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Abstract

Selective laser ablation (SLA) of silver (Ag) films, which were deposited on glass substrates by radio frequency (RF) mag-
netron sputtering, was performed by using a 532 nm nanosecond (ns) pulsed laser. Two kinds of simple and mask-free SLA
strategies featured by two new scanning paths (i.e. frame-typed serial scanning, FTSS, and frame-line combined scanning,
FLCS) were proposed to improve the edge quality and optical transmittances of the SLA patterns. The effects of laser scan-
ning speed (v), hatch distance (HD) and scanning path on edge quality of the laser-ablated grooves and SLA patterns were
systematically studied. The results indicated that compared with the conventional line-typed cyclic scanning (LTCS) path,
which resulted in unsmooth edge with semicircle-shaped boundaries and some Ag residues, the proposed scanning paths of
FTSS and FLCS produced clean and smooth edges without obvious heat-affected zone and Ag residues under the condition
of using a v value of 15 mm/s and an HD value of 90 pm. As a result, the as-obtained SLA patterns exhibited relatively high
optical transmittances. The simple methods of adopting the FTSS or FLCS path for improving the edge quality during SLA

and thus the optical transmittance of SLA patterns may have great potential application in various fields.

1 Introduction

Recently, patterning of metal films by selective laser abla-
tion (SLA) has been widely studied, which can be applied in
fabrication of microelectrodes [1, 2], film transistors [3, 4],
radio frequency identification (RFID) antennas [5], organic
light emitting devices (OLED) [6, 7] and solar cells [8—10]
owing to its advantages of high processing efficiency and
high flexibility in pattern choice. In general, laser ablation
or removal of metal films is a photo-thermal process in
which light energy gets absorbed by free electrons in the
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metals [11, 12]. Consequently, desired clean patterns can
be obtained due to the local heating and material removal
[13, 14].

Femtosecond (fs) and picosecond (ps) lasers have been
widely utilized as SLA tools for accurate material removal
owing to their advantages of ultrashort pulse duration,
almost no heat-affected zone etc. [1, 11, 14-16]. However,
they are still hard for application in practical industrial
production such as laser cleaning and laser polishing as
a result of their inherent deficiencies such as high device
cost and low removal efficiency. Different from fs and ps
laser sources, the nanosecond (ns) laser source is industri-
ally friendly and adaptable and can deliver high through-
put processes [17]. In the mask-assisted ns laser patterning
process, the laser beam was spatially modulated through
a photomask in contact with the front side or the back
side of the substrate and then made incident into the metal
film [18-20]. The metal film was detached from the sub-
strate under the pulsed laser-induced thermo-elastic force
which could shear along the weakly bonded grain bound-
ary regions [18]. As a consequence, high-fidelity patterns
with good edge quality at the micrometer scale would be
fabricated. However, this method needs the introduction
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of a mask whose preparation process is complex and
the transparent substrate for backside patterning.

It is also interesting to note that the laser scanning path
has significant influences on the edge quality of SLA pat-
terns. The line-by-line round-trip cyclic scanning (i.e.
line-typed cyclic scanning, LTCS) was noticed to be the
most commonly used scanning path in previous studies
[21-23]. Romoli et al. [21] succeed in ablating an area
of 10 mm X 10 mm on a ceramic coating deposited on the
bottom surface of a soda-lime glass substrate by using
this scanning path. However, the edge of the pattern was
unsmooth and some material residues occurred on the sur-
face. By using this scanning path, Tang et al. [22] fabri-
cated highly organized periodic microstructures on a cop-
per substrate and found semicircle edges at the start and
end points of laser scanning. Richards et al. [23] reported
that plenty of cracks could be generated by using this con-
ventional LTCS method. Although desired patterns could
be obtained by using the scanning path of the conven-
tional LTCS, the edge quality of the pattern was usually
poor. The poor edge quality would lead to significantly
degraded device performance, such as the efficiency of
solar cells and the service performance of aerial antennas.
Until now, the most commonly used materials for prepar-
ing metal patterns are silver (Ag), copper (Cu) and gold
(Au), which should be attributed to their higher electrical
conductivity [19]. However, the high material cost of Au
is not conducive to practical production and application,
and Cu is easily oxidized in air that will finally result in
a decrease in electrical conductivity [17]. In contrast, Ag
has relatively lower resistivity and better air stability than
Cu. Hence, the mask-free SLA of Ag films by ns pulsed
laser involving change of the scanning path and process
parameters to improve the edge quality and the related
performance is still worth studying.

