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Abstract— Microelectromechanical system (MEMS) technol-
ogy, and surface micromachining in particular, have led to the
development of miniaturized optical devices with a substantial
impact in a large number of application areas. The reason
is the unique MEMS characteristics that are advantageous in
fabrication, systems integration, and operation of micro-optical
systems. The precision mechanics of MEMS, microfabrication
techniques, and optical functionality all make possible a wide
variety of movable and tunable mirrors, lenses, filters, and
other optical structures. In these systems, electrostatic, magnetic,
thermal, and pneumatic actuators provide mechanical precision
and control. The large number of electromagnetic modes that can
be accommodated by beam-steering micromirrors and diffractive
optical MEMS, combined with the precision of these types of
elements, is utilized in fiber-optical switches and filters, including
dispersion compensators. The potential to integrate optics with
electronics and mechanics is a great advantage in biomedical
instrumentation, where the integration of miniaturized optical
detection systems with microfluidics enables smaller, faster, more-
functional, and cheaper systems. The precise dimensions and
alignment of MEMS devices, combined with the mechanical
stability that comes with miniaturization, make optical MEMS
sensors well suited to a variety of challenging measurements.
Micro-optical systems also benefit from the addition of nanostruc-
tures to the MEMS toolbox. Photonic crystals and microcavities,
which represent the ultimate in miniaturized optical components,
enable further scaling of optical MEMS. [2013-0297]

Index Terms— Micro-optics, tunable optics, microlenses,
micromirrors, optofluidics, photonic crystals, microcavities.

I. INTRODUCTION

OPTICS AND photonics have benefited greatly from
miniaturization through MicroElectroMechanical Sys-

tems (MEMS). Optical MEMS is a focus for extensive
research into the fundamentals of optical interactions because
it enables the application of silicon fabrication technology to
micro-optical systems and because it provides a unique set
of tools for scientific measurements across a wide range of
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disciplines, making it a driver for the commercial development
of optical systems. This paper chronicles the status of research
in optical MEMS, starting with a concise history to provide
context and then describing research at the forefront of optical
MEMS in tunable elements, telecommunications biology and
biomedicine sensors, and nanostructures.

The paper is dedicated to Professor Richard S. Muller for
his service as a founding director of the Berkeley Sensor &
Actuator Center, as the Editor-in-Chief of JMEMS over more
than two decades, and for his many contributions to MEMS
and optical MEMS.

II. MEMS AND OPTICS: A CONCICE HISTORY

Much of the early work on optical applications of Micro-
ElectroMechanical Systems (MEMS) was inspired by sen-
sors and actuators developed in suspended thin films. The
fabrication of suspended microstructures by selective etching
of patterned, thin films began with the demonstration of an
air-gap silicon transistor with a resonant metal cantilever
gate by a group led by Harvey Nathanson at Westinghouse
Research Labs in the mid-1960s [1]. Optical applications
of this technology in the form of projection displays based
on micromachined two-dimensional spatial-light modulators
emerged in the early 1970s [2]. These early devices and
systems led to the development and commercialization of the
Digital-Mirror-Device (DMD) [3], [4] by Texas Instruments.
However, the mainstream of research and commercialization
of MEMS in the 1960s and 1970s focused on the use of single
crystal silicon as a microstructural material, with anisotropic
etching of the silicon substrate and doped etch-stop layers
being the key micromachining process [5]. By the 1970s,
researchers were using silicon etching to form microstructures
from thin-film materials. At General Motors Research, James
Jaffe and John Seto invented a pressure sensor incorporating a
diaphragm made of undoped polysilicon protected by a silicon
etch-resistant layer [6]. Kurt Petersen at IBM selectively
etched an epitaxial silicon layer to release a composite SiO2-
Au cantilever beam for use as a microrelay [7]. The epitaxial
layer thickness defined the electrostatic actuation gap between
a buried diffusion electrode and the suspended cantilever.
Richard Muller and his graduate student Richard Jolly at
Berkeley showed that several types of SiO2-doped silicon
composite cantilevers could be released simultaneously using
an anisotropic etch of the silicon substrate [8].

The use of polycrystalline silicon (poly-Si) as a structural
material in a surface-machining process arose in the context
of a specific application: a gravimetric organic-vapor sensor
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Fig. 1. SEM of 800 nm-thick poly-Si cantilevers fabricated using a
1.5 μm-thick oxide sacrificial layer [9].

using a resonating cantilever [9]. Using an electrostatically
driven and sensed cantilever was attractive, especially in view
of reproducibility and leakage problems with sputtered ZnO
piezoelectric films available in Berkeley’s Microfabrication
Laboratory at that time [10]. By contrast, poly-Si was routinely
deposited using low-pressure chemical-vapor deposition for
use in MOSFET gates. It was well known that hydrofluoric
acid etched SiO2 highly selectively with respect to silicon,
making it an ideal sacrificial layer. For use in the resonant
vapor sensor, a low-loss structural material was needed for the
vibrating beam. Although the mechanical properties of poly-Si
had not been studied, it was plausible that the grain bound-
aries would not significantly degrade its elastic properties.
Co-fabricating the poly-Si beam with NMOS interface elec-
tronics appeared much easier than did the alternative approach
of using a sacrificial epitaxial silicon layer [9]. The promise
of an integrated, smart sensor – one that fully exploited
the accelerating microelectronics revolution – was a major
motivator for research in the silicon sensor community.

The initial experiments in 1981 verified that the combination
of undoped LPCVD poly-Si for the structural material, a
sandwich of thermal and LPCVD SiO2 for the sacrificial
layer, and buffered HF for the release etch was a promising
surface micromachining technology [11]. The results from
the release of the first set of cantilever beams contained
hints of some of the hurdles to making this a practical
fabrication process. The cantilevers curved away from the
substrate, as shown in Fig. 1, which was attributed to “an
internal bending member which is plausible as the result of
nonuniform internal stress in the poly-Si layer.” [11]. The
control of residual stress gradients in poly-Si thin films was the
focus of research at a number of laboratories through the next
fifteen years. Henry Guckel and his group at the University
of Wisconsin discovered that the average stress was tensile,
if the deposition temperature was low enough that the film’s
texture was fine-grained rather than columnar [12]. Some of
the longer, thinner cantilevers were observed to adhere to the
substrate after release [13], a phenomenon later called “release
stiction.” Although annealed 400 μm-long cantilevers were
successfully released, the authors cautioned that “these results

Fig. 2. (a) Cross section of a simple poly-Si pin joint (after [16]).
(b) Cross section of a poly-Si micromoto’s self-aligned bearing that incor-
porates substrate isolation, electrical contact through the ground plane, and
Si3N4 sidwall dry lubricant layer (after [21]). The released rotor is shown
halfway between the upper and lower limit stops of the pin joint for clarity
in both (a) and (b). (c) Scanning electron micrograph of a poly-Si surface
micromachined, variable capacitance electrostatic micromotor using the self-
aligned bearing illustrated in Fig. 2(b). The rotor is 120 μm in diameter [22].

are process-dependent and therefore should be considered as
first-order guidelines.” [13] Finally, the conformal deposition
of poly-Si, as seen by its coverage of the near-vertical step in
the sacrificial oxide layer Fig. 1, would later become a key
feature of the technology.

The co-fabrication of polymer-coated poly-Si resonant
cantilevers – including underlying drive and sense electrodes,
and NMOS transistors – required an 11-mask process
sequence [14]. The principal challenge was to develop a
passivation for the transistors and aluminum interconnects
during the 40-minute release etch in buffered HF. The mask
set with the resonant vapor sensor included a hot-bridge
anemometer [15], indicating the potential for poly-Si surface-
micromachining technology to support a wide variety of
devices.

