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Abstract—The processing techniques and materials utilized in
the fabrication of a two-terminal electrostatically actuated micro-
electro-mechanical (MEMS) cantilever-arrayed device used for
radio frequency tuning applications are presented in this work.
The process is based on silicon surface micromachining with
spin-coated photoresist as the sacrificial layer placed underneath
the electroplated gold structural material and an insulating layer
of silicon dioxide. Silicon dioxide layer is deposited using plasma
enhanced chemical vapour deposition (PECVD), to avoid a short
circuit between the cantilever and the bottom electrode. The
fabrication process involves six major steps designed under
controlled experiments. These includes the plasma enhanced
chemical vapour deposition of the silicon dioxide insulating layer,
optical lithography to transfer photomask layer patterns, vacuum
evaporation to deposit thin films of Titanium (Ti) and Gold (Au),
electroplating of Au, the dry release of the cantilever beam
arrays, and finally the wafer dicing to split the different micro
devices. These process steps were each sub-detailed to give a total
of fourteen micro-fabrication processes. Scanning electron
microscope (SEM) images taken on the final fabricated device
that was dry released using oxygen plasma ashing to aveid
stiction, showed twelve freely suspended micro-cantilevered
beams suspended with an average electrostatic gap of 2.29+0.17
microns above a 4934+3 angstrom thick silicon dioxide layer.
Preliminary dimensional measurements on the fabricated devices
revealed that the cantilevers were at least 52.06+1.93 microns
wide with lengths varying from 377.97+0.01microns to
1491.89+0.01 microns, and were at least 2.21+0.05 microns thick.
These results were validated by design values.

Keywords— MEMS; Micro-Cantilever; Manufacturing process,
Gold electrodeposition

I. INTRODUCTION

Micro-Electro-Mechanical Systems (MEMS) or
micromachines are an important innovation in technology that
have shown dramatic advances in the semiconductor industry
[1]. This technology enables the fabrication of machines that
are vanishingly small, very cheap, and have the ability to
function in a variety of applications. However, to achieve
these attributes, there is always need to optimize the MEMS
fabrication process so that it involves less steps, uses fewer
lithographic masks, and achieves a high yield. The process
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presented in this work uses three photo masks in a six step
fabrication process, which includes a final dry release step
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Fig. 2. (a) SEM pictures of many fabricated devices on a
single wafer before dicing; (b) Close-up of a diced MEMS-
Cantilever device
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aimed at achieving fully suspended stiction free MEMS-
cantilevers thus increasing the yield. A sketch of the
suspended MEMS-cantilever is shown in Fig. 1 and fabricated
devices in Fig. 2. Micromachining, microfabrication,
micromanufacturing and microelectromechanical systems
(MEMS) fabrication all relate to processes aimed at
developing devices with at least some of their dimensions in
the micrometer range, and whose applications extend from



silicon-based mechanical purposes to biotechnology, and
information and communication technologies [2]. As a result,
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Fig. 3. Simplified fabrication process

MEMS refers to all sub-miniaturised systems including
silicon-based mechanical devices, chemical and biological
sensors and actuators, and miniature non-silicon structures
(e.g. devices made from plastics or ceramics).

Overall applications areas of MEMS are in miniaturized
devices in the automotive industry used for physical sensing
and actuation; miniature sensors and instruments in medical
and biotechnology applications based on chemical sensing;
miniature devices in information technology (IT) and
peripherals (including hard disk drive heads, micro-displays,
and ink-jet print heads); optical steering in
telecommunications and industrial automation [3-5]. Several
fields and products have emerged over the years based on the
applications of MEMS. BIOMEMS (which includes
microfluidic structures, immunosensors, DNA arrays, etc.)
deals with life-saving disposable diagnostic sensors, systems
speeding up drug discovery, small pills for improving

delivery, etc., most of these devices being disposable [6, 7].
Mechanical MEMS deals with micro-resonant sensors like
accelerometers and gyroscopes. Optical MEMS or MOEMS
involve micromirror arrays, fiber optic connectors, etc.,
whereas radio frequency MEMS (RFMEMS) involve
inductors, capacitors, antennaes, etc. [8]. Commercial off-the-
shelf microelectromechanical systems or COTS MEMS, and
high-aspect-ratio MEMS (HARMEMS) have also been
introduced, and many more are expected [9, 10].

