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Abstract: In this manuscript we present a true pulse-on-
demand laser design concept using two different ap-
proaches. First, we present a fiber master oscillator power
amplifier (MOPA) based quasi-continuous wave (CW) laser,
working at high modulation bandwidths, for generation of
nanosecond pulses. Second, we present a hybrid chirped
pulse amplification (CPA)-based laser, combining a chirped-
pulse fiber amplifier and an additional solid-state amplifier,
for generationof femtosecondpulses. The pulse-on-demand
operation is achieved without an external optical modu-
lator/shutter at high-average powers and flexible repetition
rates up to 40 MHz, using two variants of the approach for
near-constant gain in the amplifier chain. The idler and
marker seed sources are combined in the amplifier stages
and separated at the out using either wavelength-based
separation or second harmonic generation (SHG)-genera-
tion-based separation. The nanosecond laser source is
further applied to high throughput processing of thin film
materials. The laser is combined with a resonant scanner,
using the intrinsic pulse-on-demand operation to compen-
sate the scanner’s sinusoidal movement. We applied the
setup to processing of indium tin oxide (ITO) and metallic
films on flexible substrates.

Keywords: arbitrary repetition rate; fiber lasers; gain
control; high speed processing; pulse-on-demand.

1 Introduction

The ability to handle different processes with the same tool
and to achieve high production throughputs is becoming
more and more important for industrial applications. In
order to satisfy these demands laser-based tools must be
used in combination with high-speed scanning systems.
Currently, thehighest scanning speeds canbe achievedwith
polygon [1] and resonant scanners [2] or with acousto-optic
deflectors (AOD) [3, 4]. Although the later enables precise
scanning with high resolution it is limited by the smaller
working area and lower damage threshold compared to the
first two. The use of high-speed scanning systems imposes
stringent requirements also on the laser system itself. In
order to achieve highprocessing resolution, the laser system
must allow for rapid laser powermodulation that ismatched
with the scanning speed. What is more, laser systems that
are used in combination with polygon or resonant scanners
must be able to operate at continuously variable repetition
rates inorder to generate arbitrarypatternson theworkpiece
[5]. The reason for this is that polygon scanners are limited to
constant scanning speeds, which means that a laser with
constant repetition rate would only generate equidistant
structures on the workpiece. Similar issue arises with reso-
nant scanners, where the speed of the laser beam on the
workpiece sinusoidally changes due to the sinusoidal
oscillation of the scanner mirror. Lasers that are compatible
with both polygon and resonant scanners, that is that they
are capable of generating arbitrary patterns on the work-
piece, must therefore be able to generate laser pulses on
demand [6].

There are several methods used that enable pulse-on-
demand laser operation. One is a direct modulation of a
continuous wave (CW) or fixed-repetition-rate lasers [7]
with either acousto-optic modulators (AOM) or electro-
optic modulators (EOM). The main limitation with direct
modulation of the CW lasers is the low peak power of the
laser pulses, which is not appropriate for all applications.
Additionally, in order to achieve high modulation speeds
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with AOM, tight focusing is required posing limitations on
the laser power due to the damage threshold of the AOM.
Similarly, in the case of EOM, the laser power is limited by
the onset of thermal lensing caused by significant ab-
sorption in the EOM crystal.

Another approach is a direct modulation of high-
power diode lasers,which enables relatively simple setups,
but has a downfall of low beam quality compared to single
mode or few mode laser systems. However, the high
modulation bandwidth of these high-power diode lasers
can be exploited if they are used as pump for gain switched
lasers [8–12]. With gain switching technique a good control
over pulse-generation dynamics can be achieved and
therefore enabling pulse-on-demand operationwith nearly
single-mode beam quality. With this method laser pulses
with several 10 s of ns can be achieved [13].

Although the above methods offer some outstanding
flexibility, numerous new applications require ultra-
short laser pulses. Therefore, different approaches to
pulse-on-demand operation must be taken. One possible
method arose with the development of the beam com-
bination techniques. A precise phase control of the
combined beams allows for pulse-on-demand operation
by switching between constructive and deconstructive
interference [14].

