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ABSTRACT

The iMoDTM is the basis for a MEMS display that exploits
optical interference. QUALCOMM MEMS Technologies
(QMT) is engaged in a multi-front effort to commercialize
iMoD. This paper will review the history of iMoD development
to date, and discuss QMT’s strategy, philosophy, and
transformation as it addresses the array of issues it must face to
succeed.

HISTORY OF iMoD DEVELOPMENT

The iMoD, or interferometric modulator, underwent a
rather long gestation not unlike that experienced by similar
devices such as the Digital Micromirror Device from Texas
Instruments. The device was originally conceived as the
“Resonant Membrane Spatial Light Modulator” (RMSLM) in
1989. This period coincided with research activities by a variety
of organizations into different MEMS light modulators,
exploring the uses of reflection, diffraction, and interference. In
the case of the RMSLM, it was thought that interference could
provide two very significant advantages. The first was the ability
to process light with great efficiency, and the second was the
ability to do so with a degree of finesse available only through
thin film optics. Applications including optical computing,
telecommunications, and adaptive optics were all candidates for
ultimate commercialization. However it was flat panel displays
that were the original and ongoing focus of the work. The
attributes that MEMS brought to this application would become
more apparent later in the development.

First funding for the development occurred via the Small
Business Administration (SBIR) program that drove the efforts
of the author’s first company, Etalon Inc. From 1991 to 1997.
These resources were used to gain experience with the materials
that were suitable for creating MEMS structures, but whose
traditional role was in the creation of thin film stacks for static
optical devices. All these efforts occurred within a subset of the
facilities of MIT’s Department of Materials Research where
Etalon was an industrial user. It was also during this period that
the initial thin film design families, optimized for display
applications, were modeled.

The end of this long research phase was marked by the
actuation of the first functioning pixels. In typical fashion, these
were glass fragments decorated with silver paint, long wires, and
barely perceivable pixels. Additionally, a process by which
large, full color, bright and vivid static displays could be built
was developed. Ironically, or perhaps mercifully, it was
conceived in one afternoon and realized the following evening
with the help of a laser printer, transparencies, a thermal
evaporator, and PECVD. Together, these two accomplishments
provided a powerful validation of the technology’s potential,
and as “sales” tools they enabled significant new funding. It was
also during this period that the term “iMoD” was coined, and
Iridigm Display Corporation formed. Iridigm’s purpose was the
commercialization of iMoD technology for display applications.
Subsequent, efforts were focused in three main areas. The first

was the creation of a functioning macro-pixel array that could be
addressed and driven to show basic graphic information. Second
was the validation of a manufacturing strategy that would rely
on the exploitation of existing TFT LCD facilities. The third was
to extend and refine the iMoD family of optical designs.

Iridigm closed its first funding round in 2001, the height of
the Internet boom. This process was especially hard-fought due
to a combination of circumstances. Venture backed forays into
domestic display production were riddled with recent and well
publicized failures and technical obstacles. At the same time
excitement around the Internet drove capital into web based
startups, and startups aimed at fiber-optic infrastructure
development. Many MEMS companies dove into the breach of
the latter category. Iridigm subsisted with a lean approach that
minimally expanded its engineering and management team, and
built a small prototype fab. The fab was affectionately known as
“New York,” a more than passing reference to the song. Costing
only $3M and 10 months buildout, it was a completely
integrated facility which took 4” glass wafers in, and produced
packaged devices. Many similarly purposed facilities cost 10X
as much.

A significant array of milestones was achieved. Usable
hysteresis, one of the pillars of the iMoD’s promise, was
realized. This led directly to the fabrication of the first matrix
addressable displays. Prototypical static and dynamic displays
based on bi-chrome, black and white, and full color families
emerged. The manufacturing strategy was also validated by the
first successful use of an LCD fab to build iMoD displays.

