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1.  Introduction

III–V materials have long been studied for use in high per-
formance electronic and optical systems. The maturation of 
epitaxial growth techniques has allowed researchers to grow 
compound semiconductors with nearly arbitrary composi-
tions, exhibiting widely variable mechanical and electrical 
properties. The ability to dictate parameters such as the band-
gap, refractive index, and etching selectivity of each individual 
layer has broadened the scope and vision of researchers and 
expanded the field of compound semiconductors into previ-
ously unexplored territories.

The initial push for the use of compound semiconductors 
stemmed from the very high electron mobilities, mean-free-
paths and the direct-bandgap electronic structure possessed 
by III–V semiconductors over traditional silicon based tech-
nologies [1]. Many authors have highlighted the high speed 
transistor technologies made possible through the develop-
ment of InP–GaAs compound semiconductor epitaxy. Devices 
such as HEMTs [2], MODFETs [3], and integrated optical 
receivers/HEMTs [4] are made possible through the unique 
electronic properties of III–V semiconductors.

A primary advantage of III–V materials is their vari-
able direct bandgap via the processes that enable growth 
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of materials exhibiting optical gain. GaAs was one of the 
frontrunners in this field of solid-state optics with a maxi-
mum bandgap wavelength of ~870 nm, sufficient for early 
generation communication systems. With the transition to 
longer wavelength communications technologies, particularly 
1550 nm, InP soon emerged as an alternative material system 
to enable the fabrication of longer-wavelength active devices 
(1660–925 nm) [5, 6]. The continued quest for high speed 
communication technologies combined with the ability to cre-
ate active optical elements and high speed electronics in InP 
simultaneously brought about the first monolithic integration 
of these optical and electrical components, such as high speed 
optical receivers and modulators [4].

In recent years, microelectromechanical systems (MEMS) 
using InP-based materials have been investigated to augment 
these optical networks [7]. A number of examples have been 
reported in literature of optical modulators, demultiplexers 
[8–13], and couplers [14, 15] all designed in III–V materials 
to facilitate monolithic integration of these optical compo-
nents with photodetectors and sources. To our knowledge, 
there have not been any examples which have demonstrated 
full monolithic integration of these MEMS components with 
their active optical elements (sources and detectors) for a vari-
ety of reasons. The goal of this review is to present relevant 
literature related to InP MEMS devices and to discuss the 
challenges that arise in developing integrated optical MEMS 
in these less-common materials. We have broken this paper 
into sections which reflect the key investigations and devices 
developed in InP MEMS discussing the particular impact of 
the research on the InP MEMS community as a whole. It is 
our goal to shed light on the current state of the InP MEMS 
field and provide an outlook for future investigations and 
device potential.

2.  Materials

Indium phosphide (InP) is a compound semiconductor with a 
direct electronic bandgap which allows for the direct conver-
sion of electron transitions to photons. This bandgap is tuned 
to correspond to energies in the near IR range by alloying 
InP with various materials (Ga, As, Al). In addition to these 
direct bandgap states and alloys, electron mobility in this 
semiconductor is very high, leading it to be investigated for 
high-speed solid-state electronics [16]. More importantly, the 
direct bandgap wavelength in the fiber-optic communications 
band (1550 nm) has brought considerable attention to this 
material for optoelectronic applications. Along with this came 
the study of using these materials for MEMS applications, 
particularly in the case of optical waveguiding and filtering 
for optoelectronic DWM communication technologies. Each 
of these research thrusts have benefitted greatly from the high 
levels of control that these alloyed material systems present to 
the designer, from adjusting the electrical and optical charac-
teristics of the semiconductor crystals, to changing material 
properties.

This material composition is very important in III–V semi-
conductor systems for controlling the optical and electrical 

properties, as well as the mechanical properties such as stress/
strain. The ability to design layers specifically strained is ben-
eficial when controlling valence and conduction band offsets 
and material bandgaps for optoelectronic devices. In the case 
of fabricating suspended structures for use in MEMS appli-
cations, this strain control allows for the realization of long, 
smooth, suspended structures. The nature of common molecu-
lar beam epitaxy (MBE) and metal organic vapor phase epitaxy 
(MOVPE) growth techniques enable these single-crystal alloy 
compositions to be grown with a very high accuracy and with 
nearly perfect interfaces (1–2 monolayers) between varying 
compositional alloys [17, 18].

With MBE, MOVPE, and other epitaxial growth tech-
niques already established in their own respective fields, the 
initial studies into using InP for MEMS applications specifi-
cally focused on investigating the mechanical properties of 
these semiconductors. Just as was performed with silicon-
based MEMS [19], these works considered basic mechanical 
properties and how they compare at the microscale, as these 
are the most important when considering microstructure 
design. Using beam bending and nanoindentation techniques 
to measure the Young’s modulus, hardness, and fracture 
strength, Greek and Pruessner each determined that although 
epitaxially grown low-defect InP is weaker than silicon, it is 
still a sufficiently robust material for typical low-displacement 
MEMS applications exhibiting an average Young’s modulus 
of about 61–106 GPa varying depending on the crystal orien-
tation and measurement technique [20–23]. The polyatomic 
zincblende crystal of these materials does not exhibit the same 
surface symmetry in each crystal direction like the monatomic 
diamond structure of Si. This causes different atoms to be 
exposed on different planes, changing the surface properties 
depending on the crystal orientation. Growth conditions are 
also very important to the final properties of the layers, with 
cross contamination reported, particularly when growing arse-
nic-containing materials [24].

