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Abstract: This paper presents a novel low-cost fabrication process for micromechanical
filter in UV-LIGA technology. The micromechanical filter consists of the two identical
bulk-mode ring resonators, mechanically coupled by a flexural-mode beam. The design
procedure is performed by a mechanical lumped element model and ANSYS software. The
low-cost fabrication process with only three UV-lithography steps is used to achieve a high
aspect ratio of 20 with 3 um gap spacing. The fabricated filter is characterized using a fully
differential drive and sense interface circuit. The experimental results demonstrates
micromechanical filter with a center frequency of 10.31 MHz and percent bandwidth less
than 0.3% using a DC-bias voltage of 60 V. The detailed fabrication process can be applied
as an appropriate alternative to X-ray LIGA and silicon-based micromechanical filters.
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1 Introduction

Micromechanical devices are currently the key
components in micro-communication applications [1].
Band-pass filters with narrow-bandwidth, low insertion
loss and excellent stop-band rejection, are essential parts
of newly-invented radio frequency (RF) channel-select
transceiver architecture [2, 3]. Due to compatibility with
IC technologies and small size, micromechanical filters
can potentially serve as direct on-chip replacements for
their off-chip crystal and surface acoustic wave (SAW)
filters in wireless transceivers [4]. Today, how to
develop micromechanical filter with new material and
low-cost fabrication process is a matter of debate. There
are several technologies for fabricating
micromechanical resonators and filters such as LIGA (a
German acronym for Lithographie, Galvanoformung,
Abformung), surface and bulk micromachining. Bannon
et al [5] used a polysilicon surface micromachining
process to fabricate a micromechanical filter, which was
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composed of two clamped—clamped beam resonators
coupled mechanically by a flexural beam. The filter had
a center frequency of 7.81 MHz, with a 0.23%
bandwidth, and an insertion loss less than 2 dB. Motiee
et al [6] utilized Poly MUMPs process to fabricate
mechanical coupled filter, with a center frequencies of
1.7 MHz, using as a novel V-shape beam coupler. The
V-shape architecture was reported to improve the filter
performance and flatten the response in the passband.
Abdolvand et al [7] presented an implementation of a
narrow-bandwidth filter with a center frequency of 800
kHz and a percent bandwidth of 0.02 % using the high
aspect ratio process (HARPSS). Wang et al [8]
demonstrated a 20 MHz narrow-bandwidth filter as
small as 0.029%, using mechanically coupled breathe-
mode ring resonators, and they analyzed the effect of
the coupling beam width on the filter bandwidth. In the
aforementioned studies, Single Crystal Silicon (SCS)
and polysilicon were used as structural material. In
recent years, new materials such as nickel (Ni) have
developed due to their relatively low cost on the silicone
substrate [9, 10]. Compared to the more conventional
micro-fabrication processes based on new material,
LIGA process allows the fabrication of high aspect ratio
with excellent sidewall quality. This feature makes it
very suitable for fabricating capacitive micromechanical
resonators [11]. However, highly expensive synchrotron
source and X-ray mask costs make it difficult for low-
cost applications. The paper deals with a novel low-cost
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fabrication method based on UV-LIGA.
Micromechanical ring filter is first designed at the
center frequency of 10.7 MHz and bandwidth of 30 kHz
using a mechanical lumped element model and ANSYS
software. The fabrication process steps are then
detailed. Finally, the fabricated filter is characterized
and discussed.

2 Micromechanical Ring Filter Structure and
Operation

Micromechanical ring resonators, due to their high
structural stiffness, ring geometry and having four
quasi-nodal points at their outer periphery in some in-
plane bulk-modes, offer lower motional resistance and
higher quality factors [12]. Hence, these resonators are
more attractive alternative to flexural-mode resonators
in filter applications. Mechanical coupling of two
identical micromechanical resonators is the most
common approach for implementation of the second-
order filters. In the approach, bulk-mode ring resonators
are mechanically coupled via compliant elements
resulting in two resonance modes for the whole system.
In the lower resonance mode, the ring resonators are
180 out of phase, and in the higher resonance mode,
both resonators vibrate in phase as shown in Fig. 1(a).
Fig. 1(b), presents a schematic view of a coupled ring
filters.

As shown, the filter consists of two identical ring
resonators, which are anchored by three support beams.
Ring resonators are mechanically coupled by a coupling
beam with stiffness of k., at the outer ring peripheries.
Two electrodes are placed at quadrants overlapping the
outside of each ring resonators to drive and sense
resonant vibration [4, 13]. An ac input signal (v;) is
applied through a properly-valued input termination
resistor (Rp), to the drive electrodes, and the structure is
biased to a DC voltage (V5).

