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In this study, a Nd:YAG laser with wavelength of 1064 nm is used to scribe the indium tin oxide (ITO) thin
films coated on three types of substrate materials, i.e. soda-lime glass, polycarbonate (PC), and cyclic-
olefin-copolymer (COC) materials with thickness of 20 nm, 30 nm, and 20 nm, respectively. The effect of
exposure time adjusted from 10 �s to 100 �s on the ablated mark width, depth, and electrical properties
of the scribed film was investigated. The maximum laser power of 2.2 W was used to scribe these thin
films. In addition, the surface morphology, surface reaction, surface roughness, optical properties, and
electrical conductivity properties were measured by a scanning electron microscope, a three-dimensional
aser scribing
TO thin film
olycarbonate
yclic-olefin-copolymer
urface morphology
lectrical properties

confocal laser scanning microscope, an atomic force microscope, and a four-point probe. The measured
results of surface morphology show that the residual ITO layer was produced on the scribed path with
the laser exposure time at 10 �s and 20 �s. The better edge qualities of the scribed lines can be obtained
when the exposure time extends from 30 �s to 60 �s. When the laser exposure time is longer than 60 �s,
the partially burned areas of the scribed thin films on PC and COC substrates are observed. Moreover, the

sistiv
isolated line width and re

. Introduction

In recent years, transparency conductive materials were exten-
ively used in 3C market products (i.e. computer, communication,
nd consumer electronics) to meet the rapid development of the
lectro-optical and semiconductor industry. Common transparent
onductive oxide thin film materials, such as TiO2, SnO2, In2O3, and
nO are used. The thin films of ZnO composition doped with alu-
inum, gallium, and tin elements are named aluminum zinc oxide

Al:ZnO), the gallium zinc oxide (Ga:ZnO), and the zinc tin oxide
ZTO) [1] films, respectively. Particularly, among them, indium tin
xide (ITO) material is popularly used in the flat panel display
ndustry. Due to the high optical transparency and better electrical

onductivity, ITO films have attracted great interests for various
lectrode or conductor applications in solar cells [2,3], flat panel
isplays [4], liquid crystal displays (LCDs) [5], and in organic light
mitting diodes [6].

∗ Corresponding author at: Instrument Technology Research Center, National
pplied Research Laboratories, System Control and Integration Division, 20 R&D
oad VI, Hsinchu Science Park, Hsinchu 30076, Taiwan. Tel.: +886 3 5779911x227;

ax: +886 3 5773947.
E-mail address: tsengsf@itrc.narl.org.tw (S.-F. Tseng).
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ity values increase when the laser exposure time increases.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

In order to fulfill light, thin, short, small, and flexible require-
ments in the electronic gadgets, plastic substrates are developed
and convinced to be better candidates to replace the glass sub-
strate in portable electronic products. The most common used
substrate materials include polycarbonate (PC), polyestersulfone
(PES), polyethylene terephtalate (PET), polyimide (PI), polyarylate
(PAR), and polyolefin. In the electrode manufacturing process, the
transparent conductive material films were coated on these sub-
strates first using the various deposition methods, and then etching
the deposited film to become the electrode of the pre-determined
pixel sizes.

Traditional electrode patterning techniques used the pho-
tolithography and chemical wet etching to form the patterns on
the thin deposited films. The film electrodes manufacturing pro-
cess includes sequentially (a) photoresist coating, (b) soft bake,
(c) exposure, (d) lithography, (e) hard bake, (f) etch, and (g) pho-
toresist stripping [7]. Therefore, we proposed a novel method and
applied the direct laser writing method on the film to obtain the
designed pattern. The advantages of this method are to reduce

the heavy investment of semiconductor lithography process equip-
ment and to decrease the chemical harm to the environment. Some
researches discussed the thin film ablation using different laser
sources. Yavas and Takai [8,9] used the Q-switch Nd:YLF laser and
flash lamp-pumped Nd:YAG laser to ablate ITO thin films, and

ghts reserved.
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Table 1
Fundamental Nd:YAG laser system parameters.

