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Design and Implementation of a Capacitive-Type
Microphone With Rigid Diaphragm and
Flexible Spring Using the Two Poly Silicon
Micromachining Processes
Chun-Kai Chan, Wei-Cheng Lai, Mingching Wu, Ming-Yung Wang, and Weileun Fang

Abstract—This study reports the design and implementation
of a novel capacitive-type micromachined microphone. The design of the microphone is based on the well-known two poly-Si
layers micromachining processes. The microphone consists of
a rigid diaphragm (the 2nd poly-Si layer), flexible springs (the
1st ply-Si layer), and rigid back plate (the 1st poly-Si layer). In
short, the proposed microphone design has four merits, (1) the
rigid diaphragm acting as the acoustic wave receiver and moving
electrode is realized using the rib-reinforced poly-Si layer, (2) the
flexible spring acting as the electrical routing as well as supporter
for diaphragm is implemented using the thin poly-Si film, (3) the
electrical routing of rigid diaphragm (moving electrode) is through
the central poly-via and the flexible spring, and (4) the rigid plate
acting as the stationary electrodes and back plate is fabricated
using the high-aspect-ratio (HARM) trench-refilled poly-Si. To
demonstrate the feasibility, the two poly-Si microphone has been
implemented and tested. Typical measurement results show that
the open-circuit sensitivity of the microphone was 12.63 mV/Pa
( 37.97 dBV/Pa) at 1 kHz. (the reference sound-level is 94 dB).
Index Terms—Acoustic transducers, capacitive sensor, MEMS
microphone, , poly-via, rib-reinforced, rigid diaphragm, silicon
condenser microphone.

I. INTRODUCTION
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ICROPHONES converting acoustic input to electrical
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crophones (ECMs) are assembled by polymer diaphragms, thus
the surface mount process with soldering reflow temperature
is a critical concern. Recently, the MEMS
higher than 260
microphones made by semiconductor processes are emerging
to replace the ECM microphones because of compact size, high
signal-to-noise ratio, high sensitivity, quick response, and longterm stability [1]. In addition, the diaphragms made by single
crystal Si or polycrystalline Si provide great temperature stability and are compatible with soldering reflow process. In short,
the MEMS technology is considered as a promising approach to
implement microphones.
Presently, various structure designs and micromachining processes for MEMS microphones have been extensively reported
[2]–[13]. The well-known surface micromachining process consisted of two poly-Si structure layers has successfully been employed to realize a commercial microphone [7]. The existing capacitive microphones typically consist of a flexible diaphragm
and a rigid back plate separated by air gap. The flatness of flexible diaphragm plays an important role for the performance of
MEMS microphone [14]. However, the flatness of micromachined structure is frequently influenced by the residual stresses
of thin film induced during the fabrication processes [15], [16].
Unfortunately, it is not straightforward to control the residual
stresses of thin film during the processes. Thus, various MEMS
microphone designs have been investigated to reduce the influence of thin film residual stresses [17]–[19]. For instance, the
diaphragm anchored on the cantilever beam is developed [7],
so that the residual stress was released from the free end. The
corrugation ring around the diaphragm is employed to release
the residual stress in [20], [21]. In addition, to fabricate the diaphragm using the device Si layer of SOI (Si on insulator) wafer
also provides a solution prevent the residual stress problem for
MEMS microphone [22].
Instead of flexible diaphragm, this study proposed a microphone consisted of a rigid diaphragm supported by flexible
springs. Thus, the deformation of diaphragm by thin film residual
stress can be significantly reduced. In addition, the poly-Si
flexible spring is employed to support the rigid diaphragm by
central poly-Si via and provide a sensitive mechanism to convert
sound pressure into capacitance change. Therefore, the rigid
diaphragm anchored on the flexible spring is allowed to oscillate
after subjected with the sound pressure. The sound pressure
is then detected by the capacitance change between the movable diaphragm and the stationary back plate. To demonstrate
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TABLE I
DETAIL INFORMATION OF THE MICROPHONE DESIGN

Fig. 1. Schematic illustrations of the proposed microphone design, (a) isometric views respectively from front-side and backside, (b) the AA cross section view, (c) the BB cross section view, and (d) the capacitance change of the
microphone resulted from the motion of the rigid diaphragm and the deflection
of the flexible springs.

