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Abstract. Control of two basic ionization processes in dielectrics i.e. photo ionization and
electron—electron impact ionization on intrinsic time and intensity scales is investigated
experimentally. In our experiment, we use a modified microscope set up to irradiate the surface
of a fused silica sample with a single shaped pulse resulting in nanoscale ablation structures.
The topology of the laser generated structures is measured by Atomic Force Microscopy (AFM).
Structure parameters are investigated as a function of the pulse energy and the modulation
parameters. We find different thresholds for surface material modification with respect to an
asymmetric temporal pulse and its time reversed counterpart both showing a constant
instantaneous frequency. However, we do not observe pronounced differences between up- and
down-chirped radiation (i.e. symmetric temporal pulse envelope but asymmetric instantaneous
frequency) in the measured structure diameters and thresholds.
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1. INTRODUCTION

Lasers delivering ultrashort pulses have emerged as a promising tool for processing
wide band gap materials for a variety of applications ranging from precision
micromachining on and below the wavelength of light to medical surgery [1-3].
Within this context it is the transient free-electron density in the conduction band of
the dielectric that plays a fundamental role in addition to various propagation and
relaxation mechanisms. A large number of experiments make use of the threshold of
observed damage as experimental evidence for exceeding a certain critical electron
density (and energy) after the laser interaction. These involve pulse duration
measurements [4-6] and recent pulse-train experiments [7] all showing a strong
dependence of the damage threshold on pulse duration and on pulse separation. Direct
studies of transient electron densities range from intensities below [8,9] up to well
above the breakdown threshold. [10,11]. The temporal evolution of the free-electron
density and the role of the fundamental ionization processes are strongly depending on
time and intensity [12,13]. Two main processes for generating free electrons are multi



photon ionization (MPI) and Avalanche-Ionization (AI). MPI requires no free initial
free electrons and has highest efficiency for shortest pulses Al on the other hand needs
initial free electrons and needs time to establish.

A “seed” (due to MPI) and “heat” (due to Al) sequence should be an efficient way
to achieve the necessary electron density (and energy) for ablation. Two different
approaches can be envisioned: Either via temporal asymmetric laser profiles [14,15]
or via changing the instantaneous frequency [16]. The first approach can be tested
with asymmetric pulses created via Third Order Dispersion (TOD), the second
approach via chirped pulses making use of Group Delay Dispersion (GDD).

This contribution is subdivided in two sections: the first part introduces pulse
shaping by spectral phase modulation with special emphasis on two exemplary phase
functions, i.e. GDD and TOD, leading to symmetric and asymmetric pulse shapes,
respectively. In the second section, experimental results on laser ablation at the
surface of a fused silica sample with temporally shaped femtosecond laser pulses
measured for TOD and GDD are presented.

2. PULSE TAILORING

In this section a brief description of the two pulse shapes that we employ for
material processing is given (see. Section 4). We consider two basic pulse shapes to
represent more general classes of pulses with different physical properties. The first
class of pulses represented by the linear chirp is characterized by a symmetric

temporal pulse envelope |£m0d(t)

, but time varying instantaneous frequency @(¢).

With this class of pulses we study the influence of the time varying instantaneous
photon energy %(¢) and also the pulse duration on laser processing of wide-bandgap

materials. Upon time inversion of this pulse & _ (1) > &, ,(—t) the influence of the

pulse duration is discriminated from effects due to the time varying photon energy.
By contrast, asymmetric temporal pulse envelopes featuring a constant instantaneous
frequency provide pulses of constant photon energy and variable pulse duration. By
time inversion of those pulses the effect of the time-dependent energy flow is
identified and allows to address different physical mechanisms of material processing.
In our work, asymmetric pulses are generated by Third Order Dispersion (TOD)
whereas symmetric pulses are generated by Group Delay Dispersion (GDD).

