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Ablation of silicon and ultrathin fibers using single femtosecond pulse
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Abstract: We exploit the nonlinear multiphoton interaction of a few-cycle femtosecond (fs) pulse with viscoelastic
microfibers in order to produce nanoscale grooves on its surface. The single fs pulse has been extracted from 1 kHz pulse
train by double-shutter gating technique by placing two mechanical shutters in the beamline and simultaneously triggering
them with a controlled delay. With adjustment of the time delay between two shutters, a small transmission window has
been created to cleanly extract a single or desired number of pulses. We found that the single-pulse ablation threshold for
microfiber is 1 J/cm 2 while for absorbing surfaces like crystalline Si is 0.01 J/cm?. Precise diffraction unlimited ablation
of materials opens a route to process nanoscale waveguides, microfluidic devices to isolate cells or macro-molecules.
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1. Introduction

Nonlinear interaction of femtosecond (fs) pulses with
materials have diverse applications such as studying
ultrafast dynamics of matter [1], precision material pro-
cessing [2, 3], generation of XUV pulses [4, 5], time-re-
solved imaging [6] and ultrafast spectroscopy [7].
Generally, most strong field experiments are performed
with a fs pulse train, typically at kHz repetition rate, and
their short interaction times, when compared to other
physical processes, reveal underlying fs response of
materials [8—10]. The fs ablation of dielectrics and semi-
conductors is experimentally well established along with
its theoretical understanding [2, 3]. The intense fs pulse is
absorbed via multiphoton absorption by electrons at fs time
scale, referred to as ‘carrier-excitation,” followed by car-
rier-phonon scattering where electrons dissipate energy to
the lattice. This raises the lattice temperature nonlinearly in
ps to sub-ns time scales, resulting in ultrafast melting and
material removal due to the expansion of hot mat-
ter[2, 3, 11]. These mechanisms allow precise ablation of
material, not limited by the diffraction limit, reaching sub-
100 nm dimensions [12]. However, clean ablation of
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microfibers, viscoelastics and solid crystalline surfaces
using single fs pulse is not easy to perform due to difficulty
in extracting a single fs pulse from the pulse train and
diffraction-limited focusing on 1-2 micron samples.

Previously, several methods including pulse picker or
pockel cell-based techniques allow the extraction of a
single pulse from a MHz—GHz pulse train [5, 13]. How-
ever, due to dispersion and low damage threshold of bire-
fringent crystals, these methods are not suitable for
(broadband) few-cycle laser pulses having high peak
powers [14]. Alternatively, the single-shot response of
materials was studied by rapidly scanning the sample
(typically ~ 10 mm/s) in the focal plane so that the
individual pulses are spatially well separated [15].It is
effective for large-area flat surfaces, but may not be fea-
sible for microfibers and microscopic (biological) samples
[16].

A single mechanical shutter is commonly used to extract
fs pulses by chopping the laser beam [17]. Several shutters
are available that work on different actuation mechanisms
such as slow thermal expansion [18-24] or piezo-mounted
slits [25] and electro-mechanical actuation [26]. Previ-
ously, two shutters are used in series with a pockel cell to
enhance the pulse contrast ratio for quasi-CW lasers and
electron accelerators [27]. The mechanical shutters also
play a vital role in isolation of XUV or electron pulses at
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synchrotron sources in time-resolved scattering or diffrac-
tion experiments [28, 29, 32]. However, the total opening
times of readily available electro-mechanical shutters are
typically around 2.5-60 ms (see Table 1) which fall a bit
short to cleanly isolate single fs pulse from a 1 kHz pulse
train. In order to perform diverse single-shot fs experi-
ments, it has been a long-standing problem to find a simple
technique that can cleanly isolate a single fs pulse from a
kHz pulse train.

