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a  b  s  t  r  a  c  t

Piezoelectric  thin-film  micro-sensors  and  actuators  often  appear  in  the  form  of a diaphragm  anchored
around  its  entire  boundary.  When  a  micro-device  is scaled  down  in  size,  its  sensitivity  reduces  and  nat-
ural frequency  increases,  drastically  lowering  its  performance.  The  purpose  of  the  paper  is  to study  the
feasibility  of  introducing  through-etched  slots  to partially  release  the  diaphragm  at  its  anchor.  As  a result,
a  micro-device  can  be  scaled  down  in  size  without  significantly  altering  its  sensitivity  and  natural  fre-
quency.  In  this  paper,  we  first  present  a finite  element  simulation  proving  the  concept.  We  then  describe
processing  steps  to  fabricate  a lead-zirconate-titanate  (PZT)  thin-film  diaphragm  sensor/actuator  with
a partially  released  boundary.  Challenges  encountered  in  the  fabrications,  such as  cat  ear  and  elec-
trode  non-uniformity,  are  explained  and  overcome.  As  a  case  study,  we  demonstrate  the  feasibility  to

design, fabricate,  and  test  an  intra-cochlear  micro-actuator  probe  that  employs  three  partially  released
PZT diaphragms  at the  tip  of  a cantilever.  Experimental  measurements  indicate  that  the  sensitivity  is
dominated  by the  diaphragm  deflection,  while  the  first  natural  frequency  is  dominated  by  the  cantilever
structure.  Finite  element  simulations  not  only  confirm  the experimental  measurements  but  also  optimize
diaphragm  dimensions  for sensor/actuator  performance.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Piezoelectric thin-film micro-devices have found wide appli-
ations, such as pressure sensors [1,2], acoustic actuators [3–5],
io-sensors [6,7], bio-actuators [8], micro-pumps [9,10], micro-
hones [11–17], micro power generators [18,19], and energy
arvesting transducers [20]. A common design of such devices is

 diaphragm structure; see Fig. 1. Usually, the design consists of a
iaphragm, electrodes, and diaphragm anchors. The diaphragm is
ften composite, with a piezoelectric (e.g., lead-zirconate-titanate
PZT) or aluminum nitride (AlN)) thin film over a base material (e.g.,
ilicon, silicon oxide, silicon nitride, or combination thereof). Elec-
rodes can appear above or below the piezoelectric thin film or both.
he electrodes can be made from gold or platinum with an adhe-
ion layer (e.g., chromium or titanium). The anchor, formed by bulk

aterials surrounding the diaphragm, provides a fixed boundary

ondition to support the diaphragm. When voltage is applied to the
iezoelectric thin film, it extends or contracts flexing the diaphragm

∗ Corresponding author.
E-mail address: ishen@u.washington.edu (I.Y Shen).

ttp://dx.doi.org/10.1016/j.sna.2017.03.014
924-4247/© 2017 Elsevier B.V. All rights reserved.
serving as an actuator. Conversely, when the diaphragm deforms,
the piezoelectric thin film produces electric charges serving as a
sensor.

Performance of piezoelectric micro-sensors and actuators is
often evaluated in terms of two parameters: sensitivity and fre-
quency bandwidth. For piezoelectric thin-film micro-sensors, the
sensitivity is usually the charge generated per unit force or
displacement (e.g., pC/Pa or pC/nm). For piezoelectric thin-film
micro-actuators, the sensitivity is usually the displacement or force
delivered per applied voltage (e.g., nm/V or N/V). The frequency
bandwidth is the frequency range in which frequency response
functions of the micro-sensors or actuators remain roughly con-
stant. For example, design of an intra-cochlear micro-actuator as a
hearing aid aims at displacement of 200 nm over the audible range
[3]. Given a 5 V power source, the intra-cochlear micro-actuator
would have a sensitivity of 40 nm/V with a frequency bandwidth
from 10 Hz to 12 kHz.

When a micro-device is scaled down proportionally in size,

physical laws mandate that the device’s natural frequency and
stiffness increase accordingly. The increase in the natural fre-
quency results in a surplus of the frequency bandwidth, while
the increase in the stiffness often causes a significant drop of the

dx.doi.org/10.1016/j.sna.2017.03.014
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2017.03.014&domain=pdf
mailto:ishen@u.washington.edu
dx.doi.org/10.1016/j.sna.2017.03.014
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ig. 1. Cross sectional view of a typical piezoelectric sensor or actuator with a
iaphragm structure (not in scale).

ensitivity. Therefore, one major challenge encountered in the
esign of diaphragm-type piezoelectric micro-devices is to main-
ain the desired sensitivity and frequency bandwidth while
educing the size of the devices.