3.  Fabrication

The field of MEMS has matured substantially since the first 
demonstrations of suspended structures in silicon-based mate-
rials. Transferring this microstructure formation into a different 
semiconductor system introduces a number of additional chal-
lenges, particularly if one is designing optical devices. In turn 
it also demonstrates advantages when using the aforemen-
tioned InP lattice matched materials such as peizoelectricity, 
tunable direct bandgaps, and highly controllable layer thick-
nesses. This enables a wide variety of materials with varying 
characteristics to be grown, even on the same substrate.

The basic processes in the surface micromachining of mov-
able MEMS devices are the implementation of the device/
sacrificial layer design scheme, and (generally) plasma-
based anisotropic etching. MEMS have had a long history 
of being fabricated with silicon-based technology, utilizing 
SiO2 release layers and common silicon etching techniques 
to fabricate various mechanical structures such as cantilevers, 
beams, membranes, and actuators [25]. The combination of 
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highly anisotropic etching processes and highly selective 
undercutting layers make these MEMS structures possible. 
The equivalent of silicon-on-insulator (SOI) materials in 
the lattice-matched InP system is less common, particularly 
when considering MEMS applications. A different method of 
obtaining thin, low defect, single crystal device layers with a 
highly selective release layer needs to be used to obtain long-
term and robust solutions.

A multitude of III–V alloys lattice matched to InP sub-
strates [22, 26] are available to be grown via various forms 
of epitaxy. The variety of differing alloys allows for varied 
materials that have etching selectivity to composition and 
crystal planes. The use of epitaxy allows for abrupt interfaces 
between selective materials, and also provides atomically 
smooth surfaces after undercutting; an important considera-
tion for filters and mirror structures. Selective release layers, 
low loss single crystal waveguides and mirrors, low-defect 
semiconductor growths, and material robustness all need to 
be considered when designing mechanical structures in a par-
ticular material [23]. Excellent etch selectivity is common in 
InP lattice-matched quaternary and ternary layers, and thus 
the use of single-crystal release layers is ubiquitous in InP, and 
nearly all III–V MEMS applications [9, 10, 12, 18, 26–31].  
A caveat to this is, however, since InP and lattice matched 
alloys are zincblende compound semiconductors, they show 
anisotropy based upon crystolographic orientation [18]. 
Depending on the sacrificial layer used, care must be taken 
to orient structures properly to achieve the proper undercut-
ting profile. Devices which require high material selectivity 
in order to fabricate, as well as very smooth interfaces, will 
often rely on these wet etching techniques for release layers. 
Out-of-plane tunable Fabry–Perot filters, for example, require 
small dimensions between materials and high tolerances to 
achieve high finesse. This can be achieved easily by utilizing 
the atomic smoothness and thickness control between succes-
sive materials in a growth stack that are nearly 100% selective 
from each other in a wet etching solution.

As new designs which incorporate active and passive opti-
cal structures are studied and developed, this etch selectivity 
can become a liability in fabrication processes when attempt-
ing to integrate materials with varying bandgaps, thicknesses, 
doping concentrations, etc. Each of these factors change the 
wet etch selectivity as well as the electrical and mechanical 
properties. A particular concern when performing an under-
cutting etch in a complex III–V growth with many different 
layers is the selectivity of every layer exposed during the 
undercutting process, as this may introduce unwanted mate-
rial removal.

Suspended structures formed via surface micromachining 
experience high probability of stiction effects which cause the 
released beams or membranes to adhere to surfaces of close 
proximity. This stiction failure can occur during the fabrica-
tion process after the undercut and subsequent drying process, 
or it can be induced during operation or storage. Prevention 
of stiction both during and post processing has been studied 
extensively by researchers [32]. The most common process-
ing methods to dry released structures are CO2 critical-point 
drying and sublimation drying. These particular methods only 

prevent stiction during and immediately after the fabrication 
of the devices. Additional treatments which are performed 
to prevent stiction during device operation include applied 
surface passivation layers, geometry modifications and  
re-surfacing techniques.

Surface micromachining requires the device layer to be 
patterned before the undercutting process can be performed. 
Wet etching is the most common and the simplest method for 
performing this. The varying crystalographic anisotropy of 
wet etchants in InP lattice matched alloys mentioned above 
[18, 26] can make the patterning of complex geometries 
very difficult if not impossible. Additionally, vertical side-
walls are often required in this patterning step, which can 
be more difficult to control in all crystolagraphic directions 
using wet etching techniques. One must move to dry etching 
plasma techniques to obtain higher versatility in processing 
parameters, and indeed, the most recent examples of InP-
based MEMS have moved towards using these methods for 
fabrication.