In this work, two kinds of simple and mask-free SLA
strategies featured by two new scanning paths (i.e. frame-
typed serial scanning, FTSS, and frame-line combined scan-
ning, FLCS) were proposed to improve the edge quality and
the optical transmittance of the selective ns pulsed laser-
ablated grooves and patterns. Specifically, Ag films depos-
ited on glass substrates by radio frequency (RF) magnetron
sputtering were selectively ablated by a 532 nm ns pulsed
laser using these two new scanning paths (i.e. FTSS and
FLCS) and the conventional scanning path (i.e. LTCS). The
effects of laser scanning speed (v), hatch distance (HD, the
distance between two adjacent grooves [17, 21, 22]) and
scanning path on edge quality of laser-ablated grooves and
SLA patterns were systematically investigated, and the effect
of scanning path on optical transmittance of SLA patterns
was analyzed. The availabilities of the proposed strategies
were confirmed by comparing the results of FTSS and FLCS
with those of LTCS.

@ Springer

2 Experimental

The commercial soda-lime float glass (Shenzhen Nuozhuo
Technology Co., Ltd., China) with a size of 15 mm X 15 mm
and a thickness of about 1.0 mm was chosen as the substrate
and cleaned in deionized water, acetone and anhydrous etha-
nol by ultrasonic bath. The cleaning time for each process
was set to 10 min. The substrate was dried by blowing high-
purity (99.99%) nitrogen after the ultrasonic cleaning.

Ag films with thicknesses of 100 nm were deposited on
the pre-cleaned glass substrates by RF magnetron sput-
tering at room temperature using an Ag target [Zhongnuo
Advanced Material (Beijing) Technology Co., Ltd., China,
99.99% purity]. During sputtering deposition, the distance
between the substrates and the target was fixed to 50 mm,
and the sputtering gas was high-purity (99.999%) argon. The
RF power, the working pressure and the rotation speed of the
sample stage were tuned to 30 W, 4 Pa and 4 r/min, respec-
tively. The thicknesses of the Ag films were monitored by a
quartz-crystal-based thickness monitor which was provided
by the RF magnetron sputtering deposition system (Hefei
Kejing Materials Technology Co., Ltd., China, VTC-2RF).

A diode pumped Nd:YVO, ns pulsed laser (Bright Solu-
tion Co., Ltd., Italy, Wedge532) with a central wavelength
of 532 nm was used for SLA of Ag films. The pulse width,
the repetition rate and the max single pulse energy of the ns
pulsed laser were 1-2 ns, 1 kHz and 0.9 mJ, respectively.
Figure 1 shows the schematic diagram of the ns pulsed
laser ablation system. The system was consisted of a beam
expander, a total reflector, a vibrating mirror system (Ray-
lase AG Co., Ltd., Germany, Supscan-15) and a focusing
lens (with a focal length of 20 cm). In the vibrating mir-
ror system, the defocusing amount could be adjusted from
+15 to — 15 mm in Z-direction by a computer software.
The samples placed on the X—Y moving stage could realize

Nanosecond Laser Beam Expander

Laser Beam

V2
Computer X-Y Moving Stage

Fig.1 Schematic diagram of the nanosecond pulsed laser ablation
system
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two-dimensional motions controlled by the computer soft-
ware. Some reports showed that a significant thermal influ-
ence would generate by adopting a small defocusing amount
and a high pulse energy density [5, 11]. Therefore, the sur-
faces of Ag films were located after the focal spot of the
laser beam with a defocusing amount of 1.0 mm and the
laser fluence was set to 0.8 J/cm?. In order to obtain grooves
or patterns with good edge quality, different v and HD values
as well as scanning paths (i.e. LTCS, FTSS and FLCS) were
set and controlled by the computer software. The quality of
single-groove laser ablation for preparing patterns was firstly
studied in the following experiment owing to the fact that the
quality of the SLA pattern was determined by the quality of
the single SLA groove.