Here, we cleanly extract a single or desired number of fs
pulses in a controlled way from a fs pulse train using a
simple double-shutter gating (DSG) technique. We
demonstrate single-pulse ablation of the crystalline silicon
surface and quantify its crater size at different pulse ener-
gies, as well as by varying the number of pulses. With a
single fs pulse exposure, we performed the nonlinear
nanoscale ablation of strong and transparent spider silk
fiber as a function of incident pulse energy and determined
its ablation threshold. We also studied the slow transient
response of a viscoelastic material, such as agarose gel,
following irradiation of a single fs pulse. Agarose gel has
been used as a vascular tissue model “phantom” to study
the viability of short laser pulses to treat skin birthmarks
such as port wine stains [30]. Furthermore, nonlinear
interaction of fs pulses with microfibers along with DSG
technique can also be potentially implemented in a vacuum
for isolating single fs pulse of electrons or XUV light for
diverse applications.

2. Operating principle of DSG

The operating principle of double-shutter gating technique
is illustrated in Fig. 1(a). Two shutters, S1 and S2, are
placed collinearly in the path of a pulsed fs laser beam.
Initially, the shutter S1 is fully open, while S2 is fully
closed. This configuration does not allow any pulse to pass
through. When both the shutters are triggered in order to
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Fig. 1 (a) Schematics of the double-shutter gating setup. The isolated
pulses were focused on a sample through a microscope objective. (b)
Electronic photodiode signals showing input femtosecond pulse train,
driving signals for the shutters and selected single output pulse. A
time delay between S1 and S2 is visible that provides AND-gated
transmission window adjusted using delay (SRS) generator. The
shutters were synchronized with 1 kHz repetition rate (SW sync in).
S1, S$2: Mechanical Shutters (Vincent Tech. USA), Obj: 20x
Objective (NA 0.2), PD Photodiode

invert their positions, i.e., S1 is opening, while almost
simultaneously S2 is closing. This operation generated an
AND-gated transmission window when both the shutters

Table 1 Comparison of commercial shutters with double-shutter gating technique. Definitions of different times are illustrated below [18]

Sr. no. Shutter specifications D (mm) ~ Switching ~ Min. dwell ~ Min. exposure
times (ms) time (ms) time (ms)

1. 04SMS001 (Melles Griot, USA) 11.2 - 60 60

2. Optical beam shutter (ThorLabs, USA) 25.4 9-10 19 37

3. Optical beam shutter (ThorLabs, USA) 12.7 34 10 17

4. SR 470 (SRS, USA) 3.0 0.5 5.0 6.0

5. 10FBS-5-10 (Standa, Lithuania) 10.0 1-2 2 3

6. Ls6 (Vincent tech. USA) 6.0 0.7-0.8 0.8 2.5

7. Dual mechanical shutter system (this work) 6.0 0 1 1

(-) = Data not available, D = Incident beam diameter
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are simultaneously open for a small time interval Topen,
which allows the pulses to pass through. After both the
shutters have fully flipped their positions, with S1 close and
S2 open, the laser beam is again blocked. By controlling
the relative time delay between opening and closing of S1
and S2, the topen can be tuned to become sufficiently less
than the inter-pulse period. In addition, the transmission
window must be synchronized with the pulses by triggering
the shutters with the input pulse train. This allows only
single fs pulse to pass through the double-shutter system
despite the slow on—off cycle of a single shutter.

3. Methods

Schematic diagram of the setup is shown in Fig. 1(a). We
used a collimated fs laser beam having 1/¢* full waist of
about 12 mm, 25 fs pulse duration with 2 mJ maximum
energy per pulse at 1 kHz repetition rate. Two mechanical
shutters (Vincent tech. Inc. USA) of 6 mm aperture are
placed in the beam path. Both the shutters are individually
operated through a shutter controller and their opening and
closing times are triggered by the incoming pulse train. The
electronic delay of both the shutters is compensated using
the SRS delay generator. The system is set such that by
pressing a switch, one can operate one cycle of the double-
shutter system. The transmitted pulse is monitored on an
oscilloscope by a fast Si photodiode (PD).

Figurel(b) demonstrates clean isolation of single fs
pulse from the input pulse train at 1 kHz. The shutter S1 is
open, while S2 is closed. The electronic trigger signals for
both the shutters are shown with a sub-ms time delay
transmission window which allows only one pulse to go
through the double-shutter system as shown by the PD
signal recorded on the oscilloscope. It is worth mentioning
that while individual shutter offered minimum 1.3 ms total
opening time, with DSG, we created sub-ms transmission
window that allowed us to cleanly extract a single fs pulse.

