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ABSTRACT

DESIGN AND CHARACTERIZATION OF A ROBUST MEMS MEMBRANE
UNDER RESIDUAL STRESS

Bozyigit, Mustafa Anil
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Baris Bayram

January 2020, 73 pages

MEMS membranes are utilized as both transmitter and receiver in acoustic and
ultrasound applications. Their operating frequency ranges are determined by their
resonance frequencies. Thus, the resonance frequency estimation is one of the most
critical part of the membrane design. In this study, two perforated circular MEMS
membranes are designed and fabricated with PolyMUMPs process. The radius values
are chosen as 220 pm and 205 pm to get proper operation under residual stress since
this stress might cause buckling of the membrane. Finite element methods (FEM) and
optical measurements are performed to extract the resonance frequencies. For the
fundamental mode, the FEM results deviate 5.5% and 6.7% from the experimental
work. Also, critical stress parameters of the membranes are investigated with finite
element analysis. 33.4% stress relaxation is achieved for the proposed perforated
membranes. Furthermore, eight different circular membranes are simulated and
compared with the analytical solutions. The minimum and maximum average errors
are acquired as 0.5% and 3.3% for the fundamental mode. The -electrical
characterizations are carried out with the impedance analyzer and results are supported
by FEM. Stress was successfully managed with the help of the perforation, as verified

by the experimental work and simulations.
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KALINTI GERILiMi ALTINDA DAYANIKLI MEMS DiYAFRAMLARIN
TASARIMI VE KARAKTERIZASYONU

Bozyigit, Mustafa Anil
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Danismani: Prof. Dr. Baris Bayram

Ocak 2020, 73 sayfa

MEMS diyaframlart akustik ve ultrason uygulamalarinda hem verici hem de alici
olarak kullanilir. Calisma frekans araliklar1 rezonans frekanslarina gore belirlenir. Bu
nedenle, rezonans frekans tahmini diyafram tasariminin en kritik kisimlarindan biridir.
Bu c¢alismada, iki delikli dairesel MEMS diyaframi PolyMUMPs islemi ile
tasarlanmig ve imal edilmistir. Yaricap degerleri, kalinti stres altinda diizgiin calismay1
saglamak i¢in 220 um ve 205 um olarak segilir, ¢iinkii bu stres diyaframin
burkulmasina neden olabilir. Rezonans frekanslarini ¢ikarmak icin sonlu elemanlar
yontemi (FEM) ve optik ol¢timler yapilir. Temel mod i¢in, FEM sonuglart deneysel
calismadan %5.5 ve %6.7 sapmaktadir. Ayrica, diyaframlarin kritik gerilim
parametreleri sonlu elemanlar analizi ile arastirilmaktadir. Onerilen delikli
diyaframlar icin %33.4 gerilim gevsemesi saglanir. Ayrica, sekiz farkli dairesel
diyafram simiile edilir ve analitik ¢6ziimlerle karsilastirilir. Minimum ve maksimum
ortalama hatalari temel mod i¢in %0,5 ve %3,3 olarak elde edilir. Elektriksel 6zellikler
empedans analizoril ile gergeklestirilir ve sonuglar FEM tarafindan desteklenir. Stres,
deneysel c¢alismalar ve simiilasyonlarla dogrulandigi gibi, delikler yardimiyla

basariyla yonetildi.
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CHAPTER 1

INTRODUCTION

1.1. Microelectromechanical Systems

Microelectromechanical systems (MEMS) are the integrated structures that
consist of the electrical and mechanical components in microscales. Their fabrication
processes are similar with the development procedures of Integrated Circuits (IC).
Under favor of this correlation, MEMS devices may be fabricated in a single substrate
with IC technologies. They can mimic the macro scale devices to sense the

environmental changes.

MEMS arise from the interdisciplinary studies such as mechanical
engineering, electrical engineering, chemical engineering, material sciences. Through
the involvement of the different scientific approaches, the MEMS devices have wide
range application area like pressure sensors, accelerometers, optical switches,
microphones, biosensors and many other products. Thus, they have high commercial

volumes in market [1].

Depending on the application area, the MEMS devices may be composed of
simple non-moving structures or highly complex multiple moving mechanical
systems. The defined mission of the MEMS device determines the complexity of the
structures. However, the development of the complex structures is based on the

advanced fabrication techniques.
1.2. Fabrication Methods
1.2.1. Bulk Micromachining

The MEMS devices are formed with the etching processes in bulk

micromachining. The basic principle of the bulk micromachining is the removal of the



unwanted parts on the bulk substrate. For this purpose, dry or wet etching processes

are used in bulk micromachining [1].

In wet etching, the materials are immersed into the chemical etchants. It
consists of two types of etching which are anisotropic and isotropic etching. The
etching rate is the same for all directions in isotropic etching. Hence, it also removes
the materials under the etch mask which is called as undercutting. On the other hand,
the anisotropic etching has directional sensitivity. The etching rates change with the
crystal orientation. Thus, structures are formed depending on their orientations [2].

The isotropic and anisotropic etching examples are shown in Figure 1.1.

t <.110> Surface Orientation b Si0, Mask

-] [T

—

(a) (b)

Figure 1.1. (a) Anisotropic etching, (b) Isotropic etching example [2]

The etching materials are transferred to vapor or plasma phases for the dry
etching. Furthermore, accelerated ions are used with the reactive vapors. The ions
provide additional energy to handle etching reactions. The most common dry etching
method is Reactive lon Etching (RIE). The reactive plasma is generated by
electromagnetic field, and it is directed to the surface. The highly energetic ions are

performed the etching process by forming deep trenches [3].

RIE Plasma

L{TTTTLL
]—l

Figure 1.2. Obtained structure after RIE etching




1.2.2. Surface Micromachining

The surface micromachining relies on the thin film deposition above the
substrate which is used as foundation for the mechanical structures. Two types of layer
are used for structure development. These are the structural and sacrificial layers. The
structural layers are formed the actual mechanical parts. They are commonly made by
polysilicon. The main purpose of the using sacrificial layer is generating of suspended
structures. The most common material is Silicon dioxide (SiO2) for sacrificial layer

[].

In surface micromachining, the thin films are deposited and patterned by dry
etching. At the end of the microfabrication, the sacrificial layers are etched by
chemical solvents to obtain a suspended structure. The example of surface
micromachining is shown in Figure 1.3.

Suspended Comb
Plasma etch plate  Bump finger Anchor

3 l o W _l /
~ AoV A RA

\

-

(a) (b)

Figure 1.3. Formed structure with surface micromachining technique (a) before releasing, (b) after
releasing [4]

In this example, the substrate is passivated and isolated with Silicon nitride
(Si3N4) and SiO,. Over the isolation layers, the sacrificial phosphosilicate glass (PSG)
layer is deposited and patterned. Also, the dimples are formed by etching at that step.
They are used as mechanical standoffs. After the sacrificial layers, the mechanical
polysilicon layers are deposited by Low pressure chemical vapor deposition (LPCVD)
at 610 °C. In order to doped polysilicon layer, the thin PSG layer is deposited and
annealed at 1050 °C in N». Furthermore, the PSG layer is used to avoid stress gradient



in the structural layers. By using RIE, the mechanical structures are etched. After
patterning them, the device is immersed into hydrofluoric acid (HF) to remove

sacrificial layers [4].

The multiple structural and sacrificial layers are deposited to get desired
device. However, each layer increases the complexity of the system. The statistical
variations on the mechanical properties of the layers change the structure behavior.
Furthermore, the stress is induced on the structural layers due to the fabrication
processes that are performed on high temperature. All these problems bring along the

adverse effects to the system behavior.

Especially, the residual stress significantly affects the suspended devices. The
mechanical stiffness is changed, and their resonance frequencies shift. They may be
buckled due to high residual stress on the device [5]. Thus, including residual stress

effects increases the success rate of the device design.
1.3. Residual Stress on Thin Films

The residual stress on the thin films is originated from intrinsic and thermal
stress. The intrinsic stress arises from the strain misfits which occur due to the phase
transformation of the deposited layer. The thermal stress is generated by the
thermomechanical properties mismatch of the layers. The total residual stress is

summation of intrinsic and thermal stress [6].

High temperature variations are observed during the fabrication processes.
Thus, thermal and mechanical properties of the materials become important criteria
on the device performance. The fabrication layers are enlarged under this elevated
temperature conditions depending on their coefficients of thermal expansion (CTE).

When the two bonded layers expand unequally, they tend to bend [7].

As the multilayer structures are deposited over a substrate as shown in Figure
1.4, each layer is induced with stress. If the substrate is assumed as very thick and

stiff, the stress on i layer can be calculated as in Equation 1.1 [8].



__Eai—ay)

_Ti I
= (T-T¢) + df (1.1)

where E;, a;, v;, ai’ , T(f are Young’s Modulus, CTE, Poisson’s ratio, intrinsic stress,
deposition temperature of the thin film, respectively. a, is the CTE of the substrate.

Equation 1.1 gives the stress on each layer at any temperature T.

~ IN+1

(N)

2N

e — e — =

SUBSTRATE

I

Figure 1.4. Multilayer deposition on a very thick substrate [§8]

When the sacrificial etch is performed, the non-zero mean stress is detected on
the film. Therefore, the out-plane film deformation happens due to non-uniform stress

distribution over the film [6].
1.4. Effects of the Residual Stress on Suspended Membranes

The residual stress is a critical point that changes the characteristic of MEMS
devices such as resonators, microphones, ultrasonic transducers. The performance of
these devices is based on the sensitivity, natural frequency and the quality factor.