In order to mathematically describe shaped laser pulses we start by considering an
unmodulated bandwidth limited Gaussian pulse envelope

8(t)=%em(4)(;’j (1)

with a pulse duration of Atf, i.e. the intensity Full Width at Half Maximum (FWHM).
The complex electric field is described by the product of the envelope function &(¢)

and the carrier oscillation at the central laser frequency o,



E(t)=8(t)-¢™'. (2)

The real part of E(¢) represents the actual physical electrical field of the laser
pulse. Shaped pulses are generated by spectral phase modulation [17,18]

E roa(@) =& (@), 3)

where @(w) denotes the spectral phase modulation function applied to the spectrum
& (w) of the pulse. The spectrum & (@) is obtained by Fourier transform of the
pulse envelope &(f) whereas the modulated temporal field envelope & (¢) is the

inverse Fourier transform of the modulated spectrum c‘fmod(w). Since spectral
modulation leaves the Power Spectral Density (PSD) wunchanged, i.e.
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have the same energy bandwidth of

2, both the PSD of the modulated and the unmodulated spectrum
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Employing common units of meV for the photon energy and fs for the pulse
duration one obtains the convenient relation Ag [meV ]~ 1825/ At [fs].

Group Delay Dispersion (GDD) plays a major role in many applications based on
femtosecond pulse manipulation techniques (see for example our own work and
references therein [19-22]). GDD is introduced by applying a parabolic spectral phase
function

(@) J;a) 5)

to the spectrum & (@) and ¢, 1s the so-called chirp parameter. A positive value of ¢,
leads to an up-chirped pulse characterized by an increase of the instantaneous
frequency, whereas a negative value of ¢, implies a decrease of the instantaneous
frequency, known as down-chirp. The modulated pulse envelope is described by
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where S = and y =1+ﬁ2 determine the duration of the broadened Gaussian
81n(2) 4
2
envelope and «a = 8222 describes the chirp rate and ¢ =%arctan (¢—2J a temporal
4

phase offset. Figure 1 shows an example of an initially 30 fs FWHM pulse subjected
to a Group Delay Dispersion of ¢, =2500 fs* leading to an up-chirped pulse.

Equation (6) shows that the phase due to the spectral modulation is ¢(¢) = at” —¢ and
therefore the time dependent detuning from the central frequency is

A = 0(0) -0, =26 = 2a )

i.e. the instantaneous frequency increases linearly with time, proportional to 2a. This
is why GDD is generally referred to as linear chirp. However, the chirp rate a is a
non-linear function of the chirp parameter ¢,
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It takes its maximum value of /(g™ ) = % at a chirp parameter of ¢ = 4?;(22) ,
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FIGURE 1. Example of a At =30 fs FWHM pulse subjected to a Group Delay Dispersion of

¢, =2500 fs’ leading to an up-chirped pulse. In order to visualize the increase of the instantaneous
frequency w(¢) with time the carrier frequency was chosen three times smaller than the actual carrier

frequency of @, = 2.35 £s”! corresponding to a wavelength of 800 nm. The FWHM of the spectral

energy bandwidth is Ag = 60.8 meV . The pulse is Gaussian in shape with a pulse duration of 233 fs
(FWHM of the intensity).

Since a chirped Gaussian pulse stays Gaussian in shape for any chirp parameter ¢, ,

we can extract the modulated pulse duration also from Equation (6) by inspection of
the denominator in the exponent (4Py) to obtain the FWHM as



At = \/Atz +16[In(2) (%} . (9)

Equation (9) shows that for large values of¢, , i.e. if ¢, > A#*, the pulse duration is

predominantly determined by the pulse broadening due to GDD rather than the
contribution of the initial pulse duration Az. In this limit, the pulse duration is linear
in the chirp parameter and can be approximated by the simple expression

¢, ¢,
At =In(16)—=~2.77=. 10
mod ( ) At A / ( )
Since the initial step of the photoelectron generation in wide-bandgap materials is
due to multi-photon ionization (MPI) we consider some of the relevant properties of

chirped excitation in a multi-photon scenario. In a multi-photon processes involving n
photons, the excitation amplitude is proportional to the n'™ power of the electric field,

