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Özmen

ABSTRACT

DESIGN AND CHARACTERIZATION OF A MEMS MEMBRANE FOR A
FIBER OPTIC MICROPHONE
Özmen, Gök
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr.
May 2019, 74 pages

The most critical part of a fiber optic MEMS microphone is the sensing element. The
sensing element, membrane, is designed such that the microphone operates in the
desired range with desired sensitivity. In this thesis, a MEMS membrane is designed
and characterized which is aimed to be used in a fiber optic microphone with
responsivity to the audible frequency range. This membrane is electrically deflectable
and it has symmetrically located air holes. The design is microfabricated through the
commercially available multi-user multi-project service (POLYMUMPS, MEMSCAP
Inc., France). The optical and electrical characterizations of the membrane are
performed by impedance analyzer and laser vibrometer, respectively. Since the design
is to be used in an optical interferometry based microphones, the surface of the
membrane is coated by gold. The transient and steady state analysis of the membrane
is utilized and both the overall and the spatial response of the membrane is obtained.
The fundamental resonance of the membrane is 28 kHz. From laser vibrometer
measurements under 100 mV peak-to-peak voltage and 1V DC bias conditions, the
peak displacement is found to be 10 nm. The applied voltage is converted to the
pressure and the sensitivity of the membrane is calculated to be 40 nm/Pa at 28 kHz.
By spatial analysis of the design, symmetry is also verified. This thesis offers a new
approach to the design of MEMS membrane for optical microphones.
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CHAPTER 1

1.

INTRODUCTION

Microelectromechanical systems (MEMS) are the integrated micro devices or
systems relating electrical and mechanical components developed by using Integrated
Circuits (IC) compatible batch-processing techniques and range in size from
micrometers to millimeters. They are widely used as sensors, control elements or
actuators on micro scale to generate macro scale effects.
MEMS technology is known to exist for at least five decades, so far. The
technology has involved in physics, chemistry and biology as the origin of sensors.
Today, very small MEMS devices are being fabricated such that they cannot be seen
by human eye. Small size of these devices make them suitable for small area and low
power applications.
MEMS is, today, a well-established research area accepted by the researchers
all over the world. In this area, mechanical elements like cantilevers or membranes
had been developed and manufactured at a scale closer to microelectronics circuits.
MEMS are small integrated devices or systems that brings together electrical and
mechanical components [1].
As MEMS technology develops in the last decades, electret condenser
microphones have been replaced more and more by silicon MEMS microphones,
because of their durable and reliable performance characteristics at high temperature
or high humidity [2]. In applications such as mobile phone communications, silicon
MEMS microphones become state of the art. With the advances in this technology,
researchers achieved high signal to noise ratio (SNR), high sensitivity and small size
microphones [3].
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In commercially available MEMS microphones, detection is utilized through
electrical measurements such as current/voltage measurements or capacitive
measurements. With the current technology, these electrical measurements are highly
vulnerable to the electrical noise originated from the system or the environment.
Furthermore, these electrical measurements do not yield true results under extreme
conditions such as high temperature or high pressure. Fiber optical sensors are used in
a wide range of applications for temperature, vibration, pressure, index of refraction
sensing. By combining MEMS technology with the fiber optic sensing with extrinsic
Fabry-Perot interferometry, it becomes possible to make the detection of high
frequency ultrasonic signals with high precision [4].
Today, in some special applications, such as measurement in harsh
environments, fiber optic microphones are preferred over condenser microphones.
The conventional condenser microphone is a high impedance device due to the
necessity of a high input impedance preamplifier for further signal processing [4,5].
The additional high impedance preamplifier seems to be an additional imposition in
the design. This results in the reduction of performance of the microphone even with
sophisticated electronic designs. In addition, there is a limitation on the distance
between the microphone and the receiver electronics due to the cable capacitances.
This situation limits the application of the microphone in a confined space.
The fiber optic MEMS microphone has very high resistance to electromagnetic
interference since all of the electronic components that is used in the design are kept
out of the sensor probe [4]. One of the major advantages that MEMS technology offers
is the flexibility to achieve the desired response range, bandwidth, and sensitivity by
basically adjusting the size of the membrane [5].
There are two methods used in fiber optic MEMS microphones: phase and
intensity modulation. It was shown that phase modulation technique gives better
performance considering the measurement range and durability [5,6]. These reasons
suggest the necessity of finding a new way of designing a MEMS microphone for
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audible frequency range. It was shown that utilization of light as the way of detect
sound waves gives much better performance than the microphones which senses the
sound electrically [7].
The unique advantages of optical sensing technique, such as immunity to
electromagnetic interferences, stability, repeatability, durability against harsh
environments, high sensitivity, high resolution and fast response, makes it vital for
industrial non-destructive techniques, vibration and design and testing of
microstructures [6]. The fiber optic microphone can enable innovative applications in
a variety of applications due to the wide dynamic range, high sensitivity and flat
frequency response over large bandwidth [4].
Extrinsic Fabry-Perot interferometer based pressure sensors become popular
in the last decades and substantial research has been carried out on it. It was shown
that diaphragm-based extrinsic Fabry-Perot interferometer sensors are commonly used
for low pressure and acoustic wave detection with success [8].
The most important part of the high fidelity Fabry-Perot interferometer based
pressure sensor is its MEMS membrane. The laser light propagating through the fiber
optic cable leaves the fiber, hits the membrane and reflects back to the fiber end.
Between the fiber end and the membrane, a Fabry-Perot cavity is obtained. By this
cavity, even small displacements in the membrane can be detected by analyzing the
interference fringes. Compared to intensity modulation technique, phase modulation
technique has been proven to be feasible by experimental measurements [7].
The electrical impedance of the membrane in the air can be arranged by
changing the size of the membrane. The fiber optic MEMS microphone can also be
extended to measure vibration and acceleration due to its immunity to changes in
temperature, pressure and vibration. Since the design is simple and the operation of
the device is easy, it can be used in a variety of applications [7]. In addition to the
audible wave detection, fiber optic idea can also be used to measure pressure. It is
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shown that linear pressure sensitivity between 0 kPa and 600 kPa is achieved in the
temperature range of 20 oC - 300 oC with fiber optic based pressure sensors.
With the research that is ongoing on fiber optic MEMS microphone, different
membrane materials, such as graphene oxide and Parylene-C, are proposed to be used
in the fiber optic microphones [9]. Parylene-C gives strong response in the order of
2000nm/Pa at 20 Hz. Since Parylene-C is a bio-compatible, these acoustic sensors are
suggested to be used in biomedical applications [9]. Nowadays, there is a huge
research that is carried out on graphene oxide, and its reliable production became
possible with any desired thickness. These developments led the utilization of
graphene oxide as the membrane material and these sensors give flat response in 100
Hz

20 kHz range [10].
In addition to the motivation of finding new materials for the membrane of the

fiber optic microphones, new membrane designs are also investigated with standard
silicon process materials. It is shown that corrugated silver membranes can be used
for optical fiber microphones. The corrugations on the membrane was shown to
improve the performance of the microphone, the responsivity of this new design is in
the order of 50nm/Pa in the range of 63 Hz 1 kHz [11]. Recently, it is also suggested
to microfabricate an annular corrugated MEMS membrane. The new design is able to
sense the minimum pressure level of 3 Pa/Hz1/2 at 1 kHz.
The Contribution of the Thesis
A novel membrane is designed and characterized for fiber optic MEMS
microphone application.
The membrane is sensitive to the audible frequency range (20 Hz

20 kHz).

The membrane design is compatible with the optical sensing for detection of
the membrane displacement. The membrane is coated by optically reflective
gold layer.
The mature and well-known microfabrication process, POLYMUMPS
(MEMSCAP Inc., France) is used to obtain a reliable and reproducible design.
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A membrane with air holes is designed. The placement of the holes is studied
and optimized to achieve high fill factor and to obey the design rules of
POLYMUMPS.
The operation of the new MEMS membrane is verified through extensive
steady state and transient analysis with different characterization setups.
The response of the membrane under different excitations is investigated and
the performance of the device is verified.
The resonance frequency of 28 kHz is achieved by 1000

diameter circular

membrane.
The sensitivity of the membrane is found to be 40 nm/Pa at 28 kHz.
Two other resonance frequencies are observed at 51 kHz and 109 kHz.
The membrane is highly symmetric and the center of the membrane gives high
response at three of the resonances.
The membrane is found to be compatible with optical microphones with its
optically reflective gold coated membrane, its fundamental mode at 28 kHz
and its high symmetry.
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CHAPTER 2

2.

