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Abstract

The theories of energy harvester and complaint mechanism on micro scale
have been developed vastly, however prototyping and realization of conceptual
designs of such devices is difficult. Currently, micro scale prototyping devices
can only be manufactured by means of lithography. However, lithography is
expensive, both in terms of time and cost. Alternatively, laser micro machin-
ing is considered to be capable of precise manufacturing in micro scale, be able
to bring down process time from months to a few days. Yet, thermal damage
and mechanical performance of laser fabricated device have not been quanti-
fied and evaluated properly in literature, which are the challenge and goal of
this thesis. The operation of laser system has been thoroughly studied , which
enables replication of previous research in this area with a state-of-art quality.

Firstly, thermal damage was quantified by means of the piezoelectric prop-
erty loss under high temperature. A set of taguchi process optimizations was
conducted for optimal operational settings. Secondly, a micro double-flexure
stage was manufactured by laser micromachining. Structural properties of the
micro devices such as side wall surface roughness and beam geometry were
measured, and stiffness in translational direction of the micro flexure structures
were tested.

It is found that the piezoelectric property can be preserved by 99% by sys-
tematically optimizing the parameters. And it was found that stiffness of the
laser micro machined silicon compliant mechanism is 16%-36% lower than lithog-
raphy made ones due to thermal damage. Therefore a fast prototyping method
for micro scale devices has been thoroughly studied and can be used for further
researches and applications.
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Introduction and Background

1.1 Introduction

Since the electronic devices have been playing a dominant role in our lives,
the Micro Electro Mechanical System (MEMS) gradually comes to public at-
tentions. They are being used in variety of areas such as accelerometers, gy-
roscopes, pressure sensors, resonators, relays, switches, and micro pumps and
values[1]. MEMS devices shows the great advantage of highly integrated func-
tions into compact micro size. We might not be aware of it, but MEMS appli-
cations have penetrated into our daily lives and made our lives easier. How-
ever, there is still a vast potentials to be developed by scientists and researchers
around the world for smaller, faster and more powerful devices.

MEMS devices are conventionally manufactured by means of lithography.
Lithography is an extremely expensive and complex process that comprises mul-
tiple cycles of deposition, exposure and etching, specially for thick materials[6].
Also the heavy chemicals and delicate materials of lithography process requires
highly trained operators. However, high throughput, meaning the highly auto-
mated and rapid parallel process of handling hundreds of thousands MEMS de-
vices at the same time on a wafer, has made the price of a single device become
affordable under vast industrial production.

Yet, lithography is normally not easily accessible, and it is relatively expen-
sive to fabricate small amounts of devices. Therefore manufacturing of proto-
types of new product has been an obstacle for researchers [2], and an alternative
solution for this issue is craved.

In order to find a substitution method of rapid prototyping small amounts of
micro devices, we investigated the requirements of fabrication. The size of the
devices are normally in sub-millimetres or even micrometres scale, and high ac-
curacy and resolution micromachining in both surface machining and internal
3-dimension structure are required [3]. Light Amplification by Stimulated Emis-
sion of Radiation, laser, has become one of the widely used innovative manu-
facturing methods in industry for decades(4]. This technique can be potentially
considered as the alternative method of conventional lithography since it pro-
vides high intensity power as well as high precisions.

Conventional lithography is extremely time-consuming and expensive[7].
In contrast, Laser micro machining is relatively simple, without contact, no need
for mask and time-efficient[8]. However, as a substitution of conventional man-
ufacturing methods, laser micromachining is facing two main challenges when
applied onto micro and nano scale.
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1. Thermal damage, which is caused by the nature of laser technique, will
immediately damage MEMS devices and also cause a series of problems
such as cracking, waving, recast and debris around the cut. Generally
the damaged area is also referred to as Heat Affected Zone (HAZ) [36].
The huge thermally introduced residual stress will jeopardize the struc-
tural properties with undesired deformation. Furthermore, other material
properties such as piezoelectricity are also sensitive to thermal damage,
which will diminish under certain temperatures.

2. Side wall surface roughness, which is very large in laser micro machining
and this heavily influences the static and dynamic properties of device.
Especially for micro structures, the small features on the surface plays big-
ger part in overall geometry compared to macro structures, this will dra-
matically decreases the performance of devices.

To circumvent negative effects such as thermal damage and high surface
roughness, ultra fast laser micro machining has been introduced. It has accu-
racy that is high enough for MEMS devices with minimum thermal damage|3].
And this method is faster for prototyping compared to lithography, and it can
dramatically decrease thermal effect on specimen while obtaining acceptable
surface quality.

1.2 Background

By pulsing the laser, high energy density can be achieved with ordinary out-
put power, also thermal effect is decreased. By further shortening the laser pulses,
which changes the mechanism of material removal, while the thermal damage
such as micro cracking, recast layer and debris can be eliminated. An illustra-
tion of comparison between long and short pulses of laser micromachining can
be seen below.

1.2.1 What is ultra fast laser micro machining

Short and ultra short pulses The short or even ultra short light pulses are hard
to be expressed in a way such that people could experience, just like the unit
'light-year’ is used to show the very long distance, here we could also use light-
length to show how short is the short pulses from laser. The distance of one nano
second is roughly a foot long. And the distance of light travels for 100 fs pulse
is only 30 um[18]. Between those tiny pulsed units, the comparison of a femto
second to one second is equal to one second for 30 million years.

When distinguishing between short and ultra short, the interaction inside of
material helps us to have a better understanding. The photons can be absorbed
by the free electrons into a thin layer in a matter of magnitude of one femtosec-
ond. And the relaxation time of the electrons is around one picosecond[20]. The
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Application with long pulse laser (e.g. is) Application with ultra short pulse laser (e.g. fs}
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Fig. 1.1: Comparison between long and short pulsed laser micromachining[19]

energy will be stored in the electrons and then released as heat during the relax-
ation time.

Steel as an example, for 10fs, it diffuses a depth of 1nm, while over 1 ps, the
heat diffuses more than 10 nm. The material takes 1 ps to convert photon energy
into heat, and this heat diffusion layer happens in a 10nm thin layer. The optical
penetration depth varies by different materials and wavelengths. The tale below
shows a rough illustration of short pulses times for some common materials.

Material Pulse length
Metals 1ps
Ceramics 10 ps
Plastics 1ns

Tab. 1.1: The range of ultra short pulses for common materials[18]

1.2.2 Mechanism of laser machining

In laser micromachining, femtosecond to nanosecond laser pulses are gen-
erated, the shorter pulse width brings extremely high peak power and power
intensity while maintaining ordinary output power. The means of material re-
moval changes from melting to sublimation when the time scales down to a tiny
fraction of second. The discussion with respects to energy and time are intro-
duced.
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Two regimes of ablation mechanism In 1997, it is noticed that two ablation
regimes existed that depend on the laser fluence [22]. Fluence is vastly used in
literature to describe the energy applied on the surface of object, the fluence can
be calculated as:

2E
S Ll (1.1)
nwg
As the w is the frequency of the laser.
The first ablation regime is with relatively low influence, the ablation per

pulse L was calculated as :

L=a ' In(-2) (1.2)

th
Where the « is the absorption coefficient and ¢ is the laser fluence and ¢7, is
the threshold fluence. While the laser fluence is increasing, the second regime
appears with different coefficientA:

L
A
th

L=2A""In(—-) (1.3)

In the lower fluence regime, no molten material and debris was found while
it is inevitable in the higher fluence regime, meanwhile effective ablation can
be guaranteed in both regimes. The physical reasoning behind this phenomena
was due to two different mechanisms of material removal, respectively spalla-
tion and phase explosion.

Spallation is the fractures of material appeared when the tensile stress ex-
ceeds the material tensile stress limit, which leads to ejection of complete layers
of material. This is introduced by the expansion and internal pressure of a solid
material[23]. While the phase explosion is more complex, since not only more
complicated phase transitions and thermodynamic behaviour happened, but
also more ballistic electrons smash further into material as well as the higher
temperature and pressure are induced[24, 25].

Two regimes of pulse duration For ultra short pulsed laser, the time duration
is an important factor for laser micro machining[26]. Shorting pulses to certain
extend can change the process fundamentally since the thermal effect can be
removed theoretically. The heat diffusion depth / can be calculated as:

l=2\/Kt, (1.4)

Where K is the diffusivity of thermal load of material and 7, is the pulse du-
ration. Therefore, at the first time regime, short pulse duration leads to smaller
thermal diffusion depth. While the time duration gets short enough that there
will be no thermal effect appeared.
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Typically in laser system, this pulse duration varies from picosecond to fem-
tosecond. For instance, this duration for silica glass is 1 ps and for silicon is 6
ps. A specific model for the ablation depth in silicon with certain laser pulse
duration is explained in the following section.

1.2.3 Ablation rate on silicon

Since the silicon is one of the most common materials in the field of MEMS,
the ablation behaviour of silicon has been studied specifically. The ablation of
a silicon target of thickness T to a laser pulse is described as Stefan model[21],
at position x and time t. The laser pulse propagates in the direction x. Math-
ematically, the laser ablation problem is a moving boundary problem which is
transformed by a simple change of variables, into a fixed boundary problem,
with the heated boundary located at x = 0. The model is :

o a—ILI—E(K(T)O—T%ﬂ (1.5)
ot "“Pox  ox ox) o0x '
H is enthalpy,
H=p(Mc,(T)T (1.6)

where p is the density of silicon, ¢, is the heat capacity. The target surface is
vaporized at velocity u,,punder heating by optical absorption of a laser pulse of
intensity I; K is the thermal conductivity of the target.

Vaporization velocity u,4p is calculated using the Hertz-Knudsen relation[22]:

Uyap = gpo (T) ( )2 (1.7)

27‘[’63 TS

where f is the evaporation coefficient of the sample, Tsis the temperature of
the target surface,
Is=T(0,1) (1.8)

pois the vapour pressure at equilibrium, M is the molecular mass of silicon, and
kgis the Boltzmann constant.

The ablation depth Az after s seconds, which s is normally equals to the pe-
riod of laser:

Az (s) :f yap (1) dt (1.9)
0

Based on the mathematical model aforementioned, a theoretical assump-
tion of the energy and pulse condition needed can be obtained. However, due to
the laser equipment and condition limitation, this theoretical approach is nor-
mally stochastic and random[22], since pulse duration, wavelengths and output
energy of laser systems are not feasible.
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1.2.4 Laser specification

The laser source is from a Spectra-Physics Q-switched Talon laser 355-15
with a maximum power of 15W at 50 kHz repetition frequency, and with 13W
output at 100kHz. The maximum of frequency is 500 kHz and pulse width 35 ns.
TheM? factor is 1.1 which describes the accuracy of the Gaussian TEM00 mode
laser, the closer the factor to 1, the closer the actual laser output to the theo-
retical Gaussian beam. The performance of laser in terms of output power and
corresponding pulse width under different frequencies can be found below.

Typical Power and Pulse Stability — Talon 355-15, -12, -6

25 100
E-Pulse <50 kHz = Talon 35515 L g0
=== Talon 355-12

20 Talon 355-6 - 80
Typical Pulse Width - 70 -
=]
S 15 60 =
= ]
% Fe0 =
& 10 4 B
&

30

. \— 20

y - 10

0 T T T T T T T T T 0

0 50 100 150 200 250 300 350 400 450 500
Pulse Repetition Frequency (kHz)

Fig. 1.2: specification of laser

The energy delivered per pulse can be calculated as :

Woutpur
Epulse: e (1.10)
flaser

The W is the output power for the laser while irradiating obtained by the
internal power monitor, which can be found by clicking 'refresh’ button on the
laser section Process Power software, and f is the laser frequency which is called
as 'firing rate’ in the system. For instance with Talon 355-15 laser, the maximum
working mode with a 15w output at 50kHz, the energy delivered on every pulse
is 300uJ.

The delivery of laser beam includes attenuator, energy monitor and steering
mirrors. The vision system consists of a microscope inspection zoom associated
to a CCD camera, focusing of laser beam is synchronized with the focusing of
this camera.

The X-Y stage has a range of 80mm square with 1 um effective resolution.
The laser beam scanning motion is done by a laser deflection systems based on
the Lorentz force motors with internal active optical feedback in order of dra-
matically reducing sensitivity to external noise. Galvo head which manipulates
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the laser path has the range of 46x46mm with local length of 100mm, the writing
speed is 1300cm per second with position resolution of 8 urad.

1.3 State of the art

In this section the current state of art of laser micromachining and the means
of the improving laser-machined devices are introduced.

1.3.1 Where is laser micro machining standing ?

The current stage of laser micro machining are mainly focused on the ab-
lation behaviour with different laser types and variety of materials. Figurel.3
shows different behaviours of several piezoelectric materials cut by a picosec-
ond laser. And figurel.4 shows the difference in ablation depth under different
laser setting and fluence for silicon.

Fig. 1.4: Laser machined grooves on silicon[30]

The studies of laser cutting have also focused on drilling micro holes for in-
terests from medical and micro fluid devices[33]. An example given below in
figurel.5, micro holes are drilled in diamond and silicon.

Micro laser machining has also other potential application like improving
the lubrication by graving micro patterns on sliding surface, an illustration can
be seen below in 1.6. The MEMS devices manufactured by laser micro machin-
ing has not been found in literature yet.
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SE016118 30 pm

(b) Silicon

(a) Diamond

Fig. 1.5: Different laser drilled holes on diamond (left) and silicon (right)[32]

Fig. 1.6: Surface graving to improve lubrication[34]

1.3.2 How to improve the quality of laser-fabricated devices?

As aforementioned in introduction section, the laser micro machining is still
facing two main obstacles, rough side wall surface and thermal damage (HAZ).
There are small number of researches conducted for improving the overall qual-
ity of the laser micro machining, which is introduced in two parts: Minimize
thermal damage and maximize surface quality.

Minimize thermal damage

In order to minimize the Heat Affect Zone, the amount of thermal damaged
needs to be quantified. Currently the main method of quantifying the HAZ is by
visual inspection, an example can be seen below at Figl.7. Although it is not a
relatively accurate method, so far the main criteria is the colour change on the
surface along the cutting edge.

Other potential ways are measuring the mechanical property such as tensile
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Heat affected

b Zone

Fig. 1.7: The visually inspection of the HAZ[35]

strength, Young’s modulus and yield tension. For piezoelectric material, since
the piezoelectric material can be lost by applying the high temperature, mea-
suring the piezoelectric coefficient is considered to be a trustworthy method to
quantify the heat affected area. Both methods will be discussed in details in
chapter 2 and 3 respectively.

Regarding to the minimize the thermal damage, or eliminating the thermal
damage further more, water-assisted cutting is considered as an efficient solu-
tion. The water introduced into the cutting system could be still water, water
flow or high-pressure water jet.

