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Abstract

Audio applications such as mobile communication and hearing aid devices demand a small size but high
performance, stable and low cost microphone to reproduce a high quality sound. Capacitive microphone can
be designed to fulfill such requirements with some trade-offs between sensitivity, operating frequency range,
and noise level mainly due to the effect of device structure dimensions and viscous damping. Smaller mi-
crophone size and air gap will gradually decrease its sensitivity and increase the viscous damping. The aim
of this research was to develop a mathematical model of a spring-supported diaphragm capacitive MEMS
microphone as well as an approach to optimize a microphone’s performance. Because of the complex shapes
in this latest type of diaphragm design trend, analytical modelling has not been previously attempted. A
novel diaphragm design is proposed that offers increased mechanical sensitivity of a capacitive microphone
by reducing its diaphragm stiffness. A lumped element model of the spring-supported diaphragm micro-
phone is developed to analyze the complex relations between the microphone performance factors and to
find the optimum dimensions based on the design requirements. It is shown analytically that the spring di-
mensions of the spring-supported diaphragm do not have large effects on the microphone performance com
pared to the diaphragm and backplate size, diaphragm thickness, and air-gap distance. A 1 mm? spring-sup-
ported diaphragm microphone is designed using several optimized performance parameters to give a -3 dB
operating bandwidth of 10.2 kHz, a sensitivity of 4.67 mV/Pa (-46.5 dB ref. 1 V/Pa at 1 kHz using a bias
voltage of 3 V), a pull-in voltage of 13 V, and a thermal noise of -22 dBA SPL.
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1. Introduction diaphragm stiffness alone. The diaphragm stiffness can

be reduced by using a low stress material, perforated

The silicon capacitive microphone has been studied and
shown to potentially replace the existing and widely used
piezoelectric microphone due to its high sensitivity, long
term stability and ability to withstand a high temperature
soldering process [1,2]. This type of microphone has
been designed to use various diaphragm materials in-
cluding silicon nitride, polysilicon, aluminum, and polyim-
ide [3-6]. A different diaphragm material was chosen to
suit the intended application based on the required di-
mension, sensitivity, and operating frequency range.
Open-circuit sensitivity of a capacitive microphone can
be increased by applying a higher bias voltage or reduc-
ing the diaphragm stiffness. Since many small size audio
applications prefer a low voltage operation, the micro-
phone sensitivity needs to be increased by reducing the
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diaphragm or as a combination with corrugated or spring
type diaphragm [4,6-12]. However, the reduction in dia-
phragm stiffness will cause the reduction in its operating
frequency range and pull-in voltage. Moreover, the de-
sired smaller device size and capacitor air-gap thickness
will increase the thin film air damping effect which will
decrease its open-circuit sensitivity further. Due to the
trade-offs relation between these performance factors,
the optimization of the microphone parameters is always
required depending on the design requirements.

Previous research has been carried out using various
spring type diaphragm to increase the sensitivity of a
capacitive MEMS microphone. Kim et al. [11] has dem-
onstrated the use of a flexure hinge diaphragm to achieve
0.2 m diaphragm centre deflection with a flat frequency
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range of up to 20 kHz. Weigold ef al. [13] was using a
spring-supported, thin polysilicon diaphragm fabricated
on silicon on insulator (SOI) wafer to achieve a sensitiv-
ity of 47 dB (ref 1 V/Pa) with the amplifier circuit. An-
other high sensitivity of up to 8.2 mV/Pa was reported by
Fuldner et al. [9] using a spring type diaphragm mem-
brane of 1 mm in diameter and low bias voltage of 1 V.
Mohamad et al. [12,14] has also demonstrated that a
specially designed spring-supported diaphragm can eas-
ily achieve up to 100 times higher mechanical sensitivity
and 1.5 times higher capacitance change compared to the
edge-clamped diaphragm of the same size.

The behaviour of a capacitive microphone can be sim-
plified and represented using linear lumped elements in a
reduced-order network modelling. An accurate model
will speed-up design analysis and parameters optimiza-
tion using finite element analysis (FEA). In network
modelling method, the electrical linear lumped elements
were determined from the acoustical and mechanical
structure of the microphone. The diaphragm compliance
has the greatest influence on the microphone sensitivity,
thus its analytical expression needs to be determined
accurately. A detailed analysis to determine the compli-
ance of a circular spring diaphragm has been reported by
Fuldner et al. [9].

