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ABSTRACT 

 
MEMS Condenser microphones are becoming a promising technology to substitute the 

current standard microphones as they have several benefits such as batch fabrication, 

integration feasibility, low noise level, stable frequency response and high sensitivity; so 

their demand is increasing and is therefore studied by many researchers. This thesis 

presents a deep analysis of capacitive MEMS microphones. It presents the results of 

characterization and modeling of the microphone fabricated using CMOS-MEMS 

technology. Two different microphones were investigated; firstly, the Sandia Ultra-

planar, Multi-level MEMS Technology 5 (SUMMiT V) Condenser microphone was 

characterized for its membrane displacement with increasing bias voltages. The purpose 

of this experiment was to investigate the deflection of the membrane and to determine its 

maximum voltage operating range. C-V measurements were carried out on the samples 

which gave information about the capacitance, change in capacitance of the structure, gap 

distance and doping type of the substrate.  The second part of the thesis discusses the 

process flow proposed for fabricating the new microphone designed and developed using 

surface micromachining technology and compatible with the CMOS technology at a 

semiconductor fabrication facility. The membrane performance simulations of the new 

microphone such as its compliance and natural frequencies have been successfully 

carried out using CoventorWare, a MEMS simulation package.  
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CHAPTER I 
 

      INTRODUCTION 

 

1.1 Microphone Background 

A microphone is a transducer that converts unsteady pressure inputs into an electrical 

signal. It can be calibrated accurately enough to measure sound pressure over a wide 

range of audio frequencies. Etymologically, the word ‘microphone’ comes from the 

Greek words ‘micro’ meaning ‘small’ and ‘phone’ meaning ‘sound’. 

 

The microphone has been with us for well over a century. Today, they are used in 

computers, cellular phones, digital cameras, hearing aids, mp3 players, motion pictures 

and public address systems. There are many different types of microphones and its design 

depending upon the application 

1.2 Brief History  

Microphone development as we know it today was distilled from telephone technology, 

whose roots go back to the mid-1800s. The word "microphone" was first coined by 

Wheatstone around 1827, and was used to describe a purely acoustic device, like a 

stethoscope, which he had developed to amplify weak sounds. 

  

However, microphones as we know them started with the first articulate telephone 

transmitter, developed by several inventors. One of the first was the German physicist 

Johann Philipp Reis (1834 - 1874), whose design for a sound transmitter used a metallic 

strip resting on a membrane with a metal point contact completing an electric circuit [1]. 

 

The next recorded attempt was that of Elisha Gray (1835 - 1901), an American inventor 

and one of the founders of what became the Western Electric Company. His invention 
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was called a “liquid transmitter” and featured a diaphragm, attached to a movable 

conductive rod, immersed in an acidic solution[1]. In 1876, Alexander Graham Bell 

employed a very similar transmitter design for the first transmission of intelligible speech 

over a rudimentary telephone system in 1876. It was a liquid device that was not very 

practical.  

 

In 1886, Thomas Alva Edison invented the first practical carbon microphone. The carbon 

microphone was used for radio transmissions and extensively in telephone transmitters 

until the 1970’s [1]. Although the performance of this kind of microphone is poor by 

today’s standards (inherently noisy with high distortion), at the time, it was a significant 

step forward and enabling technology for voice telephony. It suffered a limited frequency 

range, and would not reproduce music effectively. 

1.3 Condenser Microphone 

The reign of the carbon microphone was set not to last, because of the instability 

problems of the carbon granules used in their making. This was what triggered extensive 

research and brought new alternatives. One avenue was the piezoelectric (crystal) 

transducer, based on fundamental research by the Curies in the previous century. The 

transmitters usually used quartz or Rochelle salt crystals, but the sound quality was not 

particularly good.  

 

The Idea of a condenser transmitter had been around since the early days of telephone 

technology, but its high impedance and low output had made it impractical for early use. 

The 1915 development of the vacuum tube amplifier solved the impedance and output 

problems, and in 1917, E.C. Wente of Bell Labs developed the first modern condenser 

microphone. In order to satisfy the high-quality microphone requirements of the rapidly 

growing radio broadcast and recording industries, Western Electric introduced six 

different models of condenser mics: the 7A and 9A "mantle clocks," the 8A and 10A 

floor stand models, and the hanging cylinder models of the 47A and 53A, all 
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incorporating Wente's famous 394 condenser transmitter head with its aluminum alloy 

diaphragm [2].  

With the introduction of condenser microphones, the problems of signal-to-noise ratio 

and frequency response associated with the carbon microphones, then in general use, 

were overcome. Hence the frequency response and sensitivity are the vital criteria of the 

condenser microphone. They generally produce a high-quality audio signal and are now 

the popular choice in laboratory and studio recording applications. The inherent 

suitability of this technology is due to the very small mass that must be moved by the 

incident sound wave, unlike other microphone types that require the sound wave to do 

more work [3].  

1.4 Motivation 

We have now entered the micro domain, a world occupied by an explosive technology 

known as MEMS. Micro-Electro-Mechanical Systems, or MEMS, is a technology that in 

its most general form can be defined as miniaturized mechanical and electro-mechanical 

elements that are made using the techniques of micro fabrication. More recently, the 

MEMS research and development community has demonstrated a number of micro 

sensors and actuators [4]. 

With the development of microelectromechanical systems (MEMS) technology, hundreds 

or thousands of devices can be fabricated together on a single silicon wafer. This 

provides the opportunity to produce MEMS microphones that can approach the 

performance of traditional microphones with lower cost and smaller size.  While the 

electronics are fabricated using integrated circuit (IC) process sequences (e.g., CMOS, 

Bipolar, or BICMOS processes), the micromechanical components are fabricated using 

compatible "micromachining" processes that selectively etch away parts of the silicon 

wafer or add new structural layers to form the mechanical and electromechanical devices 

[5] . It is even more interesting to test and characterize these miniaturized sensors. This 

vision of MEMS whereby micro sensors (e.g. microphone), micro actuators and 
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microelectronics and other technologies, can be integrated onto a single microchip is 

expected to be one of the most important technological breakthroughs of the future.  

Depending on their use, microphones are constantly being redesigned to incorporate the 

different needs of the customer. Today, the industry is constantly experimenting with raw 

materials to improve the microphone’s sound quality, sensitivity and frequency response. 

The quest for exploring the powerful MEMS technology and using it to improve the 

microphone design and to characterize it was the motivation behind the work. 

1.5 Thesis Outline 

This thesis work involves the characterization and modeling of the MEMS Condenser 

microphone. I had the opportunity to be a part of the team dedicated to the development, 

modeling, fabrication and characterization of the MEMS microphone at a Semiconductor 

fabrication facility. The thesis covers the work done in Characterizing the existing Sandia 

Ultra-planar, Multi-level MEMS Technology 5 (SUMMIT V) microphone and theoretical 

analysis and modeling of the microphone with new process flow being developed by our 

team at the semiconductor foundry. This microphone is hereafter referred in the thesis as 

new MEMS microphone. 

The Thesis is organized into a series of chapters to provide a logical progression of 

theory, process development, modeling and characterization of the microphone. The 

initial chapters are devoted to providing the background information and working 

principle of the microphone; this is followed by a chapters explaining the process 

development, characterization results of SUMMiT V microphone, modeling of the new 

MEMS microphone and finally the future work. 
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         CHAPTER II  

          PRINCIPLE OF OPERATION AND ASSEMBLY 
 

2.1 Decibel scale and Human hearing range 

Human ear is incredibly sensitive and can hear everything from fingertip brushing lightly 

over the skin to a loud jet engine. For convenience, pressure levels of sound are recorded 

as decibels (dB) which are logarithmic measurement and can be used to describe very 

large ratios. On the decibel scale, the smallest audible sound (near total silence) is 0 dB. 

This level of 0 db (20 µPa) forms the basis for measuring the pressure of other commonly 

heard sounds in our environment. 

Response to increasing sound intensity is a "power of ten" on logarithmic relationship. A 

sound 10 times more powerful is 10 dB. A sound 100 times more powerful than near total 

silence is 20 dB. A general 'rule of thumb' is that the power must be increased by about a 

factor of ten to sound twice as loud. 

The range of pressures that the ear can hear is enormous. The quietest, just detectable 

sound may be 20 µPa, but a jet engine heard close by has a level of 20,000,000 µPa [6].  

                 Table 2.1: Range of pressure that can be heard by an undamaged ear [6] 

   Decibels Micropascals (µPa) Typical Perception 

     0 db  20 µPa Quietest sound ear can hear 

   20 dB  200 µPa A very soft whisper 

   45 dB  300-800 µPa A softly spoken voice 

   60 dB  5000 µPa An average spoken voice 

   70 dB  20,000 µPa A shout 

   80 dB  100,000 µPa A noisy motorcycle 

   90 dB  500,000 µPa Jackhammers within 50 feet 

   100-120 dB  5,000,000 µPa A heavy metal rock concert 
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2.2 Human hearing mechanism 

Our ears pick up all the sounds around us and then translate this information into a form 

that our brain can understand. One of the most remarkable things about this process is 

that it is completely mechanical. To understand how our ears hear sound, we first need to 

understand what sound is. 

Sound travels as small waves of pressure through the air at a speed of about 740 miles per 

hour. What we hear are sound waves provided by vibrations of air molecules. We don't 

actually measure waves, but the calculated pressure that a wave makes against an object 

(ear drum). The measurements are shown in logarithmic scales called Pascal or 

Micropascals. 

The waves of sound act like ripples on the surface of a pond spreading out after a stone 

has been thrown in. The ‘wave’ itself consists of small pressure fluctuations in the air 

about the ambient (atmospheric) pressure. At some points along the sound wave, the air 

pressure is slightly above the ambient level (the air is compressed), and at others it is 

below (the air is rarefied). These compressions and rarefactions are generated by the 

source of the sound wave, usually a vibrating object. For example, when we hit a bell, the 

metal vibrates and flexes in and out. When it flexes out on one side, it pushes on the 

surrounding air particles on that side. These air particles then collide with the particles in 

front of them, which collide with the particles in front of them, and so on. This is 

called compression. 

Once the sound waves travel into the ear canal, they vibrate the tympanic membrane, 

commonly called the eardrum. The eardrum is a thin, cone-shaped piece of skin, about 10 

millimeters (0.4 inches) wide. It is positioned between the ear canal and the middle ear. 

Since air from the atmosphere flows in from our outer ear as well as our mouth, the air 

pressure on both sides of the eardrum remains equal. This pressure balance lets our 

eardrum move freely back and forth [7]. 
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                                      Figure 2.1: The mechanics of the ear [8]                                                                  

 

The eardrum is rigid, and very sensitive. Even the slightest air-pressure fluctuations will 

move it back and forth. It is attached to the tensor tympani muscle, which constantly pulls 

it inward. This keeps the entire membrane taut so it will vibrate no matter which part of it 

is hit by a sound wave. 

