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a b s t r a c t

We reported on the ablation depth control with a resolution of 40 nm on indium tin oxide (ITO) thin film
using a square beam shaped femtosecond (190 fs) laser (λp¼1030 nm). A slit is used to make the square,
flat top beam shaped from the Gaussian spatial profile of the femtosecond laser. An ablation depth of
40 nm was obtained using the single pulse irradiation at a peak intensity of 2.8 TW/cm2. The
morphologies of the ablated area were characterized using an optical microscope, atomic force micro-
scope (AFM), and energy dispersive X-ray spectroscopy (EDS). Ablations with square and rectangular
types with various sizes were demonstrated on ITO thin film using slits with varying x–y axes. The stereo
structure of the ablation with the depth resolution of approximately 40 nm was also fabricated suc-
cessfully using the irradiation of single pulses with different shaped sizes of femtosecond laser.

& 2016 Published by Elsevier Ltd.
1. Introduction

Indium tin oxide (ITO) is widely used as a transparent con-
ducting electrode for the fabrication of optoelectronic products
such as flat panel displays, touch panels, solar cells, and organic
light-emitting devices (OLEDs) due to its high electrical con-
ductivity and high transmittance in the visible and near infrared
(NIR) wavelength range [1]. In the field of display fabrication and
assembly, methods of controlling the micromachining depth of the
ITO thin films deposited on substrates as glass or Polyethylene
terephthalate (PET) were crucial for enhancing the optical trans-
mittance in order to reduce the power consumption and for im-
proving the electrical conductivity of ITO thin films in order to
reduce the resistance [2]. Although methods of patterning the ITO
thin film structure are predominantly surface monolithic proces-
sing techniques such as photolithography [3], there have been
technical issues in patterning on ITO thin films in the terms of
complexity, speed, and cost; the patterning also requires sophis-
ticated facilities and costly equipment as well as environment-
unfriendly toxic chemicals [4]. If direct patterning on ITO thin
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films with depth controlled and well defined morphologies can be
accomplished easily, it could be used at a low cost in various ap-
plications such as OLED displays, flat panel displays, touch panels,
solar cells, smartphones, and various electronic devices [5].

The interactions between ultrashort, high-intensity lasers and
several materials have become significant areas of interest since
the advent of high-intensity femtosecond lasers. Laser ablation is
the technology to remove target material from the substrate
through absorbing the laser energy, which can achieve the desired
area of clean patterning due to the local heating and material re-
moval [6]. In general, ultrashort pulse lasers induce small thermal
defects in the material compared with the irradiation of long pulse
lasers [7]. Above all, femtosecond lasers induce a precise ablation
threshold with reduced laser fluence due to their high peak in-
tensity with low pulse energies via the ultrashort pulse duration.
These attractive characteristics of femtosecond lasers have sti-
mulated the flexibility of laser micro-machining and minimized
thermal defects such as micro-cracks and debris. Thus, femtose-
cond lasers have been used as accurate material removal tools in
optoelectronic product fabrications due to their minimized ther-
mal effects on the materials [8]. Recently, significant attention has
focused on making the control of the ablation depth on ITO thin
films become more efficient, particularly for transparent electro-
des in high-density optoelectronic devices [9]. Although several
experiments of laser ablation on ITO thin films have been reported
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[10–12], the depth controls of the ablation area have not yet been
studied in detail, primarily because laser beams with circular
Gaussian spatial profiles have typically been used in previous
studies [13,14]. Gaussian beams have significantly different spatial
intensity profiles between the center and edge of the focused
beam. Recently, some research groups have reported laser ablation
on ITO thin films using several beam shaping techniques that were
applied to solar cells [15,16] and electrical devices [9]. However,
experimental results have not yet been reported for well-defined,
square-shaped ablation structures on ITO thin films with the depth
control of several tens of nanometers using the NIR femtosecond
laser.

