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High precision patterning of crystalline indium tin oxide (c-ITO) patterns on amorphous ITO (a-ITO) thin
films by femtosecond laser-induced crystallization with a Gaussian beam profile followed by chemical
etching is demonstrated. In the proposed approach, the a-ITO thin film is selectively transformed into a
c-ITO structure via a low heat affect zone and the well-defined thresholds (ablation and crystallization)
supplied by the femtosecond laser pulse. The experimental results show that by careful control of the laser
Keywords: fluence above the crystallization threshold, c-ITO patterns with controllable line widths and ridge-free
Patternin.g characteristics can be accomplished. By careful control of the laser fluence above the ablation threshold,
ITO fast fabrication of the two parallel sub-micro c-ITO line patterns using a single femtosecond laser beam
and single scanning path can be achieved. Along-length sub-micro c-ITO line pattern is fabricated, and the
feasibility of fabricating c-ITO patterns is confirmed, which are expected to be used in micro-electronics

Femtosecond laser
Annealing

Crystallization devices.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Indium tin oxide (ITO) is widely used as a transparent con-
ducting oxide (TCO) material with high transparency in the visible
region of the spectrum. The resistivity of an ITO pattern should be
maintained as low as possible in order to obtain a high response
for functional devices, such as a liquid crystal display. Since the
crystalline structure usually has a lower resistivity than an amor-
phous structure does, the as-deposited amorphous-ITO (a-ITO)
thin film usually undergoes furnace annealing at a temperature
higher than 200°C [1] and changes to crystalline-ITO (c-ITO)
film. To achieve rapid thermal heating, the laser annealing pro-
cess with a nanosecond pulsed laser [2-4] or ultra-short pulsed
laser [5,6] of TCO is presented. The annealed c-ITO film is then
patterned by photolithography or micro-contact printing process
[7]. These are complicated and time-consuming processes, e.g. the
photolithographic process that involves photoresist coating and
baking, photoresist exposure and developing, etching and photore-
sist stripping.

Laser processing is a natural technology intended for use in
patterning ITO film, i.e. selectively removing the ITO and leaving
the desired ITO pattern. Many researchers have investigated the
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ablation process irradiating from the ITO side with nanosecond
[8-11], picosecond [12,13] and femtosecond lasers [14-17]. How-
ever, the ablation process requires sufficient laser energy density
to evaporate the materials. Elevated ridges of the edges and ITO
residue on an ablated bottom easily occur, which may cause short-
ing of the structure or the adjacent electrodes. To overcome the
above disadvantages, Krause et al. [16] used a femtosecond laser to
remove the ITO irradiating through the glass side and create almost
rectangular cross-sectional groove profiles despite the Gaussian
laser beam.

Since a-ITO thin film has a more rapid etching rate than the c-ITO
structure [18], some researchers utilized the nanosecond pulsed
laser annealing process followed by wet etching to fabricate a c-
ITO pattern from a-ITO thin films [3,19-21]. Recently, researchers
[22,23] have been using a high repetition rate femtosecond laser
resonator (85 MHz, 12 fs) with a high numerical aperture (NA 1.3)
to anneal the polycrystalline ITO film into a different phase which
is more resistive in hydrochloric acid and follow up with wet etch-
ing to fabricate sub-wavelength nanostructuring. In our previous
studies, a process to fabricate sub-micro c-ITO grating from a-ITO
thin film based on the laser-induced periodic surface structure
(LIPSS) combined with femtosecond laser-induced crystallization
was presented [24]. The nanogratings were found to have a period
of approximately 200 nm (i.e. one-quarter of the irradiation wave-
length 800 nm). Furthermore, a crackless c-ITO pattern fabricated
by the high repetition rate (80 MHz) femtosecond laser-induced
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crystallization process with heat accumulation effect was reported
[5]. However, due to the extended width caused by the heat accu-
mulation effect, the line width of the fabricated c-ITO pattern was
usually greater than that of the focused beam diameter.

In this study, a sub-micro c-ITO pattern was fabricated from a-
ITO thin film based on femtosecond laser-induced crystallization
with a Gaussian beam profile and followed by chemical etching.
The results show that the threshold fluences (ablation and crystal-
lization) of a-ITO thin film were well-defined, and the heat affect
zone was made much smaller by careful control of the laser flu-
ence accomplishing c-ITO patterns with controllable line width
and ridge-free characteristics. Furthermore, fast fabrication of the
two parallel sub-micro c-ITO line patterns using a single femtosec-
ond laser beam and single scanning path can be achieved. Finally,
a long-length sub-micro c-ITO line patterns is fabricated, and the
feasibility of fabricating c-ITO patterns from a-ITO thin film is con-
firmed.