Other methods that offer ultrafast pulse-on-demand
operation typically depend on some sort of gain control in
the laser amplifiers. It is possible to directly modulate
pump power [15], however, this method is often limited by
the slow response times and in some cases must include
advanced thermal management setups for pump wave-
length stabilization [16]. A different approach uses addi-
tional idler light source which keeps the population
inversion at constant level, between selected marker pul-
ses, even in the case of continuous pumping of the
amplifier [17–19]. In order to achieve pulse-on-demand
operation, idler and marker light must be separated at the
laser output, so that only marker pulses are sent to the
workpiece. Two techniques for idler andmarker separation
are typically used. One is based on different polarizations
or slightly different wavelengths of idler and marker pul-
ses, so that they can be separated using a polarizing beam
splitter or with an appropriate wavelength filter, respec-
tively. The other method is to introduce long idler pulses or
even CW idler light between short marker pulses. Due to
different pulse durations, idler and marker pulses can be
separated at the output via the second harmonic genera-
tion (SHG) [17, 20, 21].

High-speed high-throughput processing is the most
relevant when a single laser pulse per spot is sufficient
to achieve the desired material modification or ablation

effect. Thin film materials, either conductive, semi-
conductive, or dielectric, arewidely used in industrial and
research applications, and fit to the mentioned criteria.
Laser ablation and modification of indium tin oxide (ITO)
layers has received widespread interest in recent years,
with applications based on both nanosecond [22–26] and
pico-/femtosecond [27–30] laser processing systems.
Similarly, laser processing of metallic thin films is an
active field of research, where either nanosecond [31–33]
or pico-/femtosecond pulses [34–38] can cause the
desired changes on the material. Thin film materials are
mainly deposited on glass substrates, especially for basic
research work, but work has been also done Cu films on a
flexible polymer substrate [32] or ITO layers on poly-
carbonate plastics substrates [26], both relevant in in-
dustrial setting.

In this paper we present two laser sources, both using
additional idler source to achieve gain control in the am-
plifiers, and both capable of producing pulses on demand
with the ability to efficiently synchronize with the high-
speed polygon and resonant scanners for covering different
laser applications. Their capabilities are analyzed and the
surface engineering application of thin film on flexible
substrates using the described pulse-on-demand operation
is presented.

2 Materials and methods

To ensure stable laser operation, the laser must be operated under
constant conditions i.e., in either CW operation or at a fixed pulse
repetition rate. In these cases, a steady state is achieved in a gain
media. The problem arises when a pulse-on-demand operation is
desired. With pulse-on-demand operation, pulse repetition rate is not
constant which in return causes gain fluctuations in the laser ampli-
fiers. A schematic of such fluctuations is presented in Figure 1, where
we can see that without appropriate gain control, the amplitude of the
laser pulses can vary significantlywhich is not desirable formost laser
applications.

It can be seen fromFigure 1(a), that if the interval betweenmarker
pulses increases, the population inversion and with that the gain in
the amplifier also increases, causing high pulse amplitude in the first
upcoming laser pulse, which can exceed the damage threshold of
optical components in the laser systems. In order to avoid such
detrimental effects, additional idler pulses are introduced instead of
missingmarker pulses, that prevent inversion population buildup and
with that ensuring constant gain for all laser pulses Figure 1(b).

As it was already mentioned in the introduction, idler pulses
must be separated from marker pulses at the laser output. There are
several ways in which we can achieve this separation. In the following
sections twomethodswill be presented inmore detail. One is based on
wavelength-based separation and the other implements a SHG unit
that uses nonlinear optical processes, to filter out idler pulses from the
pulse sequence.
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2.1 Wavelength-based separation

An experimental setup for pulse-on-demand operation based on a
wavelength separation of idler and marker pulses is designed in a
master oscillator power amplifier (MOPA) configuration and its
schematic is presented in Figure 2. The MOPA design consists of two
seedmodules, one for idler and the other for marker pulses, which are
then amplified in a single pass through two fiber amplifiers. The seed
modules used are gain switched laser diodes operating at 1064 and
1060 nm generating marker and idler pulses, respectively. The length
of marker and idler pulses can be varied from 20 ns up to CW opera-
tion. The Yb doped fiber amplifiers are pumped with 967 nm diode
lasers, enabling 200 W of output laser power.

After the amplification stages, idler and marker pulses are
separated with a volume Bragg grating (VBG) element, which reflects
the light at marker wavelength and transmits the light at idler wave-
length. The marker/idler pulse modulation bandwidth was
20–40 MHz.