1.e.c, oc E"(t), provided there are no intermediate resonances available. Hence for a
chirped pulse we find the multi-photon field
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FIGURE 2. Illustration of the multi-photon properties of the up-chirped pulse shown in Fig. 1 for an n
= 6 photon process. Left panel: the intensity envelope of the modulated multi-photon field (5,:,; ®,

black) is much narrower compared to the single photon field (&, nf)d(t) , blue dashed). The time-

dependent instantaneous multi-photon energy increases linearly with time (n2A() , red) - with a slope
that is # times steeper than the single photon detuning ( #A(¢) , red dashed). The single-photon energy

changes by about 60 meV within Az =233 fs (FWHM of the single-photon field) whereas the multi-

photon energy changes by about 148 meV within a time interval of Ar _ / \/_ =95 fs (FWHM of the

single-photon field). Right panel: due to the multi-photon chirp the time-dependent multi-photon
energy nfiw(t) may cross the bandgap AE during the interaction. In general, a frequency sweep

addresses different densities of states as a function of the instantaneous frequency.



Because the field is proportional to a high power of the modulated single photon
field envelope & ,(¢), the envelope of the modulated multi-photon field &7 ,(¢) is
much narrower compared to the single photon field (see Fig. 2 for a comparison of the
respective intensity envelopes &,2(¢) and &2 ,(¢). In fact, it follows from Equation

mod

(11) that the (intensity) FWHM of the modulated field reduces by a factor of Jn.
Equation (11) also shows that the effective instantaneous frequency of the multi-
photon field increases linearly with time proportional to 2no

w,(t) = nw, +2nat, (12)

with a slope that is n times steeper than the single photon detuning #A(¢) (cf.
Equation (7)) as illustrated on the left panel of Fig. 2. For example, the single-photon
energy of a chirped pulse (GDD of ¢, =2500 fs’, initially Az =30 fs*as shown in

Fig. 1) changes by about ¢ =2haAt, , = 60 meV within the FWHM of the single-
photon field of Az_,
2nhalt, , /Nn =~[nde ~148 meV  within the FWHM of the multi-photon field

At g/ Jn =95 fs as shown in the left panel of Fig. 2. Because of this chirp, the time-
dependent multi-photon energy nfiw(¢) may cross the band gap AE during the

=233 fs. In contrast, the multi-photon energy changes by about

interaction (see Fig. 2). Therefore, one could assume that the properties of laser
generated nano-structures are controllable by the temporal direction of the chirp as
suggested by Louzon et al. [16]. This reasoning also motivates our investigations of
the diameters of nano-structures produced by chirped laser pulses as a function of the
chirp parameter presented in Section 4.

Third Order Dispersion (TOD) introduced via a cubic spectral phase function

¢ s

(0(60)=€3-60 (13)

leads to a modulated pulse shape that is characterized by an intense initial pulse
followed by a pulse sequence with decaying amplitudes [23]. An example of a 30 fs

FWHM pulse subjected to TOD with ¢, =90000 fs* is depicted in Fig. 3. In sharp

contrast to quadratic spectral phase modulation, applying the cubic phase function
results in shaped pulse with constant instantaneous frequency. Since antisymmetric
spectral phase functions always give rise to real valued pulse envelopes, the temporal
phase is zero at all times, and, hence the instantaneous frequency @(t) = @, is constant

throughout the shaped pulse. The sign of ¢, controls the temporal direction of the
pulse shape: positive values of ¢, lead to a series of post-pulses (as depicted in Fig. 3)

whereas negative values of @, result in a series of pre-pulses.
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FIGURE 3. Example of a At =30 fs FWHM pulse subjected to Third Order Dispersion (TOD) of

¢, = 90000 fs’. The pulse starts with an intense sub-pulse followed by a long pulse train. The statistical
pulse duration Ar =+/81n(2)o, is 233 fs like in the GDD example in Fig. 1. For visualization purposes,

the carrier frequency was chosen three times smaller than the actual carrier frequency (see above).

