Lasers in Eng., Vol. 44, pp. 277-288 ©2019 O1d City Publishing, Inc.
Reprints available directly from the publisher Published by license under the OCP Science imprint,
Photocopying permitted by license only a member of the Old City Publishing Group

Study of Negative Side Wall Surface Roughness by
Picosecond Photonic Impact Microdeposition

K.L. YUNG, C.L KANG, Y. XU AND S.M. Ko*

Department of Industrial & Systems Engineering, The Hong Kong Polytechnic University, 11 Yuk
Choi Road, Hing Hom, Kowloon, Hong Kong

Laser-induced forward transfer (LIFT) has been well studied for metals
but for non-metals published work is scarce. With recent advance of pico-
second laser, non-metal in the direction of photonic impact is giving more
flexibility of deposition control, including the control of depositing posi-
tion and the control of surface roughness of deposited structures. In view
of producing microstructures in micromould demands high side wall sur-
face quality that current LIFT or similar laser-assisted method could not
achieve, this study introduces the control of size and shape of micropa-
tches by adjusting the distance and environment of deposition using a
picosecond laser beam. A new method is proposed to change the shape of
each micropatch by using multiple photonic impacts rather than single
impact to achieve high surface quality, which had never been reported. It
enables production of microstructures where current single impact depo-
sition methods have not yet been solved.

Keywords: Picosecond laser, micromould, laser induced forward transfer (LIFT),
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1 INTRODUCTION

Limitations of laser-assisted deposition for producing microstructures mainly
lie on the low mechanical strength caused by the dot by dot (for micropillars)
or line by line (for microwalls) connection process, where the shapes of dots
and lines are normally round. Other techniques have been studied. Jhaver et
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al. [1] studied the development of a novel technique - microplasma trans-
ferred arc (micro-PTA) for producing net-like metallic microstructures. Jerby
et al. [2] used localized microwave heating (LMH) for melting bronze-based
powder and its stepwise additive deposition to manufacture its rod using
ceramic to support a tungsten electrode. They also used iron-based powder
for magnetic fixation to provide a contactless means to hold the deposition
powder instead of ceramic support.

Simulation of multi-layer and multi-material deposition using finite ele-
ment (FE) simulation to study and predict distribution of temperature and
stress, effect of deposition process parameters on them and modification
mechanism of properties of deposition materials had also been carried out.
Zhao et al. [3] carried out a three-dimensional (3-D) transient heat transfer
simulation and investigated the thermal characters and effects of deposition
directions on the thermal process for multi-layer deposition weld-based rapid
prototyping. They optimized the deposition parameters and deposition direc-
tion through simulation.

There are many further studies of various forms of laser-induced for-
ward transfer (LIFT) using different types of lasers for different pur-
poses [4-9]. Amongst all the different approaches to LIFT, the picosecond
laser as a matured industrial laser which can deliver highly concentrated
pulse energy within a very short time to create an explosion with mini-
mum melting is a good choice for LIFT. Previously, we studied the fab-
rication of micromoulds for producing plastic microneedle arrays using
a picosecond laser [10]. We also studied experimentally forward transfer
deposition of single dots [11] and microlines by connecting microdots
[12] using a picosecond laser. The effects of deposition step-size on top
surface roughness were studied and it was found that reducing spot size
can reduce the surface roughness while the deposition thickness was also
increased. This paper studies factors affecting the side wall roughness of
deposited micropillars (the roughness of the top surface is not be dis-
cussed).

2 MICROPATCH SIZE CONTROL

2.1 Micropatch size control by changing laser target distance and laser
power simultaneously

Previously, we have studied the effects of changing the spot size of depos-
ited micropatches by adjusting the distance between laser and target of
where the to be deposited materials locate. However, this would cause prob-
lems in the optimal usage of target materials. In addition, changing laser
power amid the deposition process is not ideal for industrial manufacturing
as power attenuation would reduce the energy efficiency.
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FIGURE 1

Schematic diagrams showing (a) micropatch size control in an inert gas environment by chang-
ing power and distance between laser and target together, (b) smaller power for larger distance
and (c) larger power for closer distance.
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FIGURE 2

Schematic representations comparing target tapes resulting from changing the distance between
the laser, the target and power together, against fixing the distance between laser and target when
(a) changing the distance between the laser, the target and the laser power together, and (b) con-
stant distance between the laser and the target.

Figure 1 illustrates the deposition of different spot size micropatches by
varying the distance between laser and targets. Figure 2 illustrates the resulted
difference on target tape by changing distance between target and laser.
Changing distance between laser and target has to be accompanied by chang-
ing laser power at the same time, otherwise, the energy density on the target
material would be different for different distances, causing incomplete mate-
rial transfer or no material transfer at all. By comparing the target tapes
resulted from changing distance between laser, target and power together, and
changing the distance between target and substrate while keeping the dis-
tance between laser and target fixed, as shown in Figure 2, it is found that the
efficiencies of material usages are dramatically different. Changing distance
between laser and target and laser power together would result in non-uni-
form dot patterns on the target tapes. This reduced the material efficiency.