Wavelength (nm) 1064
Average power (W) >20
Spatial mode TEM00

T
O

Fig. 1. Schematic diagram of Nd:YAG laser system.

nvestigated the relationship between different absorption of ITO
hin films and the observed morphology differences. Moreover,
he temperature model was used to confirm that ITO films were
emoved by the evaporative mechanism. Lunney et al. [10] used
he KrF excimer laser to ablate the fluorine-doped tin oxide and
ndium tin oxide transparent conductive thin films. The 50 �m

ide conducting channel was ablated and measured by a scan-
ing electron microscope. Molpeceres et al. [11] used three types
f laser source, including KrF excimer laser, Nd:YAG laser, and
iode pumped solid state (DPSS) laser, for patterning the amor-
hous silicon (a-Si) and ITO thin films. Park et al. [12] used an

ltrafast laser with wavelength of 810 nm and pulse width of 150 fs
o ablate the ITO thin film coated on the glass substrate. Both laser
uence and number of pulses affect the ablation region depth.
he ablation threshold of the ITO film conducted by the ultrafast
aser was found to be 0.07 J/cm2 that is much lower than that of

able 2
ptical and electrical properties of ITO film deposited on different substrates.

Properties ITO/Glass

Thickness (film/substrate) 20 nm/0.7 mm
Transmittance (%) (400–800nm) 85.5
Sheet resistance (�/�) 315
Surface roughness (RMS, nm) 0.926

Fig. 2. Dimensions and shapes of cell pho
Beam diameter, ±10% (mm) 0.8
Pulse repetition frequency (kHz) 1–100
Pulse width (ns) 34–76

the glass substrate (about 1.2–1.6 J/cm2), which leads to a selec-
tive ablation of ITO films without damage on glass substrate. Chen
et al. [13] developed a third harmonic Nd:YAG laser system to
direct writing patterns on ITO films and discussed the effect of
the different feeding speeds and pulse repetition frequencies on
the patterned line overlapping rate. By increasing the laser scan-
ning speed and pulse repetition frequency, the patterned line width
decreased. Chen et al. [14] also used the laser beam shape tech-
nique to obtain top-hat intensity distribution laser beam to perform
line scribing and to perform electrode patterning on ITO thin films
deposited on glass and plastic substrates. The obtained morphol-
ogy of the complex patterning electrode was uniform, smooth,
and free from damage in substrates after the laser patterning was
performed.

This study focuses on the electrode isolation using direct writ-
ing techniques on ITO films coated on substrates used in the various
mobile phones. The candidated substrates include soda-lime glass,
polycarbonate (PC), and cyclic-olefin-copolymer (COC). The opera-
tion parameters for the thin films material removal in laser scribing
are laser exposure time and scanning speed. After laser scribing,
the morphologies are examined using a 3D confocal laser scanning
microscope. The reaction between laser beam and materials can

produce the partially ablated areas in the plastic substrate, and is
also examined by the 3D confocal laser scanning microscope. The
electrical properties are measured by a four-point probe. In addi-
tion, the isolated performance of the ITO thin films is also discussed.

ITO/PC ITO/COC

30 nm/1.0 mm 20 nm/0.7 mm
86.4 86.8
433 390
1.034 1.553

ne touch panels used in this study.
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Fig. 3. SEM cross-section views of ITO films deposited on different types of substrates. (a) ITO/Glass, (b) ITO/PC, and (c) ITO/COC.

F trates. (a) Soda-lime glass substrate, (b) PC substrate, (c) COC substrate, (d) ITO/Glass, (e)
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ig. 4. Surface roughnesses of different substrates and ITO films deposited on subs
TO/PC, and (f) ITO/COC.

