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It is well known that the resistivity and transparency of indium tin oxide (ITO) can be improved 
by utilizing a thermal annealing process to transform the original amorphous microstructure to a 
crystalline structure. However, the annealing process may result in irreversible damage to the 
underlying substrate; particularly if the substrate is fabricated from a plastic material. Accordingly, 
this study proposes a novel method for the fabrication of crystalline ITO (c-ITO) patterns on plastic 
substrates using femtosecond lasers with either a low (1 kHz) or a high (80 MHz) repetition rate. 
The resulting c-ITO patterns are observed using scanning electron microscopy (SEM).  The results 
show that the pattern width varies logarithmically with the laser irradiation energy. In addition, it is 
shown that a high repetition rate is beneficial in suppressing the formation of micro-cracks on the 
surface of the c-ITO patterns. 
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1. Introduction 
In order to improve the device characteristics of opto-

electronic products such as flat panel displays and solar 
cells, the amorphous materials used in their construction 
are transformed into crystalline materials via a thermal 
annealing process so as to reduce their resistivity and en-
hance their transparency. Amongst the various transparent 
conductive oxides (TCOs) used in the fabrication of opto-
electronic products, indium tin oxide (ITO) is one of the 
most widely used due to its high transparency through the 
visible spectrum. Therefore, the problem of developing 
rapid and precise crystalline ITO (c-ITO) patterning tech-
niques has attracted significant interest in recent years. 

For ITO films deposited on glass substrates, the re-
quired c-ITO patterns are traditionally achieved by expos-
ing the amorphous ITO (a-ITO) thin film using conven-
tional photolithography methods and then processing the 
film using a thermal annealing technique [1]. In more re-
cent studies, it has been shown that c-ITO patterns can be 
fabricated by using long-pulse (nanosecond) [2-9] or ultra-
fast pulse (picosecond or femtosecond) [10-12] lasers to 
ablate the undesired portion of the ITO thin films. However, 
long pulse lasers result in the formation of elevated ridges 
on either side of the pattern path and can cause significant 
damage to the underlying substrate. Moreover, even ultra-
fast pulse lasers do not necessarily prevent the formation of 
elevated ridges along the pattern path or the presence of 
ITO residue at the base of the ablated channel. Thus, much 
work remains to be done in identifying the optimal laser 
processing conditions for the patterning of c-ITO patterns 
for optoelectronic applications. 

Recently, flexible plastic substrates have attracted tre-
mendous attention for a wide range of applications, includ-
ing flexible display, flexible solar cell, and so forth. How-

ever, plastic substrates cannot withstand temperatures 
greater than approximately 200°C. Accordingly, the ITO 
patterns within current flexible optoelectronic devices are 
necessarily fabricated using an amorphous (i.e. non-
annealed) TCO. Consequently, the electrical and optical 
properties of such devices are inevitably somewhat lower 
than their glass-based counterparts. To resolve this problem, 
Chung et al. [13] proposed a method for crystallizing a-ITO 
thin films on plastic substrates using a nanosecond XeCl 
excimer laser (308 nm) and a thermal barrier layer. The 
results showed that the thermal barrier was successful in 
shielding the substrate from the laser energy. However, the 
proposed method required the use of a patterning mask, 
which not only complicated the patterning procedure, but 
also constrained the minimum attainable line pitch due to 
the optic diffraction limit of the mask. Legeay et al. [14] 
used scanning electron microscopy to observe the c-ITO 
patterns fabricated using the method presented in [13] and 
suggested that the cracks formed in the crystalline struc-
tures were the result of thermal shocks during the laser 
irradiation process. 

This study proposes a novel two-step procedure for the 
fabrication of c-ITO patterns on plastic substrates without 
thermal barrier layers using a femtosecond laser-induced 
crystallization process. In the first step, the desired area of 
the ITO film is transformed from an amorphous structure to 
a crystalline structure via a laser irradiation process. In the 
second step, the relative difference in the etching rates of a- 
and c-ITO [15] is exploited to reveal the desired c-ITO 
patterns by etching the irradiated ITO films in an oxalic 
acid solution. The irradiation experiments are performed 
using two different femtosecond lasers (one low repetition 
rate and one high repetition rate) and various scanning 
speeds and laser powers. scanning electron microscopy 
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(SEM) observations are then performed to identify the op-
timal laser processing conditions. 

2. Experimental 
The irradiation experiments were performed using a-

ITO thin films deposited on PET substrates. The experi-
ments were conducted using two different femtosecond 
lasers, namely (1) a regenerative amplified mode-locked 
Ti:sapphire laser (SPIT FIRE, Spectra-Physics) with a low 
repetition rate of 1 kHz, a pulse duration of ~120 fs, a cen-
tral wavelength of 800 nm, and a maximum laser power of 
~3.5 W; and (2) an oscillator-only Ti:sapphire laser (Mai-
Tai, Spectra-Physics) with a high repetition rate of 80 MHz,  
a pulse duration of ~100 fs, a central wavelength of 800 nm, 
and a maximum laser power of ~225mW. 