Moreover, we varied the delay between opening and
closing of two shutters to precisely extract multiple pulses
from the fs pulse train. For example, Fig. 2(a) shows iso-
lation of N=1 to 5. The intensity in each pulse remained
constant. We have tested that the number of transmitted
pulses can be increased one by one up to a large number.

In addition, DSG technique can be repeatably operated
at variable cycles in order to control the repetition rate of
the input pulses. We reduced the pulse repetition rate from
1 kHz down to 25 and 12.5 Hz without altering the original
configuration of the laser systems (Fig. 2b). In our setup,
the chosen shutters sustained multiple operation cycles
with low vibrations and heat dissipation. The damage
threshold of the metallic shutter blades is about 5 W/mm?
which is much higher compared to the 6 mm beam size
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Fig. 2 (a) The photodiode signal showing extraction of N=1 to 5
pulses. (b) Repeated operation of double-shutters with single-shot
selection window at two time intervals of 40 ms and 80 ms. The
repetition rate of the input pulses was reduced from 1 kHz down to
25 Hz and 12.5 Hz without altering the original configuration of the
laser systems

(0.1 W/mm?). Table 1 compares the DSG technique with
existing commercial and homemade shutter systems
[18-24]. The DSG technique offers a much smaller trans-
mission window that can be finely tuned.

4. Results and discussion
4.1. Plasma ablation of silicon

The ease and reliability of double-shutter system allowed
us to perform single fs pulse processing. In order to
physically confirm the single fs pulse ablations on a silicon
wafer (<100 >, N-type Sigma-Aldrich), the beam is
focused through 20x (NA: 0.2) objective. The applied
pulse energies at the sample surface are 1 pJ and 10 pJ
[Fig. 3(a), (b)]. The sample is exposed to 1, 2, 5, 10, 25 and
50 pulses. After irradiation, the surface is cleaned ultra-
sonically for about 30 min and SEM micrographs are taken
without any coatings as shown in Fig. 3. From SEM image
of single-pulse ablation at lower energy, one can predict
that the beam shape is circular and no distortion is
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Fig. 3 Variation of the crater diameter D as a function of N on Si
wafer. The applied pulse energies Si surface were (a) 1 pJ and (b)
10 pJ, respectively. (¢) Semilog plot of D versus N for 10 pJ energy
(red squares) and D? values is plotted to determine the threshold
ablation energy and Gaussian beam radius

introduced after passing through the shutters. With an
increase in the number of pulses, various nonlinear phe-
nomena are accommodated that play a role in increment of
crater size, plasma-assisted ablations could be one of
them[1, 15, 33].

From SEM micrographs, the crater size is quantified as a
function of the number of pulses and applied energy E.
Figure 3(c) illustrates the increase in the crater diameter D
with the number of pulses N. The clean microstructure
produced by a single-shot appeared degraded with multiple
shots due to accumulation effects. With increasing the
applied energy per pulse from 1 to 10 pJ, an increase in
crater size is observed. The increment is found to be linear
with an increase in N [15, 34, 35].

To determine the ablation threshold energy as well as
Gaussian beam radius over the dielectric surfaces, many
different methods have been reported [36-38]. Applying
laser pulses with a Gaussian beam profile, a relation
between the crater diameter D, and maximum laser energy

Ey, can be expressed as D> = 2w?In[Ey/Ey), where Ey, and
w denote the ablation threshold energy and the 1/e?
Gaussian beam radius, respectively [32, 34, 39]. Fig-
ure 3(c) shows the semilogarithmic plots of the square of
an ablation diameter D as a function of the energy. A linear
dependence can be clearly identified. At a lower laser
energy, a fit of the semilogarithmic plot of D? versus Ej to
experimental data gives w =2.4 4+ 0.1 m and Ey, = 2 nJ
(corresponding fluence, 0.01 J/cm?). The estimated beam
spot radius is in agreement to the theoretical value of 2.
5 um that is estimated by wusing the equation
w = 2]/ nNA. The ablation threshold (Ey,) for multiple
pulse exposures is lower than the reported values [39-41].
It is probably due to energy accumulation effect at the
vicinity of focal volume [2, 15].

