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Abstract
This study presents the design, fabrication, and testing of a novel piezoelectric
micro-electro-mechanical-systems microphone with the partially removed lead zirconate
titanate (PZT) unimorph structure for signal-to-noise ratio (SNR) enhancement. To demonstrate
the feasibility of the presented concept, the unimorph cantilever array with the patterned
(triangular shape) PZT film on top of a rectangular Si layer is simulated, fabricated, and tested.
In comparison, the rectangular and triangular unimorph cantilever arrays with fully covered
PZT film are also investigated. The proposed and reference cantilever arrays have the same foot
print for fair comparison. Simulations show the proposed design has the highest output
electrical energy which indicates the proposed design could successfully enhance the SNR.
Moreover, acoustic measurements in the standard anechoic box show the proposed Si cantilever
with patterned PZT film design could significantlyimprove the SNR. As compared to the
reference microphone with triangular PZT/Si unimorph cantilever, the proposed design shows a
9.8 dB enhancement in SNR. Finally, the influences of initial structure deflections (due to the
thin film residual stresses) on the low frequency responses for proposed and reference
microphone designs are also investigated.

Keywords: piezoelectric microphone, unimorph structure, cantilever array, PZT, SNR

(Some figures may appear in color only in the online journal)

1. Introduction

The micro-electro-mechanical-systems (MEMS) micro-
phones have been widely used in electronic products, espe-
cially in consumer applications. As compared with the
traditional electret condenser microphone, the MEMS micro-
phones have the advantages of small size and have the

∗
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ability to tolerate high temperature in solder reflow process.
Moreover, due to the characteristics of batch fabrication for
micromachining, the cost of MEMS microphones can be
reduced. In recent years, voice-control has gradually become
an important human–machine communication interface. In
addition to smartphones, the voice input technology has found
various new applications such as wearables, smart homes,
automobiles, and so on. Thus, the demand for MEMS micro-
phones will continue to increase, and the speech recognition
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will become a concern forMEMSmicrophones. Some features
like beam-forming or directional sound-capturing even require
multipleMEMSmicrophones to form an array [1, 2]. All these
factors have boosted the demands for high quality and quantity
of MEMS microphones.

The capacitive sensing mechanism has been extensively
used in the commercial MEMS microphones [3]. Generally,
the capacitive MEMS microphone consists of gap-closing
sensing electrodes (including the deformable/movable elec-
trode and the fixed reference electrode). Thus, the air damping
effect is a design concern for the gap-closing electrode. The
design of capacitive sensing electrodes trades off between the
sensing area and the vent-hole area (to reduce air damping)
[3–8]. Also, the small air gap for capacitive sensing is very
vulnerable to water and dust particles. This is a critical design
concern for the growing microphone array applications since
the damage of a single microphone may cause the entire array
lose its function. In addition to the capacitive sensing MEMS
microphone, the piezoelectric counterpart has attracted atten-
tions in recent years. The back plate and sensing gap are not
required for the piezoelectric microphones [9, 10]. Hence,
the air damping due to the small sensing gap is not a design
concern and the structure is less sensitive to the water and
dust. Moreover, the piezoelectric microphone could offer large
dynamic range [11] and low power consumption to enable it a
promising solution for wide applications. The simple transduc-
tion mechanism of piezoelectric sensing has also been adop-
ted to realize unconventional microphone designs such as the
broadband microphone imitating the structure of human coch-
lea [12], and the directional microphone inspired by insect
organ [13, 14]. Nevertheless, the signal-to-noise ratio (SNR)
of piezoelectric microphone is still lower than that of the
capacitive counterpart. The enhancement of SNR is an import-
ant design concern for the piezoelectric microphone.

