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Abstract

Micro-electromechanical systems (MEMS) have many applications in healthcare, consumer
electronics, and automobile industry. Unfortunately, the development of novel MEMS is
significantly hindered by the limitations of the state-of-the-art MEMS microfabrication
processes such as high cost of equipment ownership, long development time, and limited
choice of fabrication material selection and integration. Recent developments in alternate
MEMS fabrication processes such as PCB-MEMS, laminate MEMS, pop-up book MEMS,
and soft-MEMS have reduced fabrication cost, increased material choice, and facilitated
material integration. However, MEMS fabricated using these methods have a large lateral
feature size, and low aspect ratio as compared to MEMS produced utilizing conventional
deep reactive ion etching (DRIE) microfabrication process. Moreover, fabricating MEMS
with six degrees of freedom (DOF) free-standing microstructures using these processes is
challenging. Finally, the choice of fabrication material is relatively limited, and each
material requires a separate manufacturing process.

This thesis presents a novel MEMS fabrication process called multi-lamina assembly of
laser micromachined laminates (MALL), which can fabricate MEMS comparable to DRIE,
enable creating free-standing microstructures with six degrees of freedom, and further
expand the choice of fabrication material. Moreover, the proposed approach offers a single
microfabrication method to process a wide range of materials. A novel microfabrication
process called laser-assisted material phase-change and expulsion (LAMPE)
micromachining is developed. Using this process, the fabrication of high aspect ratio
structures with lateral features as small as 10um, and aspect ratio as large as 10:1 is
demonstrated in metals, silicon, and diamond. Previously, such high aspect ratio and small
lateral feature structures could be fabricated in silicon alone using the deep reactive ion
etching process.

The LAMPE micromachining process is used to manufacture individual layers of a
MEMS. Subsequently, the micromachined laminates are stack assembled and bonded to
construct MEMS devices. Using the MALL process, fabrication of six degrees of freedom
free-standing structures as thin as 10um is demonstrated. In addition, the gap between
the free-standing structure and the substrate can be as small as 12.5um. The utility of the
MALL process is demonstrated by fabricating three MEMS. First, an electrostatic
comb-drive actuator is fabricated using copper as the structural material. The distance



between the comb-drive fingers is 10um, and the thickness of the fingers is 100pm. This is
the first demonstration of using metal to fabricate comb-drive structure with such small
lateral feature and high aspect ratio. Second, a MEM relay for high-current switching
application is demonstrated. The current carrying capacity of the MEM relay is higher
than 100mA. Finally, the development of high-aspect-ratio diamond rotors for enhancing
the resolution of magic-angle spinning nuclear magnetic resonance spectroscopy
(MAS-NMR) is presented. This is the first demonstration of micromachining such
ultra-deep (5 mm), and ultra-high aspect ratio (10:1) holes in the diamond.

The MALL process can manufacture MEMS comparable to the conventional DRIE
microfabrication process. Moreover, the manufacturing cost per device in the MALL is less
than DRIE. However, DRIE offers a high part production rate than MALL. The part
production rate in MALL can be matched with DRIE using multiple laser sources. For
matching the part production rate, the investment required to purchase a laser
micromachining tool with multiple lasers is comparable to the cost of a DRIE tool. Thus,
an equal investment in MALL and DRIE results in an equal part production rate. The
MALL process significantly reduces the time required for material integration, process
development, and design iteration. As a result, the MEMS device development time is
reduced from many months (in DRIE) to a day. The MALL process empowers rapid
testing of new MEMS concepts and theory. Moreover, MALL can be used to fabricate
one-of-a-kind MEMS devices and used for low-volume production, where initial high
investment can not be justified.

The MALL process enables greater material selection and integration, rapid
development, and integrated packing, thereby empowering a new paradigm in MEMS
design, functionality, and application. The tools and material cost of MALL fabrication
can be as low as $25,000, which is affordable to a wider scientific community. The low
capital investment and use of low-cost materials enable MEMS fabrication for masses and
can expedite the development of novel MEMS.

Thesis Supervisor: Neil Gershenfeld
Title: Director, Center for Bits and Atoms
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Chapter 1

Introduction

1.1 Motivation

Micro-electromechanical systems (MEMS) have many applications in fields like healthcare,
consumer electronics, automobile, and energy. However, the development of novel MEMS
devices has been significantly hindered by several limitations of the lithography-based
microfabrication processes used to manufacture MEMS. First, these processes require
access to expensive microfabrication tools such as photolithography systems, mask
aligners, and deposition and etching tools. Moreover, these processes have a lengthy
process development time. The high cost of equipment ownership and long development
time associated with the lithography-based microfabrication processes makes them

unsuitable for research and development, and low-volume MEMS production.

Second, the fabrication material is largely restricted to silicon and related materials such
as silicon oxide and silicon nitride. The restriction in the choice of fabrication material limits
the variety of MEM systems that can be designed and fabricated. For example, magnetic
MEMS can potentially have distinct advantages over electrostatic/piezoelectric actuators
such as high strength, polarity, and long actuation distance. However, fabricating magnetic
MEMS is challenging due to the incompatibility of magnetic materials with lithography-

based MEMS fabrication processes [1]. Furthermore, the performance of MEMS devices

16



is compromised due to the restricted choice of fabrication materials. For example, even
though spring steel is an excellent choice for making high-performance micro-springs for
MEMS, generally silicon is used because spring steel is incompatible with lithography-based

MEMS fabrication processes.

Finally, during MEMS design and fabrication, integrating various materials and
corresponding fabrication process is often the most difficult task [2]. In the
lithography-based fabrication process, MEM systems are fabricated in monolithic fashion
by successive deposition and patterning layers of materials. Each material layer is
deposited and patterned using a unique process, which must be compatible with the
previously deposited materials. However, integrating these processes is difficult due to
material incompatibilities, thermal constraints (for example, polymeric parts cannot be
subjected to high-temperature processing step such as LPCVD silicon deposition), and
mechanical stability of interim structures. In summary, the conventional lithography-based
MEMS fabrication processes are costly, offer a limited choice of fabrication materials, and

the integration of various materials is challenging.

In this thesis, I present a novel approach for MEMS fabrication to overcome the above
mentioned limitations. This approach uses multi-lamina assembly of laser micromachined
laminates to fabricate MEMS and consists of two steps. First, the individual
microstructure laminates are fabricated using direct-write laser-micromachining process.
Next, the fabricated microstructure laminates are stack assembled and bonded to fabricate
MEM systems. The presented MALL MEMS fabrication process enables greater material
section and integration, low-cost manufacturing, rapid development, and integrated

packaging.

Section 1.2 reviews the current work on laminate assembly and laser-micromachining.
Section 1.3 presents the MALL process and its application in fabricating MEMS. Finally,

section 1.4 compares the MALL process with prior work.

17



1.2 Background

In recent years, there has been a considerable interest in developing alternative fabrication
methods to manufacture MEM systems. These fabrication methods and their limitations

are discussed in the following sections:

1.2.1 PCB-MEMS

PCB-MEMS utilizes printed circuit board (PCB) fabrication technology to fabricate MEM
systems. Figurel-1(a), (b), and (c) shows mesoscale RF MEMS switches fabricated using
PCB technology [3][4][5]. The functionalities and performance of these PCB-MEMS have
been far from the MEMS fabricated using conventional lithography-based processes. This
is due to several limitations of the PCB fabrication technology. First, the minimum feature
size produced using PCB fabrication technology is larger than the feature size achievable in
lithography-based microfabrication processes. Moreover, the aspect ratio of the fabricated
structures is less than the aspect ratio achievable in conventional microfabrication processes
such as deep reactive ion etching (DRIE). Second, the fabrication material is limited to
materials available for PCB manufacturing such as copper foils, FR4, and certain polymers
[6]. Finally, the alignment accuracy achievable in PCB technology is an order larger than

the alignment accuracy required for silicon-based MEMS |3].

1.2.2 Laminate MEMS

Another method that is used to fabricate MEMS is laminate MEMS. In the laminate MEMS
fabrication process, first, individual layers of the MEM systems are fabricated using various
post semiconductor manufacturing (PSM) processes, and then the fabricated layers are
laminated to manufacture MEMS. Since individual layers are fabricated separately, the
lamination process enables the fabrication of MEMS from heterogeneous materials with
incompatible fabrication processes. Some examples of laminate MEMS that are reported in

the literature are optical waveguide switch [7](figurel-1(d)), magnetically actuated micro-
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< e v o h L

2 mm 1 mm

Figure 1-1: (a), (b) & (c) Mesoscale RF MEMS switches fabricated using PCB manufacturing
technology [3][4][5]. (d) Optical waveguide switch fabricated using laminate MEMS technology [7].
(e) Laminate MEMS magnetically actuated micro-switch [8]. The device measures 3.2mm x 3.2mm.
(f) MEMS Microphone fabricated using laminate MEMS [9]. (g) & (h) Meso-scale micro-structures
fabricated using Pop-Up MEMS [9] . (i) Millimeter-scale robots fabricated using Pop-up MEMS [10]
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switch [8] (figurel-1(e)), and laminate microphone [11] (figure 1-1(f)).

The laminate MEMS utilize many fabrication processes common to conventional
microfabrication such as photolithography, wet etching, and deep reactive ion etching
(DRIE). As a result, the laminate MEMS fabrication processes have similar limitations as
the conventional MEMS fabricator processes, mainly high cost, long development time,

and limited choice of fabrication materials.

1.2.3 Pop-up Book MEMS

Another method that has been reported to fabricate MEMS is pop-up book MEMS [9]. In
this method, three-dimensional MEMS are fabricated by first, bulk micromachining rigid and
flexible layers, then, laminating them, and finally folding the multi-layered rigid-flex laminate
to build MEM systems. Figure 1-1(g) and (h) show reported mesoscale microstructures [9],
and figure 1-1(i) shows fabricated millimeter-scale robots [10] using pop-up MEMS process.
However, the pop-up book MEM systems are an order larger than the MEMS that can be

fabricated using lithography-based microfabrication technology.

1.2.4 Limitations of Laser Micromachining

Although laser-micromachining has been around for many years, its application in
fabricating MEMS has been limited [12][13|[14][15] due to several reasons.  First,
manufacturing MEMS requires fabricating microstructures with small lateral feature-size
(typically 10um) and large aspect ratio (typically 10:1 or higher). On the other hand,
laser micromachining produces structures with larger lateral-features and low aspect ratio.
As a result, the application of laser-micromachining has been largely limited to patterning
surfaces [13| (figure 1-2(a)), drilling holes (figure 1-2(b)) [16][17], fabricating polymer
micro-trenches (figure 1-2(c)) [18], and making millimeter-scale structures (figure 1-2(d),
(e) & (f)) [19][18][13].

Second, the laser micromachined parts suffer from micro-burrs and debris around the

machined parts. These imperfections are of the order of tens of microns, making these laser-
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Figure 1-2: a) Surface patterning using an excimer laser [13]. (b) A 52um diameter hole drilled
through stainless steel using a copper vapor laser (CVL) [16][17]. (c) Micro-trench machined into
PMMA using femtosecond laser [18]. (d) Nickel micro-turbine motor (outside diameter is 470um
and height is 150pm) fabricated using Laser-LIGA [19]. (e) Silicon wafer micromachined using
nanosecond laser [13]. (f) A medical stent micromachined from a biodegradable polymer using a
femtosecond laser [18].

21



micromachined parts unsuitable for MEMS fabrication. Eliminating these micro-burrs from
delicate MEMS microstructure parts is challenging. Methods like sonication and physical
scrub are not practical for MEMS structures due to their fragile nature. Similarly, etching
process often results in dissolving the MEM structures along with the burrs because the
size of the burrs is of the same order as the size of MEMS parts. Due to this reason, the
laser-micromachining process has been largely used to fabricate rigid parts such as patterned
surfaces, holes and trenches, where physical scrub or sonication can be utilized to remove

burrs.

1.3 MALL

This thesis presents a novel approach to fabricate MEMS using multi-lamina assembly of
laser-micromachined laminates (MALL). First, a novel microfabrication method called laser-
assisted material phase-change and expulsion (LAMPE) micromachining is developed and
used to manufacture small lateral-feature and high aspect ratio microstructure laminates.
Second, these fabricated microstructure laminates are stack assembled to construct MEM

systems. Figure 1-3 shows the schematic diagram of the MALL fabrication process.

1.3.1 LAMPE Micromachining

This thesis develops a novel approach to laser micromachine material sheets to create high
aspect ratio structures significantly exceeding the optical penetration depth and thermal
diffusion length of the material. The proposed approach utilizes laser-assisted material
phase-change and expulsion (LAMPE) process to achieve the high aspect ratio while still
maintaining the small lateral features. In this process, low energy laser power is used to
first, induce a phase-change in the material, and then expel the altered material through the
rear of the sheet utilizing pressure generated by vapor baubles formed at the laser-material
interface due to the partial vaporization of material.

The proposed LAMPE micromachining can be used for a wide range of materials such
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(b)

Figure 1-3: Schematic diagram of the MALL fabrication process. It consists of two steps: (a)
fabricating the individual layer of MEM system using LAMPE micromachining, and (b) Multi-
lamina assembly of LAMPE micromachined parts to fabricate MEM system.

as metals, silicon, and diamond. In LAMPE micromachining of metal sheets, first, the
longitudinal profile of the laser beam is used to melt (i.e., induce phase-change) the material,
and then, the liquid-phase metal is expelled through the rear of the sheet; as a result, creating
features as small as the diffraction-limited spot size and as deep as the Rayleigh length of
the focused beam. Such small features-size and high aspect ratio are not achievable using

conventional laser micromachining utilizing vaporization to remove the material.

Similarly, in LAMPE micromachining of silicon, low energy laser pulses are used to
oxidize the silicon (i.e. induce phase-change). The newly formed silicon oxide transmits
the laser (due to its low absorption coefficient), causing further oxidation of silicon beneath
it. As a result, enabling oxidation far beyond the optical penetration depth of silicon.
The formed silicon oxide is granular and expelled through the rear of the wafer utilizing
pressure generated by vapor baubles formed at the laser-material interface due to the partial

vaporization of material.
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Likewise, in LAMPE micromachining of diamond, first, the laser is used to convert the
diamond into graphite (i.e. induce phase-change), and then the newly formed graphite is
removed by oxidizing the graphite into carbon dioxide. Using LAMPE micromachining of

diamond, a very high aspect ratio machining of diamond is reported.

Using the LAMPE micromachining process, lateral-features as small as 10um and aspect
ratio as large as 10:1 can be fabricated. These features are comparable to features produced
using conventional lithography-based microfabrication processes such as deep reactive ion

etching (DRIE). The LAMPE micromachining process is described in chapter 3.

1.3.2 Electro-deburring

For metals, the expelled liquid-metal resolidifies at the edges of the LAMPE micromachined
part. These resolidified liquid-metal burrs are removed using an electro-deburring process
developed in this thesis. The process utilizes high current density at sharp burrs and edges to
selectively electrochemically etch burrs without significantly affecting the dimensions of the
LAMPE micromachined part. It must be noted that for MEM systems that do not require
high aspect ratio structures with small lateral features, traditional pulsed laser ablation
(PLA) micromachining in conjunction with the electro-deburring process can be used for

MALL MEMS fabrication. The electro-deburring process is described in section 3.5.

1.3.3 Multi-Lamina Assembly

The next step in the MALL process is to assemble the laser-micromachined layers.
Mechanical alignment of laminates using dowel pins and alignment holes is widely used in
precision macro-fabrication, and employed to align and bond microstructure laminates.
Figure 1-4 shows the schematic diagram of the alignment-pin and alignment-hole assembly
process. Using this method, alignment accuracy exceeding 2.5um is demonstrated. The

multi-lamina assembly process is described in section 4.1.
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Figure 1-4: Schematic diagram of multi-lamina assembly.

1.4 Comparison with Prior Work

Table 1.1 provides a thorough comparison of MALL fabrication with other alternate MEMS
fabrication processes. As can be seen, DRIE is desirable for small lateral features and high
aspect ratio, however, falls short on the choice of fabrication material. After DRIE, the

LIGA process is desirable for small lateral features and high aspect ratio, however, fall short

on creating free-standing microstructures and require expensive x-ray source.

The MALL process presented in this thesis uses the similar lamination process that is
used in PCB-MEMS, laminate MEMS, and Pop-up book MEMS. However, there are two
major differences between the MALL process and other laminate PCB-MEMS, laminate

MEMS, and pop-up book MEMS processes described in section 1.2. These differences are

discussed in the following sections.
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1.4.1 High Aspect Ratio & Small Lateral Feature

In the conventional MEMS fabrication process, deep reactive ion etching (DRIE) is used to
fabricate structures with high aspect ratio and small lateral features. Typically, structures
with the aspect ratio as large as 10:1 and lateral features as small as 5 — 10um can be
micromachined using DRIE [20]. The high aspect ratio machining is required to fabricate
MEMS structures that can move in the direction parallel to the MEMS device plane such as
interdigitated comb fingers and beam springs. These structures are common in many MEMS
such as comb-drive actuators [21], accelerometers [22], resonators [23], and electromechanical
filters [24].

In the PCB-MEMS, individual layers of the MEM system are fabricated using
photolithography, followed by wet etching. However, the wet etching process is isotropic,
thereby resulting in low aspect ratio. Similarly, in laminate MEMS, the individual layers
are fabricated using various processes such as stamping, laser cutting, and electroforming
[6]. These processes produce structures with larger features and limited aspect ratio than
DRIE. Hence, the performance of these MEMS has been far from MEMS produced using
conventional microfabrication process utilizing DRIE [4][25][26][27][11]. Moreover, the low
aspect ratio structures have restricted movement in the direction of the device plane, and
the motion is constrained to the direction normal to the device. As a result, the
application of PCB-MEMS and laminate MEMS have been limited to MEM systems in
which the structures move perpendicular to lamination plane, such as MEMS RF switch
[4] and microphones [11].