By putting a thin water laying beyond the working surface, the thermal ef-
fect can be dramatically decreased since the heat will instantly be dissipated
into water . Although original ultra short pulse laser has the advantage of negli-
gible thermal effect, minor thermal damage is still existed. There is certain band
observed along the edges of laser path (Kerf band) that influences the quality of
laser manufacturing. Another obstacle is caused by the high temperature debris
recast and gathered around the cur area[37]. Several successful examples and
comparisons are made by [36][38], pictures shown in Figl.8.

As can be seen in Figl.8, the water-assisted laser cutting show extensively
advantages as debris and recast free, and no thermal damage[39].

Maximize side wall surface quality

As no external assistance or changes of laser cutting, by utilizing the param-
eters of the laser, the surface roughness can already be improved to a certain
level. As an example, the silicon double-clamped beams with a side wall surface
roughness as low as 370 nm[40], an illustration is in Fig1.9.
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(a) Air cutting[38]

(c) Example of underwater cutting on saphire wafer, air ambi-
ent(left) and water ambient(right)[39]

Fig. 1.8: Comparison between dry and underwater cuttings

==

e

Signal A = SE1 Date 22 Jan 2015
EHT =20.00kY WD= 24 mm Photo No. = 8850 Time 1144520

Fig. 1.9: Silicon double-clamped beam made by[40]

Reheat or reflow is a widely used post treatment method in conventional in-
dustry. This process can smooth out the defects and recrystallise the material
to obtain an acceptable surface, as well as enhance the mechanical properties
like strength. To improve the surface roughness of a resonator micro-machined
by laser in a traditional lathe alike setting, a high temperature electric arc was
introduced in [33]

Chemical etching or wet etching which was suggested to improve the surface
condition, but it only subjects to certain types of materials but not all cases. Fur-
thermore, etching method slows the manufacture efficiency[31]. one example
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is introduced in [35], a micro channel chip is manufactured in the Poly Methyl
Methacrylate (PMMA) and Cyclic Olefin Copolymer (COC) material by laser mi-
cro machining, and a vapour exposure method is used to improve the surface
roughness, the outcome can be seen in 1.10.

(a) Vapour exposure for PMMA(Poly Methyl Methacrylate) in (A)(B)
and COC (Cyclic Olefin Copolymer) in (C)(D) under different time
durations(35]

=

(b) Chemical etched sapphire[46], before(left) and after(right)

Fig. 1.10: Examples of chemical etching to improve surface quality on materials after
laser machined

Underwater cutting is also referred as liquid immersion laser micromachin-
ing [39]. As mentioned in the previous section, this method is also beneficial
for silicon structures cutting in terms of both less thermal damage and better
surface roughness. Silicon based underwater cutting researches are shown in
[41] and [42], but only single hole or groove were focused. Furthermore, no sur-
face roughness details so far were quantitatively recorded but only observation
of 'smoother’ result[36].
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Discussion

Direct cutting by ultra fast laser micromachining has been developed by
over decades, and a number of researches have been carried out. In [40] an ad-
vanced optimizing model was used to obtain the best cutting result. A minimum
surface roughness of 370nm was achieved on cutting through silicon samples,
and the HAZ was negligibly small due to the ultra fast laser pause.

Reflow and etching method as post processing are the most commonly used
and adapted methods for improving the surface roughness after cutting. How-
ever, as considering manufacturing MEMS devices, there are multiple layers
of materials cut at the same time. This brings serious problems even for the
most commonly used silica and silicon substrates used in this field, since sili-
con is much more thermal conductive than silica[47]. Different conductivities
between layers make the reflow process difficult to achieve.

Although the underwater cutting technique is still being developed, this is
the a promising method for improving the surface roughness and heat affected
zone. Moreover the specific roughness data has not been found in literature yet.

Conclusion

Surface quality of the silicon structure obtained by laser manufacturing is
relatively low compared to lithography. Currently the rough and coarse surface
is unacceptable for laser machined MEMS devices applied in industry[31] since
it would heavily influence the mechanical and structural properties of devices.
However, the direct relation between surface roughness and mechanical perfor-
mance has not been verified in literature.

In addition, ultra fast laser still introduces small thermal effect, the thermal
interaction between the laser and the specimen is hard to simulate and be mea-
sured since it all happens at a small area instantly[9]. Specifically for piezoelec-
tric materials, the most common building block for energy harvester and actu-
ators, the thermal damage leads to a loss of piezoelectric property. Normally
the HAZ can be minimized by carefully tuned laser parameters[9]. However the
quantification of the HAZ is done by visual measurement of indication which is
not precise and reliable, a systematic approach to quantify the thermal damage
is missing.

To sum up, although ultra fast laser micro machining technique as a new
fabrication method has its unique advantages, it also brings drawbacks, such
as poor surface quality and HAZ. Several attempts on groove cutting and micro
drilling on semiconductor and piezoelectric materials have been carried out|2,
7,8,10, 11, 12, 13, 14, 15]. But producing practical MEMS devices with minimiz-
ing those drawbacks has not been found, which draws great research potential
for future study. Moreover, the thermal damage and low surface quality have not
been connected to the actually structural and mechanical performance. There-



1. Introduction and Background 13

fore, the quantification of HAZ and evaluation of thermal damage in terms of
mechanical performance draw great interest for this project.

1.4 Challenges and knowledge gap

1.4.1 Challenges

So far we have discussed the laser micro machining in basic mechanism,

current studies conducted and the methods to enhance the performance. The
research questions of this project are :

1. Drawbacks, what is limiting laser micro fabrication compared to other

methods as lithograph, what are the drawbacks?

. Quality, how to achieve a acceptable result of the laser micro machining,
without external assistance but only by optimization of laser parameter
setting ?

. Quantifying, how sever the drawbacks of laser micro machining are, in
terms of the thermal damage and low surfacer roughness?

. MEMS fabrication, how to integrate the laser micro machining techniques
into MEMS device fabrication?

Based on the previous introduction and the project research questions, the

main challenges can be concluded as below:

1. Operation, since the ultra-fast laser system has not only the conventional

process parameters but also more complexly the laser beam parameters
such as frequency, out put power and pulse duration. Moreover, the link
between input parameters to certain outcome criteria is an unknown and
highly non-linear related. Furthermore. there is no previous experience
or reliable guide for the specific laser system accessible. Therefore, to start
the operation and understand the mechanism is the first difficulty for this
research.

. Optimization with only laser, here 'only’ means there is no external meth-
ods to facilitate the cutting to obtain better results, but solely optimiz-
ing the parameters setting and combination. Hence a experimental pa-
rameter optimization method called ‘Taguchi method’ has been widely
adapted to obtain optimal quality for complex laser systems based on dif-
ferent materials. Although this method has chosen a relatively small amount
of samples, still a whole set of test needs to be conducted, which includes
sophisticated experiment design and enormous experiment time.
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3. Quantifying and evaluation, after the manufacturing, test and measure-
ment is needed to quantify the thermal damage and certain drawbacks of
the laser cut device in terms of mechanical and electrical performance.
Yet there is no current test equipment available existed currently which
requires either external corporation or building by the author.

4. Integration, laser cutting technique has been developed for several decades,
however, a fully integrated MEMS system fabricated by laser micro ma-
chining has not been found in literature. An example of attempt can be
seen below in Figl.11, as a lateral resonator has been cut with femtosec-
ond laser. But this structure has not been integrated with electrical con-
nection and furthermore actuated or sensed, neither examined passively.

Fig. 1.11: A lateral resonator without functioning[48]

1.4.2 Knowledge gap

Although laser micro machining has been developed to a relatively deep ex-
tend, the author still find that there is few aspect and knowledge existed which
have not been found in literature.

From value to performance Side wall surface roughness, machining time, HAZ
width, tapper angle are the main judgement of current studies in this field. How-

ever, how those criteria affect the outcome of the laser cut devices has not been

studied, especially for thermal damage and side wall surface roughness.

From cutting to devices There is a huge gap between current laser fabrications
such as cutting, graving, and drilling, to a fully functioning device or integrated
MEMS system. The minimum feature sizes, enough high accuracy and toler-
ance, reliable electrical connection and processing multi-layer structures are all
obstacles that need to be conquered.
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1.4.3 Thesis structure

The fundamental principles of laser micromachining and material removal
mechanisms are introduced in Chapter 1. Then a study of quantification of
Heat Affected Zone is presented in Chapter 2. In order to quantify the thermal
damage laser micromachining brought on micro structures, a material feature
which piezoelectric property gets lost under temperature above Curie point on
piezoelectric material has been utilized. Then another study of evaluation of
mechanical performance on micro compliant mechanism fabricated by laser is
introduced in Chapter 3. Mechanical performance in term of stiffness has been
investigated for a double-flexure silicon micro stages. Furthermore, some sup-
portive outcome and other relative work conducted are presented in Chapter 4.
Additionally, a manual of recipes of common materials are collected and pre-
sented for helping further researchers.
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in Laser Micro-Machined Piezoelectric Structures
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Abstract—As a manufacturing method for fast prototyping of
MEMS (Mechanical Electro Micro System), laser micro machining
with fast pulsed laser source has drawn great attention. Yet
the limited thermal damage has not been quantified precisely.
A set of piezoelectric material has been processed under different
sets of parameters from Taguchi process optimization. And the
piezoelectric coefficient was measured for both laser cut and
natural broken pieces as the indication of the piezoelectric
property loss due to thermal damage, thus the Heat Affected
Zone is quantified precisely. The lowest surface roughness of 755
nm was obtained and no obvious piezoelectric property loss was
found after one Taguchi iteration. Furthermore, a beam micro-
actuator was fabricated based on the optimal laser parameters
found in this research.

Index Terms—Vibration energy harvesting, Piezoelectric materi-
als, Heat affected zone, Laser micromachining.

I. INTRODUCTION

IEZOELECTRIC materials exhibit a coupling between the

mechanical and electrical domains which makes them well
suited for sensing and actuation. One advantage of piezoelec-
tric transducers is their retained efficiency when miniaturized
[1]. On this scale, applications include micro-surgery, micro-
positioning stages, wireless sensor networks and micro-energy
harvesters. Moreover, piezoelectric materials make excellent
candidates for distributed sensing and actuation applications in
compliant mechanisms. Research in these fields is often of an
experimental nature, which inevitably requires the design and
fabrication of numerous prototypes.
Due to their high coupling factors, piezoelectric ceramics are
the most commonly used. The brittle properties of the ceramics,
however, limit the use of conventional cutting and grinding ma-
chining at the small scale. Traditionally, the manufacturing of
miniaturized sensors and actuators from piezoelectric material
is done with processes such as lithography and chemical vapor
deposition. These processes usually have a very long cycle time,
making each iteration during prototyping very time consuming.
An alternative to these methods may be laser micro-machining,
which has the potential to shift the prototyping time scale
for miniaturized devices from months to minutes. Therefore,
laser micro-machining may allow for rapid prototyping of
miniaturized piezoelectric devices.
The material removal of laser micro-machining is achieved by
ablation process which is thought to be a combination of main
steps: energy absorption, energy transfer and material removal
[2]. The chemical connections in the material are directly
broken by the absorption of high energy photons which results
in the detachment of micro particles [3]. During this process,
heat that is generated as a result of ablation is diffused into

surrounding material through conduction. This results in a
heat affected zone (HAZ) where material properties have been
altered.

When laser micro-machining of piezoelectric material
is considered, temperatures above the Curie temperature
(typically 200 — 400 °C [4]) may be reached in the HAZ. As
a result, the piezoelectric properties may be lost locally. When
the length scales of the piezoelectric structures are in the
order of the HAZ dimensions, the performance of the device
may be severely reduced. Especially during the prototyping
of miniaturized piezoelectric sensors and actuators this is a
problem as it may lead to non-functional devices.

Prior art on the quantification of the dimensions and effects of
the HAZ in laser micro-machining of piezoelectric structures
is mostly limited to visual inspection of color changes of the
material surface [5]-[7]. Reduced performance as a result
of laser micro-machining with a 355nm YAG laser were
reported by Zeng et al. (2004) [8]. It was found that the
piezoelectric properties were reduced as a result of the loss
of Pb and the existence of a pyrochlore phase. The solution
proposed in this paper was the annealing at 1150 °C under
PbO-controlled environment for 1h. Lam et al. (2013) [9]
investigated the machining of PMN-PT single crystal with
a 355nm YAG laser. The main conclusion was that the
piezoelectric properties were reduced in an area of about
50 ym from the cutting line. Furthermore, it was shown that a
narrower cut can be obtained by using less power per pulse,
and a higher amount of repetitions. In Nadig et al. (2013) [10],
[11] it was observed that the piezoelectric properties of bulk
PZT-5H were lost entirely after laser micromachining with a
355nm UV laser. The smallest features in this design were
125 um with a thickness of 500 pm. Another attempt resulted
in successful fabrication of these features from PZT-4A, which
was presumed to be a result of the higher curie temperature
of the material. On the contrary, Kim et al. (2008) reports no
significant loss of macroscopic performance after machining
features of 500 um with a 1064 nm YAG laser. This result was
found to be consistent with a previous study [12] where the
piezoelectric properties of PZT were found to be unaffected
as a result of femtosecond laser-machining (FLM). In that
study, however, it was argued that substantial HAZ effects
were expected for lasers with pulse durations in the order of
nanoseconds.

The objective of this research is to investigate the effects of
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the laser parameters on the HAZ in laser micro-machined
piezoelectric structures. This will lead to insights that could
aid in the development of a novel design guidelines for the
laser micro-machining of piezoelectric structures.

Part IT will present the designs of the piezoelectric actuator and
sensor test pieces and the methods used for the manufacturing.
This will include the selection of the laser parameters, selection
of the array, cleaning the piezoelectric material and testing the
capacitance and d33 piezoelectric coefficients. The results of the
experimental tests will be presented in chapter III and discussed
in chapter IV. Furthermore, the discussion will include an
example of how these results can be integrated in a micro-
compliant mechanisms with distributed actuation. Lastly, the
most important conclusions will be summarized in part V.

II. METHOD

Laser micromachining processes remove material through the
ablation of the target material as a result of the laser energy.
Associated with the laser-material interaction is the conduction
of heat through the target material. This may result in a heat
affected zone in which the material properties are altered. When
the fabrication of miniaturized piezoelectric sensors or actuators
is considered, temperatures above the Curie temperature of
the material may be reached. As a result, the piezoelectric
properties, and thereby the performance of the device, may be
severely reduced. In this research, piezoelectric test structures
will be manufactured using a laser micro-machining process to
quantify the resulting HAZ. This is illustrated in Fig. 1.

PZT Substrate
Laser beam

‘_

Heat affected zone

Cutting line

Test structure

// 4

_____ -
. e e
2mm Tom

Fig. 1: Laser micro-machining of piezoelectric structures results
in a HAZ. This research aims to quantify this HAZ through
measurement of piezoelectric properties.