Figure 2 shows the schematic diagram of the three differ-
ent scanning paths adopted in the present study. Figure 2a
shows the schematic diagram of the conventional LTCS
which consists of parallel lines. The laser scanning direc-
tion was set to be single direction along the parallel lines.
Figure 2b shows the schematic diagram of the FTSS which
consists of a plurality of squares or rectangles with differ-
ent sizes. The laser scanning direction was set to be along
the squares or rectangles from outside to inside. Figure 2c
shows the schematic diagram of the FLCS which consists
of a plurality of parallel lines and a square or rectangle that

surrounds the parallel lines. The laser scanning direction
was set to be single direction along the parallel lines inside
at first and then along the outer square or rectangle.

A confocal laser scanning microscope (CLSM) (Keyence
Corp., Japan, VK-X260K) was used to provide both optical
image and three-dimensional profiles of the samples. The
surface morphology was observed by a scanning electron
microscope (SEM) (Hitachi Corp., Japan, S-3400N). An
energy dispersive X-ray (EDX) spectrometer (EDAX Inc.,
USA, E550) was used to analyze the chemical composi-
tion changes of the samples. A UV-Vis spectrophotometer
(Shanghai Metash Instruments Co., Ltd., China, UV-8000)
was used to characterize the optical transmittances of the
samples.

3 Results and discussion

Figure 3 shows the schematic diagram of the laser scanning
parameters. The ns pulsed laser beam follows a Gaussian
distribution. According to the path drawn by the computer
software coupled with the control of the v and HD values,
desired patterns with good edge quality and less material
residues can be generated by multi-pulse stacking ns laser
ablation [24]. Here, in order to ensure effectively removing
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Fig.2 Schematic diagram of the three different scanning paths: a LTCS, b FTSS, ¢ FLCS

Fig.3 Schematic diagram of
the laser scanning parameters
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the unwanted Ag film as much as possible, the v and HD
values could not be high during the SLA process. This was
due to the fact that the higher v and HD values could lead to
more irradiation-free zones which would finally form resi-
dues and thus deteriorate the edge quality [17].

Figure 4 shows the top-view images of laser-ablated
grooves at various v values obtained from CLSM system. It
was seen that Ag films were successfully detached from the
glass substrates after laser ablation. Here, the laser ablation
mechanism can be explained by the generation of the well-
known laser-induced thermo-elastic force and the partial
vaporization of the film material. The thermo-elastic force,
which plays a main role to desorb the film from the substrate
when it exceeds the cohesion of the film and its adhesion
to the substrate, is generated by rapid thermal expansion
resulting from the ns pulsed laser irradiation [25-28]. The
thermo-elastic force is proportional to the rate of tempera-
ture increase, and not determined by the absolute magnitude
of temperature rise [25, 26]. Therefore, laser patterning of
a thin film without reaching the melting point is possible
when the laser-induced thermo-elastic force exceeds a pulse
energy density threshold. However, when the laser-induced
thermo-elastic force is below the pulse energy density
threshold, the removal mechanism is mainly attributed to
partial vaporization of the thin film. The partial vaporiza-
tion of metal films is a photo-thermal process in which the
surface material will be rapidly heated and vaporized from
the substrate [11, 12]. It was observed in Fig. 4a that the
laser spot diameter irradiated on the Ag film surface was