Dry etching techniques involve the use of gases and plas-
mas to etch materials. While some examples of InP etching 
using gases have been reported, the term ‘dry etching’ usually 
refers to plasma-based processing. The major technologies 
used to dry etch InP are: reactive ion etching (RIE), electron 
cyclotron resonance (ECR), and inductively coupled plasma 
(ICP). The best examples of RIE etching utilize CH4/H2 chem-
istries, but polymer buildup, hydrogen passivation of dopants, 
and a slow etch rate (~100 nm min−1) make this technology 
less attractive [33–37]. Some solutions using this RIE etch 
chemistry use a cyclic etching method that mimics the Bosch 
process with a CH4/H2 etch cycle and a O2 plasma etch step to 
remove excess passivation. The final result is a very vertical 
and scalloped sidewall [15, 38, 39]. One of the best etchants 
for InP materials is Cl2, however the InClx byproducts of 
this etch will not desorb from the surface unless samples are 
elevated in temperature above 175 °C [40]. The accumulation 
of these byproducts can create micromasking and rough and 
sloped sidewalls. Even at elevated sample temperatures, the 
traditional RIE etch environment cannot achieve vertical side-
walls with Cl2 plasma chemistry [41].

ECR and then ICP etching were later introduced to achieve 
higher etch rates and more vertical and smooth sidewalls 
particularly using Cl2 plasmas. Both of these technologies 
provide much higher ion densities than traditional RIE etch-
ing and provide better control over the ion energy. Pure Cl2 
plasma etching in ICP at elevated temperatures has very high 
etch rates (~2 μm min−1) but exhibit undercut profiles and 
damaged etch surfaces [33–35, 42]. This is due to the nearly 
pure chemical nature of the Cl etching mechanism and its iso-
tropic etch behavior. In order to provide vertical and smooth 
etching conditions, one must introduce in-situ passivation to 
the sidewalls or increased ionic bombardment to increase the 
surface energy in the direction of the etch to promote aniso-
tropic etch rates. One way to achieve this is by adding other 
gases to the chamber during etches such as H2, Ar, He, N2, O2, 
CH4 to increase the etch uniformity and the anisotropy of the 
etch [35, 42–44]. H2 and CH4 particularly help to balance the 
chemical reactions between the III and the V components of the 
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compound semiconductors and to thus promote even removal 
of material, decreasing roughness. Ar and He provide a physi-
cal component to the etching process, increasing the surface 
energy of the horizontal interfaces during the etch. N2, O2, and 
CH4 provide passivation in the form of oxides, nitrides, and 
polymers that form on the vertical sidewalls during the etch-
ing, further increasing etch anisotropy and increasing sidewall 
quality. Excess generation of these polymers and passivation 
layers can impede further processing steps if not removed or 
able to be removed from the sample surface after the etching. 
Due to the low volatility of the Cl byproducts other chemis-
tries have been investigated utilizing HBr as the reactive gas 
which does not have this elevated temperature requirement. 
Similar etch rates, etching mechanisms, and final resulting 
profiles have been found utilizing this chemistry instead of the 
more traditional Cl-based chemistry [42, 43, 45–52].

ECR and ICP etching can have stringent requirements 
on the etch masking material used [53]. In nearly all cases 
of InP plasma etching, the masking material is critical to the 
final sidewall profile, both related to verticality and sidewall 
roughness. Angle of the mask sidewall and mask edge rough-
ness all directly transfer into the underlying substrate during 
etching. Furthermore, erosion of the masking material can 
result in sidewall damage and sloping as is evident in fig-
ure 1. Photoresist can be used as a hardmask in limited cases 
(RIE) if hardened properly. The high powers and temperatures 
involved in etching with ECR or ICP, however, render this 
method impractical or impossible due to high removal rate 
of the mask. This necessitates using more robust methods for 
masking the etch such as dielectrics (SiO2, Si3N4), metals (Al, 
Ni, Ti), or a combination of these materials. SiO2 and Ni are 
often favored as mask materials due to their robustness dur-
ing the etching process, and somewhat more importantly, their 
ease of removal following the etch. Using another material 
instead of photoresist as an etching mask will introduce an 
additional step in the fabrication process (mask fabrication) 
which needs to be finely tuned to prevent erosion, maintain 
sidewall smoothness, and ensure a clean pattern transfer into 
the eventual semiconductor material.

Possibly more important is the control of the chamber 
condition, which has been shown to greatly affect etching 
characteristics [33, 38] depending widely on the etch chem-
istry used. This is particularly true for polymer-generating 
chemistries such as CH4-based etching which tend to leave 
polymer and byproduct depositions on the chamber walls. It is 

also something of consideration when working in a multi-user 
facility where the chamber is exposed to many different etch 
processes or materials that leave different or unknown byprod-
ucts. It is important then to establish a routine for cleaning and 
conditioning (coating the chamber walls) so that each etch run 
is performed with comparable conditions [33, 38]. In many 
cases even the sample carriers (predominantly Si, Al2O3, and 
SiO2) required to process single die with full-wafer process-
ing equipment contribute to the composition of the sidewall 
passivation and can strongly affect the quality of the finished 
etch, and thus must be considered when developing a final 
etching process [42].

