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This study presented the fabrication of micro/nano crystalline indium tin oxide (c-ITO) patterns 
on glass substrate using a femtosecond laser-induced crystallization followed by chemical etching. 
In the proposed approach, an amorphous ITO (a-ITO) thin film was transformed into a c-ITO mi-
cro/nano structure over a predetermined area using femtosecond laser beam irradiation, under two 
different wavelengths, 1064 nm and 532 nm, of 1 MHz repetition rate femtosecond fiber laser. The 
residual a-ITO thin film was removed by an etchant solution, in order to form a uniform c-ITO pat-
tern. The formation was due to the heat accumulation effect provided by the high-repetition rate of 
the femtosecond laser pulses. When the laser power approached the ablation threshold of the a-ITO 
thin film, periodic-like c-ITO nanostructures with one-quarter of the irradiation laser wavelength 
were formed by linearly-polarized laser beam irradiation. 
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1. Introduction 
Indium-tin oxide (ITO) is a widely used as a transpar-

ent conducting material with high transparency in the visi-
ble 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 flat-panel 
displays, solar cells, and touch panels. A crystalline struc-
ture usually has a lower resistivity than an amorphous 
structure [1]; therefore, innovation in the patterning of c-
ITO technology has significant impact on fabrication cost 
and processing time. 

The conventional fabrication of a c-ITO pattern is 
based on a photolithographic process, where an a-ITO thin 
film undergoes thermal annealing at a temperature higher 
than 200 °C [1]. It is a multiple process that involves photo-
resist coating and backing, photoresist exposure and devel-
oping, etching, and photoresist stripping. Thus, during the 
heat treatment, it is easy to damage other layers or the heat 
sensitive substrates. Laser ablation is a natural technology 
intended for use in patterning ITO film, and many re-
searches have investigated the ablation process by nano-
second, picosecond, and femtosecond lasers [2-8]. How-
ever, the ablation process requires sufficient laser fluence 
to evaporate the materials. The elevated ridges of edges and 
ITO residues on an ablated bottom easily occur, which may 
cause shorting of the structure or the adjacent electrodes. 
To overcome the above disadvantages, [9] utilized a nano-
second excimer laser to pattern a-ITO thin films using the 
crystallization effect. However, the results showed that the 
thermal effects induced by the relatively long laser pulse 
degraded patterning precision. Moreover, the process re-

quired the use of a patterning mask, and thus, the character-
istic size of the resulting structure was limited by the optic 
diffraction properties of the mask. 

This study proposes a novel maskless technique to fab-
ricate crack-free c-ITO micro patterns and periodic-like c-
ITO nanostructures from a-ITO thin film using femtosec-
ond laser-induced crystallization, followed by chemical 
etching. Crystallization under different conditions, includ-
ing laser wavelength, laser pulse energy, and scanning 
speed are studied. The irradiated ITO film is then etched in 
an oxalic acid solution to remove residual a-ITO regions, as 
a-ITO has a higher etching rate than c-ITO. The results 
show that, given an appropriate choice of laser parameters, 
crack-free c-ITO patterns and periodic-like c-ITO nanos-
tructures can be accomplished. 

2. Experimental 
The experiments were performed using a fundamental 

and double-frequency high repetition rate femtosecond 
fiber laser (FemtoPower 1060-3μJ-s, Fianium Inc.), with a 
pulse width of < 500 fs, a wavelength of 1064 nm and 532 
nm, a high-repetition rate of 1 MHz, and a maximum pulse 
energy of ~3 μJ at 1064 nm. The laser beam entered an 
objective lens (numerical aperture 0.26, M Plan Apo NIR, 
Mitutoyo), and was incident in the normal direction on the 
surface of an a-ITO coated specimen, which was mounted 
on an X-Y positioning stage. The focal spot diameter of the 
specimen surface was approximately 7 μm and 3.5 μm 
wavelengths, for 1064 nm and 532 nm, respectively. The c-
ITO structures were then fabricated by translating the sam-
ple stage, while controlled by a PC-based micro-
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positioning system, to obtain a precision better than 1 μm. 
In the experiments, a-ITO thin films with a thickness of 
~100 nm were deposited on glass substrates (NEG OA10) 
by a DC magnetron sputtering system. 

After laser processing, the samples were immersed in a 
0.05 mol/L oxalic acid etchant at 50°C for 2 min. Due to 
the rapid etching rate of the a-ITO thin film, which is 
greater than the c-ITO structure [9], the etching process 
resulted in the complete removal of the residual a-ITO film, 
leaving only the crystalline c-ITO pattern. The surface 
characteristics of the crystalline structures were then ob-
served by scanning electron microscopy (SEM). The crys-
talline and optical properties were measured by X-ray dif-
fraction method (XRD, Bruker Smart APEX CCD X-ray) 
and spectrophotometer, respectively. 