In this paper, we reported on the ablation depth control with a
resolution of 40 nm on indium tin oxide (ITO) thin films through
controlling the pulse numbers of the femtosecond (190 fs) laser
(λp¼1030 nm) with a square beam. The beam that was shaped to
have a flat top from a Gaussian beam passed through a slit was
applied to the femtosecond laser patterning of ITO films. The
morphologies of the ablated areas were characterized using an
optical microscope, atomic force microscope (AFM), and energy
dispersive X-ray spectroscopy (EDS). Square and rectangular ab-
lations with different sizes were fabricated on ITO thin films using
a slit with varying x–y axes. The stereo structure of the ablation
with a depth resolution of approximately 40 nm was also de-
monstrated through controlling a single pulse with varying sizes of
the square beam shaped femtosecond laser. Although femtosecond
laser ablations on ITO thin films have been investigated previously,
to the best of our knowledge, this is the first report of the ablation
depth control with a 40 nm resolution. This process might be a
useful tool for high precision machining on ITO thin films in
electronic devices and display components using high-intensity
femtosecond lasers.
2. Experimental

The experimental setup was presented in Fig. 1. In the experi-
ments, a commercial regenerative amplified mode-locked Yb:KGW
laser (Model no.: S-Pulse HR, Amplitude Systemes, France) with a
central wavelength of 1030 nm, a pulse duration of 190 fs, a re-
petition rate of 30 kHz, and a maximum pulse energy of 66 uJ was
used. The pulse energy was measured using a power meter. The
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Fig. 1. (a) Schematical representation of the femtosecond laser systemwith a slit used in
OL: Objective lens). (b) Basic concept of the shaped beam using the slit.
beam had a diameter of 3 mm and the M2 quality parameter was
1.2. The laser beam was focused using an objective lens with 0.42
NA (Model no.: M Plan Apo NIR 50x, Mitutoyo). The laser beam
was focused at the front of the sample in order to avoid direct
ablation on the ITO by the lens. Then, the propagating defocused,
shaped laser beam was irradiated via the slit onto the surface of
the ITO thin film as depicted in Fig. 1(b). The ITO thin film sample
was fixed on a micro positioning stage controlled by a computer,
and it could be moved in the directions of x-, y-, and z-axes. The
pulse energy of laser was controlled using neutral density filters.
The femtosecond laser beam had linear polarization and the beam
profile of spatial Gaussian. As seen in Fig. 1, the Gaussian beamwas
shaped via the slit in order to have a flat top. The flat top beam had
a square shape due to the slit control. In this study, the following
laser ablation experiments were conducted in order to control the
ablation depth of the ITO thin film on the glass substrate using the
shaped flat top beam and to accomplish selective removal be-
tween the ITO thin film and glass substrate.

Information regarding the sample was presented in Fig. 2. ITO
thin films with a nominal thickness of 150 nm and a transmittance
of 90.5% (In2O3:SnO2¼90:10) were deposited on the glass sub-
strates (20�20�1.1 mm) using a DC magnetron sputtering sys-
tem. The six sides of the glass substrate were optically polished.
The sheet resistance of 10–15Ω was used in the experiments. The
ITO thin film was a commercial sample provided by WOOYANG
GMS Korea (www.solaronix.co.kr).

The surface characteristics of the ablated ITO thin films were
observed using an optical microscope (MM-20, Nikon), and the
three-dimensional data and cross-section samples perpendicular
to the ablated ITO thin film patterns were prepared using a
scanning probe microscope (XE-100, Park Systems). Finally, the
energy dispersive spectroscopy (Shrion, FEI) was used to identify
the remained elements at the selective ablation area between the
ITO thin film and glass substrate.
3. Results and discussion

In this study, experiments were conducted to control a single
pulse using the flat top beam shaped by a slit in order to control
the ablation depth. The well-defined localization of the photon
energy is crucial for removing the thin layers from the substrate
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Fig. 2. Photograph of the (a) sample and (b) sample information.

Fig. 3. Optical microscopic views of the morphology of the ablated ITO film using IR femtosecond laser irradiation with different pulse shots: (a) 0 shots, (b) 1 shot, (c) 2
shots, (d) 3 shots, (e) 4 shots, (f) 5 shots, and (g) 6 shots. The irradiated intensity of the laser beam was 2.8 TW/cm2.