This tiny flap of skin acts just like the diaphragm in a microphone. The compressions and 

rarefactions of sound waves push the drum back and forth. Higher-pitch sound waves 

move the drum more rapidly, and louder sound moves the drum a greater distance. The 

eardrum is the entire sensory element in our ear. The rest of the ear serves only to pass 

along the information gathered at the eardrum. 

2.3 Condenser microphone structure and assembly 

A condenser microphone consists of a circular backplate, a circular membrane also 

calleddiaphragm and an electrical insulator. The backplate of the capacitor is rigid, while 

the diaphragm is flexible. It is free to move in response to the changing pressure level. 

The electrical insulator and the back plate are mounted behind the diaphragm. The 

construction of a conventional air condenser microphone is illustrated in the fig.2.2 
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                                        Figure 2.2: Sectional view of Condenser microphone [9]  

                                       
The deflectable diaphragm and fixed backplate serve as electrical plates for capacitive 

sensing. The capacitor gap, formed by sacrificial layer release technique, can be so small 

as 1 to several microns. An incident sound pressure excites motion of a stretched 

membrane, changing the capacitance between the membrane and backplate and 

producing a proportional output voltage. Thus the performance of a condenser 

microphone depends upon the design of its electrical and mechanical systems. 

 

The function of the mechanical system is to properly dampen the membrane motion for 

optimally flat microphone frequency response. The microphone operates at frequencies 

below the fundamental resonant frequency of the stretched membrane. At frequencies 

approaching the resonant frequency, the response shows a pronounced peak if the 

membrane is not properly dampened.  

 

Since the microphone is to be used for measurement, it must be stable over time and its 

properties should preferably not vary with variations in ambient temperature, pressure 

and humidity. The key parts are the diaphragm and the backplate that have to be clean, 

flat and parallel to each other. The material selection and the design process flow are 

discussed in the next chapter. 

2.4 Working Principle 

A condenser microphone converts sound pressure into capacitance variations. The 

variations in capacitance then are converted into an electrical voltage. The design of the 
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microphone consists of two parallel plates of conducting material, which are built close to 

each other, so that they act as two parallel plates of a capacitor.  

Capacitance is how much charge an arrangement of conductors can hold for a given 

applied voltage. In the condenser microphone setup, the diaphragm acts as one plate of 

a capacitor, and the incident pressure produce changes in the distance between the plates 

 

 

                              
                       

                                   Figure 2.3: Membrane deflection with applied pressure [9]                                                                              

When the plates of the capacitor are connected to a voltage source, charges will flow until 

the potential on one of the plates is equal to the positive side of the source and other 

plate’s potential is same as the negative side of the source. The amount of charge needed 

to establish a potential equal to the source potential depends on the capacitance, 

according to the capacitance equation Q=CV, where Q = charge in coulombs, C = 

capacitance in farads and V = potential difference in volts. The potential difference 

between the plates is given by [9] 

 

푉 =  −  퐸. 푑푙 

 
Where d is the distance between the plates. Now, when the plates of the capacitor move 

closer due to an incident pressure and applied voltage is constant, according above 

equation, the electric field has to increase to compensate for the decrease in distance 

between the plates.  Charges have to flow from the battery towards the plates to make 

that happen, so now the two plates can hold more charge. That is to say that the 
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capacitance increases. When the pressure is withdrawn, the membrane moves back to its 

undeflected position, the gap increases, and the capacitance decreases. To match this 

capacitance change, charges flow away from the plates towards the battery. In this way, 

as the membrane vibrates due to an incident acoustical wave or pressure, charges keep 

flowing to and away from the plates. The voltage source has to pump in more charges or 

take away charges depending on how the membrane deflects. This change in charges 

manifests as change in current. This current can be measured to obtain the electrical 

equivalent of change in displacement. 

When sound waves impinge on the diaphragm, the diaphragm is displaced periodically 

with the frequency same as the sound wave.  This periodic displacement of diaphragm 

causes periodic change in capacitance which translates into periodic change in current. 

This change in current is the electrical equivalent to the frequency and amplitude of the 

sound wave. If the sound wave is modulated in frequency or amplitude, then there will be 

a corresponding change in frequency or amplitude of the current. This gives us an 

electrical signal which is modulated in the same fashion as the air pressure. This current 

is converted to voltage and is amplified for performance or recording.  For uniform (flat) 

electrical output from the capacitor element, the diaphragm displacement should be 

independent of the frequency of pressure incident.            

                                      

                                 Figure 2.4: Principle of MEMS Condenser microphone [10]                                        
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The above figure illustrates the operation of the Condenser microphone. The D.C bias 

establishes the required charge on the plates of the condenser through high resistance. 

The high resistance value used assures that the charges established on the plates do not 

leak out when the membrane is incident with the pressure loads in human speech range 

(20dB to 100dB) [11].  

In this case the charges on the plates of the condenser remain constant and the 

capacitance changes as the pressure is incident on the membrane.  The voltage is thus 

inversely proportional to the capacitance and dirlectly proportional to the change in the 

distance between the plates as given in the below equations. 

                                      

The output of the microphone is fed to a pre-amplifier, which prepares the electrical 

signal (voltage) for further amplification. This is followed by a voltage amplifier circuit 

which is used to amplify the weak output signal. The circuit shown below is an example 

of the read out circuitry used for the Condenser microphones. 

             

 

                                   Figure 2.5: Condenser microphone read out circuitry 
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In this example, a D.C bias of 9V is used with 5k ohm resistance to establish the charges 

on the plates of the microphone. The microphone output voltage (usually in millivolts) 

which is the electrical equivalent of the amplitude and frequency of the incident pressure 

is laid on the 9V D.C bias. The non-inverting amplifier is configured for a gain of 100 

though the feedback resistors of 100Ὠ and 1kὨ (A = 1+   ). Let us assume that the 

output voltage of the microphone is 20 milli Volts, and then the amplifier amplifies it to 

2V. Here the 0.1µF capacitor and 100kὨ resistor act as the high pass filter which remove 

the D.C component in the signal coming out of the microphone (i.e 9V)  and passes only 

the pure 20 milli Volt A.C signal to the amplifier input for amplification. The cutoff 

frequency of the high pass filter is 15.9Hz. So any frequencies above 15.9 kHz are passed 

un-attenuated. The audio frequencies of interest for the microphone operation are from 

300Hz to 3 kHz. 

2.5 Specifications 

This section deals with introduction to some important performance parameters of the 

microphone such as sensitivity, frequency response, natural frequencies, signal to noise 

ratio, damping, steady state capacitance and pull in voltage. A well-designed microphone 

should have a small size, flatter frequency response, large frequency band-with, and high 

sensitivity. They can all be considered as the performance indexes of a condenser 

microphone.  

2.5.1 Sensitivity 

Sensitivity indicates how well the microphone converts incident acoustic pressure to 

output voltage. A microphone sensitivity specification tells how much electrical output 

(in milli volts) a microphone produces for a reference sound pressure level at 1 kHz. The 

most common reference sound pressure level is 1 Pascal or 94 dB [12]. A higher value 

indicates greater sensitivity. A high sensitivity microphone creates more voltage and so 

will need less amplification at the recording device.  
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A capacitive microphone, as discussed earlier consists of a thin plate and a fixed back-

electrode separated by an air-gap. For large bandwidth this membrane structure should be 

stiff enough. This will reduce the sensitivity of the microphone. Other way to increase the 

sensitivity is that the gap between the two electrodes should be small. However when the 

gap becomes smaller the squeeze-film air damping effect between the electrodes becomes 

large. The bandwidth of the microphone can be reduced by the damping effect, as air 

damping reduces the sensitivity at high frequency more significantly. The definition of 

the ‘squeeze-film damping’ is given the below. 
 

When two similar-shaped surfaces are close to each other and moving closer and there is 

a gas or a liquid between them, then that gas or liquid has to flow out. Associated with 

that flow is viscosity, which means that some of the kinetic energy of the moving 

surfaces gets dissipated. That is the definition of damping; it's called "squeeze film" 

because in this case the damping effect is associated with the "squeezing" of the fluid 

layer between the surfaces. 

 

Typically in capacitive microphones, the back plate is perforated. The holes in the back 

plate allow air flowing through them when the diaphragm is vibrating so that the air 

damping effect can be optimized by their size and density [13, 14]. In the microphone 

being designed, the membrane has 50% area ratio of holes to the metal, which allow the 

air to flow in and out. Chapter VI presents the mathematical treatment and FEM analysis 

of the membrane compliance of the new MEMS microphone. The aim of a microphone 

design is to achieve the highest sensitivity, adequate operating bandwidth (5 kHz for 

audio applications). 

2.5.2 Frequency Response 

Frequency response is the range of frequencies for which the microphone maintains a 

constant sensitivity within defined boundaries. A capacitive microphone is often designed 

to operate in a desired audio frequency range (0-20kHz) [12]. A frequency 

response diagram plots the microphone sensitivity in decibels over a range of frequencies 
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(typically at least 0–20 kHz). The frequency response of the microphone must be flat 

within the desired range to reproduce a good quality sound. The microphone is designed 

to operate in human speech bandwidth which is from 300Hz to 3 kHz. 

2.5.3 Signal to Noise Ratio 

Signal to noise ratio is the ratio of the straight frontal sensitivity of the microphone to the 

proper noise voltage. Proper noise is the noise in the microphone which is not produced 

by the action of vibration or natural wind. It is the noise produced by the microphone 

itself [15]. This ratio gives an idea of how well the signal is detected by the microphone. 

S (dB) = 20 log (VS/VN); Where: VS = Signal expressed in volts; VN = Noise expressed 

in volts. This ratio should be high enough such that the signal is not corrupted by the 

noise inherent in the microphone. 

2.5.4 Natural Frequencies 

Natural frequency is the frequency of vibration that an object such as a stretched string 

vibrates when left to itself after some initial displacement. In general, if an object is 

excited, forcing it to oscillate at its natural frequency, the oscillations would get very 

large. This phenomenon is called resonance. The frequency with which the string vibrates 

depends upon the various factors such as the density, tension, thickness and length. 

Similarly the diaphragm of the microphone vibrates at its natural frequency when hit by a 

frequency which matches its fundamental frequency. This kind of vibration can be 

harmful to the system as it can lead to resonance disaster, meaning, the diaphragm can 

collapse if excited at the natural frequency.  

The frequency response of this MEMS transducer device is a key tool in understanding 

device performance. We may assume that the membrane responds in same way for all the 

incident frequencies in the audio range; but in reality, there exists a frequency where the 

membrane vibrates with much more amplitude for small excitation which is its natural 

frequency. At this frequency there is a huge increase in the magnitude of the vibration in 

the frequency response curve. These vibrations do not essential correspond to the incident 

pressure and so can cause errors in the reconstruction of the signal.  
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Below the resonance frequency, the movement of the diaphragm is controlled mainly by 

the elasticity of the diaphragm itself and that of the air in the microphone capsule, to give 

a displacement proportional to the sound pressure. Hence it is important to make sure that 

the resonant frequency of the membrane does not fall in the linear regime of microphone 

operation i.e. 0-20 kHz for the signal to be transmitted faithfully.  