However, the presence of the residual stress highly affects these parameters [9].

The induced stress determines the stiffness of the layer depending on the stress
type. The compressive stress decreases the stiffness while the tensile stress increases.

The stiffness alteration determines the dynamic characteristics of the device [10].



Especially, the compressive stress may buckle the device and block the proper
operation. This buckling occurs if the device experiences with the compressive stress
above the critical buckling stress. The larger or thinner membranes suffer from the

residual stress since they have small critical stress value [11].

The membranes are designed to use as transmitter/receiver that operate a
certain frequency range. The resonance frequency of the device restricts the operation
range [12]. Like the stiffness, the resonance behavior of the suspended membranes is
significantly affected by the induced stress since the resonance frequency is
proportional to the ratio of residual stress and critical buckling stress value. Thus, the
fundamental resonance frequency is mostly dominated by residual stress for the
structure has a small critical buckling stress value. The resonance frequency decreases

under compressive stress as it increases with tensile stress [13].

The resonance frequency may be controlled by the mechanical properties and
dimensions of the membrane as interested with higher frequencies. In that region,
residual stress effects can be ignored since stress domination on resonance frequency
is diminished due to the higher critical buckling stress. However, residual stress should
be included in resonance frequency calculation while working with the lower
frequencies [14]. In that case, stress reduction improves the device performance by

managing residual stress on the membrane.
1.5. Stress Reduction Methods
1.5.1. Metal Coating

Metal coating is usually performed by depositing gold layer which has a tensile
stress on it. In this method, the gold layer is used to suppress the compressive stress
of the membrane. The effective residual stress value depends on the ratio of the
membrane layer thicknesses and individual stress values. Due to the tensile stress, it

increases the stiffness and effective mass of the structure [9,15].



Because of the coating, it can be considered as bonded composite structure
shown in Figure 1.5. Thus, the mechanical properties are calculated by adding effect

of the gold layer.

Layer2 itz

Layerl t,

Figure 1.5. Bonded composite structure

The effective flexural rigidity of a composite structure can be computed as [16]:

E.t3 Et3 t\%> E,t3 t,\2
ee= 11+E1t1(n__1) +£+E2t2(t1_n__2)

12 12 2 12 2 (1.2)
where
E,
K==
E, (1.3)
tZ t,
L+ Kt, (t1 + —)
n=-2 2 (1.4)
t, + Kt, '

E is the Young’s Modulus of the layers and t is the thickness.

The effective residual stress for the multilayer structure can be calculated as [15]:

S o,t; + o3t,
Or Tt +t, (1.5)

In consequence of variation in effective residual stress and mechanical

properties, the resonance frequency is shifted.
1.5.2. Corrugation

In corrugation method, the sacrificial layer is etched to obtain narrow trenches.

Then, the structural layer is deposited over the sacrificial layer. The corrugated



membrane is achieved by performing sacrificial etch. The corrugation reduces the
tension and mechanical stiffness of the membrane [17]. On the other hand, non-
uniform thermal stress is observed in the membrane. Therefore, the thermal stress

influence becomes more complicated than the flat membrane.

The corrugation profile factor (q) is the key parameter of the corrugated
membrane shown in Figure 1.6. The trench depth (H) is used in the determination of

the corrugation profile factor (q).

F— L H h

R

)

N

Figure 1.6. Cross sectional view of the corrugated membrane [18]

2
g —
q°=1+15 % (1.6)
For a corrugated membrane, the thermal stress is not uniform in the radial
direction. The maximum stress is observed at the membrane edges. The radial thermal

stress can be calculated as [18]:

o(r) = _Aa E AT (r)q‘l

g ‘R (1.7)

Besides the membrane dimensions, the profile factor considerably affects the
critical buckling stress value. Furthermore, it specifies the stress relaxation ratio of the
structure that is the crucial effect on the resonance behavior. By accounting these
alterations on mechanical properties of the system, the resonance frequency can be

controlled [18].



1.6. Motivation of the Thesis

MEMS membranes are used as both transmitter and receiver in acoustic and
ultrasound applications. Through the micromachining technologies, the membranes
are fabricated with a wide range of size and shapes [12]. Mechanical behaviors of the
membranes depend on the geometrical parameters, material properties and stress
states. Their mechanical characteristics determine the operational frequency region.
In addition, residual stress may buckle the device and prevent proper operation if it

experiences a compressive stress above the critical buckling stress value.

Furthermore, MEMS membranes are electrostatically actuated in RF MEMS
switches. Their actuation voltages depend on their mechanical properties and stress
states [19]. Although the low actuation voltage is desired, unexpected switching might
be observed. Tensile stress can be used to increase actuation voltage. However, it may
cause the fractures by growth of cracks [18]. On the other hand, reasonably low
actuation voltage improves CMOS compatibility of the device owing to low biasing
voltage. Although the compressive stress reduces the actuation voltage, it affects

device performance due to buckling [19].

Residual stress significantly affects the mechanical behavior of the
membranes. Although relatively low stress values help us to design the devices with
desired specifications, high stress values cause operational failures of the membrane.
Stress relaxation techniques may improve the device performance by reducing the
effects of the residual stress. Therefore, perforated membranes are proposed to manage

the residual stress.
1.7. Objectives of the Thesis

In this thesis, perforation on the membrane is used to reduce the unfavorable
effects of the residual stress. The holes ensure a remarkable stress relaxation on the
membrane getting the buckling under control. The buckling-resistant (robust)
membranes are designed with the help of perforation. They can properly operate under

relatively high residual stress values compared to the critical buckling stress values.



Furthermore, the perforation changes the mechanical behavior of the device. The

modified mechanical parameters are briefly derived for the membranes.

The critical buckling stress values and stress relaxation ratios are acquired
from finite element method. The resonance frequencies are extracted via linear
perturbation harmonic analysis. Furthermore, effects of the perforation ratio and hole
radius are analyzed. The electrical characteristics of the membranes are investigated

by electromagnetic simulations.

Owing to the reliable microfabrication, the proposed designs are fabricated.
The electrical and optical characterization of the fabricated circular MEMS
membranes are performed to investigate the advantages of the perforation. With the
optical measurements, the resonance frequencies and vibrational modes are obtained.
The FEM results are in harmony with the analytical solutions and experimental work.
The stress management with the perforation is succeeded and verified by the

experimental work and simulations.
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CHAPTER 2

DESIGN AND FABRICATION OF THE MEMBRANE

2.1. Determination of Fabrication Process

As it was discussed before, the mechanical properties of the materials used in
the fabrication is crucial to achieve proper operation. They significantly affect the
membrane performance by causing the resonance frequency shift. Even they may be
buckled due to residual stress after the sacrificial release is carried out. Thus, the
process to be selected should have consistence and reliable fabrication data related to

materials.

Under these concerns, the commercially available processes are investigated
to find the process that has the most reliable and stable process flow. In addition to
those features, the compatibility of the microfabrication with the proposed design is
important to obtain desired devices. Considering the commercially available multi-
user multi-processes (MUMPs), PolyMUMPs (MEMSCAP Inc., France) is chosen for
the reliable fabricated devices found in the literature with PolyMUMPs [20-24].

2.2. PolyMUMPs
2.2.1. Overview of PolyMUMPs

Due to supporting many different device compositions, PolyMUMPs differs
from most of the multi-user services since the process flow and the layer thicknesses
are not developed for a single device configuration. PolyMUMPs consists of three
structural layer polysilicon layer, two sacrificial oxide layers, one isolation layer and
one metal layer as shown in Figure 2.1 [25]. Through three polysilicon structural
layers, the desired devices are fabricated with different configurations. The sacrificial

oxide layers are used in fabrication of the suspended devices. The Silicon nitride
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ensures the electrical isolation between the substrate and structure. The main purpose
of the metal layer is the electrical connection. On the other hand, it can be used to

reduce stress on the devices as stated in stress reduction methods.

Poly0
Nitride

Poly1
1% Oxide

Poly2 Metal
2" Oxide

Figure 2.1. Cross sectional view of PolyMUMPs layers [25]
2.2.2. Process Flow of PolyMUMPs

The fabrication starts with the 150 mm n-type (100) silicon wafer [25]. 600 nm
low stress LPCVD (Low pressure chemical vapor deposition) Silicon nitride layer is
deposited over the wafer in order to provide electrical isolation between wafer and
device. Then, the first structural polysilicon layer (Poly0) is deposited and patterned
by photolithography. After patterning photoresist, Poly0 layer is etched in a plasma

etch system.

The first sacrificial oxide layer (Oxidel, 2000 nm) is deposited by LPCVD and
annealed 1050 °C for 1 hour. After the oxide deposition, reactive ion etched (RIE) is
applied for DIMPLES mask to achieve small structural bumps which minimize the
contact area between top and bottom electrodes. First oxide layer is also etched with
ANCHORI mask to form anchor holes used in the electrical connections between

Poly0 and the second structural polysilicon layer (Poly1).

