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Abstract
This study compares the ablation morphologies obtained with a femtosecond laser of both Gaussian and quasi-flat top beam 
profiles when applied to indium tin oxide (ITO) thin films for the purpose of OLED repair. A femtosecond laser system with 
a wavelength of 1030 nm and pulse duration of 190 fs is used to pattern an ITO thin film. The laser fluence is optimized for 
patterning at 1.38 J/cm2. The patterned ITO thin film is then evaluated through both optical microscope and atomic force 
microscope. Ablations with a square quasi-flat top beam are demonstrated using slits with varying x–y axes. With the Gauss-
ian beam, the pattern width of the ablated area is shown to range from 9.17 to 9.99 μm when the number of irradiation pulse 
increases from one to six. In contrast, when slit control is used to obtain a quasi-flat top beam, the ablated pattern width 
remains constant at 10 μm, despite the increase in the number of pulse. The improved surface roughness is correlated with 
the quasi-flat top beam through measured Ra values. Furthermore, when using the Gaussian beam, the minimum resolution 
of the controllable ablation depth on the ITO thin film is found to be 60 nm. In contrast, when the quasi-flat top beam is used, 
the minimum ablation depth decreases to 40 nm.

1  Introduction

Because of the high optical transparency of indium tin oxide 
(ITO) thin films at visible and near-IR light wavelengths 
and their high electrical conductivity, these materials are 
widely used as transparent conducting oxides (TCOs) in 
the manufacture of optoelectronic devices such as organic 
light emitting diodes (OLEDs) and organic solar cells [1]. 
However, some technical issues continue to inhibit the 
application of ITO thin films; among these are the needs 
to improve the components’ luminous efficiency, reduce 
their power consumption, and increase their lifetime. In the 
various industries that use display devices, the methods for 

controlling the patterning depth of ITO thin films are cru-
cial to improving their optical transmission and electrical 
conductivity, and reduce their resistance. Enhanced optical 
transmittance results in reduced power consumption and a 
subsequent increase in the lifetime of the device [2]. In addi-
tion, the resistivity of an ITO pattern should be as low as 
possible to obtain a high response in display devices such as 
OLEDs and flat panel displays. Furthermore, well-defined 
electrode morphologies are important for repairing optoelec-
tronic devices because irregularly patterned morphologies 
can cause malfunctions or low efficiencies in the devices. 
Irregularly formed morphologies also generate unfavorable 
isolations that cause failure when repair of the devices is 
attempted [3, 4]. Therefore, a uniform morphology of the 
formed pattern is essential to successfully repair OLEDs.

To form TCOs, a photolithography process has con-
ventionally been used to fabricate ITO thin films on a 
substrate [5]. Photolithography consists of a wet etching 
process in acidic solution. However, wet etching processes 
are often associated with a variety of problems that occur 
during the manufacturing process, including chemical con-
tamination from the use of hazardous acids, the under-cut 
effect, swelling of the photoresist, high costs, and damage 
to the substrate [6]. Therefore, a direct patterning process 
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must be found to replace photolithography. Direct laser 
patterning is one such dry etching method, and many 
studies have applied this method to fabricate patterns on 
TCO films [7–9]. Laser ablation removes materials from 
a substrate by direct absorption of the laser energy, and 
can produce the desired combination of detailed patterns 
by localizing the material removal [10]. Laser processing 
is advantageous because it reduces the number of steps 
necessary for traditional processing. Moreover, laser pro-
cessing has additional advantages, including non-contact 
processing, high speed, high accuracy, and reduced envi-
ronmental pollution.

Since the advent of high-intensity femtosecond lasers, 
the interactions between these ultrashort, high-intensity 
lasers and several materials has become an area of signifi-
cant interest [11, 12]. Laser ablation achieves clean pat-
terning without damaging the substrate by locally heating 
and removing material [13]. In general, ultrashort pulsed 
lasers induce precise damage thresholds with reduced 
laser fluence because of their high peak intensity and low 
pulse energies resulting from the ultrashort pulse duration. 
These attractive characteristics of femtosecond lasers have 
enhanced the flexibility of laser micromachining and mini-
mized thermal defects such as micro-cracks and debris; 
for these reasons, femtosecond lasers have been used as 
accurate material removal tools in the fabrication of opto-
electronic devices [14].

