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Abstract

Indium tin oxide (ITO) exhibits transparency and high electrical conductivity in the visible and near-IR wavelength ranges.
Therefore, ITO is used in liquid crystal displays, organic light-emitting diodes, photovoltaics, and solar cells. However, ITO
must be partially ablated before employing it in applications. High-resolution patterning technology is required to obtain
the desired ITO morphology, and accordingly, various technologies have been developed. Recently, ultrafast lasers have
been widely used for controlled ablation because of their non-thermal properties caused by short pulse widths. This study
analyzes the changes in ablation characteristics as a function of various parameters such as pulse energy, pulse duration,
number of pulses, and wavelength. We show that the optimized ablation characteristics could lead to the efficient formation

of the desired morphology of ITO.

Keywords Laser ablation - Pulse energy - Pulse duration - Number of pulses - Non-thermal property

1 Introduction

Indium tin oxide (ITO) is widely used in liquid crystal
displays (LCDs), organic light-emitting diodes (OLEDs),
photovoltaics, and solar cells because of its transparency
and high electrical conductivity in the visible and near-IR
wavelength ranges [1-6]. Prior to use in applications, ITO
should be conducted partial ablation, and high-resolution
patterning technology is required to obtain the desired abla-
tion size and edge of ITO and to improve transparency and
electrical conductivity [7, 8]. For instance, conventional
photolithography with wet etching for microstructure pro-
cessing is declining due to its complexity, high cost, and the
chemicals used in the process [9]. Pulse laser ablation is a
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simple, fast, non-chemical, and non-contact method that has
garnered considerable attention in ITO ablation.

During the laser ablation of ITO, if the photon energy of
the irradiated beam is greater than the bandgap, electrons are
excited from the valence band to the conduction band. The
excited electrons absorb photon energy and transfer energy
to the surrounding lattice, and ablation takes place as the
electrons absorb energy [10, 11]. If the photon energy of
the irradiated beam is less than the excitation energy, excita-
tion does not take place, and electrons do not absorb energy.
However, if the pulse of laser beam has short width, high
intensity, and is focused to a small incident area, tunneling
ionization can take place because of the distortion of the
energy band due to light and electric fields; also, multipho-
ton absorption can be caused by the overlapping excitation.
As a result, free electrons are generated in the irradiated
area. Laser irradiation is often followed by heating of elec-
trons, transfer of their energy to the surrounding lattices, and
energy loss. As the energy is transferred to the surrounding
area, avalanche ionization occurs ionizing the surrounding
area [12—14].

Ultrafast lasers have been widely used in recent studies
on ablation processes because the time taken for a single
pulse to be irradiated is shorter than the time taken for the
transfer of heat to the surroundings due to the short pulse
width of the ultrafast laser. This also results in negligible
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thermal diffusion towards the periphery, improving spatial
resolution [10, 15-17]. Therefore, ablation with an ultra-
fast laser is used in micromachining, OLED repair, fine 3D
structure production, and Laser-assisted in situ keratomileu-
sis (LASIK) and Laser-assisted sub-epithelial keratectomy
(LASEK) [14, 18-24].

Various studies have been conducted to achieve high-res-
olution patterning on ITO by controlling the pulse duration,
pulse energy, and the number of pulses [7, 8, 20, 25-29].
However, very few studies have analyzed ablation character-
istics by simultaneously controlling the above conditions and
wavelength. In this study, we investigated the influence of
the ablation characteristics of pulse duration, pulse energy,
number of pulses, and wavelength. We show that optimizing
the ablation characteristics can lead to the highly efficient
ablation of ITO.

