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Substrate side irradiation is widely used for a thin film removal process because high absorption at the
film/substrate or film/film interface leads to complete isolation of thin film by single shot irradiation
of laser pulse with low energy. However, in the transparent thin film removal process, large thermal
expansion or local phase change at the interface cannot be created by substrate side irradiation because
of its large optical penetration depth compared to its small thickness. Nevertheless, substrate side irra-
diation works obviously for single shot film isolation process compared to film side irradiation, and
the mechanism of the process was not clear in terms of difference in the irradiation direction. In order
to investigate the effect of the irradiation direction, this study focused on the transient interaction
between the material and nanosecond laser pulse. Experimental results showed that film was thermally
ablated. Variation of temporal profile of nanosecond laser pulse during the process was experimentally
investigated to detect plasma shielding. Pulse width and energy transmittance of transmitted pulse
decreased by plasma shielding as pulse energy increases regardless of irradiation direction. In addition,
temperature distribution in the film during the process was investigated using a 2-dimensional thermal
model, which accounts for melting, vaporization, and laser induced plasma shielding. Calculated temper-
ature distribution was used to support the scenario of the process mechanism which was investigated in
the experiments. Our findings demonstrate that laser induced backward ablation is a single shot TCO film
removal mechanism, and plasma shielding is dominant factor to interrupt absorption of beam thorough
the film in the film side irradiation process.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

scribing with 1064 nm/532 nm wavelength can be implemented
industrially with m/s order processing speed [1-5], it is signifi-

Use of transparent conductive oxide (TCO) thin film is widely
increasing with a spread of various opto-electronical technologies
such as touchscreens, liquid crystal display, and photovoltaics.
Indium tin oxide (ITO), fluorine doped tin oxide (FTO), and zinc
oxide (ZnO) films are most widely used materials as a TCO thin
film. Electrical conductivity of these TCO thin films must be
ensured while they have very thin thickness of nanometers order
for the sufficient transmission as an optical window. Due to the
TCOs’ high transparency on the wide range of visible and infrared
spectra, the optical penetration depth is usually longer than the
thickness of the thin films. Therefore, thin film removal processing
using laser single shot ablation can be effectively used for pattern-
ing of the TCO thin films. In addition, as a nanosecond laser
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cantly advantageous for the fabrication of scribes on the thin film
photovoltaic (TFPV) devices, which necessarily need use of large
size transparent thin film layers of meter square order deposited
on transparent substrate.

Making the scribes on the thin film layers of the TFPV devices
allow implementation of efficient low-current/high-voltage
devices. On the other hand, the width of the grooves must be min-
imized because area of the scribes is counted as a dead area that
cannot generate electricity with solar irradiation. Of course, forma-
tion of heat-affected zone (HAZ) by ns laser irradiation must be
taken into account as well. Hence, there is no doubt that under-
standing the thin film removal mechanism is critically important
for optimum implementation of fabrication system as to curtail
the heat affected zone with narrow groove width.

Fig. 1 represents schematic illustration of basic mechanisms of
the laser substrate side scribing process. For the thin film with high
absorbance, absorption of laser beam takes place at the vicinity of
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Fig. 1. Schematic illustration of basic mechanism of thin film removal processing by substrate side irradiation. For the thin film with high absorption coefficient, most
illuminated laser beam is absorbed at the vicinity of the interface. Local thermal ablations such as vaporization and formation of plasma lead to stress assisted removal of thin

film by a single shot.

interface between thin films or thin film/substrate. In this case, rel-
atively low fluence of laser beam can cause the thermal expansion,
local vaporization, or generation of plasma at the interface so that
stress-assisted ablation is dominant to remove thin film. Several
studies have demonstrated theoretical models to explain the thin
film removal mechanism. Several researchers used pure thermal
model to discuss mechanism by means of temperature profile
and phase change [6-8]. Also, formation of micro/nanobump has
been under consideration of several studies [9,10]. The approxi-
mate thermoelastic solution of round plate with fixed edge to
describe initial thermal stress given on laser heated thin films
[1,9,10]. Also, plasma induced pressure for lift off or peening of tar-
get materials was experimentally and theoretically studied in sev-
eral works [11,12]. It is shown obvious that confined geometry
with transparent substrate or liquid results in formation of signif-
icantly high pressure during adiabatic cooling of plasma [11-17].

