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Abstract

The benefits of pulsed laser ablation in advanced manufacturing have been studied in terms of intensity,
adequate orientation, damped noise, and great adaptability. During ultrashort laser ablation, the interaction
between a copper surface and numerous pulses was explored to establish ideal focusing conditions. We
present a simple theoretical description of morphological changes in the ablated channel and illustrate its utility
in real-time placement of the interactive surface at the focus during multiple-pulse laser ablation of copper.
The experimental results for copper ablation depth indicate that combining a dynamic focusing mechanism
and a theoretical formula for ablation-cycle-dependent ablation depth allows one to regulate the geometry of
ablated channels. This model can be applied to a wide range of high-efficiency ablation systems and could
be crucial in the development of a high-precision ablation system for the curved surfaces in highly scaled

copper gravures used in printed electronics, which currently presents an engineering problem.

Keywords: Roll printed electronics, multiple-pulse laser, laser ablation, optimal focusing.

1. Introduction

The interaction of an ultrashort pulsed laser with
materials, as well as the physical events that result
from it, has been extensively researched [1]. Due to its
high intensity, appropriate alignment, damped noise,
and adaptability, pulsed laser ablation has recently
shown enormous benefits in modern manufacturing.
This manufacturing technique has several applications,
involving circuit printing and nanoparticle/nanosheet
production [2]. The appearance and accuracy of the
created product are determined by the ablation beam's
concentrating condition on a micro-sized area on the
workpiece’s surface. In the created surface, an out-of-
focus laser causes inhomogeneous patterns, collected
debris, and local damage. To ensure uniformity and
aesthetics, the ablation surface should be carefully
maintained at the laser focus during processing, with
the laser focus being changed to accurately follow
alterations in morphology at the interactive ablation
surface during the ablation process. Reflection-based,
interferometry-based, and confocal focusing methods
have been introduced, as well as other sophisticated
optical approaches [3], proposed by H.-S. Kim ef al.
and J. Jivraj used focus stabilization to identify defects
in wide optical surfaces [4], concentrating on the
applications of these advanced focusing systems.
However, the bulk of prior solutions make it difficult
to detect the laser focus on a non-planar surface in real
time; also, these systems are non-user friendly. A
credible theoretical model that reflects the interaction
between the material and the ablation laser, as well as
the change in topography caused by the ablation laser
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throughout processing, is required for a precise and
flexible focusing condition.

Several researchers developed theoretical models
to explain the morphological diversity in ablated
patterns during pulsed-laser ablation [5]. Furthermore,
H. Pazokian, C. Lei ef al., and K. Luo et al. explored
alterations in ablated channel profile during laser
processing [6]. T.-H. Chen et al. and A. Zemaitis et al.
recently presented an ablation efficiency formula and
provided ways for enhancing this parameter in
ultrashort laser ablation [7]. While analytical models
abound, no one has yet suggested combining a precise
analytical model and an experimental design for
establishing tight focusing conditions during ultrashort
laser ablation.

The preservation of tight focusing conditions on
the interaction surface assists in the formation of U-
shaped cells on the surface of the copper gravure in roll
printed electronics. In contrast to V-shaped cells,
which have a rounded bottom, U-shaped cells are
crucial in gravure printing (Fig. 1). The printing
procedure is as follows. Microscopically tiny cells are
imprinted on the surface of a cylindrical gravure. The
conducting ink is delivered to the cells from an ink
reservoir, and the doctor blade guarantees that the
filled-in ink volume is exactly equivalent to the cell
volume. Due to the sheer pressure produced by the
imprint roller, the ink is thoroughly transferred to the
substrate, forming a small electrical circuit.
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Fig. 1. Gravure printing process.

Typically, V-shaped cells are created by setting
the ablation laser focus location. Meanwhile, U-shaped
cells have a smaller surface area to volume ratio than
V-shaped cells, resulting in a lower adhesive force
between the cell and fluid; hence, U-shaped cells may
be emptied more readily than V-shaped cells when the
ink is transferred from the gravure cells to the
substrate. Furthermore, when ink drops from U-shaped
cells are transferred to the substrate, they spread and
combine to create a line. The droplets merge to create
a smooth continuous line in U-shaped cells; but, in V-
shaped cells, when a tight focusing condition is not
maintained, the drops are more likely to produce
discontinuous patches or scalloped lines on the
substrate [8]. As a result, real-time placement of the
ablation laser focus on the target surface is critical for
controlling the cell form on the roll gravure and, as a
result, optimizing the filling and release of conducting
ink throughout the printing process, which determines
the quality of printed electronics.