As an example, a PZT thin-film acoustic micro-actuator was
eveloped as a hearing aid to be placed in cochlea [3]. The goal

s to generate acoustic waves directly in cochlea and to coordinate
ith a traditional cochlear implant that generates electric stimula-

ion to enhance speech recognition. Fig. 2 shows the top and bottom
iews of a first-generation (1-G) intra-cochlear probe that carries an
coustic micro-actuator. The 1-G probe is in the form of a cantilever
ith a cross-sectional area of 0.4 mm × 1 mm.  The acoustic micro-

ctuator is located at the tip of the probe in the form of a diaphragm
cf. Fig. 1). Moreover, the diaphragm is 0.8 mm × 0.8 mm in size and
s 2 − 3 �m in thickness. The diaphragm is anchored all around at
our sides. The diaphragm and the anchors are formed simultane-
usly through a deep reactive ion etch (DRIE) from the bottom side
f the probe. A finite element analysis (see Appendix A) indicates
hat the sensitivity is 18.22 nm/V and the first natural frequency is
5.51 kHz. The 1-G intra-cochlear, acoustic micro-actuator probe
as gone through several rounds of animal tests and proved to
e successful [21]. Also, the 1-G probe was made in the form of

 cantilever for acute in-vivo tests, where ease of implantation was
mportant and the test duration was short. For chronic in-vivo tests
r realistic hearing devices, an intra-cochlear microactuator would
nly include the diaphragm portion with a small wiring area. The
otal length may  not exceed 1 mm.

Despite the success, the 1-G intra-cochlear micro-actuator
robe is still a bit too large; it barely enters the basal turn of
ochlea. A more desirable intra-cochlear micro-actuator probe is
0% or even 50% smaller in size. The smaller size will allow sur-
eons to place the acoustic micro-actuator at an optimal location
e.g., facing the basilar membrane where hair cells reside) with
roper bone anchor. The size reduction, however, will undermine
he sensitivity and bandwidth. Based on the analysis in Appendix
, if the 1-G intra-cochlear micro-actuator probe is reduced 50% in
ize with proportion, the sensitivity will be reduced to 3.39 nm/V
hile the first natural frequency will be increased to 231.28 kHz.

he sensitivity is significantly smaller, and the frequency band-
idth is substantially bigger than the needed audible frequency

ange. In this case, what would be an alternative design that could
rovide a smaller size without significantly altering the sensitivity
nd natural frequency?

A natural solution is to adopt a cantilever diaphragm to substan-
ially reduce the stiffness [22,23]. Use of a cantilever diaphragm,

owever, has tradeoffs. First, there are practical considerations

n reliability. For example, cantilever diaphragms tend to warp
ore than fully anchored ones when residual stresses are present.

antilever diaphragms are more fragile because they are only sup-
tors A 259 (2017) 1–13

ported at one end. Without any protection, cantilever diaphragms
could break during the implantation process of a surgery. Second,
cantilever diaphragms do have their own  design challenges. As
an acoustic actuator, a fully anchored diaphragm behaves like a
speaker displacing its ambient fluid effectively. It is not clear if a
cantilever diaphragm will be as effective. Another design constraint
is the thickness of the PZT thin film. Under existing technologies,
PZT thin films with thickness ranging from several to tenths of
micrometers are possible but challenging to fabricate for cantilever
structures. As a result, choice of thickness and bandwidth for can-
tilever diaphragms may  not be unlimited. It would be very desirable
to have an alternative design to scale down a diaphragm actuator
without significantly altering the sensitivity and natural frequency.

Motivated by the considerations above, we propose an alter-
native design by modifying the boundary conditions of the fully
anchored diaphragm at the anchors. For example, one strategy
is to partially release the anchors on two  opposite sides of the
diaphragm; see Fig. 3. The presence of the free boundaries softens
the micro-devices, keeping the sensitivity and natural frequency
in check. Also, the amount and location of the released boundary
can be adjusted to achieve a desired sensitivity and natural fre-
quency. This alternative design has not been pursued actively in the
research community and its potential remains largely unexplored.

The purpose of this paper is to study the feasibility of using a par-
tially released diaphragm design for micro-devices. In particular,
we implement the partially released boundaries by using through-
etched slots. The study includes design of the partially released
boundaries, fabrication of the devices, experimental characteriza-
tion of the devices, and performance optimization. This study is
neither trivial nor incremental, because there are several critical
issues that need to be addressed.

First, the design of the partially released boundaries is com-
plicated by the presence of residual silicon. For example, the
diaphragm of the 1-G micro-actuator probe shown in Fig. 2 was
formed via a DRIE from the backside of the silicon wafer. Since the
etch rate is not uniform, there is always some un-etched silicon in
the form of residue building up at the diaphragm-anchor boundary
(cf. Fig. 2 of [26] or Fig. 16(b) of Appendix A). When the size of the
micro-devices is reduced, the residual silicon does not decrease its
size accordingly. As a result, the residual silicon could detrimentally
affect the sensitivity and the natural frequency. Consequently, the
location and size of the etch slots will largely determine the size of
the residual silicon and thus the final performance, even after the
partially released boundaries are formed.

Next, new fabrication processes must be developed to accom-
modate the partially released boundary while making the
micro-devices. The use of through-etched slots to create partially
released boundary implies that six different layers (i.e., PZT, top
electrode (Au/Cr), bottom electrode (Pt/Ti), silicon oxide, silicon
nitride, and silicon) need to be separately patterned and etched.
Although patterning and etching formulas of individual layers are
available [27,28], combined use of the formulas to implement such
etch slots is not a trivial task. For example, the multi-layer pattern-
ing requires very accurate alignment. Moreover, any subsequent
processing over a patterned substrate surface may  introduce var-
ious problems, such as layer delamination, “cat ear” created by
lift-off, and non-uniformity in etching.