Fig.4 CLSM images of the (a)
laser-ablated grooves on Ag

films at v values of a 15 mm/s,

b 35 mm/s, ¢ 55 mm/s and d

75 mm/s

130 pm under the condition of using a defocusing amount
of 1.0 mm and a laser fluence of 0.8 J/cm?. When the v value
further increased, the difference in ablated groove width
did not change significantly. More interestingly, the edge of
the laser-ablated grooves gradually became unsmooth and
exhibited semicircle-shaped boundaries when the v value
increased from 15 to 75 mm/s in increments of 20 mm/s, and
the same phenomenon can be found in [29]. This result may
be attributed to different laser pulse distributions at different
v values, since the increase of v value led to a decrease of
the laser spot overlapping rate (SOg) which means a smaller
effective ablation area [30, 31]. When the low v value of
15 mm/s was adopted, two adjacent laser spots generated
a large overlapping area, which was conducive to eliminat-
ing the semicircle-shaped boundaries of the laser-irradiated
zone. As a consequence, a straight groove with smooth
edges was formed, as shown in Fig. 4a. On the contrary, the
increase of v value resulted in a decreased overlapping area
of two adjacent laser spots and thus the formation of slightly
unsmooth edges with semicircle-shaped boundaries and Ag
residues [32, 33], as can be seen in Fig. 4b—d. Therefore,
an ablated groove with good edge quality can be produced
under the v value of 15 mm/s and this result is consistent
with the above theoretical analysis about the v value.
Figure 5 illustrates the CLSM images of the SLA patterns
at a constant v value of 15 mm/s and various HD values
(i.e. 50 pm, 90 pm, 130 pm, and 170 pm). It was found that
when HD increased from 50 to 90 pm, the pattern width
increased from 180 to 210 pm and straight grooves without

(b)

()

100 um

100 pm

(d)
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Fig.5 CLSM images of the (a)
SLA patterns on Ag films at a

constant v value of 15 mm/s and

HD values of a 50 pm, b 90 pm,

(b)

o — —

()

100 pm 100 um

(d)

material residues were formed (Fig. 5a, b). Increasing HD
to 130 pm that represented the condition in which the laser
spots were tangent to produce two adjacent grooves, some
Ag residues occurred at the center of the pattern (Fig. 5¢).
Further increasing HD to 170 pm, two parallel grooves sepa-
rated by an Ag ridge were formed (Fig. 5d). This may be due
to the fact that the irradiation-free zones, which will finally
turn to material residues or ridges, between two adjacent
grooves increased as the increase of HD [33, 34].

Figure 6 shows the schematic diagram of the SLA pat-
terns obtained by using different HD values. When HD is
smaller than the laser spot diameter (130 pm), the adjacent
laser scanning tracks are overlapped, leading to no irradia-
tion-free zone between two adjacent tracks [35]. As a result,
smooth patterns with good edge quality and no Ag residues

(a) (b)

50 pm|

130 pm

100 ym - 100 pm

are generated, as revealed in Fig. 6a. However, the ablation
efficiency is low in this condition, i.e. more time is needed in
processing an area with the same size. When HD increases
to 130 pm, as Fig. 6b shows, the adjacent laser scanning
tracks are tangent to each other and some irradiation-free
zones (marked by red circles in Fig. 6b) occur. In these irra-
diation-free zones, the Ag film will not undergo laser abla-
tion and remain on the surface which will finally turn to Ag
residues and lower the surface quality. As shown in Fig. 5c,
further increasing HD to 170 pm, the adjacent laser scan-
ning tracks become parallel and are separated by the middle
Ag ridge-like residues. Tang et al. [22] and Yang et al. [36]
fabricated organized structures on copper and titanium alloy
by laser scanning under this condition, and achieved high-
efficiency processing with poor surface quality. Based on the

()

170 pm

O000O

Fig.6 Schematic diagram of the SLA patterns at different HD values: a 50 pm, b 130 pm, ¢ 170 pm
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above analysis, there must be a trade-off between ablation
efficiency and HD since high HD will lead to high ablation
efficiency and poor surface quality [21].