In the MALL process, individual layers of the MEM systems are fabricated using
LAMPE micromachining. The LAMPE micromachining process can fabricate
microstructure laminates with aspect ratio as large as 10:1 and features as small as 10um.
Such high aspect ratio while maintaining the small lateral features is not achievable in
PCB-MEMS, laminate MEMS, and pop-up book MEMS fabrication processes. In fact,
traditionally, such high aspect ratio and small lateral features were attainable exclusively

using deep reactive ion etching (DRIE) [28]. The small features and large aspect ratio

26



Oxide Paoly-5i Anchor Cantilever

Si substrate Si substrate Si substrate

Figure 1-5: Schematic diagram of surface micromachining process. (a) First, a sacrificial layer
is deposited and patterned. (b) Subsequently, structural layer is deposited on top of the sacrificial
layer. (c) Finally, the sacrificial layer is removed to create free-standing microstructures.

structures fabricated using LAMPE micromachining are comparable to structures
produced in DRIE. Hence, the MALL fabrication process can manufacture MEMS that are

comparable to MEMS fabricated using DRIE.

1.4.2 Freestanding Structures with Six Degrees of Freedom

In conventional MEMS fabrication, surface micromachining [48|[49][50] is used to fabricate
free-standing microstructures. Figure 1-5 shows the schematic diagram of the surface
micromachining process. First, a sacrificial layer is deposited on a substrate and patterned
using photolithography and etching. Next, a structural layer is deposited and patterned on
top of the sacrificial layer. Finally, the sacrificial layer is removed to create free-standing
microstructures. The deposition process, such as chemical vapor deposition (CVD) used to
deposit the sacrificial layer and structural layer, allows a high degree of control over the
thickness of the deposited material and the gap created between structure and the
substrate.

Fabricating similar thin freestanding structures in the lamination process is
challenging. The difficulty is due to two reasons. First, as the thickness of the laminate is
reduced, handling and micromachining these ultra-thin layers becomes difficult. Second,
the freestanding structures are created using a spacer layer, which is patterned and

sandwiched between the layer containing freestanding structure and the substrate. The
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thickness of the spacer layer determines the gap between the freestanding structure and
the substrate. As this gap and the size of freestanding structures is reduced, manipulating
and patterning the ultra-thin spacer layer gets challenging. As a result, the applications of
PCB-MEMS and laminate MEMS have been largely limited to either fabricating MEMS
with no freestanding structures such as microfluidic devices [51][52] and optical MEMS [7]
or MEMS with large gap between the freestanding structure and substrate such as such as
MEMS microphone and electromagnetic switch [4][11][8][25][27].

The laser micromachining process used in MALL allows effortless patterning of
B-staged epoxy adhesive layers. By using patterned adhesive layers as a spacer layer, tack
bonding process, and high alignment accuracy, this thesis demonstrates fabricating
freestanding structures with a gap between the structures as small as 12.5um (as shown in
figure 5-6). Similarly, by bonding ultra-thin film to rigid frame for manipulation and
performing LAMPE micromachining, this thesis demonstrates fabricating freestanding
structures as thin as 10um (as shown in figure 5-5). These microstructures can be
fabricated with small features and satisfactory aspect ratio to allow six degrees of freedom

(DOF) movement.

28



Parameter | Material Minimum | Maximum | Minimum | Minimum | Allow Comments
Choice Lateral Aspect Layer Gab Sacrificial
Features Ratio Thickness | Between Layer?
Layers
DRIE Silicon 0.374pm [29], | 107:1 [29], < lum < lum Yes High cost
10 — 15um | ~40: 1, [30]
[30]
PCB- Metals, FR4, | 10pm [34] , Quantitative | ~ 50um|38| 20 — 30um Yes Low aspect
MEMS / polymers 25um [35](36] | data not [39], 87um ratio due to
Laminate [32]]33] available [40], T0Oum isotropic wet
MEMS [6][37] [41] etching of
metals
Pop-up Metals, FR4, | few microns | NA NA NA NA Produces
Book and polymers | [42], ~ 20um Meso-scale
MEMS [43] MEMS
Direct- Colloidal 20pm [44], 400 [46] 20pm [44], NA NA Very slow
write metal and 100pm [45], 100pm [45], process [46]
Printing ceramic 5um [46] Sum [46]
particles
LIGA Metals that Tum [47] 50:1 [47] ~ lpum NA Yes Require
can be expensive
electroplated X-ray source
MALL Metals, 5—10um 10:1 12.5um 12.5um Potentially Rapid
Silicon, yes but not development,
Diamond, demonstrated | low-cost
and in this thesis | fabrication
Polymers

Table 1.1: Comparison of various MEMS fabrication processes.




Chapter 2

Theory of Pulsed Laser Ablation

This chapter describes the theory of pulsed laser ablation (PLA) and its application in
micromachining. The theoretical understanding of PLA is essential in estimating the limits
on feature size and aspect ratio achievable in PLA micromachining, causes of these
limitations, and potential solutions. Section 2.1 describes the analytical model of the
pulsed laser ablation process and its application in laser micromachining. Section 2.2

characterizes the laser micromachining system used in this work.

2.1 Pulsed Laser Ablation

Figure 2-1 shows the schematic diagram of pulsed laser ablation process. When a laser
beam hits a material target, it is absorbed by the free electron gas of the material through
electromagnetic interaction, thereby increasing the temperature of the electron gas. Then,
the energy of the electron gas is transferred to the lattice through the electron-phonon
coupling, causing an increase in temperature of the material [53].

The duration between laser absorption and heating of the material is in the order of a
few picoseconds. As a result, the electron-lattice interaction can be ignored for laser ablation
utilizing long pulse duration in the order of nanoseconds, and the temperature distribution

can be modeled using the classical heat diffusion equation. The absorbed laser heats the
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Figure 2-1: Schematic diagram of pulsed laser ablation (PLA) process. [54]

material and increases its temperature. When the temperature reaches the boiling point,

the material vaporizes and gets removed from the target material.

The absorbed laser energy per unit volume and per unit time, @) is given by the expression

[55]:

where R is reflective of the material surface, I(z,y,t) is the intensity of the laser beam, and

f(2) is the attenuation function due to laser beam absorption, given by the equation [55]:

£(2) = o(T(2))exp [ - /0 ) a(T(z'))dz’] (2.2)

where a(T'(z)) is the temperature-dependent absorption coefficient. For pulsed ablation of
metals studied in this work, it is assumed that the value of « is temperature independent.

As a result, the above equation reduces to:

f(z) = e (2.3)
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Substituting the expression for f(z) in equation 2.1, we get the expression for the laser

heat source as:

Q(z,y,2) = (1 = R)al(x,y,t)e”** (2.4)

Here, the characteristic length, known as optical penetration depth, [, is defined as the

distance at which the intensity is 1/e times the maximum intensity. Therefore,

lo =

é (2.5)

Note that in the derivation of equation 2.4, it is assumed that the laser intensity is
constant in the direction of propagation of the laser. This assumption is valid in situations
where the optical penetration depth is smaller than the Rayleigh length of the laser beam.
This assumption holds for the laser micromachining performed in this work.

The heat conduction in the material can be modeled using the heat diffusion equation

[55]:

orT
Pep oy = pc, DV*T + Q6(Z, 1) (2.6)

This heat conduction leads to an increase in temperature of the material. Once the
temperature reaches boiling point, the material gets vaporized and removed from the target,
resulting in micromachining. Next section describes the laser micromachining system used

in this work.

2.2 Laser-Micromachining System

This work uses a commercially available laser micromachining system from Oxford Lasers
Ltd [56]. The system consists of three major components: 1) Laser source, 2) Focusing

optics, and 3) Motion system. These components are discussed in the following sections.
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2.2.1 Laser Source

The laser source is an important component of a laser micromachining system and determines
the feature size and type of materials that can be processed. There are two types of lasers
that are employed in laser micromachining: pulsed laser and continuous-wave (cw) laser.
The pulsed laser has two advantages over continuous-wave laser. First, the short laser
pulse enables fine control over the energy dumped into the target, which is essential for
machining small features. Second, the peak power of the individual pulse is several orders
of magnitude higher than the average power of the laser. As a result, the pulsed laser can
ablate the material even with much lower average power.

The laser source used in this work is a Q-switched frequency-doubled Nd:YAG diode-
pumped solid-state (DPSS) laser. The wavelength of the laser is 532nm and the pulse
duration is 20ns. The mode of the laser beam is TEMO00 and the beam quality M? < 1.2.

The average power, Py, of the laser is between 2 — 6.5 and depends upon the pulse
frequency. Figure 2-2 shows the variation of measured average power, P, with respect to
the laser pulse frequency, F},. The average power at 5K Hz pulse repetition rate is 2.8W.

The pulse energy £, for individual pulses can be calculated by dividing the average

measured power by pulse frequency, F,.

Lavg (W)

Ep(J) = F, (Hz)

(2.7)

Figure 2-3 shows the variation of pulse energy, F,, with respect to pulse frequency, F},.The
pulse energy at 5K H z pulse repetition rate is 561uJ.
The peak power (or pulse power) can be calculated by dividing the pulse energy with
pulse duration (20ns for the laser used).
Ep (J)

Peak P W)= ' 2.8
eak Power (W) Pulse Duration (s) (28)

Figure 2-4 shows the variation of the peak power with respect to pulse frequency. It can

be seen that the peak power is in the order of kilowatts even though the average power is
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Figure 2-2: The plot of the average power , Py, with respect to the pulse frequency
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Figure 2-3: The plot of pulse energy, £, with respect to the pulse frequency.
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Figure 2-4: The plot of peak power (left) and pulse intensity (right )with respect to the pulse
frequency.

less than 6.5W. The peak power of the laser pulses is responsible for the ablation of the
material. The peak power at 5K Hz pulse repetition rate is 28kW. Table 2.1 summarizes

the values of the parameters calculated for the laser used in this work.

Laser Parameter Value
Wavelength, A 532nm
Average Power, FPy,4 2.8W

Pulse Frequency, F), 5KHz
Pulse Duration, 7 ~ 20ns
Pulse Energy, F, 561uJ
Peak Power, P, 28kW

Table 2.1: The values of various parameters of laser source.
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2.2.2 Beam Delivery & Focusing Optics

The laser beam is delivered to the target material using a series of mirrors, lenses, and other
optical elements. First, the laser beam emitted from the source is expanded using a beam
expander. The diameter of the laser beam after the beam expansion is 10mm. The beam
is then allowed to pass through a variable attenuator, which is used to attenuate the laser
beam and control the energy dumped into the target. Finally, the laser beam is focused

onto the target using either a lens or a microscope objective.

Diameter of Focused Beam

For a T E Mgy mode laser focused using a thin lens, the intensity profile at the focal plane

has a Gaussian distribution and given by the equation [55]:

1oy (- 27) o9

0
where wy is the beam spot radius, defined as the distance at which the intensity I(wp) =
Ip/e* = 0.135Iy (2.2.2). The Gaussian intensity distribution has no obvious boundaries
to give it a characteristic dimension. However, the distance between the points where the
intensity has fallen to 1/e? = 0.135 of the maximum value is generally considered as the
diameter of the focused beam and contains 86% of the total power of the laser beam [57].
The value of the diameter of beam spot size, 2wy is given by the equation [57]:
A

2wp (Beam Spot Diameter) = 2.447 (2.10)

where A is the wavelength of laser beam, d is the beam waist, and f is the focal length of
the lens.

For the laser used in this work, the wavelength A = 532nm, beam waist (or aperture
diameter) d = 10mm, and focal length f = 100mm. The calculated focused spot size
2wy = 12.98um. The focused beam spot size 2wq is an important parameter in determining

the minimum achievable feature size in laser-micromachining.
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In addition to lens, microscope objectives can also be used for focusing the beam.
Generally, an infinity-corrected objective is desirable as it enables simultaneous laser
micromachining and imaging, and easy insertion of additional optical components. In an
infinity-corrected objective, the light effectively travels parallel to the optical axis. As a
result, additional optical components such as optical filters, polarizer and beamsplitters
can be inserted between the tube lens. To create an image with an infinity-corrected
objective, a tube lens must be used to focus the image.

The diffraction-limited spot size of a laser beam focused using a microscope objective is

given by the equation:

cm

1.22 % A\
2wg = ——— 2.11
0T N4 (211)
where A = wavelength of light and N A is the numerical aperture.
Intensity of Focused Beam
The average pulse intensity of the focused laser beam is given by the expression:
w Peak Power (W)
A Pulse Intensity, I = 2.12
verage Pulse Intensity, I (Z75) Focused Beam Spot Size (cm?) (2.12)

The peak power of the laser pulse at 5K Hz is 28W and the diameter of the focused
beam spot is w = 12.98um; therefore, the pulse intensity is 21.2GW/em?. The right y-axis
of figure 2-4 shows the variation of pulse intensity I, with respect to the pulse frequency.

The total power of the laser beam is given by the equation [55][58][59]:

00 2[
P = 27T/ rI(r)dr = % (2.13)
0
2P
— =y (2.14)
Twg
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Figure 2-5: Intensity profile of focused laser beam. The beam spot diameter is Iy = 21.2MW/em?
and the maximum intensity Iy = 21.2MW/em?.

As can be seen, the intensity of the central peak of a Gaussian beam is twice the average
intensity of the laser pulse. The peak power of the laser at 5K Hz pulse frequency is P =
28 KW (Table 2.1). Substituting this value in equation 2.14 along with 2wy = 12.98um
(2.2.2), we get Iy = 2I,, = 42.4GW/cm?. Figure 2-5 shows the intensity profile of the laser

beam.

Rayleigh length

The radius of the laser beam at a distance z from the focal plane is given by the equation:

w(z) = woy |1+ <Z>2 (2.15)

ZR

where zp is the Rayleigh length and defined as the distance at which the radius of the beam
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is wpv/2, and given by the expression:

zp = —2 (2.16)

For the laser used in this work, the Rayleigh length, Zr = 850um. The region |z| < zg

is known as the Rayleigh range.

2.2.3 Motion System

A 2-axis stage is used to move the target with respect to the laser to perform laser
micromachining. For each axis, the resolution is 0.250um, repeatability is 0.750um, and
accuracy is +/ — 2um. The maximum attainable speed is 250mm/s, and the maximum
attainable acceleration/deceleration is 10,000mm/sec?. It must be noted that the
practical limit on maximum attainable speed for micromachining MEMS parts is restricted

to 1mm/s or less due to their small size and limited acceleration/deceleration of the stage.

The feature size in laser micromachining process depends upon the laser energy dumped
into the target. This dumped energy is controlled by changing the pulse energy and the
overlap between the successive laser pulse exposure. For the system used in this work, the
focused beam spot size is 12um, and the minimum pulse repetition rate is 5K Hz, as a
result, the target is set to 1mm/s speed to ensure a pulse overlap of 20%. However, it must
be noted that due to the small size of the MEM systems and limitation on the maximum
attainable acceleration, the actual speed while machining sub-millimeter part is less than
1mm/sec, resulting in more energy dumped into the target than desired.

Using a galvanometer scanner is desirable instead of using a 2-axis stage. The
galvanometer can provide much higher feed rate, thereby enabling fabricating small
features by allowing fine control over the energy dumped into the target. Moreover, the
high feed rate can increase the micromachining rate. A typical 2-axis galvanometer mirror
can operate at 100H z frequency [60]. Assuming, the scan distance of 1mm, a feed rate of

100mm /s can be easily achieved.
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2.3 Summary

In summary, this chapter lays the foundation for the theory of laser micromachining, which
is used in next chapter to estimate the theoretical limit on the feature size of LAMPE
micromachining process. The value of laser parameters such as focused beam spot size,
pulse energy, and peak power determines the mode of laser micromachining, and must be
determined. The laser pulse energy above a threshold value results in pulsed laser ablation,
while the pulse energy below this threshold results in LAMPE micromachining. The
threshold value depends upon the material property, beam spot size, and laser pulse
duration. This chapter describes the experimental procedure and calculations used to
measure and derive these laser parameters for the system used in this thesis. This

parameters are summarized in table 2.1.
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Chapter 3

Laser-assisted Material Phase-change

& Expulsion

3.1 Introduction

One motivation of this thesis is to expand the material library for fabricating MEMS,
especially enabling fabrication using metals because they offer a wide range of mechanical
and electrical properties. Moreover, these properties can be tuned by the alloying process.
The ability to fabricate MEM systems using metals will empower new paradigms in
MEMS design. Moreover, the metal foils used for MEMS fabrication are low-cost and easy
to fabricate using roll forming process [61]. Unfortunately, the existing wet and dry etching
processes are isotropic and not suitable for fabricating high aspect ratio microstructures
required for making MEMS.

At a macro-scale, lasers are widely used for cutting metal sheets. In this process, laser
is used to melt the metal, and a high-pressure air jet is used to expel the melted material.
However, high-pressure jets cannot be employed at a micro-scale due to the delicate nature
of the laser micromachined structures. Due to this reason, laser micromachining utilizes
vaporization to remove the material. However, the vaporization process results in low aspect

ratio micromachining.
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The low aspect ratio in pulsed laser ablation micromachining utilizing vaporization is
due to several reasons. First, during the ablation process, the vaporized material creates
a plasma above the ablated region (figure 2-1). This plasma absorbs the laser, thereby
reducing the energy available for ablation. As the depth of ablation crater increases, the
laser absorption by plasma becomes significant, and laser energy available to the target is
no longer sufficient to process the material. This phenomenon limits the maximum depth

of micromachining achievable using the PLA laser-micromachining process.

Second, the aspect ratio depends upon the optical penetration depth of the material.
For metals, the absorption coefficient o > 10%¢m ™! [55], and the optical penetration depth,
1/« is in the order of a few nanometer. Therefore, the laser energy is confined to a very
thin layer on the surface, and the laser acts as a surface heat source. Due to isotropic heat
conduction, the surface heating of the metal results in an equal temperature gradient in all
directions, thereby resulting in approximately 1:1 aspect ratio of ablation profile. However,
it must be noted that for laser with Gaussian intensity distribution, the depth of the ablation

profile is larger than the width due to high intensity at the center of the Gaussian beam.

Third, the material vaporization also results in large melt-pool around the ablated region
(figure 2-1). This melted material is shifted by the high pressure escaping vapors, thereby

increasing the width of the ablation region.

