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Laser-Ablation-Induced Concentric Ring Structures
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Formation of concentric ring structures on substrate surface by 3rd harmonic Nd:YAG laser ablation is investigated.
Experiments show that most of the laser energy on the substrate surface is distributed at the center and the outmost ring.
Optical microscope and scanning electron microscope (SEM) observations reveal that concentric ring structures are only
formed on the substrate surface at the positions between the focus plane and the lens. Both the outmost ring diameter and the
ring number increase with the defocus distance, however, they are not dependent on laser fluence. This phenomenon could be
attributed to the lens pupil truncation and its aberration. Laser energy concentrated at the outmost ring can be used to punch
via microholes with the diameter determined by the defocus distance. This technique provides a high-speed, high-efficiency
manufacturing method for via microhole array fabrication with low-energy laser ablation. [DOI: 10.1143/JJAP.42.5123]
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1. Introduction

Pulsed laser ablation of polymer substrates has attracted a
great deal of interest in recent years.1,2) Kapton polyimide
film is one of the popular laser-processed polymers due to its
excellent electrical and mechanical characteristics, and
temperature stability.3) Precision excimer laser drilling is
currently the routine process in industries for fabricating
microholes for connections in IC chips and inkjet printer
nozzles.4) However, disadvantages such as the usage of toxic
and corrosive gases, poor beam quality, low repetition rates,
high maintenance cost and expensive masks limit the
extensive use of the excimer lasers. Nd:YAG lasers with
high repetition rates and Gaussian TEM00-mode beam can
be used as an alternative for mask-free drilling.5) In general,
the laser beam maintains its energy spatial distribution in a
Gaussian profile for the laser ablation.6) Within the irradi-
ated region, the laser energy higher than the ablation
threshold energy causes the material removal. The profile of
an ablated hole is truncated at the edge where the energy is
equal to the threshold value for material removal. Due to the
Gaussian energy distribution, the ablation depth at the edge
is lower than that at the inside area. For high-speed laser
processing, it is highly desirable to distribute most of the
energy at the ablated edge. To date, many techniques have
been conducted with the aim to modify the Gaussian beam
profile.7–12) Most reported works focus on attempts to flatten
the laser beam profile. For this ablation scheme, the laser
energy intensity distribution is uniform resulting in the same
ablation rate throughout the whole irradiated area, it is
suitable for fabricating structures with controlled ablation
depth, such as the blind hole drilling. However, for the flat
energy profile, most of the energy is contributed to ablate the
materials inside the irradiated area instead of just the area
edge, a technique to concentrate the laser energy at the hole
edge is one of the best options for low-energy-laser direct
via drilling. The hole is punched down with the inside area
unaffected, which can increase the processing efficiency
greatly due to the fact that a much smaller amount of
material is ablated away. Efficient results can be obtained
with interference beam shaping, but the required optical
setup is very complicated.

In this paper, we report a phenomenon of producing laser-
ablation-induced concentric ring structures, which are
formed onto the substrate surface at defocus planes.
Experimental results indicate that the laser energy can be
confined in the area of the structure to have most of the laser
energy concentrated at the center and the outmost ring. A
laser-punching method is proposed to fabricate microholes
by low-energy Nd:YAG lasers. The edges of the holes are
defined by the laser ablation at the outmost ring. Via holes
with different diameters are obtained on Kapton surface by
simply adjusting the defocus distance.

2. Experimental

The light source used is a 3rd harmonic Nd:YAG laser
(Coherent AVIA 355-1500, 30 ns) with TEM00 mode. The
laser light, after passing through a beam expander, was
measured by a laser beam analyzer (Spiricon LBA-300PC)
to ensure that the output beam is a Gaussian beam. The laser
beam is then focused by an uncoated Plano-Convex lens
(focal length = 25mm). Output aperture diameter of the lens
is 2 cm. The repetition rate of laser pulses was kept at 1 kHz
for all the experiments. The laser was operated in the burst
mode with selected pulse number in the range from 1 to
65,000. The sample was mounted on a three-dimensional X–
Y–Z translation stage with its surface perpendicular to the
incident laser beam. The Z-stage changed the distance
between the lens and sample surface. Laser ablation was
carried out on commercial polyimide films with thickness of
50 mm (Dupont Kapton). Laser pulse energies were cali-
brated using an energy meter (OPHIR PE10-SH). The
fluences can be changed by tuning the pulse energy or the
irradiated area, the latter of which can be achieved by
moving the sample along the optical axis by the Z-stage.