In order to confirm the truth that the proposed scanning
paths can improve the edge quality of SLA patterns, the
edges under different scanning paths were compared. Fig-
ure 7 exhibits the CLSM images of the edges of SLA pat-
terns obtained by using scanning paths of LTCS, FTSS and
FLCS. Considering both ablation efficiency and edge qual-
ity, the v and HD values were set to 15 mm/s and 90 pm,
respectively. As Fig. 7a shows, when the conventional LTCS
was adopted, the edge was unsmooth and slightly yellowed.
This should be attributed to that the start and end points
of laser scanning involve a longer action time than other
points, and thus more laser energy will be exerted on the
Ag film. This huge amount of energy was delivered into
the Ag film and led to the formation of oxide, resulting in
the formation of the yellow areas around the laser-ablated
patterns in the optical image [1, 5, 37]. On the other hand,
the start and end areas of the laser scanning track are usu-
ally semicircle-shaped due to the influence of the laser spot
projection [38]. Combined with these two factors, unsmooth
and slightly yellowed edges will finally generated during
SLA, as indicated in the report of Tang et al. [22]. Accord-
ing to the above discussion about laser-ablated grooves and
SLA patterns, the middle part of the laser-ablated groove is
relatively clean and smooth under the condition of using a
v value of 15 mm/s and an HD value below 130 pm. There-
fore, the edge quality can be effectively improved by using

Fig.7 CLSM images of

the edges of SLA patterns (a).
on Ag films with an area of

1.0 mm X 1.0 mm at a v value

of 15 mm/s and an HD value of

90 pm using scanning paths of a

LTCS, b FTSS and ¢ FLCS
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the smooth middle part to pattern Ag films combined with
an outer laser-ablated frame to determine the boundary with
less thermal effect. The proposed strategies of FTSS and
FLCS were just based on this guideline. For the FTSS, the
Ag film was ablated along the outer frame to the predeter-
mined depth firstly and then successively along the inner
frames with gradually decreased sizes. In the case of the
FLCS, the initial shape of the pattern was firstly formed
through the conventional LTCS, and then the unsmooth part
of the edge was further eliminated by laser ablation along
the outer frame. Thereupon, smooth edges with no obvious
heat-affected zone could be formed, as shown in Fig. 7b, c.

Figure 8 shows the CLSM three-dimensional profiles of
the laser-ablated areas obtained by using scanning paths of
LTCS, FTSS and FLCS with a v value of 15 mm/s and an
HD value of 90 pm. It was clearly seen that in the cases
of the FTSS and FLCS (Fig. 8b, c), the edges were much
smoother than that for the conventional LTCS (Fig. 8a)
which was featured by uneven boundaries with much more
Ag residues [38]. This result is consistent with the above
analysis. It was also worth noting that the edges of all
patterns had some obvious protuberances, which may be
ascribed to the edge peeling of the Ag film. The thermo-
elastic force generated by laser irradiation on the edge part
was lower than the cohesion of the film and its adhesion to
the substrate owning to the Gaussian energy distribution of
the ns laser pulses [39, 40], and therefore the Ag film at the
edge was hard to be desorbed from the substrate. Differ-
ently, the thermo-elastic force generated on the middle part
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Fig.8 CLSM three-dimensional profiles of the laser-ablated areas on Ag films at a v value of 15 mm/s and an HD value of 90 pm using scanning
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Fig.9 Cross-sections of the laser-ablated patterns at a v value of
15 mm/s and an AD value of 90 pm using scanning paths of LTCS,
FTSS and FLCS

of the laser-irradiated zone was high enough to desorb the
Ag film from the substrate. When the Ag film at the middle
part was desorbed from the substrate, the remained Ag film
at the edge formed the protuberance morphology.

The cross-sections of laser-ablated patterns with differ-
ent scanning paths are shown in Fig. 9. It could be seen
that the effective ablation depth of all the ablated patterns
was approximately 100 nm, which implied that the Ag film
was almost completely removed without generating obvious
damage to the glass substrate [6, 41]. Also ridge-like profiles

were found at the edge of all the ablated patterns. However,
the ridge heights of the ablated patterns obtained by using
the scanning paths of FTSS and FLCS were obviously lower
as compared with LTCS. The result is consistent with the
foregoing discussion about the CLSM three-dimensional
profiles of the laser-ablated patterns.