A novel spring type diaphragm design is proposed that
provides increased mechanical sensitivity of a capacitive
microphone by reducing its diaphragm stiffness com-
pared to traditional designs. This paper aims to develop a
mathematical model of the spring supported diaphragm
microphone design and optimize its performance. Spring
type diaphragms are the latest design approaches in ca-
pacitive microphone research, and analytical modelling
of this type diaphragm has not been previously attempted
because of the complex shapes. A lumped element model
of the spring-supported diaphragm microphone is de-
rived to analyze the complex relations between the mi-
crophone performance factors and to find its optimum
parameters setting based on the design requirements.

2. Microphone Design and Modelling

This section first describes the development of equations
to model the centre deflection of the diaphragm, and then
determines equations for the open-circuit sensitivity,
frequency response, pull-in voltage and the mechanical
thermal noise of the microphone.

The spring-supported diaphragm presented in this pa-
per has a structure as shown in Figure 1. The square
diaphragm is suspended by four L-shape spring at its
four corners. Its matched size backplate with several
perforated holes is shown in Figure 2. The cross-sec-
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tional view of the microphone structure is shown in Fig-
ure 3. A mathematical model to describe the diaphragm
movement under an oscillating sound pressure was de-
veloped by dividing the diaphragm in Figure 1(a) into
two main parts:

1) A diaphragm with four corners simply supported by
a fixed point in Figure 1(c) (see Figure 4), and

2) Four doubly clamped L-shaped springs in Figure
1(c) (see Figure 6).

Support area

V| .
L-shaped spring
//

Slits

Diaphragm

(@)
(b)

Clamped edge
Simply supported
corner
(©

Figure 1. Microphone diaphragm structure showing a
square diaphragm with four L-shaped springs attached: (a)
top-view and (b) 3D view, and (c) a square diaphragm with
four simply supported corners and one of the four L-shaped
springs with its clamped edges.
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Figure 2. Microphone back-plate structure with perforated
holes.
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Figure 3. Microphone cross-sectional view.
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Figure 4. Corner supported diaphragm.

Assuming a linear displacement, the corner-supported
diaphragm’s center deflection, w; in Figure 4 is given by
[15]:

0.12P(w,)* (1-v*)
w = 3
Eh
where P is the sound pressure perpendicular to the top of
the diaphragm in Pascal, % is the diaphragm thickness, wq
is the diaphragm length and width. £ and v are the
modulus of elasticity, and Poisson’s ratio of the dia-
phragm material respectively.

The deflection of an L-shaped spring is derived from a
doubly-clamped beam center deflection [16]. Assuming
small and linear diaphragm deflection, a center beam
deflection, wy. in Figure 5 is given by:

_hk (W, )’ (L )}
C,Ew, I’

(1)

2

be

where w, is the beam width, 4 and L, are the beam
thickness and beam length respectively. The constant
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factor C, was determined using Coventor MEMS design
software by varying the beam thickness, width, and
length to give Cp,~ 17.4. Modifying (2) by introducing a
factor C; to compensate the differences between the
doubly-clamped beam and the L-shaped spring deflec-
tion in Figure 6 gives:

_PR )L -w,)

3
17.4C Ew,h’ @

2

where w, is the L-shaped spring center deflection, 4 , wg,
and L are the spring thickness, spring width, and spring
length respectively.

Since the microphone diaphragm’s corner is attached
to the center of the L-shaped spring, (3) was modified to
include the effect of diaphragm's corner deflection to
give:

_ P(w)* L, —w,)’
17.4C,Ew,h’

“)

2

The centre deflection of the square spring-supported
diaphragm, w, for small diaphragm deflection (w, < k) is
given by the sum of the diaphragm deflection in (1) and
L-shaped spring deflection in (4):

0.12P(w,)* (1-v%) . P(w)* L, —w,)’

—

¢ ER 17.4C,Ew, i’

®)

Figure 7 shows the numerical relationship of factor, C,
with the diaphragm thickness. The relationship was found
using the Coventor to model a spring diaphragm micro-
phone with parameters in Table 1. A linear curve fitting
on the graph gives:

C, =5.802-0.056A (6)

2.1. Open-Circuit Sensitivity

A capacitive microphone operates using the principle of
a variable capacitor which produces a variable output
voltage when one of its charged capacitor plate is mov-
ing parallel to the other plate, thus varying its plate gap.
The open-circuit sensitivity (in Volt per Pascal) of a ca-
pacitive microphone is given by [17]:

S = EA—hg—l @)

AP h, (1+C,/C,)

where V;, is the bias voltage (in volt), 4, is the sound
pressure change, C, is the initial air gap distance (in me-
ter) between microphone diaphragm and its back plate,
and C; are the microphone initial capacitance and stray
capacitance (in Farad) respectively. The initial or work-
ing capacitance can be calculated using the parallel-plate
capacitor equation. The narrow air gap in this micro-
phone leads to an increase in the viscous damping. A
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number of back plate holes was used to reduce the vis-
cous damping effect [18,19] (see Figure 2). Substracting
the back plate holes from the back plate area and assum-
ing a flat diaphragm deflection, the initial capacitance,
C, is given by:
2 2
c - £.8, (wd ni, ) ®
hg
where ¢, is the dielectric constant of the air gap (& ~ 1
for air), ¢, is the absolute permittivity of a vacuum, »n and
ry are the number of back-plate holes and hole radius
respectively.
Substituting (5) for the A#, into (7) yields a frequency
dependent open-circuit sensitivity of a spring diaphragm
microphone:

Bl 11—

Figure 5. Doubly-clamped beam center deflection.
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Figure 6. L-shaped spring dimensions.
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Figure 7. A linear curve fitting for factor C, vs. diaphragm
thickness.
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g 0.12(w,)* (1-v%) . (W) 2L —w,)
o % 17.4C Ew,i®
)
N
h(1+C,/C,)

2.2. Frequency Response

A capacitive microphone is often designed to operate in a
desired operating frequency range. The frequency re-
sponse of the microphone must be flat within the desired
range to reproduce a good quality sound. In this paper,
the microphone will be designed to operate in an audio
operating bandwidth of up to 20 kHz. Table 1 shows the
optimized parameters for the microphone design dis-
cussed in Section 3.

The frequency response of a condenser microphone
can be analyzed using linear lumped elements in a net-
work modelling. Figure 8 shows an equivalent circuit
diagram to represent various lumped elements of a con-
denser MEMS microphone where Fj is the sound pres-
sure force, and V,,, is the sound velocity.

The mechanical compliance, C,, of the diaphragm is
given by [17]:

Ah

Co="% >
AP.w;

m

(10)

Substituting (5) for Ak into (10) gives a spring-sup-
ported diaphragm compliance (in meter/Newton):
0.12(w,)*(1-v) L, -w,)’
Cm - 3 + 3
En 17.4C,Ew.h

an

The lumped effective mass, M, (in kg) of the micro-
phone can be approximated by the total diaphragm and
L-shaped spring mass:

M, = phw; +4phw (2L, —w,) (12)
where p is the polysilicon density for both diaphragm
and L-shaped spring. The air gap viscosity loss, R, (in

N.s/m) and its compliance, C, (in m/N) can be expressed
as [20]:

rn—ij| o7,
o
v M o C J
< R
S 2
c =
« T
sound A
< Rh

Figure 8. Equivalent circuit diagram of a MEMS micro-
phone.
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Table 1. Microphone parameters used for the numerical
simulations.

Parameter Symbol Value
Poisson’s Ratio % 0.3
Young’s Modulus E 1.7 x 10° MPa
Polysilicon density p 2230 kg.m™
Air density (20°C) Po 1.2kgm?
Air viscosity (20°C) Ho 1.84 x 107 kg/m-s
Sound velocity (20°C) c 343 ms™
Boltzmann constant kg 1.38 x 107 JK!
Diaphragm thickness h 4 pm
Diaphragm width Wy 4 mm
Backplate hole radius Th 25 um
Backplate thickness hy, 8 um
Backplate width Wy, 1 mm
Backplate holes count n 25
Initial air gap distance hg 4 um
Spring length Ly 0.4 mm
Spring width Wg 0.1 mm
Bias voltage Vo 3V
R, _%'{g_a_z_ln_a_i} (13)
by, |28 4 8
h
C=—=%as (14)
PoC Wy

where u, and p, are the viscosity and density of air re-
spectively, n is the number of backplate holes, /, is the
air-gap distance with zero bias voltage, a is the surface
fraction occupied by the backplate holes, and ¢ is the
sound velocity at room temperature. The backplate holes
viscosity loss, Ry, (in N.s/m) is given by [17]:

_ 8p,hywy

R, 7
nrr,

(15)

The total impedance, Z; of the circuit in Figure 8 can
be expressed as:

R, +R,

Z = joM, + +
JoC, 1+ jo(R, +R,))C,

(16)

Thus, the frequency dependent sensitivity and fre-
quency response of the microphone (in Volt/Pascal) can
be calculated as:

V(@) _ Vi
P joh, Z

gt

S(w) =

(17)

2.3. Pull-In Voltage

A capacitive microphone’s pull-in voltage is caused by
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the attractive force between the diaphragm and backplate
when a constant bias voltage is applied during its opera-
tion. Its value is mainly determined by the spring restor-
ing force of the diaphragm [21] and the L-shaped spring
in this paper. Assuming a linear spring restoring force,
the net force, F, acting on upper plate (diaphragm and
L-shaped spring) is given by [16]:

&,AVy
2h;

Fo = k(hy —hy) = (18)
where spring constant, k£ can be calculated from the in-
verse of the spring-supported diaphragm compliance ( &
=1/Cy ), hy and hq are the air-gap distance with zero and
constant bias voltage respectively. 4 is the effective par-
allel plate area (backplate area minus area occupied by
the holes). The first part of the expression in (18) is the
spring upward force by the diaphragm and L-shaped
spring, and the second part of the expression is the
downward electrostatic force caused by the constant bias
voltage. At equilibrium, the net force is equal to zero:

Froaen =0 19)

The pull-in occurs at the air-gap distance [16]:

2
hnet(PI) = Ehg (20)

Equating (18) and (19), and substituting (20) for the
pull-in air-gap yields:
AVy
f=Slm @1
hPI
where Vp; is the pull-in voltage at pull-in air-gap distance,
hpy. Substituting (20) into (21) yields the pull-in voltage,
Vp1 expression:

3
V, = L (22)
27¢,(w; —nar])

2.4. Mechanical Thermal Noise

A good capacitive microphone is designed to pick up the
lowest possible sound pressure which is limited by the
mechanical thermal noise and the preamplifier noise of
the microphone [19]. The A-weighted mechanical ther-
mal noise, Sy (in Pascal) can be calculated by [19]:

Sy = \/ | 'f?4kBT(Rg +R)A*(N)df (23)

where f; and f, are 20 Hz and 20 kHz respectively, 7 is
the Boltzmann constant, and A(f) is the absolute tem-
perature (in Kelvin). The A-weighted filter function, is
given by:
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12200%. f*
(f* +20.6>)(f* +12200%)

|
" JO2+107.7)(f2 +737.97)

A(f)=

@24

where f'is the sound pressure frequency in Hertz.

It can be seen in (23) that a mechanical thermal noise
can be reduced by reducing the backplate holes viscous
damping. However, the viscous damping reduction will
increase the resonant peak of the microphone diaphragm.
Thus, optimum parameters need to be calculated to get
the lowest mechanical thermal noise according to the
frequency response requirements.

3. Performance Analysis

A capacitive MEMS microphone performance factors
such as sensitivity, operating bandwidth, pull-in voltage,
and thermal noise can be analyzed by varying some of its
structural parameters. Table 2 shows the microphone
parameters’ change from a low to a higher value which
was shown as a percentage parameter change in the
analysis graphs throughout this section. Since only one
parameter is changed at a time, all other parameters used
in the performance analysis simulations are fixed at a
reference value as shown in Table 1.

The following sections analyses the effect of viscous
damping and structure dimensions on bandwidth, sensi-
tivity, pull-in voltage and thermal noise. The results are
then used to determine optimised parameters and the fre-
quency response of the diaphragm.

