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a  b  s  t  r  a  c  t

Indium  tin oxide  (ITO)  thin  films  are  deposited  on glass  substrates  using  a radio  frequency  magnetron
sputtering  system.  As-deposited  ITO  thin  film  was  100  nm  in thickness  and  a  transmittance  of ITO  film  on
glass  substrate  was 79% at 550 nm.  Conductive  electrodes  are  then  patterned  on the  ITO  films  using
a  high  repetition  rate  fiber  laser  system  followed  by  a wet  chemical  etching  process.  The  electrical,
optical  and  structural  properties  of  the  patterned  samples  are evaluated  by means  of  a four-point  probe
technique,  spectrophotometer,  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  and  atomic
force  microscopy  (AFM).  The  results  show  that  the samples  annealed  with  a pulse  repetition  rate of
aser annealing
et  etching

150  kHz  or 400  kHz  have  a  low  sheet  resistivity  of  21  �/�  and  a  high  optical  transmittance  of  90%.  In
addition,  it is  shown  that  a higher  pulse  repetition  rate  reduces  both  the  residual  stress  and  the  surface
roughness  of  the  patterned  specimens.  Therefore,  the  present  results  suggest  that  a  pulse  repetition  rate
of 400  kHz  represents  the  optimal  processing  condition  for the  patterning  of crack-free  ITO-coated  glass
substrates  with  good  electrical  and  optical  properties.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Transparent conductive oxides (TCOs) deposited on glass or
lastic substrates have a light weight, good flexibility and a
igh optical transmittance [1]. Among the various TCOs available,

ndium tin oxide (ITO) has many favorable properties, including
 low electrical resistance (∼1.5 × 10−4 ohm cm), a good adhesion
bility on glass, a high optical transparency, a good resistance to
cidic environments, and a high electrical and chemical stability.
s a result, it has been used for a wide variety of applications,

ncluding flat panel displays, organic light-emitting diodes (OLEDs),
holesteric liquid crystal displays, and solar cells [2–6].

ITO electrodes are generally patterned using traditional pho-
olithography techniques followed by annealing in a hot furnace
7]. However, such an approach is not only complex and time-
onsuming, but may  also result in substrate damage due to
he high temperatures involved in the annealing process (i.e.,
200 ◦C). Accordingly, the use of laser ablation to pattern ITO elec-

rodes directly has attracted increasing attention in recent decades
8–17]. Broadly speaking, existing laser patterning methods utilize

ither long-pulses (nanoseconds) [8–10,14–16] or ultrafast-pulses
picoseconds or femtoseconds) [11–13]. Yavas [8,9] showed that
TO films deposited on lime glass or fused quartz substrates was

∗ Corresponding author. Tel.: +886 8 7703202 7568.
E-mail address: HKLin@mail.npust.edu.tw (H.K. Lin).

ttp://dx.doi.org/10.1016/j.apsusc.2014.04.084
169-4332/© 2014 Elsevier B.V. All rights reserved.
patterned using different wavelength lasers. It is showed that the
ablated quality of ITO films depends on both the underlying sub-
strate material and the wavelength of the laser ablation system.
Excimer (KrF, 248 nm)  and DPSS lasers (355 and 1064 nm) with
nanosecond pulse duration have been used for material patterning
[10,18]. Meanwhile, it was  shown that when patterning ITO sub-
strates using a nanosecond pulse duration, a laser wavelength of
355 nm results in well-defined grooves, whereas a higher wave-
length of 1064 nm leads to a significant accumulation of ablated
material at the groove edges.

In general, direct laser ablation provides a quick, versatile and
low-cost solution for patterning ITO thin films. However, a high
laser energy is required to heat the ITO material to a sufficient tem-
perature to cause melting and evaporation. As a result, the substrate
is easily damaged dues to thermally induced stresses. Especially for
devices that are fabricated directly onto the substrate and easily led
to material accumulation onto edge of the ablation trench, mean-
ing that this approach has a number of limitations. Accordingly, the
use of a combined laser annealing and wet  etching process to pat-
tern ITO thin films has attracted increasing attention in recent years
[19,20]. In such an approach, the ITO film is patterned using a low
irradiation energy; with the aim being simply to prompt a transfor-
mation of the original amorphous ITO phase to a crystalline phase

(leading to a corresponding change in the subsequent etching rate)
rather than to melt and remove the ITO material directly. However,
in adopting direct laser ablation methods, the pulse repetition rate
must be carefully controlled since an excessive input energy (i.e.,

dx.doi.org/10.1016/j.apsusc.2014.04.084
http://www.sciencedirect.com/science/journal/01694332
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represents the critical value below which a low sheet resistance is
obtained.

Fig. 2(a) and (b) presents the optical transmittance spectra of
the as-deposited and annealed ITO specimens before and after wet
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 longer laser pulse) results in a cracking of the ITO films and sub-
equent electrical failure [19,21]. It was shown that for ITO films
eposited on glass substrates and then etched in oxalic acid, the
ptical and electrical properties are enhanced when patterning is
erformed using a high repetition rate femtosecond laser [20].