the feasibility of the design, this study also employs the two
poly-Si MOSBE II processes [23] to implement the proposed
microphone.
II. CONCEPTS AND DESIGN
This study presents a capacitive sensing microphone design,
and further employs the two poly-Si MOSBE II process [23] to
implement the device using the two poly-Si layers on Si substrate. Fig. 1 illustrates the design of the proposed microphone.
Fig. 1(a) schematically shows the top-side and backside views of
the microphone on the Si substrate. As indicated in the top-side
view illustration, the microphone consists of a rigid diaphragm
(the 2nd poly-Si layer), flexible springs (the 1st poly-Si layer),
and rigid back plate (the 1st poly-Si layer). The backside view
illustration shows an opening on the Si substrate. Fig. 1(b), (c)
and
depicted in
further illustrate the cross sections of
Fig. 1(a). The
cross section view shows the rigid diaphragm
is anchored to the flexible spring, and the flexible spring is fixed
cross section view shows the rigid
to the Si substrate. The
back plate fixed to the Si substrate, and the initial sensing gap
between the rigid diaphragm and the back plate. Moreover,

the air holes are designed on the rigid plate. This study further
employs the anchor and the springs as the electrical routing for
the rigid diaphragm (movable electrode). As shown in Fig. 1(d),
the flexible spring will be deformed when the sound pressure
applying on the rigid diaphragm. The dynamic response of the
spring-diaphragm system is occurred. Thus, the gap between
the rigid diaphragm (movable electrode) and the back plate (stato
; and further lead
tionary electrode) is changed from
. Finally, the microphone converts
to a capacitance change
. In
the acoustic signals to electrical signals according to the
short, the proposed microphone design in Fig. 1 has four merits,
(1) the rigid diaphragm acting as the acoustic wave receiver and
moving electrode is realized using the rib-reinforced poly-Si
layer [24]–[28], (2) the flexible spring acting as the electrical
routing as well as supporter for diaphragm is implemented using
the thin poly-Si film, (3) the electrical routing of rigid diaphragm
(moving electrode) is through the central poly-via and the flexible spring, and (4) the rigid plate acting as the stationary electrodes and back plate is fabricated using the high-aspect-ratio
(HARM) trench-refilled poly-Si.
This study has employed the commercial finite element software (ANSYS) to evaluate the characteristics of the proposed
design. Table I summarizes the dimensions of a typical microphone design. By means of the finite element analysis, the natural frequencies and vibration modes of the spring-diaphragm
structure are predicted. Fig. 2(a) shows the model established for
the finite element analysis. The typical result from finite element
analysis in Fig. 2(b) shows the first resonant frequency of the
spring-diaphragm structure is 24.9 kHz. Thus, the microphone
could be employed to detect sound between 20 Hz and 20 kHz.
According to the modal analysis, the diaphragm acts as a rigid
body and has only up-down linear oscillation in the out-of-plane
direction (Y-axis) for the first vibration mode. In the mean time,
the springs experience the transverse bending deformation in
the out-of-plane direction. As discussed in Fig. 1(d), such linear
out-of-plane oscillation of the diaphragm will lead to the variation of sensing gap and the capacitance of the microphone.
Moreover, the spring-diaphragm structure has a repeated resonant frequency of 28.1 kHz for the vibration modes respectively
shown in Fig. 2(c), (d). The vibration modes are the angular oscillations of rigid diaphragm respectively about the X-axis and
Z-axis. Thus, any combination of these two vibration modes
could occur at the natural frequency of 28.1 kHz.
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Fig. 3. Fabrication process steps. (a) Etch-trench. (b) Trench-refill. (c) Dimple.
(d) Sacrifice layer. (e) Rigid membrane. (f) Backside etching.

Fig. 2. Typical finite element simulation model and results. (a) Simulation
model. (b) 1st mode: out-of-plane linear oscillation of the diaphragm. (c) 2nd
mode: angular oscillation of the diaphragm about the X-axis. (d) 3rd mode:
angular oscillation of the diaphragm about the Z-axis.

III. FABRICATION AND RESULTS
To demonstrate the feasibility of the proposed design in
Fig. 1, this study has established the fabrication process to implement the microphone based on the double poly-Si MOSBE
II process in [23]. Fig. 3 illustrates the process steps to realize
the proposed microphone. The processes began with the growth
of thermal oxide on a Si wafer, and then the oxide was patterned
to define the in-plane shape of rib-reinforced back plate. After
that, the DRIE (deep reactive ion etching) was employed to etch
trenches on the Si substrate, as shown in Fig. 3(a). The depth
of trenches defines the thickness of ribs on the rein-forced rigid
back plate. As shown in Fig. 3(b), the 1st sacrificial oxide layer
was thermally grown on the Si substrate. This thermal oxide
was also acted as the protection layer for the following backside
DRIE Si etching. After that, the 1st poly-Si layer (Poly1) was
deposited using the LPCVD (low pressure chemical vapor
deposition), and the trench was thus refilled by Poly1. Thus, the
flexible spring was formed by the thin Poly1; meanwhile the
stiff back plate was realized by the trench-refilled thick Poly1.
As illustrated in Fig. 3(c), the Poly1 on substrate surface was
patterned by RIE, and then LPCVD nitride was deposited and
patterned as dimple. The dimple structure is employed to avoid
the short circuit between the movable electrode and stationary

