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ABSTRACT

Efficient merging of optical, microelectromechanical (MEM) and microelectronic systems offers significant
potential for achieving the crooptoe1ectromechanical (MOEM) system functionality necessary to meet the per-
formance needs of a number of emerging display, sensing, communications, and control applications. Central to
realization of this potential will be the development of a set of microoptical components and processes suitable for
co-integration with MEMS devices and support microelectronics. The resulting MEMS "optical toolbox" will provide
the generic building blocks with which photonic functions can be achieved within MOEM systems. An extensive set
of bulk and surface micromachined microoptical components supporting free-space optical beam manipulation for
optical display, scan, and sense functions is currently under investigation by a number of research groups. Integrated
waveguide components have been less developed within the surface micromachined MEMS environment yet offer
substantial opportunities for extending MOEM integrated system capability. This paper explores issues confronting
the integration of waveguide technologies within the surface micromachined MEMS environment. Specific focus
is placed on initial efforts developing processes for guided wave polymer optics cointegration with the Multi-User
MEMS Process Service (MUMPS) surface micromachining process. Efforts studying the cointegration of polyimide
waveguides with MEMS for integrated optical metrology and state feedback applications will be highlighted.
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1 Introduction

Recent advances in discrete MEMS optical structures and systems based on surface macromachining such as in-
tegrated scanners and 3-D microoptics offer significant potential for achieving compact, multifunctional optical
systems[l, 2]. The added availability of a robust integrated optical waveguide technology and layout library to the
MOEMS system designer for high density distribution and collection of optical radiation both within and between
individual MOEMS devices and arrays can strongly compliment and extend the range of MEMS component and
system functionality. At the component level, more compact switching and scanning functions may be achievable
drawing upon optical input and/or output provided locally from waveguides cointegrated with the MOEMS active
devices (and sources externally fiber coupled). As complex systems emerge based on large arrays of MEMS actu-
ators, the ability to densely route optical waveguides within the integrated array offers the opportunity to sense
actuator states and optically feed back this information for local and global array control. Insertion of MOEMS
components within both conventional packaged and emerging high density, mixed-mode advanced packaged systems
will benefit from optical waveguide co-integration for both efficient fiber I/O coupling and interface with guided
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wave optoelectronic interconnect and packaging emerging for the multi-chip module (MCM) systems. —

Over the past two decades, integrated optical waveguide and micro-optics technologies have rapidly matured[3,
4, 5]. This maturation has been driven in part by lightwave systems where highly developed materials and processes
for single mode waveguides and associated guided wave routing components (e.g. couplers, gratings, etc) for multi-
wavelength high-speed optical communications are priorities[6]. More recently, other emergent applications have
motivated research and development of high density and low cost planar waveguides and micro-optics. Optical
interconnections at low levels of microelectronic systems (particularly at the chip-to-chip level within multichip
modules — MCMS) are a particularly relevant application for the MOEMS applications considered here[7, 8, 9].
Such interconnections have focused on polymer materials (in part due to their relative ease of application on a fully

fabricated MCM)[1O, 11, 12, 13]. High efficiency, single-mode folded diffractive (holographic) elements on glass plates
placed above the MCM substrate have also been extensively studied for this application, in this case often using
inorganic optical element materials[5]. This prior and ongoing research in integrated optics for lightwave systems and
optical interconnections within microelectronic systems provides a strong base of information on optical elements,
optical routing functions, and technologies driven by the need both for low cost and for compatibility with an existing
substrate with microfabricated elements and devices. This information base is viewed as particularly relevant in
the evaluation of technologies and optical devices for definition of an "optical toolbox" suitable for practical use by
the MOEMS designer. In section H of this paper optical micro-element technologies for MEMS cointegration are
considered from the perspective of other technologies which have made the transition from research to mainstream
commercial technologies. Section III then focuses upon polymer integrated optics as an optical micro-element
technology, highlighting initial research exploring processes for guided wave polymer waveguide cointegration with
the Multi-User MEMS Process Service (MUMPS) surface micromachined environment and their evaluation within
application testbeds.