DESIGN OF THE MEMS MEMBRANE

2.1. Selection of the Microfabrication Process
The fiber optic MEMS microphone consists of two fundamental parts, the
sensing element of the microphone which is the membrane and the optical detection
part. The mechanical and electrical properties of the sensing element of the fiber optic
MEMS microphone are highly important. For high quality detection and long term
usage, the membrane of the microphone should be reproducible, durable and stable.
Lack of these properties may result in faulty detection of the sound even with a high
quality optical detection system.
These concerns are considered in the microfabrication process. There are
different foundries offering multi-user multi-processes (MUMPS) that are
commercially available. Each of these processes offer different flexibilities and
advantages. The compatibility of each process with designing the membrane of the
fiber optic MEMS microphone is carefully analyzed and the POLYMUMPS process
(MEMSCAP Inc., France) is selected. This decision was made based on its ability to
offer non-limiting MEMS designs, and the positive results researchers have obtained
and recorded in the literature whilst using POLYMUMPS process for device
microfabrication [14-19].
2.2. POLYMUMPS Process
POLYMUMPS is a three-layer polysilicon surface micromachining process.
The basis of this process comes from the studies in Berkeley Sensor and Actuator
Center (BSAC) at California University between 1980 and 1990. After finalizing
several different microfabrication processes and analyzing the feedback from the
users, the process is developed further and the microfabrication steps are fine-tuned.
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With these development, high-tech device fabrication became possible and now, more
advanced devices can be fabricated on a single chip. Today, this process is commonly
utilized in universities and companies all over the world.
2.2.1. POLYMUMPS Process Flow
In POLYMUMPS process, <100> crystal direction, n-type silicon wafers with
1-2

-cm resistivity and 150 mm diameter are used. First, the surface of the wafer is

heavily doped by phosphorus (P) atoms. At this point, phosphorus doped silicate glass
(PSG) is used as the source of the doping. The purpose of this layer is to avoid
electrical short circuit between different design on the wafer and to stop the static
electric flow. The PSG layer is removed after the doping is utilized through diffusion.
Then, 600 nm-thick silicon nitride layer with low internal stress is deposited on the
wafer through low pressure chemical vapor deposition (LPCVD) process [13].
After the silicon nitride layer is deposited, the first polysilicon layer, POLY0,
is deposited through LPCVD process. The thickness of POLY0 layer is 500nm. This
layer is shaped by using POLY0 and HOLE0 masks. Then, the first oxide layer is
deposited on the wafer which is 2 m-thick. This oxide layer will be removed at the
end of the process and other polysilicon layers on top of this oxide layer will be able
to move freely in the air. The first oxide layer is also shaped by ANCHOR1 and
DIMPLE masks. ANCHOR1 mask indicate at which points second polysilicon layer,
POLY1, will be grown directly on top of POLY0. At these indicated areas in the mask,
first oxide layer will be totally removed. DIMPLE mask is optional to use and it
removes 750 nm of oxide at the indicated points. The small holes in the first oxide
layer propagates till the end of the process through the surface. The holes will be filled
by either the second or third polysilicon layers, POLY1 or POLY2. Since the oxide
layers will be removed by wet etch followed by dry etch, moving designs, such as a
membrane, can be stick to the surface by adhesion force of the liquid. Once the design
is stick, it may no longer be removed and the design will be useless. These small
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dimples will decrease the surface of contact between the moving element and the
wafer which will significantly decrease the chance of adhesion problem [13].
After the first oxide layer is shaped, the second polysilicon layer, POLY1, is
grown on the wafer. The thickness of this layer is 2
mechanical polysilicon layer. The company suggests not to use POLY0 layer for
mechanical purposes, but to use POLY1 and POLY2 layers for mechanical purposes.
On top of POLY1, a thin PSG layer is deposited and this structure is annealed at 1050
o

C for an hour. The purpose of this process is to dope the polysilicon layer with P

atoms through diffusion to make it an n-type polysilicon. This annealing process also
removed the internal mechanic stress in POLY1. The second polysilicon layer,
POLY1, is shaped by POLY1 and HOLE1 masks. After shaping POLY1, the second
oxide layer is deposited on the wafer. The second oxide layer is shaped by POLY1POLY2-VIA and ANCHOR2 masks. POLY1-POLY2-VIA mask indicates the
regions where POLY2 will directly be grown on POLY1. ANCHOR2 mask indicated
the regions there POLY2 will directly be grown on POLY0. ANCHOR2 mask should
be utilized wisely since improper ANCHOR2 design should result in faulty results.
For example, in order to grow POLY2 directly on POLY0, there should not be any
POLY1 layer between them. If the designer forgets that POLY1 layer exists under
some region of the second oxide and designs ANCHOR2 mask in a way that
ANCHOR2 mask regions and POLY1 regions overlap, then POLY2 cannot be directly
grown on POLY0 [13].
After the second oxide layer is shaped, the third polysilicon layer, POLY2, is
grown on the wafer. POLY2 is the second mechanical polysilicon layer. POLY2 layer
-thick and a thin PSG layer is deposited on it. The structure is annealed at
1050 oC for an hour. The purpose of annealing is to dope POLY2 by P atoms to make
it n-type and to remove the mechanical stress in it. POLY2 layer is shaped by POLY2
and HOLE2 layers [13].
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After all polysilicon and oxide layers are shaped, metal layer is deposited on
the wafer and shaped by liftoff process using METAL and HOLEMETAL masks. This
metal layer can be used for electrical contacts as well as for creating optically
reflective surfaces.
Finally, the design is wet etched to remove the oxide layers. During wet etch,
the dissolved oxide in one design may propagate through another design and stick to
it. This will cause a problem. For that purpose, first, to avoid any damage, different
designs on a single wafer are separated by dicing. Then, the designs are put into 49 %
HF solution at room temperature and they are left for 1.5-2 hours. After wet etch, the
chips are put in distilled water for a few minutes and then they are put in alcohol again
for a few minutes. Finally, the chips are annealed in an oven at 100 oC for 10 minutes.
In some designs, designer may want to etch the oxide further through supercritical
CO2 dry etch. In such cases, the chips will be put in CO2 gas for the dry etch of the
oxide layers.
After the removal of oxide layers, the fabrication is finalized and the chips
become ready for delivery to the designer.
2.2.2. POLYMUMPS Design Rules
The purpose of the design rules is to guide the designer toward error-free
designs. These design rules are developed by the experience of company employers
and the feedback from the designers. The design rules are created by the decision on
each process step rule considering the limitations of the process. The main aim of
design rules is to obtain stable processes. Fundamentally, the minimum feature size
comes from the limitations of the microfabrication devices such as photolithography
device resolution [13].
There are two types of design rules for POLYMUMPS process: mandatory and
advisory design rules. The violation of mandatory design rules may result in undesired
and unpredictable damages on the designs. In fact, MEMSCAP has the right to remove
a design which violates mandatory design rules. On the other hand, advisory design
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rules should be considered as the advice of the company employers to achieve the
free-of-fault microfabrication of the design [13].
Design rules, in general, indicate the distance between different layers and the
considerations under the situations of overlapping of different layers. Nevertheless,
design rules are the extreme limits. In other words, there should be some safety margin
beyond the design rules. The layers in the POLYMUMPS process, their thicknesses
and the corresponding masks for each layer are given in Table 2.1 [13].
Table 2.1. POLYMUMPS process layers, their thicknesses and corresponding microfabrication masks
[13].

Silicon Nitride

Layer
Thickness ( m)
0.6

Microfabrication
Masks
--

POLY0

0.5

First Oxide

2.0

POLY1

2.0

Second Oxide

0.75

POLY2

1.5

POLY0 (HOLE0)
DIMPLE
ANCHOR1
POLY1 (HOLE1)
POLY1-POLY2-VIA
ANCHOR2
POLY2 (HOLE2)

Metal

0.5

METAL (HOLEM)

Layer Material

In Table 2.1, it is given that each polysilicon layer has two masks. In fact, this
is the flexibility that MEMSCAP gives to the designer. These masks will be merged
before microfabrication, but since etch holes are required during oxide wet etch, hole
design is mandatory. Designer may confuse with etch holes and actual shaping of each
layer on the same mask. To avoid this, etch holes can be drawn on HOLE masks while
other shaping structures can be drawn on POLY and METAL masks.
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2.2.2.1. Mandatory Design Rules
In the process, the polysilicon layer masks are defined as light while the oxide
layer masks are defined as dark. While designing light masks, the regions that the
designer wants not to remove should be drawn. On the other hand, while designing
dark masks, the regions that the designer wants to remove should be drawn. The design
masks, their light/dark properties and their purposes are given in Table 2.2 [13].
Table 2.2. POLYMUMPS process masks and their properties [13].