This paper delivers the investigation of the
interaction of a copper surface and an ultrashort laser
pulse analytically to determine the dynamical change
in ablation depth during laser ablation of a copper used
in roll printed electronics. The theoretical model is
then combined with a dynamic focusing device to keep
the workpiece surface focused during the ultrashort
laser ablation process. Throughout the ablation
process, the laser focus follows the change of the
ablation depth. This automated laser focus adjustment
on an interactive surface is demonstrated to regulate
the ablated hole shape and boost ablation efficiency.
This advantage is critical in printed electronics, where
homogenous patterns with U shapes on the printing
gravure surface are required. A new generation of
high-precision, high-efficiency ablation systems was
established by applying the theoretical evolution of
ablation depth to a dynamic focusing system,
providing a versatile micromachining method for
highly scaled copper gravures.

2. Methodology

The experimental process is presented as follows.
First, an experimental schematic diagram of dynamic
focusing system is shown as a template for applying a
theoretical model of ablation depth evolution during
the ablation process. Second, the interaction between
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the copper sample surface and laser pulses is
investigated to determine the development of ablation
depth as a function of incident pulse count and ablation
laser scanning cycles. Experimental findings are
provided to demonstrate the suggested theoretical
model's dependability and applicability. Finally, some
thoughts and conclusions on the proposed approach
are presented.

The ablation setup is shown in Fig. 2. A dynamic
focusing system shifts the ablation laser's focal point
along the z-axis to focus the ablation laser on the
sample surface. The system includes three lenses: a
negative lens L; (f;), a positive lens L, (f;), and an
objective lens Ls (f3). Lenses L, and L5 are fixed at
their positions by a micro-positioning stage, L; is
shifted around the initial position, at which the beam
between L, and L is collimated to adjust the focal
position of the ablation laser along the z-axis. The
following is the relation between the L; — L, distance
h and the distance u between the laser focal position
and the objective lens L3 [9]:

2 2
h=- izu + fl
3 fs

As a result, the negative lens L, displacement to

laser focal position displacement ratio is:
Ah 2
Au— fF

In practice, the focal length of the positive f,
should be significantly greater than that of the
objective lens f; because the laser focus must be
shifted by exceedingly small distance Au while the
positive lens should not move a distance Ah less than
the micro-positioning stage limit. Furthermore, the
focal spot size is found to vary only slightly, with a
deviation of less than 1%; meanwhile, the lens L is
shifted by a few millimeters from its initial position.
The sample is moved along the y-axis (Fig. 2) during
the ablation process to allow a multiple-pulse laser to
create the surface channel.

+fit+fs (D

2

At the focal point, overlapping successive laser
pulses create the channel. The whole cycle concludes
when the channel is finished. The multiple-pulse
laser's real-time z-scanning is intended to keep the
laser focus on the interacting surface of the sample;
hence, after each ablation cycle along the y-axis, the
laser focus is changed by a distance equal to the
channel depth corresponding to the shift of the
negative lens L, along the z-axis. Thus, during
ultrashort laser ablation, ideal focusing conditions are
established and automatically supported. The
development of the ablation depth after each ablation
cycle will be computed in the next section to
automatically alter the emphasis on the interactive
surface.
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Fig. 2. Schematic diagram of real-time z-scanning for
multiple-pulse laser ablation on a cylindrical gravure.

3. Principal of Laser Ablation

As shown graphically in Fig. 2, the theoretical
model quantifies the overall ablation process. The
dynamic focusing mechanism described in the
preceding section focuses the laser pulse onto the
copper surface. The distance between the laser focal
position and the objective lens z; = u can be tuned by
shifting the negative lens L, . The beam spot size at the
interactive surface (focal plane) can be calculated as

I 2
w(z') =w, /1 + (j—) where z' =z—2z is the
R

defocus distance from the surface to the laser focus
Tw
1

(zr =u)and zg = is the Rayleigh length.

