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Transparent conductive oxide thin films are applied to many computer, communication and consumer
electronics products including thin film transistor liquid crystal displays, organic light emitting diodes, solar
cells, mobile phones, and digital cameras. The laser direct write patterning of the indium tin oxide (ITO) thin
film processing technique produces a heat affected zone that has an enormous effect on the electro-optical
efficiency of transparent conductive oxide films. This is because direct laser writing patterning in thermal
machining process can create debris and micro-cracks in the substrate. Therefore, this study establishes the
ultraviolet (UV) laser ablation of temperature model on the polycarbonate and soda-lime glass substrates
using the finite element analysis software ANSYS, and measures the temperature field based on the laser
micro-patterning process. The meshing model determines the structure of the pre-processors and
parameters were set with ANSYS parameter design language. This study also simulates the Gaussian
distribution laser irradiation on the pre-processor structure. A UV laser processing system made micro-
patterning on ITO thin films to analyze which conditions damaged the substrates. Comparing the simulation
and experiment results reveals the minimum laser ablation threshold of the ITO thin films with the melting
and vaporization temperatures. Simulation results show that the temperature distribution on PC and soda-
lime glass substrates after laser irradiation of 1.05 μs with a laser output power of 0.07 W produces
temperatures of approximately 52 °C, 54 °C and 345°Cand 205 °C at the laser output power of 0.46 W. The
experiment results show that the patterning region is similar to the simulation results, and the lower laser
power does not damage the substrates.
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1. Introduction

Laser processing technologies, such as drilling, welding, cutting,
hardening, surface treatment and repairing, are widely used in the
mechanical, photoelectronic, optical and electronic industries. Laser
absorption, reflection and transparency can affect the laser irradiation
of a material's surface. Therefore, when the absorbed energy is high
enough, the surface of the material can melt and vaporize. This
phenomenon occurs in many applications, including drilling microvia
of high density interconnect structures, cutting steel slabs, optical
plastic, and fiberglass, weldingmulti-components, hardeningmaterial
surfaces, and surface treatment of optical components to increase
efficiency.

Some investigations have been conducted on the laser material
processing technology using different laser sources, analysis methods,
and materials. Kang et al. [1] proposed a heat transfer and residual
distortion analysis of a laser welding erbium doped fiber amplifier
laser diode pump using the finite element method. In the Nd:YAG
laser welding process, distortion happens at the ferrule and saddle
during heating and cooling. Therefore, numerical analysis can be used
to obtain optimization parameters and decreasing displacement [1].
Gordon et al. [2] provided a simulation tool for manufacturing and
discussed the laser pulsed energy from 1 μJ to 300 μJ. Simulation of
relationship between pulse energy, etch rate, pulse frequency, and
preheating temperature of the substrates requires a minimum beam
diameter of approximately 30 μm. The simulation and experiment
results are in agreement. Wang and Lin (2007) used the commercial
software ABAQUS to analyze a CO2 laser source with a line-shaped
beam to cleave soda-glass substrate. In their experiments they
discussed various rotation angles of the line-shaped beam. Finally,
they discovered that thermal diffusion and rotation angle cause the
phenomenon of micro chip formation due to a large tensile stress
inside the soda-glass substrates. Further, the rotation angle at 0° of the
line-shaped beam causes a micro-crack effect. Yavas and Takai [3]
utilized various laser sources of the fundamental and fourth harmonic
generator Nd:YLF with wavelengths of 262 nm and 1047 nm to
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Table 1
Physical parameters of polycarbonate substrate in simulation [9–13].

Properties Polycarbonate (PC)

Density (kg/m3) 1250
Heat capacity (J/kgK) 1200
Thermal conductivity (W/mK) 0.2
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directly write on ITO thin films. Their experiments were carried out at
high speed scribing of 1 m/s [3]. Li et al. proposed a laser micro-
cladding technique applicable to manufacturing of electronic circuit
conductors on Al2O3 substrate [4]. This method achieves a minimum
linewidth of about 20 μm and a maximum linewidth of about 1 mm.
This approach also has the advantages of low cost and rapid
prototyping for high speed fabrication of print circuit boards [5].
Raciukaitis et al. [5] utilized a high repetition rate picosecond lasers to
pattern indium–tin oxide films. They then analyzed the groove
profiles with an optical microscope, stylus type profiler, scanning
electron microscope, and atomic force microscope. The threshold of
266 nm and 355 nm wavelength radiation was about 0.20 J/cm2 and
0.46 J/cm2, respectively. In their study, the laser energy was 130 mW
and 100 mW, the feeding speed 300 mm/s and 100 mm/s, and the
minimum linewidth was 13 μm and 7 μm. It has been successful re-
moving ITO thin filmswithout damaging the structure [6]. The current
study explores the temperature distribution of laser irradiation on PC
and soda-lime glass substrates using commercial finite element
analysis (FEA) software. Finally, this study also compares the
simulation and experimental results.