This thesis presents a novel approach to laser micromachine material sheets to create
high aspect ratio structures significantly exceeding the optical penetration depth and thermal
diffusion length of the material. In the proposed approach, instead of using the vaporization
to remove the material, the metal is melted, and the liquid-metal is expelled through the
rear of the sheet utilizing pressure generated by vapor baubles formed at the laser-material
interface due to the partial vaporization of the material. The expelled material resolidifies
at the periphery of the micromachined part. This resolidified material is removed using the
developed electro-deburring process. The proposed approach, referred to as laser-assisted
material phase-change and expulsion micromachining or LAMPE micromachining can be

used to fabricate high aspect ratio structures with small lateral features.
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3.2 LAMPE

Figure 3-1 shows the schematic diagram of the LAMPE micromachining process. This
process is similar to laser cutting of thick sheets of metals. In the laser cutting of metals,
the laser is used to melt the metal (not vaporize) and a high-pressure air jet is used to expel
the melted material. However, in the LAMPE micromachining process, the metal is ejected

by the pressure generated from the vapor bubbles formed at the laser-metal junction.

A careful setting of laser power is required to achieve laser-assisted material-phase change
and expulsion process. The laser power below it would not result in partial vaporization
of the material, and no expulsion will occur. The laser power above it will result in the
creation of large melt-pool and complete vaporization, thereby increasing the feature size.
The value of laser power required for LAMPE micromachining can be estimated using Eq.
(3.6). It is empirically shown that the LAMPE micromachining process can result in lateral
feature size as small as the diffraction-limited spot size of the beam and the aspect ratio as
long as the Rayleigh length. It must be noted that the LAMPE micromachining process is

limited to fabricating high aspect ratio structure only in sheets.

The LAMPE micromachining process has several advantages over laser ablation
micromachining. First, the laser power required for LAMPE micromachining is
significantly lower than the power required for laser micromachining using vaporization.
The low power requirement is because the enthalpy of melting is less than the enthalpy of
vaporization. Moreover, the absence of vapor plasma (figure 3-1) results in no laser
absorption and the entire laser power is available for material processing. Second, the
thermal and mechanical shock exerted on the material during melting is less the thermal
and mechanical shock exerted on the material during vaporization. As a result, the
heat-affected zone (HAZ) in LAMPE micromachining is smaller than HAZ resulting in

vaporization.
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Material
melting and
expulsion

Figure 3-1: (a) Schematic diagram of LAMPE micromachining process illustrating fabrication
of high aspect ratio structures. (b) Image highlighting the melt region of the sheet. The melted
material is expelled downwards.
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3.2.1 Difference between PLA and LAMPE Micromachining

The differences between conventional laser micromachining utilizing pulsed laser ablation

and LAMPE micromachining process are as follows:

1. In conventional pulsed laser ablation (PLA) micromachining, the material is removed
using vaporization, and the mass of the target is reduced after laser micromachining
process. However, in the LAMPE micromachining process, the metal is melted, and
the liquid-metal is expelled through the rear of the sheet using the pressure generated
by vapor baubles formed at the laser-material interface. This expelled liquid-metal
resolidifies at the edges of the micromachined part. Thus, the mass of the target
remains unchanged. In LAMPE micromachining, the material is removed using the

electro-deburring process.

2. The laser fluence required in PLA micromachining is higher than the laser fluence
required in LAMPE micromachining process because the enthalpy of vaporization
is higher than the enthalpy of melting. The low fluence requirement for LAMPE

micromachining considerably reduces the cost of a laser source.

3. The conventional PLA laser micromachining process can be used to fabricate 2.5D
structures by raster scanning overlapping pulse irradiation spots [62][63]. However,

the LAMPE micromachining process is limited to micromachining material sheets.

4. The PLA micromachining produces lateral features larger than diffraction-limited spot
size because of the formation of large melt-pool around the ablation region. However,
as shown in section 3.4, the LAMPE micromachining can produce lateral features
as small as the diffraction-limited spot size. Figure 3-2 shows the lateral feature size
created using PLA and LAMPE micromachining process. As can be seen, the minimum
feature size produced in PLA micromachining is 28um and in LAMPE micromachining

is 8um.
5. In the conventional laser micromachining, the vaporized material creates a plasma
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above the ablation region. This plasma absorbs the laser beam, thereby reducing the
energy available for vaporization and limits the achievable depth of micromachining.

In contrast, no vapor plasma is formed in LAMPE micromachining, and the aspect

ratio is only limited by the Rayleigh length of the laser beam.

Figure 3-2: Comparison of lateral feature size (FS) produced in PLA and LAMPE micromachining.
Note that these parts are cleaned using the electro-deburring process, which is discussed in section
3.5. (a) Lateral features produced in pulsed laser ablation (PLA) micromachining. (b) Lateral
features produced in LAMPE micromachining.

3.3 Feature Size in LAMPE Micromachining

The minimum achievable feature size depends upon the focused beam spot size and laser
pulse duration. In a conventional pulsed ablation process, the material is removed through
vaporization, resulting in large melt-pool, plasma plum, and thermal shock on the material
lattice. As a result, the minimum feature size is much larger than the theoretical limit
[64][65][66]|62]. However, using the laser-assisted material phase-change and expulsion
(LAMPE) micromachining, feature size comparable to the theoretical limit can be
achieved. Moreover, using LAMPE micromachining, much higher aspect ratio can be

achieved than previously possible.
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Laser Parameter Value
Wavelength, A 532nm
Average Power, Fy,4 28mW
Pulse Frequency, F), SKHz
Pulse Duration, 7 ~ 20ns
Reflectivity of Copper, R 0.43
Pulse Energy, E, 3.2uJ
Peak Power, Py 280W
Beam Spot size, 2wq lum
Rayleigh Length, Zp 1.5um
Maximum Intensity, Iy of Focused Beam 71.5GW/cm?

Table 3.1: Laser parameters for LAMPE micromachining.

3.3.1 Experiment & Results

Figure 3-3 shows the minimum achievable feature size of 5um using LAMPE micromachining
process. This feature is created by irradiating a single pulse of laser with wavelength 532nm
and pulse duration 20ns on a copper target. The pulse energy is 5.6u.J, which is set by
reducing the original pulse energy of 561uJ to its 1 % value using an external attenuator.
The reflectivity of the copper target, R = 0.47; therefore, the effective energy available
for material processing is 3.2uJ. The laser beam is focused using a microscope objective
with numerical aperture NA = 0.65. The focused beam spot diameter is 1um, giving the
maximum intensity at the center of Gaussian distribution as Iy = 71.5GW/cm?. Table 3.1
summarizes the laser conditions used for LAMPE micromachining process.

The small feature size is possible in the LAMPE micromachining because the laser is
used to melt and expel the material, thereby eliminating the drawbacks of vaporization
present in the pulsed ablation process. The expelled liquid metal resolidifies at the rim
of the hole and can be removed using an electro-deburring process developed in this work
(section 3.5). Figure 3-4 shows the LAMPE fabricated hole before and after removing the
resolidified metal.

The next section describes the analytical model for the LAMPE micromachining

process. This model is similar to the pulse ablation model described in reference [55], with
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MIT 20.0kV 13.6mm x10.0k SE

Figure 3-3: A crater fabricated using LAMPE micromachining to demonstrate the minimum
achievable feature size. The diameter of the hole is 5um.

two major distinctions. First, the enthalpy of melting is used instead of enthalpy of
vaporization. Second, as there is no vaporization, the model excludes plasma formation,
laser absorption due to plasma, expansion of liquid and vapor, and hydrodynamic

expulsion of melted material.

3.3.2 Analytical Model

This section describes the theoretical model to estimate the minimum achievable feature size
in LAMPE micromachining and compares it with experiment results. As discussed earlier,
the LAMPE micromachining is performed on a copper target using a single pulse of laser

with pulse duration 20 nanosecond and wavelength 532nm.

The optical penetration of the laser beam inside material is given by the Beer-Lambert

law (eq: 3.1). Here, we can define a characteristic length, the optical penetration depth
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Figure 3-4: Electro-deburring of LAMPE micromachined crater. (a) Before electro-deburring. (b)
After electro-deburring,.

lo = 1/a, which is a measure of how deep the laser penetrates inside the material.

I(2) = Ipe™®* (3.1)

where I is the laser intensity at the surface, and « is the absorption coefficient of the
material.

For copper, the absorption coefficient at 532nm is ac, = 7.14 x 10°cm~! [55], and the
optical penetration depth is 14nm. As a result, the laser is absorbed only at the surface
and acts as a surface heat source. The absorbed heat further propagates to the bulk of the

material through thermal conduction and can be modeled using the heat diffusion equation:

oT
Py + pchVQT =0 (3.2)

where p is the mass density of the material, ¢, is the heat capacity of the material, T is the
temperature, and D is the thermal diffusivity of the material.

For the experiment described in section 3.3, the diameter of the focused spot, wyg = 1um
and the optical penetration depth [, = 14nm is much smaller than the dimensions of the
target (for the copper target, length,a = 10mm, width,b = 10mm, and thickness,t =
100pum) i.e.

49



wo,la < a,b,t

As a result, the laser surface source can be modeled as a point source in space and
the fundamental solution of (3.2), describing the evolution of temperature distribution with

time, is given by expression [55]:

. Q
T(E 1) ~ e 3.3
(1) pcp(47rDt)% oo < 4Dt> (3:3)

The solution above depicts 1/e decay of the temperature in space. For laser irradiation
with pulse duration 7;, we can define a thermal diffusivity length I, at which the temperature

reaches 1/e times the maximum value. Therefore, at |Z| = Ip

7
_ =1
4DT1

which gives the expression for thermal diffusion length as:

Ir =2/D7 (3.5)

The thermal diffusion length is a measure of minimum feature size achievable using the
LAMPE process. The thermal diffusivity D for copper is 1.14cm?/s. When the copper
target is processed with a single laser pulse of duration 7, = 20ns, the thermal diffusivity
length is 3.02um. Since the heat dissipates isotropically in all directions, the achievable
feature size is 2 X Iy + Beam Diameter = Tpum. As shown in 3-3, the feature size is less
than the theoretical value. This discrepancy could be due to ignoring the Gaussian intensity
distribution of the focused laser beam.

It must be noted that the expression for thermal diffusion length 7 given by (3.5) is
applicable only for a point source in space. For all other cases, the thermal diffusion length
U'r, defined as I'v = T(0)(1/e), depends upon the particular boundary conditions of the

problem and may differ significantly from equation (3.5).
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Threshold Fluence for LAMPE

The threshold fluence can be estimated by calculating the energy required to melt the
volume of the material covered by the thermal diffusion length. This volume, V}, can
be approximated as a hemisphere of radius Ip. If we ignore the heat loss due to surface
reflection, convention, radiation, and hydrodynamic material expulsion, the threshold pulse

energy is given by the expression:

Ein,, = pWTCp(Tm - Tamb) + PWTAHm (3.6)

where p is mass density, V;, is LAMPE micromachined volume, ¢, is specific heat capacity,
T,, is melting temperature, Ty,,; is ambient temperature, and AH,, is latent heat of fusion
(melting).

For copper, p = 8.94g/cm?, ¢, = 0.47J/gK at 1000K, T,, = 1357K, and AH,, =
200J/g. The ambient temperature is set to Ty = 298K and the volume Vj, = 5.76 x

10~ "em3. Substituting these values in equation 3.6, we get:

Eyp,, = 0.36.] (3.7)

The laser beam is focused using a microscope objective with numerical aperture
NA = 0.65 giving the focused beam spot diameter of 1uym. By diving the pulse energy
FE;p,,. by beam spot area, we get the threshold fluence Fyj,, = 4.6u.J/um?. For comparison,
an approximate estimation of pulse energy required for vaporization can be calculated by
substituting AH,, with AH, = 4700.J/g, which gives Ey,, = 3.04uJ. Note that the actual
pulse energy required for vaporization is much higher than this estimate due to the
absorption of the laser by plasma plume [55].

The pulse energy for LAMPE micromachining, Eraypr is greater than Ey, =~ and less
than Ejp,, , but closer to Eyp,,. The exact value can be determined empirically by performing
a series of experiments of varying pulse energy between Ey, —and Ey,, . As described in

section 3.3 for LAMPE micromachining, the pulse energy E, = 3.2uJ is selected such
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that it is greater than Ey, = 0.36uJ to ensure melting of the metal, and comparable to
Eyp,, = 3.04pJ to ensure partial vaporization to generate recoil force to expel the melted
material. It must be noted that the actual value Ey, is higher than 3.04u.J because of
heat loss due to convection, radiation, laser absorption by plasma, hydrodynamic material
expulsion.

When processing new materials, I suggest using the calculations shown above to estimate
the required pulse energy Erappr and fluence Frapypg for LAMPE micromachining and
use that as a starting point for further process development.

It must be noted that the material is largely melted (and only partially vaporized). This
hypothesis can be validated empirically by performing a series of dot array machining with
varying pitch distance. Figure 3-5 shows the micromachined dot array at pitch distance of
20pum, 10pm, and 5um. In figure 3-5(a), the machined dots are far apart, and the melted
metal is forced to expel upward, creating a crater. As the dot patterns overlap, the pulsed
laser ablation process involving vaporization to remove material results in a recess or 2.5D
micromachining [63]. However, the LAMPE micromachining process results in resolidified
slag as shown in figure 3-5(c). The slag is formed due to the mere shifting of the melted
material and resolidification when dots overlap. These findings confirm that in the LAMPE
micromachining process, there is minimal vaporization, and the micromachining process is

dominated by liquid-metal expulsion.

3.3.3 Numerical Simulation

This section describes finite elements analysis (FEA) of LAMPE micromachining to estimate
the minimum achievable feature size and compares it with the analytical model (section
3.3.2) and experiment results (section 3.3.1).

For finite element analysis, COMSOL multiphysics software is used [67]. The three-
dimensional heat diffusion equation is solved to determine the temperature distribution in
the material. Since the optical penetration depth of the laser is small (14nm), the source

term @ of the heat diffusion equation is set to @) = 0, and the laser heating is modeled as a
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Figure 3-5: Pulse exposure with varying pitch distance to confirm material melting & expulsion.
(a) & (b) Pitch = 20um, (c) & (d) Pitch = 10um, and (e) & (f) Pitch = 5um.
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surface heat source with Gaussian intensity distribution. Thus the intensity distribution is

given by the expression:

I(r) = Ioe:L’p< - Z;) (3.8)

0
where maximum intensity, Iy = 71.5GW/em? and the radius of the focused beam, wg =
0.5um (Table 3.1)
The laser-assisted material phase-change and expulsion (LAMPE) is modeled by adding
a phase-change (i.e., melting) heat flux thermal boundary condition to the heat diffusion
equation and removing the melted material from the modeling domain. The heat flux due

to melting can be modeled using the expression [68|:

where g, is heat flux due to material melting, 7T;, is the melting temperature and h,, is the

temperature-dependent heat transfer coefficient.

The value of h,, is zero below the melting temperature, and increases linearly above the
melting temperature. In COMSOL, h,,, is modeled as a ramp-function and the slope is set
such that the temperature of the material does not significantly increase above the melting
temperature. Finally, the material expulsion is modeled by assigning a velocity to the solid

boundary. This velocity is given by the expression:

P da
" pAH,,

(3.10)

where vy, is the material melting velocity, p is the material density, and AH,, is enthalpy

of fusion.

The heat diffusion equation is solved for the duration of the laser pulse (20ns). Figure
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3-6 shows the LAMPE micromachining profile of copper using a single pulse of laser. The
LAMPE process is isotropic, and the minimum achievable feature size is of the order of
5um. This results agree with the analytical estimates ( 3.3.2) and the experimental findings
(3.3.1). The next section describes fabricating high aspect ratio (HAR) microstructures

using the LAMPE micromachining process.

3.4 LAMPE High-Aspect-Ratio Micromachining

We saw in the previous section that short laser pulses can be utilized to melt, partially
evaporate, and expel the material. The analytical model, along with process development,
can be used to empirically estimate the pulse duration and threshold pulse energy EranpEe
required for achieving laser-assisted melting and expulsion.

The high aspect ratio machining is achieved by setting the pulse energy to Ey, to ensure
melting and expulsion, and using the laser to gradually melt the vertical face of the laminate
(shown in figure 3-1(b), and expel it downwards. The expelled material resolidifies at the
rear of the sheet, as shown in figure 3-8. This process is similar to laser-cutting at macro-
scale where metal is melted and expelled using the high-pressure air jet. However, in the
LAMPE process, the material is expelled using the pressure generated by vapor baubles

formed at the laser-material interface due to the partial vaporization of the material.

Figure 3-7 shows the 10um wide micro-slights fabricated using LAMPE micromachining
on a 100um thick copper sheet. The high aspect ratio (HAR) structure is fabricated using
the pulse energy of 56uJ, which is set by reducing the original pulse energy of 561uJ to
its 10% value using an external attenuator. The reflectivity of the copper target, R = 0.47;
therefore, the effective energy available for material processing is 32uJ. The laser beam is
focused using a 100mm focal length lens and the focused beam spot diameter is 12.98um.

Table 3.2 summarizes the laser conditions used for the LAMPE micromachining process.

In the LAMPE micromachining process, the expelled metal resolidifies at the edges of the

micromachined part creating micro-burrs. Figure 3-8 shows the SEM image of the backside
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Figure 3-6: Simulation of LAMPE micromachining of copper. (a) Isometric view of ablated profile,
and (b) Side view of the ablated profile showing crater width and depth.
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Laser Parameter Value
Wavelength, A 532nm
Average Power, P,y 280mW
Pulse Frequency, F), 5KHz
Pulse Duration, 7 ~ 20ns
Reflectivity of Copper, R 0.43
Pulse Energy, F, 32uJ
Peak Power, P 2.8kW
Beam Spot size, 2wy 12.98um
Rayleigh Length, Zp 850um

Table 3.2: Laser parameters for LAMPE micromachining high aspect ratio (HAR) features.