3. Results and Discussion

Figures 1(a)–1(f) show scanning electron microscope
(SEM) micrographs of the ablated region on the Kapton
surface at different pulse numbers, the sample surface was
kept 700 mm above the focus plane. When the AVIA laser is
operated at the burst mode, the energy of the first pulse is
extremely low, which could be due to the fact that the energy
is building up. By measuring the energy output, it is found
that the pulse energy will become stable after the second
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pulse. Therefore, at least two laser pulses were applied to
irradiate the sample surface. The laser fluence applied was
2 J/cm2 with 2, 5, 10, 20, 50, and 100 pulses. In Fig. 1(a), it
can be observed that the ablated structure has a deep central
crater with a diameter of 6.4 mm, outside of which 8
concentric rings with diameters of 9.6, 14.6, 20.7, 25.9, 32.4,
39.3, 47.4 and 58.7 mm are formed. The widths of these 8
ablated rings also increase along the radial direction from the
center, and are 0.86, 1.0, 1.07, 1.14, 1.2, 1.29, 1.86 and
5.14 mm. The widths of the two outmost rings are obviously
larger than the others. Furthermore, it can be observed that
the groove of the outmost ring (the 8th ablated ring) is much
deeper than those of the other 7 ablated rings. The areas at
the spacings between the ablated rings are not damaged by
the laser irradiation except some laser ablation debris on
their surface. It demonstrates that the laser intensities at the
position between the ablated rings are not sufficiently high
for material removal. Therefore, it can be concluded that the
laser beam profile changes from that of the Gaussian beam to
the special distribution by the optical lens. In Figs. 1(b)–1(e)
the increasing widths of the central crater are 9.2, 12.4, 19.6
and 28.6 mm and the decreasing ablated ring numbers are 7,
6, 5 and 2, respectively. It is found that the diameter of the
outmost edge does not increase with pulse number, but its
depth increases greatly. To obtain the ablated profile
information, the sample surface morphology was scanned
by the surface profiler. Since the central craters of the first
two figures are small and it is difficult to measure their
depths accurately, the profile on Kapton surface ablated by
10 pulses of laser irradiation at a laser fluence of 2 J/cm2

[Fig. 1(c)] is shown in Fig. 2. It can be seen that the depths
of the central crater and the outmost ring are 5 mm and 3 mm,
respectively, while the depths of other rings are much

shallower than the outmost ring. Due to the strong
absorption of UV light of Kapton materials, the formation
of the ablated pattern is closely related to the laser energy
distribution on the sample surface. It is clear that the 1st and
2nd highest laser energy intensities occur at the center and
the outmost ring and the energy intensities at the other rings
are much lower. By estimating the material volume removed
by laser ablation and neglecting the energy at the spacings
between the ablated rings, it is found that more than 70% of
the laser energy is distributed to the outmost ring section.
Furthermore, only 5 rings are observed after 10 pulses of
laser irradiation. It is due to the fact that the widths of the
central crater and the rings are enlarged to merge with the
nearby rings as the number of pulses increases. After 100
pulses of laser irradiation, the substrate materials at the
outmost ring are totally removed. A via microhole is
obtained on the Kapton surface with the thickness of
50 mm. Furthermore, it can be observed that at the fixed
defocus position, the outmost ring diameter and the ring
number do not change with laser fluence, while the ring
width increases with laser fluence. For higher laser fluence,
the increase of the ring width causes the ablated rings to
merge together, not a concentric ring structure but rather, a
circular ablated area with a well-defined edge is obtained.
The high energy concentration at the outmost ring could

be due to the truncation effect of the lens aperture.
Numerical calculation has shown that when the truncation
effect is weak, the truncated Gaussian beam could still be
considered a new Gaussian function when propagating.13)

Mahajan reported that the pupil radius must be at least three
times the beam radius for a weakly truncated beam.6) In this
work, the pupil in front of the lens was not large enough to
pass all of the illuminated light (Daperture � Dlight), the
Gaussian function is truncated by the finite pupil to
introduce edge diffraction effects, which cause the highest
energy intensity at the central crater. The intensity at the
outermost ring is always higher than those of other rings
formed inside.
Figure 3 shows the ablated results on the Kapton surface

obtained by changing the sample position along the optical
axis. The positive z direction represents the optical axis
toward the lens. The focus plane is located at z ¼ 0. The

Fig. 1. SEM micrographs of concentric ring structure formed on Kapton

surface at laser fluence of 2 J/cm2 obtained at different pulse numbers:

(a) 2, (b) 5, (c) 10, (d) 20, (e) 50 and (f) 100. The sample is placed 700mm
above the focus plane.
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defocus distance is defined as the value of z. Two laser
pulses were applied to irradiate the sample surface. The
sample position was changed at an increment of 100 mm. The
ablated patterns are asymmetric for the samples located
above and below the focus plane at the same defocus
distance. When the sample is placed below the focus plane (z
is negative), no obvious ring patterns are observed. When
the sample is placed above the focus plane (z is positive),
clear and sharp concentric ring structures are observed.
Furthermore, the outmost ring diameter and the number of
rings increase with the value of z. The minimum outmost
ring diameter obtained is 3 mm. As the sample moves along
the positive z direction, the images of the ring structure
become weak. It is due to the increase of the laser-irradiated
area, which reduces the laser fluence on the surface. At the
position of þ2400 mm, only the central crater and the ablated
outmost ring with a clearly circular structure could be
observed on the Kapton surface. The outmost ring diameter
is about 500 mm corresponding to the laser fluence of
0.1 J/cm2. The images are symmetric about the optical axis
but asymmetric at each side of the focus point. The structure
symmetry about the optical axis indicates that only on-axis
factors can lead to the formation of the ring structures.
Figure 4 shows the radius of the pattern area, i.e., the

radius of the outmost ring, compared with the beam spot size
as a function of the distance from the focus point. The beam
spot size can be estimated from the propagation law of a
Gaussian beam as:13)

