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1 Background and Motivation

1.1 Thesis Introduction

This thesis will present the development of an InP based cantilever waveguide
chemical sensor platform. The first characterization of these cantilever waveguide
sensordiasbeencarried out, optimizing device dimensions and establishing a robust
testing and measurement procedure. With an established infrastructure, an active
absorption layer ofhe organic semiconductéentacene (Pr)as beerdeposited on
the cantilevers in ol to perform the firsbsorptionmeasurement of chemical
vapors. Validation of chemical sensing is the first benchmark in determining the real
world sensitivity and repeatability offered by these devices.

A second goal of this thesis is to presentdbsign, fabrication, and testing of
a waveguide PIN photodetector integrated with a cantilever waveguide chemical
sensor. The testing of photodetectors and cantilever waveguide elehaets
performed separately before integrating them together andogévgla dedicated
testing scheme. The integration of a monolithic active optical element in the
cantilever waveguide platforwill be presented aan illustration of the capabilities
of this fabrication method and sensor desighich shows its advantagesver

traditional systems.

1.2 History of MEMS Technologies

Micro-electromechanical Systems (MEMSe traditionally described as the

integration of mechanical elemenigth electronicson the microscale. In most



systems, electronic components interact whk tnvironment through the use of
external sensors and actuators. Separate systems need to be connected using various
packaging techniques. While these methods are robust and effettives
interconnects will undoubtedlyntroduce parasitic effectas circuits and electronic
equipment continue to be miniaturized. Tluan decreas¢ h e d eweralt e 60 s
sensitivity. MEMS technology aims to combat this problem by decreasing sémsor

the IC dimensions to ease packaging considerations and decreaséicparas
capacitance and resistance that often lead to reduces sensitivity and increased power
consumption. Furthermore, MEMS are designed to take advamiagke IC
fabrication industry byintegrating the sensors and actuator®atly on chip with
circuitry.

In addition to the connectivity benefits, IC fabrication technology allows for
high density batch fabrication to be realized. This greatly rexstheecost of sensors,
increase the sensagliability, andwill decrease assembly complication. All oésbk
factorsmake MEMS sensors more attractiv&n their macro counterpaifts]. Due
to their small size, a number of sensing or actuating functions can be integrated
monolithically in the same device, further reducing cokip size, and increasing
functionality[2]. There have been a number of MEMS commercialization successes,
most notably accelerometers, gyroscog@sjection systemsand pressure sensors
[3]. These examplelsave all benefited from the high throughput batch fabrication
and i ncreased functionality due t o t he
technologies. The MEMS mechanical elements are fabricated using techniques

common withstandard IC fabricatiosuchas lithography and dry etchingpwever



special processes have bedne vel oped t o A miwghr snmitea ¢ hi ne 0O
microfabrication tools. The different fabrication methods are used to make these
structures grouped into two basic categoaes bulk micromachining and surface
micromachining.

Bulk micromachining indicates that the fabrication process involves removing
large portions of the substrate, in most cases silicon, to fabricate the structure. Often
wet etching processes are used in bulk micronmedy such as the anisotropic
etchantspotassium hydroxideKOH), tetramethylammonium hydroxidéTMAH),
and ethylenediamene pyrocatec&P) and the isotropidydrofluoric, nitric, and
acetic acid(HNA) etchant[2]. Anisotropicetchantstake advantage of the ctg
planes of silicon and etcpreferentially in various crystal directions. Isotropic
etching does not etch preferably along amystal plane. These etches are most
commonly usedo undercut structures to make them fsg@nding and moveable. In
addition to wet etching, some fAdryo etchi
perform the same tasks.Xenon diflouride KeF,) gas is used to etch silicon
isotropically. Other fluorine @mistries are used in plasma etching systems to etch
isotropically. The DeefReactivelon Etching (DRIE) processhowever, isa cyclic
anisotropigplasma etch.

Surface micromachining processes tend to be more compatible with the
traditional IC fabrication processeghich involve releasing layers that have been
deposited on the substrate. Most commonly surface micromachining is associated
with the fabrication ofolysilicon structures. A sacrificial layer is deposited on the

substrate, most processes sf&on dioxide (SiO,) due to its high selectivity in a



hydrofluoric acid (HF) etch. On top of the SiOsacrificial layer, a layer of
polysiliconis deposited.Onceit is deposited, an etch which removes the sacrificial
layer but not the polysilicon layeis used to release the devices in the structural layer.

Modern accelerometers utilize this fabrication method.

1.3 Optical MEMS

MEMS research has expanded gneatl si nc e t he early
generated a number of specializations, one of wiscthe field of micro-opto
mechanical system@OEMS). MOEMS are a subset ahe MEMS research field
which specifically deals with light generation and mal@tion using micro
structures and elementsAs with MEMS technologiesthey take advantage of the
batch fabrication and parallelism that IC fabrication methods offer. Some of the more
common applications for these devices include communications and projection
display technologie$4].

