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Abstract

Electrostatic actuating bimorph beams are a MEMS device that can be used to control arrays of
small micromirrors for optical beam scanning. Previous research has demonstrated that creating
high-angle deflection using long repeating arms of bimorph beams is possible. The current
devices lack precise control and measurement of the mirror deflection. A solution to improve
control and measurement is by using segmented bias channels to control separate portions of the
actuation arm. The amount of mirror deflection will vary depending on which segments of the

arm are actuated. This thesis discusses the results of FEA modeling and testing.
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SEGMENTED CONTROL OF ELECTROSTATICALLY

ACTUATED BIMORPH MICROMIRRORS

1. Introduction

Microelectromechanical systems (MEMS) are extremely small devices that are used as
actuators or sensors. MEMS have a great range of advantages including being extremely low-
power, small, and light-weight. Because of these advantages, there is motivation by the U.S. Air
Force to find new MEMS applications for aerospace vehicles and to replace legacy heavy and
bulky components with MEMS type designs. One such possible application is as a large angle
beam-steering device. A beam steering device is a device that has actuators to control a mirror.
A laser or some other source of light incident onto the mirror can then be reflected in any
direction by moving the mirrors with the actuators. Current aerospace vehicle beam-steering
devices often use a large gimbal system with electric motors to control the mirror.

There are commercial MEMS micromirror beam-steering arrays currently offered on the
market. Most notably, the Digital Mirror Device (DMD) by Texas Instruments which is used in
many video projectors. Beam-steering arrays use a grid of micromirrors to control an incident
beam and control the direction of the reflected beams. Current limitations in commercial
micromirror array devices result in a reduction in their applicability to other fields. These
limitations include insufficient maximum angle of beam-steering and limited fidelity of control
of the beam. The Air Force Research Lab (AFRL) and the Air Force Institute of Technology
(AFIT) have recently worked on a new device to overcome these limitations. The device uses a
serpentine bimorph structure connected to a central platform to provide a large angle deflection.

The actuation method of the micromirrors is often accomplished through electrostatic actuation
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but may also be accomplished by electrothermal or some other actuation scheme. Electrostatic
actuation is preferred for its fast response rate and reliability. However, a major limitation of
electrostatic actuation is that they exhibit a phenomenon called pull-in. Because of pull-in, only a
limited range of deflection values for an actuator have a stable static solution. This research
looks at using a segmented control scheme to increase the available stable solutions for a

bimorph micromirror controlled by electrostatic actuation.



2. Background

The following chapter provides details from a review of applicable literature for
background on the segmented operation of MEMS beam-steering devices. This section goes into
detail on the fabrication techniques used, applicable physics principles, modeling techniques, and

previous work that is related to this current research.

2.1 MEMS Overview

MEMS are a category of devices that use small-scale electrical and mechanical
component interactions to accomplish a desired purpose. They typically have feature sizes on the
pum scale [1]. This field developed out of the microelectronic and semiconductor industry by
adapting the micro-scale semiconductor manufacturing techniques from creating electronics to
building devices that take advantage of mechanical properties of the materials. The following
sections detail several available techniques. There are several subsets of MEMS currently,
MEMS that are for optical application are microoptoelectromechanical systems (MOEMS),
MEMS for radio frequency (RF) applications are called RF MEMS, and when components have

sub-micron feature sizes are often referred to as nanoelectromechanical system (NEMS) [1].

2.1.1 MEMs History

The concept of making smaller and smaller small electro-mechanical devices has been a
goal of many researchers ever since Richard Feynman published his famous paper There’s
Plenty of Room at the Bottom [2]. Fabrication processes that were developed for the
manufacturing of microelectronics were adapted to create extremely small electro-mechanical
devices for a variety of consumer applications. One of the first major commercial success in

which MEMS were found to be better than other available options was in the use for micro-



machined inkjet print heads by Hewlett Packard and International Business Machines (IBM) in
the 1970s [3], [4]. Research into MEMS continued and the next major application was in the use
of accelerometers for vehicle airbags. MEMS accelerometer sensors (Figure 1) could be made
inexpensively and rugged enough to detect and respond to vehicle collision. The accelerometer
detects the large acceleration using a fixed mass and spring system and sends signal to the airbag

control unit to inflate the airbags [5].