2 Methods and Materials
2.1 System and Schematic Diagram

In this study, we used the Pharos SP model (Light Conver-
sion) laser, with a fundamental wavelength of 1026 nm, tun-
able wavelengths of 513 nm and 355 nm, a minimum pulse
duration of 164 fs, and a pulse duration of up to 10 ps. This
laser has a maximum repetition rate of 200 kHz and maximum
pulse energy of 1 mJ. Moreover, it supports the single-pulse
operation. The experiment was conducted using pulse dura-
tions of 164 fs, 1 ps, and 10 ps with a repetition rate of 6 kHz,
and we compared the characteristics at wavelengths of 513 nm
and 1026 nm. The Fig. 1 shows the schematic optical setup of
the femtosecond laser ablation system used in this study. The
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Fig.1 Schematic of the ultrafast laser machining system (MS:
Mechanical shutter, NDF: Neural density filter, BS: Beam splitter,
OB: Objective lens, CCD: Camera, HL: Halogen lamp)
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beam was transferred to the objective lens (OB; Mitutoyo, M
Plan Apo NIR 20X, NA 0.40) through mirrors and beam split-
ter (BS). We employed a combination of a mechanical shutter
(MS) and a neutral density filter (NDF) to control the transmis-
sion of the beam and regulate its energy density, respectively.
After passing through OB, the laser beam was focused on the
ITO sample for ablation. The ablated area was imaged using
a confocal microscope (VK-X1000 Series) (KEYENCE).
Moreover, 5 nm of Cr and 45 nm of Au were deposited using a
Korea vacuum E-beam evaporator (KVET-C500200) to avoid
electron charging during the scanning electron microscope
(SEM) imaging and analyzed using a field emission-scanning
electron microscope (FE-SEM) (S-4800) (Hitachi). An ITO
thin film with a thickness of 250 nm was used as the ablation
target sample.

2.2 Ablation Threshold

The ablation threshold is determined by using lasers under
various conditions, including pulse energy and duration. The
energy of the point at which the ablation begins is set as the
ablation threshold. Alternatively, Liu et al. [30, 31] reported a
method using Eqs. (1)—(3) with nonlinear fitting approach to
determine the ablation threshold. In these equations, r is the
radius of the ablated area, p is the radius of the incident beam,
T is the temporal radius, t is the time variable, E is the flu-
ence, and E,, is the ablation threshold. Equation (1) exhibits
Gaussian spatial and temporal profile. The spatial distribution
of the fluence is given by Eq. (2). In Eq. (2), r and E|, can be
expressed as in Eq. (3). Using these equations, ablation thresh-
old can be calculated. Futhermore, there are other methods
to determine ablation threshold. Kautek et al. [32] analyzed
the visible damage caused by the formation of the ablation
area, and the point irradiated by multiple pulses, where the
ablated volume became null, was set as the ablation thresh-
old. Lenzner et al. [33] irradiated 50 pulses, and the point at
which the ablated volume became null was designated as the
ablation threshold using the characteristic that the ablated
volume varies linearly with the change in energy. The abla-
tion threshold is affected by the wavelength, pulse duration,
number of irradiated pulses, and surrounding environment,
which include temperature and humidity. Therefore, even if
the ablation threshold is obtained using a given material and
method, different results can be obtained each time. In this
study, the ablation threshold was determined when the ablation
diameter became null for a single pulse.

I(r, 1) = Iyexp(—r*/ pHexp(—* /7)[30, 31] ()
E(r) = / " dil(r,t) = Egexp(—1* /p»)[30,31] 2)
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P = pz(lnE0 - lnE,h) [30,31] ?3)

3 Results
3.1 ITO Ablation Threshold at 513 and 1026 nm

Based on Eqgs. (1)-(3), we investigated the ablation
threshold using a pulse duration was 164 fs with 513 and
1026 nm laser. To obtain the diameter of the ablated area
required for calculating the ablation threshold, the pulse
energy of a single pulse was adjusted before irradiating.
Figure 2a shows the pulse energy of the irradiated pulse
and the diameter of the ablated area, and Fig. 2b shows
the ablation threshold obtained using nonlinear fitting. In
this case, increasing the irradiated energy resulted in an
increase in the ablated area. The ablation area increased
until it became saturated. The ablation threshold was
obtained using the ablation diameter and Egs. (1)-(3). In
Fig. 2b, the x-intercept (the point where the ablation diam-
eter is 0) indicates the ablation threshold, which is calcu-
lated by extrapolating expression obtained using nonlinear
fitting. In Fig. 2b, r represents the radius of the ablation
area, and the fluence when r? becomes 0 indicates the abla-
tion threshold. The ablation threshold acquired at 164 fs
was found to be 0.68 J/cm? at 513 nm and 0.66 J/cm? at
1026 nm [8, 20, 34]. Figure 2b shows similar ablation
threshold at 513 and 1026 nm wavelengths, respectively.
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The similar ablation threshold at different wavelengths
can be explained by the combination of linear and non-
linear optics. According to Krause et al. [27], the absorp-
tion coefficient of ITO is approximately 4.1 x 10> cm™!
at 1026 nm and 2.1 x 10* cm™! at 513 nm. This implies
that in linear terms, 1026 nm has an absorption coeffi-
cient that is approximately twice as high as 513 nm. In
nonlinear terms, ITO has fewer free electrons than met-
als because ITO is a semiconductor with wide bandgap.
Thus, for energy to be absorbed by ITO, electrons should
be excited first [35]. Excitation of electrons requires the
photon energy of the laser to be higher than the bandgap.
Carey et al. [36, 37] reported a 3.5 eV bandgap for the
ITO, and Kim et al. [38] reported bandgap which is over
to be 3.8 eV. In the case of the 1026 nm laser, it has a pho-
ton energy of 1.21 eV, and the 513 nm laser has a photon
energy of 2.42 eV through Eq. (4). Owing to these values,
a nonlinear phenomenon must occur to generate electrons
for absorption, and in this study, excitation was generated
using a femtosecond laser. Therefore, in nonlinear terms,
the difference in the probability of occurrence of electrons
is two times greater at 513 nm than that at 1026 nm. Due
to the independence of linear optics and nonlinear optics,
mutual cancellation occurs. As a result, it is assumed that
similar ablation threshold values are calculated at wave-
lengths of 513 nm and 1026 nm.
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Fig.2 a Diameter of the ablation area on ITO at 164 fs: for a higher fluence, the ablation area is larger. (each measurement is repeated ten times,
triangle represent the average of ten data points). b Ablation threshold of ITO at 513 and 1026 nm
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3.2 Effect of Fluence on Ablation Morphologies

