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In this  paper,  piezoelectric  MEMS  (piezo-MEMS)  sensors  are  designed  and  characterized  for  detecting
elastic  waves  released  by active  flaws,  known  as  acoustic  emission  (AE).  The  designed  sensors  operate  in
plate  flexural  mode  or rigid  body  mode  driven  by the  vibration  of  silicon  diaphragm  where  piezoelectric
layer  is  deposited  on.  The  designed  device  contains  two  different  frequency  sensors  tuned  to  40 kHz  and
200  kHz.  The  microstructural  layers  consist  of  doped  silicon,  aluminum  nitride  (AlN)  and  metal  layer,
which  function  as  the  bottom  electrode,  sensing  layer  and  top  electrode,  respectively.  The  silicon  layer
also  functions  as  a mass-spring  system  where  a movable  plate  is  connected  with  four partially  clamped
beams  to the  substrate.  As  the  geometry  sizes  are  restricted  by  the  design  rules  of  the  manufacturing
process,  an  additional  mass  is provided  for the  40 kHz  sensor  through  the  substrate  etching  process.  The
sensors  are  numerically  modeled  using  COMSOL  Multiphysics  software  to obtain  the  frequency  response
and  the dynamic  response  under  excitation.  Afterwards,  the  sensors  are  manufactured  using  Piezoelec-
ission
s

tric  Multi-User  MEMS  Process  (PiezoMUMPs)  provided  by MEMSCAP  foundry.  The  performance  of  the
designed  sensors  is  demonstrated  through  electromechanical  characterization  experiments.  A face-to-
face  response  is obtained  for  each  sensor,  and  the  performance  of  the  designed  sensors  is compared  with
the  conventional  piezoelectric  AE  sensors.  The  developed  piezo-MEMS  AE  sensors  have  advantages  of
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coustic emission (AE) is a nondestructive evaluation
o detect the presence of defects in a variety of structures,

 bridges, aircrafts and pipelines [1–3]. The passive nature
thod provides real time data about the structural integrity
resence of flaws. AE sensors are directly attached on the

 a structure to detect and convert the elastic waves gener-
 active defect into forms of electrical signals. The received

re further analyzed to extract information about time,
intensity and type of the defect [4–6]. Several advanced
es are proposed in literature, such as source characteriza-
probabilistic framework, to supplementary interpret the
]. Primarily, the precise implementation of AE method
on the detecting system, specifically, the performance
cteristics of the sensors. The AE sensors are convention-

 of bulky piezoelectric materials. These sensors generally
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the advancement of micromachining techniques, several
ave been reported on designing AE sensors based on
ctro-mechanical systems (MEMS). The basic principle of

 and vibration sensors is similar: mass-damping-spring
 micro scale. While MEMS  AE sensors operate at the res-
quency of micro structure (typically tuned to 20 kHz and
EMS  accelerometers operate below resonant frequency

structure (0–1000 Hz) in order to have linear relationship
input acceleration and output signal. For instance, Ozevin
] designed a MEMS  device containing multiple capaci-
nant transducers, and experimentally demonstrated the

 the transducers to detect AE events in crack initiation
th. Their designed transducers consisted of a diaphragm
bove a fixed substrate, work with the mechanism of capac-
ange between two  parallel plates. In capacitive MEMS
he deflection of the membrane, in the presence of a DC bias
enerates an output signal in a form of current. Moreover,
y can be achieved through designing the moving elec-
different directions. A 3-D AE sensor array was designed by
al. [12] using PolyMUMPs process in which the array col-
wo  in-plane sensors with one out-of-plane sensor. Later,

i and Ozevin [13,14] designed and fabricated a MEMS

cluding a set of in-plane and out-of-plane sensors tuned to
f frequencies between 60 and 200 kHz. They demonstrated

 the high aspect ratio geometry design, better sensitivity
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ical and mechanical properties of two  common piezoelectric materials (AlN
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nse characteristic can be achieved. The response charac-
nd directional sensitivity of these sensors were assessed
r excitation and in an actual crack growth monitoring of