Figure 1: BOSCH high-g accelerometer for vehicle airbag system from 1990s [5].

Additional research by Texas Instruments (TI) found optical applications for MEMS. In
1987, TI built and tested the first version of what would become the Digital Micromirror DMD
[6]. This device was an array of micromirrors that each act as a pixel to reflect a light source
onto a screen (Figure 2). It is still used as a critical component of many Digital Light Processing
(DLP) projectors such as those used in movie theaters. The device functions by each mirror
rotating to either the pixel ON or pixel OFF position. Electrostatic actuation allows it to function
extremely quickly in order to create frame rates of up to 16 milliseconds [6]. As shown in Figure
3, the DMD features multiple layers of micro-machined materiel to create the electrode, springs,

hinges, and mirror platform [7].



U Projection Lens

Light
Absorber

Figure 2: Texas Instruments Digital Mirror Device light beam diagram showing one pixel
in ON position and one in OFF position [6].

—
Torsion Hinge
Electrode

Springtip

Figure 3: 3D cross-section rendering of Texas Instruments Digital Mirror Device diagram
showing each layer from substrate up to mirror [6]

2.1.2 MEMS Uses
MEMS primary purpose is as a transducer. Transducers are devices that convert one

form of energy to another. Transducers are divided into two categories: sensors and actuators



(Figure 4). Sensors take energy often in the form of mechanical but could be any type (optical,
thermal, etc.) and converts it to an electrical voltage signal to measure a physical quantity.
Actuators do the opposite, they take an electrical voltage signal and convert it to a mechanical or

other type of energy to move a physical being or to cause some other desired effect [8][9][10].

Electric data signal —) ACTUATOR % Interesting, useful energy

Figure 4: Block diagram showing two types of transducers: sensors and actuators. It
shows basic functionality of the exchange of energy from useful energy to a data signal
and back [8].

Examples of MEMS sensors and actuators are vibration sensors (Figure 5) for seismic

activity and electrostatic motors (Figure 6), respectively [11], [12].

Figure 5: SEM image of an a vibrational seismic MEMS sensor [11].



Figure 6: SEM Image of an example of an electrostatic rotational MEMS actuator [4].

2.1.3 Advantages of MEMS

The use of MEMS has brought significant advantages as compared to previous
technologies. Major advantages of MEMS include but are not limited to being extremely small,
lightweight, low power, and inexpensive. Most of these advantages are a direct result of their
size and scaling laws for different physical parameters [13]. The small size and weight make
MEMS attractive devices for aerospace applications where size and weight constraints are
critical [14]. MEMS can often be a less expensive alternative for many applications. This is
because MEMS are able to take advantage of economies of scale for when large chip batches are
created using a single design similar to the advantages used by integrated circuit manufacturers
[15].
2.2 MEMs Materials

MEMS manufacturing involves the patterning and machining of various layers of
materials that include conductors, semi-conductors, and insulators. The mechanical and
electrical properties of these materials are adjusted as required and used to create the various

structures and electrical circuits necessary for the MEMS devices to function.



2.2.1 Conductors, semi-conductors, and insulators

Whether a material is a conductor, semi-conductor, or insulator depends on the location
of the electrons within the atomic energy bands and ability to move about those bands.
Conductors are materials such that either the outermost (valence) band is not fully occupied or
the filled band overlaps with an empty conduction band. In an insulator, there is a large gap
between the valence band and the conduction band. Finally, for semi-conductors a bandgap
exists between the valence band and the conduction but it is small as compared to the insulator
band gap. Figure 7 shows a visual representation of the differences between the conduction and
valence bands for insulators, semiconductors and conductors. An example of a band gap for

GaAs, a common semiconductor material is 1.4 eV [16].
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Figure 7: Band gap diagram showing valence and conduction bands for insulators,
semiconductors, and conductors [17].