By the mid-1980s, research groups at Berkeley, Bell Labs
and MIT were exploring how poly-Si surface micromachining
could be used to fabricate more-sophisticated mechanisms,
such as bearings and linkages. The key idea was to use
an additional sacrificial and structural layer, which could be
patterned to make a simple pin or sliding joint to constrain the
motion of a fully-released poly-Si structure (Fig. 2a) [16], [17].
Conformal coverage was an important advantage of poly-Si
as a structural material, which is shown by the single-crystal
silicon rotors in ref. [17] that are not fully constrained by the
“open” pin axle. In the oral presentation of [17], the authors
presented several poly-Si mechanisms, such as the gripper later
published in ref. [18]. These mechanisms incorporated fully
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constrained pin joints made from additional sacrificial oxide
and structural poly-Si depositions.

Much of the motivation for exploring poly-Si mechanisms
was the possibility of actuating them with electrostatic fields.
In contrast to magnetic actuation, the scaling of electrostatic
energy densities with decreasing dimensions is favored – even
at atmospheric pressure – due to deviations from the large-gap
breakdown field for gaps less than a few micrometers. Design
studies of electrostatic micromotors indicated the feasibility
of side-drive, variable capacitance architectures, for drive
voltages in the range of 100 V [19], [20]. The realization
of these motors required more-sophisticated bearings than the
basic pin joint in Fig. 2a in order to minimize the contacting
surface area while providing electrical contact to the rotor. The
successful microbearing design illustrated in cross section in
Fig. 2b makes creative use of multiple conformal depositions
of LPCVD poly-Si, sacrificial oxide and isolation Si3N4 layers
to fabricate a self-aligned pin joint that suspends the rotor off
the underlying poly-Si ground plane [21], [22]. Figure 2c is
an SEM of a 120 μm-diameter electrostatic micromotor using
this bearing design [22].

The impressive videos of rotating micromotors stimulated
great interest in the potential of poly-Si micromechanics at
research funding agencies and amongst the general public
around the world. In 1987-1988, the National Science Founda-
tion held a series of three workshops to help shape the research
agenda for the emerging field of “Microdynamics” [23]. The
second workshop was held during the IEEE Micro Robots and
Teleoperators Workshop in November 1987. At a dinner meet-
ing during that workshop, the organizers decided that “Micro
Electro Mechanical Systems” or MEMS was a better name
for the field and that the following workshop in February 1989
would be known as IEEE MEMS. At that meeting, researchers
from Berkeley reported on a large-displacement electrostatic
actuator known as the comb drive, which was initially limited
to lateral excitation of suspended structures [24].

One of the potential applications of poly-Si micromotors
and mechanisms mentioned during this period was optical
shutters, with the optical signal entering through an aperture
etched through the silicon substrate [20]. However, applica-
tions in free-space optics were initially limited by the lack
of a surface relief in the essentially flat poly-Si mechanical
structures, such as the micromotor in Fig. 2c.

The demonstration of out-of-plane hinged structures in 1991
by K.S.J. Pister and collaborators at Berkeley was a significant
breakthrough – one that liberated poly-Si MEMS from the
plane of the substrate [25]. This new technology enabled free-
space optical components, such as actuated mirrors (Fig. 3)
[26], [27] and corner-cube reflectors [28]. These “pop-up”
structures were initially fabricated in multilayer (typically
three or four layers) poly-Si processes developed at Berke-
ley, and later at MCNC in the first poly-Si micromachining
foundry, the Multi-User MEMS Process (MUMPS), which
had its initial run in 1993 [29]. MUMPS and the five-
layer poly-Si SUMMiT foundry by Sandia National Labs
[30] in 1997 standardized versions of the technology and
opened up poly-Si surface micromachining to a broad range of
designers.

Fig. 3. “Pop-up” poly-Si microscanner. Microhinges allow the scanner to be
raised out of plane, and they provide the linkages that connect the combdrive
to the scanner. Scanner characteristics: Size - 200 µm by 250 µm, angular
range - 30 degrees optical, resonance frequency - 3 KHz.

III. MEMS TUNABLE OPTICAL ELEMENTS

A. MEMS and Micro-Optics

The early work on MEMS-actuated optics, combined with
the long traditions and capabilities of classical optics, has
led to the development of a very rich discipline of tunable
micro-optics [31]. By using microfabrication techniques to
manufacture microscale lenses, mirrors, filters, and other types
of optical structures, the field of micro-optics has made avail-
able a broad spectrum of ultra-miniaturized optical devices.
The combination of these with MEMS has, however, expanded
the functionality and applicability of these components even
further, primarily by making them tunable. We discuss a few
examples of these MEMS tunable optical elements in this
section.

1) Tuning Micro-Optics: A “tunable” optical component
or system is one in which the optical characteristics may
be controllably changed; the parameters to be tuned may
include focal length, magnification, beam direction, spectral
composition, or a host of other factors. In macroscopic optics,
this tuning typically requires mechanical motion of one or
more elements with respect to others, but in micro-optics
entirely new means for optical tuning become possible. These
result from the fact that in micro-optics, materials such as
liquids, polymers, soft elastomers or flexible semiconductors,
to name a few, are employed, using structures and technologies
that have no analogs in macro-optical systems.

These novel materials and technologies imply that optical
elements may be tuned by changing the characteristics of
the components themselves [32]. As we shall see in a few
examples below, combining MEMS technology with micro-
optics means that microlenses may change their curvature,
micromirrors accurately shift their reflection angle, or micro-
filters change their transmission wavelength, all by altering the
optical properties of components on the microscale.

2) The Role of MEMS: Two aspects of MEMS play an
important role in the realization of tunable micro-optics. The
first is MEMS fabrication technology itself, since micro-
optical structures are manufactured using microtechnology, not
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Fig. 4. A hard magnetic micromirror using a polymeric magnet attached to
the back side of the tiltable mirror; the mirror and frame are fabricated in
silicon [46, Fig. 4].

the traditional production means for macroscopic optics. The
formidable arsenal of MEMS cleanroom technologies has been
used to realize most of micro-optics, tunable or otherwise, as
we know it [33].

The second role of MEMS in tunable optics is the generation
of means to actuate tunable components. Whereas the field
of optical MEMS initially relied strongly on electrostatic
actuation for mechanical movement or positioning of micro-
optical components [34], the spectrum of actuation techniques
has greatly expanded. Pneumatic, fluidic, thermal, magnetic
and even chemical mechanisms for optical tuning have been
employed, thus greatly expanding the repertoire of conceivable
tunable optical systems.

B. Tunable Micromirrors

Actuated micromirrors are perhaps the oldest micro-optical
devices fabricated using MEMS techniques [35], and since
they were used from the start as a means to variably deflect
an optical beam, they may be considered the “original”
tunable micro-optical component. Movable micromirrors with
high positioning and attitude accuracy have been made using
myriad designs, and served as early demonstrators for the
successful combination of micromechanics and micro-optics.
As a result, micromirrors have been applied to a wide range
of applications in areas as diverse as optical telecommunica-
tions [36] and consumer electronics [37], thus representing an
optical MEMS success story.

1) Electrostatic Actuation: As MEMS technology has
advanced, the spectrum of mirror concepts has likewise broad-
ened and these have become firmly established in the MEMS
device repertoire [38], [39]. Whereas the optics of the mirror
are relatively simple, one area on which considerable research
effort has been expended is actuation for achieving angular and
translational movement. Many original concepts used electro-
static actuation, which was shown to be suitable for precise
positioning and thus accurate beam steering with a resolution
of 0.2° in a scan range of 20° [40]. When combined with
micromechanical hinge structures for the mirrors, the typically
planar electrostatic actuators were also employed to generate
out-of-plane mirror movement [35] for more flexible three-
dimensional motion. In addition to possessing positioning
accuracy, high-speed actuation was shown to be suitable for
video-rate scanning of optical beams [41]; alternatively, large
travel range, in excess of 350 μm, could be reached using
electrostatic vibromotors [42].