Iridigm was acquired by QUALCOMM in October of
2004. QUALCOMM MEMS Technologies (QMT) was
subsequently formed as fully owned subsidiary focused on the
manufacture of displays for portable electronic devices, and the
exploitation of iMoD related technology to MEMS in general.

iMoD THEORY AND OPERATION

The theoretical basis for iMoDs has been described in prior
publications [1] [2] [3]. Optical interference occurs between the
thin film stack and the metallic membrane reflector. Thus the
iMoD is viewed through its transparent substrate. The thin film
stack comprises a number of dielectrics and highly absorbing
metals like chrome or tungsten. Changes in the optical state are
produced by the reflection or absorption of light by the iMoD
structure, depending on the position of the membrane element
shown in Figure 1.

Figure 1. The iMoD architecture.
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Figure 2. iMoD in resonant mode.

Fundamentally the device has a resonant state and an
induced absorption state. As in many thin film stacks, a standing
wave is produced whose peak position is determined by the
position and properties of its constituent films. When the iMoD
is in its resonant state, the metallic membrane is not actuated,
and the overall design is such that the standing wave peak
resides within the airgap. In this state the iMoD behaves as a
resonant reflector, reflecting a color peak whose wavelength is
determined by the size of the airgap. A diagram of this mode
and a micrograph of a corresponding display is shown in Figure
2.

Figure 3. iMoD in induced absorption mode.

Actuation of the membrane into contact repositions the
standing wave peak so that it coincides with the absorbing film
in the thin film stack. The result is a phenomenon known as
induced absorption. Light is consequently absorbed with great
efficiency producing an effective black state as shown in Figure
3.

From a functional standpoint, the iMoD is very appealing
as a display element for two reasons. The first concerns the
efficiency of the device as a modulator. Reflective media, like a
magazine or a newspaper, must be exceptionally bright to be
readable in a variety of ambient conditions. The former
generally have a brightness of around 80%, while the latter
achieve on average 55%. iMoD pixels routinely achieve
reflective peaks in excess of 85%, as shown in Figure 4. The
result is an average brightness of 30%, a figure which makes
them viewable even in exceptionally dim environments. Overall

this attribute minimizes, and in some cases eliminates, the need
for some form of supplemental lighting.

Figure 4. Typical iMoD reflective peaks.

Hysteresis is another significant attribute as it allows the
elimination of the Thin Film Transistor (TFT) array, a
significant component in many matrix addressed displays. The
function of the TFT array is to provide memory and a voltage
threshold. The combination of memory and threshold allows for
the generation of an addressing waveform that can be applied
almost independently of the electro-optic behavior of the
modulating medium. The downside of the bargain is that the
TFT often constitutes one third of the overall cost of a display.
Figure 5 illustrates a typical hysteresis curve attained with
iMoD. Such curves are easily exploited for they are wide, and
have very well defined transitions.

Figure 5 Typical iMoD hysteresis curve.

APPLICATIONS AND ECOSYSTEM

Display-centric portable electronic products are engaged
in a constant struggle to provide increasing features against a
backdrop of decreasing power, size, and cost budgets. The
aforementioned qualities of high brightness and inherent
hysteresis are two of the cornerstones upon which the iMoD’s
promise rests. Delivering in these two critical areas makes it an
attractive solution for many of these products. However, a
discussion of the iMoD’s display architecture reveals a broader
and more compelling implication.

A comparison between architectures derived from iMoD
and LCD solutions is illustrated in Figures 6 and 7. These
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figures show that the iMoD solution exhibits a higher degree of
functional integration in at least three dimensions. Modulation in
the LCD requires a combination of the LC material, and
polarizing films vs. a single actuating membrane. LCD color
selection relies on a separate color filter component, a
component made unnecessary by the iMoD’s predefined air
gaps. The elimination of the TFT array speaks for itself. Thus it
can be seen that the iMoD brings advantages on a broad system
wide level as well.

Figure 6. Full-color iMoD architecture.

Figure 7. LCD display system architecture.

This exercise also serves to bring to light the challenging
nature of displays or display subsystems compared to other
components comprising a product’s BOM (Bill of Materials).
Challenging in the sense that the display must “integrate” and
“interface” across a wider variety of axes than the other devices
in the BOM. Put simply, and by example, IC design must
consider standardized silicon layout/fab, packaging, and lead
frame options. Display design by default must take equivalent
issues into account. However this process is significantly
burdened by the need to consider additional complexities.
Complexities associated with the physical, electronic,
mechanical, and optical coupling of the display to a dizzying
array of components and materials. Not to mention that the
resulting subsystem must serve as both a compelling visual and
frequently tactile transducer. Successful design and deployment
of off-the-shelf display technologies depends on the intimate
coordination and collaboration between a host of seemingly
unrelated industries and disciplines. To achieve a similar result
with a technology that is yet to be established requires the
almost spontaneous realization of a comparable infrastructure or
“ecosystem.”