First, laser parameters will be selected using the method of
orthogonal arrays. With these parameters, test structures will
be manufactured from a plate of piezoelectric material by
laser micro-machining. Each test structure will be manufactured
individually and numbered. Next, the test structures are cleaned
using an ultra-sonic cleaner while immersed in isopropyl al-
cohol. Finally, the capacitance, piezoelectric strain coefficient
and the surface roughness of the side walls are measured.
The measured piezoelectric strain coefficients are compared to
theoretical values from datasheets to quantify the HAZ. Using
these measurements, the effects of the laser parameters on the
manufacturing of piezoelectric structures is quantified.

TABLE I: Overview of material and geometrical parameters used
in the experiment. The resulting properties of the test structure
were calculated using Eq. 1-3.

Parameter Symbol  Value
Type PIC252
Curie temperature Te 350°C
Material Elastic modulus E 62 GPa
Relative permittivity €, 1750
Density p 7.8gcm™3
Length L 10 mm
Geometry  Width w 1 mm
Thickness h 100 pm
Capacitance (square) Cp 620 pF
Capacitance (beam) Ch 310 pF

A. Material and geometry

The piezoelectric structures are squares with the dimensions of
2mm X 2mm and beams of 2mm x 1 mm. The test structures
are expected to be sensitive to material degradation in the HAZ
due to the small dimensions. The piezoelectric material that will
be used are plates of PIC 252 from PI ceramics with a thickness
of £ = 100 um. The Curie temperature of this material is 350 °C
and the relative permittivity is €, = 1750 [4]. The expected
capacitances, C),, of the test structures were calculated by the
following equation.

c, = eretoA 0
Where ¢, is the relative dielectric constant, ¢y the permittivity
of free space, A the electrode surface area and ¢ the thickness
of the piezoelectric material. The results are a capacitance of
620 pF for the squares and a capacitance of 310 pF for the
beams. The material parameters and geometries are summa-
rized in Table L.

B. Manufacturing procedure

The material is fixed on a ceramic substrate which is fixed by
the vacuum extractor from beneath. A gap between substrate
and sample is created by adding substrate material of 1 mm
thickness at all edges, in order to prevent the accumulation of
thermal energy at the bottom of the sample.

A Spectra-Physics Talon 355-15 diode pumped solid-state
(DPSS) UV laser system with a wavelength of 355nm and
maximum power of 15 watts at 50 kHz is adapted in this
project. The maximum frequency is 500 kHz with pulse width
35ns. A BOFA extractor and filter is integrated in order to
exhaust fumes. The laser beam delivery including energy at-
tenuator, mirrors and steering mechanism. The optical steering
is achieved by a Galvo head from Rhothor with a scan range
of 46x46mm and focal length of 100mm. An overview of the
setup is illustrated in Fig. 2.

The X-Y stage has a range of 80mm square with 1 pm effective
resolution. The laser beam scanning motion is done by a
laser deflection systems based on the Lorentz force motors
with internal active optical feedback in order of dramatically
reducing sensitivity to external noise. Galvo head had the
range of 46x46mm with local length of 100mm, the writing
speed is 1300cm per second maximum.
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All the test pieces were cleaned by using an ultra-sonic cleaner
while immersed in isopropyl Alcohol [13].

C. Laser parameter selection

The three laser parameters that were controlled in this experi-
ment were the diode current, A, laser pulse frequency, f, and
the overlap, O. These parameters were selected because the
diode current is directly related to laser power, and the pulse
width varies depending on the frequency in the configuration of
the laser system. The overlap is related to the scanning speed,
v, by the following relation.

v=f-r-(1-0) 2

Where r is the spot size of the laser. The method that will
be used for the selection of the process parameters is the
orthogonal array method, which finds its origin in the Taguchi
method [14]-[16]. In this method, orthogonal arrays are
used to study the relation between process parameters and an
objective function. For each process parameter, a finite number
of values is selected called the level settings. We adapt three
variables with three levels for each variable. The combinations
of the level settings of different parameters are arranged into
orthogonal arrays, which ensure that every pair of parameter
levels occurs an equal amount of times. Due to this pair-wise
balancing of level settings, the effects of multiple process
parameters can be studied simultaneously without distorting
the effects of individual process parameters. As a result, the
orthogonal array method allows the maximum amount of
information to be derived by using the fewest experiments [17].

Initially, the applied energy of each shot was fixed as constant
which is the maximum value of the laser, which will decrease
the variant output from laser pulses, at the same time the trend
between thermal damage and output power is more obvious
to be observed. The lower boundary of the range of the
controlled parameters was set such a reproducible cut-through
would be achieved for every combination. These values were

Galvo scanner

IIF-

Camera

by 2

Fig. 2: Laser beam delivery setup

Fig. 3: Schematic representation of redundant lines and separating
gaps used in laser micro-machining. These features are added to
help the laser move into the workpiece.

empirically determined to be A = 6A, A = 20kHz and
A = 70%. The upper boundary of the range was set at the
maximum settings of the machine, which were A = TA,
A = 30kHz and A = 90 %. This range is divided into three
levels for every factor.

A second experiment was conducted variant energy pulses
which is no long fixed as constant, meaning the pulse energy
varies depending on frequency and using a narrower range
of the controlled parameters. This will decrease the overall
energy applied in order to find the optimal parameter sets in
a lower energy regime. Again, the lower boundary was set
to A =6A, A = 15kHz and A = 60%, such that every
experiment would result in cut-through. The upper boundary
of the range was set at A =7A, A = 25kHz and A = 80 %,
which was chosen because .

During both experiments, the other parameters were fixed as
suggested by prior art [18]. They include the wavelength, pulse
width, number of redundant lines and gap size between those
lines. Redundant lines are often used in laser micro-machining
in order to help the laser beam move into the work piece . In
Fig. 3 the redundant lines and gaps are depicted schematically.
Here, 3 redundant lines were used with a gap size of 20 pm
which was suggested in [19], which corresponds to the laser
spot diameter of the laser beam. A complete overview of the
level settings for the controlled parameters and the values of
the fixed parameters is shown in Table II.

D. Measurement procedure

After cleaning, the capacitance and dielectric loss coefficient
of the piezoelectric structures was measured using an Agilent
4263B LCR meter at 1 kHz. The piezoelectric charge constant,
ds3 was measured using a PiezoTest PM300 Berlincourt type
d33 meter. The piezoelectric charge coefficient measurements
were conducted twice for each test structure. Between the two
measurements the sample was flipped such that both a positive
and a negative value was obtained for the piezoelectric charge
constant.
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TABLE II: Overview of parameters used in this research

Symbol  Factor name Level 1  Level 2 Level 3
A diode current [A] 6.0 6.5 7.0

B frequency[KHz] 20 25 30

C overlap [%] 70 80 90
Symbol  Factor name Level 1 Level 2 Level 3
A diode current [A] 6.0 6.5 7.0

B frequency[KHz] 15 20 25

C overlap [%] 60 70 80

The surface roughness of the side walls of the samples
were measured using a white light interferometer (Bruker
Nano Surfaces Division), and was processed by integrated
software of (Vision 64). For the measurement, the R, value is
measured over the whole side wall area. This value measures
the deviations from the mean of the roughness profile and is
corrected for tilt angle. The surface roughness measurements
are conducted three times in order to limit random errors.

The surface is considered as non-periodic profile instead of
conventional laser manufacturing profile as the result shows
surfaces under specific settings are non-periodic where is laser
path is no longer obviously existed.

Finally, the samples were inspected using a Scanning Electron
Microscope (SEM) from Jeol JSM-6010LA.

E. Data analysis

The controlled parameters were analyzed for each level setting
by taking the average of the measured properties of all the
test structures manufactured with that particular level setting.
This resulted in 9 averages for the surface roughness and the
piezoelectric charge constant. The effects of the individual
controlled parameters is given by the variance between the
three averages for that particular control parameter. For more
information on this method we refer the reader to [17] .

TABLE III: Application of the orthogonal array result

Mean value of one parameter level
Ay =5Set(14+2+3)/3
Ay = Set(4+5+6)/3
Az = Set (T+8+9)/3

fr=Set(1+4+7)/3
fo=2Set(2+5+8)/3
fa=Set(3+6+9)/3

O1 = Set(1+6+8)/3
Oy =Set(2+4+9)/3
O3 =Set(3+5+7)/3

FE. Fabrication of piezoelectric beam micro-actuator

Using the manufacturing procedure described in the previous
section and the parameters that were found to result in a

minimal heat affected zone, a micro-scale piezoelectric actua-
tor/sensor was fabricated. The device consists of a piezoelectric
beam with a length of 5mm and a width of 100um. The
electrode layer on the top side of the beam was removed along
a 30 um wide line over the total length of the beam. A section
of the design is illustrated in Fig. 4.

Electrode

PZT \ ~a T

T4 \ ‘

—o\/*

C_ .\

Fig. 4: Schematic indication of the design of an in-plane piezo-
electric beam micro-actuator.

By applying a voltage across the terminals, the beam can be
used as an in-plane micro-actuator. Alternatively, the device
can be used as a sensor by measuring the voltage across the
terminals to sense the deflection of the beam. The structure
could also be used as a resonance energy harvester which would
operate in the natural frequency of the beam, w, that can be
estimated by the following equation [20].

k
w=2rf= =, 3)
\/ 2m

In this formula, m is the mass of the test structure and k is the
stiffness which can be approximated by linear beam theory.

3EI Ewt?
F="Ts =1 @)

Where F is the elastic modulus of the material, I is the moment
of inertia, and L, w, t are the length, width and thickness,
respectively. For the proposed beams, a mass of m = 0.39 mg
and a stiffness of £k = 12.4Nm~! were estimated. As a result,
the resonance frequency of the beam was estimated to be
5.64 kHz.

III. RESULTS
The results are listed in Table IV.

As can be seen in the table the smoothest surface had a
value of R, = .755um and was obtained by parameters of
set 4. And based on the parameters of set 4, a micro-beams
were successfully manufactured and illustrated in Fig. 5a. The
resulting beam had a tapered shape, where the width of the top
side was measured at 79 pm and the bottom side at 109 um.
As shown in Fig5a the two sides of the beam are covered with
different types of electrode materials. And the yellow side (left)
of the beam, the electrode surface is separated by a line of laser
engraving which was tested by a resistance measurement.



DRAFT VERSION 5

TABLE 1V: Results of the measurements and orthogonal array method. Surface roughness measurements of a) experiment 1 and b)
experiment 2, electrical properties of the test pieces from c) experiment 1 d) experiment 2, mean value of per parameter of surface
roughness

(a) surface roughness of experiment 1 (b) rusface roughness of experiment 2
Set number A B C Power (W) 2xImm 2x2mm  Average (um) Setnumber A B C 2xImm Power 2x2mm  Average (um)

1 T 1 1 4434 424 3918 4.176 I I 1 1 0910 1.12 0.840 0.875

2 1 2 2 3405 5.23 4.459 3.932 2 1 2 2 1633 1.24 1.143 1.388

3 1 3 3 4718 6.44 5.242 4.980 3 1 3 3 0864 225 0.877 0.870

4 2 1 2 3589 4.02 3.424 3.506 4 2 1 2 075 1.35 0.751 0.755

5 2 2 3 669 6.29 3.620 5.155 5 2 2 3 0885 1.73 0.939 0.912

6 2 3 1 6230 3.24 2.966 4.598 6 2 3 1 0659 242 0.860 0.759

7 3 1 3 4436 5.57 4.142 4.289 7 3 1 3 07% 1.60 1.172 0.984

8 3 2 1 7549 6.61 6.310 6.929 8 3 2 1 0828 1.96 1.293 1.060

9 3 03 2 6052 8.06 8.327 7.189 9 303 2 1254 2.88 1.127 1.190

(c) Electrical properties of experiment 1 (d) Electrical properties of experiment 2

Identification  Dimensions  Capacitance ¢ coefficient  d33 value 1d. Dimensions  Capacitance  Positive d33 value  Negative d3z value

1 2 X 2mm 510 pF 0.0213 172pCN—1 1 2 X 2mm 497 pF 180 pCN—T —163pCN—1

2 2 X 2mm 520 pF 0.0213 176 pCN—1 2 2 x 2mm 500 pF 170 pCN—1 —170pCN—1

3 2 X 2mm 544 pF 0.0353 150 pCN—1 3 2 x 2mm 498 pF 168 pCN—1 —170pCN—1

4 2 x 2mm 512 pF 0.0217 166 pCN—1 4 2 x 2mm 491 pF 185pCN—1 —162pCN—1

5 2x2mm  501pF 0.0283 153pCN—1 5 2x2mm  504pF 170pCN—1 —161pCN—1!

6 2x2mm  497pF 0.0300 131pCN~—1 6 2x2mm  497pF 156 pCN~1 —175pCN—1

7 2 x 2mm 523 pF 0.0315 162pCN—1 7 2 x 2mm 514 pF 152pCN—1 —151pCN—1!

8 2 x 2mm 502 pF 0.0215 143pCN—1 8 2 x 2mm 502 pF 175pCN—1 —174pCN—1

9 2 X 2mm 487 pF 0.0319 132pCN—1 9 2 X 2mm 514 pF 164 pCN—1! —167pCN—1

1 1 x 2mm 265 pF 0.0242 161 pCN—1 1 1x 2mm 250 pF 136 pCN—1T —123pCN—1

2 1 x 2mm 254 pF 0.0272 111 pCN—1 2 1 x 2mm 257 pF 119pCN-—1 —166 pCN—1

3 1 x 2mm 232 pF 0.0386 102pCN-—1 3 1x 2mm 249 pF 140 pCN—1 —142pCN—1

4 1 x 2mm 240 pF 0.0223 114pCN-—1 4 1x 2mm 255 pF 117pCN—1 —124pCN—1

5 1x2mm  220pF 0.0346 40pCN—1 5 1x2mm  243pF 158 pCN—1 —135pCN—1!

6 1 x 2mm 217 pF 0.0264 52pCN—1 6 1 x 2mm 252 pF 146 pCN—1 —122pCN—1

7 1 x 2mm 242 pF 0.0249 111pCN—1 7 1 x 2mm 250 pF 128pC N1 —105pCN—1!

8 1 x 2mm 237 pF 0.0250 85 pCN—1! 8 1 x 2mm 254 pF 111pCN—1 —121pCN—1!