In this study, the ablation characteristics at 513 nm and
1026 nm were compared under the same pulse energy con-
ditions. The fluence should be considered before compar-
ing the pulse energies. According to Eq. (5), the ablation
diameters are different at different wavelengths. For different
wavelengths, if the same pulse energy was applied, different
values of pulse energy per unit area were irradiated. Com-
monly, Eq. (5) is referred to as the beam divergence [39]. In
Eq. (5) [39], 0 is the beam divergence, A is the wavelength,
and w, is the waist radius. As a result, to achieve the same
fluence (pulse energy per unit area), the pulse energy at
1026 nm should be set four times higher than that at 513 nm.
Figure 3 shows an ITO image in which the same fluence is
irradiated by setting pulse energy of 10 pJ at 513 nm and
40 pJ at 1026 nm. The ablation diameter of 1026 nm had a
larger value for all pulse durations than that of 513 nm. This
can be attributed to the larger beam diameter of 1026 nm
compared to 513 nm, coupled with the higher absorption
coefficient of ITO at 1026 nm, which is approximately two
times higher than at 513 nm. At 164 fs and 1 ps, materi-
als are ablated into a shape similar to that of a Gaussian
beam, while at 10 ps, they are ablated into a flat shape. At
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Fig.3 Comparison of ITO ablation with equal fluences

1026 nm, a relatively larger amount of pulse energy is irra-
diated compared with that at 513 nm, and distinguishing
the changes according to the pulse energy is difficult due to
the relatively thin ITO thickness of 250 nm. Therefore, in
subsequent experiments, the same pulse energy was fixed,
and the ablation characteristics were compared.

20 = 4

[39] 5)

3.3 Effect of Pulse Energy on Ablation
Morphologies

Ablation does not take place at extremely low pulse energies
and only starts when the pulse energy exceeds the ablation
threshold. However, if an excessively high energy pulse is
irradiated, it may damage the glass substrate under ITO. To
investigate the ablation characteristics in relation to pulse
energy, pulse energies of 5, 10, and 15 pJ were focused on
the ITO using a pulse duration of 164 fs and a single pulse.
Figure 4 shows the ablation image and ablation diameter
obtained by controlling the pulse energy. At 513 nm, the
ablation diameter varied from 25 to 32 um, and at 1026 nm,
the ablation diameter varied from 27 to 37 um. At both the
wavelengths, the ablation diameter increased with increas-
ing pulse energy. Despite the larger fluence at 513 nm, the
ablation diameter at this wavelength was smaller than that
at 1026 nm, due to the change in the beam size according to
Eq. (4). Eventually, the ablation area reached saturation and
ceased to increase further beyond a certain energy value.
The ablated area exhibited a hemispherical shape due to the
Gaussian beam and 164 fs pulse duration. Consequently,
the central area was more ablated than the outer area, as
observed in the confocal image and 2D morphology profile
of Fig. 4a.

The outer edge area is visible through the FE-SEM image
in Fig. 5. This edge part was ablated with a pulse duration
of 164 fs, and a sharp edge was formed. An increase in the
pulse energy had no significant effect on the edge part. This
observation demonstrates the nonthermal properties of the
femtosecond laser.