Finally, design issues may  appear when a partially released
diaphragm is incorporated in a micro-device. For example, how
would a host structure of a micro-device affect the performance
of a partially released diaphragm? What happens when multiple
diaphragms appear in a micro-device?
For the rest of the paper, we will present how we  resolve
these three issues. We  first present a design of a PZT thin-film
micro-actuator with reduced dimensions and partially released
boundary conditions. A finite element simulation is conducted to
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Fig. 2. Front and back views of the first-generation PZT micro-actuator probe.
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Fig. 3. A diaphragm partially released PZT micro-actuator m

rove the concept. Then we explain the fabrication processes and
iscuss in detail some unique steps that enable the fabrication. We
hen demonstrate the feasibility to fabricate the new design on an
ntra-cochlear acoustic micro-actuator probe that employs three
artially released diaphragms. Performance of the micro-actuator
robe (e.g., sensitivity and natural frequency) is then measured
sing a laser Doppler vibrometer (LDV). Finally, we  conduct a finite
lement simulation to confirm the measurements and optimize the
iaphragm dimensions.

. Design of partially released diaphragm micro-actuators

The scale-down finite element model in Appendix A is revis-
ted here. To partially release the anchors, we  introduced two
hrough-etched slots at two opposite sides of the diaphragms; see
ig. 3(a). Note that the through-etched slots also partially remove
he residual silicon that hinders the diaphragm from deforming, as
een in Fig. 3(b). Note that the diaphragm is now rectangular (i.e.,

50 �m × 340 �m).  That the long sides are free further reduces the
tiffness of the diaphragm. Also, there is one central electrode and
wo side electrodes. The central and side electrodes can be driven
n an out-of-phase manner to enhance the actuator displacement.
(a) front side view, (b) back side view.

A static analysis and a modal analysis are conducted for this
model. The static deflection of the diaphragm is 12.62 nm/V and the
first natural frequency is 86.64 kHz. The partially released bound-
ary significantly improves the performance of the fully anchored
scaled-down model (cf. 3.39 nm/V and 231.28 kHz). Moreover, the
performance of the partially released design is similar to that of
the fully anchored full-scale model (cf. 18.22 nm/V and 35.51 kHz
shown in Appendix A). Note that the dimensions chosen in Fig. 3
are not optimized yet. As will be seen later, the optimized model
can reach a sensitivity of 29.59 nm/V and a first natural frequency
of 32.24 kHz, which are equivalent to those of a fully anchored
full-scale micro-actuator model.

3. Fabrication of partially released micro-actuators

A critical step to fabricate the through-etched slots is to align
and pattern each layer separately. Fig. 4 shows fabrication steps of
a partially released, PZT thin-film, diaphragm micro-actuator via
multi-layer patterning.
First of all, all samples start with standard 100-mm, 〈100〉 silicon
wafers as substrates. After proper wafer cleaning, 5000 Å silicon
oxide was  grown on both sides of the substrate via wet thermal
oxidation. 2000 Å of silicon nitride was  then deposited through
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Fig. 4. Fabrication flow of the diaphr

ow-pressure chemical vapor deposition (LPCVD); see Fig. 4(a).
he first alignment pattern was formed by dry-etching the silicon
itride layer, exposing the underneath silicon oxide. The first align-
ent pattern serves as a reference, and each subsequent layer was

ligned accordingly to avoid accumulation of patterning errors.
Next, titanium and platinum were e-beam deposited and pat-

erned by lift-off as the bottom electrode. The samples were then
nnealed to relieve internal stresses (Fig. 4(b)). The PZT thin film
as fabricated via a sol gel method. Specifically, PZT sol was  first
ade and spin-coated onto the sample surface. The samples were

hen quickly transferred to furnace and sintered at 650 ◦C to form
erovskite structured PZT crystal [29]. After repeating the spin
oating and the sintering for 3 times, a PZT layer of 0.8-0.9 �m
as formed. Afterwards, the PZT was patterned via wet  etching
sing 10:1 BHF bath for 15 min  and 31.45% HCl bath for 5 min  [28]
Fig. 4(c)). Chromium and gold were then e-beam deposited and
atterned by lift-off as top electrodes (Fig. 4(d)).

Finally, double side etching was employed to fabricate the

hrough-etched slots and to release the actuator probes simulta-
eously. On the topside, the slot areas and the actuator separation

ines were first etched using deep reactive ion etching (DRIE) for
pproximately 100 �m (Fig. 4(e)). On the bottom side, DRIE was
artially released PZT micro-actuator.

performed over the entire diaphragm areas and the separation line
areas till the silicon oxide is exposed (Fig. 4(f)). At this point, the
actuators shown in the dotted rectangle of Fig. 4(f) were automati-
cally separated from the substrate, ready for wiring, soldering and
testing.

For a successful fabrication run, two issues require special atten-
tion: (a) elimination of cat ear and (b) annealing of the bottom
electrodes. They are explained in detail as follows.