However, feature of the TCO thin film removal processing is
more complicated because it has relatively larger optical penetra-
tion depth than its thickness as mentioned above. Temperature
profile along optical axis is not certainly different whether laser
beam is irradiated from film side or substrate side, which means
that stress-assisted ablation is rather difficult to happen. In several
researchers’ works [3,18], film side irradiation needed higher flu-
ence for complete isolation of the film by single shot. In addition,
profiles of the craters formed by single shot irradiation were signif-
icantly different according to the irradiation direction. Wang et al.
[4] used thermoelastic models to explain the TCO thin film removal
mechanism. Their findings show that the film can be removed
without phase change although temperature profile along the opti-
cal axis is almost uniform, if principle stress exceeds materials
strengths. However, there are still experimentally unclear things

remained concerned with difference between film side and sub-
strate side irradiation.

In this study, therefore, we aimed to investigate the mechanism
of the TCO thin film removal process focusing on the direction of
the irradiation. Using ns laser pulse of 1064 nm, parametric studies
on the FTO thin film removal process are given first. Previous stud-
ies [19-23] have shown that inverse Bremsstrahlung reflection and
absorption prevent incoming laser pulse to reach materials surface,
so that mass ablation rate and temporal profile of reflected and
transmitted pulses changes transiently. Under consideration of this
knowledge, we measured transmitted pulse profile to examine
those effects. As analyzing the experimental results, thermal model
is used to predict the TCO thin film removal mechanism in the later
section.

2. Experimental methods

Fig. 2 shows schematic illustration of experimental setup.
Nanosecond laser irradiation system was prepared to process the
FTO thin film on soda lime glass sample (Asahi type-VU). This sam-
ple has texturized surface with roughness of 20-30nm for
improvement of light trapping as it has been designed for the
use in the TFPV devices [24]. Nd:YAG fundamental wave
(1064 nm), of which pulse width is 5-7 ns, was used in this study.
This fundamental wavelength indicates relatively large absorption
into the FTO film with high oscillation efficiency. Original beam
was expanded and transmitted through circular aperture to obtain
circular top-hat profile. The top-hat beam was focused by plano-
convex lens (f=100 mm) to be shaped into a narrow Gaussian
beam with radius of 12 pm. Once threshold fluence of film damage
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Fig. 2. Schematic illustration of experimental apparatus. Photodiode and energy meter were prepared to detect effects of plasma shielding.
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Table 1

Experimental parameters.
Parameter Unit Value
Wavelength, 4 nm 1064
Pulse width, t, ns 5-7
Focal length, f mm 100
Beam radius at focus, wg pm 12
FTO thickness, h nm 600-700
Substrate thickness mm 1.8

was found, the fluence was increased to investigate the effect of
the beam fluence on the crater profiles. Except for threshold flu-
ence, all the fluences described in this paper are peak fluence of
a Gaussian beam.

Photodiode, of which rise time is <2 ns, and energy meter were
alternately used for the measurement of change of pulse temporal
profile and energy transmissivity of pulse through the sample dur-
ing process respectively. These measurements allow the perfor-
mance of observation of plasma shielding. If plasma shielding by
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ablated materials is significant, backward of the pulse would be
curtailed so that we can affirm change of temporal profile and
noticeable energy decrease of transmitted pulse [20,21,23]. All
the experiments were performed in room condition. Experimental
parameters are tabulated in Table 1.

3. Resutls and discussion
3.1. Film removal threshold and quality

Fig. 3 shows confocal microscope images of fabricated film and
cross-sectional profile of the craters with different intensities. Cra-
ters with smooth taper were fabricated. Canteli et al. [3] said that
the fabrication results of the FTO thin film with IR light shows cra-
ters with smooth taper due to melted and re-solidified material.
Same interpretation may be valid in the present context, as craters
have similar boundary which has melted and re-solidified struc-
ture and smooth taper rather than crack formation. Note that cra-
ters without complete film removal indicate uneven surface
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Fig. 3. Confocal microscope images and cross-sectional profiles of fabricated craters. Upper row (a) and under row (b) show the results by substrate side and film side
irradiations respectively. Thin film was ablated from the surface regardless of irradiation direction. Substrate side irradiation needed only 10.6 J/cm? to achieve complete film
removal, while film side irradiation could not achieve complete film removal with 421 J/cm?.
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profile. It is considered that texturized film surface may affect
absorption profile along the optical axis direction. Furthermore,
re-solidification of the film material may result in formation of
the pattern on the surface.