While these different etching techniques have clearly 
been studied extensively, they have often focused on more 
traditional microelectronic or optoelectronic technology 
development, and not on InP MEMS devices specifically 
which are very diverse in their material choices and physi-
cal design requirements (dimensions or complexity). In-depth 
understanding of every fabrication processing step coupled 
to the device and process design is absolutely required when 
performing high-complexity monolithic InP MEMS systems; 
failure to do so will not only reduce final device performance, 
it can often result in total device failure. Table 1 shows a sum-
mary of the most common etching techniques used for InP 
MEMS devices and references which describe these different 
etching techniques in more detail.

4.  Optomechanical filters

Optomechanical filters were a popular research topic in the 
1990s and 2000s, primarily targeting applications in fiber 
communications and spectroscopic sensing. Fabry–Perot res-
onators are often used for interferometry, and also for narrow 
band optical filtering in applications such as data communica-
tion (e.g. DWDM) and sensors (e.g. spectroscopy). A wide 
and continuous tuning is often desirable for such applications 
to broaden their respective capabilities.

Tunable-wavelength lasers and wavelength division multi-
plexing are both required to increase the transmission bandwidth 
and the routing capability of optical communications. Tunable 
semiconductor lasers have been traditionally achieved through 
monolithic integration of edge emitting devices with a tunable 
filter to tune the laser wavelength and a phase-shifting com-
ponent to select a particular longitudinal mode. These filters 

Figure 1.  SEM images showing the effects of mask erosion (a) and reduced mask erosion after process development (b).
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are usually tuned by modulating the refractive index which 
has limited continuous tuning range, typically within 1% 
(<10 nm). Other desirable traits include low-powered, high-
speed, high extinction ratio, no polarization dependence, and 
simple coupling. These traits listed can all be satisfied with the 
development of microfabricated tunable Fabry–Perot platform 
for a tunable filter, source, and photodetector.

Tunable vertical cavity Fabry–Perot resonators are typically 
made of transparent plates with two moveable parallel reflect-
ing mirrors, creating an optical cavity. The resonant condition 
is exhibited as high peaks in the transmission spectrum of 
the filter. By tuning the cavity condition of the resonator, the 
transmitted wavelength can be shifted. Micro-tunable Fabry–
Perot filters are typically fabricated using thin alternating 
layers of dielectric and air to form Bragg gratings, examples 
of which can be seen in figure  2. By changing the spacing 
between the mirrors, resonant wavelengths can be changed. 
The first demonstration of a vertical coupled-cavity tunable 
filter was shown in 1995 using silicon by Tran et al [60] and 
in III–V materials by Larson et al [61]. Larson et al, in the fol-
lowing year, demonstrated a wide and continuous wavelength 
tuning in a vertical-cavity surface-emitting laser (VCSEL) 
by monolithically integrating a deformable top dielectric 

membrane mirror above the VCSEL. Le Dantec et al used a 
bridge membrane suspension platform to demonstrate 60 nm 
tuning range by applying 16 V by electrostatically actuating 
an InGaAs Bragg mirror. Spisser et al used InP/air interface 
resulting in similar results of 62 nm tuning range using 14 V 
[62]. Daleidan et al were able to improve on its performance 
but showing tunability over 100 nm with an actuation voltage 
of only 5 V [9, 10]. Tunability was further improved by opti-
mizing filter design via simulation and modeling to 200 nm 
with a 10 nm resolution [8, 63].

Figure 2.  Examples of out-of-plane tunable-cavity Fabry–Perot filters demonstrated in InP. Top image reprinted from [64]. Copyright 2000, 
with permission from Elsevier. Bottom image reprinted with permission from [65]. © 2003 IEEE. 

Figure 3.  SEM image showing in-plane tunable Fabry–Perot filter 
using a ridge waveguide. Figure reproduced from [69].
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Deviations from conventional membrane tuning designs 
include torsional designs with a counterweight-cantilever 
type shape allows for a leveraging effect when actuated from 
the short side of the teeter-totter. The longer side possesses 
the DBRs, forming the cavity between the DBR and the sub-
strate. 7 dB of insertion loss was observed when tested with 
a data link [11].

Furthermore, there have been in-plane designs which 
attempt to utilize etched mirrors and resonant cavities directly 
coupled to waveguides to more readily integrate with mono-
lithic optical systems [66–68]. These authors utilize in-plane 
waveguides and a moveable beam to move one of the Bragg 
mirrors in-plane via electrostatic actuation. A tunable range of 
12 nm was demonstrated [68]. Further work on this in-plane 
tunable filter utilized ridge waveguides and was able demon-
strate 35 nm of tunability with 25 V of applied voltage to the 
electrostatic actuators shown in figure 3 [69].