The actual motion of the diaphragm of the microphone over most of the frequency range 

resembles that of an ideal drum head as shown in fig 2.6. 

 

                    
                     Figure 2.6: Vibration of the diaphragm at fundamental frequencies [16] 

 
The mathematical equation for the natural frequency of the membrane is given by 
(Young) as follows, 
 

푓 =
퐾
2휋

퐷푔
푤푟

 

Where Kn is the mode of vibration, D is the flexural rigidity, w is the uniform load on the 

diaphragm including its own mass, g is the acceleration due to gravity, r is the radius of 

the diaphragm and 2휋 is a constant. 

2.5.5 Pull in Voltage 

When a constant DC  bias  voltage is applied to the plates of microphone, due to the 

charges induced onto the plates, electric field develops which causes an attractive force 

between the plates and hence deflection of the diaphragm. When there is deflection, as 

per the definition of capacitance, the capacitance changes. This change in capacitance 

changes the amount of charge on the plates as per the equation Q=CV.  
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That is, when the plates are biased with a constant voltage and as the membrane deflect 

and capacitance changes, to compensate for this change in capacitance, the charges flow 

into or out of the plates depending on how the plates deflect (inwards or outwards). If the 

diaphragm deflects towards the back plate, the capacitance between the plates increases.  

When voltage higher than (for now, let us call it) V0 is applied leading to larger 

deflection towards the back plate, the charge per unit square area increases on the plate 

surface.  This higher surface charge density leads to higher electric flux concentration. 

Higher electric flux leads to higher attraction force between the plates. This attractive 

force leads to more deflection, which in turn makes the capacitance higher, leading to a 

runaway charge accumulation which cannot be controlled. This uncontrolled runaway of 

attraction and charge build up will lead to the 2 plates being shorted.  

                                                
                             Figure 2.7: The diaphragm attached to spring k [17] 

 
The above figure illustrates the forces acting on the membrane. When voltage is applied 

over the capacitor, electrostatic force will work to reduce the plate separation d −x.  At 

small voltages, the electrostatic voltage is countered by the spring force Fk = kx but as 

voltage is increased the plates will eventually snap together. The mathematical expression 

for the Pull in voltage is given by [18] 

 

                                                     Vp =  . .
.    .  

   
  
Where k is the effective spring constant of the membrane, d is the steady state air gap 

distance between the plates, 휀   is the dielectric constant of air, Ael  is the effective area of 

the membrane. 
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As per the equation, whenever the deflection of the membrane exceeds 1/3rd of the gap 

distance, snap down occurs. The pull-in voltage of the structure strictly limits the biased 

voltage. At or beyond this pull-in voltage, the diaphragm will over deflect and physically 

touch the backplate, thereby causing electrical short between the two electrodes. 

Therefore pull in voltage is the most important specification of the condenser microphone 

which sets the upper limit for the usage of the D.C bias used for setting up the field on the 

plates. We should be careful and use lesser voltages than pull in to avoid killing the 

device. 

2.5.6 Steady State Capacitance 

In steady state, the plates of the microphone i.e. the membrane and the backplate are 

perfectly parallel to each other and so the capacitance can be calculated using the parallel 

plate approximation with air as dielectric. The equation governing the capacitance for 

parallel plates is 

                                                                          C = 
.  

The above equation defines the capacitance of the microphone in steady state.  

 

In this section a brief introduction to some of the important specification of the 

microphone is presented. This gives us a framework of the design which helps in 

predicting the behavior of the microphone. The scope of the project includes the 

capability to build such a system which is discussed in the next chapter. 
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CHAPTER III 

          DESIGN AND PROCESS FLOW OF THE MICROPHONE 
  

3.1 SUMMiT V Microphone 

SUMMiT V™ (Sandia Ultra-planar Multi-level MEMS Technology V) is a surface 

micromachining technology developed by Sandia National Laboratories. It is a five level 

poly-silicon MEMS fabrication process; the five levels involve one electrical 

interconnection layer and four mechanical layers. The polysilicon layers and sacrificial 

oxides are deposited by chemical vapor deposition processes. Standard optical-

lithography techniques are used to pattern the photoresist. Wet etching is used in the 

creation of pin joints and during the final release step. Reactive ion etching (RIE) is used 

for patterning polysilicon and silicon dioxide. The details of the layers used by Sandia is 

depicted in the below figure [19] 

 

       

 
                                    Figure 3.1: SUMMiT V structural and sacrificial layers                                  
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Sacrificial oxide is sandwiched between each polysilicon level. Here it is used to increase 

the distance between the plates to the required height. The oxide directly beneath the 

upper two levels of mechanical polysilicon is planarized using a chemical mechanical 

polishing (CMP) process. An optional patterned metal layer can be applied to the top 

polysilicon layer for electrical connection. 

 

By repeating this process with layers of silicon dioxide and polycrystalline silicon, 

extremely complex, inter-connected three-dimensional shapes can be formed. The 

photolithographic patterning is achieved with a series of two-dimensional "masks" that 

define the patterns to be etched. The SUMMiT VTM process uses 14 individual masks, 

approximately the same quantity as in many CMOS IC processes. 

                                                        

SUMMiT V process begins with a 6 inch <100> n-type wafer and 0.63µm thermal oxide 

grown on it. A 0.8um layer of nitride is deposited on the thermal oxide which is followed 

by a deposition of 0.3µm of polysilicon (MMPOLY0). MMPOLY0 is coated with 

photoresist, patterned, etched and photoresist removed. These process steps form the 

backplate and lowest level of the outer support structure of the microphone. Two microns 

of oxide (SACOX1) is then grown which serves as a sacrificial layer for MMPOLY1/2. 

SACOX1 is coated with photo resist, patterned, etched and photoresist removed so that 

eventual contact to the MMPOLY0 can be made once 3.5um of MMPOLY1/2 is 

deposited [20]. 

  
                               
After MMPOLY1/2 deposition, the region in the air gap must be cleared of any 

MMPOLY1/2 polysilicon which is done in the same manner as before. An additional 

2.0um of sacrificial oxide (SACOX3) is grown, which is planarized, patterned and 

etched, similar as before, in the area of the outer support ring. 2.25um of MMPOLY3 

polysilicon is deposited patterned, etched and covered by 2.0um of oxide (SACOX4). 

This oxide is planarized and then coated with MMPOLY3 structure can be made once the 

2.25um of MMPOLY4 polysilicon is deposited [20]. 
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This layer of MMPOLY4 forms the membrane of the microphone and needs to patterned 

and etched so that the serpentine pattern can be realized. Once this has been done all of 

the oxide in the air gap will be removed. The total gap distance between the membrane 

and the backplate is 10.7 µm. The table below shows the electrical conductivity of each 

of the layers expressed in Ὠ/square. All polysilicon layers are n-type. The substrate is a 

6-inch n-type <100> silicon wafer with resistivity of 2-20 Ὠ cm. 

 
Table 3.1 : Electrical conductivity of the layers [19] 

                                                                                             
 

The membrane and the backplate are connected to the bond pads which form the 

electrical connections, where voltages can be applied. Figure 3.3 shows the isometric 

view of the microphone formed and the bond pads for electrical connections.       

                                     
                                       Figure 3.2: Isometric view of the microphone                                  

The layer thicknesses and their mean and standard deviations is shown in the below table 
[19]      
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Table 3.2: SUMMiT V Layer thickness 

                                                                                 

3.2 New MEMS Microphone  

The objective is to design a process flow for MEMS condenser microphone which will 

allow its fabrication at the Semiconductor foundry, using the CMOS processing 

technology. Critical points that must be considered and overcome include the lack of the 

following at the foundry: wafer front to back side stepper alignment, chemical 

mechanical polishing (CMP) and Deep Reactive Ion Etching (DRIE). 

 

The first critical problem is overcome by eliminating the need for front to back side 

stepper alignment. This can be done by building a parallel plate capacitor from the silicon 

surface. The capacitor will be formed by having a lower plate at the silicon surface then 

building up a support structure that raises the upper capacitor plate to a specified distance 

above the lower plate, i.e. use of surface micromachining technology. The initial design 

was drawn in conformance of Sandia’s SUMMiT V design rules and then altered to fit 

the foundries process but still be in compliance of the SUMMiT V design rules. 

The ratio of the etch rates of two layers is called selectivity of the particular etchant. For 

the microphone fabrication, the sacrificial layer (which helps in building required amount 

of gap distance between the backplate and membrane) has to be etched away while 
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preserving the membrane layer. High selectivity between the sacrificial layer and the 

membrane layer is desirable. At the foundry, a study was conducted which would give 

the etch rates of different materials for different etchants. The test wafers with different 

material were exposed to different etchants. The etch rates were calculated from the pre 

and post thickness of the exposed material. The materials looked into include Tetraethyl 

Orthosilicate (TEOS), Boro-Phospho-Silicate Glass (BPSG), Hydrogen Silsesquioxane 

(HSQ), Silicon Nitride and Aluminum-Silicon-Copper(AlSiCu) Metal. The etchants used 

was Buffered Oxide Etch (BOE). The results of the test showed high selectivity between 

the HSQ and Aluminum metal layers. Hence Aluminum was confirmed to be the 

membrane in the new process.  

Using the results from the above experiment, the proposed process consists of stack given 

in the below figure.  

                                 

                                             Figure 3.3: Cross-sectional view of the support structure 

                                                    

The new process starts with a P-Type wafer on which a thin layer of oxide of about 

0.5µm is grown. The oxide layer is a thermally grown layer which acts as the insulator to 

the back plate and helps in isolation of changes on the back plate. This is followed by a 

deposition of 1.1µm silicon nitride, which acts as the etch stop for the membrane release 

mechanism. A 0.66µm thick AlSiCu.5 is sputtered later which acts as the backplate of the 

microphone. The metal is patterned and etched to create the isolation between the 

backplate and the support structure of the membrane. 
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Hydrogen Silsesquioxane or HSQ is an inorganic oxide that forms an insoluble network 

or negative tone resist upon exposure. Its chemical formula is H8Si8O12. The chemical 

structure of HSQ is based on silicon dioxide network containing reactive SiH bonds on 

the edges of the molecules as shown in the below figure. 

                                      

                                      Figure 3.4: Chemical structure of HSQ [21] 

 

Heat and electron beam exposure cleave the SiH bonds, enabling the formation of SiO 

cross linked network, which is insoluble in standard developers. The solubility difference 

or dissolution contrast between SiH and cross linked SiO provides HSQ function as 

negative tone resist. 