In phase
mode

Out of phase
mode

(a)

Vin

(b)

Fig. 1(a) Filter mode shapes (extensional w.-glass (EWG)
mode) (b) Schematic view of the micromechanical ring filter.

This combined input generates an electrostatic force
between the drive electrodes and the input resonator that
induces vibration when the frequency of v; falls within
the filter pass-band. The vibration energy is passed to
the center and output resonator via the coupling beam,
causing it to vibrate as well. The output resonator
vibrations create DC-biased, time varying capacitors
between the output resonator and sense electrodes, and
source motional output currents (i,) [14]. Based on the
lumped element model developed for bulk-mode ring
resonator [15], the simplified lumped mass-spring
model of ring filters is presented as shown in Fig. 2.
Each resonator is assumed as two separate ring
resonators coupled together at the middle distance
between the inner and outer edges. In Fig. 2, x;
represents the vibration displacement of the effective
lumped mass (M,). The k. and k.. are the resonator
mechanical stiffness at the coupling location and
internal coupling stiffness, respectively. The subscripts i
and o denote the inner and outer ring resonators,
respectively. The effective lumped mass and mechanical
stiffness at the coupling location for the ring resonator
are given by:
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Fig. 2 The equivalent lumped mass-spring model of the
micromechanical ring filter.
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of (n,m), where n corresponds to the circumferential
order and m corresponds to the radial harmonic. The E,
v and p are Young’s modulus, Poisson’s ratio and
density of the structural material, respectively.

Furthermore, t and 6, are the thickness of the ring
resonators and coupling angle, respectively. The
parameter y=|U,,/U,,| denotes the inner to outer radial
displacement ratio, which the radial displacement (U,)
and circumferential displacement (Uy) are expressed as
follow:

d

By
E (]n (han) + A_n Yn (han‘)>
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In the above equations, J, and Y, are Bessel
functions of the first and second kind, respectively. The
relationship between the mode consonants of %, and
By is given by: kuu/hu. = N2/(1-v). The elastic wave
constants of (B,/4,, C,/A,, B./A,) can be found by
solving the following equation of det (Myx4) = 0, which
the elements of M were explained in detail in [12, 16].
According to the electrostatic force applying to the two
identical coupled ring resonators, the coupling beam
provides the sufficient to shift the resonator frequencies,
creating two close resonance modes that form the pass-
band as follows:

1 ke 1 ke + 2k
h=gmm 270 M
where, k. is the effective mechanical stiffness at the
coupling locationdue to electrical nonlinearity, and for
the ring resonator operating in their second-order bulk-
modes (i.e., w.-glass (2, 1), extensional w.-glass (2, 4),
etc) is given by:

eotR,VE
kre = krc [1 - %(Sin(zge) + de)] (7
T

where, &), 6, and d denote the vacuum permittivity,
electrode-to-resonator overlap angle and gap spacing,
respectively. According to Eq. (6), the bandwidth of the
micromechanical ring filter is approximately determined
as follows:

(6)

BW = ®)

where, k;, is the normalized coupling coefficient for a
given filter type.

3 Micromechanical Ring Filter Design
3.1 Coupling Beam Design
One of the main challenges in narrow-bandwidth
filters is providing a small coupling stiffness (k)
between constituent resonators. Flexural-mode beam
was chosen to serve as a coupling element at the outer
ring periphery with the coupling angle of n/4. The beam
stiffness of the coupling beam with sliding ends is given
by [5]:
Ewlta®(sina + sinh a)
12L3(cos a cosha — 1) ©)

kep =

where the subscript ¢ denotes the coupling beam and

+48m2pf?
a=L ’—EWCZ (10)

where L. and w, are the length and width of the coupling
beam, respectively. The coupling beam are designed
corresponds to a quarter wavelength of the center
frequency to cancel the beam mass effect. Therefore, the
equality given by Eq. (11) should be satisfied [13]:

(sinacosha + cosasinha) =0 (11)
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Fig. 3(a) The relationship between coupling beam length and
beam width. (b) Analytically calculated coupling beam
stiffness (k) versus beam width.
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As a result, Egs. (10) and (11) can be solved to find
the coupling beam length as shown in Fig. 3(a). It can
be seen from the Fig. 3(b), as the coupling beam width
decreases, the coupling beam stiffness decreases.
However, the coupling beam width is limited by
lithography, and it was chosen equal to 35 um.
Therefore, beam stiffness and beam length were
obtained from Egs. (11) and (9) as shown in Table 1.