3.4 Effect of Pulse Duration on Ablation
Morphologies

The most noticeable effect of changing the pulse duration
is the change in heat generation. As the pulse duration
increases, heat diffusion is activated, and the heat-affected
zone grows in size. To investigate the change in ablation
characteristics as a function of pulse duration, the ITO was
irradiated using a single pulse with a pulse energy of 10 uJ,
but with varying pulse durations of 164 fs, 1 ps, and 10 ps.



International Journal of Precision Engineering and Manufacturing (2023) 24:1975-1988 1979
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Figure 6 shows the ablation image and ablation diameter
obtained by controlling the pulse duration. At 513 nm, the
ablation diameter varied from 20 to 27 um, and at 1026 nm,
the ablation diameter varied from 27 to 35 um. Increas-
ing the pulse duration at the same pulse energy results in
decreased pulse intensity and ablation diameter. At 10 ps,
for the same beam size, the maximum heat diffusion took
place. However, the intensity was low, and thus, the abla-
tion diameter was the smallest. Figure 6b shows that the
ablation diameter at 513 nm is smaller than that at 1026 nm.
Because the same pulse energy was irradiated at different
wavelengths, the fluence was larger at 513 nm, but the beam
size was larger at 1026 nm according to Eq. (4); therefore,
1026 nm laser rendered a larger ablation diameter. The

overall shape of the ablation area was hemispherical due to
the Gaussian beam, with the central area exhibiting more
ablation than the outer area. However, at 10 ps, the abla-
tion surface appeared relatively flat compared to the other
conditions. These characteristics were observed by confocal
microscopy image and 2D morphology profile. At 10 ps, the
relatively long pulse duration caused increased diffusion of
heat, ionizing the surrounding area and ablating the ITO
[17,26].

For the edge part, there was a considerable difference
with the change in the pulse duration. At 164 fs, the edge
part was ablated sharply because it was only slightly affected
by heat diffusion owing to the short pulse duration. The
pulse duration of 1 ps also exhibited a sharp edge, which was
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Fig.5 SEM images of the area shown in Fig. 4 (the entire ablated portion and the edge portion)

negligibly different from the pulse duration of 164 fs. For
the 10 ps pulse, heat diffusion became non-negligible, and
the non-thermal characteristics of the short pulse duration
subsided [26]. As shown in Fig. 7, at 10 ps, the edge part,
which was blunt compared to that for other pulse durations,
can be observed. At 10 ps, the edge appeared blunt, and
the morphology exhibited deformation due to heat. Thus, a
wider pulse duration resulted in a blunt edge part. At 10 ps,
the pulse intensity was low, resulting in relatively weak abla-
tion compared to the narrower pulse duration. Because of the
above characteristics, the sharpness of the edge is expected
to improve as the pulse duration decreases. Further, 513 nm
laser exhibited more pronounced changes. This is because,
at the same pulse energy, the differences observed are attrib-
uted to the combination of the wider pulse duration of 10 ps
and the higher fluence deposited on the ITO at 513 nm com-
pared to 1026 nm.

3.5 Effect of the Number of Pulses on Ablation
Morphologies

One way of obtaining the desired ablation size and edge
is by changing the number of pulses. To investigate the
effect of the number of pulses on the morphology, ITO was
ablated using a pulse laser with a pulse energy of 10 uJ,
a repetition rate of 6 kHz, and a pulse duration of 164 fs,
while varying the number of pulses from one to five. As
shown in Fig. 8, at 513 nm, the ablation diameter varied
from 26 to 29 pm, and at 1026 nm, it varied from 36 to

@ Springer KE_:E

38 um. As explained in the previous section, the 1026 nm
wavelength has a wider beam size and wider ablation
diameter (Eq. 4). As the number of pulses increased, the
ablation area also increased. This suggests that if the num-
ber of pulses increased before the saturation of ablation
area, the ablation area became wider. However, as shown
in Fig. 8, there is no significant difference in diameter
with increasing pulse number because the pulse energy
at n=1 is sufficient for ablation. Therefore, additional
pulses exhibit changes in the depth characteristics, rather
than affecting the diameter. Femtosecond lasers have non-
thermal properties owing to their short pulse duration, but
heat is continuously accumulated on the surface of the ITO
as pulses are irradiated. The accumulated heat melts the
ITO and overlaps with the subsequent irradiated pulses,
resulting in a larger ablation [40]. Moreover, by irradiating
several pulses, additional damage to the glass substrate in
the central region of the Gaussian beam was observed after
the ITO was ablated at 513 nm. This is due to the higher
fluence and photon energy of the 513 nm laser compared to
the 1026 nm laser, despite having the same pulse energy.