3.1. Elimination of cat ear

It is commonly accepted that negative photo-resist produces
more accurate patterns in a lift-off process. We,  however, use pos-
itive photo-resist (AZ1512 from AZ Electronic Materials) for the
lithographic patterning of the bottom electrode for the follow-
ing reasons. First, the pattern of the bottom electrode is relatively
simple, and a high accuracy is not required. Second, positive photo-

resists have much better adhesion property to the silicon nitride
layer than the negative photo-resists. This is especially important,
because the substrate experiences high temperature (about 250 ◦C)
and thus large thermal expansion during e-beam deposition of
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Fig. 5. The thickness profile of the bottom electrode tip and the substrate surface.
(a)  after the lift-off, (b) after sonicating bath and before annealing, and (c) after annealing.
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Fig. 6. The bottom electrode annealing: (a) properly annealed at the center under the old scheme [30]; (b) under-annealed near the boundary under the old scheme [30];
(c)  properly annealed near the boundary with the new scheme.

F hragms synchronized to serve as an actuator, and (b) three partially released diaphragms
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ig. 7. Layout design of 2-G micro-actuator probes: (a) three partially released diap
ndividually controlled as actuators or sensors.

latinum. Our fabricated results repeatedly showed that negative
hoto-resist peeled off and did not survive the e-beam deposition.

The use of the positive photo-resist, however, result in “cat
ar,ẅhich is long, tall residual platinum formed during the lift-off.
ig. 5(a) shows the surface profile of the substrate with the bot-
om electrode, and each division in Fig. 5(a) is 1.1 �m.  The central
ortion is the bottom electrode, and the outer portions are the sub-
trate. The two sharp peaks with a height of 9 �m are cat ear. The
hick cat ear, if not eliminated, will penetrate the PZT layer and
onnect with the top electrode causing a short circuit.

The long and narrow cat ear was physically broken via a soni-
ating bath. After the sonicating bath, only short residue of the cat
ar (about 250 Å) was left at the pattern boundaries; see Fig. 5(b).
urthermore, the residue was totally eliminated after the bottom
lectrode was annealed; see Fig. 5(c).

.2. Bottom electrode annealing

The bottom electrode must be annealed to release internal
tresses accumulated during its deposition process. With proper
nnealing conditions (e.g., [30]), the resulting bottom electrode
hows a highly porous structure (Fig. 6(a)) to anchor the PZT thin

lm [30]. Moreover, past experience indicates that 30–35% poros-

ty (i.e. void area vs. total area) leads to the best PZT deposition
Fig. 6(a)). Less porous (under-annealed) and more porous (over-
nnealed) conditions will cause PZT delamination or cracking. One
Fig. 8. Optical microscope view of the fabricated partially released actuator com-
pared with a string of human hair.
recipe for annealing the bottom electrodes is to ramp from room
temperature to 800 ◦C in 60 min, dwell for 15–25 min to control the
porosity, and to cool down naturally in furnace.
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end of the test, the animal is in anesthesia during the entire test.
There is no risk of breaking the probe even the cantilever sticks
out of the animal body. For chronic in-vivo tests or viable hear-
ing devices, the microactuator must be completely implanted. In
Fig. 9. Experimental setup of the 2-G intra-cochlear micro-actu

When the bottom electrode is etched into patterns and
nnealed, a new challenge emerges. The porosity is non-uniformly
istributed throughout the annealed bottom electrode. If the cen-
ral area is properly annealed, the electrode near the boundaries
typically 60–100 �m into the electrode) becomes under-annealed;
ee Fig. 6(b). After the PZT thin film is deposited, the film starts to
rack and delaminate at the boundaries.

We hypothesize that the non-uniform distribution of porosity
esults from two factors. First, there is still some bottom electrode
cat ear’ at the pattern boundaries before annealing (Fig. 5(b)). The

etal consisting the “cat ear” will eventually migrate and merge
nto the bottom electrode near its boundaries, causing those areas
lightly thicker than central area. Based on the law of diffusion,
he thicker areas take longer time to complete the annealing than
he thinner areas. Second, the surface topology of the substrate
s not uniform. The platinum bottom electrode is deposited over
ome areas while the silicon nitride is exposed at other areas. Such
on-uniformity in surface topology will also cause the annealing to
ecome non-uniform.

The above two factors (i.e., non-uniformity for bottom electrode
hickness and surface topology) will have significant influence on
nnealing when temperature changes rapidly (such as in the short
ime dwelling and the fast cooling down). Theoretically, if enough
welling time is given, or the temperature changes slowly, the
nnealing will become much more uniform. In that case, only the
welling temperature determines the final porosity state. Based on
he reasoning above, we implement a new annealing strategy to

inimize the non-uniform porosity distribution. The new strategy
wells at 790 ◦C for 60 min  to ensure a fully annealed condition. To
revent fast temperature drop, the furnace is not turned off after
welling. Instead, a linear and slowly declined (more than 9 h) tem-
erature profile is programmed to control the temperature of the
urnace. Fig. 6(c) shows the porous structure of the bottom elec-
rode near the patterning boundaries. The porosity is significantly
mproved and becomes properly annealed (cf. Fig. 6(b)).