Laser beams with circular Gaussian spatial profiles 
have typically been used for pattern ablation [15, 16]. A 
Gaussian beam has significantly different spatial intensity 
profiles between the center and edge of the focused beam. 
Recently, some research groups have reported laser ablation 
of ITO thin films for electrical devices and solar cells using 
a Gaussian beam [17–19] and Bessel beam [20]. Although 
the laser patterning of ITO thin films with a Gaussian beam 
has been previously reported, Gaussian and quasi-flat top 
beams have not been compared in terms of their respective 
capacities to minimize ridges and control depth. Optimizing 
the beam shape to improve the pattern quality is expected 
to largely determine the repair success yield, which, in turn, 
is expected to provide a significant advantage in terms of 
industrial development and cost reductions in the OLED 
market. Therefore, the experiment reported here compares 
the results of different beam shapes on the same target to 
advance the OLED repair industry [21].

This study compares the width variation, surface rough-
ness, and ablation depth of ITO thin films fabricated with 
Gaussian and quasi-flat top beams by controlling the number 
of pulses of the femtosecond laser. The quasi-flat top beam 
originated from a Gaussian beam that was passed through 
a slit. The morphologies of the ablated areas were charac-
terized with an optical microscope (OM) and atomic force 
microscopes (AFM).

2 � Experimental setup

A schematic diagram of the experimental setup is shown in 
Fig. 1. In the experiments, a commercial regenerative ampli-
fied mode-locked Yb:KGW laser (S-Pulse HR, Amplitude 
Systèmes, France) with a 1030 nm central wavelength, a 
pulse duration of 190 fs, a repetition rate of 30 kHz, and a 
maximum pulse energy of 66 μJ was used to pattern the ITO 
thin films. The pulse energy was calculated after measur-
ing the laser power using a power meter. Depending on the 
experimental arrangement, either a Gaussian beam profile 
or a quasi-flat top beam profile was used. Figure 2 shows 
charge-coupled-device (CCD) camera images of the Gauss-
ian and quasi-flat top beams. The beam M2 quality parameter 
was 1.2, and the laser beam was focused using an objective 
lens with 0.42 NA (M Plan Apo NIR 20X, Mitutoyo, Japan). 
The beam diameter at focus was 2.25 μm. The beam diam-
eter at focus is given by:

where λ is the wavelength, �0 is the beam waist, NA is the 
numerical aperture, M2 is the beam mode parameter. And, 
the beam diameter at the output of the laser was 1.36 mm. 
The laser beam with a Gaussian beam profile was delivered 
onto the sample through the optical system. The laser beam 
was focused at 50 μm above the sample to avoid direct abla-
tion on the ITO by the lens used to transfer the slit image. 
For the experiment with a quasi-flat top beam, after defo-
cusing the beam propagation, the shaped laser beam was 
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Fig. 1   Schematic of the femtosecond laser system with a moving slit. 
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irradiated through the slit onto the surface of the ITO thin 
films. The ITO thin film sample was fixed on a micro-posi-
tioning stage controlled by a computer, and the stage could 
be moved in the x-, y-, and z-axes directions. The pulse 
energy of the laser was controlled using neutral density fil-
ters. The femtosecond laser beam was linearly polarized and 
had a spatially Gaussian beam profile. As seen in Fig. 1, the 
Gaussian beam was shaped via the slit to have a quasi-flat 
top. The quasi-flat top beam had a square shape because of 
the slit control.

To prepare the samples, ITO thin films with a nomi-
nal thickness of 220  nm and a transmittance of 81.5% 
(In2O3:SnO2 = 90:10) were deposited onto glass substrates 
(20 × 20 × 1.2 mm3) using a DC magnetron sputtering sys-
tem. The six sides of the glass substrate were optically pol-
ished. A sheet resistance of 6.6 Ω/sq was used in the experi-
ments. The surface characteristics of the ablated ITO thin 
films were observed using OM (MM-20, Nikon, Japan), and 
cross-sectional samples perpendicular to the ablated ITO 
thin film patterns were prepared using AFM (NX-10, Park 
Systems, Korea).