2. Modeling of thermal analysis process

The finite element analysis method is a useful tool for computer-
aided engineering analysis. This approach makes it easier to predict
material types and manufacturing process parameters. Fig. 1 shows a
flowchart of the temperature distribution prediction procedure using
finite element simulation.

The thermal analysis of thin films and substrates usually assumes
that the laser energy is a Gaussian distribution. The surface heat flux
distribution q(x,y) can be calculated according to Eq. (1) [7]:

qðx; yÞ = 2αP
πr2

exp
�2ðx2 + y2Þ

r2

" #
ð1Þ

where α is the laser absorption coefficient of laser beam irradiation on
the material surface, P is the laser beam power, and r is the laser beam
radius. According to Fourier's law of heat conduction, the heat flux Φ,
is directly proportional to the temperature gradient, as shown in
Eq. (2) [8]:

ΦðZÞ = � k
dt
dz

� �
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where k is the heat conduction coefficient, and Z is the surface depth of
the material. The relationship between the heat conduction coefficient
and the heat diffusion coefficient can be calculated by Eq. (3) [8]:

kd =
k

ρCp
ð3Þ
Fig. 1. Flowchart of the temperature d
where kd is the thermal diffusivity, ρ is the energy density of laser, and
Cp is the specific heat.

Using the laser beam to produce heat energy, Fourier's thermal
differential equation can be obtained from Eq. (4) [7]:

∂T
∂t = kd∇

2T +
qðxÞ
ρCp

: ð4Þ

Substituting expressions (1) and (3) into Eq. (4) makes it possible
to obtain the surface temperature of materials, as expressed in Eq. (5)
[8]:

T =
2ð1� rÞρ

k

ffiffiffiffiffiffiffi
kdt
π

r
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where (1−r) is absorption of the materials, ρ is the power density of
the laser, and T is the temperature at the surface of the irradiated
target.

3. Numerical simulation process

The finite element model in this study uses in real specimens,
20 mm×20mm×1.1 mm for the soda-glass specimen and 20 mm×
20mm×1 mm for the polycarbonate specimens, respectively. The
sample was irradiated by a UV laser beam. Before establishing the
mathematicalmodeling, some assumptionsmust bemade: (1) Thermal
convection and radiation are neglected during the heating process.
(2) The thermal properties are isotropic. (3) Latent heat is neglected
during theheatingprocess. (4) The laser intensitydistribution is an ideal
Gaussian (TEM00) mode. (5) There is no phase change during laser
heating.

The physical parameters for both ITO/glass and ITO/PC specimens
for the mathematical model and temperature distribution can be
calculated by ANSYS finite element analysis (FEA) software. Table 1
shows the physical parameters of the specimens used in the simula-
tions [9–13]. Eq. (6) shows that the absorption is calculated as follows.

A = 1� R� T ð6Þ

where A, R, and T represent absorptance, reflectance, and transmittance.
The solution processes use the following boundary conditions and

material loads. An initial temperature of 27 °C, laser irradiation time of
istribution prediction procedure.



Fig.2. SEM morphology of cross-section of ITO films deposited on soda-lime substrates.

Fig. 4. Optical microscope of laser ablation and untreated regions on ITO/glass substrates.
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1.05 μs, and a function-editor were employed to define the Gaussian
irradiation heating source.

4. Results and discussion

4.1. Experimental results

ITO thin film patterning in this study uses Nd:YAG laser source
with third harmonic generator settings to produce ITO/PC and ITO/
glass structures. The experimental specimens are soda-lime glass and
polycarbonate substrates with a commercial ITO thin film 400 nm
thick. SEM morphology of cross-section of ITO films deposited on
soda-lime substrates was inspected with a field emission scanning
electron microscope as shown in Fig. 2. The dimension of the each
specimen is 10 mm2. Before laser patterning, the specimen was
cleaned in an ultrasonic bathwith liquid alcohol, and dried under high
pressure nitrogen gas. The laser operating parameters include a TEM00