2) Magnetic Actuation: As MEMS technologies have devel-
oped, numerous other principles have become feasible for
micromirror actuation. Magnetic actuation using silicon and
magnetic polymers, as shown in the example of Fig. 4,
has led to angular deflections at resonance of ±10° for
fields of only 0.07mT. Alternatively, purely metallic (nickel)
micromirror-based scanners, which do not require expensive
SOI substrates for fabrication, have also been shown to provide
excellent performance, yielding deflections of ±7° for fields
of 0.23mT [43]. Magnetically actuated mirrors do not require
the high voltages of most electrostatic concepts, and they
only require low magnetic fields that can be generated using
integrated or ultra-miniaturized coils.

3) Thermal Actuation: Thermal actuators have also been
used in a variety of micromirror configurations, including
vertically-actuated mirrors for adaptive optics with 6 μm
stroke [44]. Using bimorph flexures, which are actuated ther-
mally and rely on residual stress incorporated into the support-
ing beams during fabrication, several micrometers of vertical
mirror motion have been demonstrated in two-dimensional
arrays with over 95% fill factor [45], the latter parameter of
considerable interest in wavefront control applications.

4) Pneumatic Actuation: As an interesting alternative, the
structures and techniques of microfluidics, also an offshoot
of MEMS, have led to pneumatically actuated optical compo-
nents [47], including mirrors and lenses (we discuss the latter
in Section III-C2). Using gas-filled microfluidic chambers
attached to cavities over which flexible polymer membranes
are stretched, increase in gas pressure results in a distension of
the membrane, typically in the vertical direction. Using silicon
micromachining to generate micromirrors attached to these
membranes, the pressure-based distension results in vertical or
angular mirror motion. Mirror tilt angles of up to 75 μm and
purely vertical motion of 80 μm have been demonstrated using
on-chip integrated heaters for thermo-pneumatically actuated
devices [48].

C. Tunable Fluidic Optics

Fluidics has become increasingly important for advanced
micro-optics. The combination of MEMS fabrication tech-
niques, controlled-liquid configurations and optics has led to
the concept of optofluidics, a broad spectrum of technologies,
in which fluids and photons play a dominant role in micro-
optofluidic systems [49], [50].

Optofluidics has attracted considerable attention due to its
utility in realizing new types of displays [51] but has also seen
interesting applications in tunable lateral (in-plane) lensing
structures [52], tunable photonic crystals [53], and fluidic
lasers [54]. We will briefly consider here optofluidics for
tunable micro-optical components, in particular lenses and
apertures.

1) Liquid Lenses: Liquid droplets on a surface make
excellent spherical lenses. It has been shown that the
curvature, and thus focal length, of these lenses can be
controlled using electrowetting, an electrically-induced
change in the liquid contact angle [55], and this concept
has been extensively used to realize tunable microlenses
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Fig. 5. An electrowetting-actuated repositionable liquid microlens moving
in the vertical direction; when in position, its focal length can subsequently
be tuned [60, Fig. 17].

[56]. Using micromachining to define placement structures,
individual tunable lenses with a stable lateral position and
a tuning range between 2.3mm and infinity with less than
50V driving voltage have been demonstrated [57]. Alternative
approaches using the dielectrophoretic effect, which requires
the application of non-uniform electric fields, have also been
employed, albeit with a smaller tuning range [58].

Also possible with electrowetting actuation are tunable
lenses with reconfigurable position [59]. As is seen in the
example of Fig 5, a liquid microlens is accurately positioned
on a structured substrate; once in the correct position its focal
length may then also be tuned. In the structures shown, a
positioning accuracy of 70 μm and a focal length tuning range
of 580 μm to 1,240 μm was demonstrated.

2) Pneumatic Membrane Lenses: An alternative to purely
liquid lenses, in which surface tension defines the curvature,
is the use of membrane-based lenses, actuated pneumatically.
Using the same technology as employed in Section III-B4 for
actuating micromirrors, the distended membrane covering a
fluid-filled cavity forms a pressure-tunable refractive surface
[61], [62]. Pneumatic tuning allows the generation of convex,
planar and concave profiles in the same lens, and yields
a correspondingly large tuning range; the lack of required
electrical power means that lens structures like this are ideal
for use in medical or endoscopic imaging, for which high volt-
ages present challenges. Alternatively, completely integrated
pneumatic lenses, with on-chip thermal actuation [63], allow
compact tunable lens systems with no required pneumatic
connections.

The technologies of MEMS also allow realization of
more complex optical arrangements using the membrane lens
approach. Combining two independently tunable lenses, a
zoom system with a zoom ratio of 2.8 in a compact, 18mm-
long optical system, has been demonstrated [64]. Furthermore,
the use of custom liquids, with well-defined refractive index
and dispersion properties, allows the realization of tunable
achromatic doublet lenses, which are continuously corrected
for chromatic aberration throughout the tuning range [65].
These structures combine classical micromachining with
silicone, rather than silicon, materials.

3) Fluidic Apertures: In addition to lens structures, optoflu-
idics has also proven to be of value in generating novel, high-

Fig. 6. An optofluidic shutter after chip dicing and prior to liquid filling;
an opaque liquid is pumped into and out of the circular aperture using
electrowetting.

performance tunable apertures and shutters. Rather than using
liquids to define refractive surfaces, these devices employ
opaque and transparent liquids, which are switched using elec-
trowetting and other microfluidic techniques. The optofluidic
shutter of Figure 6 uses a highly absorbing ink, which is
alternately switched into and out of the circular aperture [66].
This completely integrated device, requiring only electrical
contacts, demonstrated switchable attenuation of 47 dB with
switching times below 100 ms; the only moving parts were
the two liquids, one absorbing and the other transparent.

The attenuation concept can be refined further through the
realization of a tunable iris, shown in Figure 7, which allows
variable attenuation of an optical beam, again using only
moving opaque and transparent liquids [66]. Using circular
electrode arrays, the aperture could be opened and closed in
four discrete steps with response times in the range of several
hundred milliseconds. Using index-matched transparent fluids
in this fully-integrated design, transmission characteristics
in the open parts of the aperture showed highly uniform
transmission with very low wavefront distortion.

D. Tunable Systems

A further advantage of MEMS-based tunable optics, beyond
compact tuning mechanisms, which become viable on the
microscale, is that microsystems fabrication processes may
also be applied to construct tunable systems of considerable
mechanical and optical complexity. Such systems may consist
of large-scale two-dimensional arrays of tunable lenses, each
independently actuated [68], where microfabrication tech-
niques assure good uniformity, high fill factors and compact
dimensions not achievable with classical optics manufacturing
approaches.

On the other hand, MEMS-based processes, particularly
those underlying the concept of the silicon optical bench,
allow the assembly of complex systems including tunable
lenses, mirrors and shutters [70]. One such example is
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Fig. 7. A fully integrated prototype optofluidic micro-iris in its fully open
setting; when actuated, the black opaque liquid moves inward in four discrete
steps [67, Fig. 8].

Fig. 8. An optofluidic micro-bench assembled from individually micro-
fabricated components (top) into a system with two independently tunable
pneumatic microlenses on a silicon optical bench (bottom) [69, Fig. 2].

shown in Fig. 8: the system includes two independently
pneumatically tunable lenses mounted on a silicon substrate
machined to allow precision optical alignment and containing
the necessary microfluidic channels for actuation as well as
fixed-focus GRIN lenses. More-advanced systems include
scanning micromirrors, rotational micromotors, and tunable
fluidic irises, all to allow three-dimensional imaging with a
system whose size scale permits integration into a rigid 3mm
endoscope.