Another interesting thing is that film ablation occurs from the
surface regardless of the irradiation direction. The followings
may explain this behavior well.

(a) In the nanosecond regime, heat flow from the film surface to
ambient air is ignorable compared to heat conduction from
the film to the substrate.

(b) Light absorption is almost homogeneous along the optical
axis thorough the film. Compared to the film surface, more
heat is conducted from bottom of the film to the glass sub-
strate due to relatively high heat conductivity. As a result,
temperature rise is much higher near the surface of the film.

(c¢) This leads to the first ablation at the surface.

Therefore, the film may be ablated from the surface, and abla-
tion thickness increases with larger fluence to remove the whole
film thickness. This process is to be described later in details in
Section 3.3.

Film damage threshold was 4.8 J/cm? regardless of the irradia-
tion direction. The complete film removal was achieved with the
fluence of 10.6 ]J/cm? with the substrate side irradiation. Steep
change of cross sectional profile is shown at the film/substrate
interface in this regime. However, it was not achieved even with
the significantly large fluence of 421 J/cm? in the case of film side
irradiation. Although film damage thresholds were almost same,
the complete removal of the film was strongly dependent on the
irradiation direction. This implies that certain factor disturbs
development of ablation depth with the film side irradiation.

Fig. 4 shows width and depth of the craters as a function of the
fluence. The crater width increased with increase of the fluence
regardless of the irradiation direction. Width of the beam defined
by the threshold fluence is represented in the Fig. 4(a), too. The cra-
ter width well agreed with this width. It is natural that size of
ablated area well matches with the size of the irradiated area over
the threshold in the nanosecond thermal ablation process. In the
case of substrate side irradiation, depth of the crater became grad-
ually larger to reach the glass substrate even over the film thick-
ness. Temperature rise of the glass substrate over softening point
(see Section 3.2 and Table 2) due to heat conduction from the film
accounts for this ablation at a high fluence. Therefore, pulse energy
must be well optimized to avoid critical substrate damage. On the
other hand, in the case of film side irradiation, the crater depth was
hardly enlarged with increase of the fluence. These behaviors char-
acterized by the irradiation direction will be discussed in the next
section in terms of the plasma shielding effect.

3.2. Influence of plasma shielding

Fig. 5 indicates the change of pulse temporal profile and pulse
duration of the first pulse after processing. In Fig.5(a) and (b),
the original pulse temporal profile is also indicated for the compar-
ison, and all the profiles are normalized for its own peak intensity.
In Fig. 5(a) and (b), temporal profile of the pulse after processing
has steep declining compared with original pulse so as to result
in decrease of the pulse width (Fig.5(c)). These results show
exactly the same effect demonstrated by Wolff-Rottke et al.
[20,21] and Mao et al. [23]. Their studies showed that backward
of temporal pulse is curtailed by plasma shielding. It would be rea-
sonable to consider that the plasma rises with significantly larger
fluence than threshold during the process of thermal ablation. Of
course, the more intensive laser beam is illuminated, the faster
plasma rises so that pulse duration gets far shorter. In effect, we

30.0
-------- il
250 A
A
&R
200 | & ©
- ﬁ
g o8
= 150 2
= 15 Fo)
b= #
z Y
5 100 |
- B
o fo
o 50 | Q """" Threshold circle width
’ O Subs. side irradiation
i A Film side irradiation
0.0 . A . A L
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Peak fluence (J/cm?)
(a)
1200
—O—Subs. side irradiation
—& -Film side irradiation
1000 ==="Film thickness
800
|
£
= 600 r
=
= a—— R A ———a———a
a Ak k&
400 ahk
'
!
i
I/
200
A
0 A L L L L
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Peak fluence (J/cm’)
(b)

Fig. 4. Parameters of the fabricated craters. (a) Width of the craters. (b) Depth of the
craters. The width of the craters well agreed with that of threshold circles. Ablation
depth of the substrate side irradiation increased with the fluence to reach and
damage the glass substrate.

could observe the plasma plume as a burst of white light by the
naked eyes during the process with fluence larger than or equal
to 8.84 ]/cm>.