9 1 x 2mm 217 pF 0.0344 19pCN—1! 9 1 x 2mm 248 pF 159 pC N1 —133pCN—1
Ref.l - 548 pF 155 pCN—1 —160pCN—1
Ref2 - 595 pF 149 pCN-—1 —165pCN—1
Ref3 - 891 pF 162pCN—1 —178pCN—1

(e) Mean value of surface roughness of experiment 1 (f) Mean balue of surface roughness of experiment 2

Per parameter level ~ Roughness (um)  Ra(Max)-Ra(Min) Per parameter level ~ Roughness um  Ra(Max)-Ra(Min)

Al 4362 Al 1.044

Ao 4.419 1.773 Ay 0.809 0.269

Az 6.135 Az 1.078

fi 3.990 f1 0.871

fa 5.338 1.599 f2 1.120 0.249

f3 5.589 f3 0.940

01 5.234 01 0.898

O2 4.875 0.423 0o 1.068 0.170

O3 4.811 O3 0.922

I'V. DiscussioON
A. Surface roughness

The findings of best surface roughness is found under parame-
ters of set 4, and the worst is at set 2. The SEM images in Fig
6 provide a visual comparison between these surface qualities.
In a) there is material irregularly accumulated at the bottom
of the work piece while the rest part of the cross section area
show smooth and clean cut. However in b) the cut shape is
straight and uniform along all the cross section area. A potential
explanation of this phenomenon is the interaction between
substrate material and pzt ceramic. The ablation threshold of
(a) Beam with seperated electrode (b) A one euro coin beside as a refer- gubstrate material is h]gher than the fluence of set 4 while
ence lower than the fluence of set 2, which huge amount of heat is

Fig. 5: Resulting micro-beam with electrode removed in the centre  accumulated at the bottom for set 4 and created melted material
along the length; manufactured with the laser parameters from set 4 \yhile in set 2 laser directly cut through the whole pzt material
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SEI 5KV SEI 10kV

SEI 10kV

(c) Experiment 2 set 9 (d) Experiment 2 set 4

Fig. 6: SEM photage of side wall view for best and worst surface.

and into substrate material. Further experiment with variety
of substrate materials can be conducted to further testify this
reasoning.

It can be seen from the SEM images6 that the right image is
obviously more clear and clean compared to the left figure,
the laser foot path is less presented in the cross section area.
From table IV e and f, it can be concluded from the results
of experiment 1 that amongst the three controlled variables,
the diode current (A) has the most severe effect on both
the surface roughness and the piezoelectric coefficient loss.
While the overlap has the least influence on the surface
roughness.Furthermore, both sets of Taguchi optimization loops
indicated the same trend in optimal setting, despite of the
different levels of pulse energy.

B. HAZ

Generally, the HAZ is strictly related to the the amount of
energy applied, specifically the energy introduced into per
unit area material also known as fluence. From TablV c,
we can firstly conclude that the clear existence of thermal
damage, because of the differences in d33 value of samples
with different sizes under the same settings. Secondly, we
can observe the clear trend of more piezoelectric property
loss with more output power applied. However, the surface
roughness is non-linearly affected by multiple factors of the
process. The experiment prove can be found in measurements
results. The set of minimum HAZ is not necessarily the same
as the set with the smoothest surface. which means the optimal
settings varies base on different criteria.

As the reference, there are also three sets of un-cut samples
measured during the experiential. However, the results showed
measured value is far lower than the theocratic value. This
could be leaded by either limited accuracy of the piezo-
measurement set-up, or the poor fabrication quality of the

material. Yet this offset does not affect the outcome overall
trend obtained in this research.

It is needed to notice that for experiment sets with low
energy applied, the ds3 values are accidentally higher than the

| reference un-cut value, this could be leaded by the random

error of measurement equipment. It could also be the instant
temperature at the laser spot is near sintered temperature of
PZT material while the laser beam acts as electromagnetic wave
which change the piezoelectric coefficient of the samples [21],
[22].

C. Methods

In a full set of typical Taguchi optimization, an outer ray
is expected to be chosen, which is normally noise factors.

' However, for this particular project, noise factors are believed

not controllable, nor cheap to control in other words.Thus there
is no outer ray selected. Because noise factors are factors
such as weather environment and humidity, which could be
investigated by adding an outer array in further research.

Gas or water assistance are also considered not applicable in
this research, but could be interesting in the further studies to
eliminate the thermal damage.

V. CONCLUSION

In this research the influences by parameters of diode current,
pulse frequency, overlap, along with the surface roughness and
heat affected zone were investigated during the laser micro-
machining of PZT material. The heat affected zone was quan-
tified by comparing the measured values for the ds3 coefficient
to the theoretically predicted results. As shown in this study,
the piezoelectric property of laser machined test structures
can be reserved tremendously to 99 % by using the optimized
machining settings. And the by applying higher energy, the
more piezoelectric property lost.

Side wall surface roughness can be significantly improved to
reach 759 nm. While the setting for minimum HAZ is not
subject to the setting for best surface roughness. Furthermore,
it was demonstrated that a piezoelectric beam micro-actuator
can be fabricated using the optimized machining settings.
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Structural and Mechanical Evaluation
of Laser Micromachining Fabricated
Compliant Mechanism Structures

B. Jia, P. R. Kuppens, and N. Tolou
Precision and Microsystems Engineering, Technology University of Delft, the Netherlands

Abstract—Along with the vast development of micro compliant
mechanism (CM), prototyping of such devices in a micro scale
has drawn huge interest in this field. Laser micro machining is
considered as a potentially alternative method for prototyping
which has advantages as fast manufacturing and accessible cost.
However, main challenges such as low side wall surface roughness
and Heat Affected Zone (HAZ) are still restraining development
of this technique. In this paper, we investigated performance of
laser micro machined CM devices in structural and mechanical
properties. A Finite Element Analysis (FEA) model is used as an
inter media to compare laser micromachining with lithography,
since the direct relationship is not possible to build up due
to different intrinsic natures. This FEA is verified by (Deep
Reactive Ion Etching) DRIE made devices. Then a set of compliant
mechanism devices have been designed, simulated, fabricated and
tested. surface roughness, taper angle and stiffness of laser micro-
machined silicon structures have been obtained.

Index Terms—Laser Micromachining, Compliant Mechanism,
Heat affected zone, prototyping.

I. INTRODUCTION

Traditional rigid body mechanisms are becoming less attractive
in fields of precision engineering or energy harvesting because
high performance are expensive. For Micro Electro-Mechanics
System (MEMS), miniaturization is a big obstacle and hygiene
is a great issue in medical or space environment [1]. While
Compliant Mechanisms (CM, also known as flexure mecha-
nisms) can be a perfect alternative since its intrinsic advantages,
there is no lubrication or wear needed, elimination of backlash
and friction, and less assembly parts.

Manufacturing CM devices in micro scale is conventionally
by means of lithography. Lithography is not only a time-
consuming and expensive process, especially for thick materials
[2], but also requires experts with sufficient experience [3].
The high throughput and parallel handling has made the price of
single device of mass production become relatively affordable.
However, for prototyping of new concepts, lithography is
normally not easily accessible and very expensive for small
amounts of devices. Therefore prototyping of new product has
been an obstacle for researchers [5].

To achieve fast prototyping, ultra fast laser micromachining has
been introduced as an alternative for prototyping, it has high ac-
curacy for micro devices along with negligible thermal damage
[6]. In this method, femtosecond to nanosecond laser pulses are
generated. The shorter pulse width brings extremely high peak

power and power intensity while maintaining ordinary output
power. The mechanism of material removal changes when the
time scales down to a tiny fraction of second. Compared to
lithography, this method is explicitly faster, relatively simple,
without contact, no need for mask and effective [7].

This technique has been developed for several decades [8],
however current researches are mainly focused on groove
cutting [9], [10] and micro drilling [11], [12] on semiconductor
and piezoelectric materials [13], [14]. A fully functional CM
device fabricated by laser micro machining has not been found
in literature. Because several factors are still limiting this
technique, such as low surface roughness at side wall, thermal
damage introduced micro cracking, minimum feature size and
taper angle [22].A prior study that a lateral resonator has
been cut a with femtosecond laser [15], but the mechanical
performance has neither been examined, nor with a high cross
sectional aspect ratio which is interested for CM. Furthermore,
the direct relation between surface roughness along with ther-
mal damage and mechanical performance of micro CM has not
been verified.

The present paper evaluates cutting quality structurally by
side wall surface roughness, and mechanically by deformation
behaviour of CM structures. In part II, Research method and
Finite Element Model (FEM) are introduced in part A and B,
equipment of the experiment, parameter selection and measure-
ment are introduced following. Then result and discussion are
presented in part II and IV.

II. METHOD
A. CM devices

Lase micro machined structures inevitably have the trapezoid
shaped cross section area due to the curvature of focal path,
which is refereed as taper angle. Additional, the minimum
feature size and side wall roughness are difficult to achieve at
the same level as lithography. Therefore, the direct comparison
between laser micromachining and lithography is not possible.
Therefore we introduce FEM as an intermediary to link two
methods together. The offsets in stiffness between FEM model
and two fabrication methods, laser micro machining and DRIE
(Deep Reactive Iron Etch), are quantified and compared. The
difference between FEM model and DRIE is in order to verify
the accuracy of FEM. While for laser micromachining, FEM
is used as an indication of weak performance introduced by
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thermal damage and low surface roughness. A flowchart of
constructing the comparison is shown in Figl.

Laser
Micromachining | *

Lithography

h 4

Finite Element
Model

Stiffness Test

Finite Element
Model

Stiffness Test

Conclusion

Fig. 1: Flow chart of the comparison approach

For simplicity, a fundamental building block in CM design,
which is a compliant stage fixed by two parallel flexure has
been designed as can be seen in Fig2. Two flexure fixed
at two ends of the centre mass, only horizontal translational
movement is achieved while rest of degrees of freedom (DOF)
are constrained for a small range of deflection. The widths of
flexure is normally where the minimum feature sizes are, 20 um
for DRIE and 30 pym for laser micromachining. It is needed to
mentioned that the thin beam width of laser cut flexure is fixed
to 70 um due to the high aspect ratio (>10) and larger taper
angle, and for better experiment repeatability.

~

(oJlNe

14

O

Fig. 2: Illustration of design of CM device

B. FEM model

A Finite Element Model in ANASYS APDL has been developed
to model mechanical behaviour for DRIE devices, and several
simplification has been applied. 4 Degrees of Freedom (DOF)
have been fixed except for the horizontal translational and verti-
cal deflection, the parasitic displacement in vertical direction is
negligible because the displacement regime is small; the middle
body part is treated as totally rigid connection (mass) and the
two beams are meshed using element beam 188 . This beam

module is generally used for analysing slender to moderately
thick beam structure, and it is based on Timoshenko Beam
Theory which includes shear-deformation effects.

Furthermore, careful treatment of cross section area shape has
been applied for each model since the laser micro machining
has unique taper angle profile along cutting edge, which can be
seen in Fig3 where the cross sectional information of flexure
are included. And as discussed in [17], the Young’s Modulus
is adapted as 130GPa which take orientation of devices into
account since the anisotropic property on (100) silicon wafer.

Fig. 3: Illustration of FEM model

Next, the experimental result has verified this simulation model
for the same design and dimension of the flexure device. The
verification device is fabricated by DRIE which is the most
common technique for micro CM prototyping. The stiffness
obtained by the same measurement and condition of DRIE
made device can be seen below in Fig4. The measurement
result fits the stiffness behaviour of simulated model, which
verifies the simulation model.

+10% DRIE device test and simulation verification

measurement
—simulation

force (N)
=]

-20 0 20 40 60 80 100 120 140 160
displacement (um)

Fig. 4: Test verification of FEM model
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Devices are made under different parameter sets, each beam
width is determined under Scanning Electron Microscope
(SEM). Three data point where at two ends and middle point
of beam were measured, and four measurement at each point
were carried out. Then the obtained width of beams are used
as input for building specific FEM model for every parameter
set.

C. Laser system

Devices are fabricated by a Spectra-Physics Talon 355-15 diode
pumped solid-state (DPSS) UV laser system with a wavelength
of 355nm and maximum power of 15 watts at 50 kHz. The max-
imum frequency is 500 kHz with pulse width 35ns. A BOFA
extractor and filter is integrated in order to exhaust fumes. The
laser beam delivery including energy attenuator, mirrors and
steering mechanism. The optical steering is achieved by a Galvo
head from Rhothor with a scan range of 46x46mm and focal
length of 100mm. An overview of the setup is illustrated in
Fig. 5.

—
.

i —

]
n
71' _ |, Galvoscanner

10

e

Camera

Fig. 5: Laser beam delivery setup

The X-Y stage has a range of 80mm square with 1 pm effective
resolution. The laser beam scanning motion is done by a
laser deflection systems based on the Lorentz force motors
with internal active optical feedback in order of dramatically
reducing sensitivity to external noise. Galvo head has the range
of 46x46mm with local length of 100mm, the writing speed
is 1300 mm/s maximum. The material is fixed on a Alumina
ceramic substrate which is fixed by the vacuum extractor from
beneath.

D. Laser parameter selection

In the field of fast-pulsed laser micromachining, ablation
behaviour varies with different types of laser and material.
Material removal principle changes when the pulses shorten
down to pico second regime,because the electron relaxation
time is generally around picosecond [18] which is normally

recognized as ’ultra-fast’ laser. Here we only consider fast-
pulsed laser micromachining (nano second pulsed duration) for
silicon wafer processing.

Generally parameters are divided into two categories, laser
settings as pulse frequency, output power and overlap, and pro-
cess settings as repetition times, re-focus level and redundant
patterns. Pulse frequency is the frequency of laser pulses which
is also called ’repetition rate’ in literature. Output power is the
energy carried by laser beam, while the energy per pulse is
also considered. The overlap is dependent on pulse frequencies
and moving speed, which is fixed to 90% since the prior art
[19] suggests that the higher overlap helps obtaining relatively
lower surface roughness.

For improving the cutting quality while the focal point moving
inward to the material, re-focus after certain depth is necessary
to avoid out of focus. Ideally the number of laser is refocused
(levels) and step size of focal point shift down should be based
on the ablation depth of laser. Redundant lines added to help the
rear part of laser beam can move inward to materiel since the
laser beam is not a perfect cylinder, moreover added redundant
lines help dissipation of accumulated heat. An illustration of
redundant line is shown in Fig6.

Redundant lines
N

Fig. 6: Laser beam delivery setup

On one hand, the Taguchi method has been applied laser setting
optimization of silicon cutting for minimum taper angle and
surface roughness in [20] with a identical laser set-up. On the
other hand, process parameters optimization was carried out
for minimum surface roughens and shorter machining time in
[19] under the same equipment. Therefore, with both laser and
process parameters found in literature for optimal structural
properties, a selection of parameters is chosen for further
investigation of mechanical property which can be seen below
in table I and II. All combinations of settings have been verified
that can ensure a smooth cut-through performance and clear
releasing of samples.

Based on the chosen parameters shown above, trenches with
single laser path of three frequencies are carried out, in order
to examine the ablation rate and behaviour or material removal
performance. All samples are cleaned with 5 minutes of ultra-
sonic cleaning in Isopropanol Alcohol (IPA).

