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Chapter 1: Introduction

1.1 CMOS MEMS

Since Richard Feynman first challenged the scientific world to begin miniaturizing electronic and
mechanical devices [1], new doors continue to be opened for coupling of mechanical structures
with electronic circuits. By combining mechanical sensing and actuation with the computing
capabilities provided by integrated circuits, a new breed of sensing systems has been
developed. These new systems allow for more cost effective production and increased
functionality. Nowhere is this more evident than in today’s automobiles, where micron-scale
accelerometers, gyroscopes and pressure sensors have replaced their larger, bulkier
counterparts while adding functionality through the use of microelectronic circuits.

While many of the commercially available microelectromechanical (MEMS) devices take
advantage of the ability to incorporate CMOS circuitry with the sensing or actuating elements,
the union of these two components is typically achieved through complex serial fabrication
steps. As_ semiconductor processing facilities become more costly, the ability to incorporate
these additional steps in a traditional CMOS process becomes much more difficult. An
alternative method for fabricating micromechanical elements in parallel with CMOS integrated
circuits has been reported by Fedder et al [2]. In this process [2], the mechanical elements and
CMOS electronics are spatially separated. The micromechanical structures are fabricated using
the metal interconnect layers and interlayer dielectrics while the CMOS process for electronics
remains unchanged. Following fabrication of the CMOS devices, a series of three post
fabrication etches are used to define and release the micromechanical structures. The CMOS
MEMS process thus provides a simpler, cost effective and scalable means for fabricating

monolithic, integrated microeletromechanical systems.

1.2 CMOS MEMS Acoustic Devices



1.2.1 CMOS MEMS Membranes

Neumann and Gabriel [3] showed that membranes can be fabricated in the CMOS MEMS
process using a serpentine mesh structure comprised of meandering beams. The space
between adjacent beams allows for access to the silicon substrate for release. The proximity of
the beams in the mesh structure permits the gaps to be filled in with a conformal polymer
deposition step following the release. Once the polymer has filled in the gaps, an airtight seal is
created forming the membrane structure. Various acoustic devices have been demonstrated
using the CMOS MEMS membrane process. The following sections will provide a very brief
overview of these devices.

1.2.2 Analog CMOS MEMS Speakers

To create an analog MEMS speaker using the CMOS MEMS membrane process, an electrical
potential is applied between the metal in the composite mesh structure and the silicon substrate.
The electrostatic force due to the electrical potential is used to deflect the membrane out of
plane. An electrostatic speaker can then be realized by superimposing a sinusoidal voltage on
a bias voltage causing the membrane to vibrate. These vibrations in turn perturb the
surrounding air creating an acoustic wave [3]. While the pressures generated by these
membranes are relatively small (~65-70dB SPL), the ability to create arrays of membranes on a
single chip would allow for greater pressures to be generated.

1.2.3 Direct CMOS MEMS Speakers

Diamond [4] showed that by applying an
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pressure output. By pulsing different numbers of speakers at different times Diamond has
shown that the concept of digital sound reconstruction (DSR) can be realized (Figure 1.1).

1.2.4 CMOS MEMS Microphones

Using a 6-membrane array Neumann [5] demonstrated that microphones can be designed and
fabricated with the CMOS MEMS membrane process. An integrated capacitive sensing circuit
was used to sense the change in capacitance due to incident acoustic waves. Although other
silicon microphones have previously been reported, off chip electronics are often required
leading to higher parasitic capacitances which can limit the overall performance of the

microphone.

1.3 Summary

Previous work has demonstrated that acoustic devices can be constructed with the CMOS
MEMS membrane process. The one common element to existing acoustic devices and any
future acoustic applications of CMOS MEMS acoustics is the use of a membrane to create
and/or sense sound. Optimal design of acoustic devices will require a more thorough
understanding of membrane design and process variables and how they affect the material
properties of the membrane. Chapter 2 will present the key characteristics for designing CMOS
MEMS microphones and speakers and will show how an understanding of the material
properties of the membrane can lead to better design of acoustic devices. In Chapter 3, many
of the membrane design and process variables will be discussed and their effects on the
electrical and mechanical properties of the membranes will be shown through static models.
Chapter 4 will take a detailed look at three variations of the CMOS MEMS membrane fabrication
process. Finally, in Chapters 5 and 6 experimental results relating to the mechanical

characterization of CMOS MEMS membranes and digital actuation of CMOS MEMS speakers



will be presented. By examining these issues, a better understanding of the parameters which

affect optimal design of CMOS MEMS acoustic devices will be identified.