3 � Results and discussion

Material removal in laser machining occurs when the laser 
fluence is higher than the damage threshold of the material, 
which is strongly dependent on the interactions between light 
and the material’s characteristics. In ultrafast laser ablation 
of any material, a well-defined localization of the photon 
energy is crucial for removing thin layers from the substrate 
with minimal thermal effects. For a multilayer target, the 
damage threshold of each layer is the most important con-
trolling factor for successful selective ablation. A Liu plot 
is necessary to determine the material’s damage threshold 

with a small number of pulses [22]. The minimum fluence at 
which machining takes place is calculated by extrapolating 
the relationship between the fluence and the hole diameter 
on a Liu plot. To do this, the objective lens is accurately 
focused on the sample surface, and pulses are generated 
while the fluence is increased and decreased. The processed 
sample is then observed with OM, and the diameter of each 
processed sample is calculated and associated with the flu-
ence at that position.

The experiments in this study were conducted by single-
pulse femtosecond irradiation control with both the Gaussian 
and quasi-flat top beam profiles. Only one pulse irradiation 
per shot was used. The determined nonlinear relationship 
between the fluence and hole diameter is shown in Fig. 3. 
The damage threshold value was calculated from the interac-
tion between the ITO thin film and the femtosecond laser. 
The measured damage threshold of the ITO thin films in 
this experiment was 0.14 J/cm2 with a 190-fs pulse width. 
Ashkenasi et al. reported that the damage threshold of ITO 
thin films was approximately 0.2 J/cm2 with a pulse width 
of 200 fs [23]. The difference between these thresholds may 
be explained by the different etching rate resulting from the 
distinct nature of each ITO thin film or by a discrepancy 
in the exact pulse shape of the ultrafast lasers used in the 
ablation experiment. In our experiment, the measured dam-
age threshold of the glass substrate was 2.1 J/cm2 at a pulse 
width of 190 fs.

Figures 4 and 5 show the OM images of the morphology 
of the ablated ITO thin films fabricated with the Gaussian 
and quasi-flat top beam profiles with a pulse irradiation of 
1–6 shots. The widths of the patterns irradiated with the 
Gaussian and quasi-flat top beam profiles were fixed at 
approximately 10 μm, primarily because this size corre-
sponds to that required to repair optoelectronic devices. In 
addition, similar pattern widths were considered necessary 

Fig. 2   CCD camera images of the a Gaussian and b quasi-flat top beam profiles
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to compare the results of the two beam profiles. In the 
experiment with the Gaussian beam profile, the fluence 
of the irradiation laser was fixed at 1.38 J/cm2 to ablate a 
width of approximately 10 μm. The fluence was less than 
the damage threshold of the glass substrate (2.1 J/cm2) and 
higher than that of the ITO thin film (0.14 J/cm2). Figure 4a 
through f show ablations after a single laser pulse irradiation 

at a fluence of 1.38 J/cm2 and after increasing the number 
of laser pulse irradiations with the Gaussian beam profile. 
This figure clearly shows that, with the irradiated Gauss-
ian beam profile, the width of the ablated pattern increased 
as the number of laser pulses increased. Furthermore, the 
center of the circular irradiated region became deeper as the 
number of irradiated pulses increased.

Fig. 3   ITO thin film damage threshold; experimental results and calculated Liu plot (by nonlinear fitting)

Fig. 4   OM views of the morphology of the ablated ITO thin film using the Gaussian beam profile with different number of pulse shots: a one 
shot; b two shots; c three shots; d four shots; e five shots; and f six shots. The experiments were conducted with a single pulse per shot

