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In this paper the effect of corrugations on mechanical sensitivity of diaphragm for MEMS capacitive
microphone is investigated. Analytical analyses have been carried out to derive mathematic expression
for mechanical sensitivity and displacement of corrugated diaphragm with residual stress. It is shown
that the mechanical sensitivity and displacement of diaphragm can be modeled using thin plate theory.
The mechanical stress of corrugated diaphragm is calculated using mathematical model and its
relationship with residual stress is expressed. The analytical results show that the mechanical
sensitivity of diaphragm can be increased using corrugations, because of reducing the effect of residual
stress in corrugated diaphragm.
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1. INTRODUCTION

Microphone is a transducer that converts acoustic
energy to electrical energy. It is widely used in voice
communications, hearing aids, noise and vibration
control and biomedical application [1-3]. During the
past years, the capacitive microphone has been the most
attractive research topic in micro-electromechanical
systems (MEMS), because it has superior characteristics
such as high sensitivity and low noise level compared
with piezoelectric and piezoresistive microphones [4, 5].
Till now, most of MEMS capacitive microphones were
developed using flat diaphragm to sense acoustic wave,
because it is easy to fabricate [6].

The capacitive microphones generally consist of a
diaphragm which vibrates by impinging of acoustic
wave pressure, a back plate and air gap. In its simplest
form, a flat diaphragm is stretched over a conductive
back plate and supported by post so that there is a gap
between the diaphragm and the back plate. The high
residual stress diaphragm may give undesirable effects
such as higher actuation voltage, film buckling and
diaphragm cracking. The mechanical sensitivity of
diaphragm is limited by residual stress of deposited
layer. The residual stress can be controlled by the
parameters of the deposition process [7].
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Since the control of thin film stress during the
fabrication process is rather difficult, therefore making
shallow corrugations in diaphragm can reduce the effect
of residual stress and subsequently increase the
mechanical sensitivity of diaphragm. In this paper, we
investigate the effect of corrugations on mechanical
sensitivity and diaphragm deflection for using it for the
first time in MEMS capacitive microphone.

2. MODELING OF MECHANICAL SENSITIVITY

The center deflection (y) of a flat circular diaphragm
with clamped edges and without residual stress, due to a
homogeneous pressure (P) can be calculated from [8]:
PRY 533 y 283 y;
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where E, v, R and h are Young’s modulus, Poisson’s
ratio, radius and thickness of diaphragm, respectively. It
is illustrated from Equation (1) that if (y/h)<<l the cubic
term of displacement can be neglected, thus the relation
between center deflection and applied pressure is linear.
For large values of (y/h) the relation is nonlinear. For
large value of initial tension, the deflection of a flat
circular diaphragm can be represented by [8]:
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where o is residual stress. Using the principle of

superposition, resistance to bending due to residual
stress can be added to Equation (1). So the center
deflection can be calculated from:

PR* 533 400R’ y 283 y3
—g a5 —— ()
Eh 1-v Eh= h 1-v h

3)

For small deflection, the mechanical sensitivity of a flat
circular diaphragm (S,, = dy/dP), by neglecting the 3rd
order term, can be expressed as:
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According to Equation (4), the mechanical sensitivity of
a circular diaphragm 1is approximately inversely
proportional to its residual stress. The residual stress of
diaphragm depends on fabrication process. It can be
controlled within certain limits by the parameters of the
deposition process. Since accurate control of thin film
stress during the fabrication process is rather difficult,
therefore by making shallow corrugations in diaphragm
the effect of residual stress can be reduced and
subsequently the mechanical sensitivity of diaphragm
increases. The corrugated diaphragm with residual
stress, o, acts similar to planar diaphragm with a

reduced stress, o . It means that the stress of a
corrugated diaphragm can be written as:

o=ngy n<lI %)

where o is equilibrium stress of corrugation
diaphragm, o is residual stress and 1 is attenuation

coefficient of stress. By introduction of corrugations in
diaphragm structure, the center deflection of a
corrugated circular diaphragm with clamped edges and
without stress can be expressed as [9]:
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where a P is the dimensionless linear coefficient and bp

is the dimensionless non-linear coefficient [9].
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where ¢ is corrugated profile factor which is given by
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Figure 1. Cross section of corrugated diaphragm