 7075 specimens under fatigue test [15,16]. The capaci-
S  sensors have shown a great potential to be applied in
ethod; however, their major challenge in a field deploy-
e requirement of high bias voltage. Unlike the capacitive
nsors, the piezoelectric MEMS  sensors are introduced,

with the transduction principle of piezoelectricity, which
ithout bias voltage. Besides, they require lower polar-
ltage, and need no gap to reach the desired transducer

y. They are made of a thin-film of piezoelectric material,
ad zirconate titanate (PZT), aluminum nitride (AlN) or zinc
O), sandwiched between two layers of electrodes through
chining depositions [17,18]. Recently, the piezoelectric
chined ultrasonic transducers (PMUTs) are investigated
rnative to conventional piezocomposite ultrasonic trans-
e to their unique features [19–21]. Various methods have

ely applied to study and characterize PMUTs. For instance,
. [22] presented a MEMS  AE sensor with a cantilever sens-
ure in which a layer of PZT was deposited on the cantilever
nsing. Sommer et al. [23] utilized modified high aspect
romachining (HARM) technology to fabricate MEMS  AE
rking in the frequency range of 100–130 kHz. Lu et al. [24]

short-range and high resolution ultrasonic imaging using
ray. Massimino et al. [25] applied complete multi-physics

 using finite element method to verify the mechanical and
l responses for air-coupled PMUTs, which were tuned to
esonant frequency. The numerical models considered the
tress induced during fabrication process, and proper mod-
ir along with coupling between different fields. In another
elton et al. [26] produced 5 × 5 array of complementary
ide-semiconductor (CMOS)-compatible PMUTs excited at
esonant frequency by using AlN as the active piezoelectric

 study, the design and characterization of piezoelectric
nsors are presented to detect acoustic emissions at two
requency bands. The resonant AE sensors include low-
y (LF) design tuned to 40 kHz and high-frequency (HF)
ned to 200 kHz. The sensors are manufactured using

MPs by MEMSCAP foundry. The PiezoMUMPs process is
s level SOI patterning and etching process, which includes
n of 0.5 �m AlN to form piezoelectric layer [27]. First,
rs are numerically modeled using COMSOL Multiphysics
to tune them for the desired resonance frequencies. The
f design and manufacturing steps, and the numerical
re presented in Section 2. Then, the fabricated sensors
aged and the electrical connections are made through
ding. The performance of the piezo-MEMS AE sensors is
ated through electromechanical and mechanical charac-

 experiments in Section 3. In Section 4, the piezo-MEMS
rs are compared with the conventional piezoelectric AE
inally, the major outcomes of this study are summarized

 5.

r design

ufacturing process

ensors are manufactured using the PiezoMUMPs pro-
MEMSCAP foundry [27], in which thin-film piezoelectric
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re micromachined on a 150 mm (100) oriented silicon-
tor (SOI) wafer. The manufacturing process is described

 illustrated in Fig. 1, via the cross-sectional view of the

layer whi
top elect
system w
clamped 
1] −1.05 3.9 2.78 −11.3
0] −8 to −12 60–130 171–274 −7 to −1.8

p surface of the silicon layer is doped using n-type doping.
sphosilicate glass (PSG) layer is deposited and annealed

50 ◦C in Argon (this layer is then removed through wet
ng).
rmal oxide layer of 2000 Å is grown and lithographically
rned through a first level mask. The thermal oxide layer
des  isolation between the SOI, the AlN and the pad-metal
s.
�m of AlN is deposited over the wafer by reactive sputter-
nd then lithographically patterned through a second level
.
ad-metal layer is deposited. The layers of 20 nm of chrome

 �m of aluminum are deposited and patterned through a
 process. The pad-metals form the electrodes for electrical
ctions.
urth mask level, the silicon and the oxide layer are litho-
ically patterned and etched through deep reactive ion

ng.  A special recipe eliminates any undercutting of silicon
 when the etch reaches the buried oxide.
tection material made of polymide coat is provided to

op surface in order to hold the wafer together through
quent trench etching.
ubstrate layer is lithographically patterned from the bot-
sing a fifth mask level. The bottom side oxide layer is

ved  using reactive ion etching, and deep reactive ion etch-
 used to etch completely the substrate layer.
y, a dry etch process is used to strip the front side protec-
aterial. This process releases any mechanical structures

 silicon layer that are located over through-holes defined
 substrate layer.