!2
z ¼ ð�z=�!Þ2 þ !2ð1� z=RÞ2; ð1Þ

where !z is the beam radius at a distance z from the lens, � is
the laser wavelength, ! is the beam radius at the lens and R

is the focus length of the lens.6) The diameter of the outmost
ring is smaller than the calculated focused-beam spot size.
By using an aperture in front of the focus lens to narrow the
beam, it is found that when the diameter of the aperture
decreased, the ablation at the center also decreased, while

the rings at the outer region remained the same. When using
an obstacle to shadow the center of the unfocused beam,
only the center ablation could be found because the rings
around the center would disappear. It could be due to the
spherical aberration at defocus planes described in the optic
imaging system.14) The spherical aberration, which origi-
nates from the spherical plane of the optical elements, is
normally symmetric around the optical axis. In the presence
of spherical aberrations, the focal lengths of the rays passing
through the edge of the lens are always different from that
determined by the paraxial rays, and the concentrations of
edge rays located at one side of the focus point induce
asymmetrical intensity distributions above and below the
focal plane. In this case, clear images are located at the
positions above the focus plane, and their sizes are smaller
than the calculated beam spot size. It indicates that the edge
rays form a shorter focus length, and the edge of the ablated
structure is determined by the paraxial rays at defocus
planes, which produces a smaller area than that by
theoretically estimated.
Since the absorption coefficient of Kapton film at wave-

length of 355 nm is 3:6� 103 cm�1,15) it is expected that the
incident laser energy will be deposited to a few micrometers
below the surface and result in intense localized heating. The
polymer will thermally decompose for laser energy higher
than the threshold, resulting in efficient drilling. The steep
intensity distribution at the outmost ring area confines the
incident energy in a clearly distinct boundary and results in
efficient removal of material. This phenomenon can be used
to fabricate via microholes with the ablated edge defined by
the high laser energy intensity at the outmost ring. It can be
estimated that the total volume of removed materials
necessary for a Gaussian beam to fabricate a via hole is
about 10 times higher than this new laser ablation scheme.
Compared with excimer laser drilling which consumes
higher energy output to obtain the hole of the same size, the
new ablation method has much higher drilling efficiency for
via holes fabrication, and the optical setup is quite simple.
The cost for microhole fabrication by AVIA laser is also
much lower than the case of excimer laser because of the

Fig. 3. Illustrations of the ablated patterns formed at different sample

positions along the optical axis.

0 500 1000 1500 2000 2500 3000 3500
-200

0

200

400

600

800

1000

1200

1400

1600

Measured outmost ring diameter

Kapton
355 nm/ Nd:YAG laser
Pulse energy: 360µJ

R
ad

iu
s 

o
f 

th
e 

o
u

tm
o

st
 r

in
g

/ s
p

o
t 

si
ze

 (
µm

)

Distance from the focus point (µm)

Calculated spot size

Fig. 4. Radius of outmost ring and laser spot size vs defocus distance

from focus plane. The laser spot sizes are calculated from eq. (1).

Jpn. J. Appl. Phys. Vol. 42 (2003) Pt. 1, No. 8 B. LAN et al. 5125



cost of equipment, the maintenance fee and the cost of mask
preparation. Due to the high repetition rate of the Nd:YAG
lasers, the time required for drilling one hole would be very
short. For example, 0.1 s is enough time to drill a 50 mm hole
on Kapton film at a repetition rate of 1 kHz and pulse energy
of 60 mJ.

4. Conclusions

In summary, laser-ablation-induced concentric ring struc-
tures are investigated. The concentric ring structures are
formed by laser ablation on substrate surface at positions
between the focus plane and the lens. The ablation profile
illustrates that the 1st and 2nd highest energy intensities
occur at the center and the outmost ring, respectively. The
outmost ring diameter and the ring number increase with the
defocus distance, however, they are not dependent on laser
fluence. Concentric ring structures could be resulted from
the laser beam truncation and the spherical aberration of the
optical elements. Laser ablation occurring at the outmost
ring is used to punch via microholes with the diameter
determined by the defocused distance, which demonstrates a
low-cost, high-speed, highly efficient laser via drilling
technique.
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