These technologies illustrate the possibilities for optical
microsystems that become accessible when combining micro-
optics with MEMS. As microsystems materials and tech-
nologies (especially polymers and printing concepts) further
mature, the capabilities and application regimes of tunable
optical components will likewise expand.

IV. TELECOMMUNICATIONS

Optical MEMS has made a huge impact in the field of
Optical Networking in the last 15-20 years, particularly in
Telecommunication networks. With the increasing demand for
more internet data and higher access speeds, Optical Networks
play a crucial role in the backbone of the Global Communica-
tions Infrastructure. Optical Network providers find themselves
constantly in need of cutting-edge technology and innovation
that can grow bandwidth at lower cost.

Optical MEMS is a key part of this technology, which
allows more dynamic functionality in the physical optical
layer and enables a new class of Dynamic Components.
Dynamic Components constitute a new breed of device that
complements traditional active components (lasers, detectors,
modulators) and passive components (multiplexers, isolators,
circulators, couplers). First-generation dynamic components
have historically included motor-controllable variable optical
attenuators (VOAs) and bulk mechanical switches. These
early dynamic components did not meet the requirements for
integration and compactness. However, dynamic components
using Optical MEMS now include optical crossconnects,
wavelength selective switches, space switches, VOAs, gain
equalizers, channel equalizers, tunable filters and lasers,
dynamic dispersion control, and programmable optical
add/drop multiplexers.

A technology platform for Dynamic Components, referred
to as Diffractive MEMS (DMEMS), was developed at Light-
connect and led to several commercial products. The DMEMS
platform uses the wave aspect of light, interference and
diffraction. The basic technology, originally referred to as
deformable grating modulators, was developed at Stanford
University in the early 1990s [71]. The Stanford approach
was further developed at Silicon Light Machines for display
applications and is shown in Fig 9 below. In the Stanford
approach, long narrow ribbons made of silicon nitride (SiN)
are suspended above a silicon substrate. The surface is covered
with Al or Au to provide an optically reflective surface. In the
relaxed state the device looks like a mirror and the light is
reflected back. During operation a voltage is applied to every
other ribbon, which creates an electrostatic force moving the
ribbons downward. This effectively creates a grating, and the
incident light is diffracted outside the numerical aperture of
the optical system. This approach was useful for display appli-
cations, but had serious limitations when applied to fiber-optic
applications: large polarization and wavelength dependencies.

The problem was solved by designs that eliminated
polarization dependence and significantly reduced wave-
length dependence. The device structure (Fig. 10) is a
two-dimensional grating structure, in which the suspended
membrane is made out of SiN and moves down with elec-
trostatic force as the voltage is applied. The round islands are
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Fig. 9. Deformable grating modulator as developed at Stanford and Silicon
Light Machines.

Fig. 10. DMEMS chip from Lightconnect showing 2D grating structure
with improved polarization and wavelength dependence. The SiN membrane
moves around the fixed islands.

fixed to the substrate. The four-fold rotational symmetry elim-
inates polarization dependence. The wavelength dependence is
solved by a third reflecting surface on the device that cancels
the first wavelength dependence [72]. The product was com-
mercially introduced as a Variable Optical Attenuator (VOA).

The diffractive MEMS approach is not suitable for applica-
tions where the light needs to be completely turned off with
>45 dB attenuation. MEMS micromirrors are well suited for
that and other applications related to switching. AG Microsys-
tems (AGM) has developed a MEMS micromirror chip for
a VOA combining comb drive with parallel plate actuation.
This offers superior performance at <5V drive and includes
protection from overdrive and snapping. The chip (Fig. 11)
is able to meet telecommunication requirements on optic
performance, on ability to withstand mechanical shock and
vibration, and on operating temperature range, and has a
lifetime expectancy of 25 years.

The other area of significant interest is switches. This
includes wavelength selective switches (WSS) as well as
1 × N and N × N space switches [73]. In a WSS [74] the input
light is dispersed with a grating, and the wavelength channels
are focused onto a Micromirror array typically comprising
100 micromirrors. The individual wavelength channels can
then be switched to different output ports. Significant advances

Fig. 11. 1.8 × 1.8 mm MEMS VOA chip from AGM with comb drive and
parallel plate actuation.

Fig. 12. A 2-axis MEMS Micromirror from AGM for 1 × N switch
application.

have been made in the WSS and are being commercially
deployed in high volume. Recently two-axis micromirrors
actuated with comb drives were demonstrated for confocal
microscopy [75]. AGM is extending such ideas for developing
two-axis micromirrors for space switches such as 1 × N and
N × N, including very large cross-connects. A MEMS chip
for building 1 × 12 switches is shown below in Fig. 12.

V. BIOLOGY AND BIOMEDICINE

The initiation of optical MEMS for biomedical applications
was accomplished by Dickensheets and Kino [76]. In this
work, they demonstrated a miniature scanning confocal micro-
scope that utilizes an off-axis grating as the focusing objective
lens and micromachined torsional scanning mirrors to realize
real-time confocal imaging with a working distance of 1 mm
and an effective N.A. of 0.24 (Fig. 13).

Later Kwon et al. demonstrated a three-dimensional raster
scanning module that fit into 1 mm3 as a key part of a
micro confocal imaging array for biological lab-on-a-chip
applications [77]. In this module, low voltage and large static
displacement vertical actuators are integrated with microlenses
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Fig. 13. Micromachined confocal scanning microscope, consisting of a
single-mode optical fiber for illumination and detection, two tortional mirrors
for scanning, and a binary transmission grating as the objective lens.

Fig. 14. SEM and picture of fabricated vertical microlens scanner: (a) SEM
of unidirectional device, (b) Microscopic picture of bi-directional device with
polymer lens, (c) Self aligned vertical comb fingers.

on high-aspect-ratio silicon-on-insulator (SOI) structures. The
unique isolated vertical comb drives and the coupled-torsion
flexures provide upward and downward piston motion with
low driving voltages (Fig 14).

As shown in Fig 15, Kwon et al. established an isola-
tion method for SOI MEMS technologies and demonstrated
vertical comb-drive-based two-dimensional gimbaled MEMS
scanners with large static rotation [78]. These twoaxis optical
MEMS mirrors are useful in biomedical imaging, raster scan-
ning and image projection. This method of backside island
isolation provides electrical isolation as well as mechanical
coupling of SOI structures without additional dielectric back-
fill and planarization. It allows a gimbal structure with elec-
trical isolation, enabling two-axis rotation of MEMS scanners
for biomedical imaging applications.

The first miniature scanning confocal microscope with
electrostatically actuated microlenses for focusing and
scanning was demonstrated in 2003 (Fig. 16). In this
microscope, the objective lenses, scanners, pupil, and pinhole
of the confocal microscope are integrated in a volume
smaller than 2 mm3 [79]. The objective lenses are composed

Fig. 15. SEM of 2D MEMS scanner for biomedical imaging applications.

Fig. 16. Scanning electron micrograph of MEMS microlens scanners. Two
microlens scanners are orthogonally aligned and vertically stacked together.

of two vertically cascaded polymer microlenses integrated
onto micromachined comb actuators. Raster scanning is
implemented by electrostatically actuating each microlens in
orthogonal directions. The system achieved reflection confocal
imaging with 3 μm transverse resolution over a 100 Single
Molecule μm field of view and a 0.38 mm working distance
at λ = 633nm. This device demonstrates the combination
of silicon micromachining, polymer micromachining, and
vertical stacking of different substrates.