The present study proposes a technique for fabricating crack-
ree ITO-coated patterned substrates using a fiber laser and a
et etching process. The patterning process is performed using
ulse repetition rates ranging from 100 to 400 kHz. The optimal
epetition rate is determined by evaluating the electrical, optical
nd structural properties of the various samples using a four-
oint probe technique, spectrophotometer, X-ray diffraction (XRD),
canning electron microscopy (SEM) and atomic force microscopy
AFM).

. Experimental

ITO thin films with a thickness of approximately 100 nm were
eposited on glass substrates (AGC G2, thickness: 0.7 mm)  under
mbient temperature conditions using a RF magnetron sputtering
ystem (UNI-4500, Japan) with an In2O3 (90 wt.%):SnO2 (10 wt.%)
arget (Well Being). The deposition process was performed using a
orking power of 3 kW;  a sputtering time of 29 s; and Ar, H2 and O2
ow rates of 22, 5 and 6 sccm, respectively. The ITO samples were
hen annealed using a fiber laser (SPI-12, UK) with a wavelength
f 1064 nm and repetition rates ranging from 100 to 400 kHz. In
very case, the irradiation power was set as 470 mW,  the scanning
peed was set to 5 mm/s, a spot size of 42 �m,  a pulse duration
f 30 ns, and the scanning pitch was set as 25 �m.  Following the
blation process, the specimens were immersed in 0.05 M oxalic
cid etchant at 40 ◦C for 4 min.In the annealing process, the pulse
nergy (E) is given by [22]

 = PAVG

rep
, (1)

here PAVG and rep denote the average power of a pulse laser
nd laser repetition rates, respectively. From Eq. (1), it is seen that
he pulse energy reduces as the repetition rate increases. For the
aser system used in the present study, the pulse energy had val-
es of 4.7, 3.8. 3.1 and 1.2 �J for the considered repetition rates of
00, 125, 150 and 400 kHz, respectively. The electrical and opti-
al properties of the various specimens were investigated before
nd after wet etching using a four-point probe technique (SR-
1000C, Taiwan) and a UV–vis spectrophotometer (Lambda 35,
SA), respectively. Meanwhile, the crystalline properties of the ITO

amples were examined using an X-ray diffraction method (XRD,
ruker D8 Advance, Germany) with a Cu-K� radiation source and

 scanning range of 20–80◦. The surface morphologies were exam-
ned using a field emission scanning electron microscope (FESEM,
SM-7600F, Japan). The surface roughness of the films was mea-
ured using an atomic force microscope (AFM, Veeco di CP-II) and
he measured area is 10 �m × 10 �m.  Finally, the residual stress
f the ITO thin films was measured using a grazing incidence X-
ay diffraction (GIXRD) system based on the conventional sin2 �
ethod [23].

. Results and discussion

Fig. 1 shows the sheet resistance of the various ITO thin-film
amples before and after chemical etching. It is seen that the as-
eposited ITO thin film has a sheet resistance of 81 �/� prior to
hemical etching. However, the sheet resistance overflows follow-

ng the etching process. For the sample patterned with a repetition
ate of 100 kHz (i.e., a pulse laser energy of 4.7 �J), the resistance
verflows both before and after the etching process. Given a pulse
epetition rate of 125 kHz, the sheet resistance of the annealed
Fig. 1. Sheet resistance of as-deposited and annealed ITO samples before and after
chemical etching.

specimen reduces to 21 �/� due to the enhanced mobility and
reduced scattering of the carriers [7,24]. However, following the
etching process, the sheet resistance increases to around 180 �/�.
It is observed that the ITO samples patterned with a pulse repeti-
tion rate of 150 kHz or 400 kHz have a very low sheet resistance
(∼21 �/�) in both the etched condition and the un-etched condi-
tion. In other words, it appears that a pulse laser energy of 3.1 �J
Wav elength (nm)

Fig. 2. Optical transmittance spectra of as-deposited and annealed ITO on glass
samples (a) before and (b) after chemical etching.
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ig. 3. XRD results for annealed ITO samples (a) before and (b) after chemical etch-
ng.
tching, respectively. It can be seen that all of the ITO films (both
tched and un-etched) have good optical transparency in the visible
ange. From inspection, it is found that the annealing and etching
rocess improves the transmittance from around 75% (as-deposited

Fig. 4. SEM images of non-etched ITO samples annealed with repetitio
e Science 308 (2014) 58–62

sample) to 90% given incident light with a wavelength of 550 nm.
Fig. 3(a) presents the XRD spectra of the as-deposited ITO sam-
ple and un-etched ITO samples patterned with repetition rates of
100 kHz and 400 kHz, respectively. It is seen that the spectrum of
the as-deposited sample contains no prominent peaks and it is
amorphous structure. However, for the annealed samples, strong
peaks corresponding to the (2 2 2), (0 4 4), (0 0 4) and (2 2 6) crys-
talline planes of indium tin oxide are observed. In other words,
the annealing process prompts a change in the microstructure
of the as-deposited ITO thin film from an amorphous state to a
polycrystalline state. Fig. 3(b) confirms that the samples retain a
polycrystalline structure following chemical etching. This observa-
tion is consistent with the general thermal annealing results [21].