This is followed by 2000 nm Poly1 deposition. It is lithographically patterned
and etched. The second sacrificial oxide layer (Oxide2, 750 nm) is deposited after the

12



Polyl is etched. Then, RIE is performed for POLY1 POLY2 VIA mask to etch the
second oxide layer to reach Poly1. In addition, ANCHOR2 mask is used to etch both
oxide layer in a single step to prevent misalignment. This mask provides electrical
connection between Poly0 and the third structural layer (Poly2). Like Poly1, 1500 nm
third structural layer (Poly2) is deposited and etched. The final deposition is 500 nm
gold layer. It is patterned by using lift-off. The wafer is immersed into the 49% HF
for 2 minutes to release the structure by removing oxide layers. Furthermore,
supercritical CO2 drying is performed after HF release in order to prevent device

stiction [25].
2.2.3. Parameters of Thin Films used in PolyMUMPs

Thin film parameters are one of the critical parts for the membrane design since
the resonance frequency of the proposed design is determined by these parameters.
They are provided by MEMSCAP based on the previous runs which are performed
since the early 1990's. Due to long-time experienced, the reliable data is shared with
the designers. According to supplied data, the Young’s Modulus of the structural
polysilicon layer is 158 +/- 10 GPa and the Poisson’s ratios is 0.22 +/- 0.01 [24].
Furthermore, typical thickness, residual stress and resistance values are listed in Table

2.1.

Table 2.1. Nominal thin film parameters of PolyMUMPs process layers [25]

Film Thickness (nm)  Residual Stress (MPa)  Resistance (Ohm/sq)
Nitride 600 90 N/A
Poly0 500 -25 30
Oxidel 2000 N/A N/A
Polyl 2000 -10 10
Oxide?2 750 N/A N/A
Poly2 1500 -10 20
Metal 520 50 0.06

13



2.3. Design of the Membrane
2.3.1. General Structure of the Membrane

There are three structural layers in PolyMUMPS to create own structure.
However, only two of them can be suspended membrane layer since at least one layer
should be used to support the membrane. In order to have the higher gap between
membrane and bottom surface, Poly2 layer is chosen as suspended membrane layer

since higher gap is reduced the stiction probability of the membrane. Thus, the general

structure is designed as shown in Figure 2.2.

I vrer N o povo [N pov: [ e

Figure 2.2. General structure of the proposed design

Poly0 layer has two main objectives which are acting as a bottom electrode
and supporting the membrane. Poly(0 layer placed to the center is used as ground
electrode. The others support the membrane with Polyl layer. Suspended membrane
is formed from Poly?2 layer which is fixed from the edges to the substrate. The nitride

layer provides electrical isolation between the structure and substrate.
2.3.2. Determination of the Membrane Dimensions
2.3.2.1. Resonance Frequency of the Solid Circular Diaphragm

The membrane design is strongly dependent to resonance behavior of the
system since the response of the membrane dramatically decreases above the

resonance frequency. Thus, the resonance frequency estimation is crucial for a proper



operation. In a non-stressed clamped circular membrane, the resonance frequency is

calculated by Equation 2.1 [26].

D £ E
fmn = 2 r2 [12p(1 —v?) (2.1

The resonance frequency is proportional to mode coefficient (4, ), thickness

(t) and Young’s modulus (E) of the membrane. It is inversely proportional with radius
(r), mass density (p), Poisson’s ratio (v). The first four mode coefficient are listed in

Table 2.2.

Table 2.2. Mode coefficient of the clamped circular membrane [26]

Mode (m, n) Coefficient value
0,1 10.22
1,1 21.26
2,1 34.88
0,2 39.77

The first four mode shapes of the circular membrane are shown in Figure 2.3 [27]

m=0,n=1 m=1ln=1

m=2,n=1 m=0,n=2

Figure 2.3. First four vibrational mode shapes of the circular membrane [27]
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By using Equation 2.1, the resonance frequencies of the solid circular
membrane are calculated for different radius values. Young’s Modulus, Poisson’s
ratio, density and thickness are assumed as 158 GPa, 0.22, 2332 kg/m?®, 1.5 um,

respectively. The resonance frequencies are shown in Figure 2.4.

800! T T T T W HERR T T T

: Mode (0,1)

700 I Mode (1,1)}1
Mode (2,1)
600 F Mode (0,2)

Frequency (kHz)

O ] ] ] '] '] 1 1 1 1 ]
175 190 205 220 235 250 265 280 295 310 325 340
Radius (pm)

Figure 2.4. Resonance frequencies of solid circular membrane for different radius values

2.3.2.2. Residual Stress Effect on the Resonance Frequency

Residual stress on the membrane may cause a significant shift in the resonance
frequency depending on the critical buckling stress value of the membrane. The

relationship between the residual stress and resonance frequency is stated in Equation

2.2
Ores
f’, =f, 1+ —- 2.2
mn mn Bm,nacr (2.2)
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where ;.. is the residual stress in the membrane, g, is the critical buckling stress
value, 3, ,is the stress effect factor. For the higher vibration modes, the percentage
of the resonance frequency shift decreases with increasing stress effect factor [14,28].
It can be assumed as in the Equation 2.3.

Am n

Ao (2.3)

.Bm,n =

The critical buckling stress value formula is given in the Equation 2.4 for the
clamped circular membrane in order to calculate the resonance frequency shift [29].
Also, the critical stress values are obtained for different radius values by using

Equation 2.4. It is shown in Figure 2.5.

t 2
Ocr = 14687 (1—v2) (?) (2.4)

—_ —_— — —
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o <]

Critical Buckling Stress (MPa)

0
175 190 205 220 235 250 265 280 295 310 325 340
Radius (m)

Figure 2.5. Critical buckling stress values of solid circular membrane for different radius values
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For the proposed design, the membrane has -10 MPa residual stress as stated
by MEMSCAP. It makes sense to choose the critical buckling stress value as close as
the residual stress since the stress relaxation effectiveness can be seen easily with the
applied method. Thus, 220 um and 205 um are chosen for the membrane radius. Their
critical stress values are 9.44 MPa and 10.87 MPa, respectively.

For the selected radii, the first resonance frequencies are obtained by sweeping
the residual stress values to interpret the residual stress effect. As shown in Figure 2.6,
the resonance behavior vanishes if the membranes are experienced with the residual
stress that is higher than the critical buckling stress values. In that region, Equation
2.2 has imaginary solution since the membrane has buckled. Furthermore, the
resonance frequency dramatically shifts as the residual stress approaches the critical

stress.
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Residual Stress (MPa)

Figure 2.6. First resonance frequencies for the selected membranes under different residual stress
values
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2.3.2.3. Perforation Effect on the Resonance Frequency

By placing holes on the membrane, the mechanical properties of the membrane
are changed depending on the ligament efficiency and perforation type [30]. The

perforations patterns and ligament efficiency parameters are shown in Figure 2.7.
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Figure 2.7. (a)Triangular, (b) Square pattern perforation

The ligament efficiency can be expressed as in Equation 2.5. Based on the
ligament efficiency, the mass density, Poisson’s ratio and Young’s Modulus of the
membrane are modified. The mechanical stiffness of the membrane decreases. Thus,
the resonance frequency should be calculated with modified mechanical parameters

[31].

vl =

= (2.5)

Instead of estimating all mechanical properties for the perforated plates, it is
possible to calculate resonance frequency by assuming that only Young’s Modulus is
changed, and the other parameters are the same. Regarding this assumption, effective
Young’s Modulus of triangular and square pattern perforation can be calculated as

shown in Equation 2.6 and 2.7, respectively [30].
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= 0.6106 + 1.1253n, — 2.7118n7 + 4.0812n7 — 211281 5 ¢

Esqu

= 0.5280 + 2.00357, — 5.4758n7 +7.7474n} — 3.89681! 5 ;)

In order to understand the perforation effect, the first resonance frequencies
are obtained with ligament efficiency sweep by ignoring the residual stress effect.
Unity ligament efficiency means that no hole exists in membrane. On the other hand,
zero ligament efficiency indicates that the plate is completely perforated. As shown in
Figure 2.8, the perforation patterns differ in the extreme points where the ligament
efficiency is close to 0 or 1. Apart from this, there is no distinct difference between

the perforation types when the residual stress is ignored.

150 T T T T
125
<~ 10—
E 75 — =
5
= ‘ r =220 pm with triangular pattern
E r =220 pm with square pattern
S0r r =205 pm with triangular pattern| ]
r =205 pum with square pattern
25 ' -
O L 1 1 |
0 0.2 0.4 0.6 0.8 1

Ligament Efficiency

Figure 2.8. First resonance frequencies for the selected membranes with various ligament efficiencies
and patterns
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In the proposed design, the perforation ratio is crucial to prevent the buckling
since it will be used to reduce stress on the membrane. From this point of view, the

perforation type becomes important. Figure 2.9 is used to calculate fill factor (FF).

(a) (b)

Figure 2.9. Dimensional representation of the perforation types

(P_Z_ﬂ_rz) ,
2 2 r
=1-—-

FFtriangular = - pz T~ - p2 (2.8)
2
(P? —nr?) r?
Fquuare = p2 =1- F (2.9)

The fill factors are also equal for the perforation types. Therefore, both
perforation types can be used in the fabrication. However, the triangular perforation is
more beneficial than the square one in the sacrificial releasing step since the holes are
closer in diagonal direction. Thus, the triangular pattern is chosen. However, there is
a small difference between applied triangular perforation pattern and found in

literature due to discretization of the fabrication masks.