Due to the stringent requirements of tunable filters for appli-
cations in optical communication, it is necessary to take into 
account the mechanical and optical design parameters of the 
Fabry–Perot cavities. Global optimization includes reduced 
actuation voltages, large pull-in voltage, improved device reli-
ability, and fast switching times. Simulations and analytical 
modeling have been used for the purpose of satisfying these con-
ditions, narrowing down the design parameters of the mirrors, 
actuation scheme, and mirror suspensions. These simulation 
results are used to verify experimental results. The limitations 
of in-plane tunable filters lie in the ability to define low-order 
Bragg gratings due to the constraints of lithography techniques 
and the lack of repeatability for dry etching procedures. Poor 
sidewall quality (verticality and smoothness) greatly reduces 
the reflectivity of the Bragg mirrors such as seen in figure 3. 
This is the primary reason Bragg gratings defined by dielectric 
or epitaxial growth have much higher finesse comparatively: 
it is much easier to control repeatable thicknesses and very 
smooth and parallel interfaces via CVD or epitaxy.

There have been some examples of tunable filters that have 
been integrated with photodetectors and photo emitters. Zhou et 
al described the fabrication and testing of an optically pumped, 
wavelength selective, and tunable light emitting diode consist-
ing of an active region of InAs quantum dots and a MOEM 
tunable filter made of InP/air gap layers. They demonstrated an 
enhancement of the spontaneous emission by a factor of about 
40 at the resonant wavelength of 1500 nm. This device exhib-
ited a tuning range of more than 50 nm using a voltage of up to 
15 V [70]. Further work has developed devices which have up 
to 60 nm of tunable single-mode range used for gas detection 
and much higher output powers than the first demonstrations 
of these devices [71, 72]. They utilize GaAs lattice-matched 
epitaxial Bragg gratings which are transferred to the InP-based 
active region via bulk micromachining [73]. Other authors have 
extended the range of wavelengths using varied active regions 
and cavity designs, emitting single-mode light up to 1.95 µm 
with InP-based materials and novel dielectric and metal-based 
surface micromachining techniques which increase the over-
all yield of devices and reduce the required operating voltages 
for electrostatic actuation of the tuning mirrors [74, 75]. More 
recently work which demonstrates very long tuning ranges of 

up to 100 nm while maintaining single-mode operation has 
been achieved [75, 76].

Due to residual stresses caused by trace contamination 
in the layer growth, stress issues relating to tunable filters 
were reported by Tay et al. They analyzed the stresses of 
the suspensions and the mirrors using Raman spectros-
copy and the deflection using white light interferometry. By 
varying membrane and suspension dimensions, a range of 
internal mirror stresses from 0.24 to 0.08 GPa were meas-
ured, highlighting the importance of suspension and device 
design. Based on these studies, they designed four different 
optimized suspension designs for a suspended Fabry–Perot 
interferometer filter [13, 77].

It is noted that nearly all Fabry–Perot resonant cavity struc-
tures are out-of-plane, making their future integration into 
monolithic InP systems very difficult if not impossible. For 
all of these devices, hybrid fabrication or packaging schemes 
are needed to interface them with lasers or external optics, 
introducing additional complexity in design, fabrication, and 
packaging. In many of these cases however the quality of the 
filter provided by the smooth and precise interfaces of epi-
taxial growth are much more important than the integration 
potential. More work in the fabrication of in-plane filters, 
or different hybrid bonding technologies can close this gap 
between practicality and fabrication difficulty and provide for 
additional avenues of integration with emerging technologies 
such as III–V on silicon photonic integrated circuits.

5.  Suspended waveguide technology

A primary building block of microfabricated InP optical sys-
tems is waveguides. While many examples of InP dielectric 
waveguides utilize ridges in a bulk material, these designs often 
have low confinement and can experience substrate losses. For 
many applications, a tightly confined mode is desirable, and 
can be achieved by designing air-cladded waveguides. MEMS 
structures require moveable components which can only be 
achieved by releasing the entire structure from the device sub-
strate. Many applications of in-plane dielectric waveguides 
have been realized, including in-plane resonators, filters, split-
ters, and sensors [78–84].

The InP material system readily enables ternary and qua-
ternary layers to be used as sacrificial layers for suspending 
waveguides. Wet chemistries easily etch the sacrificial layer 
and undercut device layers to release waveguides from the 
bulk. In nearly all cases, a critical point drying method is used 
to prevent stiction of the devices to the substrate. This enables 
the refractive index of cladding on all four sides to be reduced 
to that of air or vacuum by subtracting the material away from 
underneath the waveguide. It also provides access to a build-
ing block structure for moveable MEMS.

The suspended waveguides are secured to the substrate 
via lateral tethers that are attached to anchoring platforms. 
Examples of this technology include waveguides fabricated 
from bulk InP alloys [67] and also examples of devices that 
have multiple quantum well core layers [85] to provide for 
nonlinear optical effects. Kelly et al investigated suspended 
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InP waveguides created in quaternary waveguide layers with 
an In0.53Ga0.47As sacrificial layer. The samples are grown with 
MBE as In0.95Ga0.05As0.08P0.92 to be slightly tensile strained, 
preventing buckling of long spans of suspended waveguides. 
The authors investigated how the propagation loss depended 
on the tether geometry (tether sizes) and number of tethers. 
They found that minimum loss for their waveguides was 
2.2 dB cm−1 with a maximum suspended length of 2.5 mm. 
Minimum tether loss was estimated to be 0.09 dB/tether, 
typical loss is measured as 0.25 dB cm−1. Another design 
for suspended waveguides has been demonstrated by Ng et 
al which utilizes an 8 µm ‘S’ bend flare at the tether point 
intended to more tightly confine optical power in the vicin-
ity of the tethers, reducing the scattering losses at these 
points and allowing for wider, more robust tether designs 
[86]. The authors estimate the loss of this tether design to 
be ≈0.2 dB cm−1 [86].

