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ARTICLE INFO ABSTRACT

Keywords: This paper reports finite element model (FEM) simulation and fabrication of a square shaped
Si-diaphragm diaphragm along with microtunnel for MEMS acoustic sensor which can be used for measurement
Microtunnel

of wide operational frequency range and high sound pressure level (SPL) 100 dB-180 dB mea-

igx surement in launching vehicle and aircraft. The structure consists of a piezoelectric ZnO layer
pi - sandwiched between two aluminum electrodes on a thin silicon diaphragm. There is a micro-
iezoelectricity

tunnel in the structure which relates the cavity to the atmosphere for pressure compensation. The
microtunnel decides the lower cut-off frequency of device. Analytical and simulation approaches
are used to optimize microtunnel dimension and simulation approach for diaphragm structure
optimization. The change in displacement, stress, sensitivity and resonance frequency due to
different diaphragm sizes with diaphragm thickness variation is also analyzed. The optimized
diaphragm structure of 1750 x 1750 ym? and microtunnel of 100 pm wide and 24 pm deep have
been fabricated using bulk micromachining technique. The fabricated device response has been
tested using LDV and sensitivity measurement system.

Acoustic sensor

1. Introduction

The increasing use of satellite and rocket launching vehicles, passenger and commercial aircraft become the cause of generating
high sound pressure level (SPL) noise surrounding the airports and the launching pads. The generated sound has long term effects on
humans and animals. The aircraft and launching vehicle manufacturers are insisted to reduce this noise in order to meet the quiet
environment expectation by humans. Aeroacousticians these days make use of advanced techniques with noise reduction capabilities
while designing aircraft and launching vehicles. Among these experimental techniques the major ones used recently include collection
of distributed microphone arrays that can effectively measure sample spatial pressure fluctuations. Various configurations of micro-
phone arrays have been deployed on the exterior of aircraft during flight tests to enable characterization of turbulent boundary layer.
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This can also help in identifying the noise sources or assessing the effectiveness of the noise reduction technologies used. The re-
quirements for acoustic sensors or microphones used as measurement components are very demanding. The acoustic sensor should be
compact size, passive, linear response at large sound pressure, broader bandwidth, robust to moisture and exhibit stability to large
variations in temperature and humidity.

Microelectromechanical systems (MEMS) based acoustic sensor show promise for meeting the stringent performance needs for
these applications at reduced cost, made possible using batch fabrication technology. MEMS devices which interconnect electrical and
mechanical components at miniature scale, have become very popular in micromachining and manufacturing industry. The working of
these devices depends upon used transduction mechanism such as mainly optical [1], capacitive [2-5] piezoresistive [6,7] and
piezoelectric [8-10]. Among these transduction, piezoelectric offers some unique features like no input power supply required, linear
response for wide dynamic range and low noise but it exhibits lower sensitivity [11,12]. Some researcher tried to enhance sensitivity
by reducing tensile residual of the transducer structure using fully clamped [13], cantilever [14,15], diaphragm (square [16-18] and
circular [19,20]) structures. Three free up edges of cantilever improve deflection greatly which reduces residual stress and increases
sensitivity of the structure. However, cantilever based devices have lower reliability and operational frequency [17] which can be
improved by diaphragm structures.

Generally, two types of diaphragm structure namely square [16-18] and circular [19,20] structure have been reported. The circular
shaped diaphragm devices have higher sensitivity due to its uniform distribution of the stress along its circumference. The etching
process of circular diaphragm is limited to isotropic etch property of dry etching such as deep reactive ion etching (DRIE) which
requires proper control on process parameters and very high cost as compared to wet etching [21]. To reduce the cost and fabrication
complexity, square shaped diaphragm based devices are widely being used in development of acoustic sensors [22-24], pressure
sensor [7,25,26], ultrasonic transducers [27,28], tactile sensors [29], energy harvester [15,30,31] and etc.

Therefore, piezoelectric based MEMS acoustic sensor with square shaped diaphragm is a suitable candidate which can be used for
high SPL (100-180 dB) measurement and source localization specially in aircraft and satellite launching vehicle. The high cost and
process overheads involved necessitate the development of simulation models for sensor design optimization [32]. In this work, finite
element method (FEM) and lumped element model (LEM) simulations have been used hand in hand to optimize the device design prior
to the fabrication. The dimensions of diaphragm affect sensor parameters in term of stress, resonant frequency, sensitivity, operation
frequency range and etc. The optimized structure is fabricated using bulk-micromachining and simulation solution of structure has
validated with experimental results. The organization of the paper is as follows: section 2, discusses the modeling and simulation of the
device structure. In section 3, fabrication process flow and development of structure have been reported. Conclusion has been pre-
sented in section 4.