Fig. 5   OM views of the morphology of the ablated ITO thin film using the quasi-flat top beam profile with different number of pulse shots: a one 
shot; b two shots; c three shots; d four shots; e five shots; and f six shots. The experiments were conducted with a single pulse per shot
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Figure 5 shows OM images of the experiment with the 
quasi-flat top beam profile. As shown, the depth of the 
ablated pattern increased as the number of irradiated pulses 
increased. However, the Gaussian beam profile produced 
wider pattern widths with an increasing number of pulses, 
the width of the pattern ablated with the quasi-flat top beam 
remained equal to 10 μm even when the number of irradi-
ated pulses increased. Moreover, the entire ablated pattern 
was evenly distributed, as opposed to that obtained with the 
Gaussian beam profile. Different colors can be seen in each 
ablated area in Figs. 4 and 5; the color became darker as the 
number of irradiation laser pulses increased. Therefore, the 
selective ablation of ITO layer from the glass substrate was 
considered to be successfully achieved after irradiation with 
six laser pulses.

Figure 6 shows the three-dimensional morphologies of 
the cross-sectional profiles of the Gaussian and quasi-flat 
top beams after six irradiation pulses. The morphology of 
the ablated area was obtained with AFM. A cantilever used 
in non-contact AFM typically has a resonant frequency 
between 100 and 400 kHz with vibration amplitude of a few 
nanometers. The three-dimensional morphologies shown 
in Fig. 6 are the same morphologies shown in Fig. 4f and 
Fig. 5f. As discussed above when addressing Figs. 4 and 5, 
selective ablation was achieved with six pulses of irradiation 
in both the Gaussian and quasi-flat top beam cases.

Figure 7 shows the measured two-dimensional morpholo-
gies of the cross-sectional profiles in the ablated area. The 
measured average depths of the circular ablations after irra-
diation with the Gaussian beam profile were approximately 
60, 120, 190, 210, 220, and 220 nm (black line of Fig. 7a 

through f, respectively). Moreover, the measured average 
depths of the square ablations obtained by irradiation with 
the quasi-flat top beam profile were approximately 60, 105, 
140, 190, 210, and 220 nm (redline of Fig. 7a through f, 
respectively). The two-dimensional depth morphologies in 
Fig. 7a correspond to those of the same as the samples in 
Figs. 4a and 5a, respectively.

When we ablated a pattern with a width similar to that 
used in optoelectronic devices, AFM showed a clear dif-
ference in the cross-sectional samples. First, an irregular 
wall in the ablated pattern was observed the Gaussian beam 
profile was used; in contrast, there was a reasonably smooth 
wall in the pattern ablated using slit control. For a number of 
pulses from one to six, the Ra values indicating the ablated 
surface roughness were found by AFM to be 28, 48, 70, 88, 
97, and 103 nm, respectively, when the Gaussian beam was 
used. However, the Ra values measured for pulses from one 
to six using the quasi-flat top beam were 22, 37, 53, 69, 86, 
and 92 nm, respectively. The Ra value represents the degree 
of surface roughness in the topography. Therefore, the meas-
ured Ra values show a correlation between the improved 
surface roughness and the quasi-flat top beam. In addition, 
a relatively clean bottom of the ablated pattern was observed 
for the quasi-flat top beam irradiation when compared with 
that of the Gaussian beam irradiation.

Figure 8 shows a graph of the width variation versus pulse 
number. With the quasi-flat top beam, the ablated pattern 
width remained constant at 10 μm when the slit control was 
used, even though the number of irradiated pulses increased. 
However, with the Gaussian beam, the pattern width of the 
ablated area ranged from 9.17 to 9.99 μm when the number 

Fig. 6   Images of the AFM 3D morphology data obtained after six irradiation pulses. The ablation was performed with a femtosecond laser with 
a single pulse per shot. a Gaussian beam profile. b Quasi-flat top beam profile
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of irradiated pulses increased from one to six. When the 
Gaussian beam was initially irradiated, no ablation occurred 
on the pattern edges, and damage occurred only because 
of the energy distribution of the Gaussian beam. However, 
damage accumulation on the pattern edges led to ablation 
as the number of irradiated pulses increased, and the width 
of the ablated pattern also increased, in contrast with the 

constant pattern width obtained using the quasi-flat top 
beam. With the Gaussian beam, the width of the pattern was 
observed to increase by approximately 0.15 μm with each 
additional pulse shot; when six laser pulses were irradiated 
on the ITO thin film, the width reached nearly 10 μm.