. Case study: an intra-cochlear micro-actuator probe
In this section, we will demonstrate how the partially released
iaphragm (cf. Fig. 3) can be used to reduce the size of 1-G intra-
ochlear micro-actuator probe in Fig. 2. The demonstration includes
a) layout design and fabrication, (b) experimental setup, (c) mea-
robe. (a) fixture via epoxy, (b) blow-up view.

sured results, and (d) discussions. They are explained in detail as
follows.

4.1. Layout design and fabrication

The second-generation (2-G) intra-cochlear micro-actuator
probe still adopts a cantilever structure, but it hosts three par-
tially released diaphragms; see Fig. 7. Each diaphragm has a size
of 550 �m × 340 �m,  i.e., same as Fig. 3(a). There are two designs.
For the first design shown in Fig. 7(a), the three diaphragms are
synchronously driven through a central electrode and a side elec-
trode. This design aims to displace maximal amount of fluid in
cochlea achieving better hearing rehabilitation. For the second
design shown in Fig. 7(b), the three diaphragms are independently
driven via individual electrodes. As a result, some diaphragms can
serve as actuators and others as sensors. This design aims to deliver
a smart probe that can sense and actuate simultaneously. In both
designs, the diaphragms’ layout follows the analysis in Fig. 3 and
the fabrication follows the step shown in Fig. 4. The only difference
in these two designs is the layout of the electrodes.

The cantilever structure of the 2-G probe is intended for acute in-
vivo tests, because the cantilever form makes it easy for surgeons to
implant the probe into cochlea. Since the animal is sacrificed at the
Fig. 10. Frequency response function of the first partially released PZT diaphragm.
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ig. 11. FRFs and finite element models of the 2-G probe before and after excessive
xcessive epoxy, (c) modal analysis of the probe without excessive epoxy, (d) moda

hat case, the intra-cochlear microactuator would only include the
iaphragm portion with a small wiring area.

Fig. 8 shows a photo of the first design (cf. Fig. 7(a)) fabricated
ia the steps shown in Fig. 4. There are three diaphragms, and each
as two, 30-�m wide, through-etched slots on the side serving as

ree boundaries. Each diaphragm has a center electrode and one
r two side electrodes. The three center electrodes are connected
n parallel. The side electrodes are close to the fixed anchors of the
iaphragms. All the side electrodes are also in a parallel connection.
hen the center and side electrodes are driven in an out of phase
anner, the diaphragms will produce the maximal displacement1

4]. Fig. 8 also shows a string of human hair for comparison.
1 When the diaphragm vibrates, the central portion and the side portions near the
nchor have opposite curvatures (i.e., one concave upwards and the other concave
ownwards). In other words, when the center portion experiences elongation, the
ide portions experiences compression, and vice versa. Therefore, the center and
he side electrodes need to be driven out of phase in order to produce the maximal
isplacement.
 is applied: (a) FRF of the probe without excessive epoxy, (b) FRF of the probe with
ysis of the probe with excessive epoxy.

4.2. Experimental setup

The 2-G micro-actuator probe in Fig. 8 is then cantilevered to a
piece of slide glass, which is, in turns, glued to a heavy aluminum
block; see Fig. 9(a). Both attachments employ epoxy, which is stiff
enough to be considered as “fixed boundary conditions” [27].

The setup characterizing the 2-G PZT intra-cochlear actuator
probe is the same as that for the 1-G probe (cf. Fig. 16 of [27]).
Namely, the bottom electrode is first grounded. Then a 1-V swept
sine signal from 10 Hz to 102.4 kHz is generated via a spectrum ana-
lyzer (Stanford Research Systems, Model SR785). The signal is then
amplified via a power amplifier (AVC Instrumentation, 790 Series)
to drive the top electrode (i.e., the PZT thin-film micro-actuator
diaphragms). In the meantime, a laser Doppler vibrometer (LDV,
Polytec OFV511 & 3001) measures the velocity of the center of the
top electrode. The LDV measurement and the driving voltage are
fed back to the spectrum analyzer to obtain a frequency response
function (FRF).
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.3. Measured response and discussions

Fig. 10 shows the measured FRF for the first diaphragm (i.e., the
ne closest to the tip; see Fig. 8). In particular, the FRF curve in the
ow frequency range is flat with a constant gain of 0.44 nm/V (i.e.,
7.1 dB), and the first natural frequency is 60.06 kHz. For the par-

ially released diaphragm simulated in Fig. 3, however, the static
ain is 12.62 nm/V and the first natural frequency is 86.64 kHz.
bviously, the measured results are far different from the predicted

esults. Moreover, there is one very subtle self-contradictory para-
ox. On one hand, the measured natural frequency is lower than
redicted implying that the partially released diaphragm is softer
han designed. At the same time, the measured gain is also lower
han predicted implying that the partially released diaphragm is
tiffer than designed. The measured results seem to contradict each
ther. What is a proper explanation of these results? What is the
ctual physics behind the measured results?

For the rest of the section, we use the following three statements
o uncover the physics behind the measured results. These state-

ents are supported by rigorous experimental evidence, and they
re explained in detail as follows.

