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Abstract In this study, drilling of polyimide (PI) film by
using a 248 nm excimer laser through photomask projec-
tion is presented. The parameter effects of laser fluence,
shot number and repetition rate on the processing results are
realized. A high-quality of microhole array with 50 pum
thick PI film has been fabricated. When the projection
process is carried out, differences in the diameters of the
microhole in the front and back sides of the PI are
observed, which cause a conical shape in the kerf. The
formation of this conical shape in terms of laser process
parameters is discussed. Besides, to improve the laser
machining quality of PI microholes, the effects of the
process parameters are investigated and characterized. In
addition, before excimer laser drilling PI is conducted, the
PI surface is pre-coated with, or left without, a thin film
material to observe the formation of debris. The results
shows that the formation of debris can be reduced
significantly when a pre-coated thin film is applied on the
PI surface.
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1 Introduction

Micro-electro-mechanical system (MEMS) technology offers
a wide variety of applications for the military, industrial, and
biotechnology industries. Numerous academics and research
institutions make efforts in the development of MEMS
technology and commercial products [1]. The technology
allows compact and mini-feature components to be fabricat-
ed. Micromachining with laser pulses is interesting, leading
to the fabrication of microsystems and semiconductor
devices. Due to the progress in the development of ultra-
short lasers, for example, the excimer laser, the high
flexibility of pattern generation can be combined with high
resolution, high precision and high efficiency.

Much research on excimer laser micromachining of
different kinds of materials with laser pulse has been
published [2—6]. Most of the results reported only on the
single microhole drilling process with diameters between
10 and 100 um, but not in arrays. Microstructure is
fabricated using an excimer laser because of its short
wavelength [7-9]. Laser machining from near infrared
(1064 nm) to ultraviolet (UV; 248 nm) was used for
precision machining of materials in the micrometer range
[10, 11]. Patterns on polymers, ceramics, and superconduc-
tors ablated by excimer lasers caused structures with less
material damage [12]. Polymeric materials are suitable for
microstructure due to their low ablation threshold, smooth
etching behaviour, and ablation rates at tenths of microm-
eters per pulse at very modest energy fluence [13, 14].
Miniature devices with microholes can revolutionize many
electro-mechanical-optical systems, such as micronozzle,
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ink jet nozzle [15], microchannels [16], biochips and
microfluidic system-on-ship [17]. The fabrication of micro-
hole array with both higher accuracy and lower cost is
needed to match the rapid demand for these commercial
devices. Material processing with excimer lasers is going to
become an established technique for micromachining.
Drilling is one of the most common machining oper-
ations, and has been reported to account for up to 50% of
all machining nationwide in the USA [18]. Various laser

248nm KrF
Excimer laser

Optical

delivery system

technologies including UV laser, CO, laser, and Nd:YAG
lasers have been selected for printed circuit board (PCB)
application. There are many problems for UV laser drilling.
One of the most important issues is that aspect ratio of
obtained holes (i.e. the ratio of a hole depth to its diameter)
is usually not high. The effect of plasma confinement on
material ablation has been investigated [19]. The CO, laser
emits light in the infrared (10.6 wm) where absorption in
dielectric materials is more than 90%. The absorption depth
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is much deeper than that of UV lasers. This leads to drilling
rates of a few tens of microns per pulse. But it causes poor
resolution with a little thermal damage to the substrates.
The UV Nd:YAG laser delivers light in the wavelength of
355 nm that is highly reactive with the dielectric materials.
Holes can be drilled by an UV Nd:YAG laser which
produces pulses of radiation with pulse duration about 0.1
to 1 ms. An excimer laser produces pulses of radiation at a
wavelength of 308 nm with pulse duration of 20 to 150 ns
[20]. A hole with diameter from 10 to 50 um can be
produced. Williams also reported that highly regular holes,
in terms of shape and size, can be produced by using this
technique with a “lack of thermal effects” [20].