H.-Y. Kim et al. / Optics and Lasers in Engineering 84 (2016) 44–5046
with minimized thermal effects for ultrafast laser ablation of any
material. The material removal only occurs if the pulse energy
reaches an ablation threshold, which is strongly dependent on the
material characteristics. For multilayer substrates, the ablation
threshold for each layer is the most important controlling factor
for the selective removal of the desired layer. The ablation
threshold of the ITO thin films and glass substrates were measured
in order to avoid damage on the glass substrate and to conduct
selective ablation successfully. The measured ablation threshold of
the ITO thin films in this experiment was 0.14 J/cm2 with a 190 fs
pulse duration. Ashkenasi et al. reported that the ablation
threshold of ITO thin films was approximately 0.2 J/cm2 with a
pulse width of 200 fs [17]. The difference in these thresholds could
be explained by the different etching rate due to the distinct
nature of each ITO thin film or the discrepancy of the exact pulse
shape of the ultrafast laser used in the ablation experiment. The
measured damage threshold of the glass substrate was 2.2 J/cm2 at
190 fs in the experiment. Selective ablation of the ITO layer
without damage to the glass substrate was realized at the laser
fluence between the ablation threshold of the ITO thin film and
glass substrate.

The optical microscope images of the morphology on the ab-
lated ITO thin film at the pulse irradiation for 1–6 shots were
presented in Fig. 3. The fluence of the irradiation laser was fixed at
0.8 J/cm2 in order to investigate the depth control on the ITO thin
film in the experiment. The fluence was higher than the ablation
threshold of ITO thin film (0.14 J/cm2) and less than that of glass
substrate (2.2 J/cm2). The peak power density was calculated about
2.8 TW/cm2 on the input surface of the ITO thin film when a
0.8 J/cm2 beam was irradiated. The ablated area was observed
using a microscope with a CCD camera and it was recorded on a
computer. A square pattern with a size of 10�10 μm was fabri-
cated using the slit’s size control. No change was observed when
the laser pulse was not irradiated (Fig. 3(a)). However, the ablation
was first observed after a single laser pulse irradiation at peak
intensity of 2.8 TW/cm2 (Fig. 3(b)). Ablations were observed after
increasing the number of laser pulse irradiations (Fig. 3(c) to (g)).
When six laser pulses were irradiated on the ITO thin film, it was
fully ablated and removed from the glass substrate. A different
color was exhibited in each ablated area. It was observed that the
color become darker as the number of irradiated laser pulses in-
creased. Therefore, it was inferred that the selective ablation be-
tween the ITO layer and glass substrate was successfully achieved
after the irradiation of six laser pulses.

The three-dimensional morphologies of the cross-sectional
profile with each different pulse shot were presented in Fig. 4. The
morphology of the ablated area was measured using an atomic
force microscopy (AFM). The 3D morphology in Fig. 4(a) was the
same as that of Fig. 3(b). Fig. 4(b)–(f) align with Fig. 3(c)–(g). As
discussed regarding Fig. 3, the ablation depth on the ITO thin film
increased when the irradiated pulses increased.

The measured two-dimensional depth morphologies of the
cross-section in the ablated area were presented in Fig. 5. It was
measured that the average depths of the square shaped ablation
were approximately 4073 nm (Fig. 5(a)), 8075 nm (Fig. 5(b)),
11076 nm (Fig. 5(c)), 13078 nm (Fig. 5(d)), 140711 nm (Fig. 5
(e)), and 150715 nm (Fig. 5(f)). The 2D depth morphology in Fig. 5
(a) was the same as the sample in Fig. 3(b) and Fig. 4(a). Fig. 5(b)–
(f) align with Fig. 3(c)–(g). It was found that the minimum re-
solution of the controllable ablation depth was 40 nm on the ITO
thin film using the square-shaped beam femtosecond laser. The
definition of the 40 nm resolution is the average of the ablated
depth rate at one pulse irradiation. The Rayleigh length was
10.7 μm. It was considered that different ablated depth rates were
induced by the different peak intensities at the irradiated focal
spots. This indicated that the ablated spot on the surface of the ITO
thin film that resulted from the tightly focused propagating fem-
tosecond laser pulse changed slightly according to the z-axis di-
rection due to the increase in the irradiated laser pulses. For the
pulse shots from 1 to 6, the ablation depth was ranged from 40 to
150 nm with an immovable ablation width of 10 μm. Because
there were increasing pulse shots from the laser, the ablation
depth increased, as depicted in Fig. 5. From the measured cross-
sectional profile of the ablated ITO thin film, it was clarified that
the controllable depth of ablated pattern by single pulse irradia-
tion was approximately 40 nm as seen in Fig. 5(a). Furthermore, it
was observed that the ITO thin film layer was completely removed
without damage to the glass after the irradiation of six pulses



Fig. 4. Images of the AFM 3D morphology data using IR femtosecond laser irradiation with different pulse shots: (a) 1 shot, (b) 2 shots, (c) 3 shots, (d) 4 shots, (e) 5 shots, and
(f) 6 shots.