The laser beam is scanned along the y-axis at v
and f'repetition rates, resulting in an ablated channel
with a profile of H(x) along the y-axis. To build a
simple theoretical model for multiple-pulse laser
ablation, we assume that the physical parameters of
temperature, electron heat capacity, electron density,
and absorption coefficient are time-independent
during each pulse (7) and that at surface temperatures
comparable to the Fermi level, only free electrons
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participate in heat conduction as an ideal gas (ce = z)

(free electron model). Furthermore, the temperature at
the interaction surface is homogenous during each
pulse.

3.1. Laser Penetration

Considering a laser pulse that is focused on a
copper surface and penetrates the metal's interior. The
laser field is exponentially diminished in this process
dependent on the depth of laser penetration in the
material owing to optical absorption of the laser
photons [5]. The laser electric field E (x, y, z)
diminishes in three directions (x, y, z) as the sample
penetration depth increases:

E(z) dE(z)
C 3, dz

- E(z) = E(0) exp (_ SLls)

VE =

3

where z is the laser penetration depth into the material
and [ is the effective penetration length determined
from [; = ﬁ (k is the imaginary part of the refractive

index derived from the dielectric function of the object
material, and w is the frequency of the incident laser)

3.2. Acceleration of Electrons in Metal

All laser energy collected by the copper is
transformed into kinetic energy for free electrons
throughout this process. The incident laser, in effect,
warms the electron gas along its propagation path, as
indicated by the energy conservation law in an ideal
case [5]:

de dQ
L @
37,3
where n, = S\Eh—zmz(g £§> is the electron density of

the copper and I, is the incident laser intensity. The
thermal energy is transferred from the absorbed laser
energy, which is proportional to the laser intensity

(I(2)~E(2)?) and the temperature-dependent
. . 4n .
absorption coefficient a=1—-1= Grze

which n and k are the refractive index and extinction
coefficient:

2z
Q = al, exp (~37) 5)
The electron energy in (3) is calculated as:
_4al,t ( 2z ) ©)
€e(?) = g P\~ 3L

3.3. Ablation Threshold

The sum of the electron work function g, and
the atomic binding energy or heat of evaporation of the
copper &, is defined as the total energy for ablation
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during a single pulse 7. During a single pulse, this
energy is barely sufficient to eject electrons and ions
from the copper surface (z = 0):

4al,t

se(O)=£b+sW=9nl
e*s

(7

The incident intensity required to eject electrons
and ions from the copper surface is given by the
quantity I, for a single pulse. The fluence at the
ablation threshold is then figured out:

9nels (sb + sw)
4

To validate this model, the ablation threshold
fluences of copper were estimated when ablated by
lasers with wavelengths of 780 nm and 1053 nm,
respectively, and compared to earlier study results.
The parameters for copper are n, = 8.45 x 1028,
g, =3.125¢eV, ¢, = 4.65eV,and A = 780 nm.
The ablation threshold fluence is calculated as
(Fen)cy = 0.61]/cm?, which is consistent with the
data shown in the experimental figure in [10], where
the copper plate is ablated at approximately
F=0.6]/cm?.

3.4. Heat Accumulation Model

®)

Fip = al,Tt =

The ablation threshold for a static laser source
reduces with each pulse, according to the heat buildup
principle [11]. As more laser pulses N come, the
threshold drops, allowing the surface to be ablated
more easily:

Fon(N,w(z")) =

868

9nels(sb + SW)
e —— X
w(zh?f
86

4
< ln(1+m(1\]—1)) )

where § is the thermal diffusivity of the copper and f
is the laser repetition rate. The depth of the ablated hole
after the first pulse depends on the incident laser pulse
energy and the threshold fluence based on the Beer—
Lambert model:

(€))

3
dv =1) =1, ln( (10)

)
Fen(1,w(z"))

The absorbed flux of a moving incident laser with
speed v and pulse duration t is calculated as follows

[6]:

F(P,w(z"),x)
- 2%+y?) g2
= Zz—Paf dte” W@ e @™
nw?(z'
@")
2x2
P -
= e & [ e (an

v2 2in2
Z(WZ @’ 2 )
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where P is the laser power and r is the radial
coordinate in the xy-plane. Therefore, the beam profile
has a paraboloid form, as follows:

_3

—1)=3 F(P'W(Z')-x)>
z(N=1) = 5 I In (Fth(l,w(z’)) =5 I, X
P a X s _ 3lex?
nw2(z")Fep(Lw(z")) 2( ;(2 ’)+217212) w2(z")
w=(z T
(12)

The ablation depth after the first pulse is
calculated when x = 0:

3
d(N = 1) ZEISX

P s

a
w2 (z")Fep(Lw(z")) 2( v2 +zln2)
w2(zr) ' T2

(13)

The laser beam moves with velocity v and
repetition rate f along the y-axis, and the number of
pulses needed to cover a beam spot area along the
scanning channel during the first ablation cycle is:

n = 2wEf
v

(14)

The laser focus is positioned on the copper
surface with w(z') = w,, and the depth of the laser-
ablated holes after the first cycle is defined when
x=0:

2wof
3 N=

d(1st) =213, 0" Spuse X In (
_(n—1)v

X

F(P,WO,O))
Fep(nwo)
=2w0f

3 N
= E lS anl v
n (F(P,WO,O))
Fen(mwo)

where Sp,y5¢ is the overlap of each pulse over the beam
spot area [12]. After the first cycle, the laser is scanned
again on the same channel to increase the depth. At this
point, if the focus is fixed, the beam spot size at the

interactive surface is w(z') = w(d(1st)). The total
depth after the second cycle is:

2wy

2wy

(15)

_2wof 5, _(=Dv

d(2nd) = Sls Z::_l v f win (F(P,WO,O)) n

2wo F&th(n)rwo)
N=2W@ASS 51, (q(15¢))- 112
3 ls x Z _ v f
2 n=1 2w(d(1st))
F(P,w(d(lst)),o))
n|l——=—= 1
(Fth(n,w(d(lst))) ( 6)

The total depth after the Nth cycle is as presented
in [14] follows:

d(Nth) = Al + AZ + A3+. .An (17)
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where:
N=¥ (n - 1)17
3 2w, — f F(P, w,, 0)
A =—1 Z x In
2 2w, Fth(n, wo)
n=1
ZW(d(lst))f
N=———— -1
3 v ZW(d(lst)) - (HT)U
AZ - _ls Z
2 - ZW(d(lst))

F(p,w(d(1st)),0)
X In
Fy, (n, W(d(lst)))

N:ZW(d(an))f (n— 1)
f

3 v 2w(d(2nd)) -

2w(d(2nd))

x In (F (. w(a(zna)), 0)>

Fo(n,w(d(2nd)))

Nwa(d(N—lth))f

° 2w(d(1v - 1th)) - @

Zw(d(N - 1th))
. <F (Pw(a(n - 160)), o)>

F,,(n, wd(n - 1tn)))

Since the change in depth (a few microns) is far
smaller than the focal depth (zz = 40 m), the beam
spot size at the interactive surface stays constant over
several  dozen  cycles (w, =w(d(1st)) =
W(d(an)) == W(d(N — 1th)). As a result, the
depth of ablation will rise linearly with the number of
cycles. This linear relationship is demonstrated in the
following section by performing a laser ablation
experiment on copper.

4. Experimental Results and Discussion

To show the applicability of the suggested
analytical model, a laser ablation experiment on
copper was performed. A Trumpf laser 5050 power
has been used in the experiment. The channels were
created with constant laser powers of P = 0.4, 0.8, and
2 W with a repetition rate of /=400 kHz, a wavelength
of A = 515 nm, and a pulse duration of T = 7 ps. The
scanning speed of the laser on the sample surface was
v = 1000 mm/s, 800 mm/s, or 400 mm/s, and
the focal spot diameter was 2w, = 3 um. To ensure
the accuracy of the proposed analytical model, the
focus was kept on the sample surface plane during the
ablation process, and the evolution of the ablation
depth after each scanning cycle was recorded using
optical microscopy. Using (17), we figured out the
ablation depth after a certain number of scanning
cycles. Table 1 displays the copper characteristics that
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were investigated at room temperature. The ablation
threshold fluences of copper for the initial pulse is
(Fir)eu = 0.61]/cm?.