The standard process for applying the HSQ on the wafer at the foundry is to sandwich it 

between 2 layers of Tetraethyl Orthosilicate (TEOS). This sandwiching mechanism helps 

in two ways; firstly, it helps in absorbing the stress of the HSQ layer and prevents the 

formation of cracks. Secondly, it prevents the exposure of HSQ layer to atmosphere and 

hence preventing the formation of cracks. Thus sandwiching of HSQ is essential and it is 

integrated into the process to be conformal with standard process at the foundry.  

A 0.3µm Magnesium oxide Induced Lithium Out-diffusion (MILO) layer of Silicon rich 

oxide is deposited as a precursor for the TEOS deposition which smoothens the profile of 

the surface for further deposition of oxide. On top of the first TEOS layer of 0.1µm, 

0.63µm of HSQ is deposited for the height required by the diaphragm. Another 0.4µm of 
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TEOS layer is deposited to get the desired overall height of about 1.44µm. The second 

metal layer is deposited with a thickness of 0.5µm which acts as the membrane. The final 

release of the membrane is done by a wet etch to free up the membrane for it to move 

freely. The membrane needs to be patterned and etched so that the H-mesh pattern can be 

realized. Below figure gives the isometric view of the microphone after the final etch.         

                               

                   

                                    Figure 3.5: Isometric view of the microphone after final etch                                                                                       

                                              
One difficulty in creating a large membrane with CMOS-MEMS is the buckling caused 

by the stresses inherent in the oxide and metal, as well as from temperature – dependent 

stress differences. To solve this problem H-mesh as shown in the above figure was 

developed. The mesh is composed of serpentine springs running in both x and y 

directions, which provide stress relief. The individual members which make up the 

springs are kept short (=2µm) so as to limit the curl.  
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CHAPTER IV 

INTRODUCTION TO TEST EQUIPMENT 
 

The measuring instruments discussed in this chapter are used for the characterization of 

the microphone. This chapter is intended to give a detail study about the instruments used 

and their specifications. The main instruments used for the characterization are LCR 

meter, wafer probe station, Interferometer and Keithley source meter. 

4.1 LCR Meter  

A LCR meter (Inductance (L), Capacitance (C) and Resistance (R)) is a piece of 

electronic test equipment used to measure the inductance, capacitance and resistance of a 

component. In the usual versions of this instrument these quantities are not measured 

directly, but determined from a measurement of impedance.  

During the capacitance measurement, the device under test (DUT) is subjected to an AC 

voltage source. The meter detects the voltage over, and the current through the DUT. 

From the ratio of these the meter can determine the magnitude of the impedance. The 

phase angle between the voltage and current is also detected. The impedance magnitude 

is represented by combination of C and R or C and D, where R and D are resistance and 

dissipation factor respectively. The meter must assume either a parallel or a series mode. 

Small capacitance yields large reactance, which implies that the effect of the parallel 

resistance (Rp) has relatively more significance than that of series resistance (Rs). The 

low value of series resistance has negligible significance compared with the capacitive 

reactance, so parallel circuit mode should be used [22]. Agilent E4980A LCR meter was 

used for the measurement of capacitance of the microphone. 
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                                                  Figure 4.1: Agilent E4980 LCR meter 

 
The Agilent E4980A LCR meter is used for evaluating LCR components, materials and 

semiconductor devices over a wide range of frequencies i.e. from 20Hz to 20MHz with 4 

digit resolution at any frequency.  E4980 offers capacitance measurement with a basic 

accuracy of +/- 0.05% at all frequencies. The key specifications and the functional 

capabilities of E4980 LCR meter are listed in the below table 

 
                             Table 4.1: Key specifications of E4980 LCR meter [22] 

                              

4.1.1 Measurement Repeatability 

It is important to determine the repeatability of the LCR meter before taking any 

measurements on it. For this, the capacitance measurement on Sandia microphone chip 

was done at 3 different times (morning, evening and next morning). Each time 50 

measurements were taken and so a total 150 measurements were made on the same chip. 

The testing conditions set were an A.C Voltage of 0.5V at 500 kHz frequency and a 
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constant D.C Voltage of 5V. The figure below is the histogram representation of all 150 

measurements. It also specifies the mean and the standard deviation. 

                       

                       Figure 4.2: Histogram of 150 measurements done on Sandia microphone chip 

 

It is observed that there is variation in the sample mean of 3rd set of data from 1st and 2nd 

set of data means. The final distribution looks bimodal. Hence to compare two 

unmatched groups to see if they represent same population, One-Way Analysis of 

Variance (ANOVA) was done on each set of 50 measurements and then on all the 3 sets 

comprising of 150 measurements.  

ANOVA is a technique used to compare means of two or more samples (using the F 

distribution) and determines whether the two or more groups of data are drawn from the 

same population. Like the Student's t, one calculates an F and compares this to a table 

value and decisions on the data are made based on the measured F value [23]. 

The results of the  F-test conducted on each set and then on all the 150 measurements 

conclude that sample means represent same population and the Repeatability (Precision) 

of the LCR meter is in 10’s of femto farad range. 
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4.1.2 Noise 

To measure the noise (stray capacitance) caused by to the probe station testing needles, 

they were lifted from being in contact with the wafer and the chuck lowered; fifty 

measurements were taken using the LCR meter. The RMS value of the stray capacitance 

measured is 40.61 femto farads. This adds up as the unwanted stray capacitance to the 

measured values. 

4.2 Keithley 2400 Source Meter 

Keithley 2400 Source meter was used to provide the voltage bias to the membrane and 

the backplate of the microphone while measuring the membrane deflection.  

 

Figure 4.3: Keithley 2400 Source meter                                                  

Fundamental Source Meter operations include source-measure, measure only (V or I) and 

measure ohms. The voltage and current source and measure specifications of the meter 

are listed below. 

 

• Source voltage from 5µV to 210V; measure voltage from 1µV to 211V. 

• Source current from 50pA to 1.05A; measure current from 10pA to 1.055A  

• 0.012% basic measure accuracy with 5-1/2 digit resolution [24]. 

 

When sourcing voltage, the Source meter can be set to limit current. Conversely, when 

sourcing current, the Source meter can be set to limit voltage. 
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In our experiment, it is important to set the current compliance while sourcing the voltage 

from the meter to avoid the membrane collapse to the backplate.  Details of this are 

mentioned in chapter V.  The Source meter output will not exceed the compliance limit. 

For Keithley 2400, Current limit can be set from 1nA to 1.05A while sourcing the voltage 

and the voltage limit can be set from 200µV to 210V while sourcing the current [24].  

4.3 Zygo Interferometer 

When two waves with same frequency combine, the resulting pattern is determined by 

the phase difference between the two waves. Waves that are in phase will undergo 

constructive interference while waves that are out of phase will undergo destructive 

interference. Most interferometers use white light or other form of electromagnetic wave. 

In interferometers a single incoming beam of coherent light is split into two identical 

beams by a grating or a partial mirror. Each of these beams will travel a different route, 

called path, until they are combined before arriving at a detector. The path difference, the 

difference in the distance traveled by each beam, creates a phase difference between 

them. It is this introduced phase difference that creates the interference pattern between 

the initially identical waves. These fringe patters determine the distance travelled by the 

waves.  

For the measurement of deflection of the membrane, with applied voltages, Zygo 

interferometer was used. Some of the important features of the meter are quantitative 3D 

surface maps of greater than 300,000 points; phase measuring Interferometry for λ/100 

uncertainty; radius of curvature measurement [25]. The table below lists the key 

specifications of the interferometer. 
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                     Table 4.2: Key specifications of Zygo interferometer [25]                            
                       

                                      

 

Interferometer along with Keithley 2400 is used for the deflection measurement of the 

membrane for applied D.C voltages. LCR meter and probe station setup along with 

Keithley 4200 is used for the C-V measurement of the microphone. The details of the 

experiments are presented in the coming chapters. 
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CHAPTER V  

SUMMiT V MICROPHONE MODELING AND 

    CHARACTERIZATION 
 

The electrostatic parameters of the microphone such as its membrane pull in voltage, 

capacitance of the structure and deflection of the membrane with change in voltage help 

in validating the design of the microphone. Inferences can be drawn from the results to 

provide feedback to the design so that improvements in the design and process can be 

implemented. The characterization of these parameters of the microphone and its 

modeling is discussed in this chapter. 

5.1 Voltage vs. Deflection of the Membrane 

A MEMS condenser microphone is an electrostatic transducer that depends on electrical 

energy in terms of a constant voltage (voltage drive) or constant charge storage (current 

drive) to facilitate monitoring of capacitance change due to an external mechanical input 

[26]. However, electrostatic force due to the bias voltage is nonlinear due to its inverse 

square relationship with the airgap thickness between the capacitor electrodes. This gives 

rise to a phenomenon known as ‘pull-in’ that reduces the dynamic range of the diaphragm 

displacement to one-third of the airgap. If the bias voltage exceeds this pull-in limit, the 

diaphragm will collapse. Accurate determination of the pull-in or the collapse voltage is 

critical in the design process  

 

However, while the supply voltage providing a means for readout of the change in 

capacitance due to diaphragm deflection, the resulting electrostatic attraction force pulls 

the capacitor electrodes towards each other and thus causes the diaphragm to deflect, 

even in the absence of an external mechanical pressure. This electrostatic attraction force 

is nonlinear and increases with the decreasing gap width between the electrodes for a 

fixed voltage. Furthermore, since the diaphragm is clamped, the deflection at the central 
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region of the diaphragm is higher than that at the diaphragm edges. Thus, a non-uniform 

force profile is developed. Also, the nonlinearity of the electrostatic attraction force 

causes a downshift of the fundamental resonant frequency of the structure, an effect 

known as spring softening [27].  

 

During operation, the capacitor structure is subjected to four different types of forces: the 

mechanical input, the elastic force generated in the vibrating diaphragm in response to the 

deformation, the damping force generated by the airgap [28], and the electrostatic force 

due to the supply voltage. 

 

                                         
                                   Figure 5.1: Cross-secion of MEMS capacitive microphone 

                                              
In equilibrium, the damping force can be neglected. Thus, the resultant force acting on 

the diaphragm is the sum of the electrostatic and the external mechanical pressure and is 

counterbalanced by the elastic force of the membrane. Therefore, it is desirable to 

minimize the effect of electrostatic force as much as possible. Careful determination of an 

optimum operating point for the supply (bias) voltage is necessary so that; (1) the device 

does not collapse due to pull-in; (2) sufficient charge flow can be established for the 

chosen readout circuitry; (3) the spring softening effect does not lower the fundamental 

resonant frequency of the structure below the desired upper cut-off frequency, and; (4) 

the maximum allowable deformation due to combined electrostatic and mechanical forces 

is within the elastic limit of the diaphragm material. As a microphone’s sensitivity, 

frequency response and noise properties, etc. depend critically on the bias voltage, it is 
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necessary to optimize the bias voltage, considering the available geometry and fabrication 

materials, to ensure safe operation. 

