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ABSTRACT

This paper describes the design, fabrication, and
characterization of a bulk-micromachined piezoelectric
microphone for aeroacoustic applications. The microphone was
fabricated by combining a sol-gel lead zirconate-titanate (PZT)
deposition process on a silicon-on-insulator (SOI) wafer with deep-
reactive ion-etching (DRIE) for the diaphragm release.
Experimental characterization indicates a sensitivity of
0.75 V Paµ , a dynamic range greater than six orders of

magnitude ( )47.8 169 , . 20dB ref Paµ− , a capacitance of

13.9 nF and a resonant frequency of 50.8 kHz .

INTRODUCTION

The goal of this research is to develop a microphone for
aeroacoustic wind-tunnel testing [1]. Microelectromechanical
systems (MEMS)-based microphones have been developed
utilizing piezoresistive, optical, capacitive, and piezoelectric
transduction techniques [2-8]. Most of these designs focused on
audio applications that typically require a maximum sound
pressure level (SPL) of ~ 120 dB , integrated noise floors of

35 dBA≤ and bandwidths of 20 kHz≤ . Conversely,
aeroacoustics applications may require maximum sound pressure
levels in excess of 160 dB , bandwidths of 50 kHz≥ , but the noise

floor requirements are generally less stringent ( )50 dB Hz<

than audio applications. Each transduction technique has unique
advantages and disadvantages for aeroacoustic applications.
Piezoelectric transduction offers the potential for a durable, high
sensitivity, low noise device that requires no external power to
operate. The main drawback is material integration and
compatibility with standard micromachining.

A number of authors have developed piezoelectric
microphones and have fabricated them using a wide array of
piezoelectric materials [2-6,8,9]. Thin film, piezoelectric materials
include zinc oxide (ZnO), aluminum nitride (AlN), aromatic
polyurea, polyvinylidene fluoride (PVDF), and PZT. They each
offer different mechanical and electrical properties, as well as
transduction capabilities. In addition, some of the materials are
CMOS compatible while others are not, which has led to many
differing approaches to the implementation of piezoelectric
microphones. The ease of integrating the piezoelectric material
into a fabrication sequence is an important consideration in the
development of a microphone. PZT, for instance, contains lead,
barring it from all CMOS facilities, whereas AlN is fully CMOS
compatible. ZnO and PVDF, while not fully CMOS compatible,
can be integrated more easily with conventional processing.
Despite the various microphones that utilize piezoelectric
transduction, to date, no piezoelectric microphones have been
developed specifically for aeroacoustic applications.

SENSOR DESIGN

This microphone was designed by combining a fundamental
piezoelectric composite plate model with a lumped-element,
electroacoustic model [10-11]. Lumped-element modeling (LEM)
was used to estimate the theoretical sensitivity and bandwidth of
the device. Finite element modeling was then used to verify the
LEM predictions prior to fabrication.

In micromachined piezoelectric devices, thin ferroelectric
films are deposited on substrates comprised of a composite of
silicon, metals and oxides. Large in-plane residual stresses often
result because of the fabrication-induced stresses, different thermal
expansion coefficients between the films, and packaging effects.
These in-plane stresses can dominate the mechanics of these
devices and must be accounted for during design. For this
microphone, the electromechanical design employed small-
deflection plate theory for the multi-layer piezoelectric diaphragm
subjected to in-plane stresses, transverse pressure, and transverse
electric field [11].

Figure 1: An optical photograph of the piezoelectric microphone.

The microphone structure consists of a 1.80 mm diameter,
3 mµ thick, silicon diaphragm with a thin ring of PZT placed near
the boundary of the diaphragm (Figure 1 and Figure 2). The
1.85 mm diameter, 95 mµ wide, piezoelectric annular ring was
placed near the diaphragm edge to maximize sensitivity due to
higher stress concentrations in this region. The placement of the
ring near the boundary also eliminates the need to run electrodes
across the diaphragm. The 270 nm thick PZT was sandwiched
between a 200 nm Ti/Pt layer and a 180 nm Pt layer that serve as
bottom and top electrodes, respectively. The entire ring structure
is separated from the silicon diaphragm by a 100 nm thick TiO2
layer that serves as a diffusion barrier for the PZT during
processing. Inclusion of this diffusion barrier prevents cracking of
the PZT that would otherwise arise from loss of lead via diffusion
into the silicon during later processing steps.
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Figure 2: Cross sectional schematic showing silicon diaphragm
with circular piezoelectric composite ring. (Not to scale.)

