulation based on a generic rate equation model (b).
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It was shown how highly intense laser pulses interact with large band gap dielectric materials and how the
selective manipulation of the temporal intensity distribution can control the ionization processes. With this
powerful tool, it was demonstrated that the creation of sustainable material modification of fused silica one
order below the diffraction limit is possible.

In the following part a useful application of this tool and which advantages it has compared to conventional
methods in the creation of photonic structures is presented.

4.2.4 Fabrication of a photonic crystal based filter device by temporally shaped fs-laser pulses
As a demonstration of the potential that material processing by temporally shaped fs-laser pulses bears for
optical applications, the fabrication of a typical device structure is investigated. The structure consists of a
dielectric thin-film with a 2D photonic crystal pattern, employing the excitation of Fano resonances for a narrow-
band spectral filter element.

Fano resonances are observed, when a resonant state is superposed to a continuous state [51] [52]. In an optical
implementation, a thin film with higher refractive index than the surrounding medium is acting as a slab
waveguide. Waves with normal incident to the layer cannot couple to a waveguide mode due to their orthogonal
properties. By structuring the slab waveguide with a periodic pattern the incident wave can couple resonantly
to a waveguide mode if the matching conditions are fulfilled [53]. Since the coupling takes place in both
directions, the mode is not truly guided by the slab, but is considered as a leaky-mode. Thus the resonant mode
is coupling out of the slab again and superposes with free-space modes of directly transmitted or reflected
waves. Fano resonances often show asymmetric spectral behavior, stemming from the phase change in the
resonance of the coupled leaky-mode. Spectral position, width, strength and shape of the Fano resonance can
be tailored by designing the slab waveguide and periodic structure accordingly. In our device we implement a
2D photonic crystal pattern with a square lattice and circular base elements to obtain a polarization independent
narrow-band filter. The advantage of such an element is the very compact design, which consists of only one
structured dielectric layer on a substrate material. Comparable filter elements are based on a Fabry-Pérot
configuration, consisting of several ten layers surrounding a cavity. Additionally, polarization dependency can
be introduced to a Fano filter by designing the periodic structure with a broken symmetry. All these properties
are beneficial for application in e.g. MEMS devices or on the tip of an optical fiber [54] [55].

Impact of fs-laser pulse processing on the implementation of photonic crystals

The fabrication of a Fano filter structure using the conventional technologies is based mainly on three processing
steps. First a single layer or multiple thin-films are deposited which form the slab waveguide. Subsequently, the
photonic crystal pattern is generated by lithography and transferred to the slab waveguide by anisotropic dry
etching.

If ablation by temporally shaped fs-laser pulses is employed for the fabrication of Fano resonant structures,
several constraints have to be considered and investigated. Due to the relation of the ionization processes to
the band gap energy a clear material dependency exists. Therefore in the first approach structures are solely
created in a single material. For our experiments we chose SiO; which has already been studied in our previous
investigation on the fs-laser induced ablation process [compare Sec. 4.2.2]. Since we receive by this method a
periodic pattern in a low-index material, a high-index layer has to be coated on top to obtain the required slab
waveguide. During the deposition of this layer the high-index material is also partly filling the ablated hole
structures, leading to a periodic modulation of the waveguide core as well. Another important parameter which
affects the performance of the Fano filters is the shape and profile of the laser generated base elements.
Characterization of ablated structures generated by TOD fs-laser pulses show a funnel shape in the top section
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with a small rim at the surface. The deeper section of the hole forms a narrow and parallel channel that can
exhibit rather high aspect ratios (Fig 10a). A final remark must be made on the refractive indices of the available
materials. Since SiO; is used as substrate and high-index thin-films are restricted to indices below n=2.3, only a
low index contrast of approx. An=0.8 can be exploited. This is a further challenge when designing the Fano filter.
Air-bridged elements, which could increase the index contrast, are not implemented due to the commonly
observed bending problems based on high mechanical stresses.

For further investigations material processing of a thin-film on top of the substrate material is very promising.
This would not only provide a method to fabricate Fano filters and similar devices directly in the target material,
but could be used for generation of structured hard masks for further etching steps as well. If the ablation
process in thin-films can be controlled to be sufficiently material dependent, selective structuring of one
material without damaging other materials becomes possible.