Figure 1 present a schematic illustration of the experi-
mental setup. To adjust the energy of the laser beam, the 
linear polarized Gaussian beam emitted from the laser was 
attenuated by a rotatable half-wave (λ/2) plate and a polar-
izing beam splitter (PBS). The transmitted component of 
the laser beam was then incident upon a beam splitter (BS), 
where the reflected beam was launched into a power detec-
tor in order to measure the laser irradiation energy. Mean-
while, the transmitted linearly polarized laser beam was 
passed through a shutter and a series of reflective mirrors 
such that it entered a 10x objective lens (numerical aperture 
0.26, M Plan Apo NIR, Mitutoyo) in the normal direction 
on the surface of the ITO film.  Note that the position of the 
objective lens was adjusted in the vertical (i.e. Z-axis) di-
rection such that the focused spot had a diameter of ~5 μm 
for both femtosecond lasers. 

The desired c-ITO patterns were fabricated by translat-
ing the sample stage in the X- and Y-directions under the 
control of a PC-based micro-positioning system with an 
accuracy of better than 1 μm. The patterning process was 
monitored continuously using a charge-coupled device 
(CCD) camera. After the irradiation process, the samples 
were immersed in a 0.1 N oxalic acid etchant solution at 
50 °C for 2 min. Finally, the etched samples were observed 
using SEM (FE-SEM 7001). 
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Fig. 1 Schematic illustration of femtosecond laser irradiation 
system  

3. Results and Discussion  

3.1 Irradiation experiments using low repetition rate 
femtosecond laser (1 kHz) 

Figure 2(a) presents a microscope image showing the 
line patterns fabricated on an a-ITO thin film surface using 
a laser power of 85 μW (85 nJ) and scanning speeds of 0.25 
and 0.5 mm/s, respectively. Note that the specimen is in an 
unetched condition. It can be seen that the film within the 
laser-irradiated area is slightly different from that within 
the unirradiated region. The irradiated sample was then 
etched, leaving clear line patterns on the substrate, see Fig. 
2(b). Figures 2(c)~(d) present SEM images of the line pat-
terns from Fig. 2 (b). In every case, the lines are found to 
have a width of around 1.1 μm. This result indicates that 
the etching rate of the laser-irradiated line pattern is much 
lower than that of the a-ITO thin film, and thus the unirra-
diated ITO is removed without any significant erosion of 
the irradiated ITO patterns. The irradiated ITO pattern is 
presumed to be crystalline since the etching rates of a- and 
c-ITO are very different [15]. 

Fig. 2 (a)~(b) Microscope images of irradiated a-ITO thin film 
surfaces before and after etching, respectively. (c)~(d) SEM im-
ages showing line patterns fabricated at different scanning speeds, 
i.e. (c) 0.25mm/s and (d) 0.5mm/s. 

Figures 3 and 4 present SEM images of the c-ITO line 
patterns fabricated using laser powers in the range 80~90 
μW and scanning speeds of 0.25 mm/s and 0.5 mm/s, re-
spectively. Since the laser beam has a Gaussian profile, the 
middle of the line is irradiated by a higher intensity than 
the outer edges. In the c-ITO line patterns shown in Figs. 
3(a)~(d), the peak energy intensity of the laser beam is 
higher than the crystallization threshold, but is lower than 
the ablation threshold. As a result, a crystallization of the a-
ITO layer takes place, but no ablation effect is observed. As 
shown in Figs. 3(e)~(f), corresponding to laser powers of 
88 μW and 90 μW, respectively, the center of the line is 
ablated, which indicates that the peak energy intensity of 
the laser beam is higher than the ablation threshold. How-
ever, due to the Gaussian nature of the laser beam profile, 
the outer edges of the line are subject to a lower irradiation 
intensity, and thus the ablated channels are bordered on 
either side by a thin strip of crystalline ITO. Comparing 
Figs. 3(e) and 4(e), it is observed that an ablation effect is 
induced only at the lower scanning rate since under these 
conditions, the focus area on the ITO surface is irradiated 
by a greater number of laser pulses and thus the ablation 
threshold of the a-ITO material is reduced accordingly. 
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Fig. 3 SEM images of c-ITO line patterns fabricated with scan-
ning speed of 0.25 mm/s and laser powers of (a) 80 μW, (b) 82 
μW, (c) 84 μW, (d) 86 μW, (e) 88 μW and (f) 90 μW 

 
Fig. 4 SEM images of c-ITO line patterns fabricated with scan-
ning speed of 0.5 mm/s and laser powers of (a) 80 μW, (b) 82 μW, 
(c) 84 μW, (d) 86 μW, (e) 88 μW and (f) 90 μW 

In Figures 3 and 4, it can be seen that the widths of the 
crystallized patterns are sensitive to the spatial intensity 
distribution of the focused laser beam. Assuming a Gaus-
sian incident beam profile, the pattern width W is related to 
the irradiation laser energy E by 