3.1. Viscous Damping

Viscous damping of a MEMS microphone is largely af-
fected by the air gap and backplate viscosity loss as in
Equations (13) to (15). In this section, the spring-sup-
ported microphone’s air gap distance, backplate hole
count and hole radius were varied as in Table 2 to ob-
serve its performance effects. Figure 9 shows that the
—3dB operating bandwidth of the microphone can be
increased gradually by increasing the backplate hole ra-
dius and hole count. Although a larger operating band-
width can easily be achieved by having more backplate
holes and larger hole radius, this decreases the micro-
phone sensitivity as shown in Figure 10. Also, these two
parameters changes have negligible effect on the pull-in
voltage value (see Figure 11).

An increase in air gap on the other hand reduces the
operating bandwidth (Figure 9) even though it increases
the pull-in voltage gradually as shown in Figure 11. The
aim of a microphone design is to achieve the highest
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sensitivity, adequate operating bandwidth (20 kHz for an
audio applications), and at least 3 times higher pull-in
voltage than its bias voltage to prevent the diaphragm
from collapsing to the backplate during microphone
normal operation.

Table 2. Microphone parameters’ changes used for the
performance analysis simulations.

Parameter Symbol Value (low-high)
Diaphragm thickness h I pm-—>5 pm
Diaphragm width Wy 0.8 mm — 1.8 mm
Backplate hole radius h 10 pm — 35 pm
Backplate width Wy 0.8 mm — 1.8 mm
Backplate holes count N 10-50
Initial air gap distance hg 2 um—7 pm
Spring length L 0.1 mm - 0.5 mm
Spring width Wy 50 um — 175 pm

—O—Air Gap =T+ Holes Count =/—Hole Radius

18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0

Rl s s s s e

0.0 T
0 100 200 300 400

Bandwidth (kHz)

Parameter Change (%)

Figure 9. Microphone bandwidth with air-gap distance,
number of backplate holes (holes count), and backplate hole
radius change.

~O=Air Gap ={F=Holes Count =/—Hole Radius

18.0
16.0 |-
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

Sensitivity (mV/Pa at 1kHz)

0 100 200 300 400
Parameter Change (%)

Figure 10. Microphone sensitivity with air-gap distance,
number of backplate holes (holes count), and backplate hole
radius change.
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Figure 11. Microphone pull-in voltage with air-gap distance,
number of backplate holes (holes count), and backplate hole
radius change.

The A-weighted mechanical thermal noise of the
spring-supported microphone is shown to be decreasing
with the decrease of viscous damping (see Figure 12).
Also, the noise value is shown to be several dBs below
the lowest hearing threshold (0 dBA SPL) even at the
higher viscous damping values.

3.2. Structure Dimensions

A microphone’s open-circuit sensitivity and its fre-
quency response are dependent on viscous damping, as
discussed previously, as well as its structure dimensions
as in Equations (9) and (17). Figure 13 shows that an
increase in spring width has little effect on the operating
bandwidth, but slowly reduces the sensitivity as shown in
Figure 14. The increase in spring width, however, does
raise the pull-in voltage slightly (see Figure 15). In con-
trast, the use of a longer spring in a spring-supported
MEMS microphone reduces the microphone operating
bandwidth and pull-in voltage slightly (see Figure 13
and Figure 15) even though it causes a small increase in
microphone sensitivity (Figure 14).

Significant microphone performance effects can be
seen by varying the diaphragm and backplate width, as
well as the diaphragm thickness. Increasing the dia-
phragm and backplate width will obviously increases the
capacitor effective area thus increasing its capacitance.
This is reflected by the large increase in microphone
sensitivity as shown in Figure 14. However, the dia-
phragm width increase will also reduce its spring con-
stant, thus gradually reducing the microphone operating
bandwidth (Figure 13), as well as the pull-in voltage
(Figure 15).

Increasing a diaphragm’s thickness will increase its
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spring constant, however this will reduce its operating
bandwidth up to about 200% thickness change before the
bandwidth begins to increase slightly (see Figure 13). A
thicker microphone diaphragm gives a higher pull-in
voltage (Figure 15) but reduces the sensitivity due to a
higher spring constant (Figure 14).