In 2007, Ra et al. demonstrated a two-dimensional MEMS
scanner for dual-axis confocal microscopy (Fig. 17) [80].
They fabricated the scanner by using a double SOI wafer
that enabled actuation by self-aligned vertical electrostatic
comb drives. Maximum optical deflections of ±4.8° and ±5.5°
are achieved in static mode for the outer and inner axes,
respectively. This team achieved reflectance images with a
field of view of 344 μm × 417 at 8 frames/s. The transverse
resolutions are 3.94 and 6.68 μm for the horizontal and
vertical dimensions, respectively. As a result, they demon-
strated real-time high-resolution in vivo imaging with their
two-dimensional MEMS scanner.

Ra et al. also presented a handheld dual-axis confocal
microscope (Fig. 18) [81]. The fully packaged microscope
has a diameter of 10 mm and acquires images at 4 Hz frame
rate with a maximum field of view of 400 μm × 260 μm.
The transverse and axial resolutions of the handheld probe are
1.7 μm and 5.8 μm, respectively. The capability to perform
real time small animal imaging is demonstrated in vivo in
transgenic mice.

These optical MEMS components enable biomedical appli-
cations such as optogenetics and noninvasive endoscopic
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Fig. 17. (a) Dual-axes confocal microscopy principle. (b) Schematic of
endoscopic probe.

Fig. 18. Schematic of a 10 mm diameter handheld probe with the packaged
MEMS scanner in the inset.

Fig. 19. Left: Scanning electron micrograph of the MEMS scanner; overall
scanner design (a), detail of torsional spring (b), and detail of outer comb
banks. Right: Two-photon fluorescence images of pollen grains acquired using
instrumentation based on a MEMS scanner (a-e) ([82], Fig 1 & 3).

screening for disease, etc. For example, a group at Stanford
demonstrated a fast-scanning two-photon fluorescence imaging
based on optical MEMS, which has the acquisition rates of
lines up to ~3.5 kHz (Fig. 19).

The Stanford group also established a miniature microendo-
scope, which consists of a combination of the MEMS scanning
mirror, microlenses and fiber-optic technology (Fig. 20). The
microscope is sufficiently small that an adult mouse can carry
the 2.9-gram device on its head while allowing the microscope
to capture deep brain images of awake and moving animals.

Fig. 20. Miniature microendoscope, which consist of a combination of a
MEMS scanning mirror, microlenses, and fiber-optic technology.

A. Optical MEMS: Single Molecule Detection

The ultimate goal of most bioMEMS systems is to monitor
biological processes with sensitivity, selectivity and good
temporal resolution. Current advanced Optical MEMS/NEMS
enables the miniaturized tools that are used to investigate indi-
vidual bio molecules to achieve high precision and throughput.
One of the first attempts to investigate single-molecular-level
detection was made by Seo et al [83]. As in Fig. 21, they
utilized integrated SixNy microfluidic devices with microelec-
trodes to achieve a bondless nano- to microfluidic interface,
low transmission loss and good stability under challenging
external environmental parameters such as rapidly changing
temperature and the presence of corrosive gasses. They demon-
strated detection of a single 500 nm size florescent bead and
fluorescently-labeled DNA. Autonomous biophotonic MEMS
without a conventional microscope was achieved by designing
single-layer-based two-dimensional optical scanners. Follow-
ing this development many similar MEMS designs were
realized for the detection and manipulation of single biological
entities [84].

Significant progress in single-molecule detection with
Optical MEMS has been achieved in the genomic sequencing
field. Pacific Biosciences has developed a next-generation
DNA sequencer based on a zero-mode wave-guide system,
which provides extreme optical confinement and enables
singlenucleotide sensitivity while DNA polymerase constructs
the sequence as shown in Fig. 22. The principle of this
NanoElectroMechanical System (NEMS) is straightforward
and simple. All waveguides have a specific cut-off wavelength
beyond which propagation cannot be sustained. At
wavelengths longer than the threshold, the field decays
exponentially along the propagation direction resulting in
an evanescent wave [85]– [87]. The practical decay length
comprises zeptoliter observation volumes within the guide
for ultra-sensitive biomolecular detection.

B. Optical MEMS and Microfluidics: Optofluidics

The optofluidics field has combined flexible microfluidic
systems with tunable optical MEMS/NEMS and advanced
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Fig. 21. Biophotonic MEMS for single molecule detection and manipulation.
Left: (a) cross sectional diagram of silicon nitride microfluidic system with
integrated micropores; (b) 500 nm fluorescent beads trapped outside of
microfluidic channels; (c) 500 nm fluorescent beads transported from outside
the microfluidic channels to the inside by optical trapping; Right: Detection
of single carboxy-rhodamine 6G molecules excited with a 488 nm Ar laser
and detected by an APD.

Fig. 22. MEMS implementation of a four-color real-time sequencing platform
is shown. Zero-mode waveguides provide ultra-compact detection volume
allowing high signal-to-noise detection.

optics to create lab-on-a-chip instruments, biomolecular sen-
sors and molecular-imaging tools [88]. Integration of pho-
tonic circuits plays a key role for devices that are more
functional and compact [89]. In addition to optical sensing,
active biological manipulation has been achieved utilizing
both optical and non-optical forces, including hydrodynamics
and dielectrophoresis (DEP). This dual-purpose use of optics
(actuation and detection), makes optofluidics a very attractive
approach to biomedical instrumentation that requires biomole-
cular manipulation and observation.

Liu et al. demonstrated the use of optofluidics to control
photothermal nanoparticles [90]. Their work was based on
direct optical-to-hydrodynamic energy conversion using sus-
pended photothermal nanoparticles near the liquid–air inter-
face utilizing submilliwatt power. They were able to drive and
guide liquid flow in microfluidic channels to transport bio-
molecules and living cells at controlled speeds and directions
(Fig. 23). This work laid the foundation for optically driven,
large-scale optofluidic circuits for biomolecular sensing and
manipulation.

Fig. 23. Photothermal Nanoparticle (PNP)-activated optofluidic flow. The
main principle of the optically controlled advance of the liquid–air interface
and its experimental applications are shown.

As shown in Fig. 24, Yang et al. demonstrated active DNA
manipulation (λ-DNA) by creating stronger optical confine-
ment and higher intensities than those of diffraction-limited
systems [91]. Their technique simultaneously utilizes near-
field optical forces to restrain matter inside the waveguide and
scattering/adsorption forces for transport. Lien et al. demon-
strated optofluidic integration with eight solid-core waveguides
to observe fluorescent particles [92].

A similar concept with metal-clad, dynamically-
reconfigurable liquid lenses in a microfluidic channel
was demonstrated by Tang et al. [93]. Figure 25 shows a
schematic diagram of the device and how it focuses light
from an optical fiber through the liquid lens. The lens is
formed by three laminar liquid flows that interact to create
the desired refractive-index profile in the region where the
lens forms.

In addition to biomolecules such as DNA, RNA, and
proteins, a larger biological entity – Caenorhabditis elegans
(C. elegans) – has been investigated using microfluidics
with embedded low-cost and high-resolution microscopy [94].
Figure 26 shows the implementation and application of a
high-resolution, lensless and fully on-chip microscope system.
Utilizing either gravity-driven flow or electrokinetic flow for
positioning yields a compact, low-cost imaging solution.

A variety of optical interactions enable various biologi-
cal/medical applications such as Surface Enhanced Raman
Spectroscopy (SERS) as in the microfluidic platform in Fig. 27
[95]–[97]. A very promising approach is to use optofluidic
resonators for SERS signal amplification within micro- or
nanofluidics. Various biological molecules, including Dengue



SOLGAARD et al.: OPTICAL MEMS: FROM MICROMIRRORS TO COMPLEX SYSTEMS 527

Fig. 24. Schematic of an optofluidic device for active particle manipulation.
Consecutive images display individual YOYO-tagged λ-DNA trapped over an
optically excited 60-nm-wide slot waveguides.