The last step is determination of the hole radius. The main concerns are
buckling and sensitivity. The fill factor should be high enough to prevent buckling and
achieve detectable signal level. As the fill factor decreases, the signal level also
decreases. However, the stress relaxation increases [32,35]. The fill factor is aimed as
75% to find the optimum point. Therefore, hole radius is chosen as 8 pm and the
distance of the two adjacent hole centers (P in Figure 2.9) is 28 pm. Based on these

parameters, fill factor is obtained as 74.35% and the ligament efficiency is 3/7.
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2.3.2.4. Proposed Design Parameters

Two membranes are chosen to be fabricated based on the perforation and
residual stress effects. They have the same fill factors and hole radii. The only
difference is the membrane radius. Therefore, they exhibit different buckling

behavior. The chosen design parameters are listed in Table 2.3.

Table 2.3. Parameters of the proposed design

Membrane Membrane  Hole Radius Perforation  Ligament

Design Radius (um) Thickness (um) (um) Type Efficiency
A 220 1.5 8 Triangular 3/7
B 205 1.5 8 Triangular 3/7

2.4. Preparation of the Fabrication Mask

Before starting the mask drawing, PolyMUMPs design rules are studied to
prevent the fabrication failures. All mandatory and advisory rules are examined. The
mask drawing is performed carefully not to violate the rules. The mask drawing is
handled with Tanner L-Edit (Mentor Graphics Corporation, Wilsonville).
Furthermore, the macro feature of L-Edit is used to achieve similar membranes with
minor dimension changes. In the macro file, the dimensions are defined as parameters.

By changing them, the proposed design masks are obtained.

Although there are twelve fabrication masks in PolyMUMPs, six of them are
utilized in the proposed design. These masks are POLY0, ANCHORI1, POLY1,
POLY1 VIA POLY2, POLY2, HOLE2.

Firstly, POLY0 mask is created as shown in Figure 2.10 to indicate the ground
electrode and signal path. The radius of the ground electrode at the center is 65 pm
smaller than the membrane radius. Also, it is used to support the membrane from

edges. 24° gap is found for Poly0 layers.
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Figure 2.10. POLYO fabrication mask

Over the POLY0, the ANCHORI1 mask is drawn as shown in Figure 2.11 to
remove sacrificial oxide from the indicated regions with ANCHOR. In this way, the

electrical connection will be provided between Polyl and PolyO layer.

_‘\-

Figure 2.11. POLYO0 (orange) and ANCHORI1 (gray) masks

23



POLY1 mask is utilized to fill the removed oxide regions with Polyl layer

which is used as second supporting layer. It is shown in Figure 2.12.

Figure 2.12. POLYO (orange), ANCHORI (gray) and POLY1 (red) masks

POLY1 VIA POLY2 mask isused to electrically connect the Poly2 and Polyl

layers by removing oxide layer where it is drawn. It can be seen in Figure 2.13.

Figure 2.13. POLYO (orange), POLY1 (red) and POLY1_VIA POLY2 (black) masks
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For the last step, POLY2 and HOLE2 mask are drawn as in Figure 2.14 to form
the suspended membrane with holes. The same procedure is applied for Design B as

well in Figure 2.15.
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Figure 2.14. Final mask of Design A

Figure 2.15. Final mask of Design B
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2.5. Microfabrication Modelling

Although the design masks are drawn in Tanner L-Edit (Mentor Graphics
Corporation, Wilsonville), the microfabrication is simulated in SEMulator3D 8.0
(Coventor, North Carolina) before the membranes are fabricated. It is a powerful tool
for semiconductor and MEMS process modelling. It has advanced etching and
deposition process steps used in PolyMUMPS such as LPCVD, RIE, lift-off.
Furthermore, it provides 3-D structure profiles after each process step. By this means,
it is used to detect any possible failures on microfabrication due to misinterpreted

process step.

PolyMUMPs process flow is defined in SEMulator3D as provided by
MEMSCAP. The same etch and deposition processes are used with the correct layer
parameters. The mask drawn in Tanner L-Edit is imported into SEMulator3D. Then,

the 3D models and cross-sectional views are obtained for the proposed designs.

The design details are clearly seen from the cross-sectional and isometric view.
Poly0 and Polyl layers support the membrane from edges. Electrical isolation is
provided by Nitride layer. The ground electrode is formed by PolyO at the center.

Furthermore, the symmetrical hole distribution can be seen from isometric view.

- Wafer - Nitride |:] Poly0 - Poly1

/N I DN I N o

Figure 2.16. Cross sectional view of Design A
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Figure 2.17. Isometric view of Design A

In addition, the two extended signal paths formed by Poly0 layer are shown.
They are connected to the electrical pads to receive vibrational signals from the
membrane. The equally separated holes are inspected in Figure 2.18 by taking cross-

sectional view at the center of the membrane.

- Wafer - Nitride Poly0

| Poly2

Figure 2.18. Hole distribution on the proposed designs
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The same procedure is applied for the Design B, and the 3D models are
acquired as shown in Figure 2.19 and Figure 2.20. They are identical with Design A

except the membrane radius as well as the hole counts.

N o D e [T eovo [ e poly2
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Figure 2.19. Cross sectional view of Design B
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Figure 2.20. Isometric view of Design B
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Output of the microfabrication modelling ensures that there is no design failure
in the mask drawing. All masks are used in the correct way to obtain desired device.
The suspended membrane is formed as described before. The support layers (Polyl
and Poly0) are placed as it is supposed to be. The ground and signal paths are created
properly. Most importantly, it shows that the PolyMUMPs process flow is well
understood. There is no doubt about the microfabrication. The fabrication masks are

confidently submitted to the MEMSCAP.
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CHAPTER 3

FINITE ELEMENT ANALYSIS

3.1. Mechanical Simulations

Mechanical simulations of the proposed membranes are carried out by using a
commercially available finite element analysis package (ANSYS 19.2, Ansys Inc.,
Canonsburg, USA). The 3D structure of the membrane is formed with Ansys
Parametric Design Language (APDL). Although mesh export is possible from
SEMulator3D, APDL is used to provide flexibility in case of minor changes related to
dimensions. By this way, proposed membranes are constituted with changing key
parameters such as hole placement, membrane radius, hole dimensions, hole
separation and support type. Thus, any error originating from ANSYS model is

prevented.
3.1.1. Formation of the Geometrical Models in ANSYS

Based on the fabrication masks, the membranes are created step by step. First
of all, the bare substrate is generated, and it is covered by nitride. Over these layers,
the support layers and bottom electrode are constituted as shown in Figure 3.1. The
gap between the support layers is identical with the fabrication mask. It is 24° for

Poly0 layers, and 36° for Poly!1 layers.

As the last step, the suspended membrane is placed over the Polyl layer. Also,
the small circular holes are removed from the Poly2 layer as shown in Figure 3.1 (a).
In order to provide interaction between the layers, they have glued with each other.
With the same ANSYS code, Design B is also generated by changing the membrane

radius and hole counts as shown in Figure 3.1 (b)
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Figure 3.1. Isometric view of (a) Design A, (b) Design B in ANSYS
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3.1.2. Properties of Element and Materials used in ANSYS

The higher order 3-D 20-node solid element (SOLID186) is chosen to perform
the static and harmonic analyses. It exhibits quadratic displacement behavior.
Furthermore, it has stress-stiffening, large deflection, and large strain capabilities

which are critical for the non-linear behaviors [33].

The mechanical properties are set as shown in Table 3.1. Only Young’s
Modulus, Poisson’s ratio and density are required for the mechanical simulations. The
membrane thickness is the same with the Poly2 layer thickness which is stated as 1.5

pm by MEMSCAP.

Table 3.1. Mechanical properties of the materials used in simulation

Material Young’s Modulus (GPa) Poisson’s Ratio Density (kg/m?)
Polysilicon 158 0.220 2332
Nitride 320 0.263 3270

3.1.3. ANYS Model Configurations

To compare the FEM results with both analytical solutions and experimental
results, the different configurations are composed. For this purpose, hole radius and
support types are changed in ANSY'S models. The hole radius is chosen as 4, 6, 8 um.

Moreover, the solid membranes which has no hole are created.

In fabricated membranes, support is divided into four symmetric parts.
However, the support with a single part is also constructed in ANSYS to hold the
membrane from all edge points. The created ANSYS models are listed with their key

parameters in Table 3.2.
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Table 3.2. Composed ANYS Models with key parameters

Model Membrane Hole Radius Ligament Support
Number Radius (um) (um) Efficiency Type
1 220 - - Single part
2 220 4 5/7 Single part
3 220 6 4/7 Single part
4 220 8 3/7 Single part
5 220 8 3/7 Four parts
6 205 - - Single part
7 205 4 517 Single part
8 205 6 4/7 Single part
9 205 8 3/7 Single part
10 205 8 3/7 Four parts

While changing the hole radius, the distance between two adjacent hole centers
is kept as 28 um. Thus, the holes are placed on the same locations with the other ones.
By this way, the effect of the hole radius can be easily observed. Furthermore, the

support types are shown in Figure 3.2 to avoid the confusion.

(a) (b)

Figure 3.2. (a) Four parts, (b) single part support in ANSYS
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3.1.4. ANSYS Analyses

The FEM is used to extract critical stress values and resonance frequencies
based on the displacement of the prestressed membrane. Boundary conditions are
applied to be solved differential equations properly. For this purpose, the bottom of

the substrate is fixed from all directions (X, y, z) in analyses.
3.1.4.1. Static Analysis Results and Discussions

The critical stress values are found for the membranes by using static analysis.
The Poly?2 layer is initially induced with stress by INISTATE command. Furthermore,
non-linear effects such as large deflection and stress-stiffening are included with
NLGEOM command. It is crucial for the thin structures in which bending stiffness is

very small compared to axial stiffness [34].