In this work, surface micromachining was used on silicon (Si)
substrates or wafers to fabricate MEMS structures in a class
1000 clean room facility [11]. Phosphorous N-doped, single-
side polished, 500um thick Si wafers were used for the work.
The material used in fabricating the vibrating structures was
Gold (Au); chosen because of its good conductivity and
reflective surfaces that eases optical resonance measurements
[12]. A thin layer of Au deposited on top of Titanium (Ti) was
also used to define the bottom actuating electrode [13]. There
were six key processing techniques used in the fabrication.
These were: plasma enhanced chemical vapour deposition
(PECVD); optical lithography; vacuum evaporation [14];
electroplating [15]; dry release [16]; and wafer dicing [17].
The processing steps are shown in Fig. 3 and Fig. 4, and
explained below in more details.

PECVD was used for the deposition of 0.5um of silicon
dioxide (SiO2) insulating layer using the Surface Technology
Systems (STS) PECVD tool. In PECVD, a plasma is used to
activate radicals, ions or highly excited species, which results
in the deposited film whereas the ion bombardment of the
substrate provides the energy required for them to settle as a
stable film. Although it results into chemical particle
contamination in form of hydrogen ions, PECVD is widely
used because of its low substrate temperature, good adhesion,
low pinhole density, as well as good coverage [18, 19].
PECVD is shown by letters A and C in Fig. 3.
Photolithography was used for optical patterning of the
deposited layers before etching to form the required structures.
This process was composed of photoresist spin coating, soft
baking of the coated wafer to promote photoresist adhesion
and release of any solvent, photomask alignment followed by
ultraviolet exposure, and finally the photoresist develop. A
positive photoresist was used that meant that the exposed areas
of the pattern were removed by the developer [20, 21].
Photolithography is shown by letters D, F and H in Fig. 3.
Vacuum evaporation was used for the deposition of the thin
film layers of Ti and Au inside a BOC Edwards Auto 500
evaporator. It is a form of physical vapour deposition (PVD)
inside a low pressure PVD reactor in which the vaporised
materials encounter few intermolecular collisions while
travelling to the substrate in a line of sight format [22, 23].
Vacuum evaporation is shown by letters B and G in Fig. 3.
Electroplating was used for the electrodeposition of Au onto a
dielectric silicon dioxide layer coated with a low resistance,
thin adhesive film of Ti acting as a seed layer. Areas for
electrodeposition are normally defined by a ultraviolet (UV)
exposed pattern in a spin-coated polymer, which on
developing away the exposed resist, establish contact with the



seed layer. This process was carried out in an electrolytic cell
with the surface to be plated acting as the cathode in a plating

Wafer cleaning

+

Deposition of first Si0; insulation

4

Deposition of Ti’Au bottom electrode

4

Depuosition of second Si0; insulation

i

Photolithographic patterning (mask 1)

+

Wt eteh of 510,

¥

Sacrificial photoresist spin coating

'

Photolithographic patterning (mask 2)

+

Deposition of TifAw seed layer

4

FPhotolithographic patterning (mask 3)

+

An electroplating

+

Photoresist remowval

- 4

Wet etch of Ti‘Au seed layer

E

Onovgen plasma dry release

Fig. 4. Outline of the major manufacturing steps

solution made of the metal to be deposited, and the anode
made of a material not readily attacked by the solution [24].
Electroplating is shown by letters I in Fig. 3.

Dry release was used as a stiction-free oxygen plasma
stripping or ashing process of the photoresist layer which was
acting as a sacrificial layer, resulting into a free hanging
structure. Unlike wet stripping, dry release is controllable,
causes no photoresist undercuts or broadening and leaves a
less corrosive and cleaner surface [25]. Dry release is shown
by letter L in Fig. 3.

Wafer dicing is the sawing process of the finished wafer into
the individual dies or devices ready for packaging and testing.
With the wafer mounted on a sticky tape onto the dicing saw
machine, a saw blade consisting of a thick-shaped hub a

diamond or carbide grit impregnated rim and rotating at
several thousand revolutions per minute, encounters the wafer
at a feed rate of the order of a centimeter per second to
partially or completely cut through it [17].