As plasma is generated at the surface of the film, this transient
plasma shielding during pulse duration interrupts sufficient
absorption of the whole pulse for the complete film removal in
the case of film side irradiation. However, in the case of substrate
side irradiation, whole pulse can be absorbed temporally as pulse
reaches film before reaching to plasma. Thus, we can conclude that
laser induced backward ablation leads to complete removal of the
TCO film, and plasma shielding at the surface make directional
effect in this process. In addition, not only for thin film laser scrib-
ing, but also for bulk material laser ablation, plasma shielding must
be considered to optimize processing parameters to prevent waste
of laser pulse energy.

Fig. 6 shows variation of transmissivity of the laser pulse
through the sample by means of number of illuminated pulses.
Several initial pulses, which induce ablation of the FTO film, have
low energy transmissivity. Here, obvious difference can be seen
with respect to the irradiation direction. In the case of substrate
side irradiation, the transmissivity increased to reach ‘steady state’
(here we define it as a constant transmissivity after illumination of
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Table 2
Physical properties of materials.
Parameter Unit SnO, [29,30] (temperature (K)) Glass
Density kg/m> 6950 2520
Specific heat, ¢, J/kg K 3520 x 10T + 200 (250 < T<1000) 837
7750 x 107°-T + 475 (1000 < T < 1800)
614 (1800<T)
Latent heat of melting, L, J/kg 3.17 x 10° -
Melting temperature, T, K 1898 722 (softening)
Latent heat of vaporization, L, J/kg 2.08 x 10°
Boiling temperature, T, K 2273
Thermal conductivity, k W/mK 30 (T=300) 1
45407188 (300 < T < 2000)
5 (2000 <T)
Absorption coefficient, o’ m! 1.5 x 10° -
A m~! 1.5 x 106
B m?/] 9.6 x 1074
Half range of phase change, A K 50 -
Film thickness, h nm 650 -

Refractive index, n -

1.6 [4] at 1064 nm

1.51 at 1064 nm

" Based on measurement in this study.
" Based on sample specification.
""" Based on experimental results in this study.

5 pulses in each cases) within 2-3 pulses because of complete
removal of the film in early stage. However, film side irradiation
required at least 4 pulses to reach steady state as remained film
was fabricated by second or third pulse.

When film was not removed completely by first irradiation,
transmissivity of the second pulse indicated even lower value than
that of first pulse (i.e. 8.84, 28.3 ]J/cm? of film side irradiation).
Change of optical properties of the film caused by first pulse abla-
tion may account for this behavior. We can predict that re-
solidified FTO has stronger optical absorption.

3.3. Thermal modeling and analysis

In the previous sections, we experimentally demonstrated that
the TCO thin film is removed from its surface by thermal ablation,
and absorption of the beam is disturbed by plasma shielding with
the film side irradiation. This scenario would be more persuasive if
craters’ profiles (Fig. 3) have critical relationship with temperature
distributions during process. Thus, we solved simple 2D unsteady
heat conduction equation to investigate temperature distributions
during the process. Cylindrical coordinates were set because a
Gaussian laser beam has an axial symmetry. Region of interest
for numerical calculation is shown in Fig. 7. For pulsed laser abla-
tion, melting, vaporization and, effect of plume shielding on source
term can be implemented in the heat equation [25-28]. The tem-
perature distribution in a cylindrical coordinates system is gov-
erned by the following equation:

oT oT
plcp + Lmd(T — Ti)] <§ — v E)

10T &°T &T
_k(FﬁJFWJ“W) S M

where ¢p, p, L, T, s, k, and S indicate specific heat, density, latent
heat of melting, melting temperature, surface recession velocity,
thermal conductivity, and source term respectively. Surface reces-
sion velocity is defined under the assumption that the flow of
vaporized material from the surface follows the Hertz-Knudsen
equation and the vapor pressure above the vaporized surface can
be estimated with the Clausius-Clapeyron equation [27,28].

M \'"p, ML, /1 1
b= (1 B ﬁ) (27T’<BT5> ; €xp |: kB <T_” B T_s):| (2)

Here, M, kg, Ts, po, Ly, and T, indicate atomic mass, Boltzmann
constant, surface temperature, reference pressure, latent heat of
vaporization, and boiling temperature respectively. g is so called
sticking coefficient which accounts for the back-flux of the ablated
species, being approximately 0.18 [27,28]. Source term S expresses
laser beam absorption with a Gaussian spatial and temporal profile
in the FTO film with following forms.