Mask Name

Mask Type

Mask Purpose

POLY0

Light

ANCHOR1

Dark

DIMPLE

Dark

POLY1

Light

POLY1-POLY2-VIA

Dark

ANCHOR2

Dark

POLY2

Light

Shaping POLY0
Creating contact holes
between POLY1 and
POLY0
Creating tiny holes for
POLY1
Shaping POLY1
Creating contact holes
between POLY2 and
POLY1
Creating contact holes
between POLY2 and
POLY0
Shaping POLY2

METAL

Light

HOLE0

Dark

HOLE1

Dark

HOLE2

Dark

HOLEM

Dark
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Shaping METAL
Crating holes for
POLY0
Crating holes for
POLY1
Crating holes for
POLY2
Crating holes for
METAL

The purposes and properties of microfabrication masks should guide the
designer for proper designs. In addition to the properties, the mandatory design rules
for microfabrication masks are given in Table 2.3. These rules are the minimum
required dimensions for each case. For reproducible designs, safety margins should be
applied to these limits.

Table 2.3. POLYMUMPS mandatory design rules for process masks [13].

Distance between POLY0 and ANCHOR1

Minimum Value
( m)
4.0

POLY0 encloses ANCHOR1

4.0

POLY0 encloses POLY1

4.0

POLY0 encloses POLY2

5.0

POLY0 encloses ANCHOR2

5.0

POLY1 encloses ANCHOR1

4.0

POLY1 encloses POLY1-POLY2-VIA

4.0

POLY1 encloses POLY2

4.0

Distance between POLY1 and ANCHOR2

4.0

Distance between POLY1 etch holes

MAX 30.0

POLY2 encloses ANCHOR2

5.0

POLY2 encloses POLY1-POLY2-VIA

4.0

POLY2 overlaps POLY1
In POLY2 overlaps POLY1 case, distance
between POLY2 and POLY1 edge
POLY2 encloses METAL

5.0

Distance between POLY2 and POLY1

3.0

HOLE2 encloses HOLE1

2.0

HOLEM encloses HOLE2

2.0

Distance between POLY2 etch holes

MAX 30.0

Rule
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4.0
3.0

2.2.2.2. Advisory Design Rules
In addition to the mandatory design rules declared by MEMSCAP, there are
some advisory design rules based on previous experiences with POLYMUMPS. These
rules are not mandatory, but MEMSCAP declares that the designs that do not take into
Therefore, advisory design rules
are so important that they should also be considered during the design of
microfabrication masks [13].
2.2.2.2.1. Hole Usage and Its Density
By utilizing ANCHOR1, ANCHOR2 and POLY1-POLY2-VIA masks, holes
between different layers can be obtained. It is important to note that these holes are
not etch holes. According to MEMSCAP, beginner level designers sometimes use
oxide holes without any need and then they do not fill these holes with corresponding
polysilicon layers. This situation would create two problems. First, the polysilicon
layers in these holes may be etched in stair shapes, which may lead to unpredictable
consequences. Secondly and most importantly, the polysilicon under these holes may
be unintentionally etched in the later process steps. As a result, the useful polysilicon
layers may be damaged [13].
2.2.2.2.2. Improper Dimensions of ANCHOR and VIA holes
Improper dimensions of oxide holes may result in the deviation of the positions
of these holes. Therefore, without any important purpose, the size of the polysilicon
layer should be larger than the size of the hole. This situation is applicable to both
POLY1 and POLY2 layers [13].
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2.2.2.2.3. Improper PAD Design
There would be problems in the case that the electrical pads are designed
improperly without considering enclosure limits between different layers. Some users
previously reported that placement of electrical pads near unintentionally etched
silicon nitride regions results in problems. The reason is the electrical short circuit
between the silicon wafer and the electrical pads. To avoid such problems, designers
should ask MEMSCAP for proper electrical pad design and use it as it is. MEMSCAP
does not charge for this and shares the pad design file [13].
2.2.2.2.4. Utilization of Metal Layer
In POLYMUMPS process, it is most suitable to grow metal layer on top of
POLY2. The reason comes from the oxygen free surface of POLY2. Some beginner
level designers may grow metal directly on the oxide layers and after the oxide etch,
there occur serious problems in the design such as electrical short circuit [13].
In addition to that, for proper growth of metal on POLY2, this chromium layer
is used between these layers. This chromium layer improves the ability of metal to
stick to POLY2. This coating process is utilized through liftoff. Sometimes, during
liftoff, some metal regions may be lifted off unintentionally. The reason comes from
photolithography errors. According to MEMSCAP, the surface that metal can stick to
polysilicon layer through thin chromium layer is the POLY2 surface [13].
2.2.3. POLYMUMPS Process Thin Film Parameters
In POLYMUMPS process, there are one silicon nitride layer, three polysilicon
layers, two oxide layers and one metal layer. MEMSCAP gives properties of each
layer according to the measurement taken during and after the microfabrication
process. This data is taken for each microfabrication run and mean and extreme values
are given to the designer. The properties of layers are given is Table 2.4. [13]
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Table 2.4. POLYMUMPS process layer properties [13].

5300

Residual Stress
Resistance (
(MPa)
Typ. Max. Min.
Typ.
Max. Min. Typ.
0
180
6000 6700
90
N/A

4700

5000

Thickness (Ao)

Layer (Film)

Min.
Silicon
Nitride
POLY0

5300

First Oxide

17500 20000 22500

POLY1

18500 20000 21500

Second Oxide 6700
POLY2
Metal

7500

0

-25

-50

15

N/A
0

8300

-10

-20

1

N/A

10

20

N/A

0

-10

-20

4600

0

50

100 0.05

5800

45

N/A

14000 15000 16000
5200

30

Max.

10

20

30

0.06

0.07

2.3. Theoretical Design of the Membrane
The membrane of the fiber optic MEMS microphone is the fundamental
sensing element. The characteristics of the system is mainly restricted by the
characteristics of the membrane. There are different membrane designs and sensing
approaches exist in the literature. In table 2.5, different MEMS microphones with their
properties is represented. There are examples of capacitive, piezoresistive and
piezoelectric microphones.
Table 2.5. MEMS microphones in the literature and their properties.

Microphones

Transducer
Type

Sensor
Sensitivity
Dimensions

1- Sheplak
105 m x
et.al. 1998 Piezoresistive
0.15 m
[20,21]
2- Huang
710 m x
et.al. 2002 Piezoresistive
0.38 m
[22]
3- Scheeper
1950 m x
et.al. 2003 Capacitive
0.5 m
[23]
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Dynamic
Range

Bandwidth

2.24
V/Pa/V

92 dB 155 200 Hz 6
dB
kHz

1.1
mv/Pa/V

53 dB 174 100 Hz 10
dB
kHz

22.4 mV/Pa

23 dB 141 251 Hz 20
dB
kHz

4- Martin
et.al. 2007
[24,25]
5- Martin
et.al. 2008
[26]
6- Chan
et.al. 2010
[27]
7- Yang
et.al. 2010
[28]
8- Chao
et.al.
2013[29]
9- Franz
et.al. 1988
[30]
10- Horowitz
et.al. 2007
[31]
11- Litrell
et.al. 2010
[32]
12- Grosh
et.al. 2013
[33]
13- Lee et.al.
2008 [34]

Capacitive

230 m x
2.25 m

390 mV/Pa

Capacitive

230 m x
2.25 m

166 V/Pa

22.7 dB
164 dB

300 Hz 20
kHz

Capacitive

--

12.63
mV/Pa

--

500 Hz 20
kHz

Capacitive

450 m
diameter

14.45
mV/Pa

--

--

Capacitive

--

1.7 mV/Pa

--

100 Hz 10
kHz

25 V/Pa

68 dB - --

-- - 45 kHz

1.66 V/Pa

35.7 dB
169 dB

100 Hz
6.7 kHz

Piezoelectric 0.72mm2 x
(AlN)
1 m
Piezoelectric
(PZT)

900 m x
3.0 m

41 dB 164 300 Hz 20
dB
kHz

Piezoelectric 0.62mm2 x
37 dB 128 50 Hz 80
1.82 mV/Pa
(AlN)
2.3 m
dB
kHz
Piezoelectric
(AlN)

--

0.71 mV/Pa

--

--

Piezoelectric

--

8.1 mV/Pa

--

--

Since POLYMUMPS will be used in microfabrication, piezoresistive and
piezoelectric designs are not analyzed in detail. However, capacitive MEMS
microphone. Basically, two plates, one being stable and one moving, are present in
both of them. Therefore, membrane designs of capacitive microphones are valuable
and should be considered.
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The most important parameters of capacitive MEMS microphones in Table 2.5
are the bandwidth and the dimensions. In order to sense sound in audible frequency
range (20Hz

20kHz), the membrane should be sensitive in this range [35]. Another

concern is the phase response of the membrane. To obtain the sound properly, the
frequencies should feel almost constant phase, otherwise the sound can be disturbed.
A membrane with resonance frequency of 25-30 kHz can sense the audible
frequencies and give almost constant phase response to them.
Considering this resonance frequency and the audible frequency range, the
microphones 4,5 and 6 in Table 2.5 seem to be utmost interest. The number 4
microphone has air holes in the design. This design is valuable in a way that
POLYMUMPS process requires etch holes and they will result in a membrane with
holes. The membrane design in the number 4 microphone is as shown in Figure 2.1
[24].