The transversely-isotropic composite plate model accounts
for material properties of each of the thin-film layers, as shown in
Figure 3. These include the mechanical properties of the layers
such as Young’s Modulus, E , density, ρ , and Poisson’s ratio, ν ,
and electrical properties including the relative permittivity
constant, rε , and piezoelectric coefficient, 31d , of the PZT. The
model also accounts for the in-plane compressive stress, 0σ , of
each layer. Furthermore, the geometry of the structure is
accounted for via the inner PZT radius, 1R , outer PZT radius, 2R ,
and the various film thicknesses. The material properties used for
the electromechanical model are given in Table 1.

Figure 3: Cross-sectional schematic of the piezoelectric composite
circular plate model.

Table 1: Material properties used for design.

31d ν rε E ρ 0σ

[ ]pC N [ ]GPa 3kg m [ ]MPa

silicon - 0.3 - 169 2.5 0
Pt/Ti - 0.38 - 170 21.44 -
TiO2 - 0.28 - 283 2.15 1809

PZT[12] -50 0.3 500 30 7.5 176.0

A lumped element model was then developed to facilitate
design of the complete microphone system which involves
electrical, mechanical, and acoustical energy domains. In LEM,
the coupling between the various energy domains is realized via
equivalent two-port models of the physical system [10]. An
equivalent circuit model is constructed by lumping the distributed
energy storage and dissipation into ideal, generalized one-port
circuit elements. In an electroacoustic system, differential pressure
and voltage are effort variables, while volumetric flow rate and
current are flow variables. The lumped elements can then be
represented in an equivalent electrical circuit by equating acoustic
and mechanical elements to their electrical equivalents. In the
electrical domain, a resistor represents dissipation of energy, while
inductors and capacitors represent storage of kinetic and potential
energy, respectively. Similarly, in the mechanical domain, kinetic
and potential energy are stored in mass and compliance (inverse of
stiffness), respectively. The same technique of lumping elements
and equating them to their electrical equivalent can also be
extended to the acoustical energy domain, thereby permitting a

single equivalent circuit that represents the dynamics of the entire
system. In this paper, an impedance analogy is employed, in
which elements that share a common effort are connected in
parallel, while those sharing a common flow are connected in
series [10].

Figure 4: Equivalent circuit representation of a lumped-element
model of a piezoelectric microphone.

Figure 4 shows a schematic of an equivalent circuit
representation of the lumped element model where aDRadR , aDRadM ,

aDC and aDM are the radiation resistance and mass, and
diaphragm compliance and mass, respectively. Also, φ , ebC and

eR are the electroacoustic transduction coefficient, blocked
electrical capacitance and dielectric loss resistance, respectively.
Finally, aCC is the cavity compliance and vR is the vent
resistance. The structure of the equivalent circuit is explained as
follows. An acoustic pressure, P , drives the motion of the
diaphragm, which in turn generates a voltage, V , across the
piezoelectric thin film represented by ebC . This represents a
conversion from the acoustical to the electrical domain and is
accounted for via a transformer possessing a turns ratio

;A

as

d Pa
C V

φ −= , (1)

where Ad is the piezoelectric coefficient and aDC is the
diaphragm acoustic compliance when an electrical short circuit is
imposed across the electrodes. The time-harmonic, two-port
network equations describing the behavior of the piezoelectric
transducer are written in the acoustic domain as
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where, ( )Q V r dS= ⋅ is the volume velocity of the plate,

( ) ( , )dw r tV r
dt

= is the distributed velocity over the surface, dS is

normal projection of an infinitesimal element of area, ( ),w r t is
the transverse deflection, and I is the electrical current [11]. The
effective acoustic piezoelectric coefficient that relates the
volumetric displacement, ∆∀ , to the applied voltage for zero
pressure loading is

( )
2

30
0

0

2
;

R

P

A
P

w r rdr
md

V V V

π
→

→

∆∀= = , (3)

where ( )
2

3

0

2 ;
R

rw r dr Qdt mπ∆∀ = = . Similiarly, aDC is

defined by the volume displaced by the diaphragm for an
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applied pressure under zero voltage loading,
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On the electrical side of the transformer, ebC is the blocked
electrical capacitance and eR is the resistance of the piezoelectric
ring. The term ‘blocked’ is used since it is the impedance seen by
the source when the diaphragm motion is prevented. At
frequencies greater than zero, an equivalent acoustic mass must
also be included in the model as
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where Aρ is the areal density of the piezoelectric composite plate
given by

2

1
2;

z
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m

ρ ρ= , (6)

and lρ is the density of the corresponding layer. Furthermore, this
mass must be in series with the compliance as both possess the
same motion (i.e., displacement or velocity)