l sensor design

nsing layer consists of a thin-film piezoelectric layer sand-
etween the pad metal layer and the doped silicon layer. In
y, AlN is used as the piezoelectric material with the elec-

 mechanical properties as presented in Table 1 [27–31].
,f is intrinsic effective piezoelectric coefficient, ε0 is vac-

ittivity, ε33,f is relative dielectric coefficient and d33 and
olarization coefficients caused by per unit of mechanical
e value of coefficient e31,f/ε0ε33,f for AlN is higher than

 is preferred for sensing applications [17]. The value of
N is provided by MEMSCAP from the PiezoMUMPs Design
k and value of d33 for AlN, and d33 and d31 for PZT are
rences. Besides, the residual stresses are avoided through
sition process, as AlN does not require annealing proce-

 design of piezoelectric MEMS  device is controlled through
n rules provided by the PiezoMUMPs Design Handbook

 by MEMSCAP Inc. as described in Section 2.1. While
nesses of the layers are restricted by the manufacturing
the planar dimensions are flexible but bounded with the
les. The dimensions are varied to tune the fundamen-
ncy to 40 kHz (for LF sensor) or 200 kHz (for HF sensor).

ostructural layers consist of doped silicon, AlN and metal

ch are working as the bottom electrode, sensing layer and
rode, respectively. Each design consists of a mass-spring
here a movable plate is connected with four partially

beams to the substrate. The mass and stiffness are con-
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Fig. 1. Summary of the Piezo

rough the geometry of the beams and diaphragm to tune
rs to the desired frequencies. For the design of the LF sen-
sonable beam and diaphragm geometry could not been

 due to the restrictions of the design rules. Therefore, the
ace etching is utilized for forming an additional mass to
d silicon layer, which consists of entire silicon substrate.
-sectional views and dimensions of the sensors, deposited
ched areas as well as the planar view of the designed sen-
e L-Edit are presented in Fig. 2. The HF sensor operates
de where the applied stress in direction 3 is converted
lectrical voltage in direction 1. The LF sensor operates in

 where the applied stress in direction 3 is converted into
ical voltage in direction 3. The conversion mode is further

 in the numerical studies section.
anning electron microscope (SEM) images of the piezo-
nsors are presented in Fig. 3. The SEM images indicate
l etching process of the octagonal shape for both sensors
rge mass for the LF sensor.

erical studies
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nant frequency can be only adjusted by changing the
idth or the geometry of diaphragm and suspending mass,
the material properties and thickness of each layer are

 by the fabrication process rules. The diaphragm and the
ng mass are simulated in COMSOL Multiphysics software
nting solid mechanics module. The eigenfrequency analy-
ormed in order to find the fundamental mode shapes and
ies. The thickness of the silicon layer is 10 �m while the

 of the AlN and oxide layers are 0.5 �m and 1 �m,  respec-
ce the thickness of the silicon layer is dominated in the

vice layers, only silicon layer is used in the models. The
properties of the silicon used in the numerical models are
able 2.
ally,  a square shape diaphragm has higher fill factor; how-
terms of stress distribution, it does not have uniform
ecially at the edges where high stress concentration can
ed. Another geometric option is circular geometry. Based
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Fig. 2. L-Edit plots illustrating the planar view of the sensors designed for (a) 40 kHz (LF) and (b) 200 kHz (HF), along with the schematic cross-sectional view of each sensor
(unit: �m).

Fig. 3. SEM images of (a) LF and (b) HF sens

Table 3
Beams and octagonal dimensions.