Figure 2. Corrugated diaphragm
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Figure 3. Cross section of corrugated diaphragm

the following equations [9]:
s H?
¢ =~ +1A5h—2) )

where S, L, H and h are the spatial period, arc length,
depth of corrugations and diaphragm thickness,
respectively (see Figure 1). For large values of initial
tension the deflection of a corrugated circular
diaphragm can be represented by:

PR* 4cR? y
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where o is equilibrium stress of corrugated diaphragm.
Using the principle of superposition, the center
deflection of a circular corrugated diaphragm with
clamped edges can be calculated from:

h* 4h’c y E h* y3

e ey W

According to Equation (5), to obtain stress, o, in
corrugated diaphragm, 7 should be calculated. To

obtain 71, we consider circular corrugated diaphragm

with trapezoidal wave (see Figuer 2). Figure 3 shows
the geometric model of a corrugated structure that
consists of flat and corrugated zone.

To investigate the effect of the corrugations, first the
effect of one wave is considered, and then by
multiplying it with wave’s number the general Equation
is obtained. Figure 4 shows one wave which is stretched
by the force, F. This force causes two types of length
increase. The first type is due to the elasticity of the
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material that makes change in element length in
direction of force. Another one is due to vertical force to
the object which makes a bending moment that causes
angle changes. These changes cause element length to
change to its primary mode. For simplification, we

consider half of a corrugation. Where W, h, and b,

are width, height and space between waves. Total
changes over the unit cell can be attributed according to
Figure 5 into three parts A, B and C. In part C there is
not vertical force, thus the moment can not be created
and the length change is due to the tensile force.

Length change in part of Cis [10]:

b,/2
AL = I ildxz F.b; (12)
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where A is the area of the force exertion, and E is
Young’s modulus. According to Figure 6, both vertical
and parallel surface forces exist in part of B, thus they
create two types of length changes.

The height of the corrugation is small, so the
stretching of A, is negligible. But the force ( F.sinB )

causes bending in the arm. The bending and increasing
length have been illustrated in Figure 7.
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Figure 4. One of cbrrugation under force F
plane of symmetry
c
B
A

Figure 5. Wave of diaphragm

Figure 6. Force analysis of the arm

Figure 7. Length changes due to bending

AL3

Figure 8. Length changes by bending part of A

The arm’s bending moment formula can be written
as [10]:

My = X.F.sin 8 (13)

Xis the length of element under bending moment. Using
Castiglione’s theorem, length change can be calculated
from [10]:

h
f My M, 3.2
AL2:J. ) M), Fhsin”B "
o BIOF 3.EI
I is the moment of inertia and defined as [10]:
bt
STy 15
12 (15)

where b is the length of the area that force, F, inters to it
and t is diaphragm thickness. Therefore, the total

displacement of AL, is given by:

_4.F.h]>sin? B

AL, :
Ebt

(16)

In part of A, both vertical and parallel surface forces
exist. So they create two types of length changes. First,
we study bending over A as illustrate in Figure 8.
Maximum moment entered at point D and moment in
part of A can be achieved with linear distribution of the
maximum moment along length of A and defined as
follow:

2.h .
My = WC.X.F.sm[} 17)
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According to Castiglione’s theorem the angle, a, is
equal to [10]:

w,/2
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and by considering o <<1:
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Length change to tensile force is:
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In addition, temperature change can also change the
strain as expressed below:

(o))
e=—=y.AT 21
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where € , ¥ and T are the strain, coefficient of thermal

expansion and temperature, respectively. From Equation
(21) we have:

oo =7.AT.E (22)

Under thermal stress, the sum of elastic and thermal
displacements of the corrugated and planar region
should be zero:

AXG +AXE + AXL + AXE =0 (23)

where AXS, AX., AXS and AX!are corrugations

elastic displacement, corrugations thermal displacement,
flat elastic displacement and flat thermal displacement
respectively, that can be calculated from following
equations:

AXE=AL;+ALy +AL3 +ALy (24)
AXL =y AT.Ny(w, + by) (25)
AXE = FAR=Ne(e + ) 26)
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Rewriting Equation (23) as following:
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The equilibrium stress, o , in a corrugated diaphragm as
a function of the residual stress, o is given by:
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where:
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For shallow trapezoidal corrugations, the central
deflection of a circular corrugated diaphragm with
clamped edges and residual stress can be calculated as:
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For small deflections, the mechanical sensitivity of a
corrugated circular diaphragm (S, = dy/dp) can be
calculated as:
2
Sm= R