Fig. 5. The AFM cross-sectional graph using the IR femtosecond laser irradiation with different pulse shots: (a) 1 shot, (b) 2 shots, (c) 3 shots, (d) 4 shots, (e) 5 shots, and (f) 6
shots.
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(Fig. 5(f)). There were ridges on both sides of the ablations; the
ridge heights at the boundary of the ablated area were less than
10 nm (Fig. 5(a) to (f)). For the strategy to get the finest depth
control, one way is to use single fs pulse with the energy fluence or
intensity just above the ablation threshold, the other way is to use
a low energy/intensity fs pulse with the control of repetition rate
(up to MHz) and shot number. The relationship between single
shots with high energy fluence and high repetition rate with low



Fig. 6. Image of the EDS data atomic percent components: (a) before irradiation and (b) after irradiation with the six shots in Fig. 5(f).

Fig. 7. Optical microscope views of the ablated rectangular and square shapes on
the ITO thin film using the single pulse irradiation of the IR femtosecond laser. The
ablation depth of the rectangular and square shapes was 40 nm.

H.-Y. Kim et al. / Optics and Lasers in Engineering 84 (2016) 44–5048
pulse energy to get the finest depth control should be studied in
future. With regard to the influence of the direction of polarization
on ITO thin film and its ablation rate, the single pulse process is
not likely to have a significant effect. However, to obtain accurate
ablation rate with the proper polarization, further study is re-
quired on the influence of the ITO thin film, scan direction and
proper polarization.

An energy dispersive spectrometer (EDS) was used to in-
vestigate the remained elements at the ablated area before and
after the laser ablation because a visual contrast of the optical
microscopic information did not reveal the chemical composition
change. The results were presented in Fig. 6. In order to evaluate
whether the selective ablation was achieved or not after the laser
irradiation of six pulses (Fig. 5(f)), the residual percentages of in-
dium and tin based ITO thin film was measured. The atomic per-
cent (at%) of each element through peak fitting was presented in
Fig. 6. The atomic percent of indium (In) and tin (Sn) were clearly
decreased in the ablated area after six pulses of laser irradiation.
The ITO was primarily composed of Sn and In [18]. For Sn, the
atomic percent changed from 0.7 at% to 0 at% after the ablation.
Furthermore, for In, the atomic percent changed from 5.65 at% to
0.41 at% after the ablation. It was thought that the selective abla-
tion of the ITO thin film occurred from the glass substrate.
Therefore, it was proposed that the small amount of In that re-
mained after the ablation came from the remaining debris in the
ablated area. Thus, it was considered that the ITO layer on the glass
substrate was selectively removed without damage to the glass.

As seen in Fig. 7, several sizes of ablations with square and
rectangular shapes were demonstrated on the ITO thin film using
single shot irradiation with a fluence of 0.8 J/cm2, a pulse duration
of 190 fs, and a wavelength of 1030 nm. The ablation depth was
40 nm in all ablation patterns. The ablation shapes were controlled
the varying the x–y axis slit.

The stereo structure of the ablation was also demonstrated
through varying the slit size at the single shot irradiation with a
fluence of 0.8 J/cm2, a pulse duration of 190 fs, and a wavelength of
1030 nm; this is seen in Fig. 8. The size of the patterned structure
varied from 25�25 (μm) to 5�5 (μm) with square shapes as a
result of controlling the single pulse number and slit size. The
depth of each ablated layer was observed approximately 40 nm.
The cross section of the stereo structure was depicted in Fig. 8(b).
The ablation depth was 40 nm at a size of 25�25 μm. However,
the rate of ablated depth gradually decreased as the slit size de-
creased. When the last single pulse with a slit size of 5�5 was
irradiated to structure the stereo shape, the shape of the cross
section at the bottom of the ablated area almost reached flatness.
The resolution of AFM at this situation was 0.001 nm. Considering
the thickness of the ITO film and the ablation experiment with the
pulse number control technique, this quantitatively explains that
the ITO film was completely removed.