.3.1. Statement 1
The natural frequency at 60.06 kHz is from the cantilever vibra-

ion of the 2-G probe; it is not from the resonance of the partially
eleased diaphragms.

To support the statement, we use another 2-G probe to con-
uct the following experiment. First, an FRF of the 2-G probe is
easured using the boundary conditions shown in Fig. 9(a). Then,

he boundary condition is changed; more epoxy is applied to the
ashed square area highlighted in Fig. 9(b), thus reducing the can-
ilever length of the 2-G probe. The FRF of the 2-G probe is measured
gain. The rationale of the experiment is the following. If the first
atural frequency in the FRF results from the diaphragm resonance,
he presence of the additional epoxy will not affect the first natu-
al frequency. In contrast, if the first natural frequency results from
he cantilever vibration, the presence of the additional epoxy will
educe the length of the cantilever and thus significantly increases
he first natural frequency. Fig. 11(a) and (b) compare the FRF before
nd after the excessive epoxy is applied. The first natural frequency
ncreases from 50.07 kHz to 88.07 kHz.2 Therefore, the first natu-
al frequency results from a cantilever bending mode of the 2-G
icro-actuator probe.
A finite element analysis is also conducted to confirm the can-

ilever vibration mode as the first resonance. The length of the
-G probe is measured roughly as 3500 �m and 2500 �m,  respec-
ively, before and after the excessive epoxy is applied. Since the
iaphragms have virtually no effect on the bending rigidity of the
-G probe, they are not included in the finite element model. A
odal analysis is performed and the results are shown in Fig. 11(c)

nd (d). The first vibration mode is cantilever bending. The corre-
ponding natural frequency is 47.47 kHz and 87.51 kHz before and
fter the excessive epoxy is applied, respectively. The predicted nat-
ral frequencies agree well with the experimental measurements
ithin 5% (cf. 50.07 kHz and 88.07 kHz). Therefore, the first mode
easured by LDV is in fact the cantilever bending instead of the

iaphragm resonance.
.3.2. Statement 2
The constant gain (0.44 nm/V) results from the deflection of the

iaphragm and not from the cantilever probe deflection.

2 Recall that the probes resulting in Figs. 10 and 11 are two different probes.
Fig. 12. The frequency response functions of the actuator measured at the third
diaphragm: at the center and at the outer electrode near bulk silicon.

To support this statement, we  measure the FRF at two different
points. One is at the center of the third diaphragm (i.e., point A of
Fig. 8) and the other is at the outer electrode near the bulk silicon
(i.e., point B of Fig. 8). The rationale is the following. If the static gain
results from the diaphragm deformation, the displacement (and
hence the FRF) measured at points A will be substantially larger
than that measured at point B. In contrast, if the static gain results
from the cantilever beam bending, the displacement (and hence the
FRF) measured at points A will be about the same as that measured
at point B. The measurements are shown in Fig. 12, with the blue
and the red curves representing FRF of points A and B, respectively.
In particular, FRF shows a static gain of −7.732 dB (0.41 nm/V) at
point A as opposed to −29.33 dB (0.034 nm/V) at point B. The drastic
difference in the measurements confirms that the static gain results
from the diaphragm deflection.

4.3.3. Statement 3
The low constant gain of 0.44 nm/V in comparison with the

designed gain 12.62 nm/V results from under-etching of the
diaphragm.

Fig. 13(a) shows the bottom view of a properly etched
diaphragm and an over-etched diaphragm under an optical micro-
scope. For the properly etched diaphragm, the elliptical area in blue
and pink is the diaphragm consisting of silicon nitride and oxide
layers. The black and white area outside the ellipse is the residual
silicon. The size of the residual silicon is 130 �m in the longitudi-
nal direction and 110 �m in the transverse direction. Although the
geometry and layout are identical to those depicted in the finite ele-
ment model Fig. 3(b), the residual silicon occupies a much larger
area. Moreover, the over-etched diaphragm fractured and was  not
functional. Fig. 13(b), in contrast, shows the bottom view of two
partially released diaphragms of the 2-G probe yielding 0.44 nm/V
in Fig. 10. Obviously, the diaphragm is under-etched, and un-etched
silicon spreads over the entire diaphragm. The thickness of the un-
etched silicon, estimated from the average etching rate of DRIE, is
roughly 4–8 �m.