 

The following sections will deal with the theoretical estimation of membrane 

displacement for applied voltages and test setup, measurements and the results. 

5.1.1 Diaphragm model and membrane deflection theory 

The analysis of the microphone operation begins with the behavior of the diaphragm.  

                                                             
        

                                             
               Figure 5.2: Electrostatic force between the parallel plates due to applied voltage 

 

The membrane and backplate can be treated as the two parallel plates of a capacitor, with 

a capacitance C given by 

 
                                                              C =  .                                                     
 
where A is the overlapping area of the parallel plates, d is the gap between the plates, ε0 is 

the permittivity of free space, ε0 = 8.854*10-12 F/m.  When voltage is applied to the 

membrane and backplate, an electrostatic force develops between them and the 

membrane deflects. 

 

In this analysis, any fringe field capacitance associated with the capacitor electrodes is 

neglected and the capacitor electrodes and contacts are assumed to be perfect. It is 

assumed that the capacitor structure is situated in a vacuum environment to ensure zero 

external mechanical loading of the top electrode. It is also assumed that the diaphragm’s 

restoring force is a linear function of its displacement. 
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Neglecting the damping effect (as the structure is assumed to be in vacuum), the equation 

of motion of the movable plate due to the electrostatic attraction force F caused by a 

constant supply voltage V can be expressed as: 

 

                                                                   푚  + kx = 퐹  

 
Where x represents the displacement, m is the mass of the membrane material. The 

mechanical elastic force Fm can be expressed as  

 

                                                            Fm = kx 

 

Where k is the spring constant of the membrane and the variation of k is assumed to be 

linear. 

 

                                                  

                         Figure 5.3: Membrane deflection model  

The potential energy stored in the capacitor due to the applied voltage bias V is given by 

[30] 

 
                                                                 U = C V2 / 2                                                                    
 

The electrostatic attraction force FE between the plates due to the charges on the plates 

can be found by differentiating the stored potential energy of the capacitor with respect to 

the position of the movable plate and is expressed as 
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퐹 =  −  
푑
푑푥  

1
2퐶푉 =  

 휀 퐴푉
2(푑 − 푥)  

 

Where V is the voltage applied, A is the area of the membrane, d is the distance between 

the plates. This above equation reasonably approximates the electrostatic force between 

the membrane and backplate provided that the two are parallel and properly aligned.  

 

Since at equilibrium, electrostatic force between the plates is equal to the spring restoring 

force of the membrane, i.e. at equilibrium  

 

푘푥 =
 휀 퐴푉

2(푑 − 푥 ) 

 
 
This equation can be rearranged into a third-order polynomial. The values obtained after 

solving for x (displacement of membrane) for different D.C bias voltages is given in the 

below table 

 

            Table 5.1: Voltage vs. calculated deflections 
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       Figure 5.4: curve showing voltage vs. deflection of membrane obtained theoretically 
  

5.1.2 Test setup 

The packaged Sandia microphone was tested using DC drive signals for deflection 

measurement as discussed below. The part was fixed on a bread board and care was taken 

to avoid ESD which could snap down the membrane. The microphone was set under 

Zygo interferometer and DC voltages were applied through Keithley source meter and 

were step up continually from 0V to 30V with an increment of 5V.  

The interferometer as discussed in chapter IV, splits a coherent beam of light into two 

beams using a beam splitter; one of the beams is made incident on the flexible membrane 

and the other beam is reflected from a mirror. The two beams are made to interfere at the 

detector which creates an interference pattern depending on the movement of the 

membrane. The test setup is shown below. 

                                       

                                  Figure 5.5: Test setup for deflection measurement 
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5.1.3 Results and discussion 

A full DC deflection was observed through the interferometer by looking at the fringe 

changes on the membrane surface. The deflection patterns and values were observed on 

the metro pro software for each applied voltage level as shown in the figures below. 

 

                                                Figure 5.6: 0V DC bias applied to the membrane 

 

 

                                                           Figure 5.7: 10V DC bias applied to the membrane 

 

 

Figure 5.8: 20V DC applied to the membrane 
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Figure 5.9: Membrane deflection pattern at 30V DC 

                                  

The peak deflection values were calculated by subtracting the distance measured from 

membrane to the backplate at the centre using interferometer from the steady state gap 

distance of the microphone. As discussed in chapter III, the SUMMiT V microphone has 

an air gap distance of 10.7µm between the membrane and the backplate but the measured 

steady state gap distance was 9.375µm. Graph and the table below lists different voltages 

applied and corresponding deflections measured at the centre of the membrane. 

Table 5.2: Voltage vs. measured deflections 

               Voltage (V)                Peak Deflection (µm) 

                       0                        0 

                       5                     0.610 

                      10                       1.097 

                      15                     1.218 

                      20                     1.462 

                      25                     1.948 

                      30                     2.313 
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                       Figure 5.10: Voltage vs. Deflection curve of the microphone membrane 

We observe that the theoretical deflections are less than the measured deflections because 

the steady state gap distance of 10.75µm was assumed in the calculations but the actual 

gap distance at steady state is measured to be 9.4µm. Using this value of gap height in the 

calculation, the theoretically predicted value moved closer to the measured values. In the 

graph shown below, green line indicates the calculation using new gap distance of 9.4µm. 

 

                        
       Figure 5.11: Improved theoretical voltage vs. deflection curve of the microphone membrane 
 

The rest of the difference is because the theory proceeded under the assumption that the 

plates of the capacitor are perfectly parallel and do not deform; however, in reality the 
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backplate experience a greater electrostatic force than those which do not deform. In 

principle, a more sophisticated tool that does not make this assumption, such as software 

finite element analysis, could also be used to accurately model the deflections. 

 

From the experiment, it is observed that the membrane deflects with increasing voltages 

and a deflection of 2.31 microns was achieved at 30V. The experiment gives us 

substantial proof that the membrane can be actuated or deflected and we also have an 

idea of the safe voltage range for microphone operation. 

5.2 Capacitance Estimation 

In this section, the theoretical estimation of capacitance for varying DC voltage levels is 

discussed. The experimental values of the deflection obtained for the membrane are used.   

 

Consider a schematic of the diaphragm shown in the below figure. For this analysis, the 

diaphragm is assumed to be homogeneous, axisymmetric, and linearly elastic. 

Furthermore, the diaphragm is assumed to have a perfectly clamped boundary condition 

around the perimeter of the diaphragm and to have zero residual in-plane stress. The 

diaphragm has a radius a and a thickness t. It is assumed that the Young's Modulus, E, 

and Poisson's ratio, v, are both known and the diaphragm is loaded with a uniform 

pressure, p. 

 

            Figure 5.12: Isometric and cross sectional view of the microphone and its details [31] 

The diaphragm is modeled as having zero in-plane stress while at rest. As the magnitude 

of the diaphragm deflection increases, the strain in the neutral axis will increase. 

However, for small deflections, the neutral axis strain can be neglected. The general 
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governing differential equation for the small displacement solution for a clamped circular 

plate is given by [32] 

                                                                                                                                 (5) 
Where w is the transverse deflection of the plate and D is the flexural rigidity of the plate; 

which is given by [32]                                            

                                                                       D =  
     ( )

 

                                                                                                                                                        (6) 
E is the Young’s modulus; v is the Poisson ratio of the membrane. By assuming an 

axisymmetric solution where the deflection only depends on the radial coordinate r, 

Equation (5) can be simplified to  

                                                     

                                                     { 푟 [ 푟  } =                                 (7) 

The deflection of the clamped circular plate is subject to four boundary conditions. First, 

the center deflection is finite; second, the deflection at the clamped boundary is zero; 

third, the slope of the plate at the clamped boundary is zero; and forth, the slope of the 

plate is zero at the center. Respectively, these can be written mathematically as [32] 

 
                                                                         BC 1:  푤(0 ) < α ,  
 
                                                                         BC 2:  푤(푎) = 0, 
 

                                                                        BC 3:  (0) = 0, 
 

                                                              and    BC 4 :  (푎) = 0,                                        (8)                                                                              
 
By solving Equation (7) with the boundary conditions given in Equation (8) the following 

expression for the plate deflection is obtained: 

                                                                                      

                                                                 [ 1 − 2 ] 2                                                     (9) 
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Substituting the expression for the flexural rigidity from Equation (6) into Equation (9) 

gives an expression for the deflection completely in terms of the plate geometry and 

material parameters,      

                                                          

                                                   ( ) [ 1 − 2 ] 2                      (10)                     
 
The deflection shape and the center deflection are given by the terms:     

                                                                  

                                                   [ 1− 2]2  ,  푤(0) =                    (11)                  

The maximum deflection is at the center of the diaphragm and has a magnitude given by 

Equation (11). The slope of the deflection is zero at the diaphragm center and at the 

clamped boundaries. Averaging the deflection over the entire plate area shows that the 

average plate deflection equals 1/3 of the peak deflection [29] 

 

푤(푎푣푔) =  
∫ 2휋푟푤(푟)푑푟

휋푎
=  

푃0푎  
192퐷

=
푤 푝푘

3
 

 
 
The electrostatic attraction between the membrane and the backplate due to the voltage 

applied deflects the membrane and so the deformed membrane is no more parallel to the 

backplate. 

 

 

 
 

 
Figure 5.13: Deflection of the clamped circular membrane of the microphone 
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In this case, the capacitance is calculated by integrating an infinitesimal area of the 

deformed membrane where the parallel plate approximation holds. From the shape 

function and the gap, g0, we can find the electrical capacitance, C, as a function of plate 

displacement which is given as [31] 
 

퐶 =
2πrε

g 푤 (1 − r
a )

dr =  
휺ퟎ휋푎 arctanh 

푤
푔

푔 푤
 

 

Where ‘a’ is the radius of the circular membrane, g0 is the undeflected distance between 

the two plates, wpk, is the peak displacement of the flexible membrane from the steady 

state which is dependent on time and radius of the microphone. The system is described 

in detail by (Crowley, 2008) and (P Moon) if the reader is interested in detailed 

mathematical treatment.  

Using the deflection values from the interferometer measurements in the above equation, 

capacitance is calculated which is tabulated below.  

                Table 5.3: Capacitance and change in capacitance calculated Vs. D.C Voltages 

        

 

                     Voltage (DC)                       Capacitance     Change in Capacitance     
(femto Farads) 

                    Steady State                        118.626 x 10 -15                    0 

                            5v                       121.321 x 10 -15                 2.595 

                           10v                       123.607 x 10 -15                 4.981 

                           15v                       124.205 x 10 -15                 5.579 

                           20v                       125.439 x 10 -15                 6.813 

                           25v                       128.048 x 10 -15                 9.422 

                           30v                       130.130 x 10 -15                 11.51 
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                                          Figure 5.14: Calculated capacitance Vs. D.C Voltages 

 

We see from the calculations that the change in capacitance (ΔC ) for 0V to 20V is nearly 

7 femto farads. To verify these values of capacitance obtained from the integral method, 

capacitance was calculated using the parallel plate approximation which is calculated using 

the equation c =  휺ퟎ   . The average deflection (d) i.e. the deflection of the overall plate, as 

discussed in the above section is    where wpk is the deflection at the center. Final 

distance between the plates for applied voltage is calculated by subtracting the average 

deflection values from the original gap distance (d0) and the capacitance is given by  

                                                                   C = 
.