2. FEM and LEM simulations

The proposed design consists of different layer like substrate (Si), insulator and passivation (SiO5), top and bottom electrodes (Al)
and piezoelectric (Zn0O). This piezoelectric material is sandwiched between bottom and top electrodes. Fig. 1 shows cross-sectional
view and back side view of the proposed structure. To optimize the design we have used FEM based MEMS tool CoventorWare
10.2. Material properties of the different layers have been taken as defined in CoventorWare database. The thickness of the thermal
oxidation, insulator and passivation layer, top and bottom electrodes and piezoelectric material have been taken as 0.5 pm, 0.2 pm, 1
pm and 2 pm respectively. Different side lengths (1500 x 1500 ym?, 1750 x 1750 ym?and 2000 x 2000 ym?) which chosen after
considering available literature [19,24] with minimization of device dimensions and diaphragm thickness (15 pm, 20 pm and 25 pm)
have been taken and comparison has been made. Fine meshing and 400Pa uniform load at top surface of the proposed design have been
applied to get the simulation results.

Among these diaphragm sizes, the simulation results of 1750 x 1750 ym? with different thickness, 15 pm, 20 pm and 25 pm have
been shown for reference and obtained simulation results with different diaphragm size and diaphragm thickness are summarized in
Table 1. The distribution of deflection and stress in meshed structure have been shown in Figs. 2 and 3 respectively. From Table 1, it is
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Fig. 1. Designed structure of acoustic sensor using MEMS tool CoventorWare: (a) cross sectional view and (b) back side.
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inferred that deflection and generated stress increase with increase in area of diaphragm but they decrease with increase in thickness of
diaphragm. Fig. 4 shows that the change in resonance due to change in diaphragm area and thickness. The resonant frequency de-
creases as diaphragm area increases while it increases with increase in the diaphragm thickness as shown in Table 1. Basically selection
of diaphragm dimensions affects displacement, stress, dynamic range and operational frequency. Therefore, other parameter variation
with diaphragm size should be analyzed.

2.1. Linear dynamic range

Linearity of any diaphragm based device is an important aspect when input pressure is large. Response of any mechanical sensing
system can be approximately linear for small values of input pressure but at higher input pressure it deviate from actual value due to
geometric non-linearity of the diaphragm. The linear dynamic range estimation for high SPL of the proposed diaphragm sizes has been
done using simulation results as reported Kumar et al. (2019) [9]. These results show that the diaphragm size of 1750 x 1750 ym? has
dynamic range of 100-180 dB which follows proposed deflection-linearity one fourth scaling model [33]. The proposed dynamic range
is very utilitarian in pressure measurement of aircraft design and launching vehicles [34].

2.2. Operational frequency range

The LEM technique is used for the efficient analysis of the electrical behaviour of multiphysics systems like as electro-acoustic
transducers [35]. In LEM, both the electrical and mechanical circuit analogies are used to evaluate the value of various lumped
components such as diaphragm mass and compliance, cavity mass and compliance. The mathematical expression for these parameters
are used as explained in Refs. [36,37]. These lumped element values have been calculated and simulated for the diaphragm size of
1750 x 1750 ym? and different thicknesses (15 pm, 20 pm and 25 pm) using NI Multisim and Ultiboard Education student Edition
software. The simulated schematic of diaphragm 1750 x 1750 ym?with 20 pm and the obtained bode plot have been shown in Fig. 5.
The simulated results have been summarized in Table 2. From Table 2, it can be observed that flat response and resonant frequency
increases with increment in thickness of diaphragm. It is demonstrated in previous works that linear response of the device can be
observed if resonant frequency is higher than four times the operating frequency range of the device [38]. Therefore, the diaphragm
thickness 20 pm has shown resonant frequency at 84 kHz which is approximately four times to bandwidth of audio frequency range.
Based on the simulation results obtained for resonant frequency, dynamic range and operational frequency range analysis, It is
observed that diaphragm size of 1750 x 1750 ym? with thickness 20 um showed good response dynamic range of 100-180 dB, wide
bandwidth 12 Hz-22kHz with 84 kHz resonant frequency. This dynamic range, resonant frequency and operational frequency range
have capabilities to fulfil the requirement of measurement tools for pressure generated during launching satellite vehicle and aircraft
application.