To evaluate the influences of the under-etched condition in
Fig. 13(b), we assume that the residual silicon has a longitudinal
dimension of 130 �m and a transverse dimension of 110 �m. We
further assume that the un-etched silicon layer is 4 �m.  Based on
these dimensions, we repeat the finite element analysis shown in
Fig. 3. The static gain of the diaphragm is substantially reduced from
12.62 nm/V to 1.31 nm/V, while the natural frequency increases
from 86.64 kHz to more than 600 kHz. Note that the natural fre-
quency did not appear in FRF measurements (cf. Figs. 10 and 12),
because it is out of the 102.4-kHz bandwidth of the spectrum
analyzer. The finite element simulation indicates that the final

dimensions and geometry of the un-etched silicon are very crit-
ical; they can significantly affect the static gain and the natural
frequency of the partially released PZT thin-film microactuator.
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F hed diaphragm and an over-etched diaphragm, (b) two  under-etched diaphragms.
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ig. 13. Bottom view of the 2-G micro-actuator probe indicating: (a) a properly etc

Since we do not know the exact dimensions of the partially
eleased diaphragm, we cannot match the finite element predic-
ions with the experimental measurements. Nevertheless, it is well
nown that finite element analyses predict natural frequencies and
tatic gains quite accurately for a simple structure, provided that
ccurate geometry and material properties are available. A good
xample is the frequency prediction of the cantilever shown in
ig. 11. We are able to predict the measured natural frequencies
ithin 5%. Therefore, the finite element predictions in this paper

hould be fairly reliable and can be realized experimentally if the
artially released microactuator can be fabricated to the designed
imensions.

In summary, the case study of 2-G intra-cochlear micro-actuator
robes leads to the following major results. First, a partially released
iaphragm is feasible for a micro-actuator, and it is theoretically
easible for a micro-sensor. We  demonstrated the feasibility by
abricating one for intra-cochlear applications. Second, supporting
tructures of the partially released diaphragm (e.g., a cantilever)
ay affect the designed performance. For example, the first nat-

ral frequency may  be controlled by the supporting structure of
he 2-G micro-actuator probe instead of the diaphragm resonance.
inally, the static gain results from the deflection of the diaphragm,
nd it is largely controlled by the amount of un-etched silicon.

In light of the summary above, there are two additional issues
orth discussing. First, the three statements and major results

bove are direct consequences of the structural design. Therefore,
he two probes shown in Figs. Fig. 77(a) and Fig. 77(b) should have
he same structural behavior, although the probe in Fig. 7(b) is never
abricated. Second, the measured cantilever mode is not likely to

atter in viable intra-cochlear applications. As described earlier,
he cantilever structure was used to facilitate acute in-vivo tests.
ven in those cases, the cantilever mode will not matter as long as it
s outside the frequency range of the tests (e.g., 24 kHz in [21]). For
hronic in-vivo tests or viable hearing devices, the micro-actuator
ust be completely implanted. The cantilever length, if there is one,
ill be extremely small. Therefore, the cantilever mode will have

xtremely high natural frequency, and becomes totally irrelevant.

. Final remarks
From the study above, it is certainly feasible to design, fabri-
ate, and instrument a piezoelectric thin-film micro-actuator with
artially released diaphragms. Naturally, a lingering question is
Fig. 14. Parametric study of the un-etched silicon layer thickness with respect to
the  diaphragm static gain.

whether or not a partially released diaphragm micro-actuator with
a reduced size could outperform a fully anchored diaphragm micro-
actuator. If yes, what could be the geometry and dimensions of such
partially released diaphragm micro-actuators? The easiest way to
answer is to conduct a parametric study and identify some favor-
able parameter combinations.

The parametric study leads to two  major results. First, the thick-
ness of the un-etched silicon layer needs to be precisely controlled.
Fig. 14 shows how sensitive the deflection of a partially released
diaphragm varies with respect to the thickness of the un-etched
silicon layer. The deflection peaks when the thickness is around
0.4 �m and diminishes dramatically there from. This phenomenon
occurs because the PZT thin film is very close to the neutral surface
of the diaphragm. A tiny increase in the thickness of the un-etched
silicon moves the PZT thin film away from the neutral surface, thus
enhancing the diaphragm deflection. Too big an increase in the
thickness, however, will significantly increase the flexural rigidity,
thus reducing the deflection of the diaphragm.

The second major result is that complete removal of the resid-
ual silicon is a critical requirement to maximize the diaphragm
deflection. If the through-etched slots do not remove enough resid-
ual silicon, the partially released diaphragm will have considerable
flexural rigidity from the residual silicon limiting the diaphragm

deflection. To maximize diaphragm deflection, it might be neces-
sary to adopt larger through-etched slots.

These two  major results, however, pose significant challenges
for the fabrication of the microactuators. First of all, it is extremely
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Fig. 15. A partially released PZT micro-actuator after optimization. (a) top view, (b) bottom view.

Fig. 16. A fully anchored finite element model of the first-generation PZT micro-actuator.
(a)  front side view and boundary condition, (b) back side view, (c) cross-sectional view near an electrode, (d) static analysis.
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assigned based on previous studies in [31].
Fig. 16(c) shows a cross-sectional view of the micro-actuator

near an electrode.3 The cross section of the diaphragm includes a
Fig. 17. A schematic drawing of the cross-sectional view at the re

ifficult to etch the silicon to the desired thickness. As one can see
n Fig. 14, the static gain is very sensitive to the un-etched silicon.
here is only a very tiny window (about 0.5??m) to achieve a good
esult. This is a very challenging task in fabrication. Second, it is also
ery difficult to estimate and to control the size of the residual sili-
on. Therefore, it becomes extremely hard to determine how wide
he through-etch slots should be before the fabrication starts. On
he other hand, a mask must be made with well-defined through-
tched slots before the etching begins. Due to these two challenges,
e expect that a series of trials and errors must be performed in

rder to fabricate the microactuator to the desired dimensions for
ptimal performance.