The relationship of frequencies and trench shapes are presented
in Fig 7. Trenches show U-shape for lower pulse energy at 10
and 15KHz, while it is more likely V-shape for high energy at
20KHz. This phenomenon matches the prior study in similar
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TABLE I: Overview of laser parameters

Set | Frequency (KHz) Power (W) Speed (mm/s)  Energy (ul/pulse)
1 10 1.8 10 180
2 15 3.0 15 200
3 20 5.1 20 255
TABLE II: Overview of process parameters
Parameter | Lines  Gap Levels  step wafer thickness
Value 3 15um 11 30um 300 um

SEI 15KV SEI 15KV

SEI 15KV

X1,600  10pm  —

(c) 20Khz

Fig. 7: Cross sectional views of trenches on silicon from under
different sets of laser parameters

laser micromachining for piezoelectric substrates [21]. It was
found that lower pulse energy with lower scanning speed results
more evenly ablation, and high energy pulse with high scanning
speed has V-shape ablation trench since the central region is
ablated earlier than the adjacent region. This phenomenon is
more dominantly affected by scanning speed, which is pre-
determined according to the frequencies to ensure high overlap.

All of three parameter sets can effectively grave the silicon
substrate with an ablation depth roughly of 30 um, which at
the same time proves the selection of process parameters are
effective and efficient. However, the debris and recast material
on the cutting surface indicate that further cleaning method is
necessary.

E. Cleaning

cleaning methods are crucial for this project, since both struc-
tural properties as side wall surface and beam width and
mechanical properties as stiffness and strength are affected
by the debris accumulated around the cutting edge. A set
of SEM of the debris is in Fig8. Some of the prior study
generally used ultra-sonic cleaning and IPA resin for simple
structures as grooves and holes, while others combine HF

(Hydro Florid) etching in order to remove silicon-dioxide. Here
for the identical cutting setting, different cleaning resulting in
stiffness curves can be seen in Fig8c. VHF (Vapour Hydro
Florid) method is not commonly used in laser micro machining
therefore the cleaning setting is not well developed. More
remaining debris on the beam, resulting in high stiffness. While
KOH etching seems thoroughly cleaned silicon dioxide how-
ever silicon structure were attacked as well, therefore thinner
beam width show dramatically lower stiffness.

Overall, a cleaning method that can effectively remove the
debris while keep the silicon structure intact is needed, which
is direct HF immersing for author’s aware, However, the
compromise of clean room access has to be made which slows
the whole prototyping speed.

SEI 15KV

(a) Un-cleaned beam with debris (b) Flocculent debris

.10} Stiffness curve for diffemt cleaning methods
o

e H
— UltraSonic
——KOH

force (N)

2 L . L L L L L L L I
-b o 5 10 15 20 25 30 35 40 45

displacement (um)
(c) Stiffness profile under different cleaning methods

Fig. 8: (a,b)SEM photages of debris without cleaning (c)stiffness
curves of cleaning methods

The debris composition has been determined by Energy-
dispersive X-ray spectroscopy (EDS), and the result shows the
main contamination is silicon dioxide. In addition, since the
complex and delicate structures in this project are not able to
survive through the harsh ultra-sonic vibration, a suspended
ultrasonic shake system is adopted which ensure the vibration
waves only delivered by liquid.

F. Surface roughness determination

The surface roughness of the side walls of the samples were
measured using a white light interferometer (Bruker Nano
Surfaces Division), and was processed by integrated software
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of (Vision 64). For the measurement, the roughness value is
measured over the whole side wall area. This value measures
the deviations from the root mean square of the roughness
(R,) and is corrected for tilt angle. The surface roughness
measurements are conducted 3 times in order to limit random
errors.

The surface is considered as non-periodic profile in contrast
of conventional laser manufacturing, since the periodic profile
(path shape of laser beam) on the surfaces under specific
settings are no longer obviously existed. At the end, the samples
were observed and the using a Scanning Electron Microscope
(SEM) from Jeol JSM-6010LA as an optical inspection.

G. Stiffness measurement

The force-displacement test set-up consists of a force sensor
and a translational stage properly. The force sensor is FT-
S100000 from Femto Tools with the maximum range of 10
gram force (10mN) and resolution of 0.05mg, and it is mounted
with an angle of 30 degree to horizontal plane. Certain pre-
described displacement are applied by the translational stage,
and the reaction force is obtained by force sensor. An illustra-
tion can be seen below in Fig9

Fig. 9: The illustration of test set-up

III. RESULT
A. Structural measurement

In order to simulate the behaviour of laser micro-machined CM
devices, the basic geometry of device should be determined as
the input of FEM model. The rest of the body is built as totally
rigid body, but only the thin beams where the deformation
appeared, also where is carefully treated and modelled under
different laser setting. Therefore, the beam geometries are
measured and result can bee seen in TablelIl. To be noticed that
since the laser machined surface is relatively rough, resulting
the irregularity existed, therefore the deviation of each beam is
recorded as well.

TABLE III: Beam width measurement

Set | Top (um) Bottom (um) Mean (um) Deviation
1 36.001 116.061 76.031 4.1%
2 32.112 114.532 73.322 6.5%
3 28.085 112.950 70.518 6.2%

Surface roughness (Ra) is also measured and can be seen under
table IV as an indication of how smooth the laser cut surfaces
are. As a referenced value, the values of DRIE manufactured
device also recorded. The 15 KHz frequency laser setting
has the lowest Ra among the laser machined while is indeed
relatively high compared to the DRIE device. Since all the
process parameters are fixed, the taper angle varies in a limited
range due to the taper angle is most sensitive to the number
of redundant lines, however, it is a trade-off between better
releasing of device with delicate beams and smaller taper angle.

TABLE IV: Structural properties

1 2 3 DRIE
Ra 0.905pm  0.802pum  1.103um  0.173pm
Taper | 15.19° 15.66° 15.94° 0.46°

The surface profile obtained by white light interferometer can
be seen below in Figl0. The side wall of the laser machined
is relatively rough and the wave-like shape caused by the laser
path column is observed at the left. And in DRIE devices, the
marks along the side wall can be observed due to the etching
process is done layer by layer inward to the silicon, especially
at the top and bottom.

=
578.44 um

108.46

(a) Set 2

528.73 u

578.44 um

(b) DRIE device

Fig. 10: Surface profile of laser machining and DRIE by White Light
Interferometer
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B. Mechanical measurement

The stiffness measurement result is presented in the Figl1. The
dashed lines represent the values of simulation and the solid
is from measurement. The offset percentage for set 1,2 and 3
are 65%, 64% and 84% respectively. Here the offset between
simulation and measurement is large, since the comparison
between simulation and measurement is intended to be an
indirect comparison of two different manufacturing methods,
instead of the conventional idea of proof of design in reality
scenario.

Stiffness measurement

50 T T T T T T T T T
— — set 1 simulation
45 set 1 measurement .
— — set 2 simulation e e
40 [ — set 2 measurement = - sl
set 3 simulation =l - 1
35 set 3 measurement = A et 1
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151 J
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Displacement (um)
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Fig. 11: Stiffness profile of laser micro-machined flexure

IV. DIsCcUSSION
A. Beam width deviation and stiffness measurement

All devices with different parameter sets are designed with
the same geometry. Yet because the higher frequency carrying
more energy onto the unit area resulting more material removal,
therefore the beam width of set 3 is thinner than the set 1.
The beam widths under 20KHz frequency laser set (set 3) has
higher deviation in the beam width, however the beams are also
relatively thinner which makes the variance in beam width takes
bigger portion of the whole. Furthermore, the deviation of the
beam width will propagate further in the stiffness, however,
the offset in stiffness between measurement from laser micro
machined devices and simulation is larger than this deviation.
Therefore, this offset in stiffness profile is believed to be from
the thermal damage solely of the laser.

B. Stiffness

Since the laser source we adapted in this project has pulse
duration in nano second regime, the thermal damage still takes
large part of ablation behaviour. The micro cracking inside of
the silicon can cause the decrease in overall stiffness. Beside
of that due to the high temperature of the laser, a thin layer
of silicon transforms from original solid state to liquid state
then re-solidified. Therefore, the crystal property is potentially
changed from single crystal to poly crystal which brings down
the active young’s module.

However, the difference in youn’s module between poly crystal
and single crystal is roughly 10-20 percent due to different
materials references, meaning this stiffness offset can be ex-
plained solely by re-solidification, only if the most of the
material of flexure has been transformed from one orientation
to the other. While in the other hand, the micro cracking affects
more dramatically on the stiffness behaviour, since the beam
width changes the second moment of area very sensitively.
Therefore, the cause of this low stiffness are more likely to
be a combination of two factors which are all from thermal
affection, while with micro cracking as dominant factor.

V. CONCLUSION

The indirect comparison between two manufacture methods
has been established and realized, in terms of both structural
and mechanical properties. Laser pulse with higher frequency
results in more materiel removal thus relatively smaller feature
is obtained, while the best side wall surface found in the pa-
rameters of set 2. The stiffness of laser micro machined overall
lower than the simulated value which is believed due to the
thermal damage, specifically micro cracking dominantly and
crystal re-solidification. For deeper investigation of this study,
the factor of yield strength and exact cause of the low stiffness
could be further researched. For applying laser micromachining
as prototyping method, improvement of water-assisted cutting
can be investigated along with smaller minimum feature size.
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4

Self reflection

4.1 Line of thoughts

4.1.1 Paper Design

This graduation project started with a goal of fast prototyping and fabrica-
tion of MEMS devices, for example as energy harvester. The line of thoughts of
paper design can be seen in Fig4.1.The whole laser fabrication of MEMS devices
concludes several main factors such as improving laser cutting quality, mini-
mization of the feature size, integration with electrical connection and testing.
Minimization of the feature size and integration are challenges for laser micro
machining. It is difficult to obtain the same feature size as small as lithography
is capable to make, since the intrinsic process property of lithography can pro-
vide layers of different materials with nanometer size structures. However, in
order to conduct any further investigation of those challenges, optimizing the
laser tooling is essential. Tapper angle affects uniformity of high aspect ratio
structures and rough side wall surface quality affect mechanical and dynamical
performances.

Minimization

Surface roughness

Thermal
damage

Integration

Cutting quality

Quantifying

Taper angle

Fig. 4.1: The flowchart of lines of paper design, the approach towards quantifying ther-
mal damage.

Currently, Heat Affect Zone (HAZ) is quantified by the visual inspection which
provide very poor accuracy. The first mean of quantifying is utilizing the piezo-
electric property loss under temperatures above Curie point. Since the main
interest is based on the application of energy harvester, PZT-5H bulk ceramic
with 100pm thickness. The second mean of quantifying is focused on the me-
chanical performance of silicon structure based on the other interest applica-
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tion of complaint mechanism prototyping. Silicon micro stages are fabricated
and compared with lithography-made devices verified Finite Element Method
simulation.

4.1.2 Supporting materials
Experimental Analysis for silicon debris composition

Since the cleaning application of this project is rare to see in a normal clean
room laboratory, the composition of the contamination needs to be confirmed
before operating a HF etching. Therefore, a Energy Dispersive X-ray Spectroscopy
(EDS) has been carried out for chemical characterization of un-cleaned samples.
The result can be seen in Figure4.2.

i
.

SEI 15kV SEI 15kV

(a) Un-cleaned beam with debris (b) Flocculent debris

Fig. 4.2: SEM photos of the un-cleaned sample for EDS analysis

The result of the EDS analysis can be seen below in figure4.3, the black mark-
ers are the name of the element, and the 'Ka’ following the element is the typ-
ically strongest X-ray spectral line for electron emission, also called 'K-alpha'
There are two highest lines are both for Silicon, at the left side and right side of
the picture, and the second highest is the Oxygen. There are also Boron, car-
bon and Nitride are determined, Boron is related to a very thin doped layer and
Nitride is related to the compound previously discussed.

Therefore, the main contamination is silicon dioxide and no obvious nitride
compound determined by EDS. Surprisingly, there is no Boron found but wafer
is supposed to have a Boron doped layer of 10um. Hydro Fluoride can only at-
tack silicon dioxide which suits this project.

Cleaning method

The main structural criteria of this project are surface roughness, taper an-
gle, feature size along with the mechanical criteria, stiffness. All of these criteria
are heavily affected by the debris and recast on the sample. Therefore the suit-
able cleaning method needs to be chosen and conducted. Common methods for
cleaning are ultra-sonic bath which vibrates in a ultra-sonic range(10-30KHz),
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Fig. 4.3: EDS result

SiKa

Chemical formula Mass% Atom%
B

C 14.91 24.38 0.09

N

(0] 30.53 37.47 0.17

Si 54.56 38.15 0.24
Total 100 100

Tab. 4.1: EDS result in chemical element

Isopropanal Alcohol (IPA) and acetone bath resining, Vapour Hydro Florid acid
cleaning and normal wet Hydro Florid bath and KOH heated bath. Ultrasonic
bath and IPA will not affect the cutting quality but simply remove the debris on
the surface physically, and partially.

KOH heated bath can provide a proper clean of debris and recast but at the
same time silicon structure will also be etched, as shown in Fig4.4(a-d). On other
sides, the HF only attaches the silicon dioxide and any other organic contami-
nation, but HF is a very aggressive chemical that requires trained operation in
clean room environment, which will decrease the fabrication speed.

Vapour HF cleaning has been carried out since it brings less chemical hazard
compared to the wet HF etching. The result can be seen in Fig4.4(e,f), and there
is still minor debris left on the surface on the beam, since the VHF technique is
not normally used for bulk beam and large structures therefore the recipe is not
found.

Other devices

As the original approach to the MEMS devices fabrication, U-shape thermal
actuators are cut with Boron doped silicon as electrical connection. The devices
can be seen in Fig4.5a,b. However, the overall size in this field is much smaller
and workload that is needed to make this actuation system is out of the time line
of a graduation project.Therefore this direction was no longer carried on.
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SEl 15kV x1,400 10pm SEl 15kV x350 50pm

(a) SEM image of silicon sample before heated (b) SEM image of silicon sample after 30% KOH
KOH etching bath at 50 °C for 1 hour

i Pt & ;g W . : I
(c) Silicon sample before heated KOH etching (d) Silicon sample after applied 30% KOH bath
at 50°C for 40 minutes

SEl 10kV SEI 10kV

(e) Silicon sample after VHF (f) Zoom in view

Fig. 4.4: Images of samples before and after different cleaning methods

A cantilever with very thin feature were fabricated as an indication of the
capability of current equipment as seen in Figd.5c. And since all the delicate
features and structures in this project are not capable to survive through the
conventional cleaning method of ultrasonic cleaning, a suspended setup for ul-
trasonic cleaning can be seen below, and it ensure all the harsh vibration can
only conduct through liquid which acts as a damped buffer.
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(a) Laser cut thermal actuator beside of coin (b) Laser cut thermal actuator on finger

(c) A thin cantiliver with mass on the top (d) Suspenede setup for ultrasonic cleaning

Fig. 4.5: Other devices fabricated during master project

The project of quantifying thermal damage on piezoelectric material shows
that the piezoelectric property loss is limited, therefore a micro beam actua-
tor was cut as shown in Fig4.6. And the electro on one side is separated by
laser path (verified by the resistance test) and the beam width was measured
(top73um,bottom107um). Finally the cases made by 3-D printing was adapted
to set up the electrical connection.