2. Experimental setup

Amorphous ITO thin films, with a thickness of approximately
100 nm, were deposited on glass substrates (NEG OA10) using a
DC magnetron sputtering system using the In,O3 (90 wt%):SnO,
(10wt%) target. The thin films were then irradiated using a
regenerative amplified mode-locked Ti:Sapphire laser (SPIT FIRE,
Spectra-Physics) with a central wavelength of 800 nm, a repetition
rate of 1kHz and a pulse duration of ~120fs. The laser beam was
linearly polarized and spatially filtered, resulting in an essentially
Gaussian profile. To adjust the energy of the laser beam, the linear
polarized Gaussian laser beam was attenuated by a rotatable half-
wave plate and a polarizing beam splitter. To measure the laser
energy, a certain fraction of the laser beam was split off by a beam
splitter and measured with a power detector (818P-001-12, New-
port). The powers of the reflected and transmitted laser beams
to different angle of half-wave plate were measured with power
detectors, and a calibration table between reflected and transmit-
ted components was obtained. The transmitted component was
passed through a mechanical shutter and reflective mirror system
such that it entered an objective lens (numerical aperture 0.26, M
Plan Apo NIR, Mitutoyo) and was subsequently incident in the nor-
mal direction on the surface of an a-ITO coated specimen mounted
on an X-Y positioning stage. The theoretical focal spot diameter was
calculated to be approximately 3.75 wm (1.221/NA, A =800 nm is
the wavelength, NA=0.26 is the numerical aperture). The ITO pat-
terns were then fabricated by translating the sample stage under
the control of a PC-based micro-positioning system with a precision
of better than 1 pm.

After femtosecond laser processing, the specimens were
immersed in 0.05 mol/L oxalic acid etchant at 50 °C for 2.5 min. Due
to the more rapid etching rate of the a-ITO thin film than the c-ITO
structure [ 18], the etching process resulted in the complete removal
of the non-irradiated a-ITO film, leaving only the crystalline c-ITO
pattern.

The surface characteristics of the structures were observed using
scanning electron microscopy (SEM, FE-SEM 7001). Cross-sectional
samples perpendicular to the c-ITO line patterns were prepared
using a focused ion beam system (FIB, SMI3050) and were observed
via transmission electron microscopy (TEM, FEI Tecnai G2 20 S-
Twin). The FIB, with a gallium ion source, was used to mill the c-ITO
down to a thickness of 100-200 nm in order to make a cross-section
sample.

3. Results and discussion

Fig. 1 shows the tile-view SEM images of the c-ITO structures (a
section of a line pattern) formed at laser powers: 30, 20, 19 wW (30,
20, 19nJ) and a scanning speed of 0.05 mm/s with linearly polarized
light orientated in the perpendicular direction to the scanning path,
respectively. It can be seen that the un-irradiated a-ITO area was
removed by an etching solution to form a c¢-ITO structure on the
glass substrate. The c-ITO line widths were measured to be 2.0, 1.1
and 0.8 wm, respectively. Note that the modified region, before wet
etching, appears as a contrast, and no material was removed from
the surface (not shown), and the experiment results in this study
are all shown in an etched condition. In Fig. 1(a), few nanostruc-
tures were found at the center of the line pattern; this was caused
because the irradiated laser fluence is near the ablation thresh-
old of the ITO film, and a laser-induced periodic surface structure
occurred. A more detailed discussion can be found in an earlier
study [24]. Since the laser fluences of Fig. 1(b) and (c) were below
the ablation threshold, no nanostructures were found at the line
pattern.

Fig. 2 shows the top-view of SEM images of c-ITO structures
formed at laser powers of 90, 70 and 50 uW (90, 70, 50 nJ) and
at a scanning speed of 0.05mm/s with linearly polarized light
orientated in a perpendicular direction to the scanning path,
respectively. The ablation line widths were measured to be 2.6,
2.1 and 1.4 pm, respectively. Since the peak intensity of the laser
beam is higher than the ablation threshold of the ITO film, the cen-
ter area is directly ablated. The irradiation intensity of the laser
beam has a Gaussian distribution, the outer edges of the irradi-
ated paths are subject to a lower energy input, and thus, it can
be seen that the ablated channels are bordered on either side of
the sub-micro ~0.5 wm c-ITO line pattern, which is smaller than
the theoretical focal spot diameter 3.75 pm (see Section 2). The
nanostructures adjacent to the c-ITO line pattern were also caused
because the irradiated laser fluence at this area is near the abla-
tion threshold of the ITO film, and a laser-induced periodic surface
structure occurred.