electrode during the contact of diaphragm and back plate. After
that, the PECVD (plasma enhanced chemical vapor deposition)
oxide was deposited and patterned as the 2nd sacrifice layer to
define the sensing gap, as shown in Fig. 3(d). The 2nd poly-Si
layer (Poly2) was then deposited and patterned to define the
rib-reinforced rigid diaphragm, as shown in Fig. 3(e). As shown
in Fig. 3(f), the backside DRIE was employed to remove Si
substrate underneath the microphone. During the backside
DRIE, the 1st sacrificial oxide acted as the etching stop layer.
Finally, the protection and the sacrificial oxide layers were
removed using the HF solution to fully release the microphone
from the Si substrate.
The SEM (scanning electron microscopy) micrographs in
Fig. 4 show the typical fabrication results of the proposed
microphone. Fig. 4(a) and 4(b) respectively show the front-side
view and backside view of the microphone. The circular diaphragm and the back plate are respectively demonstrated
in the front-side view and backside view micrographs. As
indicated in Fig. 4(b), the rigid back plate is fixed to the Si
substrate. The Si substrate patterned by the backside DRIE is
demonstrated in the micrograph. Moreover, the grid patterns
in the micrograph indicate the back plate with reinforced rib
underneath. As indicated in Fig. 4, the diaphragm is made of
the Poly2 layer, and the back plate with HARM ribs is made
of the Poly1 layer. The SEM micrographs in Fig. 4(c)–(h)
show more detail fabrication results of the microphone. The
micrograph in Fig. 4(c) shows the rib-reinforced structures
distributed on the diaphragm, hence the stiffness of diaphragm
is increased. The zoom-in micrograph in Fig. 4(d), (e) shows
the center of diaphragm anchored to the springs underneath.
This central anchor also acts as the electrical routing for the
movable electrode on diaphragm. Fig. 4(e) also shows the gap
defined by the 2nd sacrificial oxide layer to provide a vertical
moving space between the diaphragm and back plate. After
removing the rigid diaphragm, the flexible spring underneath
is observed, as the SEM micrograph shown in Fig. 4(f). The
etching hole at the backside of the Si substrate is also observed.
The zoom-in micrograph in Fig. 4(g) shows the back side view
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Fig. 5. Surface profile of rigid diaphragm measured by the optical interferometer. (a) Top view. (b) Surface profile of diaphragm along the cross section CC .

Fig. 4. SEM micrographs of typical fabricated microphone. (a) Front-side
view. (b) Backside view. (c) Cross section of the rib-reinforced rigid diaphragm.
(d)–(e) Zoom-in of the central anchor of the diaphragm. (f) Flexible spring
after the removing of the diaphragm. (g) Backside view of the back plate with
HARM reinforced ribs. (h) Front-side view of the back plate with air holes and
dimples.

of the substrate, and thus the back plate is clearly observed. The
HARM ribs to significantly increase the stiffness of the back
plate are demonstrated. The depth of reinforced rib is defined
by the DRIE trenches, and these trenches are then refilled by
the Poly1 layer. The zoom-in micrograph in Fig. 4(h) further
shows the front-side view of the back plate. The air hole and the
dimple are precisely aligned on back-plate using the process.
IV. MEASUREMENT
This study has performed various tests to characterize the
static and dynamic characteristics of the fabricated microphone. Firstly, the initial deformation of the diaphragm was
characterized using the commercial optical interferometer.
The measurement results in Fig. 5(a) show the top view of
the diaphragm. The colors indicate the surface profile of the
diaphragm. The measurement results in Fig. 5(b) show the
cross
deformation profile of the diaphragm along the