Stievater et al additionally developed suspended wave-
guides with quantum well cores (20 wells) to serve as 
high-index-contrast devices for electro-optical applications. 
Using an In0.52Al0.48As sacrificial layer, it was demonstrated 
that suspended MQW waveguides can exhibit a propagation 
loss that is approximately 4 dB cm−1 at wavelengths only 125–
150 nm below bandgap [85]. In addition, tether losses can be 
as low as 0.15 dB per tether pair. Scattering was found to be 
more pronounced in TM modes, as the mode directly couples 
with the etched sidewalls while the TE modes coupe to the 
atomically smooth epitaxial layers and thus have lower loss. 
These examples of InP-based suspended waveguide structures 
are essential components of many optomechanical structures, 
such as optical switches and resonator sensors. Initial exam-
ples such as shown in figure 4 require cleaving of waveguide 
facets to provide for low loss facet coupling.

6.  Optomechanical switching

With the increasing complexity of optical networks, polar-
ization and wavelength insensitive optical switches are of 
increasing importance. As its bandgap wavelength is below 
1550 nm, this material has been of prime importance for 
operation at these telecommunications wavelengths. The devel-
opment of surface micromachining for these material systems 
has enabled the realization of in-plane architectures carrying a 

large number of optical channels. With the enabling addition 
of tethered waveguides in the 1990s, optomechanical switches 
were developed in the InP material. These optomechanical 
switches, in addition to supplementing routing capabilities of 
complex optical networks, are easily integratable with in plane 
waveguides and exhibit robustness, low power consumption, 
and low optical loss.

One of the first demonstrations of optomechanical switch-
ing was conducted by Ollier et al in 1995, where a 1   ×   2 
switch was conceived using a ribbed waveguide cantilever 
made up of a sandwich of 3 PECVD silica layers with dif-
ferent phosphorus doping levels which were isotropically 
undercut to release the electrostatically actuated cantilever 
waveguide. The propagating wave inside the cantilever wave-
guide was butt-coupled to two static output waveguides as 
the cantilever was laterally aligned to each output waveguide 
facet as potential was applied to lateral electrodes in parallel 
to the cantilever beam [87]. Since then, there have been mul-
tiple groups that have iterated on this design and developed 
similar optomechanical switches in other materials, including 
a wide range of silicon based, polymer based, and finally InP-
based semiconductors [14, 88–96].

The first demonstrations of tethered optomechanical 
switches in III–V semiconductors were fabricated in GaAs–
AlGaAs and exhibited 1  ×  2 switching capabilities [97, 98]. 
Pruessner et al demonstrated the first InP-based 1   ×   2 end 
coupled waveguides (shown in figure 5) which demonstrated a 
waveguide loss of 2.2 dB cm−1 with a coupling loss of 3.2 dB. 
Channel isolation was measured to be −26 dB, close to the cal-
culated −30 dB. Switching times were measured to be 140 μs 
with a settling time of 2 ms for a waveguide cantilever of 
1200 μm in length. The authors claim the performance of the 
switch is suitable for network restoration and routing applica-
tions due to the slower speeds and the increased settling time 
of the resonant beam structure [15].

Figure 4.  SEM of released and suspended waveguide facet.

Figure 5.  InP-based suspended optomechanical switch [15].
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Pruessner et al in 2005 demonstrated optical switching 
using suspended MEMS waveguide beams placed parallel to 
each other and actuated together electrostatically to induce 
evanescent coupling from one waveguide to the next using a 
potential of less than 10 V. Channel isolation of −47 dB was 
obtained with switching losses of 0.5 dB. Switching time for 
the coupler was as low as 4 μs due to the lack of a resonant 
settling time. A voltage-controlled variable optical coupling 
over a 17.4 dB dynamic range was also demonstrated [93]. 
More recently, Podoliak et al demonstrated a similar coupling 
scheme for an all-optical buffer using parallel suspended 
waveguides with varied tether geometries meant to introduce 
tunable propegation delay [99]. Using this coupling scheme, 
100% time delay with driving voltages of 3 V are predicted for 
final devices [99].

These devices introduce additional functionality into future 
photonic monolithic integration schemes including move-
able air-clad waveguides and switching components. These 
devices which exhibit resonant behavior can be exploited for 
other diverse applications.