Static analysis is performed by sweeping stress values to find the critical point
which is the displacement behavior changing due to buckling. Thus, the applied initial
stress is swept from 15 MPa to -15 MPa with 0.1 MPa steps. Also, the volume based
average stress is calculated for the Poly2 layer in order to determine the stress

relaxation ratio. The static analysis results are shown in Table 3.3.

Table 3.3. Stress relaxation and critical buckling stress values found in static analysis

Model Average Stress Applied Stress on Critical Buckling

Number  Relaxation (%) Buckling (MPa) Stress (MPa)
1 1.76 -9.8 -9.53
2 8.75 -9.8 -8.94
3 16.67 -10.4 -8.67
4 25.75 -11.6 -8.61
5 33.39 -12.4 -8.25
6 1.87 -11.1 -10.89
7 8.75 -11.3 -10.30
8 16.67 -11.9 -9.88
9 25.79 -13.2 -9.78
10 33.39 -14.1 -9.36

35



The critical buckling stress values of Model 1 and 6 can be calculated by using
Equation 2.4 since they are solid membranes with a radius 220 pm and 205 pm. The
critical buckling values are found as -9.44 MPa and -10.87 MPa. The deviations of the
ANSYS simulation results are 0.95% and 0.18%.

The induced average stress on the membrane is divided by the initially applied
stress to find the stress relaxation. By calculating stress relaxation for 301 stress values
changing from -15 MPa to 15 MPa, average stress relaxation percentages are acquired

as in Table 3.3.

Table 3.3 implies that the support type and hole size significantly affect the
stress relaxation and buckling. The stress relaxation increases with decreasing fill
factor. In other words, the smaller holes cause larger mechanical stiffness and less
stress relaxation. Furthermore, the stress relaxation increases when the membrane is
not supported from all edge points. The spacing on the supports helps the membrane

to be relaxed.

Also, the ligament efficiency is effective on the stress relaxation. Although the
membrane radius is changed, the stress relaxation remains the same due to the
identical ligament efficiencies. The stress relaxation directly affects the durability of
the membranes against the residual stress. Although the larger holes reduce the
mechanical stiffness and critical buckling stress value, less stress is induced on the

membranes. Thus, they can operate under higher stress values without buckling.
3.1.4.2. Harmonic Analysis Results and Discussions

The resonance frequencies are found with the linear perturbation full-harmonic
analysis. This procedure consists of the two consecutive analyses which are the static

and full-harmonic analysis [33].

Firstly, the static analysis is conducted with the same procedure applied on
critical stress value determination with an exception. It is performed for the pre-

determined stress value instead of stress sweeping. The computed stiffness matrix is
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used as an input for the full harmonic analysis. In this way, the prestress influences on

the structure stiffness is included.

For the full harmonic analysis, uniform pressure is applied top of the
membrane for the excitation purpose. The membrane displacement is saved for
distinct frequencies. Then, the resonance frequencies are detected by investigating the

displacement on radial positions.

The linear perturbation harmonic analysis is performed to extract resonance
frequencies under residual stress. The applied initial stress is swept from -15 MPa to
10 MPa with 1 MPa steps. For each stress value, the harmonic analysis is carried out

with a frequency sweep from 1 kHz to 650 kHz with 1 kHz steps.

In order to calculate the theoretical resonance frequencies, output of the static
analysis is also included since critical buckling stress value and induced stress on the
membrane are required. Model dimensions, material properties and the static analysis

results are inserted into Equation 2.1 and 2.2 to obtain the resonance frequencies.

During the harmonic analysis, the main objective is investigation of the
perforation effects on the resonance frequency. Thus, ten different ANYS models are
used in harmonic analysis. The hole radius and membrane radius are changed to find
the dimension related effects. Also, the support type is changed to obtain the same
structure with fabricated devices. They are used for the comparison of the

experimental data.

The presence of the hole is analyzed by simulating the Model 1 and Model 4.
Their membrane radii are 220 pm. However, Model 1 has no hole while hole radius
of Model 4 is 8um. These models are simulated with linear perturbation harmonic

analysis method. Their results are listed in Table 3.4 and Table 3.5.
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Table 3.4. Harmonic analysis results for Model 1 (membrane radius = 220 um, without hole,

support= single part)

Applied Induced Theoretical Simulated Error Theoretical Simulated Error

Stress  Stress (0,1) f(0,1)  1(0,1) (0,2) 1(0,2) 1(0,2)
(MPa) (MPa) (kHz) (kHz) (%) (kHz) (kHz) (%)
-15 -14.74 NA NA NA 370.94 353 4.84
-14  -13.75 NA NA NA 379.00 364 3.96
-13 -12.77 NA NA NA 386.90 374 3.33
-12 -11.79 NA NA NA 394.64 384 2.70
-11 -10.81 NA NA NA 402.23 394 2.05
-10 -9.82 NA NA NA 409.68 403 1.63
-9 -8.84 30.98 33 6.53 416.99 413 0.96
-8 -7.86 50.28 52 3.42 424.18 422 0.51
-7 -6.88 64.01 66 3.11 431.25 431 0.06
-6 -5.89 75.27 78 3.63 438.21 439 0.18
-5 -4.91 85.05 87 2.29 445.06 448 0.66
-4 -3.93 93.82 96 2.32 451.80 456 0.93
-3 -2.95 101.84 104 2.12 458.44 465 1.43
-2 -1.96 109.27 112 2.50 464.99 473 1.72
-1 -0.98 116.23 118 1.53 471.45 481 2.03
0 0.00 122.79 125 1.80 477.82 488 2.13
1 0.98 128.96 131 1.58 484.11 496 2.46
2 1.96 134.85 137 1.59 490.32 504 2.79
3 2.95 140.50 142 1.07 496.45 511 2.93
4 3.93 145.93 148 1.42 502.50 518 3.08
5 4.91 151.16 153 1.22 508.48 526 3.44
6 5.89 156.21 158 1.14 514.40 533 3.62
7 6.88 161.11 163 1.17 520.24 540 3.80
8 7.86 165.87 167 0.68 526.02 547 3.99
9 8.84 170.49 172 0.89 531.74 554 4.19
10 9.82 174.98 176 0.58 537.40 561 4.39
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Table 3.5. Harmonic analysis results for Model 4 (membrane radius = 220 um, hole radius = 8 um,

support = single part)

Applied Induced Theoretical Simulated Error Theoretical Simulated Error

Stress  Stress (0,1) f(0,1)  1(0,1) 1(0,2) f(0,2)  1(0,2)
(MPa) (MPa) (kHz) (kHz) (%) (kHz) (kHz) (%)
-15 -11.14 NA NA NA 358.83 350 2.46
-14 -10.39 NA NA NA 364.74 358 1.85
-13 -9.65 NA NA NA 370.55 365 1.50
-12 -8.91 NA NA NA 376.28 373 0.87
-11 -8.17 25.60 22 14.05  381.92 380 0.50
-10 -7.43 41.87 41 2.07 387.47 387 0.12
-9 -6.68 53.40 54 1.13 392.95 395 0.52
-8 -5.94 62.85 64 1.83 398.35 402 0.92
-7 -5.20 71.05 73 2.74 403.68 408 1.07
-6 -4.45 78.40 81 3.32 408.94 415 1.48
-5 -3.71 85.12 88 3.39 414.13 422 1.90
-4 -2.97 91.34 94 291 419.26 428 2.09
-3 -2.23 97.17 100 291 424.32 435 2.52
-2 -1.48 102.67 106 3.25 429.33 441 2.72
-1 -0.74 107.88 111 2.89 434.28 448 3.16
0 0.00 112.86 116 2.78 439.17 454 3.38
1 0.74 117.62 121 2.87 444.01 460 3.60
2 1.48 122.20 126 3.11 448.80 466 3.83
3 2.23 126.62 130 2.67 453.54 472 4.07
4 2.97 130.88 135 3.15 458.23 478 4.32
5 3.71 135.01 139 2.95 462.87 483 4.35
6 4.45 139.02 143 2.86 467.46 489 4.61
7 5.20 142.92 147 2.86 472.01 495 4.87
8 5.94 146.71 151 2.92 476.52 500 4.93
9 6.68 150.41 154 2.39 480.98 506 5.20
10 7.42 154.01 158 2.59 485.40 511 5.27
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The critical buckling stress values are obtained as 9.53 MPa and 8.61 MPa for
Model 1 and Model 4, respectively. When higher stress is induced on the membrane,
the imaginary solution is found from Equation 2.2 for mode (0,1). However, the mode
(0, 2) is still observed since the effect of the residual stress is less than the fundamental

mode. It is also verified by ANSYS harmonic analysis results.

In the absence of the residual stress, the fundamental modes are found as 125
kHz and 116 kHz for Model 1 and Model 4, respectively. In this case, the error
between the theoretical results are 1.8% and 2.78%. The fundamental mode frequency
reduces by 7.76% due to the holes with 8 pm radius. The resonance frequencies for
mode (0,2) are found as 488 kHz and 454 kHz without residual stress. The percentage

errors are 2.13 and 3.38.