Since the clamped circular plate is vibrating in a medium, the
radiation impedance of the plate is also taken into account and
consists of a radiation mass, aDradM , and a radiation resistance,

aDradR , as seen in the circuit of Figure 4. The radiation mass
accounts for the inertial mass of the fluid that is vibrating in unison
with the plate, while the radiation resistance accounts for the
acoustic radiation of energy away from the plate. The radiation
impedance can be found by modeling the structure as a piston in an
infinite baffle. For 2 1kR << , the radiation resistance and mass can
be approximated as [13]
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respectively, where k cω= is the wavenumber, ω is the angular
frequency, c is the isentropic speed of sound, and effA is an
effective diaphragm area to maintain continuity of volume
velocity. Note the effects of structural damping terms could be
added by putting a resistor in series with aDradR . Additionally, the
compliance of the cavity, aCC , formed between the back of the
diaphragm and the microphone package will affect the dynamic
response and is therefore included in the equivalent circuit. The
cavity compliance is defined as

3

2 ;c
aC

mC
c Paρ

∀
= , (9)

where c∀ is the volume of the cavity. Finally, the resistance, vR ,
represents viscous losses incurred in a vent channel that typically
connects a microphone cavity to ambient pressure. In the actual
device described in this paper, a vent channel was not specifically

designed into the structure; however packaging-induced leakage
between the cavity and atmospheric pressure provides the same
effect.

An important point to note from the equivalent circuit is the
effect that the cavity compliance, aCC , can have on the overall
sensitivity. If aCC is much larger than the diaphragm compliance,

aDC , then the sensitivity will not be noticeably affected. However,
if the cavity compliance is the same order of magnitude or smaller
than aDC , then it will have a noticeable stiffening effect because

aCC and aDC are in series. In order to avoid this generally
undesirable effect, the cavity must be made large enough to have a
much greater compliance than the diaphragm.

In order to determine most of the lumped element
parameters, the distributed deflection, ( )w r must be determined.

To obtain ( )w r , an analytical model was developed for the
piezoelectric composite circular plate by Wang et al. [11].
Analytical modeling was accomplished by dividing the problem of
Figure 3 into two portions, an inner circular plate surrounded by an
annular composite ring with matching boundary conditions at the
interface. The boundary conditions consist of equal moments and
forces at the interface as well as equal slope and radial
displacement. After solving for the deflection in each region, the
deflection equation for each region was then combined into a
single equation [11].

FABRICATION

The device fabrication is illustrated in Figures 5-8,
highlighting the major steps in the process flow. The devices were
fabricated using a sol-gel PZT deposition process on a 4-inch SOI
wafer combined with DRIE for the release of the silicon
diaphragm. The first step was to deposit a 100 nm thick layer of Ti
which is then oxidized in a tube furnace to create a TiO2 layer that
serves as a diffusion barrier [14] as shown in Figure 5a. A liftoff
process was then used to pattern the bottom electrodes with 40 nm
of evaporated Ti followed by 180 nm of evaporated Pt as shown in
Figure 5b. The Ti layer served as an adhesion layer in this step.

Figure 5: Initial process steps. a) Deposit 100 nm of Ti and
oxidize to form TiO2. b) Deposit and liftoff Ti/Pt {40/180 nm} to
form bottom electrode.

The next step was the deposition of a previously mixed
52/48 sol-gel solution of PZT as shown in Figure 6a. The solution
was spin-cast at 2500 RPM for 30 sec, then pyrolized at 350°C in
air for 2 min on a hot plate. Repeating the spin and pyrolize step 6
times yielded a total PZT thickness of approximately 400 nm. The
wafers were then furnace annealed at 650°C for 30 min to achieve
a perovskite phase of PZT for the piezoelectric properties.

Following the PZT deposition, the top electrodes were
deposited and patterned in a liftoff process similar to the bottom
electrodes as shown in Figure 6b. The top electrodes also served
as a hard etch mask for the PZT etch. The PZT was etched using a
3:1:1 solution of ammonium biflouride ((NH4)HF2), hydrochloric
acid (HCl), and deionized water as shown in Figure 7a. The
etchant leaves a residue that then must be removed with a dilute
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The maximum testable level is limited by the output capacity of
the compression driver. The measured sensitivity is 0.75 µV Pa .
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Figure 12: Measured sensor frequency response.
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Figure 13: Measured sensor linearity at 1 kHz.

To obtain noise floor measurements, the sensor was mounted
in a triple Faraday cage along with an SRS 560 low-noise
preamplifier, through which the sensor output was routed, to triple-
shield the sensor from potential electromagnetic interference. For
the measurement, the preamplifier was set to a gain setting of
1000, with a high pass filter cutoff of 0.03 Hz and a low pass filter
cutoff of 1 MHz . The output of the preamplifier was then routed,
via feed-through adapters, out of the Faraday cage to an SRS 785
dynamic signal analyzer.