In this experiment, we demonstrated the depth control of ab-
lation with a 40 nm resolution on an ITO thin film using square,
flat beam shaped femtosecond lasers. The slit was used to make
several types of flat beam shaped from the circular Gaussian beam.
The fluence of the femtosecond laser irradiated on the surface of



Fig. 8. Images of the (a) 3D stereo ablation and (b) cross-section morphology obtained from an AFM.
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the ITO thin film was fixed at 0.8 J/cm2 in order to investigate the
depth control. The fluence was higher than the ablation threshold
of the ITO thin film (0.14 J/cm2) and less than the ablation
threshold of the glass substrate (2.2 J/cm2). Several research
groups have reported investigations on ITO thin films [4], and
ablation structures with slits have been reported in several papers
applied in optical waveguides [19], solar cells [15], and electrical
devices [6]. However, experimental results have not been de-
monstrated for well-defined shaped ablation structures on ITO
thin films with the depth control of a 40 nm resolution using the
NIR femtosecond laser. A high flatness ablation structure with
well-defined square and rectangular shapes on the ITO thin film
was fabricated on the surface of the ITO thin film. The obtained
surface flatness in the ablated area was found less than 10 nm in
this experiment.

Although several studies on ITO using nanosecond and pico-
second lasers with ultra-violet (UV) wavelengths have been done,
experimental results have not yet been reported on micro-
machining using femtosecond lasers in the UV wavelength, to the
best of our knowledge. Based on the experimental results with
nanosecond lasers [4,22] and picosecond lasers [23] in the UV
wavelength range, it is expected that further improved depth
control and more precise, fine processing can be achieved using a
femtosecond laser in the UV wavelength due to the enhanced
absorption.

From the analysis of the ablated surface morphologies with
respect to the removal quality, it was found that the beam shaped
NIR femtosecond laser with a slit was preferable for high surface
flatness, fine edge ablated structures in comparison with a circular
Gaussian beam [20]. Furthermore, it was considered that more
precise pattern structures of optoelectronic devices could be
achieved through using greater fine depth control. In addition,
optoelectronic devices have strict specifications of high accuracy
ITO processing with fine structures; in particular, well-defined
edges are required [7].

The high height ridges of the ablated edges can frequently in-
duce very critical contact problems in the organic manufacturing
process of transparent conducting electrodes because organic
electronic devices are composed of high-density multilayer thin
film structures [21]. The thickness of the active films in optoelec-
tronic devices is typically in the range of 100 nm [20]. The ridges at
the ablated edges can cause short circuits in devices such as OLEDs
and solar cells, or they can cause reductions in the working
longevity and efficiency of the devices. Ashikenasi et al. reported
that the minimum ridge height of an ablated area on an ITO film
was more than 20 nm using Gaussian femtosecond lasers [17].
Thus, it is considered that the lower ridge height of 10 nm in the
ablated area that was obtained in this experiment provides a sig-
nificant advantage for the ITO ablation processing in optoelec-
tronic devices. Furthermore, proper polarization control results in
better ridge quality. The correlation between ridge quality and the
scan direction, specific beam shape, and proper polarization need
to be further studied to improve the ridge performance in the
future.
4. Conclusion

In summary, ablation depth control with a resolution of 40 nm
on ITO thin films was investigated with a pulse duration of 190 fs
and a central wavelength of 1030 nm. A single pulse controlled
square shaped femtosecond laser beam was used with a slit at the
peak intensity of 2.8 TW/cm2. For the pulse shots from 1 to 6, the
ablation depth ranged from 40 to 150 nm. The slit was used to
create several types of flat top beam shapes with squares and
rectangles from the Gaussian spatial beam profile of the femto-
second laser. When 6 pulses were irradiated, the atomic percent
changed from 0.7 at% to 0 at% for Tin and from 5.65 at% to 0.41 at%
for Indium after the ablation was achieved with EDS. The results of
this study could be useful in the precision machining design of
maskless procedures to control the ablation depth of ITO thin films
on glass substrates in the field of optoelectronic devices, such as
mobile phones, OLEDs, solar cells, and touch panels.
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