Fig. 25. (a) Schematic of the principle of operation of a reconfigurable
microfluidic liquid lens. (b) Experimental implementation of beam focusing.

virus and Aβ protein, have been targeted for maximum signal
amplification by SERS.

Taking advantage of the amplification ability of SERS and
implementing a miniaturized immunoassay, Lee et al. [98],
presented a programmable and fully automatic gold
array-embedded gradient microfluidic device for providing
a convenient and reproducible surface-enhanced Raman
scattering (SERS)-based immunoassay platform for cancer

Fig. 26. OFM (Optofluidic Microscopy) prototype. Top view (a), package (b),
schematic design (c), operational steps (d), and cross section (e) are illustrated.

Fig. 27. (a) Electrokinetic concentration of analyte molecules at the SERS-
active surface in a microchannel. (b) Size-selective detection of protein
aggregates using a nanofluidic channel.

biomarkers as shown in Fig. 28. They achieved automatic
serial dilution by the gradient microfluidic generator and a
total analysis time less than 60 minutes.

Micro-optofluidics also enables particle synthesis.
Sunghoon Kwon and his group at the Seoul National
University developed a technique that can synthesize free-
floating microstructures in microfluidic channels at the
desired time and location within the field of view of the
lithography system [99], [100]. Figure 29 shows a detailed
procedure of Kwon’s maskless particle-generation system.
They demonstrated a real-time in-situ polymerization process
to dynamically synthesize extruded polymeric microstructures
with various two-dimensional shapes. They used high-
speed spatial light modulators to dynamically control
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Fig. 28. Schematic of gold array-embedded gradient chip for SERS-based
immunoassays.

shapes of polymerized microparticles and to achieve high
throughput.

The Institute for Optofluidics and Integrated Nanopho-
tonics (IONAS) has developed reconfigurable optofluidic
nanophotonic circuits, which are promising in applications
such as optical information processing and highly sensitive and
localized optical sensing [101]–[103]. They have investigated
optofluidic PhC microcavities (Fig. 30) and their properties in
the context of (bio) sensing. High quality factors of the order
of 6 × 104 have been demonstrated.

VI. SENSORS

Sensors represent the canonical MEMS application, to the
point that MEMS in the early years was seen as synonymous
with sensors and actuators. That tradition also plays a big
part in the development of Optical MEMS: Optics provides
new functionality to MEMS sensors, and MEMS technology
enables scaling of optical sensors. The results are sensors
that combine the precision, low noise and electromagnetic
interference (EMI) immunity of optical measurements with
the compactness and flexibility of MEMS to enable a wide
range of sensor applications.

Most Optical MEMS sensors are based on some type of
optical interferometer. Interferometers can be classified into
two groups: multiple-beam interferometers with finite time
response and recirculating interferometers with infinite time
response. Fig. 31 shows typical examples of these two types
of interferometers and explains their operational principles.

In the Michelson (or the Mach-Zehnder, which is the
unfolded version of the Michelson), the input beam is split into
two paths by a non-polarizing beam splitter. After having prop-
agated along the two different paths through the interferometer,
the two beams are recombined in the same beam splitter. In
the Fabry-Perot, the input optical field is coupled to the optical
cavity through the front mirror, and then the incoupled field
circulates back and forth inside the cavity with a characteristic
photon lifetime given by the mirror reflectivities and the cavity

Fig. 29. (a) Schematic diagram of optofluidic maskless lithography system.
(b) Dynamic control using optofluidic maskless lithography.

Fig. 30. Schematic representation of a reconfigurable optofluidic photonic
crystal circuit. The basic platform is a planar photonic crystal structure with
air holes.

losses. The total reflected light and transmitted light through
the FP is determined by the phase of the recirculating fields
in the cavity.

On resonance, the recirculating fields add in phase on the
output of the resonator, and all the light is transmitted and
none is reflected, due to the fact that the light reflected from
the front mirror is out of phase with the recirculating fields at
the front mirror. This leads to the characteristic FP’s response
to mirror separation. Two cavity types are shown. In the first,
the mirror reflectivities are high (r=0.98) and there are no
cavity losses except the mirrors. The transmission is then
sharply peaked around the mirror separations that lead to
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Fig. 31. (a) The Michelson interferometer is a two-beam interferometer, in
which the light is split into two paths that after some propagation distance are
recombined. (b) In the Fabry-Perot interferometer, the input field recirculates
inside the cavity, and the transmission and reflections are determined by the
phase relationships of the recirculating fields at the mirrors. (c) Transmission
as a function of mirror separation in two-beam and recirculating interferom-
eters. The solid line represents the response of a two-beam interferometer;
short-dashed and long-dashed lines are for FP with field reflectivities of 0.5
and 0.98, respectively.

resonance. The second example shows an FP with relatively
weakly reflecting mirrors (r=0.5). The resonance conditions
that give total transmittance are unaltered, but the resonances
are much broader due the lower photon lifetime in the cavity.

In Fig. 31c, the two different responses of FPs are compared
to the response of a two-beam interferometer. The transmission
goes to unity at resonance when the fields are in phase at
the output, but we now only have two interfering beams,
so the response is a harmonic function of the path length
difference. These comparisons illustrate the tradeoffs involved
in choosing an interferometer structure for an optical MEMS
sensor. Fabry-Perot resonators with low loss (i.e. long photon
lifetime) give rise to sharply peaked responses that are very
sensitive to mirror separation around the resonance condition.
That enables very sensitive sensors but also requires high
stability and reproducibility of nominal mirror separation and
interrogating wavelength. Two-beam interferometers and low-
photon-lifetime FPs, on the other hand, give rise to responses
that are less peaked and therefore less sensitive, but also less

demanding of the stability of the nominal mirror separation
and the interrogating wavelength.

Both multiple-beam and recirculating interferometers are
common in Optical MEMS. The Grating Light Valve [71]
and the Gires-Tornoise interferometer [104] are examples
of optical MEMS implementations multibeam interferometers
while Fabry-Perot resonators and ring resonators are examples
of recirculating interferometers used in Optical MEMS. New
sensor applications and new system geometries based on these
are constantly being developed.

A. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is one of the very suc-
cessful sensor applications of optical MEMS. The optical lever
is by far the most commonly used detection technique for
determining the motion of AFM cantilevers. Optical MEMS
interferometers have also had significant impact on the devel-
opment of AFM. By incorporating two-beam grating inter-
ferometers into AFM cantilevers, improved force sensitivity
and bandwidth can be achieved, which enable new system
functionalities.

Figure 32 compares a regular AFM tip whose position is
measured by an optical lever and an AFM tip with an inte-
grated high-bandwidth grating force sensor [105], [106]. Both
cantilevers utilize an optical lever to measure the harmonic up-
and-down motion of the cantilever itself, which is driven on
resonance so its motion is close to harmonic. The interdigitated
force sensor measures forces applied to the tip by interferomet-
rically detecting the offset between the tip-coupled finger and
the reference fingers of the interferometer. The offset between
the two sets of fingers leads to a diffraction pattern, of which
two orders are picked up on the four-quadrant detector as
shown in Fig. 32c. The standard optical lever yields a single
optical beam on the four-quadrant detector, while the grating
cantilever creates a diffraction pattern as shown. In both cases,
the ratio of light detected in quadrants 1+2 to quadrant 3+4
gives the vertical position of the tip. The ratio 1+4 to 2+3 is
only used for alignment in the traditional optical lever while
the interdigitated cantilever creates a diffraction pattern that
depends on the relative position of the interdigitated fingers.