These devicexan be made of a variety of materials: standard silicon
substrats, polymers, or IHV direct bandgp semiconductors such as indium
phosphide I16P), gallium arsenide GaAs, andindium arsenidel(As) for example
The selection of the materials depends on the application and level of system
integrationdesired MOEMS can be generalized into two major categories of system

architecturestreespace and guided.

1.3.1 Free-Space MOEMS

Freespace MOEMS route and control light by using mirrors and refractive

elements Most examples of freepace MOEMS are optical swites and router®r

198



communications applicationharacteristically, the free space MOEMS devices are

seen as beneficial for very large scale applications such as backbone networks due to

their flexibility and scalability with data format and port coulfreespace switches

also benefit from highthroughputand protocol transparency for transport. Beam

routing is a relatively mature segment of MOEMS research, avitariety ofdesigns

and devices explored. Ma n-g f fod rsmiicersee de s i
block or transmit light; however recent work has concentrated more on beam steering
devices[4-6, 7 2003, 2003, 2003;B)]. A more recent example of MOEMS free-

space routeby Neilsonet al[11], describes an array ofakis beam steering mirrors

which have a system of microlenses to help collimate the beams as they are

propagated through the syst¢higure1.3.1).
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Figure 1.3.1 Schematic representation of MOEMS beam steering switcla topldown imagg¢11].

Part of theimportanceof this specificdevice is that it was designed for use
with industry standardingle mode fibers, which presentacchallengen achieving
low loss due to high levels of beam expansion from the single mode fibArs
microlens arrays andtloer free space optics are essdnto achievingthe low
insertion loss in this systemn preventing excessive divergence in the propagating
beams Low insertion loss is &b due to the high reflectivity of the micromirrors. A
238 238 port cross connect was demonstratetheet standard telecommunications
performance requirements, exhibitiag average insertion loss of 1.33 dB. These

systems do not seem to have seen much widespread use, possibly due to the
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complexity involved infabrication and controllindarge numbes of mirrorsand
accurately. Another drawbk to this configuration isrosstalk and losses that can be
experienced during beam switching. Notable examples of commercispaee
MOEMS are the LambdaRoufér [4], and the Texas Instruments Digital Mirror
Device™ (DMD™) [6]. The LambdaRout&f (

Figure 1.32) is a predecessor to the devices showfilLil] and in the same
way uses arrays of analog, tdble, two axis micromirrors to perform nbfocking
transmissiorthrough free space onto another array of positionable mirrors which then
direct the beams to the output port. The Texas Instruments Bfgure 1.3.3),
possibly one of the most famous examples of MOEMS success, is a projection device
which uses an array of binary tilting micromirrors to reflect pixels to a screen or

surface.

Figure 1.32 Lucent WaveStar LambdaRount&f4].



Figure 1.33 Texas Instruments DM [6].

Integration of these devices with external congda can be difficult due to
the inherenbut-of-planeoperation Involved packageare needed to fully implement
these designs, especially those used for communications applicalibissincrease
in packaging complexitincreases future cost, decreases nuétrice integration, and

limits deployment possibilities.

1.3.2 Guided MOEMS

In an attempt to increase the level of integration available for MOEMS
devices, many groups are turning to guided optics instead of thepiaee approach.
Rather than rely on free space transmission, guided optianaseablewaveguides
or optical fibersto control the path of light. Guided optics have more flexibility
controling the direction of optical propagation sincepaths are defined
lithographically rather than through eot-plane reflections. This leads hayh levels
of integration[12] due tothis in-plane optical proggationwhich is easier to package

with other components



FreespaceMOEMS often experience lessptical loss thathe guidedMOEMS
devices This is due to theeducedsurface roughness of plareurfacesompared to
that of etched sidewall®r waveguidesin most guided MOEMSwhich caug
scattering losseslt is also morehallengingto achieve high throughput with guided
MOEMS devices due to thémited optiors for reconfiguring optical pathways
While these are both concerns, their importanceffiset by the ability to integrate
larger numbers of devices together using a lithographically defined

The vast majority of guided MOEM&re optical switch implemestions The
basic guided switch consists of moving a waveguide or fiber cantilever and coupling
it across a short gap to the intended output. Most of these deviadsarestatically
actuated. There have been a number of high throughput switchedrootesd and
proposed using guided MOEMS switches, but due to insertion losses, most require
complex solutions like index matching fluids. For exampbdlier et al [13]
demonstrated seven 1x2 switches which have beeraded into a 1x8 optical
switch. The insertion loss of this device was measuoetle 1.5 dB, and was
achieved only after using index matching fluid in the gap region over which the light
was traveling in free space. 1x2 optical waveguide swgare @ntiful in the field
of MOEMS, and examples of two of these devices ateown inFigure 1.34 and
Figure 1.35. These two examples utilize M compound semiconductors in

fabricaion, which will be discussed in the next section.