. Experimental

.1. Laser scribing system

Fig. 1 shows the schematic diagram of the experimental system.
he fundamental neodymium-doped yttrium aluminum garnet
rystal (Nd:YAG) laser processing system with wavelength of
064 nm is used for patterning isolation lines in ITO thin film of the
ell phone touch panels. The laser beam was delivered through a
× beam expander, three reflective mirrors, and a high-speed gal-
anometric scanning head. The f-theta focusing lens was used in
his system with the focal length of 184 mm and the scanning area
f 112 mm × 112 mm. The Z-axis movable table with ball-screw
echanism in focusing alignment is used to adjust the focal point

nd finally to bring the focused beam on the ablated surface of ITO
hin films.

In this laser operation system, the pulse repetition frequency

s adjusted from 1 kHz to 100 kHz. The values of the maxi-

um pulse repetition rate, the maximum average output power,
nd the pulse width are 100 kHz, 20.8 W, and 76 ns (FWHM).
he energy per pulse exceeds 10 mJ. The nominal values of the
aser beam diameter at the exit port and average spot size

Fig. 5. Light transmittance and reflectance versus wavelength for ITO thin film at
various substrates.
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Fig. 6. Pictures of laser scribing of isolated lines on different substrates.

Fig. 7. Surface morphologies of laser scribing of isolated lines at laser exposure time of 10 �s and 20 �s on different types of substrates coated indium tin oxide thin films.
(a) ITO/Glass, (b) ITO/PC, and (c) ITO/COC.
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ig. 8. Surface morphologies of laser scribing of isolated lines at laser exposure tim
a) ITO/Glass, (b) ITO/PC, and (c) ITO/COC.

re approximately 0.8 mm and 30 �m, respectively. The com-
lete specification of the laser processing system is presented

n Table 1. The average output power, the pulse repetition rate,
he scanning speed of the galvanometer scanners, and the pulse
uration of the Nd:YAG laser can be adjusted by the Human
achine Interface (HMI), which is a self-developed program writ-

en by Borland C++ Builder software to monitor and control the
rocesses.

.2. Sample preparation

The Nd:YAG laser scribing system is designed to perform the
lectrode isolation of ITO thin films coated on different substrate
aterials including soda-lime glass, PC, and COC. Table 2 sum-
arizes the properties of ITO films deposited on three substrate
aterials used in our experiment. These ITO films have sheet

esistance of 315 �/�, 433 �/�, and 390 �/�, respectively. Fig. 2

epicts the dimensional layouts of the three cell phone touch
anel models. The width of all three substrates is 48 mm. The

engths of the substrates are 90 mm, 100 mm, and 90 mm, shown
n Fig. 2(a)–(c), respectively. Moreover, the thicknesses of the sub-
trates are 0.7 mm, 1 mm, and 0.7 mm.
0 �s and 60 �s on different types of substrates coated indium tin oxide thin films.

The commercial ITO thin films were deposited on soda-lime
glass, PC, and COC substrates by sputtering method. An oxide buffer
layer is deposited on each substrate to enhance adhesion between
the ITO films and substrates. Before the thickness of these films
coated on different substrates was measured by SEM, a focused
ion beam (FIB) system (model SMI-3050, SEIKO, Japan) was used
to mill a step for easy thickness observation. In order to protect
the specimen surface during the FIB process, the silicon oxide
(SiO2), platinum (Pt), and carbon (C) were coated on ITO film sur-
face, respectively. Fig. 3 shows the cross-section view SEM pictures
of ITO films deposited on different types of substrates. Fig. 3(a)
shows that the ITO film is on soda-lime glass substrate. The ITO
film and buffer layer were approximately 20 nm and 100 nm thick,
respectively. Fig. 3(b) shows that the ITO film is coated on
PC material. The ITO film and buffer layer were approxi-
mately 30 nm and 140 nm thick, respectively. Fig. 3(c) shows
that the ITO film is coated on COC material. The ITO film

and buffer layer were approximately 20 nm and 100 nm thick,
respectively.