As discussed in [15–17], to increase the output electrical
energy of the piezoelectric microphone would be a general
design guideline to reduce its noise floor. Thus, piezoelec-
tric microphones of different structures but the same volume
of back cavity are investigated accordingly. Moreover, the
piezoelectric microphone with the characteristic of SNR2 ∝
output electrical energy is also presented in [18]. Inmost of the
studies, cantilever is adopted as the structure of the piezoelec-
tric microphone, since it has the highest mechanical sensitivity
comparing with bridge or clamped diaphragm structures [19].
By following the terminologies extensively used in piezo-
electric MEMS transducers [20], the MEMS structure with
the stacking of single piezoelectric layer and other thin films
named ‘unimorph structure,’ and theMEMS structure with the
stacking of two piezoelectric layers and other thin films named
‘bimorph structure’. This study mainly focuses on the invest-
igation of unimorph cantilever. Most of the existing unimorph
cantilevers are fully covered with the piezoelectric layer [19,
21]. Nevertheless, unimorph cantilevers with the patterned
piezoelectric layer are presented in [9, 22–24]. In these stud-
ies, the piezoelectric layer is distributed near the anchor of
the cantilever, yet no design issues are discussed. The piezo-
electric layer can be a critical design parameter to influence
the stiffness and stress distribution of unimorph cantilever,

and also the charges generated after applying external loads.
This study extends the designs in previous work [25] to
present the piezoelectric microphone which consists of a can-
tilever structure with partially removed lead zirconate titan-
ate (PZT) layer. Based on the proposed design, the output
electrical energy of the device is increased and the SNR is
improved.

2. Design concepts and principles

The working principle of the proposed piezoelectric micro-
phone is illustrated in figure 1. The microphone consists of
the cantilever diaphragms formed by the Si and PZT unimorph
structure. (The top and bottom electrodes are neglected in
this illustration.) As shown in figure 1(a), an in-plane bend-
ing stress ∆σ will be introduced on the cantilever when a
sound pressure ∆P is applied. Under the condition of small
piezoelectric coupling (SPC) assumption [15] (measurements
in section 4.1 will show the reasonable assumption of SPC),
the effect of the electric field can be ignored, and the inverse-
piezoelectric effect is not considered. Thus, the piezoelectric
sensing mechanism could be simplified as,

D= d31∆σ (1)

∆Q= ∫DdA (2)

where D is the electric displacement, d31 is the transverse
piezoelectric coefficient, ∆Q is the charge signal, and A is
the electrode area. Figure 1(b) summarizes the sensing schema
of the proposed piezoelectric MEMSmicrophone. To enhance
the signal, this study will be mainly focus on the mechanical
transduction (the first transduction in figure 1(b)), which is to
increase the bending stress induced by the sound pressure.

Based on the Euler–Bernoulli bending theory, as a bending
momentM applied on a beam, the normal stress σ distributed
in the beam can be expressed as [26],

σ =
My
I

(3)

where y is the distance from the neutral axis to a point of
interest; and I is the moment of inertia of the cross-sectional
area with respect to its centroidal axis. Figure 2(a) displays a
typical rectangular composite (unimorph) beam consisted of a
micromachined Si cantilever of thickness hc and a PZT film
of thickness hp. In this case, the planar dimensions (length
and width) of the Si cantilever and the PZT film are identical.
According to [26], the location of neutral axis is determined
by the cross-section area and young’s modulus of Si (ASi and
ESi) and PZT film (AP and EP). Moreover, the distance ymax

(ymax = y1 in this case) from the neutral axis to the top surface
of the PZT film is also varying with ASi, ESi, AP and EP. For
given materials (Si and PZT film) of the composite beam, this
study proposed the unimorph cantilever with patterned PZT
film as depicted in figure 2(b) to decrease the cross-section
area of AP by partially removing the PZT film. Thus, the neut-
ral axis of the composite beam will shift downward to increase
the distance ymax (in this case ymax = y2, and y2 > y1), and then
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Figure 1. (a) Schematic diagram of the unimorph cantilever consisted of the Si and PZT layers and (b) working principle of the proposed
piezoelectric MEMS microphone.

the bending stress introduced on the PZT film is increased. In
addition, the net moment of inertia I of the composite beam
will also drop after the decrease of AP. Note that the proposed
(in figure 2(b)) and reference (in figure 2(a)) designs have
the same area to receive the sound pressure (i.e. the rectangu-
lar Si cantilever), and hence the bending moments M applied
on these two cantilevers are the same. Thus, as depicted in
equation (3), the bending stress of the proposed design could
be effectively increased since it could increase the ymax and
also decrease the I. The schematic illustration with all layer
stacking is shown in the side-view of figure 2(c).