Figure 2.1. Capacitive membrane with holes [24].

The acoustic holes in Figure 2.1 are very similar to the holes required by
POLYMUMPS; they are periodic and placed all over the membrane. In this design,
oxide layers as in POLYMUMPS.
the sacrificial oxide layers can be etched after the process. In this article, it was shown
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that the holes improve the acoustic performance of the membrane. The obtained
sensitivity and phase response data for this microphone is as shown in Figure 2.2.
In Figure 2.2, it is shown that the microphone operates in 300 Hz

20 kHz

frequency band and the phase that the system introduces to the input signals is smaller
than 20o for the frequency range of 1 kHz

20 kHz). The membrane in this

microphone is circular and its diameter is 460 m. There is no specific information on
the resonance frequency of the membrane, but it can be inferred from the phase
response that there are several resonance frequencies in the frequency range of
interest. Therefore, the results of this article are highly important for the membrane
design for audible frequency detection in fiber optic MEMS microphone.

Figure 2.2. The test results of capacitive microphone [24].

The number 5 microphone is also fabricated w
membrane of this microphone is as shown in Figure 2.3 [25].
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In this design, it is clearly shown that there are three layers of polysilicon, one
as the membrane and the other two as the carrying material of the membrane. Air holes
are also shown in Figure 2.3. The membrane in this design has the diameter of 460 m
and the resonance frequency of 174 kHz. In addition, this membrane gives response
to the frequency range of 300 Hz 20 kHz. The bandwidth and the physical structure
of the membrane overlap with the requirements of the membrane of a fiber optic
MEMS microphone.
From the literature, it is clear that the physical structure of the membrane is
highly important. Nevertheless, since the reviewed articles cover capacitive sensing,
the resonance frequencies of these membranes are much higher than the audible range.
For fiber optic MEMS microphone, on the other hand, high responsivity in the audible
frequency range is desired and there should be no phase reversal in this range. In order
to achieve both of them at the same time, the first resonance frequency should be
around 25 - 30 kHz.

Figure 2.3. (a) Top view, and (b) cross-sectional view of the membrane of the capacitive microphone
[25].
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2.3.1. The Diameter of the Membrane
The parameters governing the first resonance frequency of a membrane are its
material properties and dimensions. For a circular membrane, this relation is given by
(1)
The meaning of the parameters in (1) and their values obtained from
MEMSCAP are given in Table 2.6 [13]. Since POLYMUMPS process will be used
for fabrication of the membrane, its parameters are used.
The first resonance frequency of a circular membrane for different radius
values are as shown in Figure 2.4.
Table 2.6. Parameters of first resonance frequency of a circular membrane and their values for
POLYMUMPS process [13].

Parameter

Value
168 GPa
0.22

(Mass density of polysilicon)

2.3 g/cm3

h (Thickness of polysilicon membrane)

1.5239 m

a (Radius of polysilicon membrane)

Variable in m

It is clear from (1) and Figure 2.4 that as the radius of the membrane increases,
the first resonance frequency decreases. For the fiber optic MEMS microphone, it is
aimed to obtain a membrane with first resonance frequency of 25-30 kHz which
corresponds to a membrane radius of 450-500 m. To observe the change of the first
resonance frequency with different membrane radius values more clearly, the
frequency region of interest is plotted as shown in Figure 2.5.
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Figure 2.4. First resonance frequency of a circular membrane for different radius values.

Figure 2.5. First resonance frequency of a circular membrane for different radius values in
the frequency region of interest (25-30 kHz).
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It is observed that the characteristics is almost linear for the frequency range
of 25-30 kHz. Since POLYMUMPS will be used for microfabrication, there will be
air holes on the membrane.
We may represent the resonance frequency of the membrane as
(2)
where k is the spring constant and m is the mass. Considering the holes in the
design, spring constant and mass decreases approximately by the same amount.
Therefore, we may not expect significant change in the first resonance frequency due
to holes.
2.3.2. Hole Design
s
of the membrane are the hole diameter and the distance between the air holes.
According to the design rules, to obtain perfect oxide etch under the membrane, any
point on the membrane must be reachable by any of the air holes with a maximum of
15

distance. This problem is represented as in Figure 2.6.
dHOLE is the diameter of an air hole and dHOLE-TO-HOLE is the distance between

the centers of two air holes. Since the membrane is fully symmetric, the air hole
dimensions and the distances between any two air holes are the same anywhere on the
membrane. Therefore, there are only two variables in hole design.
Due to the symmetry, centers of neighboring air holes generate an equilateral
triangle. The geometric problem can be represented
(3)
(4)

23

Figure 2.6. Hole arrangement problem.

One constraint on the dimensions is represented as in (4). Another objective of
hole design is to maximize the fill factor (FF). As the area filled with polysilicon
increases, the reflective area also increases. FF is given by Equation

(5)-(6).

(5)
(6)
To set a limit for FF, it is aimed to obtain 50 % FF such that at least 50 % of
the light will be reflected from the membrane surface. By setting this limit, this
constraint can be represented as
(7)
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This optimization problem is solved by setting

and

. This optimization also includes the safety margins for the
microfabrication. For this case, FF is 53 % and the maximum distance between any
point on the membrane and an air hole is 11 m with 27 % safety margin.
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CHAPTER 3

3.

PROCESS DEVELOPMENT OF THE MEMS MEMBRANE

According to the design rules of POLYMUMPS and the theoretical analysis of
a circular membrane, microfabrication masks are designed. In the design, POLY0 and
POLY1 polysilicon layers of the POLYMUMPS process are used as carriers of the
membrane and POLY2 is used as the membrane material. The membrane, POLY2
layer, is shaped with air holes. This structure is called the meshed-structure. Then,
metal is coated on top of the membrane. The purpose of metal is to achieve an optically
reflective surface for the laser light coming from the fiber optic cable. The metal layer
is also shaped with air holes, with diameter larger than the diameter of the air holes of
POLY2, such that no fabrication problem can occur.
3.1. Microfabrication Mask Design
There are 12 masks to design in POLYMUMPS process, namely, POLY0,
HOLE0,

ANCHOR1,

DIMPLE,

POLY1,

HOLE1,

POLY1-POLY2-VIA,

ANCHOR2, POLY2, HOLE2, METAL, HOLEM [13].
3.1.1. POLY0 and HOLE0 Masks Design
POLY0 and HOLE0 masks are used to shape the first polysilicon layer of the
process, POLY0. There is no need for air holes in the first polysilicon layer since
POLY0 layer will not be used to create closed volumes in the design. Therefore,
HOLE0 mask will be left empty. On the other hand, POLY0 mask is used. This mask
is a light mask and therefore, the regions to preserve POLY0 layer should be indicated.
POLY0 layer is the first carrier for the membrane on which POLY1 and POLY2 will
be grown later in the process.
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POLY0 layer will also be used as the electrical polysilicon layer. During the
test of the membrane, electrical connections are needed, one ground and one signal
connection is needed. The membrane itself can be used as the signal connection since
it is electrically short circuited with POLY1 and POLY0 via the outer carriers. The
ground connection is utilized by placing a POLY0 circle to the center of the design
with dimeter of 900 m. The ground connection is connected to 4 electrical pads to
minimize the series electrical resistance. The signal connection is also connected to 4
electrical pads due to the same reason. The overall POLY0 mask design is as in Figure
3.1.

Figure 3.1. POLY0 microfabrication mask. Support, electrical connection pads, electrical polysilicon
lines and electrical ground layer areas.
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3.1.2. ANCHOR1 Mask Design
After POLY0 and HOLE0 masks are used to shape the first polysilicon layer,
POLY0, the first oxide layer is grown on top of the wafer. This oxide layer is sacrificial
and will be etched at the end of the process. ANCHOR1 mask is used to shape this
first oxide layer. ANCHOR1 mask is a dark mask, in other words, in this mask, the
regions that the designer want to etch should be indicated in ANCHOR1 mask. The
purpose of this mask is to etch the oxide regions that the designer wants to grow
POLY1 directly on top of POLY0. Since POLY0 and POLY1 layers are carriers for
the POLY2 membrane layer, POLY1 should directly be grown on POLY0. Therefore,
the anchor regions are indicated as in Figure 3.2. Here, the dashed parts indicate the
ANCHOR1 mask regions where the oxide will be etched. On those regions, POLY1
layer will be grown directly on POLY0 layer.