Fig. 4 shows the surface roughness in 3D images of ITO
films deposited on different substrates scanned by the atomic
force microscope (Veeco di Dimension 3100, USA). The surface
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ig. 9. Surface morphologies of laser scribing of isolated lines at laser exposure tim
a) ITO/Glass, (b) ITO/PC, and (c) ITO/COC.

easuring region is 1 �m × 1 �m. The measured values of the root
ean square (RMS) are of 0.181 nm, 0.936 nm, and 1.343 nm for the

lank soda-lime glass, PC, and COC substrates, respectively, shown
n Fig. 4(a)–(c). The RMS values of the ITO films deposited on soda-
ime glass, PC, and COC optical materials are of 0.926 nm, 1.034 nm,
nd 1.553 nm, respectively, as shown in Fig. 4(d)–(f). Compared sur-
ace characteristic of the deposited films, the surface roughness
f ITO film deposited on soda-lime glass substrate is better than
hat deposited on PC and COC substrates because of the flat glass
urface.

Before the laser scribes isolation lines, the spectrometer
Lambda 900 UV/vis/NIR) is used to measure the transmittance
nd reflectance of the ITO films deposited on the various sub-
trates. The data is shown in Fig. 5. The light transmittance values
t 1064 nm wavelength are approximately 76.88%, 75.92%, and
2.37% for ITO/Glass, ITO/PC, and ITO/COC materials, respectively.
he corresponding light reflectance values are 20.06%, 23.53%, and

5.17%. After the laser scribes isolation lines, the surface morphol-
gy was measured by a 3D laser confocal microscope (KEYENCE
K-9700). The electrical resistivity before and after laser scrib-

ng is measured by the four-point probe measurement system
QUATEK CH-5601Y).
0 �s and 100 �s on different types of substrates coated indium tin oxide thin films.

2.3. Isolation line patterning parameter

Nanosecond pulsed Nd:YAG laser with wavelength of 1064 nm
has been used to pattern the isolation lines of ITO thin films. The
operation variables and constrains for patterning isolation lines
were carried out as following:

(a) The optimal average laser power was fixed at 2.2 W, and the
pulse repetition frequency was fixed at 100 kHz.

(b) The laser exposure times were adjusted from 10 �s to 100 �s,
and the interval between each pulse was set by 10 �s.

(c) Machining time varies from 0.76 s to 2.25 s to pattern the iso-
lation line length of 50 mm.

(d) The position of laser focal point and workpiece fixture was fixed
for laser patterning different thicknesses of these substrates.

3. Results and discussion
3.1. Surface morphology, isolation line width, and depth

Fig. 6 shows the photo-pictures of isolated lines on three dif-
ferent substrates by a fundamental Nd:YAG laser source. Figs. 7–9
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thickness of 20 nm, 30 nm, and 20 nm were successfully isolated
when laser exposure time is longer than 20 �s. The results of elec-
trical conductivity near the isolated line edge were measured by
the four-point probe as shown in Fig. 11. The three dash-lines
represent the original resistivity levels before laser scribing, and
ig. 10. Relationship of isolated line width and depth on various exposure times.
ersus different laser exposure times.

how the photos of the scribed isolation lines on different sub-
trates with 400 times magnification using the 3D laser confocal
icroscope. Fig. 7(a)–(c) shows the surface morphologies of pat-

erned isolated lines subjected to 10 �s and 20 �s exposure time on
TO/Glass, ITO/PC, and ITO/COC materials, respectively. The individ-
al ablated mark, discontinuous isolated regions, and the residual
rea were clearly observed in the ITO films along a laser scribing
ath. The ablated marks on the ITO/PC are wider than that on both

TO/Glass and ITO/COC. The ablated mark widths of ITO/Glass and
TO/COC are similar. This is due to the thickness difference between
hese blank substrates, which result in a different laser spot sizes
ocused on the ITO substrate surface. Moreover, the ITO/Glass sub-
trate has slightly higher absorptance than the other two substrates
hat a few heat affected zone appeared near the ablated mark as
hown in Fig. 7(a).