1.1 Primary Micro-Element Technologies

Before considering the specific issues involved in cointegration of optical elements on the already cointegrated
technologies of MEMS and VLSI electronies, the foundation technologies are briefly discussed from the perspective
of the general approaches through which they are converted from research testbed technologies to mainstream
commercial technologies.

12 Microelectronic Digital Integrated Circuits

The silicon VLSI CMOS technology will continue to be the primary driver of state-of-the art microfabrication
technologies, thawing on its huge market support. Over the majority of the 30 years of evolution to today's
silicon digital VLSI circuit manufacturing environment, a vast number of innovative and specialized approaches
were explored, creating a broad and deep knowledge base of information on alternative directions which might be
followed as the underlying fabrication technologies advanced. More recently, in the context of this long history,
the earlier variety of technologies has converged onto the familiar silicon CMOS VLSI technologies producing the
vast majority of microelectronic circuits today. This common technology base has supported an important set of
CAD tools and design approaches [14] through which designers, even though not familiar with the details of the
underlying technologies and circuit cell designs, can design functional and nearly optimized integrated circuits of
heroic complexity. This overall design and manufacturing environment is accompanied by well-defined roadmaps
[15] of the further evolution of the technologies (and IC complexity and performance) over the next decade.

Among the features of this VLSI CMOS environment strongly enabling routine design are the following, which
stand as objectives to be met by other micro-element technologies.

Cell-Based Design: Rather than viewing each complex IC as a collection of transistors and their interconnections,
designers can merely assemble a set of previously defined and well-characterized "cells" from a standard
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library of cells. Such cells range from simple logic circuits through complex "mega-cells" representing full
RISC processors or other standard microelectronic functions.

Synthesis Tools: Rather than having to convert manually a functional description of a circuit into its transistor
layout, the designer can draw on the formalities which have been captured in synthesis tools, those tools
capturing the design experiences of etrlier designers and capable of performing the conversion automatically.

High-Level Layout TooLs: Software environments operating at a block diagram level of description permit the
designer to concentrate on the higher levels of design within a hierarchical model of representation while
allowing the designer to move selectively to specific lower levels of the design for optimization and adjustment
of the overall circuit.

Formal Description Levels oflCs: The High Level Description Languages (HDLs) such as VHDL allow the designer
to represent the overall circuit in terms of a stylized programming language, a language allowing simulations
to be performed and allowing automated synthesis of a full physical design from the high level description.

These design aids (particularly the first three above) are quickly developed for other mainstream micro-
element technologies, including those discussed below. In such cases, the requirements are for (i) a well-defined and
stable fabrication technology, (ii) well-chaiacterized "cells", including their detailed physical structures and their
performance, and (iii) compromises which simplify the design process for the average designer (though allowing
customizing of specific elements as needed by the expert designer). The silicon CMOS VLSI design environment
presents an immutable and non-compromising technology for those other technologies seeking cointegration.

With this summary of the VLSI enviconment, the other constituent technologies contributing to the MOEMs
technology are briefly considered next.

1.3 Microelectronic Analog Circuits

Analog ICs emerged at about the same iime as digital ICs but for most of the past three decades followed a
separate evolutionary path. However, as the silicon CMOS technology became the dominant technology, analog
circuits migrated increasingly toward CMOS analog circuit designs. As experience with such CMOS analog circuits
evolved and the device technologies becarrie increasingly alike, cointegration of microelectronic digital and analog
circuits became a priority, leading to the mixed signal CMOS technologies now available. Design environments for
analog CMOS circuits are more primitive than those for the digital circuits, reflecting not only a shorter period of
development but also a fundamentally different functional behavior. For example, the input-output response of a
digital circuit cell is simply and fully described by its truth table, with no small incremental changes away from the
rigid "1" and "0" values allowed. Analog circuits, on the other hand, depend strongly on the continuous nature
of the signal amplitudes and the frequency response (amplitude and phase) of the circuit (e.g., analog ifiters). In
this sense, assembly of more complex analog circuits from simpler circuits requires a greater degree of designer
intervention than seen in digital circuits. 1VEEMS technologies as well as micro-optics technologies face similar needs
for design in an "analog" world.