Figure 3.2. ANCHOR1 microfabrication mask (grey regions). Electrical connection pads and support
areas.
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3.1.3. DIMPLE Mask Design
Dimples are used to minimize the contact surface of the two layers, in this
design POLY2 and POLY0. The first oxide is etched for 0.75 m on the areas indicated
by DIMPLE mask. Since the membrane is fully symmetric, dimples are also placed
symmetrically. The locations of the dimples are decided according to the positions of
POLY2 etch holes. HOLE2 mask will be discussed later in the process, but the dimples
are placed on the gravity center of the triangle that is formed by the centers of three
neighboring etch holes. The placement can also be visualized by inspecting the hole
design problem, in Figure 2.6. Dimples are placed at the gravity centers of such
triangles as in Figure 2.6.
On electrical pad regions there is no need for dimples since in these areas, there
is no moving component, all layers are put on top of each other. DIMPLE mask is as
in Figure 3.3.

Figure 3.3. DIMPLE microfabrication mask. 0.75 m deep small holes in the first oxide layer.
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3.1.4. POLY1 and HOLE1 Masks Design
POLY1 and HOLE1 masks are used to shape the second polysilicon layer,
POLY1. The main idea of these masks are the same as POLY0 and HOLE0. There is
no need for air holes in POLY1 layer similar to POLY0 layer. POLY1 layer is sued as
layer is grown all over the wafer. Since there are etched oxide regions indicated by
ANCHOR1 and DIMPLE masks, there etched regions will also be filled by POLY1.
Then, this second polysilicon layer will be shaped according to POLY1 mask. This
mask will indicate the regions that the designer wants to preserve POLY1 layer.
POLY1 mask is as shown in Figure 3.4.

Figure 3.4. POLY1 microfabrication mask. Electrical pads and support layer areas.

The regions of POLY1 mask are given in Figure 3.4, but in order to understand
the exact location of the mask relative to the previous masks, POLY0, ANCHOR1 and
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POLY1 masks are illustrated together in Figure 3.5. The red regions represent POLY1
layer. The ANCHOR1 and DIMPLE oxide holes are filled by POLY1 layer. In this
way, POLY1 is positioned on top of POLY0 layer and the carriers are obtained.
Another important thing about the POLY1 layer is that POLY1 layer thickness will
determine the maximum amount of deflection of the membrane. There is ground
connection utilized by POLY0 layer under the membrane and the only air gap between
the membrane and this POLY0 ground connection regions is the thickness of POLY1.
Therefore, proper growth of POLY1 on the wafer is highly critical for the operation
of the membrane.

Figure 3.5. POLY0(orange), ANCHOR1(grey) and POLY1(red) microfabrication masks on
top of each other.
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3.1.5. POLY1-POLY2-VIA Mask Design
After the POLY1 layer processing part, the second oxide layer is grown on top
of the wafer. This layer is the second sacrificial layer that will be etched at the end of
the process. Also, on top of this second oxide layer, the third polysilicon layer,
POLY2, will be grown. Therefore, the designer should indicate the regions where
POLY2 will be directly grown on POLY1. In this membrane design, these regions are
the carrier regions, the outer, non-moving polysilicon regions. Since POLY1-POLY2VIA mask is a dark mask, the regions that the second oxide will be etched are indicated
in this mask. POLY1-POLY2-VIA mask is given together with POLY1 mask as in
Figure 3.6 in order to visualize the operation better.

Figure 3.6. POLY1(red) and POLY1-POLY2-VIA(shaded) microfabrication masks.
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The dashed regions in Figure 3.6 indicate POLY1-POLY2-VIA regions and
the red regions indicate the POLY1 regions. Another important point with this mask
is related to the DIMPLE mask. In the standard form, DIMPLE mask generates holes
on the first oxide and these holes prorogate through the second oxide. However, the
sharpness of these holes may be disturbed due to thermal processing. POLYMUMPS
suggests the designers that want dimples for POLY2 layer to draw the dimple holes
also on POLY1-POLY2-VIA mask. By this way, the second oxide is etched for
0.75
the dimple holes are directly reflected to the top surface of the second oxide layer.
POLY1-POLY2-VIA mask with these dimple holes are given as in Figure 3.7.

Figure 3.7. POLY1-POLY2-VIA microfabrication mask, with small holes which overlap with
DIMPLE mask to strengthen the utilization of dimples for the upper layers.
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3.1.6. ANCHOR2 Mask Design
ANCHOR2 mask is used to indicate the regions where the second oxide and
the first oxide will be etched such that POLY2 will be grown directly on POLY0 or
nitride layers. In the design of the membrane, there is no need for such mask; therefore,
it is not used in the process.
3.1.7. POLY2 and HOLE2 Masks Design
POLY2 and HOLE2 masks are used to shape the third polysilicon layer,
POLY2. This is the most important layer of the process since POLY2 layer will be the
membrane itself. First, the third polysilicon layer is grown all over the wafer and the
oxide holes generated by POLY1-POLY2-VIA masks will be filled by POLY2. In
addition to the carrier regions, the dimple holes are filled by POLY2. The top surface
of the second oxide is also covered by POLY2. POLY2 mask is used to shape this
POLY2 layer. Different from POLY0 and POLY1 masks, the central part of this layer
is not etched since this central part will form the membrane itself. POLY2 mask is as
in Figure 3.8.
In order to visualize the position of POLY2 mask relative to the other masks,
POLY2 mask is given together with all of the other masks so far in Figure 3.9. In
Figure 3.9, the central portion is left only with POLY2 layer to form the membrane.
The grey regions indicate the POLY2 layer where the red regions indicate POLY1 and
the orange regions indicate POLY0.
At this point, there is a need for hole masks since in the central part of the
design, under the membrane, there are oxide layers that should be etched. For that
purpose, there is a need for etch holes in POLY2 layer and HOLE2 masks is designed.
The hole diameter and the arrangement of the holes are analyzed in Section
2.3.2 and HOLE2 mask design is performed according to the outcomes of this
analysis. HOLE2 mask is given in Figure 3.10 together with POLY2 mask.
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Figure 3.8. POLY2 microfabrication mask.

Figure 3.9. POLY0(orange), ANCHOR1(dark grey), POLY1(red), POLY1-POLY2-VIA(shaded) and
POLY2(grey) microfabrication masks.
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Figure 3.10. POLY2 and HOLE2 microfabrication masks.

During placement of the etch holes, symmetry was violated at the boundary
regions since at these regions, the mathematical study of hole design is no longer valid.
In other words, in the carrier polysilicon regions, the outer shell, there is oxide on the
one side while there is no oxide on the other side of the boundary. Therefore, the hole
arrangements in the outer regions of POLY2 performed according to the Design Rule
Check (DRC). Nevertheless, since these regions are barely moving, it can be assumed
that the symmetric operation of the membrane is not disturbed.
3.1.8. METAL and HOLEM Masks Design
After all of the polysilicon layers are located on the wafer and shaped properly,
metal is sputtered on top of the wafer. Metal is critical for the membrane design since
there is a need for an optically reflective surface and polysilicon is not sufficient. In
the process, the wafer is first coated with photoresist and then, the photoresist is
patterned by photolithography according to METAL and HOLEM masks. Finally, the
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lift-off method is used to shape the metal surface. HOLEM mask is used only for the
designer similar to other hole masks, but it dramatically improves the clearness of the
mask design. The METAL mask is given in Figure 3.11 together with POLY2 and
HOLEM mask is shown in Figure 3.12 together with POLY2, HOLE2 and METAL
masks.

Figure 3.11. POLY2(grey) and METAL(blue) microfabrication masks.

The blue regions indicate the metal regions and the grey regions indicate
POLY2 regions. The dimeter of metal holes is larger than the diameter of POLY2
holes according to the design rules. Otherwise, the metal would be left on the oxide
under POLY2 holes and it would cause problems during the sacrificial oxide etch.
At the end of the process, the oxide layers are etched by wet etch followed by
dry etch. Hence, The POLY2 layer is free to move in upwards and downwards
directions supported by the polysilicon carrier outer shells. Also, there are electrical
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connection pads which are designed for the electrical characterization of the
membrane.

Figure 3.12. POLY2(grey), HOLE2, METAL(blue) and HOLEM masks.

3.2. Three Dimensional (3D) and Two Dimensional (2D) Models of the Design
Before submitting the microfabrication masks to POLYMUMPS, it is desired
to visualize the membrane in three dimension to verify the mask design. For that
purpose, SOFTMEMS 3D Render extension of L-Edit software is used.
First, the process sequence is defined in the software; the layers and the types
of growth or etch of each layer should be entered by the designer. The sequence and
the physical parameters should also be entered to the software. SOFTMEMS 3D
Render extension only generates the geometric result of the process, the probable
errors of the real process or the secondary effects such as the stiction of the membrane
to the wafer due to wet etch are not considered.
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After the process is defined properly, the 3D model of the design is obtained
as in Figure 3.13-15. The layers are observed on the 3D model. Each layer is
represented by different color. The membrane has meshed-structure with air holes and
the upper surface of the membrane is coated with the metal layer. The air holes of the
metal layer are also represented. In Figure 3.14, the cross-sectional view is represented
and in Figure 3.15, the oblique view of the design is given which clearly verifies the
design. The oxide holes created by ANCHOR1 and POLY1-POLY2-VIA are visible
in which POLY1 and POLY2 has grown, respectively.