As shown in Fig. 32c, the reflected light (0th order dif-
fraction mode) from the grating is positioned on quadrants 2
or 3, while the 1st order diffraction mode is positioned on
quadrants 1 or 4. The relative optical power detected by 2+3
vs. 1+4 therefore allows the calculation of the bending of the
tip-coupled fingers.

This improves the AFM in two important ways: the tip-
sample force is detected with better force resolution, and
the bandwidth of the force measurements is increased due
to the high resonance frequency of the tip-coupled fingers.
The net result is that the tip-sample force can be measured
with improved resolution both in force and time. That allows
studies of surfaces at a level of detail and calibration of surface
properties that is not possible with standard AFMs.

Figure 33 shows a surface map of the reduced Young’s
modulus of a copolymer surface in water [107]. The imaged
sample is a styrene-ethylene/butylene (SEBS) copolymer that
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Fig. 32. (a) Atomic Force Microscope cantilever designed for position
measurements by an optical lever. (b) AFM cantilever with integrated, inter-
digitated grating force sensor. (c) Diffraction pattern from an interdigitated
cantilever on the four-quadrant detector. Only the 0th order and one of the
1st orders of the diffraction pattern are used.

is composed of a hard polystyrene segment and a softer
rubbery segment of poly (ethylene/butylene). Figure 33 clearly
shows the characteristic nanoscale lamellar structures of the
sample. The reduced Young’s modulus is calculated from
the time waveform of the tip-sample interaction force that is
measured with the grating interferometer. It is particularly sig-
nificant that the map is obtained in water because numerically
calibrated characterizations of surfaces in aqueous solutions
open up new avenues for investigations in material science
and biology.

B. In-Plane Fabry-Pérot Cavities

Fabry-Pérot interferometers have the potential to be signif-
icantly more sensitive than two-beam interferometers and are
therefore favored in many optical MEMS sensor applications.
In-plane Fabry-Pérot cavities based on Bragg reflectors made
of vertically etched high aspect ratio multilayered silicon-air
structures (Fig. 34) are attractive for their ease of integration
with electrostatic actuators, microfluidic systems, optical fibers
and waveguides. However, they present high insertion loss and
relatively low finesse due to Gaussian beam divergence and
surface roughness at the silicon-air interfaces of multilayered
structures [108]. Therefore, telecommunication applications
cannot be considered. However, promising applications were
reported such as tunable filters [109], sensors [110]–[112] and
high quality factor resonators [113].

When attached to one of the Bragg mirrors, a spring-
actuator system (Fig. 35) was able to shift the resonance wave-
length of the Fabry-Pérot cavity by more than 100nm [109].
When integrated with a fiber laser or a semiconductor opti-

Fig. 33. Reduced Young’s modulus of a styrene-ethylene/butylene (SEBS)
copolymer submerged in water. The numerical values of the reduced Young’s
modulus are calculated from the tip-sample interaction force, which has been
mapped with high temporal resolution over the surface of the sample.

Fig. 34. Schematic representation of a Fabry-Pérot cavity made of two Bragg
mirrors of 2.5 silicon-air periods coupled at normal incidence to single-mode
fibers.

cal amplifier, such filters demonstrated tuning of the output
wavelength over several tens of nanometers with applications
as swept sources for optical coherence tomography [114].

In-plane Fabry-Pérot cavities are easily integrated with
waveguides. They offer a robust integration alternative that
was used for the demonstration of an optical accelerometer for
spacecraft navigation systems [111]. In this case, one Bragg
mirror is attached to a suspended proof mass (Fig. 36).

Integrated sensors are probably the most attractive appli-
cations for in-plane Fabry-Pérot cavities. Indeed, they offer
simple, compact and robust assembly of several components
on chip such as waveguides, proof masses, microfluidic chan-
nels and Bragg mirrors. The case of volume refractive index
sensing is of particular interest. The rational for measuring
the volume refractive index is to be able to measure the
cellular refractive index in flow cytometry, thus providing addi-
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Fig. 35. Scanning electron micrograph of in-plane tunable Fabry-Pérot filter
integrated with fiber grooves, springs and electrostatic actuator.

Fig. 36. Scanning electron micrograph of the in-plane Fabry-Pérot accelerom-
eter integrated with waveguides, springs and proof mass.

tional parameters for cell type differentiation. A resolution of
1.7 × 10−5 RIU (refractive index unit) was demonstrated using
an in-plane Fabry-Pérot cavity integrated with microfluidic
channel (Fig. 37) [110].

A mixed solution of two populations of glass beads hav-
ing different diameter was statistically differentiated [115].
More recently, Melanoma (B16) and Lymphoma (EL4) cells
flowing through the device (Fig. 38) were successfully dis-
tinguished [116]. In addition to cell differentiation, this type
of device has the capability of identifying cancerous cell
populations by measuring their refractive index [117].

Gas sensing can also be realized using in-plane Fabry-Pérot
cavities when filled with polymers. In this case, the sensing
principle is based on polymer swelling upon gas absorption.
The magnitude of the deformation is recorded through the
resonance wavelength shift of the on-chip silicon Fabry–Perot
interferometer and is proportional to the analyte concentration
(Fig. 39). Limits of detection down to the ppm level have been
demonstrated [112].

VII. NANOSTRUCTURES

A. Optical Microcavities

Confinement and manipulation of light in optical microcav-
ities has been the subject of intense fundamental and applied
research for more than a decade [118]. Recent advances
in micro- and nanotechnology have allowed the realization
of small micron-size cavities used in various applications

Fig. 37. (a) Scanning electron micrograph of Fabry-Pérot refractometer
integrated with optical fiber alignment grooves, microfuidic channel, and
reservoir. (b) Closeup view of the Fabry-Pérot refractometer made of two
silicon/air Bragg reflectors separated by the microfluidic channel.

Fig. 38. Photograph of a cell flowing through a Fabry-Pérot refractometer
integrated with optical waveguides and microfuidic channel.

such as enhancement of spontaneous emission [119], photon
sources [120], filters [121], single-molecule sensors [122],
[123], optical frequency combs [124], and optomechanical
oscillators [125], [126] to name a few. The main reasons for
recent advances are significant improvements in size reduction
and surface quality enabled by advanced micro- and nano-
technology processes. The most important figure of merit for
optical microcavities is the Purcell factor, which gives the
enhancement of spontaneous emission into a given mode of
the microcavity with respect to the emission in free space. The
Purcell factor is proportional to the quality factor and inversely
proportional to the volume of the mode [127]. Thus having
near-perfect geometries and surface quality will maximize the
quality factor, whereas reducing size will minimize the mode
volume. Several optical MEMS have optical microcavities or
microresonators in their components. We will present a non-
exhaustive list of examples in this section. Mainly two types
of optical microcavities will be highlighted: photonic crystals
and whispering-gallery-mode resonators.

B. Photonic Crystals

Photonic crystals in one and two dimensions are simple to
fabricate and integrate in microsystems. They exhibit guided
resonances that can be used for sensing [128], fluorescence
enhancement [129] and enhanced reflections [130], and if
integrated with microactuators, they can serve as the basis
for micromechanically tunable optical sensors and filters
[131]–[133].

The development of one-dimensional and two-dimensional
Photonic Crystals (PCs), shown schematically in Fig. 40, has
also expanded the role of FP sensors. In PF-FP sensors, the
PCs act as resonant mirrors. These PCs are interferometers in
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Fig. 39. Schematic of in-plane Fabry-Pérot gas sensor. Schematic representa-
tion of the sensor operation principle. Upon gas absorption, polymer expansion
deforms the interferometer, inducing a shift of its resonance wavelength.

Fig. 40. One-dimensional (a) and two-dimensional (b) Photonic Crystals.
The two-dimensional crystal has a square unit cell with circular holes, and
it is fully characterized by the pitch (p), hole diameter (d), crystal thickness
and the material parameters.

their own right, in addition to being used as building blocks
in interferometric systems.