Development of CAD tools supporting rapid design of high performance analog circuits by designers lacking
deep familiarity with the underlying technology or the transistor behaviors is a current priority. Such tools are
emerging and will continue to evolve, though, as in the case of digital circuits, compromises will need to be made
leading to designs achieved by the average designer having performance below that which could be obtained by an
expert designer working at the individual transistor and wire level. Analog circuits lack the well-defined roadmaps
seen in digital VLSI, to some extent because the market is more diverse and the basic technology covers a wider
range of performance objectives. MEMS and micro-optics technologies also lack the widely accepted roadmaps
characteristic of the digital VLSI technology.
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1.4 Micromechanical and Microelectromechanical Components

Although micromachining has emerged as a very visible technology only recently, the history of micromachining
is, like that of digital and analog ICs, actually quite long. Ignoring the "micromachining" seen in the etching
processes used in fabrication of digital electronic ICs, the selective etching of silicon along crystalline edges was
understood and applied in several early studies, including application driven studies such as ink-jet nozzles. The
primary 3-D patterning processes are well-understood, with continuing innovations seen, for example, in extension
of such 3-D structuring and release technologies for other materials and in development of processes more suitable
for manufacturing.

The characterization of micron-scale mechanical elements (e.g., cantilever beams, gears, etc.) is difficult, given
the variety of elements (in contrast to the simple use of two transistor structures in CMOS microelectronics) andthe
variety of effects which influence their performance (e.g., rigidity, friction against nearby elements, etc.). Despite
this difficulty, however, considerable progress has been made in better understanding both the physical appearance
of micro—scale mechanical elements and their response to electrical and other forces.

Early micromachined components included electrical signals, but such signals were generated outside the
micro-machined chip. Considerable experimentation over many years produced a considerable knowledge base of
technologies and structures which could be included in a micromechanical system toolbox. However, addition of
intelligence in the form of microelectronic circuits has clear advantages, in effect adding to the movable body with
limited pressure and vibration sensing the intelligence of an internal "brain." In combining micromechanical and
microelectronic technologies, some of the earlier structures developed without the requirement to adhere to the
constraints of the underlying VLSI circuitry are lost. This leads, in one view, to a MEMs technology that has a less
rich toolbox of elements. At the same time, the cointegration with microelectronics opened up a vast range of new
possibilities (both new micromachined elements and new uses of the elements), creating a technology substantially
richer in capabilities and applications. The present research, with regard to additional cointegration of micro-optical
elements, regards both the microelectronics and the micromechanical technologies of MEMS as an immutable and
non-compromising technology foundation with which the addition of optical elements and optoelectronic devices
must be compatible. This compatibility requirement will undoubtedly force the discarding of some optical elements
which can not be fabricated under such constraints, leading perhaps to a less rich toolbox of optical elements than
is available for use on simple planar surfaces such as glass or featureless silicon. However, again, the combination of
optical elements with the MEMS technology is expected to open up a wide range of new possibilities (and perhaps
new micro-optical elements, in that sense leading to a richer set of optical capabilities when embedded in the MEMS
technology.