ELEMENTS OF AN iMoD ECOSYSTEM

At last count the author has identified no less than ten
separate “niches” which must be filled or otherwise addressed to
achieve a functional iMoD ecosystem. Functional in the sense
that viable products can result, and mechanisms exist to provide
for the evolution and advancement of technology and its
application. This is not necessarily an inclusive list. However it
should be a fair representation of the general scope, and overlay

what QMT has and will establish as part of its larger
commercialization strategy. A list and brief descriptions follow.

Basic materials R&D

Materials study and engineering, particularly as it relates to
electromechanical behavior and the impact of different oxides.

iMoD architecture development

Fundamental structure design to improve performance and
expand the range of iMoD functionality.

iMoD family specific materials R&D

Materials research as it relates to electro-optomechanical
behavior. Designs for bi/monochrome, full-color, B&W, etc.

Array manufacturing

Manufacturing process design and toolset specification related
to the fabrication of the iMoD array.

Array packaging

Process and tool development for encapsulation of the array,
post array fabrication.

Electronic system development

Design and development of drive waveforms, drive/controller
electronics, as well as lighting and touch systems.

Lighting system development

R&D of new iMoD specific supplemental lighting systems, and
customization and deployment of existing solutions.

Optical film development

Development and customization of organic and inorganic films
and coatings for optical performance enhancement.

Module assembly

Adaptation and customization of existing module assembly tools
and processes. Development of cost reducing iMoD specific
module assembly enhancements.

Advanced Development

iMoD and iMoD derived innovations to support roadmap, and
alternative MEMS related opportunities.

CHALLENGES AND STRATEGIES

Each of these niches serves a different purpose or role and
is therefore constrained or driven by varying issues or demands.
Strategies must be established, or adapted if already existing,
that are niche specific but “system aware” (analogous to “think
globally, act locally”). In some cases the approach is driven by
the availability of resources or the need to control IP. Others are
a continuation of strategies put in place years ago, but are
challenged by changes in corporate culture and personnel. Yet
others must be agile and highly responsive to changing demands
from customers and internal processes.

Materials R&D and architecture development represent two
separate areas that have almost identical drivers and constraints.
Both must respond to the need to continually improve the iMoD,
functionally via architecture and electro-dynamically via
materials R&D. Both are constrained as they lie at the core of
the IP value proposition and as such represent high priority
assets. Both have dedicated in-house engineering teams. In the
case of materials, this occurs in the form of a relatively new
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device physics group. Architecture development of course, has
been a central process from the very beginning.

Additionally, one of the legacies of the iMoD’s long
gestation period is that there has been plenty of time to identify
and document a myriad of evolutionary and revolutionary
enhancements along material and architecture axes. This
plethora of avenues comes with the pressure to explore the most
promising ideas quickly, in some cases before another entity
does. All these factors helped to drive the decision to establish
comprehensive in-house facilities that are fully integrated and
capable of small-scale prototyping, as well as exotic R&D. The
expense of such a capability is justified by maintaining
leadership and control over what is arguably the most critical
asset of the company.

On the other hand, there are some areas of R&D that can be
“safely” outsourced. One example is the exploration of iMoD
family specific materials. Family, in this case, refers to an iMoD
design that is defined by the incorporation of a particular
material/s, and minor architecture changes. The consequence is
that the family exhibits fundamentally different electro-optic
behavior. An example of this is shown in Figure 8, where a
photograph of a static B&W iMoD is shown.

This outsourcing strategy is palatable because the
innovation occurs using software design tools, a resource which
can be established and staffed for relatively low cost. The actual
development activity involves the deposition of specific
materials or materials combinations. The results are then
characterized separately or in conjunction with in-house
fabricated structures. Since the deposition function can be easily
outsourced, burdens on in-house resources are decreased while
maintaining control over IP.