MIT 20.0kV X200 SE ! MIT 20:0kV X600 SE

Figure 3-7: High-aspect-ratio microfabrication using LAMPE micromachining. (a) 10um wide
micro-slits fabricated on 100um thick copper sheet using LAMPE micromachining. (b) Magnified
image showing the dimension of the micro-slit.
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Figure 3-8: SEM image of the backside of the LAMPE micromachined copper sheet showing
resolidified melt ejects.

of the LAMPE micromachined copper sheet, displaying the micro-burrs. These micro-burrs
must be removed from the laser micromachined part to make them suitable for MEMS
fabrication. The next section describes the developed electro-deburring process to remove

these micro-burrs.

3.5 Electro-deburring of LAMPE Micromachined Parts

The LAMPE micromachining process can create small lateral features with high aspect
ratio. However, the micromachined parts suffer from resolidified micro-burrs. These burrs
pose two difficulties in making MEMS. First, in a typical MEM system, microstructure parts
are very close to each other (typically as close as 5um — 10um), and often held at a different
electric potential. For example, in an electrostatic comb-drive actuator, the comb fingers are
kept close to each other to increase the electrostatic force of attraction and a bias voltage is

applied between the fingers. The protruding burrs can create electric contact between these
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fingers. Second, the sharp metal protrusion can generate field-emitted electrons resulting in
the dielectric breakdown of air, thereby causing damage to the MEM system [69].

Removing the burrs in MEMS microstructures is challenging due to two reasons. First,
macro-scale deburring processes such as physical scrub and abrasive jet can not be utilized
for MEMS structures due to their small size and delicate nature. Second, at macro-scale,
etching process can etch the burrs without significantly affecting the dimensions of the
parts. However, in MEMS parts, the burrs and the features are of the same order, and these
methods result in significant etching of the parts.

This thesis develops a procedure to remove micro-burrs without affecting the MEMS
microstructures. The process setup is similar to electropolishing process and utilizes the
high-voltage regime. Figure 3-9 shows the polarization curve for copper electropolishing in
phosphoric acid. As can be seen in figure 3-9, the current first increases linearly followed by
a plateau and then increase linearly again. In the plateau region and beyond, the current
density is uniform across the surface of the part due to the saturation of mass transport

species [70], resulting in saturation of etch rate.
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Figure 3-9: Polarization curve of copper in phosphoric acid [70]
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The burrs produced in LAMPE micromachining process have two interesting properties;
first, these burrs have sharp features and large surface area, and second, they are located at
the edges of the micromachined parts. The current density is higher near the burrs due to two
reasons: first, the burrs have sharp features, and second, they are located at the edges where
the current density is higher. As a result, the electric field and the available mass transport
spices are high at the burrs, resulting in a high etch rate. When the cell voltage is increased
beyond the electropolishing voltage, the etch rate at the burr increases significantly; however,
the etch rate at the other area remains the same due to saturation in the etch rate. Using
this phenomenon, the burrs can be selectively etched without significantly affecting the
dimensions of the micro-parts.

Figure 3-10 shows performing electro-deburring of copper in 14M phosphoric acid at 5V
for 30 seconds. For certain application, electro-deburring can be followed by electroplating
of gold to avoid surface oxidation.

Figure 3-11 shows the high aspect ratio interdigitated fingers fabricated using the
LAMPE micromachining. Such small features and high aspect ratio were previously
achievable only using deep reactive ion etching (DRIE).

It must be noted that for MEMS that does not require small lateral-features and high
aspect ratio, traditional pulsed laser ablation (PLA) micromachining in conjunction with

the electro-deburring process can be used for MALL MEMS fabrication.

3.6 LAMPE Micromachining of Silicon

3.6.1 Introduction

Silicon is widely used as a mechanical material for fabricating MEM systems [71].
Conventionally deep reactive ion etching (DRIE) of silicon is used to fabricate MEMS [72].
However, DRIE tools are expensive and require expensive etching gases. The LAMPE
micromachining is an attractive alternative for manufacturing high aspect ratio (HAR)

microstructure silicon laminates. Moreover, these LAMPE micromachined silicon
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Figure 3-10: Electro-deburring of LAMPE micromachined parts to remove micro burrs. (a) Before
electro-deburring. (b) After electro-deburring.
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Figure 3-11: High aspect ratio interdigitated fingers fabricated using the LAMPE micromachining.
(a) Low-magnification image showing the interdigitated fingers. (b) Magnified image of the fingers
showing 10:1 aspect ratio. The lateral feature size is 10um.
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Figure 3-12: Pulsed laser ablation (PLA) of silicon using 20ns long laser pulses. (a) Ablation
profile created by a 5.6uJ pulse. The diameter of the crater is 9.51um and it is 3.29um deep. (b)
Ablation profile created by a 56u.J pulse. The diameter of the crater is 18.6um and the depth is
6.8um.

laminates in conjunction with the MALL process, can be used to make MEM systems.

The absorption coefficient of silicon at 532nm is ag; = 9 x 103em ™! [55]; therefore, the
optical penetration depth is [, = 1um. Due to the shallow penetration depth, the laser can
be modeled as a surface heat source, and the temperature distribution can be determined
by solving the heat diffusion equation. Figure 3-12 shows the finite element analysis (FEA)

of heat distribution in the pulsed laser ablation process.

When the temperature reaches the boiling point of the silicon, the material is vaporized,
forming an ablation creator. Figure 3-12 (a) & (b) show the ablation profile created by
a single laser pulse of energy, 5.6uJ and 56uJ, respectively. The ablation profile shown
in figure 3-12 agrees with the features reported in literature [73]|74][75]|76][77][78]|79]. The
aspect ratio is limited due to small optical penetration depth and small heat diffusion length.
Although multi-pulse ablation can be used to increase the aspect ratio, the saturation depth
is quickly reached because of the inefficient removal of material due to narrow space and the
absorption of the laser by vapor plasma. Due to the large lateral features and low aspect
ratio, the application of laser-micromachining silicon has been largely limited to drilling

holes and wafer dicing.

Karnakis et. al. [80] reported micromachining silicon with small lateral features in the

63



order of 10 — 20um and high aspect ratio exceeding the optical penetration depth. The
high aspect ratio has been attributed to a homogeneous bubble nucleation phase explosion
mechanism [80][81]. This thesis shows further reducing the lateral features down to
diffraction-limited spot size and increase in aspect ratio using the LAMPE micromachining
process. In the LAMPE process, first, the silicon is converted into silicon oxide using laser
(i.e. induce phase-change), and next, the silicon oxide is expelled from the rear of the
wafer using the pressure generated from vapor baubles formed at the laser-silicon interface

due to partial vaporization of silicon.

When silicon is irradiated with low power laser in the oxygen environment, it converts
to silicon oxide without resulting in any ablation. The absorption coefficient of SiOs is
a < lem™! [55]; therefore, the optical penetration depth is I, > lem. Since the absorption
coefficient of silicon oxide is low, the newly formed silicon oxide transmits the large
percentage of the laser energy, which further oxidizes the silicon beneath. In this manner,
a high aspect ratio structure much longer than the optical penetration depth of silicon can
be oxidized. Figure 3-13 shows the laser-assisted oxidation of silicon. As can be seen, the
oxidation length far exceeds the optical penetration depth. The oxidation of the silicon can
be verified by using an optical microscope and energy-dispersive x-ray spectroscopy (EDS)

image as shown in figure 3-14

The successive oxidation of silicon takes place until the bottom of the wafer is reached.
The oxidized silicon is in granular form and loosely bound to the silicon wafer. As a result,
the small recoil pressure generated by partially vaporized silicon is sufficient to expel the

granular silicon oxide from the bottom of the wafer, resulting in micromachining.

The maximum achievable aspect ratio is limited by two factors. First, the oxidized
silicon exists in granular form and the effective absorption coefficient of granular oxide is
larger than bulk silicon oxide due to light scattering. Second, the silicon oxide is expelled
only when the oxidation is reached to the bottom of the wafer. As a result, for thick wafers,
the attenuation could be significant to stop oxidation before the rear of the wafer is reached,

thereby resulting in no micromachining. The aspect ratio in LAMPE micromachining could
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Figure 3-13: The cross-section image showing laser assisted oxidation of silicon. As can be seen,
the laser assisted oxidation can significantly increase the "effective optical penetration depth".

be further increased by performing the micromachining in HF vapor. The HF vapor can

facilitate the selective removal of silicon oxide by forming gaseous SiFy.

3.6.2 Numerical Simulation

The time evolution of the increase in "effective optical penetration depth" due to oxidation
of silicon can be simulated using finite element analysis. The intensity of the laser beam
is reduced to 10% of the intensity using an external attenuator, and the reduced peak
intensity is Iy = 4.2GW (see figure 2-5). The radius of the focused beam is wy = 6.48um.

The Gaussian intensity profile of the beam is given by the equation:
I(r) = (1 — R)4.2GW 2r° (3.11)
r)=(1- . exp| — —— :
P 6.484m?

Beer-Lambert law is used to model the absorption of the laser. The phase-change from

silicon to silicon oxide is modeled by changing the absorption coefficient of the material
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Figure 3-14: The optical microscope image confirming the oxidized silicon. The energy dispersive
x-ray spectroscopy (EDS) image shown in the inset further confirms the present of silicon oxide.
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after phase-change and by introducing a heat flux due to oxidation. Figure 3-15(a) shows
the temperature profile in silicon during conventional pulse ablation. Figure 3-15(b) shows
the distribution of the temperature in silicon when silicon oxidation and change in absorption
coefficient is taken into account. It can be seen in figure 3-15(b) that the oxidation of silicon
significantly increases the "effective optical penetration depth". Note that the expulsion of

the material is not simulated due limitation of the FEA package.

3.6.3 Results & Discussion

Figure 3-16 shows the comb micro-structure fabricated using LAMPE micromachining of
silicon. The LAMPE micromachined silicon structures reported in this thesis are comparable
to the structures fabricated using deep reactive ion etching (DRIE) [82].

The laser fluence required for the LAMPE micromachining process is much lower than
the pulse ablation micromachining. As a result, the described process significantly reduces
the power requirement of laser source and could be an attractive method to prototype silicon
MEM systems. It must be noted that since the material is expelled from the rear of the

substrate, the LAMPE micromachining is limited to fabricating lamina microstructures.

LAMPE Micromachining Rate

The machining rate in LAMPE micromachining process is given by the expression:

nwot f
N

LAMPE Micromachining Rate = (3.12)

where n = distance between the neighboring irradiation spot/laser beam diamter and
generally set to n = 0.25, wq is the diameter of focused laser beam, ¢ is the thickness of
the wafer, f is the micromachining feed rate, and N is the number of passes required to
completely remove the material. For the LAMPE micromachining of silicon described above,
the wafer thickness is ¢ = 50um, and the laser beam spot diameter is wy = 10um, and it is

empirically determined that n = 0.25, f = 60 mm/min, and N = 10. Substituting these
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Figure 3-15: (a) Simulation of pulsed laser ablation of silicon, and (b) Simulation of LAMPE
micromachining of silicon.
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Figure 3-16: Examples of high-aspect-ratio microstructures fabricated using LAMPE
micromachining of silicon. (a) Low-magnification image showing fabricated interdigitated finger
structures. (b) High-magnification image showing the distance between the fingers.
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values in (3.12), we get LAM PE Micromachining Rate = 7.5 x 10°um?/min.

3.7 Conclusions

This chapter concludes that laser micromachining, utilizing the LAMPE process, can
fabricate high aspect ratio structures with lateral features as small as the
diffraction-limited spot size of the laser. Previously, fabricating such high aspect ratio
structures with small lateral features was not possible using any fabrication process

(including the pulse laser ablation micromachining).

In the LAMPE process, the laser is used to melt and shift the material, and then the
shifted material is removed utilizing the electro-deburring process. Using this process, high
aspect ratio structures are fabricated by utilizing the laser to melt the vertical face of the
sheet and expelling it downward (shown in figure 3-1(b)), and then removing the expelled
material using electro-deburring. Using the LAMPE process, I have shown fabricating 10:1

aspect ratio structures with lateral feature size of 10um.

The LAMPE micromachining process can also be used to fabricate high aspect ratio
(10:1) structure in silicon with lateral features as small as 10um. In the LAMPE
micromachining of silicon, the laser is used to turn silicon into granular silicon oxide. The
silicon oxide is then removed by the pressure generated by vapor bubbles formed at the
laser-silicon interface. It must be noted that no deburring is required for silicon as the
oxide is in the powder phase and gets expelled from the silicon substrate. Although similar
features can be produced using deep reactive ion etching (DRIE), the LAMPE
micromachining of silicon enables low-cost fabrication and rapid prototyping.

The LAMPE process can be implemented by using the appropriate laser power and
pulse duration. The appropriate laser power required for LAMPE micromachining can be
calculated using the procedure described in section 3.3.2. Similarly, the laser pulse duration
can be estimated using the eq. (3.5), for a desired lateral-feature size. However, it must be

noted that some degree of process development is required to achieve the minimum feature
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for a given aspect ratio.

The main advantage of the LAMPE process is that it enables high aspect ratio
machining that was not achievable previously. Moreover, the laser power required for
LAMPE micromachining is less than the laser power required for pulsed laser ablation
micromachining. The main disadvantage of the LAMPE process is that it only allows
micromachining material laminates. In other words, the LAMPE process can not be used

to fabricate 2.5D structures.
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Chapter 4

MALL MEMS Fabrication

The MALL MEMS fabrication process consists of two steps. First, the individual layers
of the MEMS are fabricated using laser micromachining. Second, these layers are stack
assembled and bonded to construct the MEM systems. In the previous chapter, I showed
fabricating microstructure laminates using the LAMPE micromachining process. In this
chapter, I will show assembling these microstructure layers to fabricate the MEM systems.
Further, I will demonstrate fabricating a comb-drive actuator and a MEM relay using the
MALL fabrication method. Section 4.1 describes the multi-lamina assembly process used to

align and bond the laminate layers.

Section 4.2 describes fabricating a comb-drive actuator using copper as a structural
material. The comb-drive actuator is selected because the interdigitated comb finger
structure is an essential building block in many MEM systems such as optical shutters [21],
micro-grippers [83], microengines [84], accelerometer [22], resonators [23], and
electromechanical filters [24]. The ability to fabricate interdigitated comb finger structures
using copper can significantly reduce the cost of these MEM systems. Moreover,
fabricating comb fingers is challenging because it requires high aspect ratio structures with
small lateral features. Previously, comb fingers with comparable features and aspect ratio
could be fabricated from silicon alone using the lithography-based deep reactive ion

etching (DRIE) process [28|. However, in this thesis, I will demonstrate fabricating these
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structures using the LAMPE micromachining process.

Section 4.3 describes fabricating a MEM relay using the MALL fabrication process.
These MEM relays could be used for high-current switching applications. Finally, section
4.4 shows fabricating a high-aspect-ratio diamond rotor for enhancing the resolution of

magic-angle spinning nuclear magnetic resonance spectroscopy (MAS-NMR).

4.1 Multi-Lamina Assembly

The second step in the MALL process is to stack assemble the LAMPE micromachined
laminates to fabricate MEM systems. For many MEMS, the alignment accuracy better
than a few micrometers is desirable. Mechanical alignment of laminates using dowel pins
and alignment holes is widely used in precision macro-fabrication. This method is employed
to align and bond microstructure laminates. The alignment accuracy exceeding 2.5um is
demonstrated using the method.

Figure 1-4 shows the schematic diagram of the alignment-pin and alignment-hole
assembly process. The precise hand-assembly is carried out under an eyepiece-less stereo
microscope with long working distance and large depth of focus [85]. The microscope uses
multi-lenticular technology to provide true depth perception, which aids in hand-to-eye
coordination; as a result, facilitating the micro-assembly process.

Four precision-ground alignment pins with 508um diameter are used for alignment. The
clearance between the alignment pin and alignment hole determines the alignment accuracy
and must be minimized. For a given alignment pin, first, a series of holes is micromachined
(figure 4-1(a)). Subsequently, the alignment pins are inserted and the clearance between
the pin and the hole is measured (figure 4-1(b)). Finally, laser micromachining setting for
the hole that gave the minimum clearance (figure 4-1(c)) is used to micromachine alignment
holes.

To characterize the alignment accuracy, two layers with alignment marks are assembled

and bonded. The bonded layers are illuminated from the rear, and the alignment marks
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Figure 4-1: (a) Micro-assembly of discrete lamina sheets using alignment pins. (b) Alignment pin
inserted inside the alignment hole. (¢) The clearance between the alignment pin and the alignment-
hole. (d) SEM image of aligned alignment marks, showing alignment accuracy down to 2um . The
inset shows the black-lit optical image of an alignment of marks.



are studied using an optical microscope. The inset of figure 4-1(d) shows back-illuminated
light transmitting through the two aligned marks. The width of the slit is 10um, and the
overlap between the two aligned markers is better than 75%. As a result, it can be concluded
that the alignment accuracy is better than 2.5um. The alignment accuracy can be further

improved by creating passive alignment features in laminates [86](87](88].

The aligned layers are bonded using Dupont FR1500 and 3M thermal bonding film 583
adhesive sheets. For adhesion, the Dupont FR1500 is cured at 185°C for 5-20 minutes,
depending upon the device design. Similarly, the 3M thermal bonding film 583 can be
bonded by using pressure, applying solvent or heating at 120°C. In some devices, it is
desirable to first tack bond the adhesive sheet to one layer, and then attach another layer
and perform complete cure for lamination. For tack bonding, the FR1500 sheet is cured at

120°C for 10 minutes, and 3M thermal bonding film 583 is pressure or solvent activated.

4.2 Comb-Drive Actuator

4.2.1 Design

Figure 4-2 shows the design of a comb-drive actuator. It consists of two sets of comb fingers.
The width of each finger is 30um, and the length is 150um. The distance between the two
sets of fingers is 10um. One of the finger structure is fixed while the other finger structure
is connected to a compliant suspension spring. The suspension spring uses a folder-flexure
design to minimize the side-pull between the fingers and maximize the lateral displacement
[89]. The length of the beam is 1.66mm, and the width is 20um. The thickness of the fingers
and suspension spring is 100um. Lastly, the device is made of copper, and a 100um thick
aluminum oxide ceramic sheet is used as the insulating substrate. Table 4.1 lists the design

parameters of the comb-drive actuator.