section depicted in Fig. 5(a). The ripples are resulted from the
rib-reinforced ribs. The measurement shows the diaphragm has
a radius of curvature of 0.32 m. It demonstrates the superior
diaphragm flatness achieved by the proposed rib-reinforced
structure design. The initial deformation of diaphragm resulted
from the residual stress of Poly2 layer is reduced. Secondly, the
dynamic response of the microphone was characterized using
the commercial Laser Doppler Vibrometer (LDV). In this test,
the mechanical structure of the microphone was excited using
the piezoelectric transducers. The measurement results show
that the typical 1st resonant frequency of the microphone is
26 kHz.
After that, the microphone was wire bonded and packaged on
a metal can as the DUT (device under test) for functional tests.
The photo in Fig. 6(a) shows the DUT, and the zoom-in photo
in Fig. 6(b) shows the diaphragm, bond pads, and wires. The
microphone device was bonded on a circular metal can (1 cm
in diameter) with anaerobic adhesive. The measurement setup
in Fig. 7 was established to characterize the performance of
the microphone. The microphone was placed inside a semi-anechoic chamber for test. The semi-anechoic chamber is a laboratory space with special wall, but not floor, to minimize the
external noise and sound reflections. During the test, the loudspeaker (TANNOY) was used to specify a sound pressure to excite the microphone, and the sound pressure level monitored by
a commercial sound-level meter (B&K-2230). The DUT was
electrical connected to the commercial capacitance readout IC
(MS3110).
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Fig. 6. (a) Fabricated microphone after bonded and packaged on a metal can.
(b) Zoom-in photo to show the diaphragm, bond pads, and wires.
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Fig. 8. Typical measurement results of the fabricated microphone. (a) Opencircuit sensitivity. (b) Frequency response.

TABLE II
THE TYPICAL MEASUREMENT RESULTS OF THE FABRICATED MICROPHONE

Fig. 7. Experiment setup for the acoustic performance measurement of microphone.

Thus, the output signals from the capacitance readout IC were
recorded by the spectrum meter. Fig. 8 shows the typical measured results. As shown in Fig. 8(a), the open-circuit sensitivity
of the microphone was 12.63 mV/Pa ( 37.97 dBV/Pa) at 1 kHz.
The reference sound level was 94 dB. The measured and predicted initial capacitances are respectively 2.60 pF, and 1.81 pF.
Thus, the parasitic capacitance which mainly induced from the

diaphragm and backplate is estimated as 0.79 pF. The measurement results in Fig. 8(b) show the frequency response of microphone. The input signal bandwidth ranges from 60 Hz to 20 kHz.
Moreover, as shown in Fig. 1(c), the diaphragm of the presented
with the backplate. Thus, such
microphone has an initial gap
surrounding opening of the diaphragm will cause leakage of the
acoustic pressure, and further lead to the uneven frequency response at lower frequency range [29]. Measurement results in
Table II summarize the characteristics of a typical fabricated microphone. The comparison results of the existing microphones
and this work in Table III.
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TABLE III
COMPARISON OF THE EXISTING MICROPHONES AND THIS WORK

V. CONCLUSIONS
This study presents the design of a microphone consisting
of a rigid diaphragm, flexible springs, and rigid HARM back
plate. The rigid diaphragm is anchored to the flexible springs
by means of a central via, and the sound pressure will be detected by the dynamic response of the spring-diaphragm structure. The microphone is successfully fabricated using an existing two poly-Si MOSBE II micromachining processes. The
process technologies such as DRIE and trench refilled poly-Si
have been employed to implement the HARM thin film structures. The initial deformation of diaphragm due to the thin film
residual stresses is significantly reduced. Moreover, the tests
demonstrate the performances such as sensitivity and frequency
range of the device. The flat frequency response of the microphone is from 200 Hz to 20 kHz. The open-circuit sensitivity of
the microphone is 12.63 mV/Pa ( 37.97 dBV/Pa) at 1 kHz. (reference sound-level is 94 dB). The noise floor is 0.31 mV ( 70
dBV). However, the sensitivity of the proposed microphone design at low frequency range still needs to be further improved.
Moreover, despite the reasonable sensitivity of presented microphone, the device under test (consisting of Microphone chip,
the capacitance readout IC on printed circuit board, and their
electrical interconnection) has large noise. The primary reason
leads to the large noise is the relatively long electric wires required for the connection of MEMS chip and the packaged capacitance readout IC. The length of electrical interconnection
can be significantly reduced as the MEMS chip can be directly
bonded with the chip of capacitance readout IC. Thus, the noise
can be significantly decreased. Moreover, the fluctuation of frequency response ( 3.5 dB) from 200 Hz to 20 kHz can also be
improved.
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