In this study, key parameters of 248 nm excimer laser
which influence the results of drilling include laser fluence,
shot number and repetition rate. They are realized for better
understanding of its process mechanisms. The excimer laser
system is schematically illustrated in Fig. 1. The photomask
projection method is applied to micromachining microholes.
When a laser beam goes through the photomask, the pattern
on the mask is transferred onto PI substrate. During the laser
ablation process, photomask and substrate are fixed until
microholes are produced. The microhole array is fabricated
using 248 excimer laser irradiation on the PI substrate by
high precise positioning stepper. The fabrication process of a
microhole array is carried out using excimer laser ablation.
The quality of the drilled microhole such as kerf geometry
and debris formation is discussed and characterized.

2 Experimental technique

PI substrate (wafer) is 50 um thick purchased from Hisn-Tou
company in Taiwan. Its mechanical properties are listed in
Table 1. PI exhibits excellent mechanical properties such as
tensile strength of 180 MPa, elongation of 80% and Young’s
modulus of 2.9 GPa. It shows a high tensile strength, high
modulus and good elongation. Thus, it can be considered an
excellent material for nozzle plate application.

An Exitech 8000 type excimer laser was used in this
study. The present experimental setup, mask position and
the workstation are schematically illustrated in Fig. 1. This
excimer laser system mainly consists of a short-pulse
Lambda Physik COMPEX-110 excimer laser source and
Aerotech positioning system. The following are the
specifications of the excimer laser used: wavelength

Table 1 PI properties

Mechanical Material PI
Tensile strength 180 MPa
Elongation 80%
Young’s modulus 2.9GPa

248 nm; maximum pulse energy 400 mlJ; pulse duration
25 ns; and maximum pulse repetition rate 100 Hz. The
focused spot size of the laser beam was 0.25x0.25 cm?”.
Both a constant discharge voltage mode and constant pulse
energy mode were available during micromachining. The
photomask projection method was applied for microma-
chining after a constant voltage or pulse energy mode had
been set up. A set of twin array energy density homoge-
nizers and a projection lens were installed to make the laser
beam power profile more uniform (uniformity to within less
than +1.5%). The working parameters of the laser machine
were pulse number, laser fluence, and pulse repetition rate,
ranging from 200 to 600 shots, 0.576 to 1.344 J/cm® and 1
to 100 Hz, respectively.

3 Working principle

The laser projection method uses the shots falling in one
place through photomask. The laser projection parameters
mainly include laser fluence, shot number, and pulse
repetition rate. The relationship between these parameters
can be expressed as

_ HL/V (1)
where fis the laser frequency, S is the laser shot number, H is
the dimension of the mask pattern in the scanning direction
(um), and ¥V is the workstation scanning velocity (mm/min).

As it can be seen from the above expression, although
there are many laser variables, i.e.V, S, and £, only two of
them are independent. Equation 1 can be rearranged as

H="7 @

Equation 2 reveals that H is proportional to S. When a
larger H is exposed to the laser beam energy, a deeper
workpiece ablation thickness will be achieved. Based on
the above mentioned theory, different mask patterns can be
designed to obtain various values of H. The laser energy
profile in the mask pattern in terms of the laser shot number
(see Eq. 2) can be calculated, with which a 3D microstruc-
ture can be analogously predicted, such that

D x KS 3)

where D is the ablation depth in the substrate (mm), and K
is the coefficient of thermal and photochemical properties.

However, the substrate thermal and photochemical
properties were difficult to evaluate. These will play an
important role in laser ablation. Thus, the depth is a
function of S and K, where K can be treated as a calibration
number and is a function of the material thermal and
photochemical properties.
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Based on Egs. 2 and 3, as long as the mask pattern is
defined, the microhole array produced using laser ablation
can be predicted.