Moreover, it was found that the ablation depth increased 
as the number of pulses increased, as shown in Fig. 9. Using 

Fig. 7   Cross-section of the ablated area obtained by AFM after femtosecond laser irradiation. a one shot. b two shots. c three shots. d four shots. 
e five shots. f six shots

Fig. 8   Ablation width as a function of the number of pulses
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the Gaussian beam, the minimum resolution of the control-
lable ablation depth on the ITO thin film was considered to 
be 60 nm. However, using the quasi-flat top beam, the mini-
mum resolution of the ablation depth was found to be 40 nm. 
The resolution was defined as the average depth ablated per 
single pulse irradiation (i.e., the average ablation rate, in 
depth per pulse). As shown in Fig. 9, the ITO thin film was 
found to be selectively removed after six pulses of irradia-
tion with the quasi-flat top beam, whereas with the Gaussian 
beam, selective ablation was achieved after five pulses of 
irradiation. Furthermore, the quasi-flat top beam was found 
to allow a more precise pattern depth control than the Gauss-
ian beam. Because the process of repairing OLEDs requires 
patterning very thin films, the selective ablation must be 
of high quality and have a high success yield. Therefore, 
the top-hat-shaped morphology produced by the quasi-flat 
top beam is considered to be more helpful in OLED repair 
than the crater-shaped morphology produced by the Gauss-
ian beam.

Although several research groups have reported on ITO 
thin films, and ablation structures with slits have been 
reported in several papers on optical waveguides [24], solar 
cells [21], and electrical devices [7], experimental results 
comparing ITO thin films ablated using femtosecond lasers 
with Gaussian and quasi-flat top beam profiles have not been 
reported. In the optoelectronic industry, the processes must 
be implemented in precisely the positions for which they 
were designed, and the ablation sizes must be accurately 
reproduced. In certain cases, controlling the pattern depth 
is of particular concern. Based on the analysis of the ablated 
surface morphologies presented here from the point of view 
of removal quality, the quasi-flat top beam produced via slit 
control was found to be preferable to the circular Gauss-
ian beam, because of its capacity to produce higher surface 

flatness and more finely ablated walls. Moreover, the quasi-
flat top beam could be adjusted more precisely when the 
pattern was processed locally; this technique can, therefore, 
be applied to improve the performance of optoelectronic 
devices that require the ablated pattern to be maintained at 
a constant size.

4 � Conclusion

In summary, the ablation surface morphologies obtained 
using a femtosecond laser (1030-nm wavelength, and 190-
fs pulse width) with both Gaussian and quasi-flat top beam 
profiles were compared. A single pulse-controlled femto-
second laser beam was used at a fluence of 1.38 J/cm2. A 
slit was used to create a square quasi-flat top beam from 
a Gaussian beam. When the number of irradiation pulses 
changed from one to six, the ablation depth ranged from 60 
to 220 nm. Using the Gaussian beam, the minimum reso-
lution of the controllable ablation depth on the ITO thin 
film was found to be 60 nm. However, using the quasi-flat 
top beam, the minimum resolution of the ablation depth 
was 40 nm. Furthermore, when the number of irradiation 
pulses increased from one to six, the Ra values indicating 
the ablated surface roughness were found by AFM to be 28, 
48, 70, 88, 97, and 103 nm, respectively, when the Gaussian 
beam was used. The Ra values measured in the same condi-
tions when the quasi-flat top beam was used were instead of 
22, 37, 53, 69, 86, and 92 nm, respectively. When the Gauss-
ian beam was used, the width of the ablated area increased 
from 9.17 μm to approximately 10 μm, and selective abla-
tion was achieved after five pulses. In contrast, the width 
of the ablated area when the quasi-flat top beam was used 
remained constant with the increase in the number of pulses, 

Fig. 9   Ablation depth as a function of the number of pulses
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and selective ablation of the ITO thin film was achieved 
after six pulses. The results of this study can be effectively 
applied to improve the repair and patterning of devices such 
as displays in the optoelectronic industry.
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