0
 

 

It is observed that capacitance values calculated using parallel plate approximation is in 

agreement with the integration method used. 

5.3 Pull in Voltage  

The pull in voltage is the voltage at which the microphone diaphragm collapses to the 

backplate. A brief discussion on pull in voltage was done in chapter II. The following 
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section gives details of the mathematical estimation of the pull in voltage of the 

diaphragm and the experiment performed to verify the same 

As discussed in section 5.1.1, from the membrane deflection theory, at equilibrium, 

electrostatic force between the plates is equal to the spring restoring force of the 

membrane, i.e. at equilibrium  

푘푥 =
 휀 퐴푉

2(푑 − 푥 ) 

 
 
This equation can be rearranged into a third-order polynomial. After solving for x and 

choosing the stable root, the pull-in voltage can be expressed as  

Vp =  
8.푘.푑

27.  휀   .  퐴푒푙
 

The distance where the pull-in occurs is  

                                                        xpi =  

and the pull-in gap is  

                                                                푑 =                                                    

If the voltage is increased beyond this pull-in voltage, the resulting electrostatic force will 

cause the movable plate to collapse onto the fixed plate and the capacitor will be short-

circuited. Pull in voltage gives us the maximum operating voltage for the microphone. 

   
For the pull-in equation, k is the effective spring constant of the membrane, d is the 

steady state air gap distance between the plates which is measured to be 9.375µm, 휀   is 

the dielectric constant of air, Ael is the effective area of the membrane. The membrane is 

perforated with serpentine pattern having a duty cycle of 50%. So the effective area is 

50% of the total area of the membrane. 
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The equation for spring constant is k = 8πσh. Here σ is the membrane tensile stress and h 

is the membrane thickness which is 2.25µm.  

                                         

Figure 5.15: Cross section of the slotted diaphragm 

Polysilicon material is widely used as the structural layer in most of the MEMS devices. 

This is mainly because of the following characteristics:  low residual in-plane stress, a 

high degree of flatness (>1 m radius-of-curvature currently), a high deposition rate for 

manufacture cost-reduction, a high etch selectivity to the underlying oxide, a high 

mechanical strength, and low adhesion and friction on nearby surfaces [33]. 

 

Sandia has carried out extensive characterization of its fine-grained polysilicon, and 

developed proprietary techniques to anneal out internal stresses in-situ so as to mitigate 

the effects. According to the internal measurements made at Sandia national laboratory, 

Sandia’s fine-grained polysilicon displays a low internal stress of less than 0.2 MPa after 

proper annealing cycles [33, 34]. Using these numbers in the equation above, the pull in 

voltage is calculated to be 70.4V. Next the experimental determination of the pull in is 

discussed. 

To determine the pull in voltage, the packaged part of the microphone was applied a DC 

bias which was ramped from 0V using Keithley source meter till it reached the current 

compliance set to 100µA. Care was taken by ramping the voltages slowly which gave 

extra time for the charge equilibrium to be achieved on the membrane. Microphone was 

observed under the microscope throughout the process to observe the membrane 

deflection and deflection patterns as shown in the below figure. 

. 
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Figure 5.16: Membrane view from the microscope                                       

The current compliance of 100µA was reached at nearly 40V. On application of 41V to 

the membrane a clear image of membrane collapse to the backplate was observed using 

the Zygo Interferometer. It is determined that the collapse voltage of the membrane is 

40V. By calculating the tensile stress of the membrane using this pull in voltage, a value 

of 0.1 MPa was obtained.  

This can be explained by the results of the test conducted by the Johns Hopkins 

University, to study the effect of etch holes on the mechanical properties of polysilicon 

thin film. The material is phosphorus doped, low pressure chemical vapor deposited 

polysilicon having etch holes ratio of 50% of total area. Compared with the mechanical 

properties of the specimens without etch holes, the tensile stress has dropped by 50% due 

to the existence of the etch holes [35]. The polysilicon membrane of the SUMMiT V 

microphone has etch holes with duty cycle of 50%. Hence the tensile stress resulting 

from the use of etch holes is 0.1 MPa. Using this value of tensile stress the estimated pull 

in voltage reduced to 48V. The rest of the difference is attributed to the uncertainties not 

assumed in the physical dimensions and/or the material properties of the microphone.  

By determining the pull-in voltage the boundary conditions for the diaphragm is found, 

which determines the voltage operating range of the microphone which is less than 40V 

i.e. 0-35V. Additional guard banding of the voltage level can be applied to the operating 

range to minimize the probability of the membrane collapse. 
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5.4 C-V Measurements 

The relation between capacitance and voltage gives important information about device 

performance. Hence the main reason for doing the CV test on the microphone is to 

determine that the membrane deflects with increasing voltage actuation and also the 

change in capacitance. No matter DC bias is positive or negative, when there is deflection 

of the membrane and the capacitance increases, it can be concluded the device can be 

actuated.  

Apart from this, a multitude of semiconductor device and material parameters can be 

derived from C-V measurements. These measurements help in evaluating the new 

processes, materials, devices, and circuits. For example they (CV measurements) help in 

determining the oxide thickness, type of doping and also provide information about the 

interface traps present in the processed layers. 

 

The capacitor structure formed by the membrane and the backplate of the microphone is 

shown in the figure below. The membrane which is formed by N type poly 4 layer, acts 

as one of the electrodes of the capacitance structure. The N type Poly 0 layer stacked on 

the oxides and N type substrate acts as the second electrode for applying the D.C and A.C 

voltages. 

.                                                                               

 

                     Figure 5.17: Capacitance structure                                       



                                                                      Texas Tech University, Pooja Singh, August 2011 
 

49 
 

The C-V measurement platform mainly contains a probe station and a LCR meter as 

shown in Fig.510. By using the probe station, modulation voltage of -20V to 20V was 

applied to the plates, with step increase of 1V.  

 

             
Figure 5.18: C-V measurement test setup 

 

The upper limit for selection of this range is the pull in voltage and so it was made sure 

that voltage far less than the pull in is used to avoid the membrane collapse. An A.C 

voltage of 0.5 V was superimposed on the D.C voltage for capacitance measurement. 

Measurements were taken for A.C voltage frequencies from 24 kHz to 1MHz.  Higher 

frequencies are employed for the measurements because it outputs more current which 

can be measured easily as given by the equation below. The C-V graph was obtained 

from Keithley 4200 source meter. 

 
                                                          CDUT = IDUT / 2πfVac 

5.4.1 Results and discussion  

The measurements were done at different frequencies. The results of the experiment are 

shown in the below graph.  
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Figure 5.19: C-V characteristic curve for microphone chip 

 

The capacitor structure formed by the membrane and the back plate as shown in figure 5-

15 is equivalent to MOS capacitor. The membrane is a heavily doped N type poly 4 layer 

which behaves as a ‘metal’, whose resistivity 8Ὠ/square as discussed in chapter 4. The 

insulating layer is air and the other plate of the capacitor is the N type poly 0 layer. For 

convenience, we hereby use the term poly 4 and metal interchangeably, same with poly 0 

and backplate. 

 

The capacitance of MOS cap depends on the voltage that is applied to the metal. The 

ideal dependence resembles a ‘smiling curve’ for low frequencies. There are roughly 

three regimes of operation.  The regimes are described by what is happening to the 

semiconductor surface. For the metal layer, an applied positive voltage induces positive 

charge on it and negative charge in backplate layer. The only negative charges available 

are electrons and they accumulate at the surface, thus leading to a condition that is called 

surface accumulation. The capacitance observed is maximum and solely due to the air 

gap. 
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When voltage applied to the plate is decreased down to zero and negative voltages, 

negative charge is induced at the interface between metal and the dielectric. This leads to 

a positive space charge being induced at the other interface i.e. the air / backplate 

interface. This could only be accomplished by “pushing” all the mobile negative carriers 

(electrons) away and exposing the fixed positive charge from the donors. Hence the 

surface of the semiconductor is depleted of mobile carriers leaving behind a positive 

space charge. The space charge layer resulting behaves also like a capacitor and the 

overall capacitance is obtained from the series connection of the Air dielectric 

capacitance and the capacitance of the depletion layer [36] 

                                                         1/ C depletion = 1/C Air + 1/CD 

Where C D  is the capacitance due to the depletion layer formed in the back plate. The 

silicon depletion layer thickness increases as the gate voltage is decreased because more 

electrons are pushed away exposing more fixed positive ionized dopants leading to 

thicker space charge layer. The capacitance of the depleted silicon decreases and hence 

the MOS capacitance decreases as the gate voltage is decreased. We can determine the 

type of semiconductor using C(V) curve in the depletion regime. The semiconductor is N-

type for a positive slope and P-type for a negative slope.  

Similarly, in our discussion of the CV measurements for SUMMiT V microphone, as we 

continue decreasing the voltage more and more mobile carriers are depleted, thickening 

the depletion region. This results in continuous decrease in capacitance. The total 

depletion capacitance can be calculated as the series of air gap and depleted capacitance. 

As the measured results have a positive slope, it is verified that the semiconductor 

substrate is N-type. 

If the applied gate voltage is still lowered, the semiconductor surface inverts its 

conduction type from n-type to p-type. An additional increase in the applied gate voltage 

only leads to a linear increase in the charge per unit area of the inversion layer and the 

capacitance equals the accumulation capacitance. This depends on the minority carriers 
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available in the semiconductor. One way to increase the number of minority carriers is by 

providing the thermal energy. As the temperature is increased, the energy bandgap of 

semiconductors tends to decrease and so the electrons are easily released from their 

bonds and contribute as mobile carriers.  

 

From the measurements, we also observe that the capacitance constantly decreases till the 

minimum testing voltage used i.e. -20v. This indicates that there is no formation of 

inversion layer for the minimum voltage range used for the measurements.  

 

To measure the change in capacitance due to increasing bias voltages and for comparison 

with the estimated capacitance, consider the capacitance measured at positive voltages (0 

to +20V) and at maximum A.C frequency of 1MHz. The change in capacitance observed 

for 0 to 20V applied voltage is nearly 7 femto Farads and is in agreement with the 

calculated ΔC. The table below lists the measured values of capacitance at 1MHz 

measuring frequency. 