The c-ITO structures are further investigated using an X-ray
energy dispersive spectrometer (EDS). Fig. 3 shows the point-
focused EDS at the micro c-ITO line pattern of Fig. 1(a) and
sub-micro c-ITO line pattern of Fig. 2(a), respectively. The EDS pro-
file presents the main compositions of ITO as In, Sn and O. The c-ITO
pattern composition remains unchanged by the femtosecond laser
annealing and wet etching process.

Fig. 1. SEM images of c-ITO line patterns fabricated under laser powers of: (a) 30 wW, (b) 20 uW, (c) 19 wW. The scanning speed was 0.05 mm/s in all cases.
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Fig. 2. SEM images of c-ITO structures fabricated under laser powers of: (a) 90 W, (b) 70 wW, (c) 50 wW. The scanning speed was 0.05 mm/s in all cases.
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Fig. 3. Point-focused EDS resultsfor (a) c-ITO line pattern of Fig. 1(a); and (b) sub-micro c-ITO line pattern of Fig. 2(a).

In Figs. 1 and 2, we see that the crystallization and ablation
widths all decrease with decreasing laser power and seem to be
sensitive to the spatial intensity distribution of the focused laser
beam. Assuming a Gaussian laser beam profile, the laser focus spot
size at the sample surface can be determined by plotting the square
of the line width against the laser energy using alogarithmic scale
[25].

Fig. 4 illustrates the variation of square of the line widths
with laser energy. The straight lines curve-fitted (correla-
tion coefficient R2~0.99) from the experimental data con-
firm the logarithmic dependence between the square of line
width and the laser energy. The slopes of the fitted lines
are found to be 7.3067 and 8.2384, respectively. Accord-
ingly, the laser beam focused radii are approximated to
be /(7.3067/2) = 1.91 wmand 1/(8.2384/2) = 2.03 wm, respec-
tively, which are all close to the theoretical focus spot radius
at 1.875 pm. Then, the threshold energy for crystallization and

ablation can be computed to be 17.3 nJ and 40.1 nJ, respectively. The
threshold fluence for crystallization and ablation was further com-
puted to be 0.15]/cm? and 0.31 J/cm?, respectively. The estimated
ablation threshold fluence 0.31J/cm? is alittle higher than the value
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Fig. 4. Variation in the square of the ablation line width and crystallization line
width with laser energy.
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Fig. 5. The energy density distribution with respect to the radial distance.

0.21]/cm? using femtosecond laser systems (800 nm, 1kHz) with
shorter pulse duration (60 fs) previously reported [17].

Due to the features of short pulse duration time and extremely
high peak power, femtosecond laser pulse has a very high elec-
tromagnetic field intensity at its focus. The electrons are bound to
absorb multi-photons to directly transit from the binding energy
level to the free energy level. Hence, the femtosecond laser can
realize the micro-marching inside transparent glass material with-
out extremely low thermal effects, and the processing zone can be
smaller than the focus size [26]. In this study, since the band gap
in a-ITO thin film (~3.6 eV) is much larger than the photon energy
(800 nm, 1.55 eV), the incident focused laser with high peak power
intensity (~2.6 x 1012 W/cm? for laser fluence 0.31 J/cm?2 of 120 fs)
creates a dense electron plasma through multi-photon excitation
[27] at the irradiated material. It can precisely confine the absorp-
tion regions, thereby determining the crystallization threshold of
the a-ITO. Accordingly, operating the peak fluence at the levels
below the ablation threshold and higher than the crystallization
threshold allows for selective fast thermal processing with a low
heat-affected zone. c-ITO line widths less than the laser beam focus
diameter can be achieved (see Fig. 1).

Since the irradiation intensity of the laser beam has a Gaussian
distribution, the distribution of energy density (fluence) across the
laser beam can be given by:

F(r) = Fye=2r*/e? (1)

where F;, is the peak fluence at the beam center, r is the radial coor-
dinate of distance from the beam propagation axis and w is the
beam radius (at e=2).

Fig. 5 shows an example of energy density distribution in respect
to the radial distance, where F,=0.7]/cm? (laser power 90 pW)
and w=2.03 pm. The Fy, 4 and Fy,  are the threshold fluences for
ablation and crystallization of ITO, i.e. 0.31 and 0.15 J/cm?, respec-
tively. Crystallization takes place in areas where the laser fluence
exceeds the crystallization threshold F, . but is less than the abla-
tion threshold Fy, 4, resulting in the crystallization width (Wi;ge).
The fluence at the radial distances, 1, , and r¢y, , are consistent with
the Gaussian beam profile defined in Eq. (1):
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Fig. 6. Predictive and experimental crystallization widths Wy;ge

From Egs. (4) and (5), the crystallization width W4 on the peak
fluence F, can then be expressed as:

Wside =Tthc —Ttha (6)
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:w@n B )" finfo] /)
\/j Fth,c Fth,a

Then the overlapping ratio at the crystallization width Wg;4. can

be calculated as

S
OWside =1- m (7)
where s is the scanning speed, f is the laser repetition rate.