II. METHODOLOGY

This design of experiments for the fabrication process was
intended to solve the design challenges by careful arrangement
of all steps in a sequence that is compatible to each other. The
advantage of these fabrication process are its simplicity: the
fact that it is released on the wafer level using surface
micromachining as opposed to bulk micromachining; it
employs only standard micromachining procedures like
evaporation, photolithography, etc.; and it uses only three
masks. The process steps followed in the fabrication of the
prototype for the testing frequency tuning are outlined in Fig.
4. From this flow chart, the major steps are (i) deposition of
initial SiO2 insulation, lower (Ti/Au) metal electrode, the
second SiO2 insulation, and the sacrificial layer; (ii) vacuum
evaporation of Ti/Au seed layer, electroplating of gold as the
main structural material; (iii) release of the plated device. An
illustration of the major steps is shown in Fig. 3. Some of the
steps are explained further below:

A. Deposition of first insulating silicon dioxide layer

The fabrication of the two-terminal device began with 0.5um
of PECVD SiO2 onto the silicon wafer to insulate the Ti/Au
from contact with the silicon substrate. The thickness of the
PECVD Si0O2 was measured using the Filmetrics F20 thin film
measurement system. SiO2 thicknesses were measured from
five different locations around four wafers and the overall
average thickness of the deposited PECVD oxide was
5181+26A.

B. Deposition of bottom Ti/Au metal electrode

In this work, the vacuum evaporation technique was
employed to deposit thin electrically conductive metal films
forming the bottom actuation electrode used in the electrostatic
pull-down process and resultant frequency tuning. Titanium
(Ti) metal, 30 nm thick was evaporated onto the insulating
Si02, followed by 100 nm of Gold (Au). Ti readily adheres to
the surface of the oxide and to Au. Gold was chosen for its low
resistivity, ease during both evaporation and wire bonding
while packaging. The BOC Edwards Auto 500 evaporator was
used to deposit the Ti/Au lower metal electrode.

C. Electroplating Process employed to deposit Au

In this work, the electroplating was used to deposit Au
thickness of 2um in a thiosulfate-sulfite bath and process
started with the calculation of the plating area. This key
parameter dictates the final thickness of the plated material.
The exposed area for electroplating was 5.6 cm2. Using the
atomic mass of Au of 196.67 g/mole, and a density of 19.3 g
cm-3, an area of 5.6 cm2 with a plating current of 11 mA,
would take approximately 20 minutes to deposit 2pum of Au.



D. Dry Release

The electroplated gold beam structures were released by
completely etching away the photoresist sacrificial layer in an
oxygen (02) plasma asher using end-point detection and over
etch technique. During the process, the flow rate of O2 was set
at 800 ml/min, the chamber pressure at ~Imbar, and the
microwave power at SO0W.

E. Wire Bonding

In this work, a thin wire originating from a gold ball was used
to connect both the top and bottom electrodes on the device to
the pins on the chip package. This was done using the Kulicke
and Sofa model 4124/8 Thermosonic Gold Ball Bonder.
Because both electrodes are made of gold, it was easy to
attach the gold ball during the bonding. Prior to wire bonding,
the device was glued to the package using UHU plus End fest
300 Epoxy-based adhesive.

III. RESULTS AND DISCUSSION

The XL30 ESEM-FEG scanning electron microscope (SEM)
was used to closely inspect the released devices, to measure
the cantilever thickness as well as the separation gap between
the cantilever and the insulated substrate with a resolution of
2nm [26].

This was done progressively as the release process was
being optimized to obtain relatively flat cantilever beams.
Initially, released beams were bent upwards due to residual
stress as shown in Fig. 5. These devices were released with a
plasma power of 5S00W after 12 minutes of oxygen ashing.

After lowering the oxygen plasma power to 250W, and the
ashing release time to 7.5 minutes, flat beams were observed
as shown in Fig. 6. To analyse the gap between the beams and
the substrate, close-up views of the beam tips and sides were
taken as shown in Fig. 7. Additionally, the thickness of the
beam was measured as shown in Fig. 8. The Olympus MX
50T inspection microscope attached to a BRSL ‘David’
measurement system was used for visual inspection of the
manufactured devices at various process steps for defects and
to measure the dimensions with 0.5um accuracy. The overall
dimensions of the device are as shown in Table I. Line and
width dimensional measurements of the shorter cantilever are
shown in Fig. 9.