Table 1. Parameters for the test.

Parameter Cu

Work function ¢, (eV) 4.65
Binding energy &, (eV) 3.125
Electron density n, (m) 8.45x 10
Effective penetration length [; for | g9y 1%
a wavelength of 515 nm (m)

Thermal diffusivity 6 (m?%/s) 0.1148

Fig. 3 shows the experimentally observed
ablation depth as a function of scanning cycle number,
while Fig. 4 demonstrates the effect of ablation cycle
number on microgroove shape for different laser
powers (0.4, and 0.8W). This data proves the validity
and applicability of the proposed analytical model. The
ablation depth increases linearly with the number of
incident ablation cycles as cycle numbers and laser
intensities increase, and the microgroove surfaces
become smoother and more uniform. Since the
absorption coefficient a and reflectivity » are
temperature-dependent parameters, the ablation
threshold fluence for a given copper is as well [15,16].
The parameters of ablation threshold fluence
F;,(N,w(z")), absorbed flux of the moving incident
laser F(P,w(z"), x), and effective penetration depth [g
in (17) cannot be explicitly calculated from the
experimental conditions because the temperature of
the interactive surface changes continuously during
ablation at different rates, based on the scanning speed
v, laser power P, wavelength 4, repetition rate f, pulse
duration 7, focal spot size 2w,, and copper type
However, the experimental results show that the
ablation depth increases linearly with the number of
cycles; thus, using known parameters for specific
initial ablation conditions, one can fit the theoretical
formula with the experimentally acquired data to
achieve a robust formula of ablation-cycle-dependent
depth. From this formula, the ablation cycle
dependence of ablation depth applied in the specific
fitting equations shown in Fig. 3 for copper and a set
of ablation conditions (v, P, A, f,t,w,). By applying
the proposed formulas (15), (16), and (17) to the
micro-positioning stage with all known parameters,
one can automate the movement of the negative lens
L4 during the ablation process to support the ablation
laser focus on the interactive surface of a highly scaled
gravure for any initial ablation conditions.
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Fig. 3. Laser ablation of copper at a repetition rate of
f =400 kHz, a wavelength of 2 = 515 nm, a pulse
duration of 7 =7 ps, and a focal spot diameter of
2w, = 3 um. (a) Scanning speed 1000 mm/s, (b)
Scanning speed 800 mm/s, (c¢) Scanning speed
400mm/s

The flatness of the microgroove surface rises as
the number of ablation cycles increases (see Fig. 4).
The adhesive force between the conducting ink and the
microgroove surface is lowered due to the flatness.
The depth and flatness of the ablated holes may be
adjusted with this approach, allowing you to tailor the
aspect ratio (depth-diameter ratio) for optimal
conducting ink filling and release. As a result, the
conducting ink may completely fill the ablated holes
on the printing gravure and be completely transferred
to the substrate to form electronic structures during the
gravure printing process [8].
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Scanning speed: 1000 mm/s
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04w
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Fig. 4. Optical microscope images of microgrooves on
a copper sample after 1, 2, or 5 ablation cycles at an
incident power of 0.4 and 0.8 W and a scanning speed
of 1000 mm/s.

5. Conclusion

In this work, a theoretical model of the
interaction between a copper surface and ultrashort
laser pulses was offered, as well as a strategy for
controlling the shape of ablated holes during cycle-
based laser ablation by maintaining tight focusing
conditions for the interactive surface. To validate the
derived theoretical formula, experimental laser
processing was done on a copper surface. For roll
electronic printing, the proposed technology has a lot
of advantages. The shape and size of the electronic
structure on the substrate can be controlled with varied
manipulation of the ablated cell morphology on a
copper gravure; hence, the function, homo221geneity,
and aesthetics of microelectronic circuits can be
improved. Automated control of the manufacturing
laser focus accomplished using the suggested formula
can result in cost savings and improved precision in
ultrashort laser processing, which has significant

implications for ultrashort laser research and
technology.
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