7.  Cantilever waveguide sensors

The resonant frequency of the end coupled waveguide canti-
lever switches can easily be measured via the variable optical 
coupling experienced at the switch output during switch oper-
ation. The coupling sensitivity of the misalignment between 
the two waveguides is very high due to the highly confined 
optical modes and exhibits atomic force microscopy (AFM) 
level displacement resolution [100]. Highly sensitive cantile-
ver displacement measured optically traditionally utilizes off 
chip bulky equipment [101–106], while these in-plane devices 
have much simpler instrumentation architectures. This can 
be seen as an advantage to using these in-plane waveguide 
devices as mechanical resonators; thus, a natural progression is 
to use these devices for cantilever-based sensing applications. 
There are many examples of cantilever waveguide sensors for 
applications in vibrational, acoustic, biological, and chemical 
sensing using more traditional materials such as oxynitride, 
silicon, and polymers [83, 100, 107–110]. However, due to 
the limitation of these materials, these systems all require off-
chip optical sources, or at best a hybrid integration scheme if 
one desires to miniaturize. The integration possibility that is 
inherent in the InP material system due to the material growth 
flexibility makes these devices very attractive, allowing for the 
development of self-contained, optically measured, mechani-
cal resonator systems.

Siwak et al utilized a cantilever waveguide in the InP mate-
rial system in order to pursue true single chip sensors, capable 
of monolithically integrating on-chip sources and detectors 
with the cantilever sensor. The platform operation resem-
bles that of Pruessner’s [15, 93] and other optomechanical 
waveguide based switches, where a rectangular waveguide 
was singly clamped and functioned as a cantilever resonator. 
The simplified resonator design can be seen in figure 6. The 
cantilever waveguide was shortened to increase the resonant 
frequency and quality factor, enhancing the device sensitivity. 
InP cantilevers from 10 to 100 µm long were released using 

the same In0.53Ga0.47As sacrificial layer. Electrostatic actuation 
of up to 26 V was used for the dynamic operation. Resonant 
frequency ranged from 5.78 MHz to 81.1 kHz, with quality fac-
tors ranging from 300 to 10. A frequency shift due to a mass 
absorption of 65 Hz was measured, corresponding to a meas-
urement of 6.92  ±  1.1  ×  10−14 g with a minimum detectable 
mass of 5.09  ×  10−15 g for the devices reported [111].

An integrated on-chip photodetector was fabricated with 
these same sensor elements to eliminate the need for an off-
chip detector and noise and optical loss of waveguide to 
off-chip fiber coupling. Using the integrated photodetector the 
resonant frequency of this device was measured with 60 Hz 
less frequency variation over a 20 min sample than previously 
demonstrated in systems without integrated photodiodes, with 
a detection limit of Δm of 16.7  ×  10−15 g [112]. This is a fur-
ther indication of improved device performance due to the 
monolithic integration of various components of the sensor 
system.

8.  Discussion

The promise of MEMS devices constructed from InP semi-
conductors has been lauded for the last three decades, with 
the ultimate goal being massive parallelism and monolithic 
integration. While a number of these goals have been met, 
there have been very few examples of monolithic integration 
in the MEMS community. The small number of examples is 
illustrative of the difficulty and complexity involved in the 
fabrication and design process of optomechanical and opto-
electronic devices [113].

Material growth itself is a major hurdle to the realization 
of InP microsystems. Complex monolithic MOEMS systems 
require significant design of material layers taking into account 
electrical properties of the layers, optical properties, mechani-
cal properties, and etch selectivity. Beyond this, availability of 
material growths is limited, and outsourcing to foundries can 
often be cost prohibitive. It has been observed by our group that 
when attempting to generate new technology in this research 
area, partnerships between epitaxial semiconductor manufac-
turing sources and research groups are highly beneficial to the 
success of a design process since they allow for direct feed-
back between the growers, fabricators, and experimentalists. 

Figure 6.  Top-down image of InP cantilever waveguide  
resonator [111].
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This direct feedback is critical to solve practical issues such as 
doping concentration variations, film stresses, and fabrication 
compatibility. These are particularly important in very com-
plex layer structure designs which incorporate a number of 
varying alloys of III–V materials.

In any compound semiconductor material system, inter-
play between various material, optical, and electrical 
properties are more complex and interdependent. In the InP 
ternary and quaternary system, you have a very wide vari-
ety of material compositions available for growth between 
the elements of In, Ga, As, P, Al. A particular concern when 
performing an etch in a complex III–V growth with many 
different layers is the selectivity of every layer exposed dur-
ing the process. Because of this, development of any wet 
or dry etching processes, processes, chemical strips, liftoff 
processes, etc must be considered in light of every exposed 
epitaxial layer to prevent unwanted material erosion. Dry 
etching conditions will be variable as the etch proceeds 
through the various epilayers due to the different mate-
rial composition; this makes it more difficult to establish 
accurate etching depth. Many systems use spectrographic 
endpoint detection to assist in timing etches to reach the 
proper depths. As a result, even with a very capable pro-
cessing tool, the process needs to be finely characterized for 
individual processes and devices.