 

Table 5.4: Voltage vs. Capacitance measured at 1MHz frequency 

                  
                     

 

The graphs below compare the calculated and measured capacitances. 
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                      Figure 5.20: Calculated and Measured C-V characteristic curve for the microphone 

                           
It is observed that the measured capacitance is nearly 100 femto farads more than the 

predicted value. There are many factors that could have contributed to this which are 

discussed below.  

 

As discussed in the Chapter IV, the RMS value of the LCR meter noise measured is 

40.61femto farads. This adds considerable stray capacitance to the measured capacitance. 

Subtracting this stray capacitance from the measured values lowers the capacitance to a 

difference of less than 1.5 times the calculated value. 

 

The rest of the difference observed is because for theoretical analysis no uncertainties 

were assumed in the physical dimensions and/or the material properties of the 

microphone. However, there always exist some uncertainty sources in the real 

microphone device and experiment. For example, variations in physical dimensions and 

material properties, which are caused by the fabrication process, can often substantially 

alter the model parameters of a MEMS device. Additionally, fringing field capacitance 

associated with the charges on membrane edges also contribute to the deformation of the 

membrane and hence increases the capacitance.  
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5.5 Membrane Pressure Deflection and Capacitance calculation 

In real life application of the microphone, mechanical pressure is used to deflect the 

membrane. So it is important to model the microphone for its functioning with incident 

pressure levels with frequencies in the audio frequency range (500Hz to 3 kHz).   

For microphones, the incident acoustic pressure is a perturbation, p, about the ambient 

pressure, p0; the total pressure P is written as [29] 

    
                                                           P = p0 + p 
 
The microphone is constructed such that the pressure in the cavity remains constant and 

is equal to the ambient pressure. Thus the pressure below the diaphragm equals p0 is 

balanced by the pressure above the microphone (p0) and so the final pressure acting on 

the diaphragm will be the incident pressure P. As discussed earlier, the deflection shape 

and the center deflection are given by the terms:                                                        

                                                                                                                                                   

                                                   [ 1− 2]2  ,  푤(0) =                                   

Averaging the deflection over the entire plate area shows that the average plate deflection 

equals 1/3 of the peak deflection 

 

푤(푎푣푔) =  
∫ 2휋푟푤(푟)푑푟

휋푎
=  

푃0푎  
192퐷

=
푤 푝푘

3
  

For SUMMiT V microphone, the membrane used is polysilicon and its Young’s modulus 

is 170Gpa, thickness t is 2.25µm, Poisson’s ratio is 0.22; ‘a’ is the radius of the 

membrane which is 200µm.  Substituting these values in the above equations at 80 dB, 

we obtain the value of peak displacement as wpk = 295.2 nm. The average deflection is 

calculated as 1/3rd of the peak deflection and is 98nm. For this deflection of 295.2nm at 

80db, the capacitance calculated by both parallel plate equation and the area integral 

equation is 101.54 x 10 -15 Farad. Steady state capacitance calculated is 100.64 x10 -15    

Farads. The change in capacitance is 1 femto farad.                 
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CHAPTER VI 

NEW MEMS MICROPHONE MODELING 
 

This chapter deals with modeling of the new microphone which is designed with new 

process flow, materials and fabricated using the surface micromachining technology in 

compliance with CMOS processing technology. Details of the processing steps and the 

microphone structure were presented in chapter 3. Important parameters of the 

microphone such as membrane deflection for incident pressures, natural frequencies and 

pull in voltage are calculated and modeled for the new microphone.  

6.1 Microphone Structure 

As discussed in chapter 3, the capacitor will be formed by having a lower plate at the 

silicon surface and then building up a support structure that raises the upper capacitor 

plate to a specified distance above the lower plate. Sacrificial oxide layers (HSQ and 

TEOS) will be used to help form the support structure but will eventually be removed. 

The backplate formed is continuous and static and the other plate is flexible and has H-

mesh pattern with 50% area ratio of holes. The design is in conformance of SUMMiT V 

design rules and is slightly altered to fit in the Semiconductor foundries process rules. 

The radius of the membrane is 200µm and the gap distance obtained is 1.4µm. 

 

Increasing the air gap can effectively reduce the air resistance and thus increase the 

sensitivity, since too small an air-gap distance is unacceptable, as it would cause a drastic 

increase in air-gap resistance, which would heavily damp the frequency response of the 

microphone. Damping is caused by losses in the diaphragm and the viscous losses 

associated with the air streaming in and out of the air gap.  Hence increasing the density 

of air holes is an effective method of reducing the resistance. On the other hand a large 

air-gap distance would cause a smaller working capacitance and smaller relative variation 

in capacitance that would cause difficulty in signal readout. Hence an optimum height of 
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1.43µm will be achieved as a compromise to the drawbacks of both higher and smaller 

air-gap distance.  

The membrane is made of Aluminum metal. The isometric top down view of the 

microphone is shown in the below figure, also represented are bond pads and the 

aluminium H-meshed membrane whose thickness is 0.5µm. Microphones with 200µm 

and 250µm radius are intended to be fabricated.  

                                     

                   
             Figure 6.1: Isometric top down view of the microphone                                             

6.2  Membrane Deflection and Capacitance Estimation 

As discussed in the earlier chapters, the peak deflection or the deflection at the centre of 

the membrane is given by [31]                                                                                                                                                                                 

                                                                      푤pk =                                   

Here D is the membrane materials flexural rigidity and is given by the below equation 

which uses the Young’s modulus and Poisson ratio values of the material used. 

 

                                                                        D =  
(  )

 
 
Averaging the deflection over the entire plate area shows that the average plate deflection 

equals 1/3 of the peak deflection 
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푤(푎푣푔) =  
∫ 2휋푟푤(푟)푑푟

휋푎
=  
푃표푎  
192퐷

=
푤 푝푘

3
  

For the new microphone, the membrane used is Aluminum and its, thickness‘t’ is 0.5µm, 

Poisson’s ratio = 0.35. ‘a’ is the radius of the membrane and here 200µm  radii 

microphone is considered. The Young’s modulus of the Aluminum metal is 70GPa. 

Substituting these values in the above equation, we obtain peak deflection of the plane 

circular membrane to be 0.6 nm at 60db and 6nm at 80db. The average deflection is 

calculated as 1/3rd of the peak deflection and for 80dB it is 2nm. 

For the H-meshed membrane, the area ratio of metal to holes is 50%. The effective 

Young’s modulus is given by E eff = (1-P) E [37]; where P is the percentage of 

perforation of the membrane. Therefore Eeff = 0.5 E. Using this value of Young’s 

modulus in the equation for peak deflection, we get a deflection of 1.2 nm at 60db and 

12nm at 80db. 

The steady state capacitance calculated is 777.08 femto Farad. The capacitance of H-

meshed membrane at 80db pressure level and 12nm peak deflection, calculated using the 

equation given below, is 780.44 femto Farad. Thus the change in capacitance (ΔC) is 

3.36 femto farads. 

퐶 =
2πrε

g (1− r
a )

dr =  
휺ퟎ휋푎 arctanh 

푤
푔

푔 푤
 

 

6.3 Finite Element Analysis (FEA) and CoventorWare Software 

Finite element Analysis (FEA) is a powerful tool which allows the designers to visualize 

and study the design, construction and subsequent device behavior. From a MEMS 

perspective, the use of FEA is a cost-saving technique that can be used to optimize the 

properties or behavior of the design.  In FEA, the designed part is represented by smaller 

regions which can be meshed. Each one of these elements, in turn are comprised of nodes 
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and edges that interact with other elements to yield the response sought. [38]. FEA is 

computationally demanding and a number of software suites are available to the designer 

to perform the analysis. In this project, CoventorWare 2010 software is used to model the 

microphone. 

CoventorWare is a design and simulation environment for MEMS. It consists of three 

independent processes: Architect, Designer and Analyzer.  Architect is used for System-

level design approach whereas Designer and Analyzer are used for physical design 

approach [39]. 

 In the Designer section, the user creates a process flow depicting the original process 

used for the fabrication of the device. The process editor allows users to create a flow 

simulating the foundry process that will fabricate the MEMS design. Materials, layer 

names, mask names actions (deposit or etch), thickness or etch depth, photoresist and 

more are defined in a series of steps. Physical device design starts with a 2-D layout 

representing the MEMS geometry. The layout, together with the process description, is 

used to build a 3-D model.  

The Analyzer consists of various types of solvers or analysis tools for mechanical 

(MemMech), electrical, electro-mechanical ( CoSolveEM) and thermal simulations of the 

device modeled. In this research, MemMech solver is used to analyze the structural, 

displacement, modal and harmonic properties of the microphone membrane. In the 

Analyzer, the model is prepared for simulations by meshing it and naming the surfaces 

and volumes. Boundary conditions are then applied to these named surfaces and volumes 

to set up the problem. Results from the solver may be viewed in table or graph form, 

visualized in 3-D, or queried for additional numerical values that can be plotted [40]. 

To summarize, modeling the circular membrane using CoventorWare involves three-

steps: first, the process sequence is specified with necessary deposition and etching steps. 

Then the 2-D layout of the design is drawn using the layout tool in the software; second, 

the 3-D model of the membrane is created; Third, the 3-D model is meshed and boundary 
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conditions specified to perform the required simulations. In this work, mechanical 

simulations were performed on both plane and patterned membranes. 

6.4 Microphone Modeling and Simulations 

The process editor stores all the materials and their associated properties needed to fully 

characterize the process flow. It allows users to create a flow simulating the foundry 

process that will fabricate the MEMS designs. The figure below shows the process flow, 

thicknesses of the layers and masks specified in the software for creation of the 

microphone model. 

 

Figure 6.2: Process flow      

                        

A 2-d layout of the microphone is drawn in the Designer section of the software. The 

layout along with the process flow specified are used together to build the 3-D model of 

the microphone. 
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Figure 6.3: 2-D Layout of the microphone 

 

Each layer in the 3-D model of the microphone and their corresponding thicknesses are 

specified in the below figure. This model is meshed with appropriate mesh settings 

depending on the geometry and then used for the simulations. 

 

Figure 6.4: Different layers of the microphone in the 3-D model 
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Two different models of the circular membrane were created. The first model is full 

membrane and the second is just a symmetric quarter portion of the H-meshed 

membrane. Quarter section of the H-meshed membrane was modeled but not the 

complete membrane because the time and memory consumed by the software to model 

the minute H-mesh patterns on the membrane is very large. The quarter section model 

was created to take advantage of symmetry and to speed up the simulation time.   

There are various types of mesh elements available in the CoventorWare software such as 

Manhattan bricks, tetrahedral, hexahedra. The choice is up to the user but should be 

geometry-specific. For planar surfaces extruded brick mesh is best suited. Hence 

extruded brick mesh was used to model the 200um radius plane circular membrane. 

Different mesh sizes were used for the simulations such as 10x10 um, 5x5um, etc. but the 

results showed convergence for 3x3um and 2x2 um mesh settings. Hence final mesh 

setting of 2x2um was used for simulations. The figure below shows the 3-D meshed 

model of circular membrane.  