Figure 3.13. 3D model of the membrane.

In this model, DIMPLE mask is not executed since it increases the computation
time and time-out occurs. To overcome this issue and verify the DIMPLE mask, a
small portion of the design is modelled in 3D as in Fig. 3.16.
In Figure 3.16 (a), the 3D model of a small portion of the design taken from the central
part is represented and in Figure 3.16 (b), the cross-sectional view is given. The
dimples can be observed in Figure 3.16 (b). These dimples decrease the contact surface
between the membrane and the layer underneath it which will prevent the membrane
from sticking to the wafer (due to adhesive forces) during wet etch.
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Figure 3.14. Cross-sectional view of the 3D model of the membrane.

Figure 3.15. Oblique view of the 3D model of the membrane.
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Figure 3.16. (a) Oblique, (b) cross-sectional view of the 3D model of a small portion of the design

In Figure 3.14 and Figure 3.16 (b), the two dimensional cross-sectional model
of the design is visualized. To inspect the cross-sectional view in more detail and with
the real dimensions, the view in Figure 3.17 is obtained and the values of the
representative dimensions are given in Table 3.1.

Figure 3.17. Cross-sectional view of the membrane design.
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Table 3.1. Values of the representative dimensions of the design.

Dimension parameter

Value

Membrane diameter (dMEMBRANE), µm

1000

Support length (dSUPPORT), µm

150

Hole-to-hole diameter (dHOLE-TO-HOLE), µm

50

Dimple diameter (dDIMPLE), µm

12

Hole diameter (dHOLE), µm

36

Metal thickness (tMETAL), µm

0.51

POLY2 thickness (tPOLY2), µm

1.5

Dimple thickness (tDIMPLE), µm

0.75

POLY1 thickness (tPOLY1), µm

2.0

POLY0 thickness (tPOLY0), µm

0.51

SiN thickness (tSiN), µm

0.61

Substrate thickness (tSUBS), µm

>650

In Figure 3.17, the final design is modelled and the fabricated designs are
expected to be the same shape as this model with small microfabrication errors. The
effects of dimples and their propagation through the surface are also represented.
3.3. Microfabricated MEMS Membrane
The microfabrication masks are submitted to POLYMUMPS and the
microfabricated designs are received. The devices are inspected under the microscope
for any macro errors. The designs seem to be microfabricated without major errors as
in Figure 3.18.
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Figure 3.18. Microscope view of the microfabricated design.

The electrical connection pads are placed properly and the air holes on the
membrane, POLY2 layer of the design, are utilized according to the microfabrication
masks.
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CHAPTER 4

4.

ELECTRICAL AND OPTICAL CHARACTERIZATION SETUPS

After the first inspection of the microfabricated design, it is aimed to
characterize it and verify its performance. For that purpose, two different methods are
used. First, electrical impedance characterization is performed. The resonance
frequencies of the device can be obtained by series capacitance and resistance
measurements under different bias voltages. Secondly, the laser vibrometer setup is
employed. With this optical setup, a point by point frequency response of the
membrane can be obtained. In other words, any point on the membrane can be
characterized. By this way, in addition to the resonance frequency analysis, spatial
response of the membrane to any input can be analyzed. Modal shapes of each
resonance can be obtained and the symmetry of the device can be verified.
4.1. Electrical Measurement Setup
For the electrical characterization of the membrane, impedance and network
analyzer (Keysight Technologies 5061B) is used. This device is used for the
characterization of high frequency operating circuits. For that purpose, s-parameter
measurement port is used. However, for the characterization of the membrane of fiber
optic MEMS microphone, low frequency measurement is desired. In the instruction
manual of the device, it is suggested to use LF-out port of the device and use the power
splitter (Agilent 11667L) in the shunt-through configuration. The suggested setup for
low frequency measurement is as in Figure 4.1. The critical supplementary hardware
for this measurement is the power splitter and its technical specifications are given in
Table 4.1 [36].
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Figure 4.1. LF-out measurement connections [36].
Table 4.1. Specifications of Agilent 11667L power splitter [36].

Specifications

Keysight 11667L

Frequency Range

DC to 2 GHz

Connector

BNC(f)
DC to 100 MHz : 0.2 dB

Insertion Loss above 6 dB (max)
100 MHz to 2 GHz : 0.6 dB
Isolation (Min)

DC to 2 GHz : 11dB
Input : 18 dB (1.3)

Return Loss (SWR) Typical
Output : 11 dB (1.78)
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DC to 100 MHz : 0.1dB
Amplitude Tracking (Max)
100 MHz to 2 GHz : 0.2 dB
DC to 100 MHz : 1 deg
Phase Tracking (Max)
100 MHz to 2 GHz : 3 deg
Maximum Input Power

500 mW

From Table 4.1, it is clear that power splitter is operating in the frequency
range of 0

100 kHz. The reason why s-parameter measurement yields faulty results

is that the calibration of this port is appropriate for high frequencies (1-10 GHz)
whereas the frequencies of interest for the fiber optic MEMS microphone is very small
compared to the calibration of high frequencies.
The setup for the measurement is as shown is Figure 4.2 [37].

Figure 4.2. Electrical measurement setup [37].

To perform low noise measurements, triax-connected probe station (Cascade
MicroTech EPS150X) is used. To lower the noise in the system, tungsten needles
(Cascade MicroTech PTT-120-/4-25) are preferred in the probe station. The MEMS
design on the chuck of the probe station and the view of it under the microscope are
as shown in Figure 4.3 [37].
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In order to detect any resonance frequency in the range of 1 kHz -100 kHz, and
verify the operation of the membrane, series capacitance and series resistance
measurements are taken from impedance analyzer in the electrical measurement setup.
The settings of the impedance analyzer are as in Table 4.2 [37].

Figure 4.3. The view of the chip (a) on the chuck and (b) under the microscope of the probe station
[37].
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Table 4.2. The settings of the impedance analyzer for the electrical characterization [37].

Setting

Value

Frequency sweep range

1 kHz

100 kHz

Intermediate Frequency Bandwidth (IFBW)

500 Hz

Averaging

32

Number of data points in the frequency range

1601

AC voltage

10 dBm

DC bias voltage range

0V 3V

The impedance analyzer applies voltage across the device and measures the
current. By this way the impedance of the device under test is realized and it is then
decomposed to its real and imaginary components. The real component is the series
resistance and the imaginary component is the series capacitance of the device.
(8)
(9)
(10)
The impedance analyzer sweeps the frequency and takes these measurements
at each point. Averaging is also used to obtain more accurate results.
4.2. Optical Measurement Setup
Electrical characterization of the design gives the general response of the
membrane to inputs at different frequencies and different bias levels. To investigate
the properties of the design in more detail, optical characterization setup is used.
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Optical measurement setup consists of the laser vibrometer (Polytec
OFV5000), digital oscilloscope (Agilent DSO6014A), function generator (Agilent
33250A) and a personal computer with LabView software (National Instruments,
Texas, USA) installed on it to control the hardware in the setup. Optical measurement
setup is as shown in Figure 4.4. The settings of the optical measurement setup are as
in Table 4.3 [37].

Figure 4.4. Optical measurement setup [37].
Table 4.3. The settings of the signal generator for optical characterization [37].

Setting

Value

Frequency sweep range

3 kHz

150 kHz

AC voltage

100 mVpp

DC bias voltage

1V

In the optical measurement setup, the membrane is excited electrically and the
local responses on the membrane surface are measured with the laser light. The
wavelength of the laser light in the system is 633 nm and the light can focus on a spot
as small as 2 m allowing the system to take very fine measurements. The membrane
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and the laser source that generates and sends photons to the membrane generate an
interferometer. As the membrane moves, the distance that the light travels changes
and from the interferometer output, the deflection of the membrane can be determined
from the phase shifts of the light. The utilization of light in the optical measurement
setup makes it very critical for the verification of the operation of the membrane since
the membrane will be used in a fiber optic MEMS microphone which detects the
deflection of the membrane optically.
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CHAPTER 5

5.

CHARACTERIZATION OF THE MEMBRANE

5.1. Electrical Measurement Results and Discussion
During the characterization of the design through impedance analyzer, DC bias
voltage is limited by 3V in order to avoid the collapse of the membrane on the ground
plate. Collapse of the membrane results in the electrical short circuit of the membrane
and the ground pad which may burn out the membrane due to high current.
The membrane design can be modelled as a parallel plate capacitor since it has
two parallel plates and an air in-between them. The plates are circular and the
dimensions are known form the design and the information from MEMSCAP. Since
the membrane can be modelled as a parallel plate capacitor, electrical characterization
is applicable. The capacitance of the membrane can be calculated by parallel plate
capacitor capacitance for different cases.
(11)
where is the electrical permittivity of the material between two plates of the
capacitor, this is

0

=

for air, A is the area of parallel plates, the

smaller area is considered for the design which is the area of the ground pad, and d is
the distance between two plates, which varies for different cases and different
locations on the membrane. The theoretical series capacitance values under different
conditions are given in Table 5.1.
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Table 5.1. The theoretical series capacitance for different conditions.