In the present laser ablation processing, the PI substrate
was used as the workpiece. A laser projection method with
various values of laser fluence, repetition rate and shot
number was applied to fabricate microholes. The surface of
the PI substrate was irradiated with 200 to 600 laser shots at
different frequencies and under different fluences in order
to ablate a hole in PI substrate. The laser ablated holes’
array was subsequently examined using scanning electron
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microscopy (SEM) to characterize the 3D morphology. The
diameters of the front and back sides were measured and
discussed.

4 Results and discussions

The present experiment is conducted based on the laser shot
number, energy fluence, and pulse repetition rate. There-
fore, the relationship between the mentioned above param-
eters and the ablation rate was investigated and
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Fig. 3 Comparison between experiments with given values of laser fluence for PI material. a 0.576 J/cm?, 10 Hz, 600. b 0.768 J/cm?, 10 Hz, 500.
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characterized. Excimer laser ablation of polymeric materials
is tested. Figure 2a shows the ablation rate (depth per pulse;
um/pulse) versus fluence, and Fig. 2b depicts the ablation
depth (um) versus laser shot number. It makes sense that a
higher laser energy impinging on material results in higher
ablation rate. Figure 2c shows the effect of laser repetition
rate. It shows a constant ablation rate per laser pulse at
frequencies >10 Hz. It is worth noticing that when
frequencies >10 Hz are applied, constant ablation rate per
second is achieved. This is due to laser induced plasma
preventing the incident laser from the material surface.

Laser pulse energy higher than 200 mJ (per pulse) will
destroy Cr film on the conventional quartz photomask
significantly during excimer laser projection ablation.
Furthermore, a higher pulse energy and repetition rate
(>40 Hz) cause cumulative heat in PI substrate.

50 um thick PI holes are drilled through. Experimental
results of the ablated microhole arrays are illustrated in
Fig. 3. The laser fluence ranges from 0.576 to 1.344 J/cm?,

shot number is from 200 to 600 shots, and repetition rate is
from 2 to 10 Hz. After laser ablation PI, the front and back
side diameters of the microhole with a conical shape are
observed as shown schematically in Fig. 4.

SEM micrograph in Fig. 5 shows top views of such
holes with and without a protecting layer. The PI work-
pieces are ablated at fluence of 0.576 J/em® and 1.344 J/

Drront

Fig. 4 Diameters of the front and back sides and the taper angle,
Drronts Dpack and 6, respectively
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cm? and at a shot number of 600 and 200, respectively. The
differences between the two kinds of ablation conditions
can be clearly seen. When PI is without a protective layer, a
serious debris formation is deposited on the PI surface as
shown in Fig. 5a and b, even after DI water cleaning. It
shows that the debris formation increases with the fluence.
On the other hand, before the laser process, PI is coated
with a protective thin film. When the laser ablation process
is finished, chemical solution is used to wash away the
coated film. The debris is also washed away. Thus, no
debris deposition is observed in the PI surface as shown in
Fig. 5¢ and d. It demonstrates that this method can solve the
debris problem on the PI surface effectively.

The ablated diameter of the front and back sides for
different laser fluences is realized. The relationship between
diameter and fluence is shown in Fig. 6. For fluence
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Fig. 6 Dependence of the ablation diameter of the front and back
sides on different laser fluences (5 Hz)
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0.576 J/cmz, for example, the ablated front and back
diameters were observed to be 57 pum and 38 pum,
respectively. Hence, a conical shape is created in the kerf.
The laser beam impinges on the PI substrate. Firstly, the
incident energy is absorbed in the front side during the
ablation process; then, the energy is absorbed for material
removal. This behaviour is why a conical shape of the holes
is created. It makes sense that the larger the fluence is, the
larger the diameter is. The original hole dimension on the
mask is 50 pum in diameter. When fluence is 1.344 J/cm? as
shown in Fig. 6, the front diameter of 70 um can be
observed. From the result, the ablated diameters depend on
the laser fluence significantly. The conical angle of the hole
at different laser fluences is calculated as shown in Fig. 7.
The taper angle from 88 to 83 degrees can be observed. It
reveals that although the diameter is influenced significant-
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Fig. 7 Dependence of the taper angle on different laser fluence (5 Hz).
a Repetition rate (Hz) (600 shots). b Repetition rate (Hz) (500 shots).
¢ Repetition rate (Hz) (800 shots)
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ly by laser fluence, the taper angle depends less on that.
When a smaller value of laser fluence is applied, a smaller
front and back diameter can be observed. On the other
hand, when a greater one is applied, it causes an obvious
through-hole and leads to a larger front and back side
diameter.