This study further presents the microphone devices con-
sisted of the PZT/Si unimorph cantilever array to demon-
strate the feasibility of the proposed concept. The microphone
devices will be fabricated on the silicon on insulator(SOI)
wafer with PZT layer as the piezoelectric film, and hence
the unimorph cantilever is consisted of the Si and PZT lay-
ers. The schematic illustrations in figure 3 display three dif-
ferent microphone designs (with unimorph cantilever array)
investigated in this study. Each microphone is composed of
four PZT/Si unimorph cantilevers suspended on a back cavity.
The proposed unimorph cantilever design with the patterned
PZT film on top of a rectangular Si is shown in figure 3(a).
Note that this study employs the triangular shape as the pre-
liminary design for the PZT film. Nevertheless, the shape of
the PZT film can still be optimized for future applications.
Figures 3(b) and (c) depict two reference designs for compar-
ison. Figure 3(b) shows the reference design with un-patterned
PZT film. The reference one in figure 3(c) follows the trian-
gular piezoelectric cantilever design of the commercial micro-
phone in [27]. For fair comparison, all of themicrophones have
the same die size (1.5 mm × 1.5 mm) and the diaphragm area
(800 µm × 800 µm).

The mechanical responses of the proposed and reference
designs under 1 Pa 1 kHz sound pressure load are simulated
using the commercial finite element method (FEM) software
(COMSOL). As the FEM simulation shown in figure 4(a),
for the proposed rectangular Si cantilever with triangular PZT
layer, the average normal stress (in-plane direction) on top sur-
face of PZT film is 13.0 kPa. While in figure 4(b), the refer-
ence design with rectangular PZT/Si composite cantilever will
reduce the average normal stress on top surface of PZT film to
10.4 kPa. As depicted in figure 4(c), the reference triangular
PZT/Si unimorph cantilever design will further reduce the
average normal stress on top surface of PZT film to only
3.7 kPa. Simulation results show that with the same input
sound pressure, the proposed unimorph cantilever design with
rectangular Si and triangular PZT layers can increase the stress
for up to 25% as compared to the rectangular PZT/Si unimorph
cantilever and up to 251% when comparing to the triangular
PZT/Si unimorph cantilever.

This study employs the commercial multiphysics FEM
software to predict the performance of piezoelectric micro-
phones. According to [14–17], simulations mainly focus on
the output electrical energy of the proposed and reference
piezoelectric microphones (in figure 2) with different length
percentage of top electrode coverage. Schematic illustration of
‘the length percentage of top electrode coverage’ is depicted in
figure 5(a). In short, the ‘length percentage of 0%’ is defined
at the anchor of the cantilever and the ‘length percentage of
100%’ is defined at the tip of the cantilever. Simulation res-
ults in figure 5(b) depict the output electrical energy of the
proposed and reference unimorph cantilever designs varying
with ‘the top electrode coverage percentage’. The variation
of output electrical energy with the length percentage of top
electrode coverage is resulted from the stress distribution on
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Figure 2. (a) The rectangular Si cantilever fully covered with the PZT film, (b) the rectangular Si cantilever covered with the patterned PZT
film and (c) the rectangular Si cantilever with the patterned PZT film and top electrode.

cantilever and the initial capacitance on electrodes. As shown
in figure 4, the largest stress is distributed at the fixed-end
of cantilever yet relatively small stresses are distributed near
the free-end of beam. In this regard, for the 100% coverage

condition, the electrodes covered near the free-end of canti-
lever will mainly contribute the initial capacitance, so that the
output energy will be reduced. Therefore, the output energy
can be increased if partially remove the electrode near the
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Figure 3. (a) The proposed rectangular Si cantilever with patterned PZT film, (b) the reference PZT/Si rectangular cantilever, and (c) the
reference PZT/Si triangular cantilever.
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Figure 4. The FEM simulation models and results for, (a) the proposed rectangular Si cantilever with patterned PZT film, (b) the reference
PZT/Si rectangular cantilever, and (c) the reference PZT/Si triangular cantilever.