Theoretical model calculations of realistic filter devices

Fundamental investigations on the particular properties of photonic crystal structures generated by fs-laser
pulse processing and optimized design parameters for Fano filter devices were obtained by numerical
simulations. We utilize the 3D finite-difference time-domain method (FDTD) [56] which provides the distribution
and propagation of fields in the time domain and the spectral properties by applying a harmonic inversion.
Mainly three base models were implemented to be able to efficiently address the complexity of different
investigated problems. 1) The principle characteristics of photonic crystal structures can be calculated by using
a unit cell of the periodic pattern and applying periodic boundary conditions. If the device and source can be
assumed to be uniform, this model delivers very good results with reasonable numerical efforts. 2) Finite
samples and sources with defined profiles can be simulated by using a slice of the real device, with one or only
few unit cells thickness, as model domain. For the other spatial directions the structure is defined with the true
parameters and only in direction of the slice thickness periodic boundary conditions are implemented. 3) Full
information on the behavior of devices with certain 3D shapes and source properties, like exact spot profiles,
were investigated by applying a true 3D model of the full structure. This approach clearly delivers the best
results, but is restricted by its very high demand on the computing capacities.

First numerical calculations were performed to analyze the possible parameter regime for Fano resonances in
material systems with low refractive index contrast. Various parameters were tested, such as refractive index
combinations, layer thicknesses, hole depth and diameter as well as lattice geometries. For symmetric slab
waveguides with a low index material on top and for asymmetric configurations with a direct core-to-air
interface on top, Fano resonances with different strengths and spectral widths can be excited. These results
were used as base for our further implementations of Fano filters.

Models concerning a deposited layer on top of a previously structured photonic crystal array were investigated
next. The variation of the pre-existing hole structures and the amount of high index layer material reaching into
it showed that for this technological approach still Fano resonances with good quality are obtainable.

Finally, the particular shape of the ablated structures with the funnel-like entrance, the narrow channel with
high aspect ratio in the lower part and the forming rim at the surface were defined by considering the
characterization of the actual results of fs-laser pulse ablation (Fig. 9a). It could be shown that the rim and funnel-
like shape in the top section is not affecting the potential to excite Fano resonances or even limits their quality
(Fig. 9b). The high aspect ratio of the narrow channel becomes rather beneficial as this section is only filled partly
with the high index layer material and stays void below. This results in a reduced effective index of the substrate
material and hence increases the index contrast to the waveguide core considerably.
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Fig. 9: Simulation model of a photonic crystal structure with realistic structure profile, including the rim
formation and funnel shaped top section (a). Numerical result of a filter spectrum which has been obtained
from the simulation model (left side) and exhibits a strong Fano resonance at 1.78 um wavelength (b).

In summary, numerical calculations indicate that photonic crystal structures in low index dielectric materials can
be designed to exhibit strong Fano resonances. The fabrication of such devices by temporally shaped fs-laser
pulses proves to be feasible, as neither the deposition of the high-index layer on the hole arrays nor the actual
hole profiles render a serious problem in the design process. The high aspect ratio of the structures created by
TOD pulses even improves the performance of photonic crystal devices due to a lowered effective index of the
substrate material.

Investigation on the reduction and avoiding of rim formation

One current drawback of the ablated structures is the formation of a rim around the created hole at the surface.
This property may be an obstacle if a very high quality of densely placed array structures is desired, as the rim
areas can overlap and influence the optical performance or even the ablation process at neighboring positions
(Fig. 10b). Therefore we propose different strategies to either avoid, reduce or remove the rim.

Our first approach is to remove the rim after structuring the sample by either dry or wet chemical etching
processes. The notion is to make use of different etch rates in the rim area and the substrate. Although both
consist originally of the same material, the ablation process may damage the material in the rim to weaken its
etch resistivity. Additionally, elevated or isolated small features often show faster etching due to the
surface/volume ratio and tip effects. In the experiments, however, the removal of the rim was always
accompanied by severe damage of the generated hole structure, making this method unfeasible.

In the next tests we deposited a thin layer of a material with the same or similar band gap energy on top of the
substrate prior to fs-laser pulse processing. If the light matter interaction is not influenced by the additional
layer, the rim forms on top of this extra layer. Afterwards, selective etching can be used to remove the top
,sacrificial” coating and a clean hole array is obtained. Results of this investigation still exhibited the undesired
degradation of the fabricated structures, although the occurrence of etching defects is clearly reduced.