 

                                   

 Figure 6.5: 2x2um extruded bricks meshed membrane 

6.4.1 Modeling Membrane Deflections 

The circular membrane was analyzed using a mechanical simulation (MemMech) for 

modeling of the membrane for different pressure levels within the human speech range. A 

pressure load of 0.02 Pa (60db) and 0.2 (80db) were applied on top of the membrane; the 
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boundary conditions included fixing the membrane at the outer edges. Figure shows the 

deflection of the 200um plane circular membrane for 60db and 80db pressure levels.  

                          

Figure 6.6: 0.15 nm deflection at 60db pressure load 

                                              

                             

Figure 6.7: 1.5nm deflection at 80db pressure load 

                                           

It is observed that the deflection of the plane membrane at 60db pressure level is 0.15nm 

and at 80db pressure is 1.5nm. These values are in agreement with the calculated values 

discussed in the previous sections. The deflections observed for plane membrane are very 

minute and can hardly lead to any capacitance change. At this point we hope that the 

compliance of the H-meshed membrane to be higher than the plane membrane because 

the stresses in the H-meshed membrane is lower than the plane membrane.  

Quarter section of the plane circular membrane was also modeled. For the quarter 

section, outer circular edge was fixed and the edges of the model along x- and y- 

directions were also fixed. This was done to see if the deflection of the quarter section of 

the membrane model with the specified boundary conditions matches with that of the 
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displacements modeled for the complete membrane under same mesh settings. The 

results were equal confirming the boundary conditions used for the quarter section to be 

right. The same boundary conditions were used to model the quarter section of the H-

meshed membrane. The 3-D model of the quarter section of the H-meshed membrane is 

shown in the below figure. 

   

Figure 6.8: 3-D model of the H-meshed membrane 

 

Next we simulate the deflections of the H-meshed membrane for the same incident 

pressure levels of 60db and 80db. Like the plane membrane, the H-meshed membrane 

was meshed with different settings such as 10x10um, 5x5um, but convergence of the 

results was observed for 2x2um and 1x1um mesh setting of extruded bricks.  

The deflections of the quarter section of the H-meshed membrane for 60db and 80db 

pressure levels are shown below. The deflection of the membrane at 60db is simulated to 

be 2nm. 
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Figure 6.9: 2nm deflection of H-meshed membrane at 60db pressure load 

                                                    

 

                                        

Figure 6.10: 20nm deflection of H-meshed membrane at 80db pressure load 

                                                               

Deflection at 80db is simulated to be 20nm. It is observed that the deflection of the 

patterned membrane is more than 10times the deflection of the plane membrane. The 

capacitance calculated using equation (1) for the peak deflection of 2nm at 60db is 

777.79 femto Farads. The capacitance for the peak deflection of 20nm a 80db is 781.68 

femto Farads. The change in capacitance (ΔC) is 3.89 femto Farads. Therefore as per the 

modeled deflections, the change in capacitance that can be achieved is nearly equal to 4 

femto farads. 
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6.4.2 Modeling Natural Frequencies 

Resonant frequency, as discussed in chapter 2, is the frequency at which the diaphragm 

has maximum amplitude of vibration with minimum applied force. This frequency 

depends on various factors such as length, thickness, tension and density. The frequency 

response of this MEMS transducer device is a key tool in understanding device 

performance. At natural frequency there will be a huge increase in the magnitude of the 

vibration in the frequency response curve. These vibrations do not essential correspond to 

the incident pressure and so can cause errors in the reconstruction of the signal. Hence it 

is important to make sure that the resonant frequency of the membrane do not fall in the 

linear regime of microphone operation i.e. 300Hz -3kHz for the signal to be transmitted 

faithfully.  

The mathematical equation for natural frequency of a circular membrane given by 

(Young) is as follows, 

푓 =
퐾
2휋

퐷푔
푤푟

 

 

Where fn  is the natural frequency; Kn  is Constant which is described below ; g  is 

gravity; D is the flexural rigidity of the membrane; w is the uniform load per unit area 

(load of the membrane). Here, Vibration is described by 2 integers n and m. ‘n’ is the 

number of nodal lines; ‘m’ is number of nodal circles. A node is a point (or line) on a 

structure that does not move while the rest of the structure is vibrating. Constant ( Kn  ) 

for clamped outer edge depends on both n and m and is given in the below table for 

different combinations of n and m. 

 

         Table 6.1 Values of constant Kn for different combinations of m and n 
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Also, there is a tradeoff between the natural frequency and the uniform load applied on 

the diaphragm. Hence it can be controlled externally to an extent. The radius of 

Aluminum membrane is 0.00787 inches, thickness is 1.96 e-5 inches, Weight density of 

Al is 0.098 lb/in3; Elastic modulus of the membrane is 1.015 e7 lb/in2 and Poisson ratio is 

0.35. Using these values for calculation of flexural rigidity and then the natural 

frequency, we obtain the first natural frequency at 31 kHz. This is without considering 

the effect of the perforations on the membrane. For membrane having 50% of perforation 

area, the Young’s modulus is decreased by 50%. That is the effective Young’s modulus 

for the perforated membrane is 50% of its original value. Using this new Young’s 

modulus, the first natural frequency calculated is 22kHz. The table below lists the first 3 

natural frequencies of the membrane with and with the perforations. 

 
Table 6.2: Calculated natural frequencies 

 
 

Finite Element Analysis of the natural frequencies of vibration for both plane and 

patterned membrane were performed using CoventorWare software. Mesh setting of 

1x1um extruded bricks was used for the patterned membrane (results converged for 2um 

and 1um mesh settings). 

Natural frequencies of full circular membrane and its quarter section were simulated 

using the same mesh settings to confirm the boundary conditions as done in the previous 

simulation. The natural frequencies of both full membrane and quarter section matched, 

verifying the boundary conditions. Therefore same boundary conditions were used for the 
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simulation of the natural frequencies of the quarter section of the H-meshed membrane. 

Simulations revealed that the first fundamental frequency to be 33kHz for plane 

membrane and 17kHz for the patterned membrane. These values are very close to the 

theoretically estimated values. The figure below shows the fundamental mode of 

vibrations of the H-meshed membrane simulated. 

 

Figure 6.11: Fundamental mode of vibration of the H-meshed membrane 

The table given below lists the first 2 natural frequencies simulated using the 

CoventorWare software for both plane and H-meshed membranes. 

    Table 6.3: Simulated natural frequencies              

             

From the simulations, we see that the fundamental frequency of the H-patterned 

membrane is at 17 kHz. However this is not a problem, as the microphone is being built 

for speech purpose, and so bandwidth of interest is 300Hz to 3kHz. Hence there should 

be no disturbance in the frequency of interest due to the natural frequencies of the 

membrane. 
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6.4.3 Pull -In Voltage 

Here the mathematical estimation of the pull in voltage of the H-meshed membrane is 

discussed. The mathematical equation for the pull in voltage as mentioned in chapter 2 is 

given by 

                                                     Vp =  . .
.    .  

                                                                          

 
Where k is the effective spring constant of the membrane which depends on the 

membrane effective residual tensile stress. The residual stress of the aluminum metal is 

125 MPa which was measured at the Fab. The spring constant is calculated to be 1570.7 

N/m. ‘d’ is the steady state air gap distance between the plates which is 1.43µm, 휀   is the 

dielectric constant of air, Ael is the effective area of the membrane. The membrane is 

perforated with H- pattern having a duty cycle of 50%. So the effective area is 50% of the 

total area of the membrane which is 6.3x10-8 m2 for 200µm radius and 9.8x10-8m2 for 

250µm radius microphone. Substituting these values in the above equation for the pull in, 

we obtain 35V for 200µm radii and 27.9V for 250µm radii microphone. 

In this chapter the details of the new MEMS microphone structure was reviewed. The 

theoretical estimation of displacement of the plane and patterned membrane for incident 

pressure levels was presented. This was verified with the simulations done using the 

CoventorWare software. This is followed by the simulation of the natural frequencies of 

the plane and patterned membranes. The FEM results are in agreement with the 

calculated values. From the results it can be concluded that the compliance of the 

patterned membrane is more than 10 times that of the plane membrane. The change in 

capacitance caused by the deflection of the patterned membrane for pressure levels of 

60db to 80db is nearly 4 femto farads. The fundamental resonant frequency of the 

patterned membrane is 17kHz which is well beyond the range of interest of the 

microphone operation. 
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CHAPTER VII 

CONCLUSION AND FUTURE WORK 
 

7.1 Conclusion 

The basic principles of operation of MEMS condenser microphone together with its 

membrane characterization and modeling results are presented in the Thesis. Two 

different microphones were investigated. Firstly, the process flow of SUMMiT V 

Condenser microphone was presented and the results of its membrane displacement with 

increasing voltages using the Interferometer and Keithley source meter setup are 

discussed. The deflection of the membrane, its pull in voltage and thus its maximum 

voltage operating range are determined. The pull in of the membrane is observed at 40 

Volts. C-V profiling was carried out on the samples that revealed the capacitance of the 

microphone structure and the change in capacitance of 7 femto farads is observed for 0 to 

20V bias voltage. The measurements also gave information on the gap distance, doping 

type of the wafers.  

Second part of the thesis describes the process flow of the new MEMS microphone which 

will be fabricated using the surface micromachining technology and compatible with the 

CMOS technology at Semiconductor fabrication foundry. The membrane performance 

simulations of the new microphone have been successfully carried out using 

CoventorWare package. The compliance of the H-meshed membrane used in the 

microphone was modeled and compared with a plane membrane.  The simulations 

revealed that the compliance of the H-meshed membrane to be more than 10 times that of 

the plane membrane. Peak displacements levels were examined for different pressure 

loads and the results are found to be in agreement with the theoretical predictions. The 

membrane was also modeled for its natural frequencies and Bessel-like displacement 

patterns were simulated. The first natural frequency was modeled to be at 17 kHz which 

is well beyond the range of microphone operation which is 300Hz to 3 kHz. 
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7.2 Future Work 

MEMS devices are revealing themselves as a very promising technology, especially 

concerning the MEMS condenser microphones. Due to the more and more demanding 

requirements, a deeper knowledge of the devices is necessary and modeling is becoming 

fundamental to design a micro system properly. The frequency response and the natural 

frequencies of the diaphragm can be modeled considering the damping effect due to the 

squeeze film which will give the accurate model.  

Furthermore, the uncertainties in the device due to the defects during the manufacturing 

process require a tuning of the production process. Once the device is fabricated complete 

characterization is to be done to determine its sensitivity, frequency response, inherent 

noise of the system which governs the Signal-to-noise ratio. Other important tests at 

wafer level include C-V profiling, which give important information about the process 

(interface traps), air gap, doping concentration; Reliability testing such as Time to failure, 

Electrostatic discharge (ESD) testing. 
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