Table 1 The design specifications of the ring filter.

Parameter Explanation Value Unit
E Young modulus 170 GPa
Y Poisson ratio 0.31 -
P Density 8900 | kg/m’
R; Inner radius 380 pm
R, Outer radius 590 pm
0. Electrode angle 45 deg
L Support beam length 93 um
W Support beam width 30 pum
L. Coupling beam length 61 pm
W, Coupling beam width 35 pum

3.2 Micromechanical Ring Resonator Design

According to Egs. (7) and (8), with the given
bandwidth of 30 kHz, center frequency of fj=10.7 MHz
and coupling beam stiffness of k.»=2.223%10°, resonator
stiffness at the coupling location of (R,, m/4) is obtained.

Micromechanical ring resonators can operate in their
bulk-modes with different values of their inner and
outer radii at a specific resonance frequency. For the
given resonance frequency and mode shape, the
relationship between the inner and outer radii of the ring
resonator can be calculated via numerical solution of
det(My»4) = 0 as shown in Fig. 4(a). Therefore, the
resonator stiffness for Extensional W.-Glass (EWG)
mode is calculated using Egs. (1) and (2). The side-
support beams were attached to the quasi-nodal points
of the EWG mode ring resonator, and were designed as
the beams with sliding-fixed boundary conditions [12].

Therefore, these beams conform to vibrations of the
ring resonator in flexural-mode with same resonance
frequency as follows:

_nf*ws [E
4V31% P (12)

f

where the subscript s denotes the support beam, and
f=1.2498 denotes the flexural-mode constant. L; and w;
are the length and width of the support beam,
respectively.
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Fig. 4 (a) The relationship between the inner and outer radii in
the ring resonator at f/~10.7 MHz. (b) Resonator stiffness at
(R,, m/4) versus the outer radius for EWG mode.
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Fig. 5 ANSYS simulation for EWG ring filter with flexural-

mode coupling beam.
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Due to minimum feature size given by the Mylar
mask in the fabrication process, the width of the support
beams was set to 30 pm. The modal analysis of ANSYS
software was used to verify the analytical derivations
and design aspects of the ring filter. The mode shape
simulations of out-of-phase and in-phase vibration
EWG modes are shown in Fig. 5. As seen in Table 2,
the analytical results agree well with ANSYS
simulation. The EWG mode ring resonator has been
presented recently by Bijari et al [17]. Fig. 6 shows the
SEM of the fabricated ring resonator. The fabricated
EWG resonator was able to operate with a high quality
factor of 156170 using DC bias voltage of 90 V.

Table 2. Comparison between analytical resultsand ANSY'S
simulation.

Parameter Analytical | ANSYS | Unit
Center frequency (f;) 10.7 10.721 MHz
Band width (BW) 30 27.52 kHz

Resonator mass (M,) 9.73x10°% | 2.29x107 | kg

4.4x10° 1.03x10° | N/m

Resonator stiffness (k)

Fig. 6 SEM images of the micromechanical ring resonator.

3.3 Filter Termination
Due to the high QO of the EWG mode ring resonators,
a micromechanical filter should be terminated with
proper impedance values to reduce the ripple and
provide a more flat pass-band. The required value of the
total termination impedances for a filter with known
center frequency and bandwidth is given by [6]:

BW Q,
RQt = Rm (T? - 1) = ZRQ (13)

where R, and O, are the motional resistance and quality
factor of the constituent resonator, respectively, and g is
a normalized parameter (¢g=1.414 for second-order
Butterworth filter).

4 Fabrication Process

Micromechanical ring filter was fabricated using the
fabrication process shown in Fig. 7. The proposed
approach is based on the multi-step UV-lithography
process and electroplating using nickel as a structural
material. SU-8 photoresist was selected as a thick resist
material to fabricate plating molds. Moreover,
aluminum (Al) was used as sacrificial layer for realizing
the capacitive gap between electrodes and resonators.
The process begins with rigid graphite as the primary
substrate and plating base. Before spin coating, a
graphite substrate was cleaned by acetone under
ultrasonic agitation. Graphite substrate coated with SU-
8 was placed on the hot plate to reduce the internal
stress.After cooling down to room temperature, the UV
exposure could be performed using Mylar mask under
UV light source with the exposure dosage of 600
ml/em?’. After UV exposure, the sample was post-baked
and then cooled down to room temperature. The
exposed SU-8 photoresist was developed using the SU-
8 Developer at room temperature for 15 min. After the
development, the substrate was rinsed with Isopropyl
Alcohol (IPA) and oxygen plasma asher.