The effect of the residual stress type is also observed from the simulations. If
the membranes experience with the tensile residual stress, the resonance frequencies
shift to the higher frequencies. On the other hand, the compressive residual stress

reduces the resonance frequency.

The residual stress on the Poly2 layer is reported as -10 MPa by MEMSCAP.
According to simulation results, the solid membrane loses the fundamental modes
when 10 MPa compressive stress is applied to the Poly2 layer. However, it still exists
in Model 4 under favor of the perforation, and it is found as 41 kHz with 64.66% shift.
Mode (0,2) is observed in both model under 10 MPa compressive stress. The
resonance frequencies for this mode are extracted as 403 kHz and 387 kHz with 1.63%

and 0.12% error.

By using Model 1 and Model 4, the advantage of the perforation is
investigated. The tabulated data is visualized in Figure 3.3 and Figure 3.4. In order to
observe the effect of the hole radius on stress relaxation and resonance frequency, the
same procedure is applied to the Model 2 and Model 3. Their hole radii are 4 um and
6 um, respectively. The membrane radius is 220 um as in Model 1 and Model 4. The

harmonic analysis results are listed in Table 3.6 and Table 3.7
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Figure 3.3. Theoretical and simulated resonance mode comparison for Model 1 [36]
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Table 3.6. Harmonic analysis results for Model 2 (membrane radius = 220 um, hole radius = 4 um,

support = single part)

Applied Induced Theoretical Simulated Error Theoretical Simulated Error

Stress  Stress (0,1) f(0,1)  f(0,1) 1(0,2) f(0,2)  1(0,2)
(MPa) (MPa) (kHz) (kHz) (%) (kHz) (kHz) (%)
-15 -13.69 NA NA NA 366.16 336 8.24
-14 -12.78 NA NA NA 373.99 346 7.48
-13 -11.86 NA NA NA 381.67 355 6.99
-12 -10.95 NA NA NA 389.19 365 6.22
-11 -10.04 NA NA NA 396.57 374 5.69
-10 -9.13 NA NA NA 403.81 383 5.15
-9 -8.21 34.46 33 4.23 410.93 392 4.61
-8 -7.30 51.74 51 1.44 417.92 401 4.05
-7 -6.39 64.55 64 0.86 424.80 409 3.72
-6 -5.48 75.22 75 0.29 431.57 418 3.15
-5 -4.56 84.54 84 0.64 438.24 426 2.79
-4 -3.65 92.94 92 1.01 444 .81 434 2.43
-3 -2.74 100.63 100 0.63 451.28 442 2.06
-2 -1.83 107.78 107 0.73 457.66 449 1.89
-1 -0.91 114.49 113 1.30 463.95 457 1.50
0 0.00 120.82 119 1.51 470.15 464 1.31
1 0.91 126.84 125 1.45 476.28 472 0.90
2 1.83 132.58 131 1.19 482.33 479 0.69
3 2.74 138.08 136 1.51 488.30 486 0.47
4 3.65 143.38 141 1.66 494.20 493 0.24
5 4.56 148.48 146 1.67 500.03 500 0.01
6 5.48 153.42 151 1.58 505.80 507 0.24
7 6.39 158.20 155 2.02 511.50 513 0.29
8 7.30 162.84 159 2.36 517.14 520 0.55
9 8.21 167.35 164 2.00 522.71 527 0.82
10 9.13 171.75 168 2.18 528.23 533 0.90
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Table 3.7. Harmonic analysis results for Model 3 (membrane radius = 220 um, hole radius = 6 um,

support = single part)

Applied Induced Theoretical Simulated Error Theoretical Simulated Error

Stress  Stress (0,1) f(0,1)  £(0,1) (0,2) f(0,2)  £(0,2)
(MPa) (MPa) (kHz) (kHz) (%) (kHz) (kHz) (%)
-15 -12.49 NA NA NA 360.65 338 6.28
-14 -11.65 NA NA NA 367.64 348 5.34
-13 -10.82 NA NA NA 374.51 356 4.94
-12 -9.99 NA NA NA 381.25 365 4.26
-11 -9.16 NA NA NA 387.87 374 3.58
-10 -8.32 23.30 21 9.89 394.38 382 3.14
-9 -7.49 43.05 42 2.44 400.79 390 2.69
-8 -6.66 56.24 56 0.42 407.10 398 2.23
-7 -5.83 66.87 67 0.19 413.31 406 1.77
-6 -4.99 76.03 76 0.04 419.43 413 1.53
-5 -4.16 84.20 85 0.95 425.46 421 1.05
-4 -3.33 91.65 92 0.39 431.40 428 0.79
-3 -2.50 98.53 99 0.48 437.27 436 0.29
-2 -1.66 104.96 105 0.03 443.05 443 0.01
-1 -0.83 111.02 112 0.88 448.76 450 0.28
0 0.00 116.77 117 0.20 454.40 457 0.57
1 0.83 122.25 123 0.61 459.98 463 0.66
2 1.66 127.49 128 0.40 465.48 470 0.97
3 2.50 132.53 133 0.36 470.92 477 1.29
4 3.33 137.38 137 0.27 476.30 483 1.41
5 4.16 142.06 142 0.04 481.62 490 1.74
6 4.99 146.60 146 0.41 486.88 496 1.87
7 5.83 150.99 151 0.00 492.08 502 2.02
8 6.66 155.27 155 0.17 497.23 508 2.17
9 7.49 159.43 159 0.27 502.33 515 2.52
10 8.32 163.48 163 0.30 507.37 521 2.69
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The critical buckling stress values are found as 8.94 MPa and 8.67 MPa for
Model 2 and Model 3, respectively. Although they are higher than Model 4, they are
lower than Model 1. It shows that the critical buckling stress decreases with the
perforation ratio. The fundamental mode frequency increases with decreasing hole
radius. In Model 2, the first resonance frequency is simulated as 119 kHz with 1.51%
error in the absence of the residual stress while the mode (0,2) is observed at 464 kHz
with 1.31% error. For Model 3, they are found as 117 kHz and 457 kHz with 0.20%

and 0.57% errors.

When the residual stress is assumed as -10 MPa, the resonance frequencies
shift to 21 kHz and 382 kHz with 9.89% and 3.14% deviation from theoretical
calculations for Model 3. The first resonance frequency extraction has high deviation
since the residual stress is -8.32 MPa which is close to its buckling stress value. In this
region, the resonance frequency is strongly dependent on the induced stress. The
frequency step size (1 kHz) has a crucial effect on the resonance frequency extraction
and error calculation. Like Model 1, the buckling is observed under 10 MPa
compressive stress for Model 2, and the first mode vanishes. From this point of view,
holes with 4 um radius do not provide required stress relaxation to prevent buckling.

On the other hand, the mode (0,2) is observed at 383 kHz with 5.15% error.

The effect of the tensile stress is also clearly observed for Model 2 and 3. Under
high tensile stress, the resonance frequencies significantly increase. The first
resonance frequencies are found as 168 kHz and 163 kHz, respectively. They are

shifted by 41.18% and 39.32%.

Through the Model 2, 3 and 4, the effects of the hole radius are investigated.
Although the critical buckling stress is reduced with increasing hole radius, the
durability under higher stress values is improved with higher stress relaxation. The
tabulated data is visualized in Figure 3.5 and Figure 3.6. Furthermore, Model 5 and 8§,
which are identical to fabricated Design A and B, are simulated and harmonic analysis

results are shown in Table 3.8 and Table 3.9.
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Table 3.8. Harmonic analysis results for Model 5 (membrane radius = 220 um, hole radius = 8 um,

support = four parts)

Applied Induced Theoretical Simulated Error Theoretical Simulated Error

Stress  Stress (0,1) f(0,1)  f(0,1) 1(0,2) f(0,2)  1(0,2)
(MPa) (MPa) (kHz) (kHz) (%) (kHz) (kHz) (%)
-15 -9.99 NA NA NA 364.49 334 8.36
-14 -9.32 NA NA NA 369.94 340 8.09
-13 -8.66 NA NA NA 375.31 347 7.54
-12 -7.99 20.02 16 20.10  380.62 354 6.99
-11 -7.33 37.76 36 4.66 385.82 360 6.69
-10 -6.66 49.54 48 3.10 390.97 366 6.39
-9 -5.99 59.01 58 1.71 396.06 372 6.07
-8 -5.33 67.16 66 1.73 401.08 378 5.75
-7 -4.66 74.42 74 0.57 406.03 384 5.43
-6 -4.00 81.04 80 1.28 410.93 390 5.09
-5 -3.33 87.15 86 1.32 415.77 396 4.76
-4 -2.66 92.86 92 0.93 420.56 402 4.41
-3 -2.00 98.24 97 1.27 425.29 407 4.30
-2 -1.33 103.35 102 1.30 429.97 413 3.95
-1 -0.67 108.21 107 1.11 434.59 418 3.82
0 0.00 112.86 112 0.76 439.17 424 3.46
1 0.74 117.33 116 1.13 443.71 429 3.31
2 1.48 121.63 120 1.34 448.19 434 3.17
3 2.23 125.78 124 1.42 452.64 439 3.01
4 2.97 129.81 128 1.39 457.03 444 2.85
5 3.71 133.71 132 1.28 461.39 449 2.69
6 4.45 137.50 136 1.09 465.71 452 2.94
7 5.20 141.19 139 1.55 469.98 455 3.19
8 5.94 144.79 143 1.23 474.22 458 3.42
9 6.68 148.30 146 1.55 478.42 468 2.18
10 7.42 151.72 149 1.80 482.59 472 2.19
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Table 3.9. Harmonic analysis results for Model 8 (membrane radius = 205 um, hole radius = 8 um,

support = four parts)