Alternatively when fabricating on a large stack of materials 
a passivation method such as a polymer coating or PECVD 
dielectric such as silicon nitride or silicon dioxide deposition 
between steps may need to be performed to protect portions 
of the epitaxial growth. Conformality and quality of these 
films are paramount. Devices may also require planarization 
to achieve high-resolution patterning of photoresists for future 
steps. A key to protecting these layers for a MEMS device 
often requires patternability to selectively remove the passiva-
tion from the moveable parts of the MEMS structure. As this 
is the case, often the method cannot be a fully encapsulat-
ing process as is seen in the microelectronics industry. Many 
optoelectronic devices already use benzocyclobutene (BCB) 
as a planarization, encapsulation, and passivation material 
[114–117]. It is attractive due to its robustness, processing 
ease, and photopatternable formulations. Other very common 
methods include pyrolyzed photoresist films, which offer ease 
of patterning, but somewhat unstable electrical characteristics 
due to the high carbon-containing compounds [118, 119].

Compatibility of related materials is less common in tra-
ditional MEMS material systems such as silicon and silicon 
dioxide, but is critical in optical MEMS development as 
many of the compositions that can be used a sacrificial lay-
ers are also necessary for active optical regions. Additionally 
most etch selective composition families are binary in nature, 
and thus flexibility of wet etching chemistries are limited 
to adjusting partial selectivities or growth layers [26, 28]. 
An example of this is the InP device layer—In0.53Ga0.47As 
sacrificial layer material architecture. In this case the 
In0.53Ga0.47As sacrificial layer can be used as a etch sus-
ceptible layer to release InP membranes and devices, and 
also can be used as an optical absorber for a photodetector 
as was demonstrated recently in [120]. When fabricating a 

system that incorporates both of these, care must be taken 
to protect areas from being undercut when not intended. 
Changing geometry or depositing protective dielectrics are 
common techniques used to realize this; [121] however, one 
can use the material alloying to obtain different absorber 
layer compositions which have a higher etch selectivity to 
the sacrificial etchant. This is often not 100% selective so 
some parasitic damage is to be expected [26].

Contrasting optical properties of every layer in an epitaxial 
wafer also need to be considered in the design of a mono-
lithically integrated system. As with any engineering problem, 
many tradeoffs need to be weighed. Doping levels need to be 
kept low enough to prevent free carrier absorption in optically 
transparent regions; however they also need to be high enough 
to provide for good ohmic contacts to electrically probe the 
device in question. Regions of optical power generation, pas-
sive optical waveguiding, and optical absorption need to be 
present throughout the layer structure in many situations, 
particularly for vertically integrated schemes. These areas 
commonly need to operate independently from one another 
requiring an isolation scheme; either trench etching, mate-
rial removal, or innovative annealing processes [122], each 
with their own drawbacks and advantages. Additionally, 
varying bandgaps produce layers with different absorption 
coefficients, requiring one to very carefully engineer the mode 
propagation through the whole structure rather than designing 
individual components and assembling them as separate enti-
ties; their properties become interdependent once such a high 
level of complexity is reached.

Oftentimes, researchers are forced to design sub-optimal 
systems if they are to be monolithically integrated together. As 
with highly demanding applications such as optoelectronics, 
these shortcomings and tradeoffs can reduce the practicality 
of such demonstrations. In these cases the difficulty of com-
mercialization and large-scale fabrication of monolithic III–V 
MEMS elements far outweighs the potential benefit and utility 
that may be provided from monolithic integration. We believe, 
however, that this is where MEMS technology will emerge 
as a key technological focus due to the very broad range of 
applications which often do not inherently carry the same 
stringent optical tolerances or requirements. A prime exam-
ple is the MEMS waveguide cantilever resonators presented 
above which utilize on-chip optical sources and detectors as 
low-requirement readout methods [15, 111, 112].

The field of InP MEMS has slowed down considerably 
due to many of these challenges; however, the field of inte-
grated optoelectronics has not. This is promising in that new 
fabrication technologies, device architectures, and integra-
tion techniques are being invented and commercialized. 
An example is silicon–InP bonding, which can possibly be 
used in the future to more tightly integrate electronics with 
the optoelectronic components in these systems. In sys-
tems such as these, the active III–V material is fabricated 
separately from Si-based passive components. The advance-
ment of bonding technologies in the recent decade has 
allowed for bonded active materials with more traditional 
CMOS fabrication that would not have been previously pos-
sible [123–127]. Each of these examples utilizes slightly 
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different techniques to achieve the ultimate goal of bridging 
the compatibility gap between Si-based CMOS and III–V 
fabrication. While these examples are not MEMS related InP 
materials specifically, they demonstrate that such integra-
tion is indeed feasible and will serve as a starting point for 
integration of MEMS components with integrated photonic 
devices. This is just one example of groups tackling some of 
the practical fabrication issues that arise from working with 
III–V materials such as dry etching, material compatibilities, 
and the other myriad of issues discussed above. Potential for 
the integration of III–V and Si materials in this fashion have 
recently seen much attention and investment from industry, 
which will drive this technology forward into mainstream 
microelectronics. We envision the continued development 
of these optoelectronic devices and their commercialization 
will spur on new generations of researchers who, analogous 
to previous generations, take these systems and find new 
ways to utilize the technology and apply it to existing and 
new areas of research.
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