When the exposure time was extended to 30 �s and 60 �s,
he residual areas along a scribed path were gradually decreased,
hown in Fig. 8. No clear existed residual areas on the scribed path
f these substrates can be seen and shown in Fig. 8(a)–(c). There
re no apparent damaged spots or melt burrs observed on the
blated substrate surfaces. Furthermore, the scribed lines shown in
ig. 8(b)–(c) have slightly heat affected zone near the scribing edge
hen the laser exposure time is 60 �s. The scribed lines shown in

ig. 8(a) obviously have wide heat affected zone near the scribing
dge of ITO/Glass substrates. Fig. 9 shows the surface morpholo-
ies of isolated lines on different substrates scribed by laser at
aser exposure time of 70 �s and 100 �s. Fig. 9(a) reveals the wide
eat affected zone along the scribing path on ITO/Glass substrates.
hen the laser exposure time is longer than 60 �s, the scorches

nd splashes also can be clearly observed in the isolated lines on
C and COC substrates. The photo evidences are shown in Fig. 9(b)
nd (c).

Fig. 10 shows a relationship of isolation line width and depth
ersus the various exposure times. The isolated line width increases
ith increasing exposure time for all of ITO substrates. When the PC

s adopted as the substrate, the line width is average 10 �m wider
han that of glass and COC adopted as substrate under the stud-
ed exposure time ranges, shown in Fig. 10(a). The PC thickness is
mm and thicker than the other two substrates, hence the thick-

ess difference results in different laser spot sizes focused on the

TO substrate surface. The ITO thickness on PC is 30 nm compared
o 20 nm thick on the other two, and the ITO thickness difference
auses the larger thermal diffusion difference and results in ablated
pots difference. Moreover, the isolated line depth measured on
lated line width versus different laser exposure times, and (b) isolated line depth

the ITO/PC increases gradually with increasing exposure time, as
shown in Fig. 10(b). Because the thermal stability of glass sub-
strate is better than plastic substrate, the ITO/Glass results show
that the isolated line depth is very close with increasing expo-
sure time. The average depth of ITO/PC and ITO/Glass substrates
are approximately 2 �m. However, the isolated line depth mea-
sured on the ITO/COC is slightly low than other two substrates with
increasing exposure time. The average depth of ITO/COC substrates
is approximately 1.25 �m.

3.2. Electrical conductivity measurement

ITO films deposited on glass, PC and COC substrates with film
Fig. 11. Electrical properties of ITO thin films coated on glass, PC, and COC with
un-scribing and after laser scribing at different laser exposure times.
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he symbols represent the measured data and the solid-lines are
he regression result after laser scribing. All resistivity values after
aser scribing were greater than the original resistivity. The mea-
ured results show that the resistivity values gradually increase
ith increasing the laser exposure time. Because the thickness

f ITO films coated on glass and COC substrates is the same,
hus the resistivity values after laser scribing are very similar.
owever, the thickness of ITO films coated on PC substrate is

arger than others; the resistivity values are obviously larger than
thers.

. Conclusion

We successfully fabricate the isolated lines on indium tin oxide
lms using the direct writing technology and a nanosecond pulsed
d:YAG laser. The line patterns were discontinuous and led to

esidual films produced along a laser scribing path when laser expo-
ure time is less than 30 �s. The burned and damaged substrates
an be observed by the 3D confocal laser scanning microscope
hen laser exposure time is larger than 60 �s. Moreover, the par-

ial burned areas including scorches and splashes were observed
n scribed thin films on PC and COC substrates. When the expo-
ure time is tuned within 30 �s and 60 �s, the better edge quality

f the scribed lines can be obtained. After laser scribing of isolated
ines, all of resistivity values of substrates coated on ITO films near
he isolated line edge were greater than the original ones. More-
ver, the isolated line width values increase with increasing laser
xposure time.
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