3. Modeling of microtunnel

The microtunnel structure has been modelled using electrical equivalent lumped element model (LEM). The proposed microtunnel
has rectangular shape and its width (w = 100 pm) and depth (d = 24 pm) which assumed laminar tube with full flow of air in tube. The
acoustic vent resistance (R) through microtunnel is defined as follows [39]:

128u ;. L,
R— ﬂzzr off
D

vent

@

here pt4ir, Dyens and L represent viscosity of air, hydraulic diameter of microtunnel and effective microtunnel length. Dy, is defined as
follows:

Table 1
Summary of the simulation results.
Diaphragm size [um?] Thickness [um] Simulation parameters
Deflection Stress Resonant freq.
[pm] [MPa] [kHz]
1500 x 1500 15 0.032 0.89 81.7
20 0.016 0.54 112.6
25 0.008 0.37 141.6
1750 x 1750 15 0.06 1.20 61.9
20 0.029 0.73 82.7
25 0.016 0.5 101.4
2000 x 2000 15 0.11 1.6 46.7
20 0.049 0.96 63.3
25 0.028 0.65 79.9
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Fig. 2. Deflection distribution in diaphragm with thicknesses (a) 15 pm, (b) 20 pm and (c) 25 pm.

COVENTOR COVENTOR COVENTOR

(b)

Fig. 3. Mises stress distribution in diaphragm with thicknesses (a) 15 pm, (b) 20 pm and (c) 25 pm.
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Fig. 4. Resonant frequency variation of diaphragm structure with thicknesses (a) 15 pm, (b) 20 pm and (c) 25 pm.
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The device lower cut off frequency can be evaluated as:

1

Je= 27RC gy @

here C,, stands for acoustic compliance of the cavity. An acoustic compliance is defined as follows:

Vca\f

2
Pair€

Coay = (©)]

here V.4, pair and c stand for cavity volume, density of air and speed of sound. The dimensions of proposed design with diaphragm
(1750 x 1750 umz) and other standard values have been taken and calculated Legy = 11833 pm, Dyene = 38.71 X 10_6m, R=4x 1012.(2,
Ve = 1.47 x 107°m°, and C.qy = 1.036 x 10*14%5. By substituting the values of C.q, and R, in Equation (15), the lower cut-off

frequency was computed and found to be 4 Hz. The cut-off frequency of the designed structure is impacted by the width and depth
of the microtunnel. The acoustic vent resistance is proportional to the inverse of the hydraulic diameter, which is determined by the
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Fig. 5. LEM simulation results of 20 pm thick diaphragm: (a) equivalent schematic model and (b) bode plot.

Table 2

Summary of LEM results.
Diaphragm Resonant freq. Bandwidth
thickness [um] [kHz] [Hz] [Hz]
15 64.1 11.4 26101
20 84.3 12.10 22652
25 104.6 15.602 18985

microtunnel’s width and depth. Increasing these dimensions leads to a higher hydraulic diameter and a decrease in acoustic vent
resistance, resulting in an increase in cut-off frequency. To achieve the lowest cut-off frequency with minimal fabrication complexity,
the dimensions of the microtunnel have been optimized through simulations.
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o n “ T J
Oxide etching using BOE Thermal oxidation 1pm Etched Microtunnel
Etched deep cavity Anodlc bonded glass Thermal oxide 0.5 pm
ﬂ
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& Cutting line Microtunnel
l opening

Final device

Fig. 6. Proposed fabrication process flow.
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4. Fabrication and characterization