free-end of cantilever. Moreover, the output electrical energies
are also different for these three unimorph cantilever designs.
The maximum output electrical energy of the proposed rect-
angular Si cantilever with triangular PZT film design occurs
at 50%, whereas the reference designs are respectively at 38%
(triangular PZT/Si cantilever) and 42% (rectangular PZT/Si
cantilever). The maximum electrical output energy of the pro-
posed design is higher than those of the reference designs.
In experiments, this study selects the 50% length percent-
age of top electrode coverage (indicated in figure 5(b)) as a
basis to compare the output electrical energy level of these

three designs. Simulations show that the proposed design has
improved the output energy for 522.8% as compared to the ref-
erence design with triangle cantilever. It is expected that the
rectangular Si cantilever with triangular PZT film unimorph
cantilever could improve the SNR ratio. Note that if selecting
different ‘length percentage of top electrode coverage’ to have
these three designs to respectively reach theirmaximumoutput
energy, then the output energy enhancement of the proposed
design (as compared with the triangle reference design) will be
decreased from 522.8% to 504.5%. Thus, the SNR enhance-
ment will be slightly dropped accordingly.
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Figure 5. (a) The schematic illustration to show the length percentage of top electrode coverage and (b) the simulated output electrical
energies of the proposed and reference unimorph cantilever designs varying with ‘length percentage of the top electrode coverage’.

3. Fabrication and results

The presented microphones were implemented using the fab-
rication processes shown in figure 6. First of all, an SOI wafer
with 2 µm device layer was deposited with a 15 nm thick ZrO2

and a 150 nm thick Pt thin films. The ZrO2 layer serves as an
insulation layer to prevent current leakage and also an adhe-
sion layer for better Pt adhesion. The Pt layer serves as the
bottom electrode. The piezoelectric layer, PZT, was depos-
ited onto the Pt layer by sputtering process. The proposed and
reference PZT structure designs were then defined by photo-
lithography and then patterned by the wet etching process as
shown in figure 6(a). The bottom electrodes to act as bond pads
were exposed simultaneously. As depicted in figure 6(b), the
50 nm thick Cr and the 300 nm thickAu thin films, which serve
as the top electrodes and bond pads, were deposited by the
electron-beam thermal evaporation and then patterned by the

lift-off process. After that, as shown in figure 6(c), the shapes
of the Si cantilevers were defined by the photolithography and
then patterned by the front side inductively coupled plasma
(ICP) dry etching. In this process, the ICP, which employed
the mixed gas (70 sccm of CF4 and 40 sccm of Ar) and oper-
ated under 1 Pa chamber pressure with 800 W RF power and
200 V bias voltage, etched through the PZT, Pt, ZrO2, Si lay-
ers and stopped at the box oxide. As illustrated in figure 6(d),
the reactive ion etching (RIE) was used to define the backside
thermal oxide. The handle Si layer of the SOI wafer was then
etched by deep RIE (DRIE) process, as depicted in figure 6(e).
The final step is removing the box oxide by backside RIE to
release the cantilevers, as indicated in figure 6(f).

The SEM micrographs in figure 7 display typical fabric-
ation results of the piezoelectric MEMS microphone arrays.
The micrograph in figure 7(a) shows the proposed PZT/Si
unimorph cantilever design consisted of a rectangular Si layer
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Figure 6. Fabrication process steps.