2.2 Micropatch shape and size control by changing deposition
environment and target-substrate distance

The mechanisms of changing the size of micropatch by changing distance

between target and substrate are illustrated in Figure. 5. In a vacuum, as the

intensity of laser follows the Gaussian distribution that the intensity at the

centre is the highest. This would exert more photonic energy at the centre and
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FIGURE 3
Schematic illustration of shape differences affected by environment in the deposited micropa-
tches in (a) a gas environment and (b) in a vacuum.
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FIGURE 4

Schematic illustrations of micropatch size control by changing the distance between the target
and the substrate showing that (a) a shorter distance between the target and the substrate resulted
in a smaller micropatch on the substrate when deposited in an inert gas environment, (b) a longer
distance between the target and the substrate resulted in a larger round shaped micropatch on the
substrate when deposited in an inert gas environment, (c) a shorter distance between the target
and the substrate resulted in a smaller micropatch on the substrate when deposited in a vacuum,
and (d) a longer distance between the target and the substrate resulted in a larger concave micro-
patch on the substrate when deposited in a vacuum.

relatively less impact energy in surrounding area. The difference in impact
energy distribution would result in more stretching deformation at the centre
of a micropatch, resulting in thinner centre area after traveling a longer dis-
tance. While in inert gas, the gas pressure would force the soft micropatch to
deform toward droplet shape, making the centre of micropatch thicker than
surrounding area. In the same time, the stretching force on micropatch caused
by air friction would result in larger micropatch when traveling longer dis-
tance before reaching the substrate. The disadvantages of depositing in vac-
uum are a higher cost in sealing and environmental control, and higher
vaporization ratio of materials than in inert gas. To avoid this, depositing in
inert gas and controlling the size of micropatches by changing distance
between target and substrate, as shown in Figure 4(a) and Figure 4(b) are
more practical and cost-efficient.
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FIGURE 5
Schematic illustrations showing the size of the micropatch changing when deposited in (a) a
vacuum and (b) in an inert gas environment.

3 VERTICAL AND NEGATIVE SIDE WALL ROUGHNESS AND
SHAPE OF MICROPATCHES RESULTING FROM CONSTANT
POWER IMPACT DEPOSITION

3.1 Vertical and negative side wall microstructures resulting from
deposition when target-substrate distance is constant

Assuming that the round micropatch shape follows the shape of a sine func-

tion, then it can be represented as z, by

2(x)=gq sinl:(hi]n:I(OSxShi) )

When the distance between two micropatches is less than A#,,;,, the two
patches are connected and thus the part between z(x=Ah,,,;,/2) and —z(x=Ah,,;,/2)
is 100% continuous solid. The part outside this area is a series of discon-
nected bumps forming the rough side of the micropillar deposited.

The roughness average calculation equation is

1
I
Ra= 7_([|Z(x)|dx )

The surface roughness of the side wall of the microstructure as shown in
Figure 6(a) is obtained from

o)

hi
Ral = hii_([‘z(x)‘dx = —.([




282 K.L. YUNG et al.

Y e

_—

(a) (b}

X
B e /4]
=, ==
T 2(x=Ahuw/2). -Z(X=Ahuw/2) J\%ﬂ L

Ra=19.1 pm Ra=19.1 pm

<l (d)

FIGURE 6

Schematic illustrations of the vertical side wall microstructures and surface roughness obtained
when depositing in the same location continuously and keeping the target-substrate distance
constant for the (a) vertical side wall, (b) negative side wall on one side and positive side wall on
another side, (c) and (d) the respective parameters used for calculating the surface roughness.

When a,=30 pm, 4=30 nm and A#,,;,,=1 nm, we have Ral=19.1 um.

When using micropillars with high surface roughness, demoulding resis-
tance would be extremely high, causing failure in demoulding in microinjec-
tion moulding. Although deformable material such as a shape memory alloy
(SMA) could reduce the resistance a little, the overall performance is not
comparable to those with high surface quality.

3.2 Negative side wall microstructure resulting from deposition by
changing target-substrate distance slowly

By increasing the target-substrate distance slowly in a series of consecutive
photonic impact depositions, negative side wall shaped microstructures can
be formed, as shown in Figure 8(a) and Figure 8(b). The side wall roughness
is directly related to the shape of the micropatches, as is evident from Figure
6 and Figure 7. The top surface would not be flat but would be concave in
vacuum deposition, as shown in Figure 8(a) and dome-shaped in inert gas
deposition, as shown in Figure 8(b).