2E, 2r?
Ss = OC(] - RGlass/Air) (1 - RGlass/TCO) TC_VV’; exXp <_ _>
0

2vIn2 t—2t,
. VT exp[—4 In 2~< G

3.1)

)} exp[z  h)]

2E, 2r?
S = 05(1 - RTCO/Air) 7172 exp (*W>
0 0

w
.2\/ln2
tV/T

t—2t,\>
exp|—4 In 2. — -exp[—oz]-exp(—-A-dZ — B -E,)
P

(32)

Here, Eqgs. (3.1) and (3.2) are for substrate side irradiation and
film side irradiation respectively. o, R, E,, L, h, dZ, and E, indicate
absorption coefficient, reflectance, pulse energy, thickness of glass
of numerical interest, film thickness, vaporized depth, and laser
fluence absorbed by plasma plume respectively. Subscripts of R
indicate the interface where each R is applied. Temporal peak of
the pulse was set at 2t,. By using the term exp(—-A-dZ — B - E,) at
the end of Eq. (3.2), fluence attenuation due to plasma shielding
is calculated in the case of film side irradiation. Here, this term
was not used in the case of substrate side irradiation because the
laser pulse does not experience plasma shielding before absorp-
tion. A and B are plasma absorption coefficients which determine
the contribution of amount of vaporized material and absorbed
energy to plasma density respectively. A and B are free parameters
which can be determined based on experimental results. In specific
cases when the plasma absorption mechanism is well established,
A and B can be estimated theoretically [26].

In Eq. (1), the term L,,, 5(T-T,;) with the Kronecker é-like func-
tion of the form:

N S (T=Tw)?
- V2nA 24

allows the performance of calculation of the liquid-solid interface
[25,26,28]. Half range of phase change A is to be set in the range

O(T =T, A) 4)
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Fig. 7. Schematic illustration of modeling region. Axial symmetry of a laser beam
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of 10-100K depending on temperature gradient. At least three
computational cells must be included in the range [25]. In the pre-
sent context, we set A as 50 K.

In the nanosecond regime, heat flux of natural convection and
radiation heat transfer is in order of 10*-10°> W/m? which is ignor-
able compared to heat flux of conduction to the substrate, of which
order is 108-10° W/m?. Hence, only the energy flux, which deter-
mines the surface vaporization of the sample during the laser
pulse, was taken into account at the surface [28]. Also, no heat flow
exists crossover z axis in cylindrical coordinates system as it has
axial symmetry. The interface of glass/FTO can be considered as
coupled boundary. Temperature boundary condition of T=300K,
which is the value set as initial temperature, was defined at far
boundaries in the direction of r and z. Above boundary conditions
are applied as following forms.
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I ool T 20, ko2 = koo
oz o = PUsLy, or o =Y FTO oz o = KGlass oz z:h7
T(W,z) = T(r,0) = 300 K (5)

In this study, implicit numerical scheme of finite differential
method was implemented. Physical properties of materials are tab-
ulated in Table 2. Temperature dependence of several thermal
properties was considered [29,30]. Absorption coefficient o« was
obtained by inverse operation based on the measurement of trans-
missivity of the sample using following relationship between
absorbance A, transmissivity 7, and reflectance R.

A=1-(R+71) (6)

Fig. 8 shows calculation result of transient change of axial tem-
perature at the fluence of 10.6 J/cm?. Regardless of irradiation
direction, temperature increases considerably at the vicinity of
the film surface rather than at the vicinity of the film/substrate
interface, because of the heat conduction through the interface.
Therefore, we can confirm the scenario that thermal ablation
begins from the film surface, then develops to the film/substrate
interface. The case of substrate side irradiation indicates the largest
temperature increase inside the film due to absorption profile
along the film. Melting process may initiate inside film not from
its surface. However, before inner melted area is ablated, surface
temperature may reach melting temperature. Thus, thermal abla-
tion of film is performed from the surface. It explains two experi-
mentally seen characteristics in Figs. 3 and 4(b). In Fig. 3, craters
fabricated by substrate side irradiation have steeper side slope in
the direction of z axis compared to those fabricated by film side
irradiation. Furthermore, in Fig. 4(b), craters fabricated by sub-
strate side irradiation have larger depth at low fluence regime,
where plasma shielding is not yet significant. The larger tempera-
ture increase inside the film may have a significant impact on these
effects.