4.2. Nanoscale ablation of silk

We measured a single-shot response of spider silk fiber of
about 2-3 pm in diameter [42, 43] (Fig. 4). It is positioned
at the focus using 100x objective (NA: 0.9) with an esti-
mated beam spot size around 1 micron. SEM micrographs
illustrate the single-pulse ablation of silk fiber at 0.1 pJ and
0.3 pulse energies. The estimated ablation threshold
(E%) for spider silk is about 0.05uJ (1 J/cm?). A slightly
lower ablation threshold (0.6 J/cm?) for silkworm silk is
reported for different laser parameters with 230 fs pulses at
the central wavelength of 515 nm wavelength [44]. This
could be due to differences in the laser parameters as well

Fig. 4 (a) Native spider silk. (b) Illustrating ablation of silk fiber at
different pulse energies 0.3 and 0.1 pJ, and (¢) Magnified SEM
micrograph illustrating nanoscale ablation of spider silk microfiber at

03uJ
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as the material properties [35, 39, 43]. £}, is found to be
significantly higher than ablation threshold for the crys-
talline Si, it could be attributed to the non-absorbing nature
of silk sample for incident laser wavelength, i.e., 800 nm
[33, 35]. By compensating the dispersion of the fs pulse, it
should be possible to further reduce the precision of abla-
tion and may open route to create nanopatterns on silk for
various potential applications.

4.3. Transient response of Agarose gel

We measured the single-shot transient response of 1-mm-
thick agarose gel, prepared by standard technique [31]. The
microscope surface images are recorded using a fast CCD
camera (see inset of Fig. 5 for crater images at 0.0, 0.03
and 1.0 ms time delay) after exposure of a single laser
pulse with 50 pJ energy on gel surface. In less than 0.1 ms,
the crater diameter has reached its maximum value of
about 24 £+ 1um, which exponentially relaxed slowly.
After 2 ms, the crater size became constant around 18.5 pm
[45]. We observe about 6 pm change in crater diameter in
2 ms time, showing the possibility of two successive pulses
in the pulse train may interact with the material rather than
a single fs pulse. Such residual mechanical deformation
may increase the roughness of the treated surface if pro-
cessed at 1 kHz rep rate. Therefore, in fs laser-assisted
cutting/dissecting operations, it is essential to optimize
inter-pulse intervals by taking into account the intrinsic
relaxation of the material by single fs pulse [1, 31, 45].

We would like to mention a couple of remarks regarding
the DSG technique. (1) The setup can be made fully
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Fig. 5 Transient change in crater diameter on single fs pulse exposure
(0.05 1) on 1-mm-thick agarose gel (1 %) surface. The experimental
data of change in crater diameter can be fitted by an exponential
function (d = 18 + 7.0 e™"** 4+ 03 e + 0.2 ¢7"'%) with three
different relaxation time constants as shown in the fit equation

automated and compact where the delay generator could be
replaced with software control. (2) Our technique can be
operated under a high vacuum condition to cleanly isolate
XUV or electron pulse(s). (3) It can also work with MHz
pulses, if the input beam diameter can be reduced, e.g., by
placing the two shutters near the focus. This suggests many
practical applications of DSG technique to study single-
shot phenomena.

5. Conclusion

In conclusion, we demonstrate that the double-shutter
gating technique provides a simple solution to the impor-
tant problem of cleanly selecting a single fs pulse from a
1 kHz pulse train. By placing two identical shutters in the
beam path and controlling their opening and closing time,
we generated a tunable transmission window which is
much smaller compared to a single shutter. Besides cleanly
isolating the single fs pulse, we also extracted the desired
number of fs pulses (N =1,2,3,...) from a 1 kHz pulse
train. Both the photodiode signal and fs ablation of Si
confirmed a clean selection of light pulses with clear dif-
ferences between single and multiple shot response. This
technique could also be used to optimize fs laser parame-
ters for precision processing of viscoelastic materials (skin,
tissues) by measuring their slow transient response after
interaction with a single fs pulse. The DSG setup is com-
pact, portable and can be easily inserted in the beam path
without altering laser configurations to study single fs pulse
phenomena. We envisage applications of DSG technique in
determining single-shot damage threshold of materials,
material processing, time-resolved spectroscopy with fs
pulses and in extracting short pulses of XUV or electrons.
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