Fast prototyping application

As the background of this project which is to develop a fast prototyping method
for new design and concept of compliant mechanism, a prototype with micro
scale has been manufactured by laser micromachining which can be seen in
Fig4.7. This innovative design is for energy harvesting under low frequency for
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(a) Piezo beam (b) Width of the beam and electro sepratlo
by laser

Fig. 4.6: Piezoelectric beam manufactured by laser micro machining
wearable devices. The sets of large flexure are designed as pre-loaded bistable

structure, and smaller inner parts are designed as free standing double-flexure
stages which vibrates at higher frequency.

-
(a) Device on a finger (b) Device on a motherboard

Fig. 4.7: Concept prototype of a low frequency energy harvester

4.2 Work timeline

As can be seen in Tab 4.2.
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Month Phase Plan Reality

09.2016 Literature Background

10.2016 Literature Knowledge learning —_—

11.2016 Literature Prior research  —

12.2016 Literature State of art —

01.2017 Traineeship | Equipment training Design of paper

02.2017 Traineeship | Experiment conducting | Manufacturing

03.2017 Traineeship | Documentation Testing and Documentation
04.2017 Thesis Fabrication MEMS devices

05.2017 Thesis Fabrication Silicon cutting

06.2017 Thesis Simulation simulation and design
07.2017 Thesis Testing Measurement and analysis
08.2017 Thesis Documentation testing

09.2017 Thesis — Documentation

Tab. 4.2: Research timeline

4.3 Contributions and collaborations

Contribution to research group

The main contribution for this project is establishment of a fast prototyping
method for concept proving and testing for compliant mechanism design, pos-
sibly in the further also beneficial for energy harvesting devices. Current work
happening within the compliant mechanism group is based on the concept de-
sign and theory investigation, therefore a fast prototyping methods in a micro
scale which is accessible within the campus and fast (from few months by DRIE
down to few days) is highly desired.

In order to applying laser micro manufacturing, quantifying the drawbacks
and evaluation of the mechanical performance is essential, which is achieved
by this graduation project and had not been done before. With the knowledge
and experience obtained by this project as a ground base, the further promis-
ing research topics as micro actuator (micro gripper), MEMS devices (thermal),
energy harvester and water-assisted laser cutting are made possible.

Joint work

The first paper of the chapter 2 was originally intendedly arranged as the
traineeships project for another master student Thijs Bald and author, however,
the endless passion and great effort brought this project to a much deeper ex-
tend as planed. And the author is fully aware and grateful for the inspiration and
suggestion from Thijs.

More importantly, it is not possible without the all the supports from staffs of
PME. For instant from the other research group of Nano and Micro Engineering
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(MNE), Murali Ghatkesar provided great support for this project and among the
devices, the thermal actuator was provided to his group for printing conductive
nano particles on the surface as electrical connection, and the process is still on
going.

Also, the close cooperation from company Flexous B.V and Else Kooi Labo-
ratory (EKL) has played important roles in testing and cleaning of the devices.

Personal development

From the project during the past year, I gained knowledge of Laser micro-
machining, process optimization, MEMS design and fabrication process, Finite
Element Method simulation, testing and measurement environment and scien-
tific writing.

Moreover, I deeply mastered the experimental skills for variety of equipment
such as Scanning Electron Microscopy (SEM), Atomic Force Microscopy(AFM),
White Light Interferometer, HF and VHF operation, chemical laboratory, and
abundant experience of working in high class Clean Room.

Apart from technical aspects, I also learned other crucial and important pro-
fessional skills such as communicating and working together as a team with dif-
ferent specialities, conquering obstacles of project with a limited time budget.
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1

Appendix A: Supportive material
for silicon flexure

1.1 Main contaminations of devices for VHF

The wafer which is intended to be etched are <100> silicon wafer, and op-
tionally doped wafer with boron (depends on wafers), and device on the wafer
are mainly suspended structures as flexure or thin beams which are cut by laser
micromachining. The production environment is air ambient without clean
room condition. Laser cutting introduces huge amount of heat as high as 2500k,
therefore the main reactions applied are oxidation and nitrification of pure sil-
icon under heat, while other reactions with rare gas and sub-reactions are con-
sidered.

Theoretical assumption
oxidation
Under temperature between 600 and 1200°C the silicon reacts with water
and oxygen as follow :
Si+0y— SiO, (1.1)
Si+2H,0— SiO,+2H, (1.2)

nitrification

Under temperature between 1300-1400°C the silicon also reacts with nitro-
gen as follow :
3Si +2N, — SigNy (1.3)

Expect for the SisN, in solid form, there are also Sio N SiN and Si; N3 in
gaseous state which is not considered in this case.
conclusion

The main contaminations are SiO, and Si3N;. Other organic contamina-
tions like finger print are negligible. Both of them can be attacked by HE
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1.2 Error analysis

Background

The testing of the compliant silicon stages are based on the force-displacement
measurement, the displacement is contributed from a moving stages. And the
force is from the elasticity of silicon beams. Each one of two beams can be sim-
plified as a cantilever with an end load, which maximum deflection can be cal-
culated as 1.4:

5 FI?

MaxDef = ﬁ (1.4)
While the § is the deflection at the end point of the beam and L is the length

of the beam and E is the Young’s modules of the silicon. And the second moment

of area I of the beam with a trapezoidal cross section area where the narrow or

top side width is a and the other is b.

;_ ha+ b)(a* + b
- 48
The general stiffness of the beam k can be calculated in equation 1.6, by
dividing term I to the left side of the equation, we can eliminate the effect of dif-
ferent cross section shapes created by variety of tapper angles of laser microma-
chining. Then the ’active Young’s modules’ E* can be calculated by equation1.7.
Originally, E is fixed by material itself, however, in our application of laser mi-
cro machining, there are certain factors, mainly Heat Affect Zone and roughness
profile, introduced which can affect the finally outcome of the silicon beam.
Here the assumed factors which can influence this 'Active E’ are low side wall
surface roughness and thermal damage which may change the inner property of
silicon lattices. However, Based on the current experiment measurement, these
two factors are coupled together shown as the drawbacks or poor behaviour
compared to the theoretical values. Nevertheless, this quantification which can
point out the offset of ideal performance and laser machined performance in
terms of elasticity and yield strength, is still valuable and helpful for further de-
signed in the field of compliant mechanism.

(1.5)

F 3EI
. Lk .7
= 3] .

As we can see in equation 1.5, the I is linear to the maximum deflection while
aand b the cross section area dimension is critical to the 6 y;4xpe r. Therefore get-
ting the accurate profile of the cross section area is important to obtain a solid
argument for both simulation and testing. The following discussion would be
mainly about the error, or the deviation, of measuring the cross section dimen-
sion.
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Error determination

In order to determinate the error that exists in the measurement of beam
width, several measurements have been carried out. For consideration of the
time duration and repeatability, only a simple structure of double clamped beam
with a designed beam width of 70 um has been manufactured, the same study
was shown in [1] with similar design but thicker beam. A Scanning Electron Mi-
croscopy (SEM) picture can be see below in Figl.1.

SEl 15kV

Fig. 1.1: SEM photos of simplified measurement structure

The samples are fixed into a plat sample holder for the SEM and observation
direction is vertical to this plane. Due to the tapper angle, from the vertical di-
rection there are two beam widths are visualized, which are the top and bottom
sides of the beams. Due to vibration and debris attached on cutting edge, the
beam width may vary along with the whole length, therefore three different po-
sitions are selected as sampling point, which points near two ends and one at the
middle. And these three positions are identical for each set of measurement and
samples. In order to minimize the random error, each sample is manufactured
three times under same condition, and each measurement has been carried out
four times. A illustration of sampling points is shown in Figl.2a.

And one example of the measurement can be seen in Fig 1.2b, where 4 mea-
surement for both top and bottom width are carried at one position of one sam-
ple. In order to find the error, also called as fractional deviation, the standard
deviation are carried out.

di=x;—X (1.8)

1
— .12
Oy —\/ 1 E (x;—X) (1.9)



1. Appendix A: Supportive material for silicon flexure 55

(a) Nlustration of the measuring positions, 1 and 3 are near
ends and 2 is at the middle

SEI 15kV

(b) 4 measurements for top and bottom measurement at one
position

Fig. 1.2: llustration(a) and example(b)of the double-clamped beam measurement

The error of each measurement for both top and bottom beam width is cal-
culated based on the SEM length measurement result, the error € is fractional
deviation as in equation 1.10.

o
€=— (1.10)
Xi
The result of the error statics for all the beams under different cutting parameter
from set 1 to 5 can be seen in Figl.3a, the average error for SEM beam width
measurement is about 9% overall. The Root Mean Square (RMS) value of beam
width is in Figl.3b. Furthermore, this error will propagate along the equation of
stiffness and through out all the test process.
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1.3 Testing under different cleaning methods

The first test set-up is with cooperation with Flexous, which consists of a
force sensor and a translational stage. The force sensor is FT-S10000 from Femto
Tools with the maximum range of 1 gram force (10mN) and resolution of 0.05mg,
and it is mounted with an angle of 30 degree to horizontal plane. Certain pre-
described displacement are applied by the translational stage, and the force sen-
sor output the force signal. The result of the first time measurement can be seen
in Figl .4

As shown in Tab1.4b, due to the existence of tapper angle at side wall, the
horizontal deflection force is separated into two directions, and the vertical load
creates lifting while increasing of the applied load. Therefore, on the side wall
surface, there is a 'slip’ effect appearing after 20um . In addition. this effect may
be also due to the low deflection stiffness at the force sensor tip. By attaching a
small block which has perfect vertical side wall while does not affect horizontal
force-deflection behaviour of the devices since theoretically the flexure stages
have very high stiffness in vertical direction.

Top width Bot width Measured I
Stiffness (mm*x1075)
VHF 65 (um) 147 (um) 1041.3 N/m | 3.4230
Ultrasonic 38(um) 116 (um) 506.6 N/m 1.4341
KOH 1 39 (um) 118 (um) 211.5N/m 1.5155
KOH 2 30 (um) 126 (um) 130.2 N/m 1.6357

Tab. 1.1: Beam dimension and measured stiffness
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Fig. 1.3: Result of error analysis
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Fig. 1.4: Stiffness measurement (first time)
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2

Appendix B: Traineeships report

This traineeships is conducted as a part of the master graduation project. In
previous literature study, basic knowledge of laser system and state of art have
been studied. Specifically, improving the cutting quality, in terms of higher sur-
face roughness and smaller thermal damage, is the main concern and focused
area. The main aims are to obtain practical experiences and skills of working
with ultra fast pulsed laser system, as well as the corresponding examination
equipment, which are essential and supportive for further research and project.
The correlating between settings found in literatures and existed system in lab-
oratory has been established, which enables to attempt replica of previous re-
search in this area.

Multiple materials have been tested and cut, such as stainless steel, piezo-
electric thin film and ceramic. Then the sample pieces are observed and pro-
cessed by several equipment as Scanning Electron Microscopy, Atomic Force
Microscopy, White Light Interferometer and basic chemical cleaning. A project
of quantifying the Heat Affected Zone in micro laser machined piezoelectric ma-
terial has been conducted and optimal settings for this project have been ob-
tained by Taguchi process parameter optimal method.

Several findings that have not noticed in the literature study period have
been obtained, especially the process parameters as speed, re-focus step in ver-
tical direction, overlap and cutting path. Other than the laser parameters like
fluence, frequency and pulsed width which have been vastly studied, process
parameters also extraordinarily influence the cutting quality.

Apart from technical skills and depth understanding of laser system that I
obtained during this traineeships, I also learned other crucial and important
professional skills as communicating and working together as a team with dif-
ferent specialities, conquering obstacles of project with a limited time budget.

2.1 Cutting Training

Some training cutting has been achieved to get a basic understanding of the
laser and process parameters specifically for the equipment existed in the labo-
ratory.

The initial approach to find the optimal setting for cutting is utilizing the
clone function in the process power software. In order to find the optimal setting
between two variables at one time, a two-array pattern with each variable value
can be changed in a certain step size can be generated. Then inspection on
the test piece by the CCD camera in the system can help to check the cutting
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outcome and also give a direct illustration of the behaviour of the laser cutter of
different parameters.

The fluence of the laser, the energy applied on the surface is most impor-
tance factor of the cutting quality. And fluence is affected by not only the laser
parameters like frequency and out put power, but also the processing parame-
ters like scanning speed and repetition number. Therefore while conducting this
two-array method of finding the optimal setting, only look at one category of pa-
rameters is recommended. For instant, the two-array that are selected initially
could be frequency and power , the the parameters that influence the fluence.
After several iterations, then the process parameters could be considered.

2.2 Stainless Steel

Stainless steel as the most accessible and cheap material is considered to be
the starting material to help understanding the operation of laser system.

2.2.1 Recast

The recast phenomenon is significant while cutting the stainless steel with
laser cutting since huge thermal load applied instantly on the surface, the mate-
rial experienced from solid state to liquid state and then reformed back to solid
sate. This reformation is called recast, which can dramatically negatively influ-
ence the surface roughness of the cutting edge since the shape of re-solidification
is not well controlled and randomly. As shown in the Fig2.1, the recast is severe
since there was no cleaning or etching procedure involved after cutting. An im-
mersing of acid solution can be expected to dramatically improve the quality,
however by doing which will also affect the original structure.

Fig2.2 shows the local view of the cross section of cutting surface. The path
of the laser beam column can be noticed on this figure, yet the pat is not in-
tact curve since the a relatively high overlap rate is applied. The relationship of
overlap op, speed v, spot size ss and frequency f is shown in equation[1] below:

v=f-ss-(1-op) 2.1

A sets of thin beams with a width of (100pm) have been manufactured as
the potential application of energy harvester substrate. The Fig2.3 and Fig2.4
are the SEM image of beams under different angles. As can be seen that there
are a layer of oxidation material existed which could prove the assumption of
polycrystalline layer due to re-solidification for silicon application discussed in
previous chapter.

Recast phenomenon is random compared to the original material, yet it also
follows certain behaviour, as seen in the Fig2.5, there is a peak of accumulated
debris sprayed along the cutting edge. During the experiment, it is found that
the recast is sensitivity to a speed range which was not expected. The reason of
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SEl 5kV x250 100pm

Fig. 2.1: Recast on the stainless steel

SEl 5kVv X750 20pm

Fig. 2.2: Local view of cast on the stainless steel

this effect may be the small size of the cutting piece comparing with the high
scanning speed. The spot of laser beam scanned is scanned a second time, the
laser finished the whole pattern and came back to the same spot again. Further-
more with the fast scanning speed, the time period of two passes is not enough
for heat dissipation on the material.