3.3 Effects of side wall roughness on the strength of the
microstructures produced

It is known that round-shaped micropatches would form porous microstructures

with much less mechanical strength. At the same time, micropillars deposited by

staggering round shaped micropatches together would not only show high sur-
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FIGURE 7
Optical micrograph showing the vertical wall surface produced with layer-by-layer deposition of
a polymer with a layer thickness of 200 um.
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FIGURE 8
Schematic diagrams showing the predicted negative side wall shaped microstructures resulting
from deposition in the same place repeatedly and changing the target-substrate distance slowly
when deposited (a) in a vacuum and (b) in an inert gas environment.

face roughness. Its mechanical strength would also be severely deteriorated. Less
mechanical strength would cause plastic deformation rather than elastic deforma-
tion, resulting in functional failure. The maximum stress, G,,,,, is given by

o M

A = (4a)
and

- M

Amax = ? (4b)

where I and I’ are the moments of inertia of bars with cross-section diameters D
and D’, respectively, which are the moments of inertia for calculating the maxi-
mum stress in a micropillar of smooth and rough surface respectively. Now
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FIGURE 9

Schematic illustration giving the mechanical strength being weakened due to a non-smooth sur-
face. (a) The dimension of micropillar and (b) the stress distribution at the root of the micropillar,
where the maximum extension stress and maximum compression stress both happen at the sur-
face of the continuous part. The diameter of continuous pillar is D for the micropillar with a
smooth surface. The diameter of continuous pillar is D’ for a micropillar with a rough surface.

3
1= 16)_4 (5a)
and
., D°

As D>>D’, then I>>I’ s0 ?,,,>>7,,...- For the micropillar shown in Figure 6(a),
D’=0.05D which leads to ?,,,/?",... =(1/0.05)’>=8000. Less maximum stress
means higher mechanical strength of the micropillar produced. Moreover max-
imum stress means lower mechanical strength of the micropillar produced.

The above calculation showed that the side wall surface roughness of
micropillar produced by deposition is critical to its mechanical strength. The
round shape of deposited dots severely reduces the mechanical strength,
which is critical to the application of microstructures. To produce micropil-
lars using photonic impact deposition, reshaping the traditional spherical
shaped micropatches is critical.

4 MICROPATCH SHAPE CONTROL USING MULTIPLE IMPACTS

The momentum and force of pushing materials forward comes from explosion like
vaporization of materials. When laser pulse power is high as the pulse shown in
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FIGURE 10

Tlustrations and plots for the changing shapes of the micropatches by varying the number of
impacts. (a) The shape of the micropatches tend to be round when deposited in an inert gas envi-
ronment with single impact deposition, shown in (b), and (c) the shape of the micropatches can
be flattened after multiple small impacts are added, shown in (d).

Figure 10(b), most of the energy goes to explosion effects, making thermal effects
much less obvious comparing with those for materials breaking and moving.

When the laser pulse is lower as the 4 mini pulses shown in Figure 10(d),
most energy goes to thermal effects, which is softening the material. The
small explosive energy would deform the softened materials and making the
micropatches flatter.

5 MICROSTRUCTURES RESULTING FROM MULTIPLE
IMPACTS DEPOSITION

5.1 Deposited microstructure surface quality improvements by
multiple impact deposition when keeping target-substrate distance
constant

The surface roughness of micropillar shown in Figure 12(a) is 0. The surface

roughness of micropillar shown in Figure 12 (b) can be calculated. According

to the equation for roughness,

p i

5 h2sin(159)/2
I N

Taking the same values used for microstructures shown in Figure 6, 7i=30 nm
and a,=30 pm, the surface roughness of microstructures shown in Figure 12(b) is
an Ra of 3.73 nm. This is much less than the 19.1 pm surface roughness of the
microstructure deposited by single impact deposition, as shown in Figure 6.

[
Ra2= %J' |2 (x)|dx = =0.125h,  (6)
0
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FIGURE 11
Schematic illustration showing the change in shape of the micropatches resulting from multiple
mini-pulses.

5.2 Multiple impact deposition by changing target-substrate distance
slowly

Similar to the structure shown in Figure 12(b), the strength and surface qual-

ity of micropillars with negative side wall, as shown in Figure 13, produced

by multiple impacts deposition would also be in the same scale. This is much

better than those produced by single impact deposition.

6 CONCLUSIONS

Changing the shape of micropatches deposited by picosecond laser photonic
impact deposition by using multiple impact rather than single impact was pro-
posed. Effects of the shape of the micropatches on side wall surface roughness
and the mechanical strength of the micropillars deposited were analysed. It was
found that the improvements to the shape of micropatches by using multiple
impacts could improve the surface quality of the micropillars thousands fold,
from 19.1 um to 3.73 nm. Likewise mechanical strength would also be improved
thousands fold. These improvements are critical to the fabrication of micropil-
lars in micromoulds for microinjection moulding using metallic materials not
suitable to be produced with microelectroforming.
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FIGURE 12

Schematic illustrations of the side wall micropillars obtained by depositing in the same location
continuously and keeping the target-substrate distance constant using multiple impact pulses for
each micropatch, as shown in Figure 6, on (a) the vertical side wall and (b) the negative side wall
on one side and positive side wall on another side.
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FIGURE 13

Illustration giving the surface roughness of the negative side wall shaped microstructures result-
ing from multiple impact deposition. Here, Ra=3.73 nm is much smaller than Ra=19.1 pm result-
ing from single impact deposition.
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