Gaussian distribution, pulse repetition frequency of 8 kHz, pulse
width of 35 ns, and wavelength of 355 nm. Fig. 3 shows the different
laser power ablation of ITO films on the polycarbonate plastic
material. Fig. 3(a) shows the experimental results for a laser power
of 0.07 W and heating duration of 1.05 μs. Fig. 3(b) shows the results
for a 0.46 W laser power for the same heating duration. Fig. 4 shows
the different laser power ablations of ITO films on the glass substrate.
The ablation of the ITO/glass substrate showsmore burning and debris
when the laser power is 0.46 W than when it is 0.07 W. In order to
check the electric isolation of conductive films, the removal region
and non-removal region were measured by multimeter. After laser
irradiation, the electric insulation region was successful in the above
cases. A laser power of 0.46 Wdoes not causemicro-cracks in the glass
Fig. 3. Optical microscope of laser ablation and untreated re
substrate. However, a large spatter region on the substrate surface
affects transmission efficiency.

4.2. Case Ι—thermal analysis of polycarbonate (PC) substrate

This study experimentally determines the reflectance and trans-
mittance data of the PC and soda-lime glass substrates by spectro-
photometry (Lambda 900, UV/Vis/NIR spectrophotometer system).
Fig. 5 shows the transmittance and reflectance spectra data of the
polycarbonate substrates. From Fig. 5, these results show that
reflectivity from ultraviolet to infrared of about 10%. Moreover, the
transmittance in the visible range (400 nm–800 nm) approximates
90%. The spectrophotometer measures the polycarbonate substrate
with a laser wavelength of 355 nm, revealing a transmittance of about
50.6% and reflectance of 13.0%. In addition, the optical transmission
spectra at IR range displays a strong absorption caused by adsorbed
water vapor [15,16]. Substituting these two parameters into Eq. (6)
shows that the absorptance amount is 36.4%. Prior to simulation, the
substrate material was assumed to be at constant ambient temper-
ature which the units as centigrade (i.e., Tint=27 °C). Fig. 6(a) and (b)
display cross-sections of the temperature distribution with 1.05 μs
laser irradiation at a laser output power of 0.07 W and 0.46 W,
respectively. Fig. 6(a) shows that the center maximum temperature of
the spot reaches 52 °C. For the same condition, when the laser output
power increases to 0.46 W, the maximum surface temperature
reaches 345 °C. This proves that the temperature distribution of the
surface and interior structure exceeds themelting point of 130 °C [14],
as Fig. 6(b) shows. This means that laser irradiation on the specimens
could damage the polycarbonate structure at high temperature.

4.3. Case II—thermal analysis of glass substrate

This study measures the optical properties of soda-lime glass sub-
strates using a spectrophotometer. Fig. 7 shows the optical transmittance
gions on ITO/PC substrates (a) 0.07 W and (b) 0.46 W.



Fig. 5. Optical reflectance and transmittance versus wavelength for polycarbonate
substrates.

Fig. 7. Optical reflectance and transmittance versus wavelength for soda-lime glass
substrates.
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and reflectance data of the soda-limeglass substrate. These results show
that reflectivity increases as thewavelength increases. In this case study,
the transmittance is 68.4% and reflectance is 18.4%. Before simulation,
the constant temperature boundary was assumed (Tint=27 °C) whose
unit was the centigrade. Fig. 8 shows the temperature distribution
during the laser beam ablation of ITO/glass substrates after laser
irradiation. Fig. 8(a) displays the cross-section of the temperature
distribution at a laser output power of 0.07W and laser irradiation of
1.05 μs. This figure shows that the maximum center surface tempera-
ture is 54 °C, which means that the heating influence does not damage
the substrate. Fig. 8(b) shows a cross-section of the temperature
distribution for a laser output powerof 0.46 Wand laser irradiation time
of 1.05 μs. This case study shows that the centermaximum temperature
of the substrate reaches about 205 °C, which is much less than the
substrate's melting temperature of 820 °C.
Fig. 6. Temperature distribution during laser ablation on ITO/PC substrate. (a) Temperature
5. Conclusions

Using the numerical analysis method and the FEA software ANSYS,
the physical and optical parameters of the ITO/PC and ITO/glass
substrates can be used to evaluate the thermal affect and thermal
distribution. This study also discusses the maximum temperature
distribution of the laser ablation rate relationship for the melting
between the vaporization. Finally, the experimental results and
numerical analysis in this study present ITO/PC and ITO/glass
substrates to further improve laser ablation on different materials.
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distribution of laser power of 0.07 W, and (b) 0.46 W after laser irradiation of 1.05 μs.



Fig. 8. Temperature distribution during laser ablation ITO/glass substrate. (a) Temperature distribution of laser power of 0.07 W and (b) 0.46 W after laser irradiation of 1.05 μs.
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