[E— S— Ss—

SN W 1. Expose SU-8 [} 6. Develop SU-8
and pattern
electrodes

2. Develop SU-8 - =i Wmms 7 Electroplate
Ni and polish
| | 3. Electroplate
Ni and polish 1| s 8. Remove
graphite substrate
| | 4. Remove 0 Transfer &
exposed SU-§ ~ -Emm- s rags er to
and deposit secondary
8 B B arae substrate
[ E— |
- | _5.Coat SU-8
S B and expose to - ERL_ 1. Remove SU-8
UV light and sacrificial layer
[ sU-8 | 0 Graphite | B Ni [ 0 AVTiAg | I Cu |

Fig. 7 Schematic representation of the ring filters fabrication
process using UV-LIGA technology.
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Fig. 8 The optical micrographs and SEM image of the main
structure after (a) Nickel electroplating. (b) Surface polishing.
(c) Removing the SU-8 photoresist.

Nickel electroplating was performed using a nickel
sulfate plating bath and the current density was ramped
from 5 to 30 mA/cm’.

As shown in Fig. 8, the over plating parts were then
mechanically leveled to the height of the photoresist by
Polishing Device RotoPol-22 using the 5000 grit
sandpapers. After nickel electroplating, the post
exposure baked SU-8 photoresist was stripped with
Remover PG (Microchem Inc.). This was followed by
etching in a plasma asher with O,/CF, gases to remove
any remaining SU-8 photoresist from the surface.

4.1 Gap Fabrication Process

Aluminum (Al) was used as a sacrificial layer to
define the electrode-to-resonator gap. Hence, after
removing the electroplating mold, the structure was
loaded into a DC sputtering system. The continuous
sputtering time was limited to 2 min at 100 W DC
power and sputtering was paused for 10 min before
resuming another sputtering to prevent the high
generated heat in the sputtering chamber. The sputtering
cycle was repeated for 40 times to achieve high
thickness of Al. Moreover, a tilted and rotated
sputtering substrate was used to uniform deposition
coating on the side walls of the ring structure. A thin
film of titanium (Ti) was then deposited as an adhesive
layer between the Al and a plating base layer of Ag.
Next, the structure was coated by the SU-8 photoresist
with the thickness of 200 um. The SU-8 was patterned
to define the electrodes with a UV light source with the
expose dosage of 500 mJ/cm”. As shown in Fig. 9, the
Ni was then electroplated and the electrodes were
leveled to the height of the main structure.

4.2 Transfer and Release Process
The sample was immersed into the nickel etchant

TFG for 5 min to remove an eventual thin layer of Ni on
the surface of capacitive gap.

(2)

(b)

Fig. 9 The optical micrographs of fabrication process after (a)
developing SU-8 to form the electrodes. (b) Ni electroplating.
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To transfer the structure to secondary substrate, the
surface of the sample was first covered by a thick layer
of SU-8 photo-resist and a microscope glass slide was
then attached on it. The sample was baked for 20 hours
at 95 °C and next, the structure was released by
mechanical polishing of graphite. The sample was again
immersed into the nickel etchant TFG for 5 min. After
that, sample was immersed in SU-8 Developer for 1 hrs
to release the exposed SU-8 slab with filter structure,
from the microscope glass slide. A patterned Printed
Circuit Board (PCB) substrate with an embedded hole at
its center was served as a secondary substrate. The
exposed SU-8 slab with filter structure was transferred
to the secondary substrate and the pads of the ring filter
were connected to the substrate pads by conductive
silver epoxy adhesive. The filter alignment to the new
substrate was then checked under microscope. As
shown in Fig. 10(b), to protect the pad connections
against wet and plasma etching, the edges of the
structure were buried with the SU-8 photo-resist and
exposed to UV light. The suspended and released ring
filter was achieved by etching in a plasma asher with
O,/CF, gases to remove the slab of exposed SU-8
photo-resist, and followed by wet etching the Al
sacrificial layer.

To avoid the plasma etching of the protective SU-8
photo-resist on the pad connections, the sample was
flipped over and plasma etching was performed through
the hole in the back side of the substrate. Potassium
hydroxide (KOH) solution (10%) was used to etch the
sacrificial Al layer.