Sensor Beam dimensions
(�m × �m)

Beam  cross section
(�m  × �m)

Octagonal side
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anufacturing design rules, there are restrictions in resolu-
e circular shapes. An octagonal shape diaphragm is sought
lution, as it is the closest polygon to circle and satisfies

 beam dimensions of the design rules. The dimensions of
s and octagonal shapes are listed in Table 3. To design the
ency sensor, it is needed to have either lower beam stiff-
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igher suspending mass. The highest possible size of the
 restricted by the manufacturing design rules. Therefore,

 frequency sensor is designed by increasing the suspend-

using tra
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ors (unit: �m).

. The full thickness suspended structures can be defined
he substrate layer of the SOI wafer during the trench pat-
rocedure (step no. 7 of the manufacturing section). The
ness suspended mass with octagonal shape is provided
e reactive-ion etching process. The thickness of the mass

me as the substrate which is 400 �m. The fundamental
ies of the LF and HF sensors obtained from the numerical
ns are presented in Fig. 4. Both the LF and HF designs are

n z-direction with the fundamental frequencies of 40 kHz
Hz, respectively. The second mode shapes of the sensors
nted as well, which are obtained as 41 kHz and 450 kHz

 and HF sensors, respectively. It is noticed that the first
es of the LF sensor are close.
nsient analysis in time domain to find the input–output
n. The dynamic input signal is responded by the sili-

hragm in the forms of inertial force, damping force and
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Fig. 4. The first and second mode shapes of (a, c) LF and (b, d) HF sensors.

Fig. 5. T  and s

spring fo
is couple
nal dynam
coupling 

The const
of vibrati
device is 

in order t
package a
in piezoe
fundame
A thin lay
simulate 

chirp
e of 

ts ar
ast 2
hiev
idere
the g

 and 

ge re
re pl
he time-domain numerical simulation of the LF sensor, illustrating the defined AlN
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ic strain into electrical signal by the electromechanical
response between strain-current of piezoelectric material.
ants (m, c and k) represent the micro structural properties
ng silicon diaphragm shown in Fig. 3. The packaged MEMS
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o transfer transient waves (from test structure to ceramic
nd then to silicon diaphragm). The model uses the built-

lectric device interaction in COMSOL, which contains two
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ilicon layers, the ground and terminal surfaces and the applied load.

 signal, as the input mechanical force, which contains a
frequencies from 10 kHz to 100 kHz. Free tetrahedral ele-
e used to mesh the model. The mesh resolution is kept
0 elements in one wavelength of the highest frequency
e acceptable accuracy [32]. The effect of damping is not
d in this study. Fig. 5 illustrates the piezoelectric layer,
round and terminal boundaries as defined on the bot-
top surfaces of the AlN. The input force and the output
ceived from the terminal layer and their frequency spec-

otted in Fig. 6. It is observed that the output voltage has

-band response at 40 kHz which confirms the designed
y response of the LF sensor (Fig. 6(d)). Moreover, total dis-
t of the LF sensor at six different times in a typical cycle of
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cterization experiments

bricated piezo-MEMS device is mounted on a ceramic
using a two-part silver epoxy, and the electrical con-
are made through wire bonding. The packaged device is

 Fig. 7(a). The MEMS  chip contains four MEMS  AE sen-
 two of them are studied in this paper. The L-Edit image
MS  chip is used to illustrate the LF and HF sensors on the

 device in Fig. 7(b), and the SEM image of the HF sensors

 in Fig. 7(c). The electromechanical characterization of the

 device is evaluated through measuring impedance, resis-
uctance, and passive and motional capacitances of the LF
nsors.
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Fig. 7. (a) The packaged piezo-MEMS device (b) the L-Edit image of the MEMS chip that includes LF and HF sensors (c) the SEM image of the HF sensors.

Fig. 8. Admittance results of the (a) LF and (b) HF sensors.
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Fig. 10. Experimental setup for mechanical characterization of the LF and HF sensors using face-to-face excitation by conventional AE transducers.

Fig. 11. The LF sensor responses at different excitation frequencies (a) time history signals and (b) their frequency spectra.