2 32
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3. RESULT AND DISCUSSION

In this section, we present mechanical sensitivity and
central deflection of corrugated diaphragm and compare
it with flat diaphragm. The mathematical analysis using
MATLAB has been done to predict the diaphragm
performance. In this work, a flat diaphragm and a
corrugated diaphragm with Poisson’s ratio of 0.22,
Young’s modulus of 160 GPa, diaphragm radius of 0.5
mm, diaphragm thickness of 2um and for corrugated
diaphragm, h, =3um, N,=5, W, =10um, b, =7um,
B =90° have been assumed. Figure 9 shows pressure-

deflection curves of a flat and corrugated circular
diaphragm without residual stress.

If only small deflections are considered, it can be
seen that the corrugated diaphragm is stiffer than a flat
diaphragm caused by the larger flexural rigidity in the
tangential direction. On the other hand, the linear arca
of the load-deflection curve for the corrugated
diaphragm is increased. In larger deflection ranges, the
corrugated diaphragm has lower stiffness than the flat
diaphragm. The above descriptions are true if the
residual stress of diaphragm is zero. As well known,
because of fabrication process in MEMS diaphragm, the
residual stress cannot be zero.

Figure 10 shows the central deflection of corrugated
diaphragm versus pursuer with residual stress of
100MPa. It can be seen that, in small and large
displacement, flat diaphragm is stiffer than corrugated
diaphragm.

Behavior of a corrugated diaphragm is determined
by the number of corrugations (N). It is easy to find that
the corrugation numbers are the most -effective
parameter to influence the behavior of corrugated
diaphragms. Figure 11 shows the central deflection of
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circular corrugated diaphragms versus pressure for
different number of corrugations. In this example, the
residual stress is 200 MPa. Figure 11 shows the effect of
corrugation numbers on performance of a circular
corrugated diaphragm. As the number of corrugations
increases, the central deflection also increases under
same load.

Residual stress is an important factor in the modeling
and simulation of diaphragms. Figure 12 shows the
effect of residual stress on performance of a circular
corrugated and a flat diaphragm. As the residual stress
increases, the diaphragm center deflection decreases
under the same load. However at small pressures the
effect of residual stress is quite small, at larger pressures
it becomes much larger. It is shown that the effect of
residual stress on the deflection of corrugated
diaphragms is much smaller than flat diaphragms.

It can be seen clearly that a flat diaphragm is more
rigid than a corrugated diaphragm at both small and
large deflections when both diaphragms have same
residual stress. The effect of residual stress can be
decreased in diaphragm using corrugations. Mechanical
sensitivity is an important parameter in MEMS acoustic
sensor.
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Figure 13. Mechanical sensitivity of corrugated diaphragm
with residual stress of o, =100MPa

Figure 13 shows the calculated mechanical
sensitivity of the corrugated diaphragms with different
corrugation numbers. It can be seen that by increasing
the corrugation numbers the mechanical sensitivity
increases.
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In Figure 14, the mechanical sensitivity of flat
diaphragms versus residual stress is compared with
corrugated circular diaphragms. In low stress (less than
1 Mpa), the flat diaphragm has higher mechanical
sensitivity than the corrugated one. In high stress (more
than 1 Mpa), the corrugated diaphragm has higher
mechanical sensitivity than the flat one. It can be seen
that mechanical sensitivity of flat diaphragm is
dependent on residual stress extremely but the effect of
residual stress has been decreased in corrugated
diaphragm. Most of thin films have more than 1 MPa
residual stress, therefore it is better to use corrugated
diaphragms.

4. COUNCUSION

The MEMS acoustic sensor can use the corrugated
diaphragm to reduce the effect of residual stress in
diaphragm. Analytical analyses have been presented to
calculate the mechanical sensitivity and central
deflection of circular corrugated diaphragm for MEMS
acoustic sensor. The results show that the mechanical
sensitivity and central deflection of corrugated
diaphragm have little dependence on residual stress and
strongly depend on the number and height of the

corrugations. Thus by increasing the number or height
of corrugations, the mechanical sensitivity and central
deflection of diaphragm can be increased.