2.2 SHG-based separation

Second harmonic generation is a nonlinear optical process and is
therefore highly dependent on the laser pulse intensity. If the duration
of the marker pulses is much shorter compared to idler pulses, the

efficiency of the SHG process will be much higher for marker pulses
compared to idler pulses. In this way we can efficiently eliminate idler
pulses from the pulse sequence, sending only marker pulses to the
workpiece. This method is therefore especially suitable for ultrashort
marker pulses, that are combinedwith long (several ns) idler pulses as
is the case in a here presented laser system.

The experimental setup of a femtosecond pulse-on-demand laser
system is presented in Figure 3. It consists of a mode-locked fiber
oscillator that generates picosecond marker pulses with 30 MHz
repetition rate and with 1030 nm center wavelength. The pulses are
then stretched to ∼ps with a chirped fiber Bragg grating stretcher
(CFBG). After first amplification stage, an acousto-optic modulator is
used, to select only the desired marker pulses from the high repetition
rate pulse train. Instead of missing marker pulses, additional idler
pulses are introduced to the pulse train after the pulse picker. The idler
pulse source is a gain switched laser diode, generating long pulses
with ∼30 ns duration. The combined pulse train is then amplified in
two fiber amplification stages and one solid-state amplification stage.
The solid-state amplification stage is needed to reduce the undesired
nonlinear effects that occur due to high pulse intensities in the fiber
amplifiers due to small core diameters of optical fibers [39]. The beam
size in the solid-state amplifier is much larger compared to the fiber
core size, which allows for additional pulse amplification with negli-
gible nonlinear effects [40]. Fiber amplifiers are pumped with 976 nm
laser diodes whereas the solid-state amplifier (Yb:YAG) is pumped
with 969 nm laser diode.v

Figure 1: A schematic of pulse-to-pulse
amplitude fluctuations. (a) When changing
the laser operating conditions from a fixed
repetition rate to a different repetition rate
without additional gain control. With
appropriate gain control i.e., with additional
idler pulses (b), constant pulse energies can
be achieved without transient fluctuations.

Figure 2: A schematic of an experimental setup for pulse-on-demand operation based on wavelength separation.
The system is designed in a MOPA configuration with two gain switched diodes used as a seed module (a). The wavelength of the idler seed
diode was 1060 nm, and the wavelength of the marker seed diode was 1064 nm. The pulses were then amplified in two consecutive fiber
amplifiers (b) and (c). After amplification, idler and marker pulses were separated with a VBG (d).
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After the amplification stages, the laser pulses are compressed
with a grating compressor with 1700 l/mm in a Littrow configuration
down to ∼500 fs. The compressor efficiency is ∼80%. Because of the
narrow spectrum of the idler pulses, the pulse compression does not
change their duration, so that they remain ∼30 ns long. This large
difference in pulse duration betweenmarker and idler pulses results in
1:3000 contrast ratio in pulse energy after the SHGwhich translates to
more than 1:108 contrast ratio in pulse peak power.

2.3 Material processing setup

The MOPA-based laser was used for a material processing experi-
mental setup including resonant scanner and AGC-PC driver elec-
tronics (model SC-30, Electro-Optical Products Corp.). The trigger out
signal from the electronics board happened once per period of the
resonant scanner, which was tuned to a resonant frequency around
3460 Hz. Each trigger was used as a starting point for each line
scanned in x-direction, while in the perpendicular direction a me-
chanical stage was moving at a constant speed to ensure separation
between the scanning lines. A precomposed sequence of laser pulses
and pauses was sent to the laser at each trigger, ensuring the desired
output laser pulses for the whole scanning line.

Deflection angles imposed by the scanner’s position at the time of
laser pulse incidence were imaged to the back aperture of a micro-
scope objective by relay optics, to ensure laser beam positional sta-
bility at the entrance pupil. The laser beam pivoting point was
translated from the resonant scanner’mirror surface to themicroscope
objective’s back aperture (schematic in Figure 4(a)) We used two

different objectives for laser beam focusing, a Thorlabs LMH-5X-1064
with 5× magnification and numerical aperture of 0.13 (effective focal
length 40mm), and anOptoSigma PAL-10-NIRwith 10×magnification
and numerical aperture of 0.3 (effective focal length 20 mm). Both
objectives are optimized for laser beams at a 1064 nm wavelength.
Given the input laser beam diameter the calculated laser spot sizes on
material were 13 and 26 µmusing the LMH-5× objective and 5 μmusing
the OptoSigma objective. Two different spot sizes through the same
objective were a result of using different input beam diameters
throughout the experiments. Laser pulse energy onmaterial was up to
6 μJ and could be reached regardless of the pulse repetition rate or
pulse sequence used.