Since TOD pulses are asymmetrically broadened in time, the temporal FWHM is no
longer a unique quantity to describe the pulse duration. Therefore, we use the
statistical pulse duration o, to describe the pulse duration [23]. Since the statistical

pulse duration delivers shorter values for an unmodulated Gaussian pulse compared to
the FWHM, we define the modulated pulse duration by Az, , =+/8In(2)o, to obtain a
quantitative measure of the pulse duration

At, = \/Atz +16[In(2)] (Z;;Zj : (14)

that agrees with the FWHM for the unmodulated pulse. Equation (14) shows that in
case of TOD - in the same manner as for GGD — for large values of g, , i.e. if ¢, > Ar’,

the pulse duration is linear in the TOD parameter ¢, and can be approximated by the
simple expression

/
Aty =4[] %32 ~ 2.31%;2. (15)

With respect to nanoscale laser processing of wide-band-gap materials the relevant
features of TOD are the temporal symmetry-breaking of the envelope implying control
on the time-dependent energy flux onto the sample and, in particular, the ability to
produce a short intense pre-pulse accompanied by a weak long pulse train. In
Section4 we will use TOD spectral modulation to exert control on two basic
1onization processes to manipulate the ablation dynamics.



3. EXPERIMENTAL SET UP

In this section we give a brief description of our experimental set up shown
schematically in the left panel of Fig. 4. In our experiment we combine spectral
femtosecond pulse shaping techniques with a microscope set up for nanoscale laser
processing. Laser radiation with 35 fs (FWHM) pulse duration and a central
wavelength of 790 nm is provided by an amplified Ti:Sapphire laser system
(Femtolasers Femtopower Pro). Temporal shaping of the laser radiation is achieved
by a home-built spectral phase modulator [24]. The radiation is focused via a Zeiss
Epiplan 50x/0.5NA objective to a spot with a calculated lateral diameter of 1.4 um
(using a 1/¢€” intensity profile of the point spread function [25]). The calculated axial
spot size in air is 9.1 pm. Structures are generated irradiating the surface of fused
silica with one pulse followed by ablation. The smallest pulse duration in the
interaction region is obtained by adjusting the prism compressor in the amplified
Ti:Sapphire laser system pre-compensating the dispersion of the optical elements in
the subsequent beam path. Temporal pulse characterization is achieved by 2™ order
auto-correlation and cross-correlation using a Mach-Zehnder interferometer in the
beam path and detecting the resulting radiation by a 2-photon photodiode after the
focusing objective. Applying a cubic phase mask on the phase modulator results in an
asymmetric pulse in time domain exemplified by the cross-correlation trace between
the unshaped and the shaped pulse as shown in the right panel of Fig. 4.

| fs laser I

7
E
GF

T g 6
) & N
i \ s
ﬁ , y<> OB ;',)
= A E d A

i ‘ 3 .
7 ) -500 0 500
pulse shaper delay sample translation time [fS]

FIGURE 4. Left: The experimental setup. The femtosecond laser beam is aligned into the spectral
phase modulator. Energy is controlled by a motorized neutral density gradient filter (GF) and
monitored with a photodiode (PD). A microscope objective (OB) focuses the beam on the dielectric
sample. Sample translation is done by a 3-axis piezo table. Right: Measured (dots) and simulated (solid
lines) cross-correlations for a cubic phase mask of ¢, = +6x 10° £s° (top) and ¢, = —6x 10° f5°

(bottom).

The fused silica sample (Heraeus Suprasil) was cleaned prior and after material
processing using an alkaline (KOH solved in isopropanol) and dilute hydrochloric acid
solutions in a supersonic bath. For material processing shaped femtosecond laser
radiation is focused onto the sample surface. The single shot pulse energy is adjusted
by a motor driven gradient neutral density filter and recorded with a photodiode. The
photodiode was calibrated with a commercial power meter. The sample is translated
by a 3-axis piezo table to a new sample position for each shot. Reproducible z-
positioning is assured by confocal probing of the sample surface with cw-HeNe laser
radiation prior to material processing. The spectral phase mask, energy and focal z-



position are varied. Energy threshold values and structure sizes are obtained from the
topology of the atomic force microscopy (AFM) measurements.

4. RESULTS AND DISCUSSION

In recent experiments [14,15] we studied material processing of dielectrics with
temporally asymmetric femtosecond laser pulses generated by TOD. In that work,
shaped laser pulses were employed to generate structures one order of magnitude
smaller in diameter than those produced by unshaped radiation at the same energy. In
addition, different thresholds for surface material modification were observed for
modulated pulses and their time reversed counterparts. The thresholds for material
damage were determined by visual inspection from scanning electron microscopy
(SEM) micrographs.