The noise floor spectrum of the sensor is shown in Figure 14
to 12.8 kHz , along with the noise spectrum due to the
experimental setup alone. The noise spectrum of the experimental
setup alone was obtained by shorting the inputs to the preamplifier
and recording the resulting output voltage signal, using the same
conditions and setup as the sensor noise floor measurement. This
noise power spectral density is characteristic of a resistance
shunted by a capacitance. The resistance in this case is the sensor
dielectric resistance, eR , and the capacitance is the blocked
electrical capacitance, ebC . The resistance and capacitance form a
low-pass transfer function that spectrally shapes the thermal noise.
When integrated over an infinite bandwidth, the resulting mean

square noise voltage is given by ebkT C , where k is Boltzmann’s
constant and T is the ambient temperature. For this device, the
low pass filter has a cutoff frequency of 6.7 Hz , determined by
1 2 e ebR Cπ .

There are three characteristic regions in this spectrum.
Below 6.7 Hz , there exists a relatively flat region where the noise
is dominated by the resistance of the sensor. Then, from 6.7 Hz
up to approximately 2 kHz a 1 f rolloff in the noise is observed
that is consistent with a capacitive dominated noise source. Above
2 kHz , the noise spectrum flattens out again as the sensor noise
approaches the setup noise. For a 1 Hz bin width centered at
1 kHz , the output voltage with no acoustic signal applied is
3.69 nV , which corresponds to an equivalent acoustic pressure of
4.93 mPa or 47.8 dB .
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Figure 14: Measured sensor noise floor spectrum.

Because the device is a reciprocal transducer, the actuator
frequency response can be used to gain additional information
about the sensor response, such as the bandwidth [10]. In
particular, the acoustically actuated frequency response could only
be measured up to 6.7 kHz due to testing limitations of the
impedance tube. Using reciprocity, the bandwidth can be
estimated via use of the electrically actuated frequency response as
the piezoelectric microphone.

In order to determine the actuator frequency response,
scanning laser vibrometry was performed. The packaged device
was mounted under an Olympus BX60 microscope, with a 5x
objective lens. The device was excited using white noise from an
HP 33120A arbitrary waveform generator. Velocity data were
obtained over the surface of the composite diaphragm using a
Polytec OFV 3001S laser scanning vibrometer, with a Polytec
OFV-074 microscope adapter. Diaphragm displacement was
obtained via integration of the measured velocity frequency
response. The actuator frequency response is shown in Figure 15
in terms of magnitude and phase. The resonance frequency is
50.8 kHz . This resonance provides an estimate of the usable
bandwidth as a microphone.

The device characteristics are summarized in Table 3,
demonstrating that this microphone has a larger bandwidth and
dynamic range than existing piezoelectric microphones.

CONCLUSIONS

A MEMS-based piezoelectric microphone was developed
for aeroacoustic measurements and consists of a circular composite
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annular ring of PZT for electromechanical transduction. An
electroacoustic equivalent circuit model was used to design the
device. Experimental characterization yielded a sensitivity of
0.75 V Paµ , with a linear dynamic range from 47.8 dB to at
least 169 dB . The resonant frequency was estimated to be
50.8 kHz by measuring the actuator frequency response. The
device characteristics are summarized in Table 3.
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Figure 15: Measured actuator frequency response.

Table 3: Summary of experimental results and comparison to
previous work.
Researcher Material Sensitivity

[ ]mV Pa
resf

[ ]kHz

Noise Floor
[ ]dB

Present Work PZT 0.75 V Paµ 50.8 47.8

Kim et al. [4] ZnO 1 16 501

Ried et al. [5] ZnO 0.92 18 571

Lee et al. [2] ZnO 30 0.89 N/R
Royer et al. [3] ZnO 0.25 10 66.022

Schellin et al. [6] polyurea 0.004−0.030 N/R N/R
Ko et al. [8] ZnO 0.513 7.3 N/R
1 A-weighted,2 Method not reported,3 At resonance

The theoretical predictions do not match the experimental
results. Specifically, the predicted sensitivity was roughly a factor
of three larger than that measured. This discrepancy is due to a
combination of factors. First, there tends to be large uncertainties
in the thin-film material properties. More importantly, the devices
were statically deflected on the order of the diaphragm thickness
due to large in-plane compressive stresses from the TiO2. These
large static deflections render the small-deflection assumption in
the composite plate theory invalid.

Future work includes the extension of the composite plate
model to large deflections. These models will then be validated
against the current design and then subsequently used to synthesize
an optimal design A new package design is necessary to provide a
vent channel to the microphone for a controlled low frequency roll-
off. Further characterization of the microphone is needed in order
to determine variability from device to device, and to investigate
reliability issues such as fatigue and stability of the piezoelectric
modulus.
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