Condition, Distance between the plates (d)

Capacitance Value (pF)
1.3678
2.0517
2.7356
0.56959

Electrical connection from METAL, d = 1

0.82931
1.0742

In Table 5.1, six different conditions are considered. In the first three cases, it
is assumed that the electrical connection of the membrane is taken from POLY2 layer.
Under this condition, the distance between the membrane and the ground pad changes
as the DC bias voltage varies. Therefore, three different distances are considered. After
that, in the last three conditions, it is assumed that the electrical connection of the
membrane is taken from METAL layer. Similarly, three different distances are
considered due to the same reasons for the first three cases. The consideration whether
the electrical connection comes from POLY2 or METAL layers depends on the
applied frequency. Depending on different applied frequencies, the electrical
connection may be taken from only POLY2, or only METAL.
From theoretical calculations, it is observed that the series capacitance value
for any case is only a few pF. Under these circumstances, high quality measurement
of exact series capacitance values become impossible due to the additional capacitive
effects of the devices and cables. The measured series capacitance (Cs) and the series
resistance (Rs) values in the frequency range of 1 kHz
Figure 5.1 [37].
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100 kHz are as shown in

Figure 5.1. Measured (a) series capacitance, (b) series resistance as a function of frequency under
different DC bias voltages [37].
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In Figure 5.1 (a), it is observed that the series capacitance values vary between
192 pF

195 pF range for different frequencies. In the theoretical calculations, the

capacitance of the membrane was found to be in the order of few pF. The measured
capacitance values are the combination of the capacitances of the membrane, electrical
devices and the cables. It is also not possible to calibrate the system from the ends of
the probes since the manufacturer does not supply reference loads for low frequency
measurements

are higher than the theoretical

prediction of capacitance. It is also observed that the DC voltage does not change the
value of the series capacitance in pF range which may be due to the small deflection
of the membrane compared to the distance between the membrane and ground layer.
In addition, the theoretical calculations yield a capacitance of few pF for the distances
of 1-2 m range between the plates. Applied DC voltage decreases this distance, but
it is expected that the deflection is much smaller than this distance. Therefore, the
effect of deflection due to applied DC bias cannot be observed on the capacitance
measurements. The measured resistance values in Figure 5.1 (b) are relatively high
due to the resistive lightly-doped polysilicon lines compared to the highly conductive
metal.
5.2. Optical Measurement Results and Discussion
For the optical characterization of the membrane through the laser vibrometer,
chip is placed on a chip carrier as shown in Figure 5.2 (a). The chip carrier has SMA
type connection ports which are electrically connected to gold paths on the chip
carrier. Electrical connection pads of the chip are electrically connected to these gold
paths by wire bonding. The electrical connections and the gold paths on the chip
carrier are shown in Figure 5.2 (b) [37].
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Figure 5.2. The view of the chip (a) on the chip carrier, (b) under the microscope [37].
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Before optical measurements, setup is prepared properly. First, the chip carrier
is placed on the chuck of the vibrometer and BNC to SMA connectors are used in
order to connect the signal generator to the MEMS chip such that the membrane will
be electrically excited. After that, the signal generator output and the laser vibrometer
output are connected to the oscilloscope. The purpose of connecting the output of the
signal generator to the oscilloscope is to use it as a triggering signal. Finally, the chuck
of the vibrometer is controlled by LabView installed PC to focus the laser on the
desired points on the membrane. The microscopic view of the membrane is also fed
back to PC and this helps the user to precisely observe and control the position of the
focus point.
During optical characterization, 21 points are selected on the diameter of the
membrane which are 50 m apart from each other. The points are given numbers such
that the 11th point is the center of the membrane. By obtaining the response of these
21 points to the inputs with frequencies ranging from 3 kHz to 150 kHz, different
resonance frequencies with their modal shapes can be obtained. The numbered view
of the membrane and the steady-state response of the membrane to the inputs are given
in Figure 5.3.
From the data in Figure 5.3 (b), several important properties of the membrane
can be obtained. First of all, strong responses are obtained around three frequencies,
namely around 28 kHz, 51 kHz and 109 kHz. They are evaluated as the first three
resonances of the membrane. The strongest response at each of these frequencies are
obtained around the center of the membrane. It is also important that from electrical
characterization, it was found that the membrane has 2 resonance frequencies at 1
100 kHz frequency band, at 30 kHz and 56 kHz. The first resonance frequency is
almost the same in each characterization and this value is similar to the one that is
theoretically predicted. The third resonance frequency was not observed during the
electrical characterization since the highest frequency of measurement was 100 kHz.
Secondly, the modal shapes of each resonance, or mode, are explicit from Figure 5.3
(b). The first mode at 28 kHz, the fundamental mode, has no nulls in its mode shape
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and strong response at the center. The second mode at 51 kHz has 2 nulls in its mode
shape and the third mode at 109 kHz has 4 nulls in its mode shape. It is important that
only even mode shapes exist in the membrane which verifies the circular symmetry of
it. The modal shapes also verify that the resonance at 28 kHz is the fundamental mode
of the membrane. Therefore, it can be concluded that there is no resonance frequency
below 28 kHz which is highly important for proper operation of the membrane in the
fiber optic MEMS microphone system. In theoretical design of the system, it was
discussed that the first resonance frequency being above 20 kHz is important
considering the constant phase response.
In the optical measurement setup, OFV5000 laser vibrometer is used together
with the displacement decoder of DD-300 which has low frequency cut-off of 30 kHz
[38]. In Fig. 5.3, it is observed that the response decays so fast that below 10 kHz, no
meaningful response data is observed. The low frequency cut-off of the displacement
decoder may be the reason why strong signals at low frequencies could have not been
observed. It seems reasonable to state that there is a resonance at 28 kHz and it is the
fundamental mode of the membrane due to its modal shape. The response below 28
kHz should be flat, non-decaying shape; however, due to the low frequency cut-off of
the displacement decoder DD-300, the response below 28 kHz has a decaying
characteristics.
Even the main purpose of the membrane is to sense the audible sound signals,
which are in the frequency range of 20 Hz 20 kHz, it is also highly responsive to the
frequencies around 50 kHz and 110 kHz. In some potential further applications that
aims to use a membrane operating around 50 kHz or 110 kHz, this design can also be
considered.
After analyzing the normalized spatial response of the membrane at different
frequencies, the average displacement of the membrane and the displacement of the
center point are calculated and plotted as in Figure 5.4 [37].
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Figure 5.3. (a) The numbered view and (b) steady-state response of the membrane [37].

60

Figure 5.4. Deflection of the membrane as a function of frequency [37].

The displacement of the membrane is 5 nm in average and 10 nm in the center
at the first resonance frequency. The quality factor of a resonance can be defined as
(12)
where

is the resonance frequency and

is the 3-dB bandwidth of the

corresponding resonance. From steady state average deflection data,
[39]. Therefore,

and

for the first resonance frequency.

By considering the parallel plate capacitor modal for the membrane, the
applied voltage can also be modelled as the force acting on the membrane. In fact,
rom the optical characterization is important; it
is required that the membrane is responsive to sound pressure.
The figure of merit to evaluate the performance of the membrane is
responsivity. Responsivity of the membrane can be defined as the amount of deflection
per unit pressure applied on it. Therefore, in addition to the deflection data, the amount
of pressure incident on the membrane should be calculated.
The amount of pressure that acts on the plates of a parallel plate capacitor can
be represented as
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(13)
where

which is the permittivity of free space since the material between

the plates is air, and the distance between two plates changes on different points on
the membrane since at some points there are dimples and at some points there is not.
The definition of the effective gap between two plates is required.
For a parallel plate capacitor, deflection of the membrane as s function of the
applied voltage can be represented by (14) [40].
(14)
can be calculated by (15), where

is the collapse voltage of the

membrane [40].
(15)
In (14), the other parameter is

, where

is the effective gap between the

plates of the capacitor, can be calculated by (16) [40].
(16)
From electrical characterization of the membrane, it can be inferred that the
collapse voltage, the voltage at which the membrane collapses onto the wafer, is above
3V since when 3V is applied to the membrane, it has still operated properly without
any collapse. On the other hand,

can be calculated from different regions of the

membrane. Namely, let us call the polysilicon regions with dimples as region-1 and
polysilicon regions without dimples as region-2. The air gap between the plates of the
capacitor in region-1 is

and it is

in region-2. The force

acting on each plate can be calculated by (17), where A1 is the region-1 area and A2 is
the region-2 area.