and a patterned (triangular shape) PZT film. Figure 7(b) dis-
plays the reference design which is consisted of the rectangu-
lar Si cantilevers fully covered with the PZT layer. Moreover,
figure 7(c) exhibits another reference design with triangu-
lar Si cantilevers and patterned PZT film. For fair compar-
ison, the proposed and reference PZT microphone arrays in
figures 7(a)–(c) have the same footprint of 800 µm× 800 µm.
The micrograph in figure 7(d) displays the back-side cavity
of the device defined by the DRIE process on the SOI wafer.
The electrode on the cantilever and the electrical routing on
the substrate could be observed in the zoom-in micrograph
in figure 7(e). In addition, the width of the trenches between
cantilevers (and also between the cantilever and the boundary)
defined by the process in figure 6(c) could be observed in the
same figure. The trench width is around 9.6 µm. The cross-
section view of the cantilever in figure 7(f) further shows the
layer stacking of the unimorph cantilever microphone which
consisted of the PZT thin film, the Pt bottom electrode, and the
Si device layer.

In this study, the bottom-port packaging approach is adop-
ted for the presentedmicrophones. As shown in figure 8(a), the
schematic illustration indicates the overall packaged device.
The fabricated MEMS microphone chips are mounted and
wire-bonded onto printed circuit boards (PCBs) with a sound
inlet hole. Metal cap is grounded and covering above the
microphone chip in order to form a back-chamber for acoustic

concern and also to serve as an electromagnetic interference
shielding purpose. The volume of the back chamber is 46mm3,
which is large enough to preclude its influence on the SNR of
the microphone [15]. The photo in figure 8(b) show the typ-
ical packaged microphone on PCB as the device under test-
ing (DUT). The zoom-inmicrographs respectively indicate the
presented microphone with metal cap package and the sound
inlet hole at the bottom side of PCB. Figures 8(c)–(e) fur-
ther respectively display the wire-bonded microphone chips
of three different designs.

4. Measurement and results

This study has performed experiments to evaluate the mater-
ial properties of the PZT thin film and the performances of
the proposed MEMS microphones. The measured piezoelec-
tric properties of the PZT film and the acoustic performance
of the proposed and reference PZT/Si unimorph microphones
are presented and discussed in the following subsections.

4.1. Piezoelectric properties of the PZT thin film

The SNR of the proposed piezoelectric microphone is influ-
enced by the material properties of the PZT film. For a
given microphone structure and the back chamber volume, the
relation between the SNR and the properties of PZT film can
expressed as [18],
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Figure 7. The scanning electron microscope (SEM) micrographs of typical fabricated piezoelectric MEMS microphone arrays, (a) the
proposed rectangular Si cantilever with patterned PZT film, (b) the reference PZT/Si rectangular cantilever, (c) the reference PZT/Si
triangular cantilever, (d) the back-side cavity of the microphone defined by the DRIE process, (e) the zoom-in micrograph to show the
electrode on the cantilever and the electrical routing on the substrate, and the 9.6 µm wide gap surrounded cantilevers is also observed, and
(f) the cross-section view of the cantilever to show the layer stacking of the unimorph cantilever including the PZT film, the Pt/ZrO2 bottom
electrode, and the Si device layer.
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Figure 8. (a) The schematic illustration of the packaged device (microphone chip wire bonded on the PCB and then covered with a metal
cap) (b) the photo to show the device under testing, and (c) the micrographs of wire-bonded chips respectively for the proposed and
reference designs.

SNR2 ∝ d231
εrtanδ

(4)

where d31 is the piezoelectric coefficient, εr is the dielectric
constant, and tanδ is the dielectric loss of the PZT film. The

piezoelectric coefficient d31 of the PZT film is determined
by the dynamic measurement approach [28, 29]. As shown
in figure 9(a), the dynamic displacements (δdy) and the nat-
ural frequencies (ωn) of the cantilever test keys with different
length (250 µm, 300 µm, 400 µm), are measured by the laser
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Figure 9. The test setups and results for the measurement of, (a) piezoelectric coefficient (b) dielectric constant.