2.2.2 Corner Effect

Interestingly, there is another behaviour called 'corner effect’ found during
the laser cutting process. This effect is commonly existed in the conventional
Computer Numerical Control (CNC) machine tool due to the line speed of cor-



2. Appendix B: Traineeships report 63

SEl 3kV
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SEl 3kV 100pm

Fig. 2.4: Local view of cast on the stainless steel (100um) from vertical direction at the
top

ner is smaller than the straight line, which applied more energy at the corner
position. However, this effect is not expected for ultra fast micro laser machin-
ing since the inertia of manipulating the laser beam is extremely small.
Eliminating this effect can be achieved by improving design of the cutting
trajectory. Instead of directly cutting along the desired shape on the material,
extra path that exceeds the line element before corner is added. After the chang-
ing on the spare material, the same extra path applied on the other line element
after corner. By improving the deign, the corner effect is expected to be avoided,
however it also may restrict the minimum feature size of a complex structure.
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SEl 5kV

Fig. 2.6: The accumulated material at the corner

2.3 Piezo Film

Soft material, not like ceramic or crystal (including metal), has specific re-
cast behaviour that influence the structure releasing. Due to the low thermal ca-
pacity and conductivity of the polymer, the liquefaction and solidification phase
take longer time than ceramic and metal, which introduces more severe recast
behaviour. This feature makes the cutting piece hard to be released after the
laser cut through the whole material. Lower energy results not hight enough ab-
lation rate for cutting through, while higher energy creates severe recast which
makes the piece hard to release. A different cutting profile can be seen below
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in Fig2.7, the darker part of the figure with huge hollows is the substrate of SEM
examination.

SEl 5kV x100 100pm —

Fig. 2.7: Surface profile of pzt film

SEl 5kV

Fig. 2.8: Local view of surface profile of pzt film

As a result, an inspection of already released piece shows that the releasing
was not clear and sharp. There are some extra strips on the surface which can
be interpreted as the releasing force was actually stretching the attached part
till yield and break. The strips was due to the displacement was larger than the
elastic strength, and those strips remain the shape. This effect is certainly not
desired for high accuracy cutting.

The improvements can be achieved by cutting thinner piece or shorter pulse
width. Thinner piece subjects to smaller fluence to be enough to cut through.
And shorter laser pulse width introduced less thermal effect while provides higher
energy intensity to ablate material.



2. Appendix B: Traineeships report 66

2.4 Pzt Ceramic

2.4.1 Project Motivation

There is a small amount of heat introduced by the plasma generated of ul-
tra fast last micro machining. Therefore, there is thermal interaction between
plasma and specimen called burnt. During this phenomenon the material prop-
erties are negatively affected due to overheating. The burnt area is also referred
to as Heat Affected Zone (HAZ). The structural properties of the material such as
strength could be negatively influenced by the high temperature reached within
the HAZ. Currently, the quantification of HAZ is based on the visual inspection
as stated in studies of ultra-fast laser machining (2, 3, 4]. Yet the natural advan-
tage of piezoelectric material, capacitance, can indicate the level of damage due
the HAZ, which potentially gives another mean of quantifying the HAZ accu-
rately.

2.4.2 Taguchi Method

Taguchi design method was developed by Dr. Genichi Taguchi and proposed
in 1987(5],This technique has became popular in worldwide industries after the
1980s. It is suitable for fast determination of important factors, but for con-
struction of statistical models and optimization of machining regimes is barely
studied[6]. The advantage of this method is that multiple factors can be consid-
ered at one time.

However, it is worthy to notice that Taguchi method does not guarantee to
give the universal optimal result among the whole parameter space. Because it
assumes an namely additivity of the main effect while ignoring further interac-
tions. Which means, Taguchi method only looks into the primary order of vari-
ous parameters on the objective function. Nevertheless, this method has helped
to obtain tremendous improvements for most of the practical occasions|7].

The main goals of this project is to identify the optimal cutting conditions
that yield the lowest surface roughness value Ra and the minimal width of heat
affect zone, before to quantify the heat affect zone by the change of electrical
property. The key step in the design of experiments is so called the orthogonal
array will be explained next.

2.4.3 Array Selection

In order to achieve a relatively fast optimization process for this project, a
part of the process parameter of drilling function are fixed. According to the
result proposed in [8], process parameters such as the redundant patterns in
order to help the laser beam to move into work piece and the Gap between those
lines were investigated. The redundant line number was recommended as 2 or
3, and the gap size was chosen as 20 um which is the foot size of the laser beam.
The z direction step which is the refocus procedure during the focus point moves
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into the work piece, the step is chosen as the middle point of the thickness of the
sample.

A list of variable value and levels can be seen in table2.1. Those values are
chosen based on the principle of combination of each factor can ensure a re-
producible cut-through performance. Thus, those values stands the maximum
range of which any arbitrary combination could be enable cut through. Then the
range is divided into three levels for every factor in order to obtain a construc-
tional result and insight while maintaining a practical number of experiment

Tab. 2.1: Taguchi parameters

symbol | Factor name level1 | level 2 | level 3
A diode current [A] | 6.0 6.5 7.0
B frequency[KHz] | 20 25 30
C overlap [%] 60 70 80

In a full set of typical Taguchi optimization, an outer ray is expected to be
chosen, which is normally noise factors. However, for this particular project,
noise factors are believed not controllable, nor cheap to control in other words.Thus
there is no outer ray selected. Because noise factors are factors such as weather
environment and humidity, which could be investigated by adding an outer ar-
ray in further research.

In this experiment, interactions within factors are neglected since there are
no any correlation effect as the author knows that could potentially affect the
result. Furthermore, Taguchi’s recommendation is considered to rather dig into
more individual factors than interactions within factors. The degree of the free-
dom is calculated as 9, which is the number of the orthogonal array.

2.4.4 Cleaning Procedure

All the test piece was cleaned by an ultra-sonic cleaner machine while im-
mersed in isopropyl Alcohol, this recipe was found in [9]. A large part of the
existed research, there was no cleaning procedure involved. By applying this
cleaning methods, the surface roughness value and HAZ width are decreased by
roughly 4 to 5 and 50 micron.
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2.4.5

(a) CCD image of clean piece (b) CCD image of un-clean piece

SEI 10kV 7! m SEI 10kV

(c) SEM of clean piece (d) SEM of un-clean piece

Fig. 2.9: Comparison of clean and un-clean piece

Experiment

The orthogonal array and result is listed in the table below in table2.2, every

set of test is done by three time and then adapt the mean value of three in order
to eliminate the random error.

Test Set Level Result

Number A B C Ra (um) HAZ (um)
1 1 1 1 5.907 62

2 1 2 2 7.269 41

3 1 3 3 5.356 51.5
4 2 1 2 4.023 35

5 2 2 3 7.427 41

6 2 3 1 5.022 50

7 3 1 3 8.769 85

8 3 2 1 5.940 76.6
9 3 3 2 7.601 86

Tab. 2.2: Table of array and result
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2.4.6 Result

As can be seen in the table above, the best result, in terms of the lowest Ra
value of 4.023 um, is obtained by the experiment set of number 4. A comparison
between the best and the worst can be seen below in 2.10. The right figure is
obviously more clear and clean compared to the left figure, the laser foot path
is less presented in the cross section area. Although the SEM voltage applied on
two samples are different, this is not a dominant error that severer enough to
affect the overall result.

w VRS 3
SEl 5kV SEI 10kV

(a) SEM of the worst Ra (b) SEM of the best Ra

Fig. 2.10: Comparison between the best and worst Ra

The white light interferometer profile of the lowest Ra value is shown below
in Fig2.11. The interferometer profile highly matches the SEM inspection. It is
worth to mention that the location of white light interferometer may not be the
identical location under SEM, however, the overall value should not be affected
much between different locations since the whole test piece is cut by identical
parameters under same environment.

Analytial Results Oy

Fig. 2.11: White light interferometer image of minimum surface roughness



2. Appendix B: Traineeships report 70

2.4.7 Discussion
HAZ Quantifying

Heat affect zone, as one of the two metrics that are chosen, has relatively
rough accuracy in defining the exact width with huge variance and error fac-
tor. First of all, the debris and fumes may heavily influence the measurement of
the width although certain cleaning procedure is involved. Secondly, the colour
changing zone follows an irregular gradient which gives no obvious boundary
between affected and non-affected zone. Thirdly, although certain shadow-ish
pattern can be observed under SEM, SEM is not supposed to give chromatog-
raphy information, and this shadow later is proved to be changed by different
configurations of SEM examination.

Therefore. the value of HAZ for this project is not considered as a trust wor-
thy factor to lead to a conclusion, which is the exact motivation of this project
that quantifies the HAZ by different metric as piezoelectricity.

Bottom Adhesion

Since the white interferometer gives one more dimension information. As a
result, we can see in Fig2.11, at the bottom part of the cutting surface, the shape
no longer follows the straight laser path but accumulated to a peak. This effect
is also found in previous research in similar configuration[1], an illustration can
be seen in Fig2.12. One of the two potential reasons of this phenomenon is that
laser beam is out of depth of field at the bottom part, the other reason is that the
substrate underneath the cutting piece behaves as thermal tank.

In order to investigate this issue, firstly, the test piece is lift up and suspend-
ing in the air, therefore the influence of substrate is eliminated by this setting,
secondly, a re-focus with the half of the sickness is applied during cutting which
helps to prove the 'out of focus’ assumption. This procedure introduces another
issue which will be discussed in the further section. However, in conclusion, as
can be seen in the Fig2.11, this issue still existed. Therefore more and deeper
investigation is needed in the further research.

Level Separation

As mentioned before, there is a re-focus procedure applied that focus point
oflaser beam moves deeper into the material. As the result of cutting experiment
done within Taguchi method frame, a separation along the depth direction is
occurred, which is introduced by the function in Process Power software in laser
system called "level’, meanwhile this separation is alike level or step on cutting
surface. An illustration and SEM image of the step separation has been made
and obtained below in Fig2.14.

However, this issue only occurs when the laser power is relatively high, which
hypothetically can be solved by applied lower power and more repetition.
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Signal A = SE1 Date :22 Jan 2015
Photo No. =9950  Time :14:45:20

EHT=2000kV WD= 24 mm

Fig. 2.12: Previous research with bottom adhesion[1]

The white light interferometer in Fig2.13 also proves the same assumption
since SEM only gives two dimensional information.

Z step

cutting surface
(a) Mlustration SEI 10KV

(b) SEM oflevel separation

Fig. 2.14: Mlustration and SEM image of level separation
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2.4.8 Conclusion

This traineeships has achieved the main aims which are practical experience
micro laser operation along with fundamental facilitating equipment training.
All those outcomes are essential and important for conducting further gradua-
tion project on both producing and testing.

The experience of dealing with multiple types of material gives a in-depth
understanding of the behaviour of micro laser system. Several special phenomenon
such as the recast, difficulties in releasing, bottom adhesion and level separation
have been recorded which were not studied before this traineeships. Further-
more, a systematic approach by utilizing Taguchi process parameters optimiza-
tion has been conducted. An optimal setting which has the minimum surface
roughness value has been obtained, and overall quality has been improved sig-
nificantly.

However, there are still some obstacles and issues are needed to be investi-
gated further. The trade-off between bottom adhesion and step separation re-
quires more experiment and more systemic investigation. And other factor of
describing the cutting quality of micro laser, such as taper angle and production
time, have not yet been studied in this traineeships. For quantifying the heat
affect zone, an accurate measurement method for piezoelectric coefficient that
is sensitive to the thermal damage is desperately needed.

For future research, several improvement can be considered. The minimum
feature size of material is a promising direction and essential topic for manufac-
turing Micro Electro Mechanical System (MEMS). Meanwhile, other static and
dynamic mechanical properties can also be considered for quantifying HAZ.
Also, beside of the Taguchi optimization method, water-assisted laser system,
including both still water immersing and pressured water jet, has also been proved
to improve the surface roughness while eliminating thermal damage on variety
of materiel in related research.
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3

Appendix C: Literature survey of
improving cutting quality
3.1 Introduction

Conventional lithography is not only extremely time-consuming and expen-
sive, specially for thick materials[6] but also complicated with complex skill and
sufficient experience needed[7]. Laser micro machining is relatively simple, with-
out contact, no need for mask and effective[8].

Ultra fast laser introduces new problems while bringing the unique advan-
tages. Surface condition of the silicon structure obtained by laser manufacturing
is relatively low compared to lithography. Currently the rough and coarse sur-
face is unacceptable for laser machined MEMS devices applied in industry[31]
since it would heavily influence the mechanical and optical properties of de-
vices. Therefore improving the surface roughness is urgent for laser microma-
chining.

In addition, ultra fast laser still introduces small thermal effect, the thermal
interaction between the laser and the specimen causes a phenomenon called
'burnt’. During this phenomenon the material properties are negatively affected
due to overheating. The burnt area is also referred to as Heat Affected Zone
(HAZ) [36]. Normally this can be minimized by carefully tuned laser parameters[9],
however, some innovative attempts are also capable to completely avoid HAZ.

To sum up, although ultra fast laser micro machining technique as a new
fabrication method has its unique advantages, it also brings drawbacks, such as
poor surface condition and HAZ. Several attempts on groove cutting and micro
drilling on semiconductor and piezoelectric materials have been carried out|[2,
7,8,10,11, 12, 13, 14, 15]. Yet producing practical MEMS devices with minimiz-
ing those drawbacks has not been seen in literature, which draws great research
potential for future study.

3.2 Background

3.2.1 Laser

The word laser is the abbreviation of Light Amplification by Stimulated Emis-
sion of Radiation, the standard laser set needs a cavity to enclose the amplifica-
tion process happening, an active medium to generate the photon emission re-
action, and a "‘pump’ which is a energy source to pump the energy into the active
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medium [19]. A schematic of a typical diode-pumped solid-state laser is shown

below in Fig3.1.
—il
Purmp-Through (
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Optics Coupler
Pump
Laser —
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Delivery

Fig. 3.1: laser configuration[17]

The cavity is shown in pink colour and the active medium is the crystal placed
in the middle of cavity, in this case it is so called solid-state rather than gas ofliq-
uid, and the 'pump’ source is from diode laser of semiconductor laser.

3.2.2 Gaussian Beam

In order to describe the intensity profile of a laser beam while propagation,an
ideal Gaussian intensity mode is introduced. However, ideal Gaussian beam
does not exist in the real world, therefore, a factor called M-squared is intro-
duced to accommodate this variation between real and ideal Gaussian beams.
M-squared factor is equal to 1 for the ideal mode and varies from 1 to 30 for
practical beams[18]. A illustration of ideal Gaussian mode can be seen below as
Fig3.2.