Chapter 2: Membrane Characteristics for Acoustic Devices

2.1 Microphone Characteristics

Effective microphone design requires one to consider two parameters which will affect the
performance of the device. First, a high sensitivity is necessary to convert the incoming
acoustic wave into an electrical signal. Second, the frequency response of the microphone
should be such that any resonant peaks fall outside the audio frequency range providing a flat
frequency response for the microphone.

For CMOS MEMS microphones, capacitive sensing is one of the simplest and lowest-power
means of convertir?g the acoustic energy into electrical energy. Incoming acoustic waves cause
the membrane to Vibrate thus creating a time varying change in capacitance proportional to the
amplitude and frequency of the incoming acoustic signal. As the incoming waves impinge upon
the membrane, the force of the acoustic waves displace the membrane causing a change in
capacitance. The sensitivity of the microphone can be expressed by looking at the change in

capacitance, AC, of the microphone with respect to its nominal (unexcited) capacitance, C,

g,4
AC g-z __8

C &4 g~z

(2.1)
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in equation 2.1 ¢, denotes the dielectric constant of air, A represents the membrane area and g,
refers to the gap between the substrate and membrane. Figure 2.1 illustrates the capacitor

formed by the CMOS MEMS membrane.
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Noting that the sensitivity is highly
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the membrane such that smail acoustic Figure 2.1 lllustration of capacitor formed by
CMOSMEMS membrane




waves create a large membrane displacement and thus a large electrical output.

A flat frequency response is desirable for microphones so that the amplitude of the incoming
acoustic signal at all frequencies of interest (20 Hz — 20 kHz for human hearing) can be
accurately measured and converted into an electrical signal with an equivalent amplitude. To
provide a flat frequency response for a microphone, the resonant frequency should occur above
the cut-off frequency of interest since incoming acoustic waves at the membrane’s resonant
frequency will cause substantially larger deflections than at other frequencies. The larger

deflections in turn will cause a larger electrical signal to be produced. Since the resonant

1 |k
fo= ‘2;\/% (2.2)

it is possible to adjust the stiffness, k, and mass, m, to design the membrane such that the

frequency, f,, is given by

resonant frequency occurs beyond the cutoff frequency for human hearing.
Using estimated material parameters, Neumann [5] demonstrated a working CMOS MEMS
microphone with a frequency response illustrated in Figure 2.2. The reported microphone has a

relatively flat frequency response

from 100 Hz - 8000 Hz, however a

significant resonant peak is

observed near 8000 Hz. The
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Figure 2.2 Frequency response for CMOS MEMS microphone

reported by Neumann. The frequency response shows a Lo .
relatively flat response between 100HZ and 800Hz, however a response, it is believed that the
significant resonant peak is observed near 8000Hz.



stiffness of the membrane was overestimated due to inadequate data on the membrane’s

modulus of elasticity. A better understanding of the Young’s modulus would help correlate

simulations with actual devices.

2.2 Microspeaker Characteristics

When designing CMOS MEMS acoustic speakers for analog sound reconstruction or digital
sound reconstruction, it is necessary to look at two design parameters. First, the speakers such
need actuation voltages that are within acceptable CMOS supply voltage ranges. Second the
frequency response for the analog speaker, like the microphone, should be flat in order to
accurately convert the electrical signal into an acoustic signal for all frequencies of interest. For
digital sound reconstruction the impulse response of each speaker in the array must be fast
enough, relative to the reconstruction sampling frequency, to accurately reconstruct the binary
input signal.

As CMOS voltages scale with critical dimensions, the maximum on-chip voltage becomes a
limiting factor for integrating CMOS MEMS speakers with driving electronics. For analog sound
reconstruction, it is necessary to apply a DC bias to the membrane so that the operating
position of the membrane allows for vibration away from and towards the substrate. The
required DC bias for analog MEMS speakers

was reported to be ~80 V [3], which is well Bina i <yt

fog

above operating voitages for CMOS chips. For

digital sound reconstruction the voltage pulse

must be sufficiently large so that the membrane

is pulled in to the substrate. Diamond reported

Figure 2.3 Frequency response of CMOS MEMS
analog speaker. The speaker exhibits a relatively
flat frequency response up to 50000Hz, however the

um x 500 um membrane [6] which is closer to  output drops off significantly beyond 5000Hz

a collapse, or pull-in, voltage of 28 V for a 500