1.5 Micro-Optics and Optoelectronics

The miniaturization of lasers by the discovery and rapid deployment of semiconductor lasers for lightwave commu-
mcations has established a prominent microfabrication technology evolving rapidly and separately from the VLSI
microelectronics technology. Along with the individual optical sources and detectors came the need to move the
light to a usable port (e.g., an optical fiber in the case of lightwave systems). Optical switching added another level
of development, requiring optical elements which could redirect and manipulate light beams. Micro-optical elements
quickly emerged. Waveguides integrated into optical source and detector elements are one example. Both guided
and free space optical signal manipulation using refractive optics, diffractive optics, waveguide couplers (and other
optical elements) migrated from bulk elements to micro-elements. Extensions of these optical element to applica-
tions other than lightwave have added to the range of elements which have been investigated. Major examples of
micro-optics applications include optical computing and optical interconnection [7, 8] at the lower levels (IC and
multichip module) of electronic system interconnections.

As microfabrication technologies advanced, new optical elements became possible. With feature sizes de-

127



creasing to the micron range, single-mode waveguides became popular, supporting investigations of a wide variety
of efficient diffractive elements directly integrated as part of the waveguide. Waveguide couplers, splitters, and
other functions were rendered as diffractive elements, drawing on the single-mode nature of the basic waveguides.
Computer-generated holograms were developed by several investigators for realization of planar arrays of optical
elements (e.g., couplers, splitters, benders, etc.) in applications such as optical interconnections.

At the same time, technologies such as multichip modules (MCMs) [9], already having migrated to extensive use
of polymer dielectrics separating metal interconnections, became one of many technologies suggesting the importance
of polymer optical elements. Polymers such as polyimide can be readily spun on the surface of a wafer and patterned.
Applications such as MCMS imposed not only preferences for thick polymers because they were already being used
as thick films but also because surface topographies on which the polymers laid were far greater than encountered on

ICs or simple plates (e.g., glass, silicon). The greater thickness (and width, due in part to polymer stability limits)
let to many investigations of micro-optical components compatible with multi-mode fibers, including diffractive
elements. Waveguides and diffractive elements in polymer materials have accordingly been investigated by several
groups [13].

CAD tools have evolved to assist the designer in creating the individual micro-optics components with addi-
tional design tools developed to assemble a collection of micro-optics elements into a larger system. Most of these
components have been fabricated on planar substrates, including the "silicon optical bench" systems and glass sub-
strates. Investigations of suitable micro-optical elements for use in MEMS can draw on such design and simulation
tools to assist in compatibility and performance evaluations.

Over time, the topic of micro-optics has advanced considerably and broadly, with a wide range of individual
optical elements available and with several representative larger-scale functions having been reported.

1.6 Towards a MOEM Technology

Research has been initiated seeking to establish the initial definition of a toolset of micro-optical components suitable
for cointegration with MEMS technologies. By "toolset" we mean

. definition of the physical structure of the element,

. definition of the compatibility of the fabrication of the element within the boundaries allowed by the MEMS
technologies,

. characterization of the design rules related to fabrication of the elements on the various mechanical elements
(including flat substrate) of the MEMS, and

. characterization of the performance of the element.

An initial assessment suggests that the waveguides and diffractive optics in inorganic layers such as Si02-
based materials are likely to be compatible with the MEMS technology, though their placement in the sequence of
surface micromachined MEMS fabrication steps must be assessed and the optical properties of the oxide films used
in foundary processes such as MUMPS determined. In addition, it appears possible to insert such elements onto
internal mechanical elements of the MEMS without interfering with the basic motions expected of those elements.

Paramount among the requirements for integrated optics cointegration with MEMS is that the processing be
benign to both the micromechanical components and any integrated support microelectronics. Waveguides based

on deposition and patterning of inorganic thin films (oxide, nitride) typically require high temperature processing
(>600°C) and in some cases aggressive wet chemical processing. As discussed above, such processes may be viable
but would necessitate redefinition of an established foundary process (e.g. MUMPS). The incompatibility of these
high temperature processes with metallizations and other thin ifim microelectronic materials preclude their addition
to a MUNPS device via only post processing of MUMPS wafers and die. Polymeric materials on the other hand
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