The spring constant of the folded-flexure design in the lateral direction is given by the
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Figure 4-2: (a) Schematic diagram of the comb-drive actuator. (b) Diagram showing design
parameters . These parameters are listed in Table 4.1.
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Design Parameters Value

Young’s Modulus, F 128G Pa (Copper)
Beam Thickness, h 100pm

Beam Length, L 1.66mm

Beam Width, b 20pum

Spring Constant, k 44.8N/m

Comb Finger Length, Lg 150pm

Comb Finger Width, Wg 30um

Comb Finger Gap, g 10pum

Number of Fingers, n 46

Applied voltage and corresponding displacement @280V, d = Tum

Table 4.1: Values of the design parameters for comb-drive actuator design.

expression [89):

_ 2ER

k e

(4.1)

where E is Young’s modulus, h is the thickness of beam spring, b is the width of the beam
spring, and L is the length of the beam spring. Substituting the values of E, h, b and L

from table 4.1, we get the spring constant of the folded-flexure spring as 44.8N/m.

The electrostatic tangential force, F' between the fingers is given by the expression [89]:

. n€0hv2
g

F (4.2)

At equilibrium, the electrostatic force is balanced by the spring force; as a result, the

equilibrium displacement at voltage V is given by the expression:

n60hv2
_ 4.3
y kg (4.3)

The calculated value of displacement at V = 280V is 7um.
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Figure 4-3: Fabrication of comb-drive device layer using LAMPE micromachining of copper:
(a) Optical microscope image showing micro-burrs present in LAMPE micromachined part. (b)
Magnified image showing micro-burrs present between the fingers. These burrs result in short-
circuits between the two sets of fingers.

4.2.2 Fabrication

The fabrication of the comb-drive actuator consists of two steps. The first step is to fabricate
the individual layer of the device using the LAMPE micromachining process. Figure 4-3(a)
shows the optical microscope image of the LAMPE micromachined copper sheet containing
the comb-drive device structure. As can be seen in figure 4-3(a), the micromachined part
suffers from carbon deposits and micro-burrs. The micro-burrs result in electrical contact
between the two sets of comb fingers (4-3(b)) and must be removed.

The micro-burrs are removed using the electro-deburring process described in section
3.5. The electro-deburring process is carried out in phosphoric acid, and the LAMPE
micromachined part is used as the anode while another copper sheet is used as a cathode.
The electro-deburring is carried out at 5V for 30 seconds. Figure 4-4(b) shows the SEM
image of the comb-drive structure after removing the micro-burrs.

A 100pm thick aluminum oxide sheet is micromachined and used as an insulating
substrate. Prior to micromachining the aluminum oxide substrate, a 50um thick stage-B
epoxy adhesive film is bonded to it. This adhesive layer is later used to bond the copper
device layer with the aluminum oxide substrate layer. Figure 4-5 shows fabricated layers of

the comb-drive actuator. For every layer,alignment holes are machined, in addition to the
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Figure 4-4: Electro-deburring of LAMPE micromachined comb-drive structure to remove the
micro-burrs between the fingers. (a) Before electro-deburring. (b) After electro-deburring showing
clean comb-drive fingers.
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Figure 4-5: Layers of the comb-drive actuator fabricated using LAMPE micromachining. The
copper layer is used for the device, and the aluminum oxide layer is used for the substrate layer.

device structure. These alignment holes are subsequently used for multi-lamina assembly.
The second step in the MALL MEMS fabrication method is the multi-lamina assembly

of laser-micromachined laminates. This assembly process is described in section 4.1. Once

the layers are bonded (figure 4-6(a)), the device is cut out from the laminate structure using

laser cutting (figure 4-6(b))

4.2.3 Results & Discussion

Figure 4-7 shows the fabricated comb-drive actuator. The gap between the comb-drive
fingers is 10pum, and the thickness of the beam spring is 20pum (figure 4-8). The gap between
the fingers can be further reduced by reducing the thickness of the copper layer.

For measuring the displacement of the comb-drive actuator, a bias voltage is applied
between the two sets of comb-drive fingers and the displacement is observed with an
optical microscope. As the bias voltage is gradually increased, small movement in the
fingers is observed. At approximately 280V, the two sets of fingers make electrical
connections, resulting in oscillation (the oscillation is observed because when the fingers

make electrical contact, the electrostatic force is inactive and fingers are pulled apart by
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Figure 4-6: (a) Assembled and bonded layers of comb-drive actuator. (b) The device cut-out from
the laminated layers using laser cutting.

Figure 4-7: SEM image of the fabricated comb-drive actuator.
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Figure 4-8: Features of the fabricated comb-drive actuator. (a) The distance between the
electrostatic-comb fingers is 10pm. (b) The width of the micro-beam is 20um.

the beam spring. However, immediately after the fingers are disconnected, the electrostatic

force gets activated, pulling back the fingers together).

Figure 4-9(a) shows a small displacement of the comb-drive finger just before the
oscillation begins, and the bias voltage is 280 + 10V. As can be seen, this small distance is
difficult to measure. Figure 4-9(b) shows the digitally magnified image of the fingers. The
distance between the fingers is 10um (figure 4-8), using this distance as the reference, it
can be estimated that the displacement of the finger is approximately 4 — 6um. However,
precise measurement inside a scanning electron microscope is required to accurately

measure the displacement of fingers.

As can be seen in figure 4-8(a), the surface of the comb-drive fingers is not smooth and
small protrusions, and recess exist at the surface. These protrusion and recess can increase
or decrease the distance between the fingers, thereby changing the finger displacement, d.
The size of these protrusion or recess are on average 1um, resulting in the error bounds
in the gap, g = 9.34 £ 2um. This error bound in the gap results in the error bound in
displacement equal to d = 6.7 — 8.8um. These estimates are close to the measured value
of 4 — 6um. The small discrepancy could be due to incorrect measurement of displacement

derived from figure 4-9.

The displacement of the comb-drive fingers can be increased by increasing the length of
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Figure 4-9: Displacement measurement of comb-drive actuator fingers. (a) Small displacement
of bottom comb-drive fingers observed at 280 + 10V. (b) Digitally magnified image showing the
displacement of fingers. The displacement is approximately 4m — 6um

the beam springs (or reducing the spring constant). Moreover, a vapor-deposited parylene

coating could be used to avoid the electrical connection between the fingers.

4.2.4 Time Required for First Prototype

The MALL MEMS fabrication process significantly shortens the time require for fabricating
the first prototype. This fact is illustrated by using the example of the comb-drive actuator
fabricated in this section. The first step in the concept to creation cycle is to design the
device and select the desired fabrication material. Once the design and the material is

finalized, the next step is to determine the laser micromachining parameters required to

83



micromachine the material sheet of a given thickness.

For determining process parameters, a micromachining pattern containing horizontal
and vertical lines of varying width is used as a test pattern. Multiple instances of this test
pattern are micromachined at various laser power, laser frequency, feed rate, and pulse
duration (in this work, the pulse duration is fixed to 20 ns). These micromachined
patterns are inspected in a scanning electron microscope, and the pattern with smallest
feature is determined and the laser micromachining setting corresponding to this pattern is
used for device micromachining. The laser micromachining process development time for a
new material or sheet thickness is about 6 hours. The determined laser micromachining
parameter is used fabricate the comb-drive structure. Depending upon the design, this
process can take anywhere between few minutes to one hour. For this estimate, it is

assumed that it will take one hour to micromachine the whole device.

The next step is to perform electro-deburring. For electro-deburring, the information
about the required electrolytic solution can be derived from here [90]. The laser
micromachined part is used as the anode, and another piece of same metal is used as the
cathode. The information about the electropolishing voltage can also be derived from
reference [90]. As discussed in section 3.5, the electro-deburring voltage must be greater
than the electropolishing voltage to ensure selective etching burrs. Some degree of process
development may be required for new material, but any voltage above electropolishing
voltage results in electro-deburring. Often the easiest option to increase the voltage until
the bubbles start to appear at the anode, and perform electro-deburring at this voltage.
Generally 30 seconds are enough to completely remove the burrs. For this estimate, it is

assumed that the electropolishing process will take total of one hour.

The final step is to align and laminate the individual device layer. This thesis uses
Dupont FR1500 and 3M thermal bonding film 583. These adhesive films are very well studied
and do not require any process development. Therefore, the bonding can be performed in a

total of one hour (30 minutes of handling and 30 minutes of the adhesive curing cycle).

The total time required in fabricating the first prototype is approximately 10 hours. It
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must be noted that if the fabrication material remains the same, testing new MEMS device

takes approximately 4 hours.
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4.3 Micro-Electromechanical Relay

4.3.1 Design

The design of the MEM relay is shown in figure 4-10(a). It consists of a movable actuator
electrode anchored to the substrate with two cantilever beams. Below the actuator electrode,
there are three fixed electrodes. These three electrodes are gate, input, and the output
contacts (figure 4-10(b)). The square base of the actuator electrode and the square gate
electrode below it form an electrostatic parallel-plate actuator. When a voltage is applied
between the actuator electrode and the gate electrode, the actuator electrode is pulled-down
due to electrostatic attraction.

A moving electrical contact is attached to the actuator electrode via 12um thick dielectric
layer as shown in the inset of figure 4-10. Figure 4-11 shows the bottom view of the actuator
electrode and displays the movable contact as well as the dielectric layer. The dielectric
layer acts as an insulator between the actuator electrode and the movable contact (figure
4-10(a)), as well as between the actuator and the gate electrode.

The movable contact, input contact, and output contact are separated by a small air gap,
as shown in the inset of figure 4-10(a). The input and output contacts are fixed while the
movable contact is free to move. When a voltage is applied between the actuator electrode
and the gate electrode, the actuator electrode is pulled-down towards the gate. As a result,
the movable contact makes an electrical connection simultaneously with input and output
contacts, completing the electrical connection between the input and output electrode and
turning ON the relay. When the voltage is removed, the actuator electrode returns to its

original position due to the restoring force of the beam springs.

Design Parameters

Figure 4-12 shows the design parameters of the MEM relay. The length of the beam spring
is Lg = 1mm, and the width is Wg = 20pum. The length, L 4 and width, W4 of the square

base of the actuator electrode is 1mm , and width of the movable contact, W¢ is 500um.
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Figure 4-10: Schematic diagram of the micro-electromechanical (MEM) relay. It consists of two
layers: (a) Top layer containing actuator electrode, beam springs, and movable contact (inset) (b)
Bottom substrate layer containing gate, input, and output electrodes.
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Figure 4-11: The bottom view of the actuator electrode showing movable contact and the insulating
polyimide layer. The polyimide layer is used as an insulating layer between the actuator electrode
and movable contact, and between the actuator electrode and the gate electrode.
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Figure 4-12: Schematic diagram showing design parameters of the the MEM relay. These
parameters are listed in Table 4.2

The actuator electrode and movable contact are fabricated by LAMPE micromachining
18um copper sheet, and the dielectric layer between the two sheets is 12um thick polyimide.
The distance between the movable contact and input/output contact is 25um. The distance
between the gate electrode and actuator electrode is 55um, which is the sum of polyimide
thickness (12pm), movable contact thickness (18um), and the distance between movable
contact and input/output contacts (25um). Table 4.2 summarizes the design parameters of

the MEM relay.

Analytical Model

The spring constant of a cantilever beam is given by the equation [91]:

_ 3EI

k="--
Lg?

(4.4)

where I = Wgh3/12, h is the thickness, a is the width of the beam, [ is the length of the
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Design Parameters Value
Young’s Modulus of Copper, E 128G Pa
Beam Length, Lp 1000pum
Beam Width, Wp 20pum
Beam Thickness, h 18um
Actuator Length, L4 1000pm
Actuator Width, Wy 1000um
Gap between Actuator and Gate, d 55um
Pull-in Voltage, Vpy 256V

Table 4.2: Values of the design parameters for MEM relay.

beam, and E' is Young’s modulus of the material.

For the given design, two beam springs are connected in parallel, therefore, the effective

spring constant

kepr =2k (4.5)

Substituting the beam spring design parameters (table 4.2 ) in equation 4.4 and equation

4.5, we get the effective spring constant kepr = 7.5uN/pum.

The actuator electrode can be modeled as a parallel-plate capacitor actuator with one
plate fixed while the other plate connected to a beam spring with spring constant k.
When a voltage V' is applied between the two plates, the attractive force between the plates
is balanced by the restoring force of the beam spring. If d is the distance between the plate
at zero bias and x is the distance at bias V', then the force on the actuator plate is given by

the equation [91]:

€0A

1
F= -0
2 (d—x)?

& (4.6)

where ¢ is the permittivity of free space and A is the area of the parallel plates of the

capacitor. The electrostatic force F, is balanced by the restoring force of beam spring, and

90



the displacement at a particular bias voltage can be calculated by solving the equation:

€A

1
imv2 — .Ik‘eff =0 (47)

The equation 4.7 can be used to derive the expression for pull-in voltage [91] and given

|8ke pd?
— 4.
Ve 270 A (48)

By substituting the values of design parameters for the actuator electrode from Table

by the expression:

4.2, we get the pull-in voltage Vp = 204

4.3.2 Fabrication

The MALL fabrication of the MEM relay consists of three steps. First, the fabrication of the
actuator electrode, which contains one electrode of the parallel-plate actuator and movable
contact. Second, fabrication of the substrate layer, which contains the gate, input, and the
output electrode. Third, stack-assembly of actuator electrode and substrate layer to make
the MEM relay.

The actuator electrode itself consists of three layers. The top layer is a 18um thick
copper sheet patterned to form two beam springs, an actuator-plate, and a post for movable
contact. The middle layer is a 12um thick polyimide layer and covers the actuator-plate and
post for movable contact. The middle layer is used to isolate the actuator electrode from
the gate electrode and movable contact.

The bottom layer is an 18um thick copper layer consisting of a movable contact (figure
4-11). The actuator electrode is fabricated by, first laser micromachining individual layers,
and then stack-assembling and bonding them. Figure 4-13 shows the fabricated actuator
electrode and the inset shows (actuator electrode)-polyimide-(movable contact) laminate
structure.

The substrate layer is fabricated from copper-clad printed circuit board (PCB). The
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Figure 4-13: Optical microscope image of the fabricated actuator electrode showing the polyimide
insulating layer and movable contact. The inset shows the copper-polyimide-copper laminate
structure.
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Figure 4-14: SEM image of the fabricated substrate layer showing gate, input, and output
electrodes.

copper layer is 35um thick, and the FR4 support layer is 0.7mm thick. The gate, input,
and output electrodes are patterned by micro-milling the top copper layer using a 125um
diameter end-mill. The minimum achievable feature size is 127um, which is sufficient for this
application. The micro-milling process results in micro-burrs at the edges of the electrode.
These burrs are removed using the electro-deburring process described in section 3.5. Lastly,
four alignment holes are drilled using 1.55mm drill bits. The fabricated substrate layer is
shown in figure 4-14.

Finally, the actuator electrode is aligned and bonded over the substrate layer using
the multi-lamina assembly process described in section 4.1. For alignment, dowel pins of
diameter 1.5mm are used, which provides sufficient alignment accuracy required for the
MEM relay. A 25um thick adhesive layer is used to bond the two layers and create the
desired gap between the movable contact and input/output contacts. Figure 4-15 shows the
fabricated MEM relay. It can be seen in the inset image of figure 4-15 that the gap between

the movable contact and input/output contact is 27um, which is close to the thickness of
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the adhesive layer.

4.3.3 Results & Discussion

The fabricated MEM relay is tested by measuring the current between the input and
output electrode (i.e., the source-drain current, Ip) at various gate voltage V. An
HP4156 semiconductor parameter analyzer equipped with four source-measure units
(SMU) is used to take the measurement. The actuator electrode is connected to electrical
ground, and voltage Vg is applied to the gate electrode. For measuring the source-drain
current Ip, the input electrode (source) is connected to ground, and the voltage Vpg is
applied to the output (drain) electrode.

Figure 4-16 shows Ip vs. Vpg measurement at different gate voltage V. The Vpg is
varied from 0V to 10V, and the corresponding Ip is measured and plotted. For the gate
voltage Vg less than 220V, there is an air gap between the movable contact and
input/output contact (figure 4-17(a)) and the current Ip = 0. When the voltage
Ve > 240V, the movable contact makes the electrical connection with the input and
output contact (figure 4-17(b)) and the current, Ip flows from input to the output
electrode. The observed current saturation is due to the maximum source-current limit
(Imaz = 100mA) of the measuring instrument.

To observe the switching action of MEM relay, a voltage Vi = 240V is manually applied,
and the corresponding current Ip is measured and plotted with respect to time. Figure 4-18
shows the current vs. time plot when the relay is turned ON and OFF repeatedly. As stated
earlier, the square wave nature of the current profile is due to the limit on maximum current
that can be sourced from the measuring instrument.

An insulating coating between the actuator and gate electrode is essential to avoid short-
circuit between the two electrodes. One of the goals of this work is to demonstrate the
assembly of a MEM relay from conducting and insulating parts; as a result, a polyimide
film is used as an insulating layer instead of using vapor-deposited dielectric material such

as parylene.
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Figure 4-15: The SEM image of the assembled MEM relay. The inset shows the distance between
the movable contact and input & output contacts, which is 27.4um
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Figure 4-16: The source-drain current-voltage (Ip vs. Vpg) measurement at various Vi gate
voltage .

Figure 4-17: The SEM images showing the operation of MEM relay. (a) Small air-gap between the
movable contact and input & output contact when the relay is off. (b) The formation of electrical
contact between the movable electrode and input & output contact when the relay is turned on.
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Figure 4-18: The current Ip vs. time plot of MEM relay demonstrating current switching. The
current Ip is measured by applying a constant voltage Vs = 10V between the input and output
electrode and manually cycling the gate voltage Vg = 240V on and off.
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Figure 4-19: Damaged polyimide insulating layer due to the dielectric break down of air.