Two important definitions are widely used to discuss the characteristics of
propagation of Gaussian beam, one is the diameter where the intensity of beam
is below to 1/e? (13.5 percent) of the peak, and the other is the diameter where
the intensity of beam is below 50 percent of the peak. The parameter w in the
picture can be calculated as below:

|
1+ —5 (3.1)
Tw;

where z is the distance propagated from the plane where the wave front is
flat, A is the wavelength of light, wy is the radius of the 13.5 percent contour,

w(z) = wy
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Fig. 3.2: 1deal Gaussian beam[18]

W (z)is the radius of the 13.5 percent contour after the wave propagates a dis-
tance of z. With the equation3.1 and combination of the Fig3.1, the intensive
radius of a ideal Gaussian beam after propagation can be estimated.

3.2.3 Micro Machining

When laser technique applied to the micro scale, the working principle is
different from the conventional laser methods. The removal of material is not
done by melting, not vaporizing, but as highly ionised plasma[19]. The chemical
connection pair in the material is directly broken by the high energy of photons
in laser pulse. This process is generally referred as ablation. In order to achieve
ablation phenomenon, the important factor is the duration of the laser pulse.
When the photons that carry energy applied to the object, the thermal effect will
occurs after the relaxation time by the vibration of atoms, therefore, if the laser
applied time is short than this relaxation time, the material is ablated in stead of
melted[20]. This short time is suggested as 1-10 ps is the favoured duration for
high precision laser machining.

Compared to conventional laser technique, the big advantage micro ma-
chining brings is the thermal effect is negligible since the material removal is
not achieved by melting but ablation. An illustration of comparison between
long short and short lasers can be seen below in 3.3.

However, regardless of the advantages shown in the 3.3, when the size scaled
down, there is still small heat brought to the material, which is generated by
plasma during laser process and would potential have irreversible damage [24].
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Fig. 3.3: comparison between long and short laser techniques[30]

3.3 Cutting quality

3.3.1 HAZ

As aforementioned, there is a small amount of heat introduced by the plasma
generated of ultra fast last micro machining. Therefore, there is thermal inter-
action between plasma and specimen called 'burnt. The structural properties
of the material such as strength could be negatively influenced by the high tem-
perature reached within the HAZ[26].

An illustration of HAZ on a specimen cut by CO2 laser can be seen below,
where the colour is clearly changed between cut edge and base material is HAZ.
An example has been shown in 3.4, this picture is the cross-sectional direction
of a cutting specimen, the material is fibre reinforced, as some strips shown in
the horizontal direction of cutting surface. The right side of the picture is the
cutting edge where is the material is removed, and left side with light colour
is the location of original material where is not affected by laser cutting. Only
the central part of the picture where shows the variation inside of material with
colour change is refereed as HAZ. Currently the defining and measuring HAZ is
done by observing the the colour change regime around the kerf width.

3.3.2 Surface Roughness

Topography profile of a surface is an important factor for achieving a bet-
ter performance in terms of lower friction and higher strength. Since the rough
surface increase the stress concentration profile where with higher possibility to
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Fig. 3.4: example of Heat Affect Zone by CO2 laser[26]

break. Furthermore, for some application in optics and electronics, rough sur-
face will affect the reflection performance and introduces the surface stroke on
the sharp and irregular bumps on the surface. Therefore, the surface roughness
as one of the most important factors attracts great interest for fabrication.

The measurement methods can be divided as two categories, contact and
non-contact[27]. Stylus Profiler(SP) is a example of contact method of ampli-
fying electronic signal[28], while optical interferometry is a example of non-
contact method[29]. Especially, Scanning Tunnelling Microscopy (STM) and
Atomic Force Microscopy (AFM) are commonly used as measurements for high
precision surface profiling. An amplitude parameter called 'Ra’ is normally used
to describe the surface roughness. Ra is the arithmetic mean value of the profile
measured from the mean line in a sample length, and this parameter is suitable
for presenting stochastic surface roughness.

3.3.3 Laser Unit Specification

A Spectra-Physics Talon diode pumped solid-state (DPSS) UV laser system
with a wavelength of 355nm and maximum power of 15 watts at 50 KHz along
with a pulse width of 30ns is the main equipment in the laboratory. A BOFA
extractor and filter is integrated in order to exhaust fumes. The optical steering
is achieved by a Galvo head from Rhothor with a scan range of 46x46mm and
focal length of 100mm.

Laser

The laser source is from a Q-switched Talon laser 355-15 with a maximum
power of 15W at 50 kHz, and with 13W output at 100kHz. The maximum of fre-
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quency is 500 kHz and pulse width 35 ns. TheM? factor is 1.1 which describes the
accuracy of the Gaussian TEM00 mode laser, the closer the factor to 1, the closer
the actual laser output to the theoretical Gaussian beam. The performance of
laser in terms of output power and corresponding pulse width under different
frequencies can be found below:

Typical Power and Pulse Stability — Talon 355-15, -12, -6

25 100
E-Pulse <50 kHz w— Talon 355-15 9
=== Talon 365-12
20 Talon 3656 - 80
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Q [+H]
a 10 - m40
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Pulse Repetition Frequency (kHz)
Fig. 3.5: specification of laser
The energy delivered per pulse can be calculated as :
Woutput
Eputse=—F— (3.2)
f laser

The W is the output power for the laser while irradiating obtained by the
internal power monitor, which can be found by clicking 'refresh’ button on the
laser section Process Power software, and f is the laser frequency which is called
as 'firing rate’ in the system. For instance with Talon 355-15 laser, the maximum
working mode with a 15w output at 50kHz, the energy delivered on every pulse
is 300u]. Fluence is vastly used in literature to describe the energy applied on the
surface of object, the fluence can be calculated as:

2E,u1
_ puzse 3.3)
77:(1)0

As the w is the frequency of the laser.
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Beam Delivery

The delivery of laser beam starts from the rear part of the system with a ver-
tical breadboard including attenuator, BET and steering mirrors.The front part
contains steering mirror and the optics to focus the beam on the part which is
moved with X-Y stages. The vision system consists of a microscope inspection
zoom associated to a CCD camera.

The X-Y stage has a range of 80mm square with 1 um effective resolution.
The laser beam scanning motion is done by a laser deflection systems based on
the Lorentz force motors with internal active optical feedback in order of dra-
matically reducing sensitivity to external noise. Galvo head had the range of
46x46mm with local length of 100mm, the writing speed is 1300cm per second
with position resolution of 8 urad.

Affiliating Equipment

An air purification system BOFA has been integrated in the system to exhaust
fumes and nano particles generated due to the laser processing. And a vacuum
chuck is underneath the holding plate, in order to avoid the movement of object
during the processing due to the motion of stage.

SEM

Scanning Electron Microscopy (SEM) is a type of electron microscope that
produces images of a sample by scanning it with a focused beam of electrons.
The interaction between atoms in the sample and the electron beams generates
various signals that provide information about the topography of the surface of
the sample.

For the author’s own experience, there are different voltage of electron beams
can be selected during the examination, which significantly influence the out-
come image. As shown in Fig3.6 and Fig3.7, a lower voltage can provide more
structural image that shows peaks and shapes of the surface, which also pro-
vides a understanding of the topography information although SEM itself is not
capable of obtaining the surface roughness quantitatively.

the other hand, a high voltage provides sharper image that helps for locally
inspection, which means more details can be obtained by more electrons inter-
acting. However, stronger electron stream hitting onto the surface may damage
the material itself permanently.
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SElI 2.5kV

Fig. 3.6: SEM low voltage image

AFM

Atomic Force Microscopy (AFM) can achieve the resolution on the order of
fractions of a nanometre, more than 1000 times better than the optical diffrac-
tion limit. The surface information is gathered by contacting the surface with a
mechanical probe connected with a piezoelectric elements.

There are two working modes of AFM, static swiping modes and taping mode.
Static scanning mode provides high resolution result, but damage on probe may
happen due to the rough surface. While the tapping mode gives a quicker exam-
ination with slightly lower resolution.

For measuring the surface roughness, AFM only subjects to a relatively small
area compared to the white light interferometer although AFM is capable to ob-
tain an accurate result.

SEI 10kV x750 20pm

Fig. 3.7: SEM low voltage image
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3.4 Quality Improvement

3.4.1 Improve Surface Roughness

Although the laser micromachining has been developed for decades, yet, the
surface roughness of the product is still a huge issue due to the periodic struc-
tures, which results the surface unacceptable for industry level [31]. At the same
time, the conventional UV lithography has reached a smooth surface as 18nm
in [32], Yet so far the roughness of temptations of micro machining are mainly
in the range of 200nm to 500nm or even rougher[43]. Therefore, improving the
surface roughness has became an urgent obstacle of the development of this
technique.

Post Treatment

Reheat or reflow is a widely used post treatment method in conventional
industry. This process can smooth out the defects and recrystallise the material
to obtain an acceptable surface, as well as enhance the mechanical properties
like strength. To improve the surface roughness of a resonator micro-machined
by laser in a traditional lathe alike setting, a high temperature electric arc was
introduced in [33], as shown in 3.8

Fig. 3.8: reflow of electric arc of resonator[33]

Another popular post treatment method is chemical etching or wet etching
which was suggested to improve the surface condition, but it only subjects to
certain types of materials but not all cases. Furthermore, etching method slows
the manufacture efficiency[31]. one example is introduced in [35], a micro chan-
nel chip is manufactured in the Poly Methyl Methacrylate (PMMA) and Cyclic
Olefin Copolymer (COC) material by laser micro machining, and a vapour expo-
sure method is used to improve the surface roughness, the outcome can be seen
in3.9
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Fig. 3.9: vapour exposure for PMMA(left) and COC(right)[35]

Under Water Cutting

The debris is the main origin of rough surface of laser micro machining,
along with the periodic texture introduced at the cut surface. The debris can be
controlled by cutting underwater, which means by putting the work piece into
the water and creating a very thin water layer between laser source and the work
piece. A schematic is shown below in Fig3.10

Laser Laser

Silicon Silicon

‘Water
(a) (b)

Fig. 3.10: schematicofunderwater [36]

By putting a thin water laying beyond the working surface, the thermal effect
can be dramatically decreased since the heat will instantly be dissipated into
water . Although original ultra short pulse laser has the advantage of negligible
thermal effect, the phenomenon of 'burnt’ pieces still existed. There is certain
band observed along the kerf band referred as Heat Affected Zones that influ-
ences the quality of laser manufacturing. Another obstacle is caused by the high
temperature debris recast and gathered around the cur area[37]. The schematic
of water cutting is shown below in 3.11, a small eddy flow was generated in
water layer which can transport the debris away from cutting area and avoid
high temperature. Several successful examples and comparisons are made by
[36][38][37], pictures shown following.

The disadvantages of this method are also obvious, part of the laser energy
is absorbed by the water layer, which means the higher laser energy is needed
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Fig. 3.11: water cutting schmetic[38]

(a) Dry (b) Underwater

Fig. 3.12: One example of underwater cutting

for same workpiece underwater. The energy lost for a single path laser can be
calculated by using the Beer-Lambert law:

Zw
Iy=1 exp(——) (3.4)
la
where I, is the left laser intensity, Z,, is the distance, and /,and [, are the light
absorption length and the original laser intensity.

Also, the previous period texture turns into non-period texture, in [37] stated,
the possible reason could be the disturbing water wave on the water layer sur-
face, furthermore, due to the high power density hit into the water, some bub-
bles are generated, and dissociated oxygen has interaction with the laser that
can be considered as the moving electromagnetic field. To improve this defeats,
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(a) Air cutting

(b) Underwater cutting

Fig. 3.13: Comparison between dry and underwater cuttings[38]

&
% >

Fig. 3.14: Example of underwater cutting on saphire wafer, (a)dry cutting and
(b)underwater cutting[39]

a potential solution was proposed by [36], which is operating this system in a
closed water environment that has no disturbing water wave and bubbles.

In addition, the potential safety should be carefully considered since under-
water cutting introduces free liquid into experimental environment, the splash
of water droplet could possibly damage the laser optical system in some settings.

The underwater laser cutting is also referred as liquid immersion laser mi-
cromachining [39].And this method has been investigated with several nice ex-
amples shown in the Fig3.12,3.13and3.14. Configurations of this technique can
be divided as three settings, as shown in the Fig below, and [40] conducted a re-
search with different cutting parameters on SiC. Silicon based underwater cut-
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Fig. 3.15: configurations of different underwater cutting[40]

ting researches are shown in [41] and [42], but only single hole or groove were
focused. Furthermore, no surface roughness details so far were quantitatively
recorded but only observation of 'smoother’ result[36].

3.5 Comparisons and Discussion

In order to show the differences among all the current consideration of meth-
ods, a table has been made and can be seen belowin 3.1. As aforementioned, tar-
get effects are improving surface roughness and minimizing heat affected zone.
Conventional lithography has tremendous advantages in both aspects, meaning
extremely low surface roughness found in[32] and no thermal mechanism at all
and relatively mature processing. However, the extremely high cost can only be
lowered down by massively bulk parallel producing. Furthermore, enormously
time cost and labour requirement terribly limits the prototyping and innovation
of MEMS, which were the exact motivation of this research.

Tab. 3.1: Table of comparison among methods

Methods roughness heat zone feasibility sum
Direct cut 370nm (-) negligible (-) developing -
Underwater cut not found (0) none (+) innovating +
Reflow and etch 70nm (=) limited (0) current 0

Direct cutting by ultra fast laser micromachining has been developed by
over decades, and quite a number of research has been carried on, in [43] an
advanced optimizing model were used to obtain the best cutting result, and a
minimum surface roughness of 370nm was achieved on cutting through silicon,
and the HAZ was negligibly small due to the ultra fast lase pause.
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Reflow and etching method as post processing are the most commonly used
and adapted methods by the current state of art in improving the surface rough-
ness after cutting. However, as considering manufacturing MEMS devices, there
are multiple layers of materials cut at the same time. This brings serious prob-
lem even for the most commonly used silica and silicon substrate used in this
field, since silicon is much more thermal conductive than silica. Different con-
ductivities between layer make the reflow process difficult to achieve.

Although the underwater cutting technique is still being developed, this is
the a promising method for improving the surface roughness. Moreover the spe-
cific roughness data has not been found in literature yet.

3.6 Conclusion

Laser micromachining as a novel area of laser manufacturing has shown the
great potential and unique advantages in MEMS fabrication. This technique can
dramatically reduce the cost and time consumed for prototyping compared to
lithography. However, the unacceptable surface roughness and heat affected
zone around kerf are currently the main drawbacks.

In order to overcome the drawbacks of laser micromachining, reflow or etch-
ing have been considered as post treatment process, yet more processing time
and cost are added. Therefore, another method called underwater cutting or
liquid immersion is investigated. This method can clearly improve the surface
condition and almost cause no heat affected zone. Several researches have been
conducted on different material such as SiC, glass and silicon, as well as with
different configurations. However, current state of art stays only in simple struc-
tures like single hole or groove. Furthermore, as examples has shown improved
the surfaces, yet no quantified data is found in literature.

More complex cutting profile and quantifying improved the surface could be
useful for Further study. And applying micro laser micromachining to fabricate
functional MEMS device attracts great interests.
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