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ABSTRACT

The use of integrated circuit processing technology in order to manufacture
Microelectromechanical systems is a relatively recent field of research. Texas
Instruments, DLP™ has been the leader in optical MEMS devices, by inventing a
commercially viable means of MEMS for projection displays. This thesis starts with a
brief introduction to the DMD™ device, which is the heart of DLP™ technology.
Then it gives a brief overview of hinge-related failures. The main objective of the
thesis is to establish a relationship between hinge thickness, pre-bake temperature,
and hinge sag in DMD'™ devices. In order to achieve the goals of the thesis a Design
of Experiments has been performed. The step-by-step approach of the experiment, the
collection of data, and a detailed analysis of the results have been discussed in the

thesis.
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CHAPTER 1

INTRODUCTION

Digital Light Processing (DLP™) is an optical system that is driven by digital
electronics. At the heart of the DLP technology is a Digital Micromirror Device
(DMD™4), which is created and designed by Texas Instruments. Other elements of a
DLP™ projector include a light source, a color filter system, a cooling system, and
illumination and projection optics. Combining all these different elements DLP is
able to create a digitally projected image that is far more superior than any other
technology currently available.'

Three major advantages separate the DLP™ technology from other existing
optical projection technologies. The digital nature of DLP enables noise-free, precise
image quality with color reproduction capabilities. DLP is better than the existing
LCD technology because it is based on the reflective DMD™ and does not require
polarized light. The million micromirrors that exist on a DMD™ are very closely
spaced, which creates the illusion of a seamless image with greater resolution."

As mentioned earlier, at the core of the Digital Light Processing technology is
the DMD™, which is basically a semiconductor light switch. This switch contains a
million miniscule aluminum mirrors, each of which are sitting on a static random
access memory cell (SRAM). Depending on the state of the underlying SRAM cell,
the mirrors are able to tilt to one direction or another creating “on’ and off” positions.

The tilting capability of the mirrors, combined with the light source and the optics,



provide the DMD™ with the ability to project or restrict light on a particular area of
the projected image.’

Between each mirror and the SRAM cell exists a couple of other layers one of
which is called the ‘yoke or the beam. This beam is connected to two very thin
hinges, which in turn are connected to two hinge posts. These hinge posts are attached
to the underlying substrate called metal 3 and allow the yoke to be stable in a
suspended position. Metal 3 is connected to the underlying CMOS layer. Electrostatic
fields that are generated between the beam and the underlying memory cell allow the
tilting of the mirror. The mechanical superstructure diagram of a mirror shown in
Figure 1.1 can give a better idea of the relative position of the mirror, the yoke, the

hinge, metal 3 and the CMOS substrate.
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Figure 1.1: Mechanical superstructure of a DMD™

™ ™
Source: Larry Hornbeck, “Introduction to DMD & DLP  Technology”, 2000.



As already mentioned, the whole address circuit and the electromechanical
structure on top of that, the superstructure, have only one purpose, the fast and precise
rotation of the aluminum micromirror. The hinge plays a central role in enabling that
process. Two air gaps are created between the mirror and the metal-3 layer by plasma
etching a sacrificial layer. These two air gaps are called spacer 1 and spacer 2, and
they ensure the rotation of the mirror about two compliant torsion hinges. The thin
hinges play a central role in the free and smooth movement of the mirrors. The air

gaps can be better visualized by the image shown in Figure 1.2.°
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Figure 1.2: DMD™ superstructure process detailing spacer 1 and spacer 2

™ ™
Source: Larry Hornbeck, “Introduction to DMD & DLP  Technology”, 2000.

In order to achieve a large tilt angle (10 to 12 degrees) with conventional 5
volt CMOS devices, the DMD™ pixel is operated by implementing an
electrostatically bistable mode. At the upper end, a bias voltage is applied to the yoke

and the mirror. When the bias voltage applied to the mirror is zero, the only force



acting on the mirror and the yoke is the hinge torque and the mirror settles at a flat
state. The bias produces a net torque at non zero rotation angles when the electrostatic
equilibrium is broken. If one side of the yoke and mirror are closer to the address
electrodes than that side is attracted more strongly then the other. When a sufficient
high bias voltage is applied to the yoke, two more stable equilibrium positions are
created at +/- 10 degrees of tilt. If the bias voltage is increased even more, the energy
barrier between the flat state and the tilted states disappear. The pixel ends up with
only two stable positions at +10 and —~10 degrees and becomes bistable. This result
leads to the smallest address voltage requirement. A very small change in the address
electrode voltages sends the mirror tilting to one side or the other. Figure 1.3 below

can help provide a better understanding of the bias voltage applied.’
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Figure 1.3: DMD™ Pixel Electrical Schematic

™ ™
Source: Larry Hornbeck, “Introduction to DMD & DLP  Technology™, 2000.



To evaluate the performance of the DMD,™ the optical test equipment
sweeps the bias voltage while it counts the number of functional mirrors at each
voltage step. This is called a bias voltage sweep and it produces a bias curve. At low
voltages mirrors do not land due to insufficient electrostatic force. As the bias voltage
is increased more and more mirrors start to land. When the bias voltage is around 16
volts almost 50% of the mirrors have landed on a good DMD™ chip. The voltage is
still ramped up to 24 volts to ensure that all the mirrors have landed. Since the curves
are consistent, representative points can be taken and their shift in relation to time can
be plotted. Now Vb« (the bias voltage at which the last mirror lands) is not always a
good parameter to go by when looking at bias voltage measurements, due to the fact
that it can be driven by one last mirror that refuses to budge even though all the other
mirrors have already landed at a much lower voltage. So, the standardized parameter
that is monitored when looking at bias voltages is the voltage at which 50% of the
mirrors have landed. This voltage is called Vb50 and it has been observed for both the
17- and the 14-micron pixel, the average and optimumVBS50 reading should be
around 16 volts to ensure the smooth operation of a DMD™ pixel.?

The general idea used to be that if Vb50 turned out to be higher than usual for
a specific lot, that must indicate that the hinge metal deposited during the fabrication
process was too thick, resulting in stronger hinges, and vice versa if VB50 turned out
to be lower than usual. The stronger hinge results in the need for a higher bias

voltage to land the mirrors, which is not desired. On the other hand, a hinge that is too