Unfortunately, the polyimide film results in three major complications. First, the
thickness of the polyimide film adds an additional 12um between the actuator and gate
electrode, thereby increasing the pull-in voltage. Second, the polyimide film does not
provide a conformal coating around the gate electrode. As a result, at high voltage,
avalanche breakdown of gas molecules can occur [92](93], resulting in the destruction of the
relay. This phenomenon is evident in the relay design, where the polyimide film is attached
to the gate electrode, as shown in figure 4-19. As can be seen, the polyimide layer is
burned due to the dielectric breakdown of air.

Third, the polyimide layer used in MEM relay fabrication causes stiction of the actuator
electrode with the gate electrode. The stiction problem in MEM systems is widely known
[94] and can be minimized by applying an anti-stiction coating [95][96]. In summary, using
a vapor-deposited dielectric coating such as parylene coating can drastically improve the
performance of MEM relay by reducing the pull-in voltage, increasing the maximum safe

operating voltage, and minimizing stiction.
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4.4 Diamond Rotor

4.4.1 Introduction

Amyloid fibrils are self-assembled filamentous structures associated with more than fifty
diseases, including Alzheimer’s and Parkinson’s [97]. Determination of the
atomic-resolution 3D structure of amyloid fibrils is essential to develop a cure for these
diseases [98|. However, obtaining atomic-resolution structural information using classical
methods such as electron microscopy, atomic force microscopy, x-ray crystallography, and
solution-state NMR spectroscopy is challenging as amyloid fibrils are inherently

noncrystalline, insoluble and lack 3D order.

Recent advances in magic angle spinning (MAS) [99][100] solid-state NMR spectroscopy
has enabled determination of the 3D structure of amyloid fibrils [101][102]. In MAS, a
sample is rotated around an axis tilted at 57.74° with respect to the static magnetic field,
resulting in the averaging of anisotropy of nuclear interaction, which increases the resolution
of NMR spectroscopy. The resolution of MAS NMR increases with increasing spinning
frequency [103|. Unfortunately, the spinning frequency of state-of-the-art MAS probes or
rotors is limited to 110K Hz — 140K Hz [104] [105]; as a result, the resolution of MAS NMR
is limited.

The maximum spinning frequency of MAS rotors depends upon the fluidic properties
of surrounding gas, and the speed at the circumference of the rotor must be less than
the speed of sound in this gas [106][107|[108]. Figure 4-20 shows the calculated maximum
theoretical limit of MAS frequency of rotors with various diameters currently employed in
MAS NMR. The theoretical limit is calculated using the value of the speed of sound in
helium at various temperatures [109]. As can be seen, the theoretical limit on the maximum
frequency increases with decreasing the diameter of the rotor. For the 0.7mm MAS rotor,
smallest diameter rotor currently employed, the maximum theoretical limit on spinning
frequency is 454.7TK Hz. However, in practice, the spinning frequency is limited by the

tensile strength of the zirconia material used for fabricating rotors. The maximum spinning
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Figure 4-20: Maximum theoretical MAS frequency for various diameter rotors. As can be seen,
the 0.7mm diameter rotors have the highest MAS spinning frequency.

frequency of state-of-the-art zirconia (ZrO2) rotor is approximately 126K Hz [104][105]
(figure 4-20).

4.4.2 Diamond Rotor

Diamond is the hardest material, and the tensile strength as high as 5190M Pa has been
reported for chemical vapor deposition (CVD) grown diamonds [110]. As a result, diamond
is an excellent choice for making MAS rotors and expected to spin at a higher frequency than
state-of-the-art zirconia rotors. Moreover, diamond is transparent to microwaves; as a result,
ideal for dynamic nuclear polarization (DNP) experiments, which is used in conjunction
with NMR. However, machining diamond is difficult because of its hardness. Although laser
cutting is employed to cut diamond sheets, the process does not produce the desired aspect-
ratio required for fabricating a diamond rotor. This thesis shows high aspect ratio laser

micromachining of diamond and its application in making the diamond rotor for MAS NMR.
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Figure 4-21: Schematic diagram showing the dimensions of the MAS diamond rotor probe.

The employed laser micromachining method is an extension of LAMPE micromachining

discussed in chapter 3 and discussed next.

4.4.3 Laser Micromachining of Diamond

Figure 4-21 shows the schematic diagram of the diamond rotor. The inner diameter of the

rotor is 500um, and the outer diameter is 700um. The total length of the rotor is S5mm.

The chemical vapor deposition (CVD) grown diamond sheets are obtained from Element
Six (www.e6.com). The sheet is cut into small square logs of dimension 1mm x 1mm x 5mm,
and the rotors are fabricated by machining these logs. For laser micromachining, the log is
mounted vertically, and the laser micromachining is performed from one end to the other.
The focus is gradually moved until the complete hole is drilled. Figure 4-22 shows the

micromachined inner diameter and the outer diameter of the diamond rotor.

4.4.4 Theoretical Explanation

The high aspect ratio depends upon the optical penetration depth. The optical penetration

depth of the CVD diamond is measured using transmission spectroscopy and described next.
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Figure 4-22: Laser micromachining of diamond rotor (a) Inner diameter. (b) Outer diameter.

102



80 T T T T T T 160

70 - < 140
60 | 120 §
B 5|
< =
g 50 1100 £
S ks
£ o
Ewr 180 E

o

O
E 30 r T532nm — 42% 160 ¢
i S
o =
_ -1 e
20 | Q532nm = 8.5cm 140 g
0
<

10 120

O 1 1 1 1 1 1 G
200 400 600 800 1000 1200 1400 1600

Wavelength, A (nm)

Figure 4-23: The transmittance and absorption coefficient of CVD diamond. At 532nm the
transmittance, 7 = 42% and the absorption coefficient o = 8.5cm ™!

Optical Penetration Depth

The absorption coefficient « is calculated from the transmission spectrum. Figure 4-23
shows the transmittance spectra and the absorption coefficient plot of the CVD diamond.

The transmittance 7 = 42% and absorption coefficient o = 8.5¢m ™! at 532nm.

Figure 4-24 shows the variation of optical penetration depth, I, = 1/, with respect to
the wavelength. As can be seen, at 532nm, the absorption is sufficiently low to allow large
optical penetration depth but large enough to cause laser absorption and heating. Once
the laser is absorbed by the diamond, it causes a phase change resulting in graphitization
of the diamond [111] [112]. The absorption coefficient of graphite is much larger than the
CVD diamond, resulting in a sudden increase in the laser absorption and increase in
temperature. Finally, the graphite is oxidized into C'O2 in the presence of atmospheric
oxygen. Although this work uses 532nm wavelength for diamond micromachining, the

author recommends using wavelength around 1028nm to take advantage of a further
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Figure 4-24: The optical penetration depth of CVD diamond at 532nm is 1.1mm.

increase in optical penetration depth while still maintaining sufficient absorption (figure

4-24).

4.5 Conclusions

In conclusion, the MALL process can be used to manufacture functional MEMS devices using
metals. These MEMS devices have lateral features and aspect ratio comparable to devices
fabricated using DRIE. Moreover, using MALL, MEMS devices can be rapidly developed
and fabricated at low cost.

In DRIE, process development is required for fabricating a new MEMS. The process
parameters are optimized by performing a series of etch cycle and varying the etching
parameters. Each etch cycle requires the loading and unloading of the wafer, and often the
process is done manually. As a result, DRIE process development takes substantial time.

However, in the MALL process, various parameters such as laser power, pulse frequency,
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feed rate, and pulse duration can be tested in a single cycle, thereby considerably
shortening the process development time.

In DRIE, the etch rate depends upon the device area due to the loading effect [113][72].
As a result, for each MEMS design, a new set of DRIE process parameters must be
determined, which significantly hinders design iteration and increases device development
time. However, in the MALL process, the laser micromachining rate is independent of the
device area (or design); as a result, many MEMS designs can be tested without requiring

any process development.
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Chapter 5

Discussion & Conclusion

5.1 Advantages of MALL

The MALL fabrication process offers several advantages over conventional lithography-based
MEMS fabrication processes such as greater material selection and integration, low cost of
fabrication, rapid development, and integrated packaging. These advantages are discussed

in detail in the following sections.

5.1.1 Greater Choice of Fabrication Materials

The fabrication materials used in the lithography-based MEMS manufacturing process is
largely limited to silicon. On the other hand, the MALL process enables fabrication with a
wide range of materials such as metals, ceramics, polymers, and composite materials. The
ability to fabricate MEMS using a wide range of materials greatly enhances the functionality
and performance of these systems. For example, materials with interesting properties such
as magnetic, piezoelectric, pyroelectric, thermoelectric, and superconducting materials can
be employed to design novel MEM systems.

The application of metals in fabricating MEM systems is especially of great interest.
Metals offer a wide range of mechanical and electrical properties, and these properties can

be tuned using the alloying process. Moreover, due to the roll forming process, the cost and
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energy requirement for making metal foils is much less than that of silicon wafers.

5.1.2 Fabrication with Incompatible Materials

In conventional microfabrication process, MEMS are fabricated layer-by-layer by successive
deposition and patterning of material layers. Each material layer is deposited and
patterned using a unique process, and this process must be compatible with the previously
deposited materials. The integration of these processes is often difficult due to material
incompatibilities and thermal constraints. However, in the MALL fabrication process, the
individual layers of MEMS are fabricated separately, and stack-assembled and bonded to
make a system. As a result, materials with incompatible fabrication process can be bonded

together, in any order, to manufacture MEMS.

5.1.3 Low-Cost Fabrication

The high cost of MEMS fabrication is due to two reasons. First, the large capital
investment in microfabrication tools such as exposure system, mask aligners, chemical
vapor deposition (CVD), and deep reactive ion etching (DRIE) systems. Second, the high
cost of raw materials and chemicals such as photoresists, developers, etching solutions and
gases, and silicon wafers. In contrast, the MALL process requires a laser micromachining
system and electrochemical etching tools, which have a much low cost of ownership than
the traditional microfabrication tools.  Similarly, the raw materials used in MALL
fabrication are metal foils, polymers, and ceramics. These materials are much more
cost-effective than silicon wafers, utilized in conventional MEMS fabrication process.

The DRIE can produce multiple parts in parallel; as a result, after the initial investment,
equipment cost shared per device is significantly reduced. In fact, the DRIE equipment
cost per device for fabricating the comb-drive mentioned in section 4.2 is approximately
$0.09 (detailed calculations for cost estimates are presented in appendix A.1). However,
the material cost per device in DRIE remains substantial. For the comb-drive actuator, the

material cost per device is $0.51 (Appendix A.1), which is about 85% of the total device
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Figure 5-1: Cost of fabricating the comb-drive actuator using DRIE and MALL process.

cost.

In the MALL fabrication process, even though the initial cost of a laser micromachining
system is low, the equipment cost per device is significantly high due to the low part
production rate. For the comb-drive actuator discussed in section 4.2, the equipment cost
per device is $0.46 (appendix A.1). However, the material cost per device is significantly
low, about $0.0015 per device (appendix A.1). As a result, the total cost per device for
both DRIE and MALL is comparable. Table 5.1 summarizes the manufacturing time and
cost associated with fabricating the comb-drive actuator using DRIE and MALL process.

Although the cost per device for both the processes is comparable, the manufacturing
cost for MALL is less due to low initial capital investment. Figure 5-1 compares the
manufacturing cost of DRIE and MALL process. As can be seen, for a given number of
fabricated MEMS, the corresponding manufacturing cost using the MALL process is

$0.9M less than the cost associated with DRIE.

In MALL process, individual layers are fabricated using LAMPE micromachining, and
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Parameter (per device) DRIE MALL
Manufacturing time 0.2min 12min
Equipment cost $0.09 $0.46
Material cost $0.51 $0.0015
Total manufacturing cost $0.51 $0.4615

Table 5.1: Time and cost of fabricating the comb-drive actuator using DRIE and MALL fabrication

process. The detailed calculations for cost estimations are presented in appendix A.1

Parameter (per device) DRIE MALL
Manufacturing time 4.8 seconds 30 seconds
Equipment cost $0.03 $0.02
Material cost $0.61 $0.0015
Total manufacturing cost $0.64 $0.0215

Table 5.2: Time and cost of fabricating MEM relay using DRIE and MALL fabrication process.

the rate of machining increases with a reduction in the sheet thickness. As a result, the
MALL process is especially advantageous for MEMS using thin laminates such as the relay
discussed in section 4.3. The thin laminate for MEM relay is fabricated by removing the
excess material using LAMPE micromachining. The boundary of the excess region is 60mm
long, and the feed rate of 120mm/min is used for micromachining. As a result, one relay
can be fabricated in 30 seconds. The cost of a laser micromachining system is $100, 000,
and assuming the lifespan of 5 years, the cost per device comes out to be $0.02 (including

the material cost).

Fabricating the same MEM relay using DRIE costs $0.64 per device, 95% of which comes
from material cost. The cost of one wafer is $220 [114], and each wafer can accommodate
360 devices; therefore, the material cost per device is $0.61. The remaining $0.03 comes
from equipment cost per device. Table 5.2 summarizes the cost per device for MEM relay

using DRIE and MALL, and figure 5-2 compares the manufacturing cost for these processes.
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Figure 5-2: Cost of fabricating MEM relay using DRIE and MALL process.

5.1.4 Rapid Development

Rapid Material Integration

In a conventional lithography-based fabrication process, MEM systems are fabricated
layer-by-layer. Fabricating each layer involves a series deposition and patterning steps such
as chemical vapor deposition (CVD), spin-coating photoresist, resist exposure and
development, and wet or dry etching. The fabrication process for each layer must be
optimized and should be compatible with the previously deposited materials. This
step-by-step process optimization and integration is extremely time-consuming. Moreover,
in conventional MEMS fabrication, MEM chips and packages are fabricated separately and
integrated at a later stage. This integration of chips and packages further increases the

development time.

In the MALL fabrication process, individual layers can be manufactured independently

with minimal process development and effortlessly bonded to make MEM systems; as a
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result, significantly reducing the device development time. Moreover, laser micromachining
system used in MALL can exist side by side with other macro-fabrication equipment (such
as milling, molding, and embossing), and utilizes similar computer-aided design (CAD) and
computer aided manufacturing (CAM) tools, thereby enabling integrated design of MEMS
and packaging, simultaneous fabrication, and rapid integration.

In conventional MEMS fabrication, the three-dimensional MEMS design is converted into
a series of two-dimensional lithography masks, which are subsequently used for fabrication.
However, in MALL, the laser micromachining toolpath can be directly exported from the
integrated CAD/CAM design tool. This integration of design, manufacturing, and finite
element analysis (FEA) of MEMS in one environment enables the rapid iteration of design,

simulation, and prototyping.

Rapid Process Development

In DRIE, some degree of process development is required to etch the desired MEMS
structure. The etching process parameters are determined by performing a series of etch
cycles and varying the etching parameters. FEach etch cycle requires the loading and
unloading of wafer, and often the process is done manually. As a result, the process
development take substantial time.

However, in the MALL process, various laser micromachining parameters such as laser
power, pulse frequency, feed rate, and pulse duration can be tested in a single cycle by
performing a series of micromachining tests. As a result, considerably shortening the process
development time. The laser micromachining process development time for new material or

new sheet thickness is about 6 hours.

Rapid Design Iteration

In MALL, the micromachining rate of PLA or LAMPE micromachining is independent of
the device area (or design). As a result, many designs can be tested without requiring any

process development. However, in DRIE, the etch rate depends upon the device area due to
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the loading effect [113][72]. As a result, for each MEMS design, a new set of DRIE process
parameters must be determined, which significantly hinders design iteration and increases

device development time.

5.1.5 Integrated Packaging

The packaging of MEMS is essential for protecting the system from a harsh environment.
Moreover, in certain MEM systems, the packaging also acts as an interface between the
MEMS system and the external environment. The microfabrication processes used to
fabricate MEMS chips are incompatible with the macro-fabrication processes that are used
to fabricate MEMS packages. As a result, the MEMS die, and the package are fabricated
independently and then integrated later. This integration process is challenging and
increases development time and cost. Often, the cost of MEMS packaging is higher than
the cost of fabricating MEMS chips.

In MALL, the fabrication process and materials are compatible with the
macro-fabrication processes. As a result, the MEMS layers and the packaging layers can be
fabricated simultaneously. Moreover, these layers can be laminated in a single step,
thereby enabling the fabrication of MEM systems with integrated packaging. However, the
lamination process uses polymer adhesive films for bonding the packaging layers. These
polymer films are permeable to water molecules [115][116]. Thus, the MALL integrated

packaging can not be used for package MEMS requiring a hermetic seal.

5.2 Limitations of MALL

5.2.1 Inadequate for Fabricating 2.5D Structures

The conventional microfabrication utilizes deep reactive ion etching (DRIE) and
anisotropic wet etching processes [82][117] to fabricate MEMS structures. These processes
allow control over etch depth, and therefore, enable the fabrication of two-and-a-half

dimension (2.5D) structures. However, the LAMPE micromachining process developed in
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Figure 5-3: Fabrication of 2.5D structure in silicon using laser-micromachining: (a) Silicon nitride
mask layer patterned using laser-micromachining. (b) KOH anisotropic etch to fabricate 2.5D
structures.

this thesis is restricted to micromachining laminates.

One approach to overcome this limitation is to use 2.5D structures fabricated in polymers
using the conventional pulsed ablation laser-micromachining process. Another approach is to
integrate the laser-micromachining with silicon anisotropic etching process. In this approach,
first, a silicon nitride mask layer is removed using laser-micromachining (figure 5-3(a)), and
then, potassium hydroxide etching |2] is performed to create 2.5D structures (figure 5-3(b)).
The third approach is to use micro-milling followed by the electro-deburring process (section
3.5) to create 2.5D structures. The micro-milling offers vertical features as small as 5um.
However, the minimum achievable feature in the lateral direction is limited to 50um. figure

5-4(b) shows micro-milling 2.5D recess with a varying depth.

5.2.2 Limit on Minimum Thickness of Microstructures

The conventional microfabrication process utilizes surface micromachining [48][49][50] to
fabricate thin free-standing microstructures. Figure 1-5 shows the schematic diagram of the
surface micromachining process. First, a sacrificial layer is deposited on a substrate and
patterned using photolithography and etching. Next, the structural layer is deposited and
patterned on top of the sacrificial layer. Finally, the sacrificial layer is removed to create

free-standing microstructures. The deposition process, such as chemical vapor deposition
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Figure 5-4: Fabrication of 2.5D structures using micro-milling. (a) Square recess fabricated using
micro-milling followed by electro-deburring. Feature size as small as 100um can be fabricated using
this method. (b) The micro-milling method provides a high degree of control over the recess depth.
The figure shows fabricated recess with depth 5um, 10um, and 15um.