2 22 ln( )e tW Eω= hE                                (1)    
where Eth is the multiple pulse crystallization threshold 
energy and ωe is the effective beam radius at the interaction 
surface. Figure 5 plots the variation of the measured crys-
tallization pattern width as a function of the laser energy 
for scanning speeds of 0.25 mm/s and 0.5 mm/s, respec-
tively. The straight lines obtained by curve fitting the ex-
perimental data confirm the logarithmic dependence be-
tween the pattern width and the irradiation energy. More-
over, the annealing threshold is estimated to be around 77 
nJ. It is observed that a lower scanning speed (i.e. a greater 
number of laser pulses applied to the same spot) results in a 
lower crystallization threshold energy. This result is most 
reasonably attributed to the incubation phenomenon re-
ported in [16]. Finally, the slope of the fitting line is found 
to be around 11.1 for both scanning speeds and the effec-
tive beam diameter was determined to be 4.7 μm, i.e. simi-
lar to the theoretical focus spot size 5 μm. 
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Fig. 5 Variation of pattern width with laser energy as function of 
scanning speed  

3.2 Irradiation experiments using high repetition rate 
femtosecond laser (80 MHz) 

Figure 6 presents SEM images of the c-ITO line pat-
terns created by the high repetition rate femtosecond laser 
at a scanning speed of 1.0 mm/s and laser powers in the 
range 213~225 mW. It is evident that the micro-cracks ob-
served in the c-ITO line patterns in Figs. 3~4 are no longer 
present. Thus, it appears that the high repetition rate femto-
second laser is beneficial in producing a more uniform 
crystallization effect than that produced by the low repeti-
tion rate laser. Note that the laser beam was focused at a 
position 100 μm above the surface of the a-ITO film in 
order to reduce the thermal effect at the PET substrate and 
the interface of ITO film and PET substrate [17]. However, 
the defocus method will decrease the energy density for the 
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same laser power and limit the highest scanning speed. The 
processing speed could be further improved by using high 
power laser source. 

 
Fig. 6 SEM images of c-ITO line patterns fabricated with scan-
ning speed of 1.0 mm/s and laser powers of (a) 213 mW, (b) 216 
mW, (c) 219 mW, (d) 222 mW and (e) 225 mW. 

Gattass et al. [18] reported that the use of high repeti-
tion rate (> 200 kHz) femtosecond lasers in processing cer-
tain bulk transparent glasses results in a heat accumulation 
effect which minimizes the thermal cycling between suc-
cessive laser pulses and therefore suppresses collateral 
damage. The crack-free appearance of the c-ITO patterns 
presented in Fig. 6 suggests that the current 80 MHz repeti-
tion rate femtosecond laser induces a similar heat accumu-
lation effect. The effective cooling time of a-ITO is given 
by tc=dv

2/D, where dv
 is the diameter of the laser beam on 

the sample surface and D is the thermal diffusivity of a-
ITO and has a value of approximately 1.2x10-6 m2/s [19]. 
In the current experiments, the dv is equal to approximately 
25 μm, and thus the effective cooling time of the ITO film 
is around 525 μs. This value of tc is much larger than the 
interval between successive pulses, i.e. 0.012 μs for an 80 
MHz repetition rate. As a consequence, a significant heat 
accumulation effect occurs within the focus spot region, 
and thus the effects of collateral damage (i.e. micro-cracks) 
are effectively suppressed. 

Figure 7 shows the variation of the measured pattern 
width as a function of the laser irradiation energy for scan-
ning speeds of 0.5 and 1 mm/s, respectively. The straight 
line obtained by curve fitting the experimental measure-
ments again confirms the logarithmic dependence of the 
pattern width on the laser irradiation energy, as shown in 

Eq. (1). Note that in this case, however, the effective beam 
radius term ωe in Eq. (1) is replaced by ωe,h, which is equal 
to the approximate summation of the focused beam radius 
and the extended width caused by the heat accumulation 
effect. From an inspection of Fig. 7, a lower scanning 
speed results in a lower annealing threshold energy. The 
slope of the fitting line is found to be around 1247 for 
scanning speed 0.5 mm/s. Furthermore, the effective beam 
diameter was determined to be around 50 μm. 
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Fig. 7 Variation of pattern width with laser energy as func-
tion of scanning speed 

4. Conclusions 
This study has proposed a novel femtosecond laser-

induced crystallization process for the patterning of high 
quality c-ITO structures on plastic substrates without a 
thermal barrier layer. In general, the results have shown 
that the c-ITO pattern width can be adjusted through a care-
ful control of the laser power. In addition, it has been 
shown that the surface quality of the c-ITO patterns can be 
improved via the use of a high repetition rate (80 kHz) 
femtosecond laser. Overall, the proposed technique enables 
the fabrication of highly-precise c-ITO patterns with no 
discernible damage to the underlying substrate. As a result, 
it provides an ideal solution for the patterning of the micro-
electrodes used in optoelectronic devices fabricated on 
plastic substrates. 
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