Applied Induced Theoretical Simulated Error Theoretical Simulated Error

Stress  Stress (0,1) f(0,1)  1(0,1) 1(0,2) f(0,2)  1(0,2)
(MPa) (MPa) (kHz) (kHz) (%) (kHz) (kHz) (%)
-15 -9.96 NA NA NA 431.12 383 11.16
-14 -9.21 16.23 23 41.68 437.16 392 10.33
-13 -8.63 36.25 32 11.72 44181 396 10.37
-12 -7.97 50.12 47 6.22 447.06 402 10.08
-11 -7.30 60.91 58 4.78 452.24 408 9.78
-10 -6.64 70.06 67 4.37 457.37 414 9.48
-9 -5.98 78.15 75 4.03 462.44 420 9.18
-8 -5.31 85.47 82 4.07 467.46 426 8.87
-7 -4.65 92.22 89 3.49 472.42 432 8.56
-6 -3.98 98.50 95 3.56 477.33 438 8.24
-5 -3.32 104.41 101 3.27 482.19 443 8.13
-4 -2.66 110.00 107 2.73 487.00 449 7.80
-3 -1.99 115.32 112 2.88 491.77 454 7.68
-2 -1.33 120.40 117 2.83 496.49 460 7.35
-1 -0.66 125.28 121 3.42 501.16 465 7.22
0 0.00 129.98 126 3.06 505.80 470 7.08
1 0.66 134.51 130 3.35 510.39 475 6.93
2 1.33 138.89 134 3.52 514.93 480 6.78
3 1.99 143.14 138 3.59 519.44 485 6.63
4 2.66 147.27 142 3.58 523.91 490 6.47
5 3.32 151.28 146 3.49 528.35 495 6.31
6 3.98 155.20 150 3.35 532.74 499 6.33
7 4.65 159.01 154 3.15 537.10 503 6.35
8 5.31 162.73 157 3.52 541.42 507 6.36
9 5.98 166.38 161 3.23 545.72 511 6.36
10 6.64 169.94 164 3.50 549.97 514 6.54

47



The support with four parts affects the resonance frequencies by providing
higher stress relaxation than the support with single part. Their critical buckling stress
values are 8.25 MPa and 9.36 MPa with 33.39% relaxation. Thus, they are not buckled
up to 12.38 MPa and 14.05 MPa, respectively.

Under 10 MPa compressive stress, the resonance frequencies are extracted as
48 kHz and 366 kHz for Model 5 (Design A). They are found as 67 kHz and 414 kHz
for Model 8 (Design B).

In harmonic analysis, the effects of the perforation and residual stress are
investigated. From the ten ANSY'S models, only one of them has an error greater than
5%. The achieved smallest percentage error is 0.52 among the ten configurations. The
models which consist of a support structure with four symmetric parts are the most
deviated ones since they are assumed to have clamped supports in analytical
calculations. However, they are slightly different from the clamped boundary

conditions. Average percentage errors are listed in Table 3.10.

Table 3.10. Percentage error of the resonance frequency extraction on ANSYS [36]

Model Percentage Error of  Percentage Error

Number Mode (0,1) (%) of Mode (0,2) (%)
1 2.03 2.45
2 1.51 2.78
3 0.89 2.16
4 3.26 2.77
5 2.33 4.62
6 0.56 1.93
7 2.51 2.76
8 0.52 1.83
9 3.13 2.09
10 5.46 7.94
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3.2. Electrical Simulations

Electrical simulations are carried out using Agilent Advanced Design System
and Electro Magnetic Professional (ADS & EMPro 2020, Keysight Technologies,
California). These tools can be used to extract electrical parameters of the membranes
via electromagnetic analogy. Through the ADS-EMPro simulations, similar

parameters provided by network analyzer are acquired.
3.2.1. Model Generation for Electrical Simulations

In ADS, the models are constructed based on the stack principle. The layers
and their thicknesses are defined in the stack. They are generated according to the
positions on the stack. Depending on PolyMUMPs layer configuration, the following

stack is created and used in the electrical simulations.

F =" AR
—
655.35€ —— " AR
Poly2 1.5 miaon
' : AIR
=l HPoly1 2.75 micon
[ it
— “1Poly0 0.5 migon
650.6 : SiliconNitride
’ 0.6 micon
Silicon
e 650 micron
0 miaon

Figure 3.7. Constructed stack in ADS

In microfabrication, the gap between Poly2 and Poly0 layers is determined by
the sacrificial oxide layer thicknesses which are 2 um and 0.75 pum. Thus, the
fabricated devices have an air gap with 2.75 pm. In order to achieve the required air
gap, the Poly1 layer thickness is taken as 2.75 pm. Furthermore, electrical parameters

are set as shown in Table 3.11.
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Table 3.11. Electrical parameters of the materials used in ADS

Layer Resistivity (Q2-cm) Relative Permittivity (er)
Substrate 1 11.9
Nitride - 8.5
Poly0 1.5 x107 -
Polyl 2.0x103 -
Poly2 3.0x107 -
Gold 2.4x10° -

Based on these properties, the ADS model is generated with the fabrication
masks which are imported from L-Edit. Ground and signal electrodes are defined to
specify the ports where the electrical parameters are found. To improve the accuracy
of simulations, the composed models are exported to EMPro since ADS is specialized

for the frequencies in the MHz range.

The exported models are meshed and simulated in the frequency range 1 kHz
to 500 kHz with EMPro. From these simulations, the series resistance and

capacitances are calculated for each design.
3.2.2. Electrical Simulation Results and Discussions

For 2.75 um air gap, the series capacitances are observed as 26.76 pF and 26.31
pF at 500 kHz for Design A and Design B, respectively. The series resistances are
found as 49.55 Q and 50.53 Q.
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Figure 3.8. Simulated series capacitance and resistance values for proposed designs
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The impedance extractions are not accurate at low frequencies due to the
drawback of EMPro solver. Furthermore, the air gap is swept from 2.75 um to 0.06
pum in ADS simulations to find parallel plate capacitance as a function of gap distance.
The total capacitance is assumed as in Equation 3.1. From ADS simulations, the
parasitic capacitances are found as 26.54 pF and 26.21 pF for Design A and Design
B, respectively. Also, the parallel plate capacitances are obtained as 0.76 pF-um and

0.65 pF-um

Csparallel (3. 1)
gap

CS(gap) = Csparasitic +
45 T T ' T T
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Figure 3.9. Series capacitance extraction of the proposed designs as a function of gap
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CHAPTER 4

EXPERIMENTAL WORK

4.1. Optical Measurements
4.1.1. Optical Measurement Setup Configuration

For the experimental measurements, the fabricated membranes are placed to
the chip carrier and the electrical connections between gold lines on the chip carrier
and electrical pads of the membrane are provided via gold wire bonds. Through the
chip carrier, the membrane can be excited electrically via SMA (SubMiniature version
A). The fabricated membranes are characterized under the optical measurement setup

shown in Figure 4.1.

Digital Oscilloscope
"| (Agilent DSO6014A)

Function Generator

ilent 332504 "
{Aghen ) Microscope and
Compact Sensor Laser Vibrometer
Head (Polytec "] (Polytec OFV5000)
OFV534)
Gold Laser Personal Computer
wires with LabView
I I Chip carrier
X-Y Stage -+

Figure 4.1. Optical characterization setup
The optical setup is based on the membrane deflection with the applied
electrical excitation. The LabView software (National Instruments, USA) controls the
X-Y stage to focus the laser from Compact Sensor Head (OF V534, Polytec, Germany)
onto the membrane. Function Generator (33250A, Agilent, USA) is used both for DC

biasing and AC excitation source. The sensor head transmits the laser light and collects
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the reflected light from membrane. Laser Vibrometer (OFV5000, Polytec, Germany)
decodes sensor head’s signal. The laser vibrometer’s output is observed in Digital
Oscilloscope (DSO6014A, Agilent, USA).

By using the depicted optical setup, velocity measurement is performed with
VD-09 decoder. It generates a sinusoidal signal output with 20 mm/s/V range. The
maximum operating frequency is 1 MHz. They are excited with 0.1 V peak-to-peak
sinusoidal signal with 0.75 V, 1.25 V, 1.75 V DC bias. The optical measurements are
performed for 16 and 14 data points for Design A and Design B, respectively as shown
in Figure 4.2 and Figure 4.3, respectively. The frequency of the sinusoidal signal is
swept from 5 kHz to 500 kHz. In this way, the overall response of the membrane is

comprehended in terms of both radial position and frequency.