(CVD) used to deposit the sacrificial layer or structural layer, allows a high degree of control
over the thickness of the deposited material. As a result, free-standing structures with a
small thickness (tens of nanometers) can be fabricated (such structures are desirable for

applications such as high-speed resonators [24][118]).

However, in the MALL process, MEMS structures are fabricated with thin sheets of
materials and manually assembled or roll-to-roll laminated. There is a practical limit on the
thickness of sheets that can be manually handled or laminated using the roll-to-roll process.
Typically, foils with thickness greater than or equal to 20pum can be used for manual assembly
and roll-to-roll lamination process. As the thickness of the laminate is reduced, handling
of these ultra-thin laminates becomes difficult. For a MEM device requiring sheets with a
thickness between 20um to Sum, a rigid or flexible frame can be utilized. Figure 5-5 shows
a 10pum thin microstructure supported by a frame. For fabricating this structure, first, a
window is micromachined in 200um thick silicon substrate. Next, a 10um thick silver foil
is bonded to the silicon substrate. Finally, the device structure is laser micromachined on
the bonded silver foil. For MEM systems requiring metal foils with thickness in the order of
S5um to 1um, the desired metal can be electrodeposited over water or solvent-soluble films,

and such laminates can be used to fabricate MEMS.
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Figure 5-5: Manipulation and laser micromachining of ultra-thin metal foils using a rigid frame.
First, a window is micromachined in the rigid frame. Next, a 10um thin metal foil is laminated on
this frame. Finally, laser micromachining is performed to create microstructure.
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Figure 5-6: The 12.5um gap between the freestanding structure and the substrate fabricated using
a 12.5um thick adhesive layer.

5.2.3 Limit on the Gap Between Laminates

As we saw in section 5.2.2, the gap between the MEMS structure and the substrate can
be controlled by controlling the thickness of the deposited sacrificial layer (figure 1-5). As
a result, a gap as small as few tens of nanometers can be fabricated using the surface
micromachining process. These small gaps are desirable for certain MEMS devices such as

electrostatic relays, where a small gap results in low pull-in voltage [119][120].

However, in the MALL process, the gap between the free-standing structure and
substrate depends upon the thickness of the adhesive layer. This work demonstrates that a
gap as small as 12.5um can be fabricated using a 12.5um thick adhesive layer. Figure 5-6
shows a cantilever fabricated with a 12.5um gap between the structure and substrate. One
approach to further reducing the gap can be to spin-coat the adhesive layer directly on the

laminate sheet.
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5.2.4 Poor Alignment Accuracy

In the conventional microfabrication process, MEMS layers can be fabricated with
sub-micron alignment accuracy [121][122]. However, the alignment accuracy in the MALL
process is limited to 2.5um (figure 1-4). The alignment accuracy can be further improved

by utilizing kinematic coupling [123| and passive mechanical alignment features [124].

5.2.5 Heat Affected Zone

The laser micro-machined parts suffer from the heat-affected zone (HAZ) [125]. Although
the LAMPE micromachining minimizes HAZ by circumventing vaporization and plasma
formation, the heat-affected zone can not be completely eliminated. This thesis relies on the
scanning electron microscope pictures (such as figure 3-4 and figure 3-11) to estimate the
extent of HAZ, which is found to be approximately 1um. However, additional metrology
techniques must be employed to accurately estimate the heat-affected zone.

The heating of the material can lead to a change in material properties. For MEMS
with a characteristic length smaller than the heat-affected zone, this change in material
property can significantly affect the performance of a system. The heat-affected zone can
be minimized in some materials, which have large optical penetration depth, by utilizing

ultrashort pulsed laser micromachining [126].

5.3 Volume Manufacturing

In deep reactive ion etching (DRIE), many devices can be fabricated in parallel, resulting
in a high part production rate. However, the laser direct-write micromachining process
used in MALL is a serial process and MEMS are fabricated one device at a time. As a
result, the part production rate in MALL process is low. Figure 5-7 compares the part
production rate of DRIE and MALL. As can be seen, the MALL process is suitable for low-
volume production and requires less initial investments. However, for investments greater

than one million dollars, the part production rate of DRIE process increases significantly.
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The part production rate in MALL process can be increased by implementing the following

modifications:

1. Using a roll-to-roll lamination process to automate the assembly.

2. Integrating laser-micromachining and roll-to-roll lamination process by delivering the
laser over the laminates using galvanometer scanner mirrors. In this system, individual
layers of a device can be fabricated simultaneously, and laminated to manufacturer
MEM systems. Using laser-micromachining with the roll-to-roll lamination process
also eliminates the need for layer alignment, as the patterns can be spatially offset to

ensure accurate alignment.

3. Using multiple laser beams to fabricate many devices in parallel. These multiple beams

can be either from different laser sources or split from a single high power laser beam.

4. Using high power laser and other precision manufacturing methods such as embossing,
micro-milling, knife-cutting, wire-EDM to machine large-features at a high machining

rate and reserving the low-etch rate laser-micromachining for small-features.

5. Integrating MEMS packaging with the roll-to-roll lamination process by including
package layers in the lamination process. These package layers can be fabricated using

embossing, micro-milling, and other conventional fabrication tools

In conventional MEMS fabrication, upgrading from a 150 mm wafer facility to a 300 mm
wafer facility is a significant cost. However, in MALL fabrication, adding additional lasers
for parallel manufacturing is easy and the cost is incremental. After the initial investment
in the laser micromachining system, for every additional $20,000, an additional laser can be
attached to the system for parallel manufacturing (see section ??7). Assuming that a laser
micromachining system is $100,000, and a DRIE system is 1M. For an equal investment
of $1M in MALL, a laser micromachining system with 46 lasers can be built, which can

produce 46 devices in parallel. Using such system, for the comb-drive actuator discussed in
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Figure 5-7: Part production rate of MEM relay fabrication using DRIE and MALL process.

section section 4.2, 46 devices can be manufactured in 12min or 0.26 devices per minute.

Thus, the part production rate in MALL can be matched with DRIE.

5.4 MEMS for Masses

Micro-electromechanical systems have many potential applications in healthcare,
automobile, and consumer electronics. Unfortunately, due to the high cost of equipment
ownership, research in MEMS has been primarily limited to industries and universities
with microfabrication facilities.

A typical microfabrication facility requires tools such as spin coaters, mask aligners and
exposure systems, chemical vapor deposition (CVD) systems for material deposition, and
etching tools such as deep reactive ion etching (DRIE). These tools are not only expensive
but also require specialized buildings to house them. For example, the photolithography

process should be performed in a cleanroom environment to minimize interference of dust
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particles in exposure process. Similarly, the DRIE process requires specialized gas fittings
for etching gases and safety alarms for leak detection. In addition, the chemicals used in
lithography-based microfabrication process are expensive, hazardous, and require special

storage and disposal.

In recent years, there has been considerable interest in developing table-top
microfabrication tools for low-cost fabrication and rapid development of MEMS. For
example, focused ion beam (FIB) milling [127][128] is extensively used as a
rapid-prototyping tool for microfabrication. However, FIB systems cost approximately a
million dollars and have high maintenance cost. Moreover, the gallium filaments used in

FIB is consumed rapidly during operation, resulting in high operating cost.

Another approach that is gaining popularity as a table-top microfabrication tool is 3D
micro-additive manufacturing [129]. This approach utilizes stereolithography [130] and
two-photon polymerization [131] to fabricate MEMS. These processes have the advantage
of offering true three-dimensional microfabrication. However, the fabrication material is
limited to certain photo-curable polymers. Moreover, the print time is often much longer.
Furthermore, for stereolithography, the print resolution is larger than the features required
in many MEMS devices, and the build volume of the two-photon polymerization is small

for many MEM systems.

As can be seen above, the major obstacle in engaging a larger scientific community in
MEMS research is the substantial capital investment required to procure microfabrication
tools. In addition, the high cost of equipment maintenance and consumables such as silicon
waler, photoresists, developers, and etchants further hinder the access of MEMS fabrication

to a large portion of the scientific community.

In contrast, the MALL process utilizes a laser micromachining system, which has three
advantages. First, single equipment replaces a set of tools, mainly spin coater, mask aligner,
exposure system, and DRIE system, required for micromachining. Second, the cost of laser
micromachining system is significantly less than conventional microfabrication tools. Third,

the consumables are limited to electropolishing solution and metal foils. These materials
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cost $0.0015 per device, significantly lower than of silicon wafers used in conventional MEMS

fabrication.

This thesis uses a commercially available laser micromachining system from Oxford
Lasers Ltd [56], which has a high cost of ownership. However, the laser micromachining
systems can be built at a much lower cost and used to fabricate MEM systems. The major
cost in the Oxford Laser micromachining system comes from the 2-axis motion system and
the laser source. The high cost of the 2-axis stage is due to its long-travel range of 100mm.
However, for fabricating MEMS, a travel range of 10mm is sufficient. As a result, the
expensive 2-axis stage can be replaced with 2-axis galvanometer mirrors (costs around
$2500 [60]) or a piezo linear stage (costs around $750 per axis [132]). A 5W pulsed laser
system costs about $15,000 (D. Roland, personal communication, November 6, 2018). The
recent development in rapid prototyping of rapid prototyping machines [133][134] has
considerably reduced the complexity and cost of machine building. Assuming another
$2500 for focusing optics and machine building, the total cost of the system comes out to

be $20, 000.

As can be seen above, the major cost in a laser micromachining system comes from the
laser source. The cost of the laser source depends upon its average power. A high power
laser requires a high-intensity pumping source, resulting in increase in the cost of the laser.
For example, the diode-pumped laser used in this work uses an array of light-emitting diode
(LED) to pump the laser medium. These diode-arrays require specialized high-current power
supply and cooling system, which are not only expensive but also have a large footprint.

The LAMPE micromachining process requires average power in the range of 280mW
(Table 3.2), thereby needing a laser with significantly low power. The low power lasers
require less intense pumping source; as a result, cost less and have a small footprint. The
low-cost laser system, in conjunction with low-cost machine building can be used to develop

low-cost table-top MEMS manufacturing systems.

The table-top MEMS manufacturing can reduce the cost of MEMS fabrication and

enable rapid prototyping, thereby democratizing MEMS fabrication and accelerating the
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development of novel micro-electromechanical systems.

5.5 Thesis Contributions
The key contributions of this thesis are as follows:

1. The LAMPE micromachining process to fabricate high aspect ratio (as large as 10:1)
structures with diffraction-limited lateral features. The LAMPE micromachining can
be used to process a wide range of materials, including metals, silicon, and diamond.
In LAMPE micromachining of metals, laser is used to melt (i.e., induce
phase-change) the metal, and then the liquid-metal is expelled by the pressure
generated from vapor baubles formed at the laser-metal interface. Similarly, in
LAMPE micromachining of silicon, the laser is used to oxidize the silicon (i.e. induce
phase-change), which transmits the laser (due to low absorption coefficient), causing
further oxidation of silicon beneath. The formed silicon oxide is granular and
expelled by pressure generated from vapor baubles formed at the laser-material
interface due to partial vaporization of silicon. Likewise, in LAMPE micromachining
of diamond, laser is used to convert the diamond into graphite (i.e., induce
phase-change), and then the newly formed graphite is oxidized into carbon dioxide in

the presence of environmental oxygen.

2. The electro-deburring process to remove the burrs present in laser micromachined

parts, thereby enabling their application in MEMS parts.

3. The MALL MEMS fabrication process, which can potentially enable greater material
selection and integration, greater design flexibility, easier packaging, low-cost

manufacturing, and rapid development of micro-electromechanical systems.

4. An electrostatic comb-drive actuator fabricated from metal. Previously, it was assumed
that these parts with such small features and high aspect ratio could be fabricated from

silicon alone, using the lithography-based deep reactive ion etching (DRIE) process.
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5. MEM relays for high-current switching application. These relays can be assembled
from the elementary conducting and insulating parts and could be used as the logic

organ for Von Neumann universal constructor [135].

6. Demonstrating high-aspect-ratio machining of diamond and its application in
fabricating diamond rotors for magic-angle spinning nuclear magnetic resonance

(MAS-NMR) spectroscopy.

5.6 Conclusion

In conclusion, the MALL MEMS fabrication process presented in this thesis has the
potential to replace the conventional microfabrication process used for MEMS
manufacturing. The MALL process enables MEMS fabrication with a wide range of
material, thereby empowering a new paradigm in MEMS design, functionality, and
applications. Moreover, the manufacturing cost per device in MALL fabrication is low due
to using low-cost fabrication materials such as metal foils. In contrast, in conventional
microfabrication, the fabrication material is largely limited to silicon, which restricts the
design, functionality, and application of MEMS, and increases the manufacturing cost per
device.

The development time and cost in MALL is less due to the independent development of
device layers and their effortless integration. The MALL process is well suited for
one-of-a-kind and low-demand MEMS market because of the low cost of development. In
contrast, creating new MEMS devices in conventional microfabrication requires developing
and integrating various material deposition/etching processes, which increases the
development time and cost. Thus, even though the cost of manufacturing per device is
low, the total cost per device is large. Due to this limitation, the commercialization of
MEMS products has been largely limited to markets in which the huge demand can
compensate for the high cost of development.

The tools and material cost of MALL fabrication is approximately $25,000, which is
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affordable to a wider scientific community. This democratization of MEMS fabrication
can expedite the development of novel MEMS systems. Traditionally, the research and
development of novel MEMS devices have been largely limited to a few industries and

universities, due to the high cost of equipment ownership.

5.7 Recommendations for Future Work

The recommendations for future work are listed below:

1. This work relies on optical microscope image and X-ray dispersion spectroscopy
(EDS) analysis to conclude oxidation of silicon during LAMPE micromachining. The
laser-assisted oxidation of silicon can be further confirmed by performing LAMPE
micromachining in an inert environment. My hypothesis is that in an inert
environment, the LAMPE micromachining of silicon should not result in any

material removal, due to the absence of oxidation.

2. To further increase the aspect ratio in LAMPE micromachining of silicon, the I
recommend performing LAMPE micromachining in HF vapor environment. My
hypothesis is that the HF vapor will react with the newly formed SiOs to form
colorless gaseous silicon tetrafluoride SiFy, which would be removed efficiently. As a
result, the depth of the micromachining can be further increased by gradually

moving the focus downwards as the material is removed.

3. An x-ray diffraction measurement is recommended to verify the graphitization of
diamond. Moreover, the oxidation of graphite into C'Oy in the oxygen environment
can be verified by performing LAMPE micromachining in an inert environment. My
hypothesis is that in the inert environment, the LAMPE micromachining of diamond

would not lead to any material removal due to the absence of oxidation of graphite.

4. This work uses a 3-axis stage to move the machining target with respect to the laser.

However, using a galvanometer scanner is recommended to increase the LAMPE
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micromachining rate.

. For the MEM relay discussed in section 4.3, it is recommended to apply a conformal
coating of a dielectric material such as parylene on the gate electrode to isolate it from
the actuator electrode. The application of parylene coating is expected to reduce the

pull-in voltage and increase the maximum safe operating voltage.

. For materials with low absorption coefficient such as silicon and diamond, it is
recommended to use ultra-short laser (in the order of femtoseconds to picoseconds)
for LAMPE micromachining. The ultra-short laser is expected induce phase-change
while minimizing the heat-affected zone (HAZ). However, it must be noted that the
LAMPE micromachining of metals requires long pulses in the order of nanoseconds.
In metals, the optical penetration depth is very small (a few nanometer) and the
metal is melted through heat conduction. As a result, long pulses in the order of
nanoseconds are required to dump sufficient energy to induce the melting and

expulsion.

. For machining films with thickness less than 10um, it is recommended to use ultra-
short pulsed lasers irrespective of the absorption coefficient of the material. In ultra-
short pulsed laser micromachining, the micromachining depth per pulse is equal to
the optical penetration depth of the material. The high pulse energy and repetition
rate ( 100K Hz) lead to sufficient number of pulse irradiation per spot, resulting in

machining depth in the order 10um.
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Appendix A

A.1 Manufacturing Cost Estimates for DRIE and MALL

The cost of producing one device is given by the expression:

Cost per device = Material cost per device + Equipment cost per device (A.1)

The material consumable cost can be calculated by adding the cost of wafer, etching gas,
and electricity etc. Due to lack of reliable information about the etching gas and electricity

consumption, only wafer cost is included in the presented calculation.

The material cost per device is given by the expression:

Cost of wafer x Area of device

Material cost per device =

(A.2)

Area of wafer

The equipment cost per part can be calculated by dividing the equipment cost with total

number of parts produced in the lifespan of the equipment and given by the expression:

Cost of Equipment
Equipment cost per device = J Equip

Device production rate x Equipment lifetime
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The total number of parts produces is given by the expression:

Number of parts = Parts produced per dollar x Total investment (A.4)

The Cost per device and Device production rate depends upon the design of the device.
The calculations presented here are for the comb-drive actuator discussed in section 4.2. The

assumptions and values of different variables used for calculations are listed in Table A.1

A.1.1 Cost of Manufacturing Using DRIE
Part Production Rate

It is assumed that the device is fabricated on SOI wafer and DRIE is used to etch the comb-
drive structures. The etch rate is 1um/min and the device thickness is 100um. Therefore,
it will take 100min to process a wafer (neglecting wafer loading/unloading time).

The length of the comb-drive actuator is 6.5mm and the width is 4.5mm. Assuming
150mm diameter SOI wafers are used for production, and 500um margin is kept around the
device for dicing the wafer, the total number of devices produced per wafer is 428. As a

result, number of devices produced per minute or production rate is 4.28 devices per minute.