Equation (6) was used to calculate predictive crystallization
width W4 and compare it to experimental results. Fig. 6 shows the
predictive and experimental crystallization widths irradiated by
laser power 50-90 wW. The experimental widths are in agreement
with predictions. The average difference between the predictive
and experimental results is 0.0434 wm caused by the energy sta-
bility of the femtosecond laser during irradiation, measurement
error of the laser beam radius, and nonlinear optics effects. For
example, when the energy stability of the femtosecond laser source
is +1%, given the laser power 50 wW, the maximum deviation of
the crystallization width Wg;4. is computed to be 0.02 wm. When
the measurement error of the laser beam radius is 1%, e.g. the
®=2.03 wm is reduced to 1.99 pm, given the laser power of 50 uW,
the maximum deviation of the crystallization width W;;4. is com-
puted to be 0.04 p.m.

From Fig. 5, the track separation width between the two paral-
lel sub-micro c-ITO line patterns (2 x ry; ) can be calculated from
Eq. (4). Fig. 7 shows the predictive and experimental track separa-
tion widths irradiated by laser power 50-90 WW. The experimental
widths are in agreement with predictions, and the maximum devi-
ation is computed to be 0.04 pm.

Fig. 8(a) presents a cross-sectional TEM image of the line pat-
tern shown in Fig. 1(a). Note, that this image was captured from the
line edge to near the center, and the platinum layer is a protective
layer deposited on the c-ITO structure prior to FIB micromachin-
ing. The thickness of the c-ITO structure is found to be the same as
that of the as-deposited a-ITO thin film, i.e. ~100 nm. This means
that the irradiated laser energy is sufficient to crystallize a-ITO thin
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g 1.50 ¥ Experimental
E 1.00
&
2 0.50
3
& 0.00 . . . . . ,

40 50 60 70 80 90 100
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Fig. 7. Predictive and experimental track separation between the two parallel sub-
micro c-ITO line patterns.
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Fig. 8. (a) Cross-sectional TEM image of the line pattern shown in Fig. 1(a), and (b)
electron diffraction pattern.

film. Since the irradiation intensity of the laser beam has a Gauss-
ian distribution, the average diameter of grains within the c-ITO
pattern is found to have a small value at the edge and a large one
near the center. The electron diffraction pattern, shown in Fig. 8(b),
indicates that the ITO pattern is crystalline with strong (22 2) and
(400) orientations.

To demonstrate the long-length fabrication capability, Fig. 9
shows the SEM image of the sub-micro c-ITO line patterns using
a single femtosecond laser beam and a single scanning path with a
laser power of 90 wW at scanning speeds of 0.05 mmy/s, 0.25 mmy/s
and 0.5 mm/s, respectively. For every single scanning path, two uni-
form and parallel sub-micro c-ITO line patterns can be fabricated.

Fig. 9. SEM images of the parallel sub-micro c-ITO line patterns fabricated using a
single scanning path with a laser power of 90 wW at scanning speeds of 0.05 mm/s,
0.25 mm/s and 0.5 mmy/s, respectively.

The maximum scanning speed in this experiment is limited to the
low laser repetition rate (i.e. 1kHz). From Eq. (7), the overlapping
ratio at the crystallization width is calculated to be ~88% for scan-
ning speed of s=0.5 mm, the w=2.03 wm, and f=1kHz. Note that
to enhance the line edge quality, the overlapping ratio larger than
80% is required for the Gaussian distribution. The scanning speed
can be further increased by the high repetition rate femtosecond
laser, e.g. 100 kHz.

4. Conclusions

This study reports a fabrication process of c-ITO patterns using
femtosecond laser-induced crystallization with a Gaussian beam
profile followed by chemical etching. The experimental results have
demonstrated that the ablation and crystallization threshold flu-
ences of a-ITO thin film are well-defined, the line width of the c-ITO
patterns is controllable and the c-ITO line is completely crystallized
throughout the film. It was found that the Gaussian beam profile
significantly improved the patterning accuracy and fast fabrication
of the two parallel sub-micro (~0.5 wm) c-ITO line patterns using
a single femtosecond laser beam and a single scanning path can be
achieved. A long-length sub-micro c-ITO line patterns is fabricated,
and the proposed patterning technique is confirmed to provide a
highly precise means of fabricating c-ITO structures required in a
wide range of micro-electronic devices.
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