In experimental results (Fig. 3), craters keep texturized surface
at their boundary so that we can expect that most of melted part of
the film has been removed by melt-ejection or evaporation. There-
fore, we will discuss about crater size in terms of melted area. Fig. 9
shows calculated 2-dimensional temperature distributions in the
case of film side irradiation at 16.5 ns, when most of the pulse
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Fig. 8. Calculation results of transient change of axial temperature at 10.6 J/cm?.
Bold lines and narrow lines indicate the case of film side irradiation and substrate
side irradiation respectively. Dashed, dotted, and solid lines indicate the results at
9ns, 10 ns, 11 ns respectively. Temperature at the vicinity of the interface does not
increase significantly due to conduction to the substrate.
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Fig. 9. Calculation results of 2-dimensional temperature distribution at 16.5 ns in
the case of film side irradiation. (a) 5.3 J/cm?, (b) 10.6 J/cm?, (c) 28.3 J/cm?. Dotted
contour lines indicate melting temperature. Arrows indicate experimentally
obtained radius and depth of craters. Color bar next to (a) is applied for (a)-(c).
Most of melting area may be ablated during the process.

energy is absorbed. Melting depth and width well agrees with
the craters’ depth and width over the wide range of fluence. Simi-
larly to experimental results shown in Fig. 4(b), melting depth does
not increase significantly from 10.6 J/cm? to 28.3 J/cm?. For entire
range of fluence, crater depth was slightly smaller than melting
depth. Expansion of substrate due to glass transition and re-
solidification of the film may be responsible for the difference,
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Fig. 10. Mechanism of the TCO thin film removal in laser scribing process. Plasma
shielding disturbs development of thermal ablation toward substrate in the case of
film side irradiation.

but not prominent. The TCO film ablation process was well
expressed using the model which accounts for pulsed laser induced
plasma shielding without considering stress-assisted ablation.

Regardless of irradiation direction, temperature of the glass
near the interface is expected to increase far over its softening
point at the early stage in the low fluence regime. Therefore, it is
obvious that the substrate is significantly damage sensitive in the
TCO film removal process investigated in this study. We would like
to emphasize again that laser fluence must be adjusted delicately
to avoid critical substrate damage.

3.4. Single shot film removal mechanism

We have experimentally and theoretically shown that plasma
shielding has significant effect on film ablation in the case of film
side irradiation, because the film ablation occurs from its surface.
Fig. 10 illustrates this process by means of comparison on irradia-
tion direction. The mechanism of nanosecond laser scribing for the
TCO film removal by single shot can be summarized as below.

(a) Quasi-homogeneous absorption along z-direction leads to
surface ablation with plasma.

(b) Ablation depth develops by continuous absorption
irrespective of plasma shielding in the case of substrate side
irradiation. On the other hand, plasma shielding disturbs
development of ablation depth by inverse Bremsstrahlung
reflection and absorption in the case of film side irradiation.

(c) Therefore, single shot film removal can be easily achieved
with substrate side irradiation.

4. Conclusion

Experimental and theoretical investigations have been per-
formed to understand the mechanism of nanosecond laser scribing
of the TCO film on transparent substrate. The focus of this study
was on the different processing results due to irradiation direction.
The findings demonstrate the film ablation occurs from its surface
regardless of irradiation direction, and laser induced backward
ablation leads to complete removal of the film by single shot in
the case of substrate side irradiation. However, it is difficult to
achieve single shot film removal by film side irradiation because
plasma shielding on the film surface disturbed sufficient absorp-
tion of the laser pulse during the process. This mechanism explains
that plasma shielding must be considered as critical factor to avoid
waste of pulse energy, not only for the process described in this
study, but also for other nanosecond laser process using thermal
ablation. In addition, we showed that pulse energy must be set
carefully for design of nanosecond laser system for thin film scrib-
ing in order to minimize substrate damage.

Nevertheless, we would like to consequently note that film side
irradiation can still be used for single shot film removal process, as
our experimental results showed that it removed film thickness up
to 500 nm by a pulse. For substrate materials with more significant
light absorption or physical/chemical transmutability, it may be
more suitable method to avoid unexpected damage through sub-
strate that can occur in substrate side irradiation.
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