Figure 10 shows the low magnification (left) and local
enlarged (right) SEM images of the edges of SLA patterns
obtained by using the scanning paths of LTCS, FTSS and
FLCS. As exhibited in Fig. 10a, the edge obtained by using
the scanning path of LTCS was semicircle-shaped with some
obvious Ag material residues, which can be obviously seen
from the local enlarged image. The Ag residues was origi-
nated from the Gaussian distribution of the ns laser pulses,
which led to the relatively low laser-induced thermo-elas-
tic force at the periphery of the laser-irradiated zone that
below the pulse energy density threshold [39, 40]. There-
fore, the main removal mechanism at the periphery of the
laser-irradiated zone was attributed to partial vaporization
of the Ag film. The energy absorbed by the Ag film at the
periphery could only realize partial ablation of the Ag film,
and the unablated Ag would finally turn to materials resi-
dues. Interestingly, the edge obtained by using the scanning
paths of FTSS and FLCS, as Fig. 10b, c reveal, was much
smoother and no obvious material residues could be found.
This should be ascribed to the fact that the Ag film at the
periphery could be effectively removed under the scanning
path of FTSS or FLCS owning to the higher laser spot over-
lapping rate (SOy) at the edge of the laser-irradiated zone.

@ Springer



13736

Journal of Materials Science: Materials in Electronics (2019) 30:13729-13739

Fig. 10 Low magnification
(left) and local enlarged (right)
SEM images of the edges of
SLA patterns on Ag films at a
v value of 15 mm/s and an HD
value of 90 pm using scanning
paths of a LTCS, b FTSS and
¢ FLCS. The rectangle-marked
areas 1-4 represent the EDX
analysis areas

(b)

This result is completely consistent with the above CLSM
analysis. From these results, it is confirmed that SLA pat-
terns with good edge quality can be generated by introducing
the scanning path of FTSS or FLCS under the condition of
using a v value of 15 mm/s and an HD value of 90 pm.

In order to further confirm that the edge quality could be
effectively improved by introducing the scanning path of
FTSS or FLCS, an EDX spectrometer was used to investi-
gate the phase composition changes at the Ag film surfaces
and the edges of SLA patterns on Ag films under differ-
ent scanning paths [41]. The EDX results with the atomic
percent (at%) of each element for the areas 1-4 marked by
rectangles in Fig. 10a—c are shown in Fig. 11. The EDX
spectrum for the unablated zone of the Ag film, as shown

@ Springer

SLA patte

area 2

LA pattern

in Fig. 11a, revealed that the sample contained silver (Ag),
silicon (Si), oxygen (O), sodium (Na), calcium (Ca), mag-
nesium (Mg) and aluminum (Al) elements. The Ag element
was originated from the Ag film, and the presence of all the
other elements was ascribed to the use of the glass substrate.
The same result has also been reported by Sonal et al. [42].
Clear observation was that the atomic percent of Ag element
changed from 33.25 to 0.56% after SLA using the scanning
path of the conventional LTCS (Fig. 11b), indicating that the
LTCS was disadvantaged in entirely removing the Ag film
and thus produced some Ag residues at the edge of the laser
ablation zone. Interestingly, the atomic percent of Ag ele-
ment changed to 0% after SLA using the scanning paths of
FTSS (Fig. 11c¢) and FLCS (Fig. 11d). These results further
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Fig. 11 EDX spectra with atomic percent data showing chemical compositions of a area 1, b area 2, ¢ area 3 and d area 4 marked in Fig. 10a—c

confirmed that there were no Ag residues around the edge
when the proposed scanning paths of FTSS and FLCS were
employed.

SLA patterns with the same area of 10 mm X 10 mm were
prepared under the scanning paths of LTCS, FTSS and FLCS
to verify the efficacy of the proposed scanning paths of FTSS
and FLCS on improving the optical transmittance. Figure 12
shows the optical transmittance spectra of the glass sub-
strate, the original Ag/glass sample and the SLA patterned
Ag/glass samples prepared by using various scanning paths.
The optical transmittance of the glass substrate was about
97% over the visible range of wavelength. After magnetron
sputtering deposition of a 100-nm-thick Ag layer, the optical
transmittance of the Ag/glass was very low and an obvious
absorption peak was observed in the wavelength range of
300-350 nm. This phenomenon should be attributed to the
fact that the Ag film has high light absorption in the short
wavelength region [43—45]. All the SLA patterned Ag/glass
samples displayed significantly increased optical transmit-
tances due to the partial removal of the Ag films. However,
the optical transmittances of the SLA patterned Ag/glass
samples prepared by using the scanning paths of FTSS and