—|—> Glass

1. Covered
|| ||
by SU-8 — - Unexposed SU-8
Graphite
2. Remove
() graphite by T ] ]
polishing L Exposed SU-8
3. Immerse in .

SU-8 Developer

(b)

Fig. 10 (a) Schematic representations of the transfer process.
(b) The photograph of the transferred structure on the
secondary substrate.

Fig. 11 SEM images of the released micromechanical filter.

5 Experimental Results and Discussion

The fabricated ring filter was characterized by a
Scanning Electron Microscope (SEM). As shown in Fig.
11, the thickness and gap spacing of the filter are
estimated about of 60 um and 3um, respectively.

5.1 Electrical Measurements
The fabricated ring filter was tested under vacuum in
a two-port fully differential drive and sense
configuration using a network analyzer. The filter was
terminated by 8.2 MQ resistors at the input and an
output ports, the output voltage was amplified by a 20
dB gain voltage amplifier.

50

OPA843
47k

~—

Custom-built Vacuum

Chamber Interface circuit

Fig. 12 The fully differential drive and sense setup for
measurement of the micromechanical ring filter.
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Fig. 12 shows a schematic view of the experimental
setup. The interface circuit contains driving and sensing
stages. The driving and sensing interface circuits were
put outside a custom-built vacuum chamber equipped
with DC and coaxial feedthroughs for connection to the
fabricated ring filter placed in vacuum chamber. The
custom-built vacuum chamber was evacuated down to

10 dB/REF  -30 dB 1:-17.320 dB 10.321704 MHz

S21 LOG
T

(a) Ref bf--

START 10.000000 MHz
IF BW 300 Hz

STOP 10.460000 MHz
Power -40 dBm

821 LOG 10 dB/REF  -30 dB 1:-10.511dB 10.315127 MHz

(b) Ref b

STOP 10.460000 MHz
Power -40 dBm

START 10.000000 MHz
IF BW 300 Hz

8§21 LOG 10 dB/REF  -30 dB 1:-11.458 dB 10.298031 MHz

(©)

START 10.000000 MHz
IF BW 300 Hz

STOP 10.460000 MHz
Power -40 dBm

Fig. 13 Transmission (S21) plots of the fabricated ring filter
over a frequency span of 460 kHz with IF bandwidth of 300
Hz and DC-bias voltage of (a) 30 V (b) 60 V (c) 90 V.

0.1 mbar and the DC-bias voltage was applied directly
to the filter.

As shown in Fig. 13, the quality factor up to 351 for
the EWG mode ring filter was experimentally derived
from the transmission parameter, as the center
frequency of 10.31 MHz over the 3dB bandwidth, for
DC-bias voltage of 60 V. Moreover, the fabricated filter
presents a percent bandwidth of 0.26 %, pass-band
distortion of 3.8 dB, a stop-band rejection of 30 dB and
a 20 dB shape factor of 2.48. The fabricated filter
presents high insertion loss, which corresponds to the
large motional resistance presenting in the
micromechanical ring resonators. The shift between the
measured bandwidth and center frequency with respect
to the expected values can be attributed to the
mismatches between constituent resonators, tolerance in
position of the coupling beam, and Young modulus of
nickel, which is a mechanical property related to the
fabrication process, and changes from 131 to 202 GPa
due to the condition of electroplating [18, 19].

6 Conclusion

In this paper, a novel low-cost fabrication process
was developed in UV-LIGA technology to fabricate
micromechanical ring filter. The design procedure was
performed by a mechanical lumped element model.
Micromechanical ring filter ~was  successfully
demonstrated with a high aspect ratio of 20 with gap
spacing of 3 um. Using rigid graphite as a primary
substrate and SU-8 as an electroplating mold,
micromechanical ring filter was fabricated with multi-
step UV-lithography. The structure was released and
transferred to the secondary substrate by new method.
The fully differential drive and sense measurement
setup was used to characterize the fabricated ring filter.
The results show the center frequency of 10.31 MHz
with a bandwidth of 26.3 kHz and stop-band rejection of
30dB using a DC-bias voltage of 60 V. Moreover, the
fabricated filter presents a variation of a percent
bandwidth between 0.25 to 0.33% with the applied bias
voltage from 30 to 90 V. Based on the fabrication
process, an optimized UV-LIGA can be used as a low-
cost alternative to silicon-based micromachining
processes.
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