Fig. 15 shows an actuator design that has a reduced size but
ignificantly better static gain compared with the fully anchored
iaphragm micro-actuator shown in Fig. 16 of Appendix A. The
icro-actuator has a width of 700 �m and a length of 750 �m
ith a partially released diaphragm. This is equivalent to roughly a

0% reduction in total actuator area. In this design, the length and
idth of the through-etched slots is 750 �m and 100 �m,  respec-

ively. Moreover, the thickness of the un-etched silicon layer is
.7 �m.  A finite element analysis indicates that the static deflec-
ion of the diaphragm is 29.59 nm/V and the first natural frequency
s 32.24 kHz. These numbers are comparable with 18.22 nm/V and
5.51 kHz of the fully anchored diaphragm micro-actuator shown

n Fig. 16. Note that the through-etched slots have completely
emoved the residual silicon on the backside of the diaphragm.

. Conclusions

Through the analyses, fabrication, instrumentation, tests, and
iscussions in this paper, we reach the following conclusions.

. We  proposed a partially released diaphragm micro-actuator
that would considerably reduce the size of a fully anchored
diaphragm micro-actuator while maintaining its static gain and
bandwidth. We first confirm the feasibility of the design via
rigorous finite element analyses. The finite element analyses
indicate that tight control of the thickness of the un-etched sil-
icon layer and complete removal of the residual silicon are two
critical factors in reaching the desired performance.

. New fabrication processes are developed to realize the through-
etched slots that enable the partially released diaphragm design.
Major fabrication challenges, such as presence of cat ear and
inhomogeneity of bottom electrodes, are overcome.
. To demonstrate the new design and fabrication process, a
prototype is made for a second-generation, intra-cochlear,
micro-actuator that houses three partially released diaphragms
on a silicon cantilever with a cross section of 250 �m × 500 �m.
 silicon (i.e. the cross section of A-A’ in Fig. 16(b) but not in scale).

Experimental measurements indicate that the static gain results
from the diaphragm deflection but the first natural frequency
results from cantilever bending vibration. It is evident that the
supporting structure of the partially released diaphragm (e.g., a
cantilever) may  affect the designed performance. Also, the test
results confirm that control of the thickness of the un-etched sili-
con layer and complete removal of the residual silicon are critical
in achieving the designed performance.
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Appendix A. Analysis of fully anchored diaphragm
micro-actuators

Fig. 16 shows a finite element model of a fully anchored PZT thin-
film diaphragm for the 1-G intra-cochlear micro-actuator probe.
The actuator occupies a square domain 1 mm × 1 mm with a thick-
ness of 0.4 mm;  see Fig. 16(a). In addition, the top surface has two
gold electrodes: one central and one outer. Fig. 16(b) shows the
bottom view, which reveals a circular thin diaphragm, residual sil-
icon, and diaphragm anchor. Note that the residual silicon consists
of two parts. One is fully developed residual silicon that appears
to be flat, and the other is a transition zone from the diaphragm to
the fully developed residual silicon; see the schematic drawing in
Fig. 17 for detail. (Basically, Fig. 17 is a schematic cross sectional
view of Fig. 16(b) at section A-A’ but not in scale.) In Fig. 17, Part A
refers to the circular thin diaphragm, Part B is the transition zone,
and part C is the fully developed (i.e., flat) residual silicon. There-
fore, the blue and peach regions in Fig. 16(b) are the transition zone
and the fully developed residual silicon, respectively. The diame-
ter of the circular diaphragm is 650 �m and the wall thickness of
the silicon anchors is 100 �m.  Piezoelectric material properties are
3 Since the aspect ratio (i.e., width-to-thickness ratio) of the cross section is very
large (about 200:1), it is impossible to show the entire cross section with detail in a
single plot. So we break it into two parts. The cross-sectional view near an electrode
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expertise includes PZT thin-film micro-sensors/actuators and spindle/rotor dynam-
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op electrode (Au), a PZT layer, a bottom electrode (Pt) and a pas-
ive silicon layer. (The passive silicon layer models silicon nitride,
ilicon oxide, and un-etched silicon layers together.) Note that the
iaphragm anchor shown in the cross-sectional view is not part of
he diaphragm; it is only a projection of the anchor in the cross-
ectional view. Also, the 1-G micro-actuator probe is fixed at one
nd; see Fig. 16(a). Electric potential of 1 V is applied to the top cen-
ral electrode while the bottom electrode is grounded. The finite
lement simulations show that the static deflection of the cir-
ular diaphragm is 18.22 nm/V and the first natural frequency is
5.51 kHz.

If the 1-G intra-cochlear micro-actuator is scaled down from
 mm to 500 �m,  the wall thickness of the silicon anchor is reduced
o 50 �m.  Since the residual silicon results from the non-uniform
ackside etch, its dimensions are not likely to change. As a result,
he circular diaphragm will reduce to a diameter of 250 �m.
inite element simulations indicate that the static deflection of the
iaphragm is only 3.39 nm/V. Also, the first natural frequency is
31.28 kHz.
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