The desired pulse position distribution on the material was
recalculated into the requested pulse emission timings with respect to
the resonant scanner’s sinusoidal movement. The requested exact
pulse timings were further recalculated on a discretized time domain
to accommodate the 20 MHz repetition rate used in the experimental
version of the laser source. In addition to the generation of best
possible timings, we have also numerically simulated what kind of
pulse distributions could be achieved with current state-of-the art
lasers (2 MHz pulse-picker based pulse-on-demand operation) and
compared those distributions on material for comparison within our
experimental setup. The difference between timings of laser pulse
emission and the corresponding position on the material is illustrated
on graphs in Figure 4(b).

Materials used were metallic and transparent conductive oxide
thin film materials. Sputter-coated aluminum film on glass substrate
had a thickness of 40 nm, while the ITO on glass samples had
15–20 nm films. As the pinnacle of current industrial interest are

Figure 3: A schematic of a femtosecond pulse-on-demand laser system. The laser system comprises a mode-locked oscillator that generates
ps laser pulses which are then stretched with a pulse stretcher (a). After the first amplification stage (b), the pulse picker which is an acousto-
optic modulator picks the selected marker pulses from a high rep. rate pulse train coming from the oscillator. After the pulse picker, the idler
pulses are introduced instead of missing marker pulses (c). The combined marker and idler pulses are then amplified in two fiber (d), (e), and
one solid-state amplification stage (f). The marker pulses are then compressed with a pulse compressor (g) prior to second harmonic
generation at the output (h).
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flexiblematerials,wehave also obtained samples of ThorlabsOCF2520
ITO-coated PET sheets (total sheet thickness 0.2 mm), Teijin
PFC100-D150 ITO-coated PC-sheets (total sheet thickness 0.1mm), and
PolyIC PolyTC Ag-coated PET sheet (total sheet thickness 0.05–
0.075 mm). The substrate defines both the selective laser ablation
process in terms of ablation thresholds as well as the adhesion of the
thin film material.

The term intrinsic in Figure 4 refers to pulse on demand opera-
tion,where the desired pulse sequence is achievedwith the laser itself.
It is achieved by introducing additional idler pulses to replace the
eliminated primary pulses from the desired pulse sequence. The idler
pulses ensure constant inversion population of the gain media and
therefore eliminate pulse to pulse fluctuations in the output pulse
sequence.

3 Results and discussion

With the use of an additional idler source a stable pulse-on-
demand operation was achieved with both presented laser
systems. The achieved laser parameters and an example of
their operation in pulse-on-demand regime are presented

in the following sections, along with the example of an
application with a resonant scanner and a pulse-on-
demand operation of a laser.

3.1 Wavelength based separation

An example of pulse-on-demand sequence from a wave-
length separation-based setup is shown in Figure 5. The
results presented in this figure show a selected marker
sequence on the workpiece, where the sequence is con-
structed from five marker pulses followed by the five
missing pulses. On the figure only the peak powers of the
pulses are shownas blue circles. From results presentedwe
can see that almost no overshoot occurs when switching
marker pulses on and off.

The achieved contrast between idler and marker pulses
in the case presented in Figure 5 was 25 dB. The marker
sequence duration could be varied from single pulse (20 ns)
up to quasi-CW operationwithmarkermodulation frequency

Figure 4: (a) Schematic illustration of the
main the experimental systemcomponents.
(b) The graph shows pulse positions on
sample as functions of position along the
scanning line for three different pulse
distributions – at fixed repetition rate of
800 kHz (blue symbols), at fixed repetition
rate of 2 MHz with external pulse picker for
pulse-on-demand operation (red symbols),
andwith intrinsic pulse-on-demand at up to
20 MHz repetition rate (yellow symbols).

Figure 5: A selected pulse-on-demand sequence after wavelength separation of idler pulses from the marker pulses. A selected marker
sequence consists of five marker pulses, followed by five missing marker pulses that were replaced by idler pulses. The figure shows only
pulse peak powers that are presented with blue circles.
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of 40MHz. The peak power of themarker pulseswas∼200W.