3. Results and Discussion  
Figures 1 and 2 present the SEM images of the c-ITO 

line patterns fabricated under laser wavelengths of 1064 nm 
and 532 nm, and laser fluence in the range 278~2145 
mJ/cm2 and 364~1312 mJ/cm2, respectively. The scanning 
speed of 0.25 mm/s and laser beam were linearly polarized 
in a direction parallel to the scan direction. Due to the 
Gaussian property of the beam profile, the middle of each 
line was irradiated by laser energy that was greater than at 
the edges. In the c-ITO line patterns, as shown in Figs. 
1(a)~(d) and Figs. 2(a)~(d), the peak energy intensity of the 
laser beam was higher than the crystallization threshold, 
but lower than the ablation threshold. Thus, c-ITO line pat-
terns were formed on the surface of the glass substrate, and 
the a-ITO film was completely removed following the 
chemical etching process. In Figs. 1(e)~(f) and Figs. 
2(e)~(f), the peak energy intensity of the laser beam was 
higher than the ablation threshold, and thus, the center of 
the line was ablated. However, the outer edges of the irra-
diated paths were subject to the lower energy input, and 
thus, the ablated channels were bordered by regions of the 
c-ITO line patterns. 

In Figs. 1(a)~(d) and Figs. 2(a)~(d), the pattern widths 
were sensitive to the spatial intensity distribution of the 
focused laser beam. Assuming a Gaussian incident beam 
profile, pattern width W is related to the irradiation laser 
fluence F by: 

)ln(2 22
the FFW ω=   

where, Fth is the multiple pulse crystallization threshold 
fluence, and ωe is the effective beam radius at the interac-
tion surface. 

Figure 3 shows the variation of the c-ITO pattern 
width, with the laser wavelengths of 1064 nm and 532 nm. 
The straight lines obtained by the curve fitting of the ex-
perimental data confirmed a logarithmic dependence be-
tween the pattern width and the laser fluence. Moreover, 
the crystallization threshold fluences were approximately 
248 mJ/cm2 and 253 mJ/cm2 for the laser wavelengths of 
1064 nm and 532 nm, respectively. 
 

  
(a)                                         (b) 

  
(c)                                         (d) 

  
(e)                                         (f) 

Fig. 1 SEM images of c-ITO line patterns, fabricated under a laser 
wavelength of 1064 nm and laser fluences of: (a) 278 mJ/cm2, (b) 
364 mJ/cm2, (c) 614 mJ/cm2, (d) 881 mJ/cm2, (e) 1492 mJ/cm2, 
and (f) 2145 mJ/cm2. The scanning speed was 0.25 mm/s in all 
cases. 
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Fig. 2 SEM images of c-ITO line patterns fabricated under a laser 
wavelength of 532 nm and a laser beam, linearly polarized in a 
direction parallel to the scan direction, and laser fluences of: (a) 
364 mJ/cm2, (b) 448 mJ/cm2, (c) 528 mJ/cm2, (d) 574 mJ/cm2, (e) 
872 mJ/cm2, and (f) 1312 mJ/cm2. The scanning speed was 0.25 
mm/s in all cases. 

 
In Figs. 1(a)~(d), the c-ITO lines were free of micro-

cracks, and showed the characteristic of a smooth, unblem-
ished surface. Thus, the high repetition rate femtosecond 
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fiber laser (i.e. 1 MHz) resulted in a more uniform crystal-
lization effect than that achieved by a low repetition rate 
laser [9]. Previous studies have shown that the processing 
of certain bulk transparent glasses, under a high repetition 
rate femtosecond laser (i.e. > 200 kHz), resulted in an ac-
cumulation of heat, which minimizes the thermal cycling 
effect between successive laser pulses, and suppresses mi-
cro-crack formation [10]. 
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Fig. 3 Variations of pattern widths, with laser fluence under laser 
wavelengths of (a) 1064 nm and (b) 532 nm. 