In this work, we investigate ablated structures generated by TOD pulses with
@, =+6x10°fs’ resulting in a statistical pulse duration of Az, , ~1ps (see Section 2).

In addition to our earlier studies [14,15], diameters and depths of the structures are
extracted from their topology measured by AFM. A comparison of the results from
both measurement techniques SEM and AFM is depicted in Fig. 5.

Here, the inner diameter determined by AFM is defined by the diameter at which
the height profile falls below the unperturbed surface level (see blue arrows in the
section through the AFM micrograph in Fig. 5). The maximum depth of the generated
structures has been measured by AFM to 750 nm and 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. The detailed information on the topography of the
structures available by AFM allows us to map the locus of maximum contrast in the
SEM micrographs to the regions of maximum slope due to the high aspect ratio of the
hole (see red arrows in the section through the AFM micrograph in Fig. 5). As a
consequence, the inner diameter for a given structure takes a slightly larger value
compared to the diameter obtained solely by the region of highest contrast in the SEM
micrograph as used in our previous publications. This region, i.e. the deep channel
diameter, stays remarkably stable with respect to energy variations [14,15].

The hole diameters of ablated structures for fused silica with ¢, =+6x10°fs’ (red
triangles) and ¢, =-6x10°fs’ (blue triangles) measured by AFM are shown on the left

side of Fig. 6. By modulating laser radiation with TOD ¢, =+6x10°fs’ a reduction up

to an order of magnitude (below the diffraction limit) in the structure diameter (as
small as 100 nm) is observed. For the negative cubic phase (—6x10°fs*) the threshold
for material processing is larger than for the positive cubic phase, while the structure
size is also well below the diffraction limit. As the pulses feature identical fluence,
spectrum and pulse duration it is the different asymmetric temporal shape, i.e. the
energy distribution in time that has a significant influence on the material damage
threshold.
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FIGURE 5. Left: SEM micrographs of a structure generated by positive TOD radiation with pulse

energy twice above the threshold at ¢, = +6x 10° fs*. The corresponding depth profile measured by

AFM is shown below. In this publication the term inner diameter relate to the diameter where the
height profile falls below the unperturbed surface level (blue arrows). Note that the clearly visible
contrast change in the SEM micrograph results from the high aspect ratio of the hole (red arrows). This
deep channel diameter stays remarkably stable with respect to energy variations. [14,15] Right: AFM
micrograph corresponding to the SEM micrograph shown left.
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FIGURE 6. Left: (TOD) inner hole diameters of ablated structures for fused silica with
¢, =+6x 10° £5° (red triangles) and ¢@; = —6x 10° £5° (blue triangles) measured by AFM. Right:

(GDD) inner hole diameters of ablated structures for fused silica with @, = +1x 10* s (orange

triangles) and ¢, = —1x 10° fs° (green triangles) measured by AFM.

The threshold energies for ablation were determined by fitting the observed energy

dependent hole diameters d(E) to the relation [26]

d(E) o JIn(E)

(16)



In contrast to reported structure diameters of below 100 nm and occasionally up to
15nm created at the backside of the substrate using high NA immersion objectives
[27] and additionally in conjunction with super resolving pupil plane filters [28] our
method works with a long-distance air objective directly on the surface side of the
substrate.

The physics of the ablation process induced by TOD spectral phase modulated
pulses has been discussed in terms of a ‘seed and heat' mechanism for electrons
[14,15], where reaching a critical electron density (and energy) is generally attributed
to the threshold for laser ablation. Especially the interplay of the two main processes
for generating free electrons by multi photon-lonization (MPI) and Avalanche-
Ionization (Al) permitted to exert control on the ablation process as mentioned in the
introduction. MPI requires no free initial free electrons and has highest efficiency for
shortest pulses with highest intensities. Al, on the other hand, needs initial free
electrons and needs time to establish. When distributing the intensity from the main
pulse to some consecutive pulses, the amount of free electrons created by the first
strong sub-pulse via MPI is not sufficient for reaching the critical electron density.
However, the consecutive pulses can increase the electron density via Al to the critical
density. For ¢, <0, the intensity of the pulses increases and is terminated by a strong

pulse. The first weak pulses are not intense enough for efficient MPI, and due to the
absence of free electrons, also an increase of the free electron density due to Al is not
operative. Only the final sub-pulse(s) is (are) able to deliver free electrons via MPI
further increased by Al during the trailing part of the pulse. For this case, a higher
energy is needed in comparison to ¢, >0 in order to reach the critical density. In this

sense, we exert control on the two ionization processes by employing temporally
asymmetric pulse shapes.