Figure 4.2. Microscope view and optical measurement data points of Design A
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Figure 4.3. Microscope view and optical measurement data points of Design B

4.1.2. Optical Measurement Results and Discussions

The deflection characteristic of the membranes is acquired from velocity
output of the vibrometer under different DC bias values. The obtained velocity outputs
are converted to the displacement by using decoder range (20 mm/s/V). As shown in
Figure 4.4, the displacement data obtained from maximum DC bias (1.75 V) is
normalized to clearly observe the vibrational modes of the membrane. The negative
radial positions correspond to lower data points, the positive ones are the higher data
points. For the first mode, the maximum displacement occurs at 25 kHz and 40 kHz
for Design A and Design B, respectively. The maximum displacement for the second

mode is observed at 285 kHz and 335 kHz.
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Displacement characteristics of the selected data points under 1.75 V DC bias

are shown in Figure 4.5 and Figure 4.6 to clearly observe the symmetrical response
through the radial positions.
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Figure 4.5. Displacement at (a) 13 pm, (b) 41 pm, () 69 um, (d) 96 pm for Design A under 1.75 V
DC bias

For Design A, the positive data points have more deflection than the negative

data points at the lower frequencies. The symmetry axis of the first mode is shifted to

the positive side. On the other hand, the displacement characteristics of the central

symmetric data points are perfectly matched above 60 kHz.
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Figure 4.6. Displacement at (a) 14 pm, (b) 44 pm, (c) 73 um, (d) 102 um for Design B under 1.75 V

DC bias

Unlike Design A, the central symmetry is achieved for the first mode in

addition to the second mode. The small differences may be caused by the laser point

adjustment errors since it is not possible to point the laser at exactly symmetric

locations.

By the help of the normalized displacement, the frequencies where the

maximum deflection is observed on the vibrational modes are determined. At those

frequencies, first and second mode shapes are extracted for the proposed designs. It

can be seen from Figure 4.7.
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Figure 4.7. (a) Mode (0,1), (b) Mode (0,2) shapes under different DC bias

Through the optical measurements, the deflection profiles of the pre-stressed

membranes are found out under different DC bias values. Figure 4.4 and Figure 4.7

indicate the central symmetry of the membranes. As it is seen from Figure 4.4, the

maximum displacement appears at the center points for both first and second modes.

In addition to central symmetry, Figure 4.7 implies that the first mode is deflected

approximately ten times more than second mode. It shows that the first mode is more

dominant. With the increasing DC bias, the membrane deflection also increases due

to the electrostatic force between membrane and ground plate.

As shown in Figure 4.8, maximum deflection at center point for Design A and

B is found out 5.07 nm at 25 kHz and 3.8nm at 40 kHz, respectively. The maximum

average displacement of the membranes is determined as 1.8 nm at 25 kHz and 1.48
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nm at 40 kHz. Furthermore, the secondary peaks are recognized in deflection profiles
at 285 kHz and 335 kHz.
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Figure 4.8. (a) Membrane displacement at the center point, (b) Membrane average displacement
under different DC bias [36]

60



Figure 4.8 indicates the displacement characteristic of the membranes
depending on the DC bias. The membranes are stable against to DC bias alteration.
Although the displacement substantially increases with the DC bias, the spring
softening domination is not inspected. It emphasizes that the operated DC bias values

are not close to the collapse voltages of the designs.

The average displacement on the membrane is crucial since the membrane is
assumed as a parallel plate capacitor. For the parallel plate assumption, the single point
deflection is not enough to calculate the capacitance changes. Thus, results of the
selected data points are evaluated to calculate the average displacement. Furthermore,
the displacement on Design A is greater than Design B since the larger radius causes
smaller mechanical stiffness. Therefore, Design B is stiffer to the bending against to

electrostatic forces.

In order to determine the resonance frequencies of the membranes, the output
pressure is calculated. It is proportional to velocity of the membrane. Thus, the
velocity output of the vibrometer is normalized based on the first resonance
frequencies and plotted in Figure 4.9. The resonance frequencies are found as 45 kHz,

285 kHz for Design A and they are 55 kHz and 335 kHz for Design B.

For both fabricated designs, the resonance frequencies do not changed with
DC bias. It means there are no effective spring softening effects on these voltage
values. The pressure is obtained by multiplying membrane output velocity and
acoustical impedance of the air. Then, it is normalized based on the first resonance
frequencies since the acoustic impedance of the second mode is smaller than the first
mode. For the calculation simplicity, the acoustical impedances are assumed as the

same.
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Figure 4.9. Normalized pressure output for (a) Design A, (b) Design B [36]
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All in all, the critical values obtained from laser vibrometer measurements are
listed in Table 4.1. Measured displacement data cannot be compared with ANSYS
simulations since the membrane is mechanically excited by applying pressure in
ANSYS simulations. However, it is possible to compare resonance frequencies that

are based on the normalized displacement data.

Table 4.1. Maximum displacement and resonance frequencies for the fabricated membranes under

different DC bias values
Maximum Maximum First & Second
Design  DC Bias ' Average Displacement at Resonance Frequency

Displacement, Center, from Pressure

Frequency Frequency Measurement
A 1.75V 1.8 nm, 25 kHz  5.08 nm, 25 kHz 45 kHz, 285 kHz
A 1.25V 1.34 nm, 30 kHz 3.37 nm, 30 kHz 45 kHz, 285 kHz
A 0.75V 0.82 nm, 30 kHz 2.55 nm, 30 kHz 45 kHz, 285 kHz
B 1.75V 1.48nm, 35 kHz 3.8 nm, 40 kHz 55 kHz, 335 kHz
B 1.25V 1.05nm, 35 kHz 2.62 nm, 40 kHz 55 kHz, 335 kHz
B 0.75V 0.65nm, 40 kHz 1.61 nm, 45 kHz 55 kHz, 335 kHz

4.2. Electrical Measurements

4.2.1. Electrical Measurement Setup Configuration

Electrical characterization of the fabricated devices is performed with network
and impedance analyzer (5061B, Keysight Technologies, California, USA). The series
through method is used with gain phase mode via LF Out port as shown in Figure

4.10. The 10% accuracy range is about 5 Ohm to 20 k€ for this method [37].
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Figure 4.10. Electrical measurement setup

In order to extract series resistance (R;) and series capacitance (Cs) values, the
frequency range is chosen as 1 kHz to 500 kHz. In addition, Intermediate Frequency
Band Width (IFBW) is set to 1 kHz with an averaging of 16. -10dBm (100 mV peak-
to-peak) sinusoidal signal is applied with DC bias changing from 0 V to 1.75 V. 1601
data points are taken in the given frequency range. Also, open/short/load (50 )
calibrations are performed to acquire higher accuracy from the impedance

measurements.
4.2.2. Electrical Measurement Results and Discussions

The electrical measurements are carried out with gain phase series setup for 0
V,0.75V, 1.25 V and 1.75 V DC bias values with 100 mV peak-to-peak sinusoidal
signal. The measured Cs and R values are shown in Figure 4.12 and Figure 4.13,
respectively. There is no significant change on impedance values depending on the
applied DC bias and excitation frequency. The series capacitances are measured as
40.04 pF and 39.80 pF under 1.75 DC bias at 500 kHz for Design A and Design B,
respectively. Under the same conditions, the series resistance values are observed as

54.63 Q and 50.87 Q.
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Figure 4.11. Measured series capacitance for Design A, (b) zoomed in low frequencies
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The series capacitances are around 40 pF for different DC bias values. There
is no significant change in the capacitance with increasing DC bias due to the small
deflections of the membrane compared to the air gap. From the parallel plate
assumption, the expected capacitances of the proposed dimensions are only a few pF.
However, the parasitic capacitances increase the total capacitance. The simulations
also indicate the effect of the parasitic capacitances to the total capacitance by
investigating different air gap conditions. The deviations between the measured and
simulated impedance values arise from the electrical devices and cables used in the

measurements. Furthermore, it causes the unexpected impedances in low frequencies.
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CHAPTER 5

CONCLUSION

The perforated circular MEMS membranes are designed considering effects of
the perforation on the membrane behavior. The modified membrane mechanical
parameters are clearly derived, and the perforation patterns are investigated.
PolyMUMPs is chosen due to reliable fabricated devices found in literature. The
proposed designs are fabricated with 25.6% perforation ratio. The corresponding
ligament efficiency is calculated as 3/7. The membrane radius is chosen as 220 pm

and 205 pm for Design A and B, respectively.

The mechanical and electrical behavior of the proposed designs are simulated
by using commercially available finite element analysis package (ANSYS) and
electromagnetic software (ADS & EMPro). The critical buckling stress values are
simulated as -8.61 MPa and -9.36 MPa for Design A and B, respectively. For both
membranes, 33.4% stress relaxation is achieved with 25.6% perforation ratio. In
addition, stress relaxation produced by the perforation is simulated for the different
hole radii such as 4 um, 6 pm and 8 um. In this way, effects of the perforation ratio
on the resonance behavior of the membrane are found via linear perturbation harmonic
analyses. Apart from the fabricated membranes, eight different circular membranes
are simulated and compared with the analytical solutions. Minimum and maximum
average percentage errors are acquired as 0.5% and 3.3% for the first vibrational
mode. Furthermore, the electrical impedance values of the membranes are extracted

by electromagnetic simulations.

The electrical and optical characterization of the fabricated circular MEMS
membranes are performed to investigate the advantages of the perforation on the

residual stress relaxation. The vibrational mode (0,1) and (0,2) of the fabricated
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membranes are clearly observed under the optical measurement setup. The response
of the fabricated membranes has central symmetry. The simulated vibrational mode
frequencies of the membranes are in harmony with the analytical solutions and optical
measurements. For the fundamental mode, the FEM results deviate 5.5% and 6.7%
from the experimental work. The electrical characterizations are carried out with the

impedance analyzer and results are supported by FEM.

The perforation on the membrane is used to reduce the adverse effects of the
residual stress. The stress management with the perforation is succeeded and verified

by the experimental work and simulations.
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