62

(17)
Here,

from the design of the membrane. Therefore, it can be concluded

that the (18) is valid for the calculation of the effective gap between the plates of the
capacitor.
(18)
If the known parameters are put in (18), the effective gap between the plates
of the capacitor can be found as
If the calculated effective gap is inserted into (14), the collapse voltage is taken
as 3 V and the applied voltage is taken as 1 V, which is the actual value in the optical
measurement setup,

is found which indicated that

= 18.6 nm. This value

is very small compared to 1.86 m, so it can be ignored. The meaning of this is that
the deflection of the membrane due to the applied DC voltage is negligible compared
to the initial effective gap between the plates of the capacitor.
It is important at this point to calculate the responsivity of the membrane. First,
the pressure applied on the plates of capacitor should be found. The applied voltage
should be studied since it includes both the DC and ac terms. The applied voltage can
be written as

. The square of the applied voltage is required in

pressure calculation. The pressure calculation is as follows for
which are the actual
parameters for the membrane and the optical measurement setup.
(19)
(20)
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If the square of the voltage is considered, there will be three terms: the purely
DC term, which is responsible for the change of the effective gap between the plates
of the capacitor, the deflection of the membrane, one purely ac term with angular
frequency of , and another purely ac term with angular frequency of
with angular frequency of

. The ac term

should not be considered in pressure calculation since

this response is not at the same frequency with the input. The only term that should be
considered in this calculation is the ac term with angular frequency of

since it is the

only responsible term for the deflection of the membrane due to the input with angular
frequency of

.
(21)
(22)

From the average displacement data obtained from the optical measurement
setup, it is known that the average displacement of the membrane at 28 kHz is 5nm.
During the pressure calculation, the reason that the peak pressure is used is that the
output of the vibrometer is also the peak value, so the division of the displacement
with pressure is proper. Therefore, the responsivity at the first resonance frequency,
at 28 kHz, can be calculated from as 39 nm/Pa [37].
(23)
It is predicted that with the increasing applied DC bias, the average
displacement will increase. Hence, by operating the membrane at a DC bias of 3V,
higher response can be obtained from the membrane which results tin easier detection
of the displacement by the laser light in fiber optic MEMS microphone application.
Since the membrane will be used in the fiber optic MEMS microphone
application, a laser light will be directed to the membrane. The area that the laser light
to be spotted is highly critical since the width of the beam increases with distance. In
other words, first the light will be sent to the membrane and then it will hit back from
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the metal coated, reflective surface of the membrane. During this travel, the width of
the light will increase and only the limited amount of the reflected light will be sensed
due to the fixed diameter of the fiber. To obtain the greatest amount of the reflected
light with the optimum deflection information, the area that the light will be focused
should be studied. As the amount of the light that is coupled decreases, the power of
the light decreases which decreases the signal level that is obtained from the
photodetector. As a result, the signal to noise (SNR) of the measurement will decrease.
Since the first resonance frequency, 28 kHz, is critical for the operation of the
membrane in the fiber optic MEMS microphone system, this analysis will be done
only for this frequency. To decide where to focus the laser light to obtain the maximum
deflection information per area, the responses of the data points are used. Circular
shaped areas are considered since the laser light spot will be in circular shape. Average
displacement over the selected area is obtained for different radial distances from the
center of the membrane. The resultant characteristics is shown in Figure 5.5 [37].

Figure 5.5. Average displacement over the selected area for different radial distances [37].
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The radius of the optimum area to focus the light is 150 m. Besides, it is
observed that the average displacement per the selected area remains almost constant
for the areas with radius 50 250 m. Therefore, it will be optimum to focus the laser
light to the 300 m

diameter circular area. This selection will optimize both the

sensitivity of the measurement and the amount of light that couples back to the fiber.
The symmetry of the membrane is important for proper operation and for the
verification of the microfabrication process on reliability and reproducibility. Even
some information is extracted from the steady-state response spatial data given in
Figure 5.3 (b). To investigate the symmetry of the membrane further, the data from
the points that are 50 m, 150 m, 250 m and 350 m distant from the center of the
membrane is used. The obtained characteristics is as in Figure 5.6 [37].

Figure 5.6. Response of wo points that are (a) 50 m, (b) 150 m, (c) 250 m and (d) 350 m distant
from the center of the membrane [37].
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In Figure 5.6 (a), it is observed that the peak responses of the points that are
50 m distant from the center of the membrane are at the same frequencies. This
symmetry can also be observed in Figure 5.6 (b) for the points that are 150 m distant
from the center of the membrane. For the points that are 250 m distant from the center
of the membrane, in Figure 5.6 (c), the location of the second resonance frequency
changes slightly by 3.8 %. In Figure 5.6 (d), further small deviations are observed for
the points that are 350 m distant from the center of the membrane: the first, second
and third resonance frequencies change by 3.6 %, 5.9 % and 4 %, respectively. It can
be concluded from the data in Figure 5.6 (a),(b),(c) that the membrane is highly
symmetric in the circular area with radius of 250 m [37].
The temporal transient response is another important characteristics of the
membrane. To obtain the temporal transient response of the membrane, single cycle
sinusoidal signals at 28 kHz, 51 kHz and 109 kHz are used. The spatial steady state
responses of the membrane to the input signals at 28 kHz, 51 kHz and 109 kHz are
given in Figure 5.7 (a). The temporal transient responses are given in Figure 5.7
(b),(c),(d) at frequencies of 28 kHz, 51 kHz and 109 kHz, respectively [37].
The symmetry of the membrane can also be observed from Figure 5.7 (a). The
steady-state response of the membrane to the sinusoidal inputs at the resonance
frequencies verify the circular symmetry of the membrane. In Figure 5.7 (b), (c), (d),
the transient ringing responses are observed and the transient response of the
membrane to the input at 28 kHz has the longest ringing response. All of the transient
responses decay with time. Since the transient response is obtained for 21 points on
the main diameter of the membrane, the symmetry can also be observed from temporal
transient response.
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Figure 5.7. Spatial response of the membrane to the (a) CW inputs at 28 kHz, 51 kHz and 109 kHz
(steady-state response), and single cycle of sine pulses at (b) 28 kHz, (c) 51 kHz, (d) 109 kHz
(transient response) [37].

The quality factor of a resonance can also be calculated from its transient
response and it is given as
(24)
where T is the period of excitation (35.7 s for the fundamental mode) and
is the time constant of the decay which is found as 46 s for the fundamental mode.
Therefore, the quality factor of the first resonance is calculated as
transient analysis.
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from

CHAPTER 6

6.

CONCLUSION

The membrane of a fiber optic MEMS microphone is designed and
microfabricated. The design is based on the theoretical analysis of a membrane which
suggests the dimensions of a membrane to achieve high sensitivity in the audible
frequency range. In addition to the dimension decision, the microfabrication process
is selected according to the experiences in the literature and the needs of the current
design.
The designed membrane featuring 1000

m-diameter, 1.5

m-thick is

microfabricated by POLYMUMPS process and it has 36 m-diameter air holes. The
air holes are used such that the sacrificial oxide etch is achieved without any problem.
The dimensions and the arrangement of the holes are designed to obtain the fill factor
of 53 %. The surface of the designed membrane is coated with gold which is an
optically reflective surface since the membrane is to be used in a fiber optic MEMS
microphone.
The characteristics of the design is investigated through electrical and optical
measurements via impedance analyzer and laser vibrometer, respectively. The
resonance frequencies and modal shapes in each frequency is obtained by advanced
analysis of the results obtained from these measurements. The first resonance of the
membrane, the fundamental mode frequency, changes by 3 % when the applied DC
bias voltage changes from 0 V to 3 V. The higher order modes and their modal shapes
are also obtained from the spatial frequency response data and the center of the
membrane gives strong response to the inputs at its resonance frequencies.
The modal shapes suggest that the membrane is highly symmetric and the
modal shape of the resonance at 28 kHz indicates that it is the first resonance
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frequency. The strong response and almost no phase reversal in the audible frequency
range is obtained by utilizing the first resonance frequency above the audible
frequency range, at 28 kHz.
The membrane design is suitable for the fiber optic MEMS microphone
application due to its high sensitivity, 40 nm/Pa, and high circular symmetry which is
highly important due to the circular spots of the laser light. It is also possible to select
the area to focus the light on the membrane since the response is almost the same
within the 250 m-radius area. This flexibility is valuable for fiber optic MEMS
microphone application since the optical unit of the system may require different
focusing areas. The characteristics of the membrane design are investigated from
different perspectives and the design is verified to be suitable for fiber optic MEMS
microphones.
As a future work, the wafer can be grinded from the bottom such that the
substrate thickness decreases. By this way, absorption of the laser light can be
decreased which may increase the quality of optical detection. The reliability of the
membrane can also be tested via long term (>1 hour) usage.
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