100
80 —<—Glass
Q —a— Agl/glass
< —e—LTCS
@ 504 —a—FTSS
g —v—FLCS
=]
£ 40 -
)
: L0
©
= 20
- Glass Ag/glass LTCS FTSS FLCS
0

|l T T T
500 600 700 800

Wavelength (nm)

T d T
300 400 900

Fig. 12 Optical transmittance spectra of SLA patterned Ag/glass
samples with an area of 1.0 mmX 1.0 mm prepared at a v value of
15 mm/s and an HD value of 90 pm using scanning paths of LTCS,
FTSS and FLCS. The optical transmittance spectra of the glass sub-
strate and the original Ag/glass sample are provided for comparison.
The insets show the glass substrate, the Ag/glass and the SLA pat-
terned Ag/glass under different scanning paths
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FLCS were found to be relatively higher as compared to that
of the SLA patterned Ag/glass sample prepared by using
the scanning path of LTCS. It is commonly believed that
the complete removal of the Ag layer with fewer residues
can significantly improve the optical transmittance, i.e. the
fewer the Ag residues, the higher the optical transmittance.
As mentioned above, adopting the scanning paths of FTSS
and FLCS effectively reduced the Ag residues, which should
be responsible for the relatively higher optical transmit-
tances. It also can be observed that no matter what kind of
scanning path was used, all the SLA patterns exhibited the
broad absorption dips centered at~450 nm, which should be
ascribed to the localized surface plasmon resonance (LSPR)
of Ag residues [46]. Domingues et al. [47] reported that the
growing in number of Ag residues would increase the inten-
sity of the LSPR band, characterized by a decrease of the
transmittance minimum. Since the use of the scanning paths
of FTSS and FLCS resulted in relatively higher optical trans-
mittance minimum values centered at ~450 nm compared to
the LTCS, it was confirmed that the FTSS and FLCS could
be more effective for eliminating the Ag residues. The insets
in Fig. 12 show that after laser ablation, square SLA pat-
terns were formed on the surfaces of the samples obtained
by LTCS, FTSS and FLCS. Interestingly, the partial edge
of the SLA patterns under the traditional scanning path of
LTCS was uneven and exhibited semicircle-shaped bounda-
ries, while the edges of the SLA patterns obtained by FTSS
and FLCS were smooth, which are consistent with the previ-
ous results. All the results suggest the effectiveness of the
proposed scanning methods of adopting FTSS and FLCS in
improving the edge quality and the optical transmittance of
SLA Ag patterns, which may have a great potential applica-
tion in the fields that demand good edge quality and even
high transparency of laser-ablated metal films.

4 Conclusions

In summary, we proposed two new scanning methods, which
using simple scanning paths of FTSS and FLCS, for improv-
ing the edge quality during SLA of Ag films deposited on
glass substrates by RF magnetron sputtering. The effects of
v and HD values on edge quality of laser-ablated grooves
and patterns were firstly studied to determine the optimal
laser scanning parameters for SLA. Then the effects of the
conventional LTCS and the proposed FTSS and FLCS on
edge quality and optical transmittance of SLA patterns were
comparatively analyzed under the optimal laser scanning
parameters. It was found that the high v and HD values
resulted in poor edge quality, and the optimal v and HD
values were respectively 15 mm/s and 90 pm in the present
work. Unlike the unsmooth edge with semicircle-shaped
boundaries and some Ag residues obtained by using the
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conventional LTCS, the edges obtained by using FTSS and
FLCS were relatively smooth without obvious heat-affected
zone and Ag residues, resulting in relatively high optical
transmittances. These results confirmed the availability of
the proposed scanning methods of adopting the FTSS and
FLCS in effectively improving the edge quality and even the
optical transmittance of SLA Ag patterns. This study may
have great potential application in various fields such as laser
cleaning, laser polishing, scribing/grooving of solar modules
and preparation of metal mesh structures.
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