The A-weighted mechanical thermal noise is shown not
to be affected by variations in diaphragm thickness, spring
width and spring length, however the noise becomes greater
with the increase in diaphragm and backplate width due the
increased in the capacitor area which will increase the mi-
crophone’s air gap and the backplate holes viscosity loss
(see Figure 16). Similar to the viscous damping case, the
noise value here is shown to be more than 10 dB below the
lowest hearing threshold (0 dBA SPL).

—O—Air Gap =Tt Holes Count —2—Hole Radius

-10.0

-15.0

-20.0

-25.0

-30.0

Thermal Noise (dBA SPL)

-35.0 + T T
0 100 200 300 400

Parameter Change (%)

Figure 12. Microphone thermal noise with air-gap distance,
number of backplate holes (holes count), and backplate hole
radius change.

—&—D. Thickness
=O—Spring Width

=/—D/B Width
—8—Spring Length

18.0
16.0
14.0 7
12.0
10.0
8.0
6.0
4.0
2.0
0.0 + T
0 100 200 300 400

Parameter Change (%)

Bandwidth (kHz)

Figure 13. Microphone bandwidth with diaphragm thick-
ness, diaphragm and backplate width, spring width, and
spring length change.
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—&—D. Thickness
=O—Spring Width
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—8— Spring Length

Sensitivity (mV/Pa at 1kHz)
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Figure 14. Microphone sensitivity with diaphragm thick-
ness, diaphragm and backplate width, spring width, and
spring length change.
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>
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Figure 15. Microphone pull-in voltage with diaphragm
thickness, diaphragm and backplate width, spring width,
and spring length change.

3.3. Parameters Optimization

Parameters optimization is required to achieve the best
microphone performance given various design and ap-
plication constraints such as smaller device size, wider
operating bandwidth, and minimum electrical power us-
age. In this paper, a spring-supported diaphragm micro-
phone requires 20 kHz operating bandwidth with highest
sensitivity and pull-in voltage, as well as the lowest pos-
sible thermal noise.

Based on the complex parameters relationships as dis-
cussed in previous sections, an optimised microphone
design was achieved using the parameter values shown
in Table 1. The design gives a —3dB operating band-
width of 10.2 kHz, a sensitivity of 4.67 mV/Pa (—46.5 dB
ref. 1 V/Pa at 1 kHz using a bias voltage of 3 V), a pull-in
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voltage of 13 V, and a thermal noise of 22 dBA SPL. The
theoretical frequency response of the microphone was cal-
culated using (17) and is shown in Figure 17.

4. Conclusions

The design of a spring-supported microphone is gov-
erned by a complex relations and trade-offs between
several performance factor parameters. Since optimum
parameter values are required for a microphone’s per-
formance, a lumped element model is developed to as-
sist in achieving this goal. The model is applied to a
novel spring-supported diaphragm capacitive micro-
phone design, and it is concluded that the spring width
and length in the spring-support do not have a large
effect on the microphone’s operating bandwidth, sensi-
tivity, pull-in voltage, and thermal noise.

An optimum set of parameter values are used for the new
spring-supported diaphragm microphone to give a -3

—a&—D. Thickness —/x—D/B Width
=O—Spring Width —8—Spring Length
-10.0
0
o
» -15.0
<
[11]
B 200
o
2
2 250
£
g 300
£
-
-35.0 T T T
0 100 200 300 400

Parameter Change (%)

Figure 16. Microphone thermal noise with diaphragm
thickness, diaphragm and backplate width, spring width,
and spring length change.

0.0

e

-20.0

-30.0 f---mom o

~80.0 ---mmmmmmm e

-50.0 -

Sensitivity (dB ref. 1 V/Pa)

-60.0 T T

100 1000 10000 100000

Frequency (Hz)

Figure 17. Theoretical frequency response of a new micro-
phone design using parameters in Table 1.
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dB operating bandwidth of 10.2 kHz, a sensitivity of
4.67 mV/Pa (—46.5 dB ref. 1 V/Pa at 1 kHz using a bias
voltage of 3 V), a pull-in voltage of 13 V, and a thermal
noise of —22 dBA SPL. The operating bandwidth of the
microphone can be increased further by using a thicker
diaphragm size with a trade-off of lowering its sensitivity.
However, a lower sensitivity can easily be increased by
using a higher bias voltage if it is permitted by the in-
tended application and does not exceed the pull-in volt-
age threshold of the diaphragm.
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