The analytical and simulation modelling of different diaphragm sizes can be concluded in terms of variation of deflection, stress,
resonant frequency, operational frequency range and SPL range. This analysis helps to researchers for dimension selection of dia-
phragm based devices as interest of application requirement. The diaphragm dimension size of 1750 x 1750 ym? has been chosen to
fabricate according to requirement MEMS based acoustic sensor for high SPL measurement. The proposed structure has operational
frequency range (12 Hz-22kHz), SPL range (100dB-180dB), miniaturized device size and resonates approximately at 84 kHz which
ensures flat response in audio and aeroacoustic frequency range. A piezoelectric transduction mechanism has been used for sensing
duo to its unique features of linear response for wide dynamic range and zero input power requirement. Zinc oxide (ZnO) piezoelectric
material is sandwiched between Aluminium (Al) top and bottom electrodes because it has well established deposition process and high
piezoelectric coefficient. The deposition of ZnO and Al has been done at optimized conditions using RF-sputtering [12]. The fabrication
process flow of the proposed structure has been shown in Fig. 6 and these steps have followed for fabrication. Fabrication process is
started with selection of silicon wafer of 4 inch and it is cleaned with RCA-1 and 2 processes. Mask#1 is used to pattern the microtunnel
area and etched with wet chemical processing. Mask#2 and SU-8 is used to pattern the diaphragm structure and the structure is etched
using wet chemical etching process. Tetramethylammonium hydroxide (TMAH) etchant has been used for Silicon etching at 75°
temperature environment. This wet etching process has been selected due to low cost and more selective process as compared to dry
etching process. Fig. 7(a) shows an SEM image of backside of fabricated device which demonstrates formation of deep-cavity
along-with microtunnel. Etched diaphragm structure is sealed with anodic glass and front side fabrication process is started with
patterning of bottom Al electrode (Mask#3). The piezoelectric ZnO material is deposited using RF sputtering technique and patterned
with help of Mask#4. From Fig. 8(a), it is clear that single peak at about 34.4° is present which is attributed to (002) preferred
orientation of ZnO. Scanning electron microscopy has been used to ensure the structural morphology of the ZnO thin film as shown in
Fig. 8(b). It is free from voids and clearly shows that the film is more uniformly deposited. Mask#5 is used to pattern the top Al
electrode and etched with help of wet Al etchant solution. Mask#6 is used for pad opening. Fig. 7(b) depicts the front side SEM image
of the fabricated device.

4.1. Wire bonding and packaging

A thin gold wire with a thickness of 17 pm is utilized to establish an electrical connection between the diced chip and a transistor
outline header. This is done by fixing the diced chip onto the header with a curable epoxy, as shown in the optical image in Fig. 9. For
device testing, !4 stainless steel package has been designed and developed in which wire bonded TO header is placed for testing.

4.2. Resonant frequency response measurement

The diced chip has been fixed on the LDV measurement setup as shown in Fig. 10(a) to test resonant frequency and piezoelectric
response. A 2 V electric potential has been applied on the fabricated device through device electrodes and probes. The deflection
behaviour of the device diaphragm has been observed as showed in Fig. 10(b). It is observed that the fabricated device has maximum
deflection on resonant frequency at 80 kHz. Resonant frequency of the clamped square diaphragm structure can be computed
mathematically as given formula [40] by putting the value of diaphragm side length (2a = 1750 pm), diaphragm thickness (20 pm),
density (2330 kg/mg), Poisson’s ratio (0.28) and Young’s modulus (135 GPa) of silicon. The resonant frequency has been calculated
and to be found 85.69 kHz. The measured resonant frequency of the fabricated device is lower than simulated and mathematically
calculated values due to fabrication constraints.

4.3. Sensitivity measurement

The sensitivity measurement of the packaged device done as requires SPL sound generator and interfacing circuit to display the
output voltage. Texas instruments integrated chip OPA129 operational amplifier as a charge amplifier and other components have
been used to design interface circuit. B&K Sound Calibrator Type 4231 has been used as input sound pressure. Using interfacing circuit
and sound calibrator, the sensitivity of the packaged device has been measured at 1 kHz frequency and is found to be 72 pv/Pa.

5. Conclusion

The FEM and LEM based simulation techniques have been used to optimize the dimensions of square shaped diaphragm and
microtunnel. The diaphragm size 1750 x 1750 ym? with thickness 20 pm has been chosen to fulfill the need of wide operational
frequency and high SPL in pressure measurement application of satellite launching vehicle and aircraft. The selected structures with
optimized dimensions of diaphragm and microtunnel have been developed using bulk micromachining and standard complementary
metal-oxide-semiconductor (CMOS) compatible processes on Si substrate. The fabricated piezoelectric (ZnO) device showed 80 kHz
resonant frequency and 72 pV/Pa sensitivity. This analytical solution and proposed fabrication process flow for creation of smooth
opening microtunnel in deep-cavity are very utilitarian in the development of acoustic sensor for high pressure measurement, chemical
and biomedical applications.
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Fig. 8. ZnO thin film characterization (a) XRD spectra and (b) SEM image.
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Fig. 10. Resonant frequency measurement (a) LDV setup with fixed device and (b) frequency response.
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