A similar physical mechanism was proposed to be at play for laser processing of
wide-bandgap materials with chirped laser pulses [16]. Because the temporal intensity

prOﬁle |8mod(t)

“seed and heat” mechanism was assumed to be operative due to the linear energy
sweep in a chirped pulse, i.e. the time dependent multi-photon energy described in
Section 2. Since the blue spectral components arrive before the red spectral
components in a down-chirped pulse, the early blue spectral components may have
sufficient energy to overcome the multi-photon energy threshold to provide the initial
“seed” electrons in the conduction band. Those electrons would be “heated” during
the trailing edge of the pulse. In contrast, an up-chirped pulse—starting with lower
energy red spectral components—might, for a given number of photons, not overcome
the required multi-photon energy threshold. Alternatively, a higher-order multi-
photon process is required for the generation of electrons in the conduction band. In
general, a frequency sweep addresses different density of states as a function of the
instantaneous frequency. In all cases, either no or a lower number of initial seed
electrons is expected for up-chirped laser pulses resulting in no effective “heating”
which should lead to a higher threshold for ablation.

In order to reinvestigate the effect of the temporal asymmetry in the instantaneous
frequency under our experimental conditions, we studied ablation with chirped pulses

P ofa chirped pulse is always symmetric |c9’m,(t)|2 :|c‘/’m,(—t)|2 the




for ¢, =+1x10*fs” resulting in a pulse duration of Az, , ~0.8 ps (cf. Equation (9) in
Section 2). The right side of Fig. 6 shows the observed diameters of the ablated
structures for fused silica with up-chirped (@, =+1x10*fs*, orange triangles) and

down-chirped (@, =—1x10"fs*, green triangles) pulses as measured by AFM.

Although Louzon et al. [16] reported an up to 20% threshold fluence reduction for
down-chirped pulses, we do not observe pronounced differences between up- and
down-chirped radiation in the measured structure diameters indicated by the overlap of
both the fitted orange and green curves through the measured data. Note that the
minimal structure sizes obtained with TOD pulses are smaller as compared to those
obtained by GGD pulses.

5. CONCLUSION

In this contribution we have investigated single shot nanoscale laser processing of a
wide-bandgap material (fused silica) with two classes of temporally shaped
femtosecond laser pulses. Temporal shaping was achieved by spectral phase
modulation, where asymmetric temporal pulse envelopes with constant instantaneous
frequency were generated by Third Order Dispersion (TOD) and symmetric temporal
pulse envelopes with frequency sweeps were generated by Group Delay Dispersion
(GDD).

In the experiment, we studied the topology of laser generated structures for both
classes of pulses by Atomic Force Microscopy (AFM) as a function of the pulse
energy and the modulation parameters. Our results showed different thresholds for
surface material modification with respect to an asymmetric pulse and its time
reversed counterpart. The physical mechanism of the ablation process induced by the
asymmetric pulses was discussed in terms of a ‘seed and heat’' model for electrons, i.e.
the interplay of the two main processes for generating free electrons by Multi Photon-
Ionization (MPI) and Avalanche-lonization (Al). Control by asymmetric pulse shapes
is exerted because the direct temporal profile and its time inverted profile address the
two ionization processes in a different fashion. In contrast to our findings for
asymmetric pulses, for symmetrical pulses we do not observe pronounced differences
in the measured structure diameters upon up- and down-chirped radiation. In addition,
we found that the minimal structure sizes obtained with TOD pulses are smaller as
compared to those obtained by GGD pulses.

We conclude that control of ionization processes with tailored femtosecond pulses,
and in particular strongly temporal asymmetric pulse shapes, opens the route to
develop optimal pulse shapes for controlled nanoscale material processing of
dielectrics.
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