5. REFERENCES

1. Patil, S. A. and Hansen, J. H., "The physiological microphone
(pmic): A competitive alternative for speaker assessment in
stress  detection and  speaker verification",  Speech
Communication, Vol. 52, No. 4, (2010), 327-340.

2. Bai, Y.-W. and Yeh, C.-H., "Design and implementation of a
remote embedded dsp stethoscope with a method for judging
heart murmur”, in Instrumentation and Measurement
Technology Conference, IEEE, (2009), 1580-1585.

3. Ko, W. H,, Zhang, R., Huang, P., Guo, J., Ye, X., Young, D. J.,
and Megerian, C. A., "Studies of mems acoustic sensors as
implantable microphones for totally implantable hearing-aid
systems", Biomedical Circuits and Systems, IEEE
Transactions on, Vol. 3, No. 5, (2009), 277-285.

4.  Chan, C.-K., Lai, W.-C., Wu, M., Wang, M.-Y. and Fang, W.,
"Design and implementation of a capacitive-type microphone
with rigid diaphragm and flexible spring using the two poly
silicon micromachining processes", Sensors Journal, IEEE,
Vol. 11, No. 10, (2011), 2365-2371.

5. Goto, M., Iguchi, Y., Ono, K., Ando, A. Takeshi, F.,
Matsunaga, S., Yasuno, Y., Tanioka, K., and Tajima, T., "High-
performance condenser microphone with single-crystalline
silicon diaphragm and backplate", Sensors Journal, IEEE, Vol.
7, No. 1, (2007), 4-10.

6.  Ganji, B. A. and Majlis, B. Y., "Design and fabrication of a new
mems capacitive microphone using a perforated aluminum
diaphragm", Sensors and Actuators A: Physical, Vol. 149, No.
1, (2009), 29-37.

7. Wang, W, Lin, R. and Ren, Y., "Design and fabrication of high
sensitive microphone diaphragm using deep corrugation
technique", Microsystem Technologies, Vol. 10, No. 2, (2004),
142-146.

8.  Abuelma’atti, M. T., ‘"Large signal performance of
micromachined silicon condenser microphones", Applied
Acoustics, Vol. 68, No. 6, (2007), 616-627.

9.  Kressmann, R., Klaiber, M. and Hess, G., "Silicon condenser
microphones with corrugated silicon oxide/nitride electret
membranes", Sensors and Actuators A: Physical, Vol. 100, No.
2,(2002), 301-309.

10. Beer, F. P., Johnston, E. R. and DeWolf, J. T., "Mechanics of
materials", Textbook, (1992).



1329 M. Taybi and B. A. Ganji / IJE TRANSACTIONS B: Applications Vol. 26, No. 11, (November 2013) 1323-1330

The Effect of Corrugations on Mechanical Sensitivity of Diaphragm for MEMS
Capacitive Microphone

M. Taybi, B. A. Ganji

Electrical & Computer Engineering Department, Babol University of Technology, Babol, IRAN

PAPER INFO ks

gaP?r}gslth]’y-' Jo12 G omile Lol ol Sl glaghs S (oSl (SO ol (55 bagss S pesp 4 e ool
eceive: une . 4 . . . . N . .

Recivede in revised form 12 February 2013 ©oaxg bl (’S.fli’ bl Ji"&"’ Sl sl 2L Je e s sl 4 -;vi)"f“;“ JJJK?‘

Accepted 28 February 2013 (5')[{: bl 5 (Sl Comli a8 qusls OLES s opl 55 asls 13 o 5 4525 35 90 1) vf'}lii Llowy 25

2l b oy 25 L OF s 5 (8130 (OS5 walsl o 38 e S50 i (5555 51 oalinl L U150 s

Keywords: S 355 o i base Sl el b (ST 30s Gl oS dins o OLE Lo gl ol o s 5L Jio ]

Corrugated Diaphragm
Residual Stress
Mechanical Sensitivity
Diaphragm Displacement

sl Sl 5o (SlaaST 3L 5 53 Wlewy 25 28 M4 psi0 ol

doi: 10.5829/idosi.ije.2013.26.11b.07