As shown in the previous section, a sharp edge was
observed at 164 fs. This sharp edge was observed when a
single pulse was irradiated. However, when multiple pulses
were irradiated at the same point, the accumulated heat led
to an acceleration of heat diffusion and the formation of
a wider heat-affected zone. Thus, if many pulses are irra-
diated, the thermal diffusion would increase, and unsharp
edges will be observed. Figure 9 shows the FE-SEM image
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Fig.6 a Confocal microscopic images of the ablation area for different pulse durations. b Diameter of the ablation area on ITO as a function of
the pulse duration at a pulse energy of 10 W and wavelengths of 513 and 1026 nm

of the area shown in Fig. 8a. As can be seen in Fig. 9, when
the first pulse was irradiated, a sharp edge was formed. Upon
further irradiation of subsequent pulses, the morphology of
the edge lost its initial sharpness. Additional ablation may
occur at the edge due to the successive pulses, but the overall
effect is similar to having a blunt edge due to the increased
heat deposition.

3.6 Effect of Combined Laser Parameters
on Ablation Morphologies

Figure 10 shows the results of an experiment where all the
conditions adjusted in the previous sections were applied.
The pulse duration was tuned to 164 fs, 1 ps, and 10 ps; the

pulse energy was set to 5, 10, and 15 pJ, and the number
of pulses was adjusted from 1 to 5, increasing one pulse at
a time. The ablation diameter observed in Fig. 10 are also
depicted in Fig. 11. In summary, a larger ablation occurred
when the pulse duration decreased, pulse energy increased,
and the number of pulses increased. The largest diameter
was obtained at a pulse duration of 164 fs, pulse energy
of 15 uJ, 5 pulses, and 1026 nm wavelength. The smallest
diameter was obtained at 10 ps, 5 pJ, 1 pulse, and 513 nm.
Furthermore, the edge part appeared sharper as the pulse
duration and number of pulses decreased, consistent with
the previously observed characteristics. Regarding the
edge part, no significant difference was observed between
164 fs and 1 ps, but distinct differences were evident at
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Fig.7 SEM images of the area shown in Fig. 6 (the entire ablated portion and the edge portion)

10 ps. The sharpest edge was observed at a pulse duration
of 164 fs and a single pulse, and a blunt edge was observed
at 10 ps and many pulses. Overall, the ablation charac-
teristics at 513 and 1026 nm exhibited similar trends for
a given set of variables, but they differed in the terms of
photon energy and spot size. To achieve the desired abla-
tion shape with a sharp edge, a pulse duration of 164 fs,
which ablates the same shape as the incident beam and
creates a sharp edge area, was identified as the optimal
parameter.

4 Conclusion

In this paper, an ultrafast laser was used to investigate the
ablation characteristics under different conditions. The
ablation threshold was obtained at each wavelength, and
experiments were conducted based on the same pulse energy
conditions. This study proposed a hypothesis to explain the
similar ablation threshold for ITO at 513 nm and 1026 nm
wavelengths, attributing it to the mutual cancelation of the
effects of linear and nonlinear optics. We obtained a large
ablation diameter for a large number of pulses having high
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intensity and short duration. Depending on the conditions,
the ablation characteristics and edge parts exhibited distinct
modifications, following specific tendencies. Furthermore,
in addition to the pulse energy standard, we introduced a
method based on fluence to account for the energy per unit
area. In this study, 513 and 1026 nm lasers were used, with
the 513 nm laser having a smaller beam diameter than the
1026 nm laser at the same pulse energy. Consequently, to
achieve matching fluence, four times the pulse energy must
be applied at a wavelength of 1026 nm compared to that
at 513 nm. According to Raciukaitis et al. [41], they com-
pared ablation characteristic of ITO using UV and Green
wavelengths. However, they employed a picosecond laser,
which has different characteristic compared to a femtosec-
ond laser. Therefore, we investigated ablation characteristic
of ITO with 513, 1026 nm wavelengths first, and plan to
investigate about ablation characteristic of ITO with UV
femtosecond laser. In conclusion, this study contributed to
determining the ablation tendencies under the same pulse
energy and various other conditions. These findings have
practical implications for utilizing ITO with variable abla-
tion characteristics in relevant applications.
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Fig. 8 a Confocal microscopic images of the ablation area for a different number of pulses. b Diameter of the ablation area on ITO as a function
of the number of pulses at a pulse energy of 10 pJ, a pulse duration of 164 fs, and wavelengths of 513 and 1026 nm
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