2.2.2 Important Materials for MEMS

MEMS use a variety of different conductors, semi-conductors, and insulators. A few
examples of common materials are single crystalline silicon, poly-crystalline silicon, silicon
oxide, silicon nitride, and gold [18]. The following paragraphs provide information of

electronic, material, and chemical properties of these important materials.



2.2.3.1 Single-Crystal silicon

Silicon is the most common semiconductor and forms a diamond crystal cubic structure
(Figure 8). This type of structure is described as two interpenetrating face center cubic structures
[19]. Single-crystal silicon is grown in ingots and sliced into thin wafers (usually less than 1
mm) of varying diameters. It has a band gap of 1.12 eV at 300K. Most semiconductors and
MEMS are based on a silicon wafer or a wafer of another semiconductor material. After all

layers are deposited and patterned, the wafer is usually diced into many separate devices [16].

Figure 8: Diamond cubic crystal structure of silicon [19].

2.2.3.2 Poly-crystalline silicon

Poly-crystalline silicon (Figure 9) also known as polysilicon is a form of crystalline
silicon. It is pure silicon and it has the same lattice structure as single-crystal silicon. The
difference between single-crystal and polysilicon is that polysilicon is composed of many
different small crystal domains that point in all directions. The individual crystals are joined to
each other at several grain boundaries. Because of the various small crystal structures,
polysilicon has a less homogenous appearance[13]. Because it is difficult to deposit single-
crystal silicon onto a wafer in a thin layer to be patterned, polysilicon is often used as a deposited

layer for structural layers for MEMS because it can be deposited using chemical vapor















Appendix A. PolyMUMPS Run Data

The following data tables (Table 12 and Table 13) are the measured material properties

from PolyMUMPs run 119 and run 121.

Table 12: Material properties measured from PolyMUMPs run 119.

Table 13: Material properties measured from PolyMUMPs run 121

Lot 12048 | Thickness Deviation Rusi::rtlco Resistivity Stress
Run121 (A) (A) (ohm/sq) (ohm-cm) (MPa)
Nitride 6166 208.50 64 (m)
Poly 0 5031 28.76 -15 c
Oxide 1 19507 365.33
Poly 1 20055 101.18 -1 c
Oxide 2 7515 98.21
Poly 2 15023 69.17 -13 c
Metal 5160 0.060 18 (m)
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Appendix B. Additional Background on Doping

One of the properties of semiconductors that make it extremely useful for
microelectronics and MEMS is the ability to change the electronic band structure of the material
through doping. Doping is done through adding impurities into the crystal structure to add either
additional electrons or holes (absences of electrons); the former is called N-type and the latter is
called P-type. By adjusting the level of holes and electrons, the fermi level can be adjusted.
This is extremely useful for the design of many microelectronic components such as diodes.
Two important properties for MEMS devices that doping is able to change is the resistivity and
dielectric constant of a material [16], [38]. Resistivity is the measurement of a materials ability
to resist electrical conductivity. It is usually measured in units of ohm/centimeters (£2/m).
Metals and other conductors typically have a small resistivity while semiconductors and
insulators have larger levels of resistivity [56]. Figure 68 shows the relationship for crystalline

silicon between the resistivity and the dopant density.
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Figure 68: Resistivity for silicon as a function of N and P type dopants [56].

In addition to the resistivity, doping has an effect on the dielectric constant.
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The dielectric constant is the ratio of the relative permittivity of a material to the
permittivity of a vacuum. To change the dielectric constant, for silicon in particular the addition
of donor atoms (Np) will increase the dielectric constant from its undoped (intrinsic) value.
Equation (30) provides a relationship for n-type doping of silicon at room temperature using
phosphorous [38].

101N,

Np) = 11.688 + 1.635
é(Np) "1+ 1172 « 10-21N,

(30)
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Appendix C. Additional Information for Analytical Work

Input interpretation:

1.5 mi 3
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— %158 10° MPa (megapascals) 12 -
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Result

0.004266 micronMPa (micron megapascals
Figure 69: Calculation of (k) for two-segment design
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Figure 70: Calculation of stiffness Vi for Electrode 1.
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