From the results shown in the preceding paragraphs, it is
evident that initially, the released beams were not ideally flat.
The end-tip was bent upwards with the initial deflection
increasing with the length of the beam as shown in Fig. 5. This
bending was attributed to several factors: firstly the high
temperatures that are involved in the oxygen ashing process
introduced thermal stresses. These temperatures depended on
the oxygen plasma power and the duration of the ashing
process. As the device was removed from the asher, the
difference in temperature causes the beam tip to bend since the
other end is fixed. Secondly, there could have been a
deposition tensile stress due to the electroplating bath. This is
because several wafers based on different processes were used
in the same plating bath as this work. These wafers might have

introduced impurities in the plating solution that resulted in a
change in the stress of the deposited Au film. Other factors
that could have resulted in a change in the stress include: the
bath life and aging of the plating solution; plating without
additives, accelerators and suppressors in the solution that
should have increased plating throwing power and uniformity;
and not annealing the device after plating. Additionally, the
upward bending could also be attributed to the thermal
mismatch between the thin Ti metal underneath the Au seed
layer, and the electroplated Au.

On the whole, the deflection of the released cantilever
beams was dependent on the dry-release ashing process time,
and it was concluded that thermal stress was incurred during
the plasma etching process. Since this additional stress can be
inconclusively distinguished from the deposition stress, the
post-deposition process such as a dry-release method also
needs to be controlled for accurate characterization. Several
solutions might be available including the use of a bridge
(fixed-fixed) beam configuration to cancel the stresses. An
immediate solution, which was employed in this work was to
change the ashing process recipe to allow for low plasma
power and intermittent ashing. Results show that an optimum
ashing time can be reached where the beams are almost entirely
flat. These are shown in Fig. 6 and Fig. 7. No stiction was
observed in the cantilevers.
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Fig. 5. SEM images of the suspended beams beforé t'hewoxygen



plasma ashing power was optimised: (a) all beams wide view;

(b) close up view of the longer beams (c) close-up view of the
shorter beams

Fig. 7. SEM images of the flat beams after optimizing the
plasma ashing process: (a) some of longer beams wide view;

(b) (b) close-up view of the beams (c) much closer view of the beam
for thickness measurement
Fig. 6. SEM images of the flat beams after optimizing the N L e i b3

plasma ashing process: (a) all beams wide view;
(b) close-up view of the shorter beams

Fig. 8. SEM images much closer view for thickness
of the beam measurement
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Fig. 9. Optical Microscope dimensional measurements for the
shorter beams

TABLEL  RESULTS OF OPTICAL MEASUREMENTS OF THE
BEAM DIMENSIONS

pevic Lﬁi?g'?h wiam | g fem | letosad

‘(’:21';’ 1 b(tll;ll)z d£0.03 (um) | H0.63 (um)
Beam1 | 377.97 49.05 2.15 2.48
Beam2 |  495.50 53.66 2.24 231
Beam3 | 5980 51.86 223 2.15
Beamd |  699.10 52.86 2.18 242
Beam5 |  800.00 55.86 221 2.01
Beam6 |  891.00 50.25 223 2.49
Beam7 | 99279 52.86 221 237
Beam8 | 1090.09 49.86 225 2.16
Beam9 | 1192.79 53.66 2.15 2.05
Beam 10 |  1290.09 50.45 2.22 2.30
Beam 11 |  1390.99 51.66 2.16 223
Beam 12 | 1491.89 52.66 2.14 248

SUMMARY

A fabrication process for the length tuning device has been
described using controlled experiments. The process followed a
surface micromachining procedure on a silicon wafer as a
substrate. Standard lithography techniques were employed in
the fabrication process and a set of three lithographic masks
used to define the component layers of the cantilever device
have been illustrated. The device after fabrication consisted of
cantilever arrays that, together with the bottom electrode, form
a vibrating microelecromechanical (MEMS) device. The
fabrication recipe involved spin-coated resist as the sacrificial
layer, which was dry etched using oxygen plasma ashing to
release the cantilevers. The vibrating microstructure was made
out of electroplated Au. By lowering the plasma power, and
decreasing the ashing time, stresses induced during the release
process were reduced thus avoiding stress-induced bending of
the cantilever tips. The released cantilevers were relatively flat
and stiction free with dimensions ranging from 377.97+£0.01um
to 1491.89+0.0lpm in beam length, 52.06+1.93pm beam
width, 2.214£0.05um beam thickness, and an electrostatic gap
of 2.29+0.17um above a 4934+3A thick SiO2 insulation
between the two electrodes. These values were in line with the
designed device dimensions.
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