Doppler vibrometer. The equivalent static displacement δst can
then be determined by themeasured dynamic displacement δdy
through [28],

δst =

√√√√(1−(ωinput

ωn

)2
)2

+

(
2ξ

ωinput

ωn

)2

× δdy (5)

where ωinput is the driving frequency, ξ is the damping ratio.
After that, the d31 piezoelectric coefficient could be extracted
by [29],

δst =
3d31ssspts (ts + tp)L2V

s2s t4p + 4sssptst3p + 6ssspt2s t2p + 4ssspt3s tp + s2pt4s
(6)

where sp and ss are the mechanical compliances of the PZT
and Si layer, tp and ts are the thickness of the PZT and Si
layer, L is the length of the cantilever, and V is the driving
voltage. Measurements in figure 9(a) indicate a nearly con-
stant value of d31 (−59.5 pC N−1) is observed over the entire
bandwidth from 1 kHz to 20 kHz. The dielectric constant and

the dielectric loss of the PZT are measured by directly con-
necting the parallel plate test key to the LCR meter, as shown
in figure 9(b). Measurements show the dielectric constant (at
1 kHz) of PZT is 465.3 and the dielectric loss is 0.0163. Thus,
the measured properties of PZT film meet the condition of
d31/η33s11 ≪ 1 (where η is the electric permittivity matrix and
s is the compliance matrix), further showing the assumption of
SPC in section 2 is also fulfilled.

4.2. Acoustic performance of the microphone

This study established the setup schematically illustrated in
figure 10(a) to test the performances of the presented devices,
and the photo of actual layout is shown in figure 10(b).
The acoustic performance experiments were conducted in an
anechoic box to isolate the ambient noise. Inside the anechoic
box, the DUT shown in figure 8(b) and the reference micro-
phone were placed at the same distance from the loudspeaker
(KEF Q100). The sound pressure output and the frequency
response of the loudspeaker is calibrated by a sound calibrator
(GRAS-42 dB, GRAS Sound & Vibration A/S, Denmark) and
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Figure 10. (a) The schematic illustration and (b) the photo, to show the acoustic measurement setup.

monitored by a commercial reference microphone (GRAS-
46BE 1/4′′, GRAS Sound & Vibration A/S, Denmark). The
output signal from the DUT is amplified by the circuits
and then transmitted to the acoustic analyzer (IEA-EA2, IEA
Electro-Acoustic Technology Co., Ltd, Taiwan) for data ana-
lysis. Figure 11(a) further shows the amplifying circuit com-
posed of the two-stage amplifier and the buffer. The charge

amplifier (the first stage) converts the charge signal output
from the piezoelectric microphone to voltage signal. The
voltage amplifier (the second stage) ensures the flexibility
and adjustability of overall circuit gain. Note the circuit has
a low cut-off frequency f = 1/2πRfCf determined by the
feedback resistor (Rf) and the capacitor (Cf). Thus the feed-
back resistor and capacitor are designed to avoid affecting

12



J. Micromech. Microeng. 31 (2021) 105003 Y-C Chen et al

Figure 11. (a) The amplifying circuit design and (b) the measured frequency responses.

the bandwidth of microphone. Simulation and measurement
results shown in figure 11(b) show the cutoff frequency of
the circuit lies at 3.2 Hz, which is sufficiently lower than the
operating bandwidth ofmicrophone (20Hz–20 kHz).Meaning
that the circuit offers a uniform gain for the entire microphone
bandwidth.

Figure 12 shows typical SNR measurement results (ref.
1 V/1 Pa) of the three different types of PZT/Si unimorph can-
tilever microphones at 1 kHz. The results indicate the sens-
itivity of the proposed design (rectangular Si cantilever with
triangular PZT layer) at 1 kHz is −33.2 dBV, and the SNR
is 82.4 dB. For the reference microphone design shown in
figure 3(b) (rectangular Si cantilever fully covered with PZT
film), the sensitivity is −35.2 dBV and the SNR is 77.9 dB.
In addition, for the reference microphone design shown in
figure 3(c) (triangular Si cantilever fully covered with PZT

film), the sensitivity becomes −38.6 dBV, and the SNR is
72.6 dB. Thus, as compared to the PZT/Si triangular can-
tilever microphone, the proposed design could enhance the
SNR for up to 9.8 dB. Moreover, measurements also indicate
the SNR enhancements are ranging 10.7–12.3 dB in the fre-
quency range of 2–8 kHz. Note that the SNR of all designs
has less than 2 dB variation from 1 kHz to 8 kHz. Meas-
urements demonstrate the proposed design could increase
the output electrical energy with the same sensing area. For
the total harmonic distortion (THD) measurement, the THD
of these three designs is less than 0.3% under the excita-
tion conditions of 1 kHz and 1 Pa. Therefore, these three
unimorph structure designs have no significant difference
in THD.