With the presented laser system, a beam quality of M2 = 1.5
was achieved.

3.2 SHG based separation

Similar results were obtained with the laser system that is
based on a SHG separation of idler and marker pulses. A
selected pulse-on-demand sequence obtained with this
laser system is presented in Figure 6. The results show a
comparison between the simulation results and measured
results both before and after idler separation. The selected
sequence consists of varying number of marker pulses
followed by varying number of idler pulses, showing a true
pulse-on-demand capability. From the results presented in
Figure 6 we can see good agreement between the simula-
tion and measured results, and what is more, we see, that
the pulse energy is constant regardless of the interval be-
tween desired marker pulses.

For comparison with results presented in Figure 5 a
different pulse-on-demand sequence was constructed also
with a SHG separation-based system. The pulse-on-
demand sequence shown in Figure 7 therefore consists of
several marker sequences with varying duration. The
marker pulses in each sequence were modulated with a
2 MHz repetition rate. Between the marker sequences idler
pulses were introduced as gain control and were filtered at
the output with a SHG. From the presented figure we can
see that an arbitrary duration of marker sequence can be
achieved with arbitrary interval between the desired
marker sequences without any transient effects when
switching between marker and idler pulses.

With the SHG method of marker and idler separation a
contrast of 35 dB in pulse energies was achieved which
corresponds to a contrast of 80 dB in pulse peak power
between idler and marker pulses. This high peak power
contrast is a consequence of large difference between idler
andmarker pulse durations, where the first are several 10 s
of ns long and the second are compressed to ∼500 fs.

The presented laser system enabled us to achieve
pulse-on-demand operation with ultrashort marker pulses
with 450 fs duration and with up to 300 µJ pulse energy.
The measured autocorrelation trace of the marker pulses is
shown in Figure 8. From the results in Figure 8 we can see
that the measured autocorrelation trace is in good agree-
ment with the theoretical autocorrelation trace that corre-
spond to ideal Sech2 pulses. There is almost no pedestal or
sidelobes present in the autocorrelation trace, indicating
that all pulse energy is concentrated in a short time interval
around the maximum. The output laser beam from this

hybrid laser operating at pulse-on-demand had aM2 of 1.4.

Figure 6: The figure shows simulated (a) and
measured results (b) for a selected pulse-
on-demand sequence both before (b) and
after idler separation (c) with a SHG.
The presented traces were measured with a
photodiode and an oscilloscope. The
amplitude of marker pulses is lower as they
have longer pulse duration compared to the
marker pulses. A presented sequence is
constructed with varying number of marker
pulses followed by varying number of idler
pulses. Results published in [20].

Figure 7: A measured pulse-on-demand sequence after SHG in a
hybrid laser system. Results published in [20].
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3.3 Thin film processing results

Two laser operation modes were chosen for comparison to
our variable repetition rate laser source, and to highlight
the advantages of a native pulse-on-demand mode for
controlled material processing. At a constant repetition
rate of 800 kHz, evenly spaced craters at an interval of
45 μm were manufactured at the middle of the scanning
range, while exhibiting highly accumulated laser pulses at
the beginning and end. The second option, a simulated
operation at 2 MHz with the pulse picker at output, irreg-
ularities in the crater pattern where observed (varying
distance between neighboring craters), in line with the
calculations. Using the intrinsic pulse-on-demand capa-
bilities at 20 MHz, the achieved positioning accuracy was
3 μm or better throughout the scanner’s range, while the
scanning speed on material was up to 60 m/s and the
average scan speed of around 21m/s.We used the focusing
setting corresponding to the calculated beam diameter of
13 μm on material in this case (see Figure 9).

We demonstrated the capability to use a constant
scanning regime combined with intrinsic pulse-on-demand