DRIE Part Production Rate = 4.28 devices/min

Manufacturing Cost

Assuming that the lifespan of DRIE system is 5 years or 2628000 minutes, the total number
of the devices that can be produced during the lifespan of the system is 11 million parts. If
the cost of the equipment is $1M, the equipment consumable cost per device is $0.09
Assuming SOI wafer is used for fabrication and each wafer costs $220 [114]. Since 428
devices can be fabricated per wafer, the material cost per device is $220/428 = $0.51. The
total cost of fabrication per device using DRIE is $0.6, and 6.94 devices can be produced

with one dollar. As can be seen, 85% of the total cost is due to material cost.
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DRIE Cost per Device = $0.51

A.1.2 Cost of Manufacturing Using MALL
Part Production Rate

The laser micromachining process is a serial process and the part production rate depends
upon the actual design of the device. Moreover, depending upon the design, laser bulk
micromachining (LBM) can be employed to rapidly remove the material from the region
with large features, while LAMPE micromachining can be employed for region with small
features and high aspect ratio. As a result, unlike DRIE, the part production rate in MALL
depends upon the actual design of the MEMS device.

To calculate the MALL manufacturing cost, the comb-drive design discussed in section
4.2 is used. The device is fabricated by first removing the excess material around the beam
springs and interdigitated fingers using LBM, followed by LAMPE micro-machining
interdigitated fingers. The etch rate of the laser bulk micromachining is given by the

equation:

Erpy = nAgApF

where 7 is .25, Ay is diameter of ablation profile, Aj, is depth of the ablation profile, and F'

is feed rate. The expression for feed rate is given by the equation:

F S 7’]A¢Fp

For laser bulk micromachining copper in fabricating comb-drive actuator, n = 0.25,
Ay = 25pum, Aj, = 25pum, and F, = 10K Hz. As a result,

Frae = 100mm/s

The practical limit on achieving feed-rate depends upon the acceleration/deceleration

rating and inertia of the motion system. The laser micromachining system used in this
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work has acceleration /deceleration rating of 10,000mm/s? and large inertia; as a result, the
maximum achievable feed-rate for MEMS length-scale distance is of the order of 1mm/sec.
However, using galvanometer mirrors, much higher feed rate can be achieved. A typical 2-
axis galvanometer mirror can operate at 100H z frequency [60]. Assuming, the scan distance
of 1mm, a feed rate of 100mm/s can be easily achieved. For the presented calculation, a feed
rate of 50mm/sec is used, to account for acceleration/deceleration limits of galvanometer
mirrors, resulting in material removal rate of Ergy = 0.29mm? /min. For fabricating the
comb-drive actuator, about 18% of the device volume is removed, which takes approximately
1.8 minutes.

Finally, the comb-drive fingers are fabricated using LAMPE micromachining. The
machining length is 24.6mm and cutting feed rate is 2.4mm/min (or 40pum/s); therefore it
requires 10.2min to LAMPE micromachine the comb-drive actuator. The total time
required to fabricate a comb-drive actuator in MALL process is 12 minutes. The part

production rate is:

MALL Part Production Rate = 0.08 devices/min

Manufacturing Cost

Assuming the lifespan of laser micromachining system is 5 years or 2628000 minutes, the
total number of the devices that can be produced during the lifespan of the system is 0.22
million parts. Assuming the cost of the laser micromachining is $100, 000, the equipment
cost per device comes out to be $0.46.

The material for MALL fabrication is 100um thick copper foil. A roll of copper foil
6" wide & 268t long cost $449 [136] and can accommodate 297040 devices; therefore, the

material cost for each device is $0.0015. The total cost of device fabrication is:

MALL Cost per Device = $0.4615
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Variable Value
DRIE

Cost of DRIE $1M
Lifetime of DRIE 5 years
Yield 100%
DRIE etch rate Lum/min
Walfer loading/unloading time 10min
Cost of SOI wafer [114] $220
Diameter of SOI wafer 150mm
Comb-drive area 6.5mm x 4.5mm
Comb-drive thickness 100um

Dice-saw margin

500um each side

MALL

Cost of laser micromachining system

Lifetime of laser micromachining system

Cost of copper foil (6 x268ft )[136]

Comb-drive critical machining length (for LAMPE
Micromachining)

Percentage of total volume removed using LBM
micromachining

$100, 000

9 years
$449

24.4mm

18%

Table A.1: The values of variables used for calculating manufacturing cost.
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Appendix B

Here, I describe the MALL fabrication process in detail.

B.1 Equipment Required for MALL Fabrication

Below is the list of tools required for MALL MEMS fabrication:

1. A laser micromachining system. This thesis uses a laser micromachining system from
Oxford Laser Ltd [56]. (I am interested in building a low-cost DIY laser
micromachining system in future.  Please check http://mtm.cba.mit.edu/ for

updates.)

2. Depending upon the feature size of the device, a scanning electron microscope or a
high resolution optical microscope is required to inspect the MEMS device during

fabrication. A low magnification stereo microscope is also useful for quick inspection.
3. A chemical hood and a voltage source is required to perform electro-deburring process.

4. A critical point dryer may be required. In my experience, for MEMS fabricated with
metals, dipping the device in isopropanol (IPA) and drying on a hot plate is sufficient.
However, for MEMS fabricated with silicon and containing small features, a critical

point dryer is desirable.

5. A hot plate is useful for quickly drying the wafers.
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6. A toaster oven with a temperature controller is required for certain adhesive that
need curing at higher temperature. Particularly, the Dupont FR1500 adhesive used
in MEM relay, require baking at 185 degree centigrade. Other adhesive that is used
in this work is 3M thermal bonding film 583, which can be either solvent activated or

pressure activated, and does not requires baking.

7. A vacuum tweezer is desirable to facilitate manipulating the delicate sheets after laser

micromachining process.

8. Depending upon the MEMS device, addition tools may be required for device testing.
For example, in this thesis, the MEM relay is tested using a semiconductor parameter

analyzer. A probe station is also required for electrical testing of the device.

9. For certain MEMS devices, a table-top precision milling machine can be useful. The
bottom layer of MEM relay discussed in section 4.3 is fabricated using a table-top

precision milling machine.

Below is the list of materials required for MALL fabrication:

1. The main material used in MALL MEMS fabrication is metal foils. These metal foils

can be sourced from https://www.mcmaster.com/.

2. The main adhesive layers used in this work are Dupont FR1500, 3M thermal bonding
film 583, and scotch double sided tape. These adhesives can be sourced from there

corresponding vendors.

3. Electrolyte for electro-deburring process. For copper, either copper sulfate or

phosphoric acid can be used.

4. Dowel pins or gauge pins for using them as alignment pins.

132



B.2 MEMS Design

In this thesis, I use Fusion 360 for designing MEMS. The software offers the advantage of
integrating the computer aided design (CAD) and computer aided manufacturing (CAM),
and is well suited for MALL MEMS design. Since the MALL process is a laminate process,
it is advantageous to design the MEMS system in form of layers. Once the design is finished,
the g-code for laser toolpath can be exported using the CAM interface of the Fusion 360
program. This g-code program is used for performing the laser micromachining.
Depending upon the MEMS device design it is advisable to export two different laser
toolpath. The first toolpath is for the part of the region where small feature sizes are not
required and high power laser can be used to remove the material at high micromachining
rate. The second toolpath is for parts of the MEMS design which have small features, and

require LAMPE micromachining process.

B.3 Fabrication

B.3.1 Laser Micromachining

In this thesis, the laser micromachining is performed using a commercially available laser

micromachining system from Oxford Laser Ltd [56]. Following are steps for

S1: The metal foil is clamped to the stage using a clip. For metal foils with thickness up
to 20um, tweezers can be used for manipulations. However, for thickness below 20um,

it is desirable to attach the metal foil with to a rigid frame for easy manipulation.

S2: Selecting the laser source: For metals, the laser micromachining process is generally
independent of the laser wavelength. This is due to the fact that the absorption of
laser by the metal is low in the UV, Vis, and IR range. The pulse duration of the laser
is essential to get the small feature size. Use equation (3.5) to determine the required

pulse width for a desired feature size. Often the laser pulse width is fixed, and the
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S3:

S4:

user only has control over the pulse power. The laser system used in this work has

fixed pulse duration of 20 ns.

Selecting the focusing optics: Depending upon the feature size, the desired lens or
objective is installed. The laser micromachining system is equipped with a digital
camera for sample inspection. Next, the sample is brought into the focal plane of the

lens by inspecting in the imaging system.

Selecting laser power and process development: Use equation (3.6) to determine the
required laser power for the laser micromachining. A series of power tests in the
vicinity of this calculated laser power can be used to determine the exact value of the
power which gives the minimum feature size. The laser micromachining should be
performed at this value. It must be noted that, the feature size also depends upon
the degree to which the sample is at the focal plane. Usually, before performing the
power test, I perform a series of focus tests to determine the best focus. Sometimes a
second pass might be required if the laser micromachined part does not fall off during

the laser micromachining process.

B.3.2 Electro-deburring

The steps for performing electro-deburring are as follows:

S1:

S2:

Selecting the electrolyte: The choice of electrolyte depends upon the deburring
metal. Since the eletro-deburring process is similar to electropolishing and
electroplating process, the choice of electrolyte is same as of that used for
electropolishing or electroplating. There is a great body of work on available
electrolytes for various metals. In this work, copper is used for fabricating MEMS.

For copper, 14M phosphoric acid is used as the electrolytic solution.

Electro-deburring setup: The laser micromachined copper part is connected to anode
and another copper sheet is connected to the cathode. Both electrodes are dipped

inside 4M phosphoric acid solution.
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S3:

S4:

S5:

Selecting the electro-deburring voltage: Setting the right voltage is essential to
remove burrs. As can be seen in figure 3-9, the electro-deburring voltage must be
greater than the electropolishing temperature to ensure the removal of the burrs.
The electropolishing process is well studied and the value of the electropolishing
voltage for a given metal and electrolyte can be found in the literature. The
electro-deburring voltage should be above this wvalue. In this work, the
electro-deburring of laser micromachined parts is performed at 5V for 30 seconds.
Generally, the electro-deburring voltage is a little less than the votlage at which the

bubbles starts to form at the anode.

For some MEMS devices, a gold electroplating may be desirable to prevent oxidation

of the metal.

After the electro-deburring, the laser micromachined part can be rinsed in DI water
followed by isopropanol rinse. The cleaned laser micromachining part can be either

air dried at room temperature or at 85 degree centigrade inside an oven.

B.3.3 Lamination Process

The steps for lamination are as follows:

S1:

S2:

For the lamination process, the adhesive layer is first tack bonded to the substrate
layer. For tack bonding the Dupont FR1500 adhesive layer, the curing is performed
at 120°C.

Once the adhesive is tack bonded to the substrate, the backing layer is removed and the
top device layer is attached. Alignment pins are used for the alignment. For devices
requiring high alignment accuracy, alignment pins with diameter of 500um is used to
improve the alignment accuracy. However, for the device which does not require a
high alignment accuracy, thicker alignment pins (for example, 1.5mm diameter dowel

pins) can be used to simplify the assembly process.
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S3: Once aligned, the laminate structure is sandwiched between a custom-made alignment
fixture and clamped using a paper clip and put inside the oven for full curing. The
temperature of the oven is set to 185°C, and the baking is performed for 5— 20 minutes

depending upon the device and adhesive layer thickness.

S4: After the lamination process, the MEMS device can be cut-out from the laminate
structure using laser cutting. However, this step is not required during the device

development.

B.4 MEMS Device Testing

The actual steps for testing the device depend upon the actual design of the device. Here,

I outline the general steps which are common to many MEMS devices:

S1: After the device fabrication, it is advised to inspect the device in an optical microscope

to check the integrity of the device.

S2: Care must be taken to handle the MEMS devices, as they are very fragile. Do not

blow air to dry or remove dust particles, it will break the device.

S3: For electrical testing, use probe station probes to make the electrical connection. A
wire-bonder can be used as well. In my experience, for devices made out of copper,

using gold ball-bonding at 100°C' works very well.

B.5 Things That did Not work

Here, I list all the failed experiments and things that did not work:

1. First time observed high diffraction-limited features while trying to machine 50um
silicon wafer. Unfortunately, the success was very short lived, the wafer was very

fragile and the device broke. Figure B-1(a) shows the the broken comb-drive structure.
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2. Decided to use brass as it is less fragile and cheaper. However, the part had much

carbon deposited as shown in figure B-1(b).

3. Tried all sorts of way to remove the carbon and burrs with no success. Tried physical
scrubs, but the MEMS parts were very fragile and would deform. Tried sonication but
it won’t remove the burrs. Tried prolonged sonication, and broke many devices. Figure
B-1(c) shows once such device. Concluded sonication can not be used to remove the

burrs.

4. Tried many adhesive layers with no success. The Dupont FR1500 would stick but
the bonding was not sufficient and the device layer will come off as shown in figure
B-1(d). It turned out that I wasn’t baking it at right temperature. The right baking

temperature is 185°C.

5. Decided to make comb-drive device in a nitride wafer by patterning the top layer and
then performing a potassium hydroxide etch. Figure B-5(a) shows the device after
laser micromachining. Unfortunately, the device did not survive the etch step (figure

B-5(b))

6. I tried making 2.5D structure in silicon using laser micromachining, however, the

surface roughness was very high as shown in figure

7. I tried to use normal pulsed laser ablation micromachining to fabricate comb-drive
actuators. Despite of spending months, it did not work. Either the distance between
the comb-drive was too large (~ 30 = 40um) or there was some material left between
the comb-drive fingers (figure B-2(a)) which resulted in a short-circuit between the
fingers. Any amount of electro-deburring would not remove this left-over material.
The LAMPE micromachining ensures complete removal of material, while maintaining

the small lateral features.

8. After using LAMPE micromachining, I was able to fabricate a device, in which, there

was no short-circuit between the comb-drive. I tested the device and the fingers moved.
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Figure B-1: (a) Broken comb-drive structure device fabricated in 50um silicon wafer. (b) Comb-
drive in 250pm brass. The micromachined part had much carbon deposits. (c) Broken device after
5 minutes of sonication to try to remove burrs. The sonication was carried in a brass cleaner, which
is a mild enchant. (d) Broken device due to insufficient adhesive of the device layer to the substrate
layer.
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Figure B-2: (a) Material left between the comb-drive fingers when normal pulsed laser ablation
micromachining is used. (b) Comb-drive actuator after the short-circuit due to side-pull. (c) &
(d) Broken device because the beam-spring will come off from the post. It required increasing the
pressure during the lamination and baking process to make sure the beam spring is securely bonded
to the post.

However, as usual the success for short lived. The design of the beam spring was not
suitable for the comb-drive, and could not resist the side-pull. After a certain voltage,
the fingers got connected resulting in short circuit. Figure B-2(b) shows the first device

that worked and then resulted in short circuit.

9. Changed the design and used folded-flexure springs to minimize the side-pull. However,
the spring won'’t stick to the post as shown in figure B-2(c). It required increasing the
pressure during laminate assembly and baking process to make the beam spring stick

to the post.
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10.

11.

12.

13.

14.

15.

I tried multiple device design for MEM relays. Figure B-3(a) shows the cantilever
design. This was fabricated by laminating the top cantilever laminate on a silicon
substrate. I decided not pursue this direction because it required silicon substrate,
however, I wanted to show device demonstration with metal. Moreover, it required
depositing gold electrodes on the substrate. Furthermore, I was worried about the

stiction problem.

I also tried 10pm thick silver layer attached to 200um thick silicon frame for the
actuator electrode. Figure B-3(b) shows the fabricated device. I decided to not pursue
it for the same reasons as above. It used silicon wafer, and required deposited metal

electrodes on the bottom substrate.

Another design that I tried is shown in figure B-3(c). It did not work because the
cantilever was making electrical contact with the gate and output electrode
simultaneously. The MEM relay shown in figure B-3(d) has similar design and failed

due to the same reason.

I spent a large amount of time trying to solve the problem of actuator electrode
making electrical connection with the gate electrode. First, I tried reducing the height
of the gate electrode below the input/output electrode. I was hoping that the actuator
electrode will make contact with the input/output and will be blocked to further move
and make connection with the gate electrode (figure B-4(a)). However, I was wrong.
The actuator electrode plate is thin and can easily bend to cause electrical connection

with the gate electrode.

Next, I tried bringing the input/output electrode closer to the center to minimize the
bending of the cantilever plate (figure B-4(b)). However, it was not sufficient, and the

actuator electrode was still making the electrical connection with the gate electrode.

I also tried attaching a stop layer on the cantilever as shown in figure B-4(c). However,

when the voltage was applied, it made the contact with gate electrode first, thereby,
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Figure B-3: (a) MEM Relay with cantilever design. I decided to not pursue this direction as it
required deposited electrodes on the bottom silicon substrate. Moreover, I was worried about the
stiction. (b) MEM relay design using 200m thick silicon wafer as the frame. I decided to not pursue
it because I wanted to show silicon-less MEMS fabrication. Moreover, it required depositing gold
electron on the bottom substrate. (¢) MEM relay with cantilever design. This design failed because
the cantilever was making electrical connection with both the gate electrode and drain electron
simultaneously. (d) Another MEM relay design which failed due to similar reason.
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16.

hindering the connection of actuator contact with the input/output contact.

I tried 25um thick layer of corona dope (MG chemicals) to isolate the actuator
electrode with the gate electrode B-4(d). To make the electrical contact with the
gate electrode, the corona dope layer is removed from the edges as shown in the
figure B-4(d). It worked very well. However, the pull-in voltage was between

500 — 600V. Finally, I settled with the design discussed in section 4.3.
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Figure B-4: (a) MEM relay design which broke due to the short circuit between the actuator
electrode and the gate electrode (b) Another MEM relay design which broke due to similar reasons.
(¢) MEM relay design in which a post was attached to the cantilever to isolate actuator and the gate
electrode. Unfortunately, the post made contact with electrode, thereby, hindering the connection
between movable contact and the input/ouput contact (d) MEM relay design using a 25um thick
corona dope (MG chemicals) layer to isolate gate and actuator electrode. The device worked,
however, the pull-in voltage was between 500 — 600V due to large thickness of the insulating layer.
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Figure B-5: (a) Comb-drive structure Laser micromachined on nitride wafer (b) Comb-drive device
after potassium hydroxide etch
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