M. Kabir et al. / Sensors and Actuators A 279 (2018) 53–64 61

) time

cient is c
the follow

Keff
2 =

C

The  va
70% for th
onators i
in the sys
impedanc
1.98 for t
sensor in

3.2. Mech

The  pe
signal fro
R6 and R
of bulky p
60 kHz an
Group In
of the R6 

the piezo
vacuum g
in Fig. 10
MEMS  pa
grease. T
tem man
(WaveGe
desired fr

sduc
Hz to

 to re
ng th
ncrem
. The 

HF se
g wit
cies
gs. 1
s tha

to lo
maxi
als ar

 of ea
out 

lar to
or ha
nced
rom
lowe
f the

 the 

he co
o-ME
Fig. 12. The HF sensor responses at different excitation frequencies (a

orrelated to the electrical and mechanical parameters by
ing relation [33]

Cm

m + C0
(1)

lue of Keff is calculated as 75.4% for the HF sensor and
e LF sensor. Another important parameter in MEMS  res-

s Q-Factor, which is defined as the ratio of energy stored
tem to energy dissipated per cycle, and measured by the
e analyzer. The Q-Factor values are measured as 71 and
he LF and the HF, respectively. High Q-Factor for the LF
dicates a very low damping ratio.

anical characterization

rformance of the sensors is studied using an excitation
m the conventional piezoelectric transducer R6 or R15.
15 are resonant type piezoelectric AE transducers made
iezoelectric ceramics. They have resonant frequencies at
d 150 kHz, respectively, and are manufactured by Mistras

c. The MEMS  package is directly attached to the surface
and R15 transducers to excite the out-of-plane motion of
electric layers of the LF and HF sensors, respectively, using
rease as the couplant. The experimental setup is shown

, with the close-up picture that shows the coupling of the
ckage to the surface of the R6/R15 sensor using vacuum

tran
10 k
used
erati
the i
nals
and 

alon
quen
in Fi
cycle
due 

The 

sign
tude
is ab
simi
sens
adva
elect
(i.e. 

ing o
with

4. T
piez
he sensors are connected to the AE data acquisition sys-
ufactured by Mistras Group Inc., and a built-in software
n 1410) is used to generate a 5-cycle sine wave with the
equency, and applying input voltage of 10 V. First, the R6

The  b
piezo-ME
signal ge
 history signals and (b) their frequency spectra.

er is used for generating the excitation signal ranged from
 40 kHz with the increments of 1 kHz, and the LF sensor is
ceive the signal. Then, the R15 transducer is used for gen-
e excitation signal ranged from 120 kHz to 220 kHz with
ents of 5 kHz, and the HF sensor is used to receive the sig-
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nsor experiments, respectively. The time domain signals
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 near the resonant frequency of each sensor are presented
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n excitation signal are observed in the time history signals
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mum amplitudes of the time history from all the received
e extracted and plotted in Fig. 13. The maximum ampli-
ch sensor is near the designed resonant frequency, which

32 kHz for the LF sensor and 170 kHz for the HF sensor,
 the electrochemical results as shown in Table 4. The LF
s very narrow bandwidth, which is important to apply the

 source localization algorithms [6,34]. As obtained by the
echanical experiments, the LF sensor has higher Q-factor
r damping) than the HF sensor. However, the low damp-

 LF sensor causes significant ringing, which may  interfere
AE signals released by short time differences.

mparison of conventional piezoelectric and
MS AE sensors
ehaviors of conventional piezoelectric and the designed
MS AE sensors are compared under the same excitation
nerated on a plate-like structure. The LF sensor is com-
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Fig. 13. The peak amplitudes of time history signals due to different excitation frequencies.
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Fig. 15. The time history signals and their frequency spectra obtained from (a) HF (piezo-MEMS AE s
(d)  R6 (conventional AE sensor).

Table 5
The  comparison of conventional piezoelectric and piezo-MEMS AE sensors.

Sensor Diameter/
width
(mm)

Thickness
(mm)

Total size
(mm3)

Maximum
signal
amplitude
(V)

Amplitude/size
(mV/mm3)

R6 19.05 22.35 6373 5.368 0.84
LF  0.9 1 0.81 0.039 48.51
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