laser operation to create arbitrary patterns on thin film
materials. Arbitrary patterns are composed of continuous
lines of arbitrary lengths and arbitrary pauses in between,
i.e. are based on the ability to either separate the conse-
quent pulses for as long as necessary or create sequences
of pulses at continuously varying repetition rates. ITO on
glass was used as a proof of concept – to check whether
appropriate ablation conditions can be achieved under
the given focusing conditions. Single craters were suc-
cessfully structured with the available pulse fluence, but
the continuous line proved to be an issue with the ITO
residue left on the substrate after the process of laser
ablation, regardless of the laser fluence used. IR nano-
second laser pulses are only weakly absorbed in the glass
substrate, therefore no damage to the substrate was ex-
pected and it was not observed either. Additional research
is needed to investigate the observed phenomena and
compare the results with other literature. Some related
work shows that use of significantly shorter laser pulses
(10 ps) is beneficial under such circumstances, while
showing rather similar results to ours when using ps
pulses. The two other materials processed were thin film
materials on flexible substrates. A successful creation of
various patternswas observed on both, ITO on PET andAg
on PET materials (Figure 10(b) and (d)). Contrary to the
aforementioned experiments, the formation of a contin-
uous line in ITO on PET was created without residue.
Rougher line edges in Ag on PET point to thin film mate-
rials’ weaker adhesion to the substrate compared to the
ITO film on glass, and similar conclusion may be true for
ITO on PET. The weaker adhesion is confirmed by the AFM
imaging of the ITO crater in Figure 10(c), where a part of
the ITO layer is hanging over the crater’s middle left side
edge. A highly localized process of peeling or laser-
induced lift-off, either probably catalyzed by the weaker
adhesion, also induced the rougher line edges in the Ag
on PET material, as seen in bottom of Figure 10(d).

Figure 8: Measured autocorrelation trace of marker pulses with
300 µJ energy and comparison with theoretical autocorrelation from
ideal Sech2 pulses. Results published in [20].

Figure 9: Experimental realization of three different laser modes, shown from top to bottom as following: Constant 800 kHz pulse repetition
rate, 2 MHz pulse repetition rate with pulse picker emission control, and full pulse-on-demand at 20MHz. We have observed small deviations
from circular crater shapes,which aremostly the result of the initial beamprofile, quality, and astigmatism. Scale bar equals to 200 μm.Result
published in [5].
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4 Conclusion

True pulse-on-demand operation, intrinsically achieved
with the laser design, must result in equal pulse energies of
output pulses, regardless of the emission timing. Transient
pulse dynamics must therefore be carefully taken care of,
typically with a chosen gain control mechanism. Addi-
tional complexity must be considered with a hybrid laser
design, i.e. when combining fiber amplifier with a solid-
state amplifier, because different gain spectra are com-
bined in a single end effect.

In this work, we presented two approaches to achieve
pulse-on-demand sequences with minimal transient
pulse energy dynamics, regardless of the pulse frequency
variability. The method of gain control was to insert idler
pulses instead of primary seed pulses when the output is
not needed, to achieve a stable amplifier chain gain, and
separate the two pulse streams at the laser output.
Nanosecond pulses were wavelength separated, while
femtosecond pulses were separated by their duration in
combination with SHG efficiency difference due to peak
power.

To test the custom-made laser source pulse-on-demand
capabilities on a material processing application, we have
developed an experimental setup that combines the laser
with an ultrafast resonant scanner to achieve ultrafast
surface modification. The pulse-on-demand capabilities,
approximately an order of magnitude faster compared to the
industrial-standardpulsepicker solutions,were the enabling

factor in achieving the structuring speed and precision
demonstrated on the application.

We have demonstrated selective thin film surface
structuring on both ITO and metallic films on flexible
substrates, while an ITO layer on glass was fully achieved
in processing of single spots. The thin film material
response to nanosecond laser pulses was well confined
to the center of the laser beam, exhibiting little influence
on the surrounding material and/or on the underlying
substrate, regardless of the material type used. This
points to the high-frequency high-power nanosecond
source being a highly suitable laser choice for the
application, presenting a cost-effective option, with
possible further improvement in both the average output
power and repetition rate.

Further research and experimental work is planned on
characterization of the femtosecond laser source on high
speedmaterial processing applications, aimedat demanding
applications combining improved precision, and process
control while scaling down the feature size towards high
speed microprocessing.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: This work was funded by Slovenian
Research Agency (P2-0270) (L2-9240).
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Figure 10: (a) Bright field (first and third image) and dark field (second and fourth image) views of structured ITO on glass – ITO layer not
completely removed in lines. (b) Structured Thorlabs OCF2520 ITO-coated PET sheet – selective ablation of ITO thin film observed with
negligible damage to the substrate. (c) AFM imaging of a conductive line and a single crater in ITO. (d) Structured PolyIC PolyTC Ag-coated PET
sheet – selective ablation of Ag thin film with small effects on the substrate. Scale bars equal to 50 μm.
Result published in [5].
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