Figure 8. Static display based on B&W design family.

The term “niche” is hardly a sufficient label for the
resources and energies devoted to array manufacturing. iMoD
array manufacturing will occur, in the near term, on
existing/modified LCD factories and tools. This strategy was
ingrained in the ecosystem at a time when the iMoD design
families and associated materials had not been defined.
Essentially that decision established a rather rigid catalog of
materials that had to be mixed and matched to achieve the
iMoD’s goals, not the other way around. Figure 9 is one such
catalog that derives from a specific LCD factory [4]. The
overwhelming benefit has resulted in a relatively mature
manufacturing process. The process is exceptionally well
adapted to drop-in to an existing TFT LCD fab. This pool is
large and increasing in size as existing fabs are supplanted by
larger and more efficient replacements.

Material Purpose

Al, Al:Nd Gate metal, Gate bus line

Ta, Mo-W, MoCr, Mo Gate metal

ITO Pixel electrode

SiNx Passivation, gate dielectric

a-Si Channel

Figure 9. Sample “catalog” of materials for iMoD mfg.

The challenges to this strategy could easily be entitled “The
Realities of a ‘Drop-in’ Process,” “Evolution of Staffing From
Development to Production,” and “Line Balancing: The Act.” At
its core is the current relationship between QMT and PVI (Prime
View International of Taiwan) that provides regular and
exclusive foundry access for iMoD manufacture. The particular
facility that QMT has access to is well suited for this purpose.
Tools and materials can be easily reconfigured, and the
production rates are compatible with a cross-section of
introductory products. However despite the selection of
materials that are already in use and well characterized,
production tools rarely deliver the same performance as tools in
a development environment. The result is that a technology
transfer process begins to resemble a re-development effort. The
development team must accept this fact early on and prepare
accordingly. Advance sampling and characterization of
materials is one approach that can be pursued in parallel [5].

Accepting the realities of this process can directly
challenge the nature and composition of the development team.
In all likelihood an “entire development staff, although well
chosen for the creation of a new technology, may not be
properly suited for the move to engineering and production” [5].
The necessary transformation can sometimes be complicated by
“pride of ownership” and a lack of appreciation for the fact that
some problems are often more efficiently solved on the
manufacturing vs. development side.

From the standpoint of establishing a foundry in an existing
factory, the issue of line balancing also emerges. In the case of
iMoD, upwards of 90% of the equipment set already exists
within a TFT AMLCD fab. However the sequence of process
steps for which the factory layout was designed is such that the
toolset is not optimized for efficient production. Figure 10
illustrates the iMoD sequence. TFT processes tend to be “heavy”
in dielectrics and “light” on the metals side. The resolution of
this circumstance is non-trivial for it involves tradeoffs between
early incremental equipment changes with potentially large
future expenses, versus initial large expenditures with growing
savings in the future.

Figure 10. iMoD array manufacturing sequence.

Supplemental lighting systems is a niche whose complexity
begins to encompass some of the aforementioned “integration
and interfacing” issues. It to also subject to pressures which are
variable in product space since some apps require lighting and
some don’t. Variations over time can also occur as the initial
product mix along with customer priorities may change,
sometimes quite rapidly.

The technical challenge is not unlike that of an LCD where
the lighting system is a separately defined component. This is in
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contrast to emissive displays, such as plasma, OLED, and FED
where light emission is a consequence of the electro-optic
effect. This similarity is beneficial in that it creates the potential
for adapting existing LCD solutions for application to iMoD.
Front lights, as they are called, have existed since the advent of
commercially available reflective LCDs. However they have
evolved specifically to complement the characteristics of LCDs.
LCDs usually accommodate a narrow entry/exit cone, and have
an affinity for polarized light.

A typical example is shown in Figure 11, which illustrates
the major components and the associated optical path. The
general design goal is to minimize losses at each interface, and
produce a structure that is robust enough to maintain alignment
during everyday use. Effectively homogenizing and coupling the
incident light into the display, without producing undue visual
artifacts, represents one of the more subtle and difficult design
challenges. This approach is sub-optimal given the iMoD’s wide
viewing angle and polarization insensitivity. It also does not take
into account iMoD specific color shift phenomena, as well as
characteristics that enable reductions in total system size.