Fig. 4 presents SEM images of the un-etched ITO samples
patterned using laser pulse repetition rates of 100, 125, 150 and
400 kHz. It is observed that the sample annealed using a pulse rep-
etition rate of 100 kHz contains a thick micro-crack. As discussed in
Ref. [21], the micro-crack results from a difference in the residual
stress between the irradiated and non-irradiated regions of the ITO
thin film. Comparing the four SEM images, it is seen that the grain
size reduces with an increasing pulse repetition rate (i.e., reducing
pulse laser energy). Moreover, it is noted that the micro-cracking
tendency of the annealed samples also reduces as the pulse repe-
tition rate increases. Fig. 5 shows the surface morphologies of the
annealed ITO thin films following the wet  etching process. It is seen
that the samples annealed with a pulse repetition rate of 150 kHz or
400 kHz retain a small and uniform grain size. However, the sam-
ples patterned with a low repetition rate of 100 kHz or 125 kHz
both contain large micro-cracks. This result is consistent with the
findings of Ref. [21] that the greater energy input associated with a
lower pulse repetition rate prompts the formation of defects in the
annealed ITO thin film, which subsequently serve as preferred sites
for a higher etching rate during the wet  chemical etching process
and lead to the formation of micro-cracks as a result. Notably, the
micro-cracks account for the resistance overflow observed in the

corresponding samples in Fig. 1.

Fig. 6 shows the surface roughness values of the as-deposited
ITO thin film and the ITO films patterned using pulse repetition
rates of 100 kHz and 400 kHz, respectively. It is seen that the

n rates of: (a) 100 kHz, (b) 125 kHz, (c) 150 kHz and (d) 400 kHz.
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ition rates of: (a) 100 kHz, (b) 125 kHz, (c) 150 kHz and (d) 400 kHz.

a
i
r
i
n
f
a
i
c

m
t
e
a
˛
w
p
n
t

F
i
r

Fig. 5. SEM images of etched ITO samples annealed with repet

s-deposited sample has a mean surface roughness of approx-
mately 5 nm.  For the annealed samples, the surface roughness
educes from 12.3 nm to 1.8 nm as the pulse repetition rate is
ncreased from 100 kHz to 400 kHz. Moreover, the surface rough-
ess of the two samples reduces to 4.6 nm and 1.5 nm, respectively,

ollowing the etching process. In other words, the effectiveness of
 higher pulse repetition rate and a wet chemical etching process
n reducing the surface roughness of the patterned ITO thin films is
onfirmed.

The residual stress in the etched laser-annealed ITO samples was
easured using a GIXRD technique and was then compared with

hat of an ITO sample annealed at 200 ◦C for 1 hr in a furnace. For
ach of the three samples, Fig. 7 plots the variation of (d − do)/do

s a function of cos2
 ̨ sin2 � . Note that fixing the constant � angle,

 = �o − � , and tilting the different � angle can get the variation
here d is the initial lattice space (∼0.152 nm), using diffraction
o

eaks 60.7◦, incident angle 1◦. Applying a linear regression tech-
ique to the experimental data, the gradients of the fitted slopes for
he specimens annealed using pulse repetition rates of 100 kHz and

ig. 6. Surface roughness of various etched and non-etched ITO samples. Note that
nset shows AFM image of non-etched ITO sample patterned using pulse repetition
ate of 400 kHz.
Fig. 7. The (d − do)/do vs. cos2
 ̨ sin2 � plot for traditional furnace-annealed ITO

sample and ITO samples patterned using pulse repetition rates of 100 kHz and
400 kHz.

400 kHz were found to be 0.00373 and 0.00347, respectively, while
that of the specimen annealed in the furnace has a value of 0.00106.
For each specimen, the residual stress can be calculated using the
slope equaling function ((1 + �)/E)�, where � and E are the Poisson
ratio (∼0.33) and Young’s modulus (∼160 GPa) of ITO, respectively.
Therefore, the residual stresses of the three specimens were found
to be 448, 417 and 127 MPa, respectively. In other words, the resid-
ual stress reduces with a higher pulse repetition rate and the lower
residual stress reduces the risk of cracking following the etching
process, as observed in Fig. 5.

4. Conclusions

ITO thin films have been deposited on glass substrates and then
patterned to form conductive electrodes using a laser annealing

process followed by wet  chemical etching. The laser patterning
process has been performed using a fiber laser with a wavelength
of 1064 nm and pulse repetition rates of 100, 125, 150 and 400 kHz,
corresponding to laser pulse energies of 4.7, 3.8. 3.1 and 1.2 �J,
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espectively. The results have shown that at lower pulse repetition
ates (100 and 125 kHz), micro-cracks are formed in the etched
amples; resulting in an overflow of the sheet resistance. However,
s the pulse repetition rate is increased, the residual stress within
he etched samples reduces, and thus the propensity for micro-
racking is reduced. Overall, the results have shown that a pulse
epetition rate of 400 kHz results in a minimal sheet resistance,

 high optical transmittance, a low surface roughness and a low
esidual stress, and is therefore the optimal annealing frequency
or the ITO/glass samples.
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