 
As shown in Figs. 1~2, the heat accumulation effect 

was also present in the a-ITO thin film specimens, which 
were processed under the current high repetition rate (1 
MHz) femtosecond fiber laser. The effective cooling time, 
tc of the present a-ITO thin film was calculated at about 41 
μs and 10 μs of laser wavelengths of 1064 nm and 532 nm, 
respectively, thus,  tc=dv

2/D [11], where dv
 is the diameter of 

the focused laser beam spot ~7 μm for 1064 nm, and ~3.5 
μm for 532 nm, and D is the thermal diffusivity of a-ITO (~ 
1.2x10-6 m2/s). When the a-ITO was irradiated by a 1064 
nm laser, the effective cooling time of 41 μs was much 
higher than the time interval between successive pulses (1 
μs for a 1 MHz repetition rate). Thus, an obvious heat ac-
cumulation effect occurred within the local region of the 
ITO film. However, when the a-ITO was irradiated by a 
532 nm laser, the effective cooling time of 10 μs was only 

slightly higher than the time interval between successive 
pulses, resulting in a lower heat accumulation effect occur-
ring within the local region of the ITO film.  As a result, 
the surface quality of the line patterns shown in Figs. 
2(a)~(d) was poor. 

Figure 4 shows the magnified image of area (A) of Fig. 
1(e); and area (B) of Fig. 2(e), respectively. As seen, the 
periodic-like c-ITO nanostructures, under periods of ~250 
nm and ~116 nm, were formed at laser wavelengths of 
1064 nm and 532 nm, respectively. The formation of the 
periodic-like nanostructures was attributed to the second-
order harmonic waves within the femtosecond laser beam 
[12-14]; λ/2n, where λ is the wavelength of the incident 
laser, and n is the refractive index of the irradiated material. 
Since the band gap in the a-ITO thin film (band gap ~3.6 
eV) was much larger than the photon energy of 1064 nm 
(1.16 eV) and 532 nm (2.33 eV), the incident laser created 
a dense electron plasma through multiphoton excitation at 
the surface of the irradiated material [15]. In this experi-
ment, the magnitude n of the ITO thin film for 1064 nm 
and 532 nm laser was ~2, under calculated periods of 266 
nm and 133 nm, respectively, which is close to the experi-
mental data shown in Fig. 4. Figure 5 shows the SEM im-
age of the c-ITO line patterns fabricated under a laser wa-
velength of 532 nm, a scanning speed of 10 mm/s, and la-
ser fluence of 572 mJ/cm2. In addition, the period was 
about ~116 nm. The potential applications of the periodic-
like c-ITO nanostructures included nanopatterned surfaces 
for micro-sensors and nanograting for optical devices [16]. 
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Fig. 4 The magnified image of (a) area (A) of Fig. 1(e); and (b) 
area (B) of Fig. 2(e). 
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Fig. 5 SEM image of c-ITO line patterns fabricated under a laser 
wavelength of 532 nm, a scanning speed of 10 mm/s, and laser 
fluence of 572 mJ/cm2. 
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In order to study the large area crystalline structure 
and optical transparency of the fabricated c-ITO structure, 
the analyzed sample was fabricated by scanning an area of 
15×10 mm2 with a laser wavelength of 1064 nm, a scan-
ning speed of 10 mm/s, and a laser fluence of 364 mJ/cm2 
(based on the results in Fig. 1 (b)). Figure 6 shows the 
XRD results for the as-posited and laser-crystallized ITO 
films. As seen in Fig. 6(a), a-ITO thin films did not show 
crystalline, and the diffusion hump at 2θ=24° was due to 
the glass substrate. In Fig. 6(b), crystalline peaks of indium 
oxide at (222) and (440) indicated the formation of a crys-
talline structure after laser crystallization. 
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Fig. 6 X-ray diffraction (XRD) result of (a) as-deposited 
and (b) laser-crystallized ITO films under a laser wave-

length of 1064 nm 
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Fig. 7 Optical transmittance spectrum of the ITO film 

 

Figure 7 shows the optical transmittance spectrum of 
the ITO film before and after femtosecond laser crystalliza-
tion. As seen, the transparency in the visible range was 
increased from 78.8 to 84.9% at a wavelength of 550 nm. 

4. Conclusions 
This study proposed a novel maskless procedure for 

the fabrication of micro/nano c-ITO structures on glass 
substrates. In the proposed approach, the a-ITO film was 
irradiated over the desired area by a high repetition rate 
femtosecond fiber laser, under a repetition rate of 1 MHz 
and two different laser wavelengths (1064 nm and 532 nm), 
in order to create c-ITO structures. The irradiated substrate 
was then etched to remove any residual a-ITO film. It was 
found that high repetition rate of femtosecond fiber laser-
induced crystallization significantly improved the surface, 
crystal, and optical characteristics of a-ITO. The optical 
transparency increased from 78.8 to 84.9% at a wavelength 
of 550 nm. In addition, the periodic-like c-ITO nanostruc-
tures with a period of approximately one-quarter of the 
laser wavelength were observed after irradiation by laser 
energy near the ablation threshold of the a-ITO thin film. 
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