Larger front and back side diameters mean that a large
portion of the beam energy penetrates down through to the
PI substrate. Then a through hole is produced. During the
laser drilling experiments, different diameters in the front
and back sides of PI substrate can be observed in the
ablation process at different laser fluences.

On the other hand, the influence of the repetition rate
on the ablated diameter and taper angle is shown in
Fig. 8. Extensive experiments on drilling hole with
different processing parameters are conducted. SEM
micrographs of microholes with different repetition rates
from 1 to 10 and different lasers from 0.576 J/cm?® to
1.344 J/em® are shown in Fig. 9. When more shots or
larger fluence are applied, it causes larger diameters in
both front and back sides. But compared to fluence, the
effect of repetition rate on diameters is not so significant.
These results are arranged in matrix form, i.e. process
window. Better processing parameters can be easily

85
801 A )
~ 5 _-096Jem’ s y
g 75 & A A N\s - “&‘55 .............
g X X .............................................. Mo -
g 700 X077 Jem’
M 8 8
65 © 0.58 J/em?
60 L L l l |
0 2 4 6 8 10 12
(a)repetition rate(Hz) (600 shots)
56
A 2_096)em? 4
A A ———
_ X AT T T e
R e —— X
g 48 0.77 J/em?
2 0
S ou oo o 8
° 0.58J/cm® ©
40 | | | | |
0 2 4 6 8 10 12
(b)repetition rate (Hz) (500 shots)
79
78+ %
'S g A 0.96 J{c’r'nf‘,g
£l 7 g‘ — =TT 0.A58J/cm2
g A
8 761 A .4
s -
751
74 ' | l l l
0 2 4 6 8 10 12

(c)repetition rate (Hz) (800 shots)
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Fig. 9 SEM images of holes in <
50 um thick PI with protecting
layer drilled with different laser
fluences and repetition rates at
10 Hz

200 shots

O

0.576 J/em?

Fluence
0.768 J/cm?2

1.152 J/em?2

3005 10K

1.344 J/em?2

identified. From the process window, it can be seen that a
better ablated quality can be obtained with fluence of
0.768 J/cm®. It also reveals that the repetition rate has
only a minor influence on the quality of the holes at the
front and back sides of the PI, whereas increase in laser
fluence leads to an increase in the front and back side
diameter.

5 Conclusion

In this study, a micromachining process to fabricate micro-
hole arrays using 248 nm excimer laser ablation has been
explored. Several sets of experiments were carried out to
discuss the process in terms of pulse number, laser fluence,
and pulse repetition rate. Various laser fluences from 0.576
to 1.344 J/ecm?, shot numbers from 200 to 600 and
repetition rates from 1 to 10 Hz are realized. The relation-
ships between microhole dimensions and laser processing
conditions were studied. Various diameter shapes and sizes
can be controlled using different laser beam ablation
parameters. Microhole arrays with different diameters on
50 um thick PI film have been fabricated. The taper angle
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from 88 to 82 degree can be observed. It reveals that
although the diameter is significantly influenced by laser
fluence, the taper angle is less dependent. Besides, to
improve the laser machining quality of PI microholes,
before excimer laser drilling PI is conducted, the PI surface
is pre-coated with and without a thin film material to reduce
the formation of debris, respectively. The result shows that
the formation of debris can be reduced significantly when a
pre-coated thin film is applied on a PI surface.
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