To understand how one-dimensional or two-dimensional
PCs act as interferometers, consider Fig. 41. The incident
light, shown as a plane wave at normal incidence, will be
reflected from the front and back surfaces of the PC and a
circulating field will build up in the PC. In this sense the PC
slab acts as a FP resonator to define what we call the direct
pathway through the crystal. In addition to the direct pathway,
the incident light may also couple to guided resonances [134]
of the PC. The guided resonances can be thought of as the
generalization of the guided modes of a uniform slab. The
periodicity of the holes in the PC provides the required phase
match that allows these modes, which in the uniform slab
are completely guided, to couple to radiation outside the slab.
Once the light is coupled into the guided resonances, it is
re-radiated with a specific photon lifetime given by the
structure of the guided resonance.

The direct and indirect pathways represent two fundamen-
tally different ways for light to propagate through the PC.
The incident light is therefore split in two parts that propagate

Fig. 41. Transmission through a PC slab is determined by interference
between pathways through the crystal. In the direct pathway, the PC acts as
a uniform slab of some intermediate index of refraction between the index
values of the PC material and the surrounding medium (typically air). In the
indirect pathway, the incident light couples to guided resonances, which couple
back out in either direction from the slab with a characteristic decay time.
The direct and indirect paths interfere to establish reflection and transmission
through the PC.

separately through the PC, just like the incident light in the
Michelson interferometer of Fig. 31a is split into two paths.
Once the light of guided resonance reradiates, it interferes with
the directly reflected wave and directly transmitted wave to
create the total reflectance and total transmittance. The PC is
therefore an interferometer, just like the Michelson or Mach-
Zehnder. Notice in particular that the in-plane band gap of the
PC plays only an indirect role in determining the transmission
and reflection of two-dimensional PCs. It is the presence of a
guided resonance, not its absence, that makes the PC behave
differently than a simple slab of homogeneous material.

The guided resonances are described by their center fre-
quency, or center wavelength, and their lifetime. The center
frequency is most strongly affected by the periodicity of the
PC, while the lifetime of an infinite PC is most strongly
affected by the scattering strength of the individual unit cells.
The scattering is a complex function of the size and shape of
the unit cells. In the case of a simple two-dimensional PC, as
shown in Fig. 40b, small holes lead to weak scattering and a
long lifetime, while the opposite is true for larger holes.

By engineering the characteristic center frequencies and
lifetimes of the guided resonances, we can control the inter-
ference between the direct and indirect pathways and thereby
the reflectance and transmittance of the PC. Short lifetimes
give rise to broadband effects that are useful for creating
broadband mirrors [130], [135], [136], polarization optics
[137], [138], filters [139], and beam splitters. Long lifetimes,
on the other hand, create sharp transitions in the reflectance
and transmittance spectra [136]. Such transitions are useful
for a number of sensor applications [140]– [142] that require
narrow band response or precise tracking of spectral features.

The total lifetime of a guided resonance is determined by
the in- and outcoupling and by any other loss mechanisms.
For small PCs the edge loss, either through scattering or
simply through coupling to the slab beyond the PC edge, puts
a lower limit on the PC loss, and therefore a higher limit on the
lifetime of the guided resonances. This means that broadband
PCs are simple to scale to small sizes, while careful attention
has to be paid to avoiding edge loss for successful scaling of
narrow band PCs.
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Fig. 42. (a) High reflectivity PC diagraph fabricated in a monolithic film of
Si. (b) Fiber optic pressure sensor that utilizes a high reflectivity Si diaphragm
as the pressure sensing element.

Fig. 43. Scanning electron micrograph of a silica microdisks CROW with
1.1 m gap between cavities.

The literature describes a vast number of ways to fabricate
one-dimensional and two-dimensional photonic crystals. Typ-
ically, they involve patterning and etching of the PC structure
in a thin film of high refractive index, e.g. deposited Poly-Si
films, epitaxially grown films, or the device layer in Silicon-
on-Insulator (SOI) wafers. To support the guided resonances
that give the PC their optical characteristics, the material
surrounding the high-index film must have lower refractive
index.

One fabrication method that is particularly well suited to
integration of PCs into MEMS is the Generation Of PHotonic
Elements by Reactive etching (GOPHER) [143], [144]. In
this process, the PCs are etched directly into Si using a
combination of directional and isotropic etches. The resulting
structure is a monolithic PC with a hole array over an
isotropically underetched cavity as shown in Fig. 42a. The
cavity can be connected in each unit cell as shown, or the
array of holes can be completely underetched. The underetched
cavity provides the low-index layer that is required to support
guided resonances.

The excellent optical and mechanical properties of two-
dimensional PC reflectors make them ideal for a number of
applications. They have been directly integrated into MEMS

scanners [145], and they can be transferred to a variety of
substrates through contact printing [133]. Figure 42b illustrates
how monolithic Si PC reflectors can be used to create pressure
sensors [146], [147]. The pressure-sensing diaphragm in this
sensor is the high-reflectivity PC shown in (a), and it provides
high sensitivity, due to its excellent optical and mechanical
properties, combined with chemical and thermal robustness
that far exceeds that of metal and dielectric-stack mirrors.

C. Whispering Gallery Mode Resonators

Whispering-gallery-mode (WGM) resonators have been
recently extensively reported either as microspheres,
microdisks or microtoroids. Although the highest quality
factor up to 1010 is reached with crystalline resonators [148],
silica is preferred since it has lowest intrinsic material loss.
Quality factors as high as 108 are achieved with silica [149].
However light coupling to silica optical microcavities is
challenging and requires highly sensitive alignment of tapered
optical fibers. It is important to note that for such evanescent
coupling to a waveguide, the measured quality factor depends
on the coupling regime. It is therefore important to know
the coupling regime in order to extract the intrinsic quality
factor. This can be done through a Stokes parameters
analysis [150]. Biosensing [151], [152], optical frequency
combs [153] and optomechanics [154] have attracted a
lot of attention recently. However, other applications such
as coupled-resonator optical waveguides (CROW) and
optical microcavities made of chalcogenide glasses are
promising alternatives for slow-light and low-threshold
sources respectively. CROWs were fabricated from as many
as 8 silica microdisks (Fig. 43) [155]. Raman lasing in As2S3
high-Q whispering-gallery-mode resonators was recently
demonstrated with a threshold as low as 13 μW [125].

Delay time of 109ps was demonstrated [155] with rel-
atively low quality factors (Q~104) indicating promise for
slow-light generation in CROWs when using high-Q silica
resonators. Due to their small mode volume and long photon
lifetime, WGM optical microcavities are excellent candidates
for nonlinear processes generation. As2S3 chalcogenide glass
microspheres pumped at 1550nm were used to generate Raman
scattering emission at 1634nm [156]. Threshold as low as
13 W with 11% efficiency was demonstrated [120].

VIII. CONCLUSIONS

Micromachining allows the tools of the integrated circuit
industry, lithography and parallel processing to be applied
to optical devices and systems. The payoff is integration of
mechanics, fluidics, magnetics and optics into highly func-
tional microsystems with numerous advantages in terms of
functionality, flexibility, stability, sensitivity, size and, ulti-
mately, cost. The application areas for these types of Optical
MEMS include tunable optics, spatial light modulators, fiber-
optical communication devices and systems, optofluidic sys-
tems for biological and chemical analysis, and interferometric
sensors. The augmentation of Optical MEMS by nanostruc-
tures has led to the development of Optical Nanosystems based
on photonic crystals and ultra-compact optical resonators that
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are applicable to a wide range of systems across all the sub-
disciplines of optics.
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