Figure 11 LCD Frontlight layout.

Overall, lighting system design must consider the complex
interaction of a stack of organic and inorganic films, adhesives,
micro structured films, and light sources from an optical,
mechanical, visual, and thermal standpoint. Even existing
solutions are born and evolve within the framework of yet
another industrial infrastructure with different specialty niches.
To bring together these resources in-house in a timely fashion is
not conceivable. Thus, QMT has established a multi-faceted
outsourcing model involving at least four vendors. This model
combines both directed efforts to adapt existing solutions, and a
“shotgun” approach which allows for a wide variety of advanced
solutions to be quickly vetted and, if appropriate, positioned for
more targeted development.

BROADER DEVELOPMENT AND

APPLICATION

Most of the activities within the ecosystem are guided by a
technology roadmap that takes its cues from a product roadmap.
The resulting mechanism is highly responsive to customer
requirements for introductory products, and for future products
that exist along a well defined feature set hierarchy. What this
mechanism lacks is the ability to anticipate or, in some cases,
define new customer requirements. This is in addition to
identifying opportunities that do not exist on the current product
roadmap. Consequently QMT has created a Technology
Planning Group (TPG) whose areas of responsibility include – a
focus on non display applications that lie off the current

roadmap, an interest in things that could lie on the current
roadmap in the future, and some support of the existing planned
product developments.

Existing product development efforts include, for example,
the incorporation of MEMS switch arrays to provide a
waveform multiplexing function. By capturing this functionality
within the array MEMS process, the pin-count and resulting
driver cost/complexity is reduced. TPG will support such efforts
if supplemental resources or expertise are required within the
associated technology development program.

Advanced iMoD architectures illustrate one kind of project
that TPG has an interest in. Possible variations include devices
which can be addressed with simplified waveforms, and iMoDs
which are tunable and therefore can achieve any color with a
resulting 3X improvement in brightness. The speculative nature
of these thrusts do not necessarily place them on the technology
roadmap. TPG’s purpose in this case is to drive further
exploration of these technology options and their value in
enabling future product opportunities. The objective for this
work is to reduce uncertainty and fix new points on the
technology roadmap for further development.

The iMoD is quite a versatile device in itself. Unlike many
display entrants it has the potential to play a role in a more
diverse array of display market segments than its competitors.
The value and potential are equally manifested in other ways as
well. In addition to the large area MEMS process, and
manufacturing knowledge and capability, there is the experience
being gained in bringing a MEMS based system into a high
volume, cost competitive environment.

Thus TPG’s third role, its focus, is to explore off-roadmap
opportunities that are enabled by the iMoD’s functionality, asses
and vet non-display applications that are enabled by the growing
process and manufacturing expertise, and pursue the
development of capabilities that support and benefit all-the-
above. Opportunities include television, and large area (kiosk or
billboard), but also RF switches, variable capacitors, or
telecommunications. Synergistic efforts in the area of ultra low-
cost manufacturing range from pre-deposited “starter stacks”
and plastic roll-to-roll substrates, to pre-form, or printing like
approaches.

CONCLUSIONS

This paper is an attempt to provide insight into the context
and intricacies of realizing a new MEMS display technology. It
is by no means comprehensive. Commercialization has been and
continues to be an exceptionally elaborate and complex
undertaking. This is not to suggest that the same cannot be said
of any new technology being driven toward the marketplace.
However iMoD has come of age from within an industry
(MEMS) still recovering from a “boom-bust” cycle and
therefore not quite as mature as it might be. At the same time,
emerging into an established industry with no precedent for the
role of MEMS (flat panel displays). The legacy of Iridigm is a
robust, wide IP portfolio, engineering team and manufacturing
strategy. The challenge to QMT is broadly developing and
commercializing this windfall, while keeping it intact and
maintaining control over its future. The product in question is
not an individual component to be developed in relative
isolation. Rather it is an intricate system whose pieces derive
from multiple and disparate industries and disciplines. Getting
one’s arms around such a project is helped by viewing it as a
developing ecosystem. Like all of its natural equivalents,
survival depends on the successful positioning and
interdependence of the all elements within.
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