IM

A third investigated method is based on an additional top layer that reduces or avoids the formation of a rim. In
previous experiments different substrate materials revealed different behavior regarding the rim. For Al,Os for
example the rim is barely noticeable whereas for SiO, a strong formation is observable. Therefore experiments
with various top-layer materials and thicknesses were carried out, showing that a reduction of the rim formation
can be obtained if appropriate combinations of layer material, thickness and pulse energy are applied.

15



Optically-Induced Nanostructures Chapter 4.2

4.2.5 Characterization of ablation channels by focused ion beam milling

The experimental results of fs-laser pulse structuring have been previously characterized by two techniques:
SEM and AFM. Both methods are very capable to provide high resolution surface information but struggle to
give information about the depth and shape of the generated holes. Even with a high aspect ratio tip, the AFM
measurements of sub-100 nm structures are still limited to several ten nanometers of depth.

Fig. 10: SEM micrograph of a FIB cross-section showing the top section of an hole structure ablated by
temporally shaped (TOD) fs-laser pulses in SiO2 (left). Top view of a photonic crystal array which was fabricated
using the presented fs-laser structuring method. The formation of the rim around each hole element at the
sample surface can be clearly observed (right).

A very powerful technique to obtain insight to the inner volume of samples is the preparation by Focused lon
Beam milling (FIB) (Fig. 10a). Typically, an ion optical system with liquid Ga* metal source is attached to an
electron optical system. In this two beam configuration alignment and processing of samples can be carried out
by direct inspection and images acquired during and after the preparation. The highly accelerated ions are
focused on the sample surface and can sputter the material directly with resolutions down to the nanometer
range. If the ion current or acceleration voltage is reduced the sputtering process turns from deep milling
towards high quality polishing. A gas injection system, which locally emits gas precursors in the focus region
offers the option for ion beam induced deposition of materials or gas enhanced ion milling for higher yield and
quality [7].

For the preparation of fs-laser pulse generated hole structures the high local resolution and precise alighment,
the quality of polished surfaces and possibilities to utilize different detectors of the SEM system are the main
advantages. On the other hand, surface charging has again to be addressed, e.g. by coating a thin conductive
layer on top of the sample. Also the geometric fidelity of the measured structure parameters has to be verified
accurately, since deviations during processing, like a tilt in the final polishing step, may affect the visible
projection of the structure. It has to be mentioned of course, that FIB preparation by milling and polishing is a
destructive process and cannot be reverted. Depending on the applied technique, the process can also be rather
time consuming, limiting the number of samples to inspect. Three different approaches are used in our
investigation.

1) Preparation of cross-sections by ion beam milling and subsequent surface polishing. First a protection layer is
deposited locally with the gas injection system. A rough gap is milled in the vicinity of the target structure to
provide visible access to the depth profile of the hole. Low current polishing is applied until the center of the
target structure is reached. This method is comparably fast and offers insight to most geometric parameters,
like depth, width and shape.
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2) Milling and polishing from both sides results in a thin lamella structure with less than 100 nm thickness. The
procedure is analogous to the preparation of cross-sections, but provides a sample with better contrast, as
scattering is reduced and back-scattered and secondary electrons can be detected with good selectivity.
Additionally, the lamella can be transferred to a copper grid by a lift-out process step and investigated in a TEM
or STEM to obtain information on the morphology.

3) Full 3D information of the target structure by FIB tomography. The procedure is similar to the preparation of
cross-sections, but after polishing for approx. 10 nm the process is interrupted and a SEM image acquired.
Polishing and image acquisition are repeatedly carried out in a loop, starting in front of the target structure and
ending after fully removing it. The single images represent each a slice of the structure and a stack of all slices
can be compiled by software to reconstruct a 3D model of the ablation channel. However, this preparation
technique is destroying the investigated structure completely and is by far the most time consuming approach.

Summary

We demonstrated a sustainable method making use of temporally shaped femtosecond laser pulses to create
structures down to the sub-100 nm scale in dielectrics. Our investigations showed that the approach is suitable
to create optical elements for the visible wavelength range by direct laser writing. Due to the diffraction limit
and charging effects in dielectric materials, it is difficult to reach structures in the sub-100 nm range by
conventional production methods.
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