It is worth to note that the cantilever structures of
microphone will be bent by the residual stresses of thin films,

13
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Figure 12. The measured SNRs respectively for the proposed and
reference designs at 1 kHz.

and hence the gap between cantilever array will be enlarged.
Since the gap size between cantilever array critically influ-
ences the sensitivity of the microphone at low frequency range
[15], this is a design concern for the proposed microphone.
The stiffness of the proposed PZT/Si cantilever design will
be reduced after partially removing the PZT layer. Thus, as
compare with the reference designs, the proposed cantilever
has a larger bending deformation at the same thin film resid-
ual stresses. The tip deflections of cantilevers characterized by
the white light interferometer are respectively 22.3 µm (for
the proposed design), 16.2 µm (for the reference rectangular-
cantilever design), and 5.6 µm (for the reference triangular-
cantilever design). Moreover, measurements in figure 13 show
the frequency responses of the proposed and reference designs.
The low cutoff frequency respect to 1 kHz of the refer-
ence triangular-cantilever design, the reference rectangular-
cantilever design, and the proposed design are 306 Hz, 335 Hz,
and 411 Hz, respectively. It is possible to lower the cutoff
frequency by reducing the thin film residual stresses or
designing the pattern of PZT film for stiffness enhancement.
In summary, the predicted and measured performances of
the three different microphone designs are summarized in
table 1.

5. Conclusions

The piezoelectric microphone has attracted attentions in recent
years. Since no back plate and sensing gap are required,
the air damping is not a design concern and the struc-
ture is less sensitive to the water and dust. Moreover, the
piezoelectric microphone also offers the advantages of large
dynamic range and low power consumption. However, the
SNR of piezoelectric microphone still needs to be improved.
This study presents the design, fabrication, and testing of
a novel piezoelectric MEMS microphone for SNR enhance-
ment. In this design, the unimorph cantilever array with the

Figure 13. Measured frequency responses of, (a) the reference
PZT/Si triangular cantilever, (b) the reference PZT/Si rectangular
cantilever, and (c) the proposed Si rectangular cantilever with
patterned PZT film.

patterned (triangular shape) PZT film on top of a rectangu-
lar Si layer is demonstrated. In comparison, the rectangular
and triangular unimorph cantilever arrays with fully covered
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Table 1. The predicted and measured performances of the three different microphone designs.

Unit Reference (triangle)
Reference

(rectangular) Proposed type

Simulation Average in-plane
normal stress

kPa 3.7 10.4 13.0

Output electrical
energy (at 50% elec-
trode)

aJ 1.14 6.03 7.09

Output electrical
energy (Maximum)

aJ 1.17 6.11 7.09

Measurement SNR dB 72.6 77.9 82.4
Low cutoff fre-
quency respect to
1 kHz

Hz 306 335 411

PZT film are also investigated. For fair comparison, the pro-
posed and reference PZT microphone arrays in figures 7(a)–
(c) have the same footprint of 800 µm× 800 µm. Simulations
show the proposed design has the highest output electrical
energy which indicates the proposed design could success-
fully enhance the SNR. Moreover, acoustic measurements in
the standard anechoic box show the proposed Si cantilever
with patterned PZT film design could significantly improve
the SNR. As compared to the reference microphone with
triangular PZT/Si unimorph cantilever, the proposed design
shows a 9.8 dB enhancement in SNR. The stiffness of the
proposed PZT/Si unimorph cantilever design will be reduced
after partially removing the PZT layer. It is important to
properly control the residual stresses of thin film to reduce
the influence on low frequency responses for the proposed
microphone.
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