Figure 1.34 Example of waveguide switches in GaAs frfi]
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Figure 1.35 A waveguide switch fabricated InP [15].

1.4 11I-V MOEMS

Integration of components is critical to the development of MOEMS, as it was
in standard MEMS technologieand serves as the driving force behind mucthef
researchdevelopment. The integration of optical componentsowever,is not as
straighforward as the integration ofelectronic counterparts Optical components
often require a variety of different materialsterconnectsand strict alignment
tolerancesvhich increases the complexity of this tasonolithic integration, which

has been @monstrated repeatedly in MEMS, is even more difficult to achieve
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MOEMS devices fabricated from W directbandgap semiconductors have the
distinct advantage tallow both passive and active optoelectronics within a single
substrate. Mny Ill-V devices needo becarefully cleaved along crystal plants
create optical qualityafcets, forcing optical systesrio be comprised of a number of
die, rather than a single chipWith improved fabrication methods and materials,
devices can be created wotlit the need for cleaving; creating new possibilities for
monolithic fabrication of MOEMS systems

[II-V materials forMEMS have been pursuedor a variety of reasonsThe
flexibility to specify material properties (stress, bandgap, lattice constant)
compound semiconductor systermsnadvantage when usirthese materialsEtch
selectivity between various materials can be established by varying the composition
of the grown material thus allowing for the development of etch stops, sacrificial
layers, single crystal device layerand more importantly the ability to fabricate
mechanical and optical elements within the same substratesepropertiesare
made possible through the growth of singtgstal substrates by wayf molecular
beamepitaxy (MBE) and metalorganicvapor phase epitaxyMOVPE), two growth
techniques developed to precisely control the composition of these compound
semiconductors Examples of materials that can be grown with varying bandgaps and
lattice constants is illustrated fFgure 1.4.1. While there have been a number of
MEMS devices developed in these-MImaterial systemsvhich take advantage of
tunable piezo propertiefl6-19], high electron mobility[20], or thermelectric
properties[21], the vast majority of devices take advantage of the tanaptical

properties of these materials.
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Figure 1.4.1 Diagram showing the relationship between material composition, lattice constant, and

bandgap for someommonlll -V compound semiconductof2?].

A large number of IHV semiconductor compounds are dirbandgap
materials, making them suitable for thgeneration and detectionof light.
Furthermore these devices can be grown wihable bandgapsand compositions
with the same lattice constant (ségure 1.4.1), providing for optical mechanical,
and chemicalunability. Variousdevices can be created by growth of these materials.

The devices shown ifrigure 1.34 and Figure 1.35 utilize the chemical
selectivity possible by growingtchselective layerdetween a bottom substrate and
top waveguiddayer. Bakkeet al utilizes GaAs/AlGaAq14] while Pruessneet al
uses InP/InGaA§15]. For each case, the InP and GaAs layers are grown on the top
of a single crystasacrificiallayer. Pruessneet alalso has created othegdcessuch

as evanescent coupleusing a similammaterial systenj23]. These devices benefit
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from the ability to create highuality, single crystal waveguides by utilizing lattice
matched sacrificial layers.

Chemicaletching selectivity and atomidevel surface roughness achievable
using epitaxial growth techniqudsas also beenusedin the fabrication of optical
filters anddistributed Braggreflectors (DBR). Tunable filters utilizing FabBerot
cavities have been widely implement¢24-28]. One of the more effective methods
of filter construction is to makéné DBR reflector mirrors in the plane of the substrate
(input light is incident perpendicular to the plane of thdena Creating the DBR
mirrors on the substrate allow for theéo be madevith very accurate thicknesses and
atomic scale roughnesroughthe use of epitaxial growth techniqueBBR stacks
with high reflectivitycan be realized with this method\ sacrificial material can be
grown between subsequent singlgstal semiconductor slabs, which allow for the
creation of air cavities to facilitate DBRs and Fabwrot cavities.Irmer et al [25]
demonstrates an example of one of these deyiEgsire 1.4.2), and illustrateshe

wide tunability ofthesemoveable mirror devices (142 nm).
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Figure 1.4.2 Out of plane electrostatically tuned Fafftgrot filter in InP[25] with a) SEM showinga

device,andb) Schematic design.

1.5 MEMS for Sensing Applications

While MEMS technologies haveeen used foa wide variety of applications,
the majority of these devices have focused on interacting with the environment to
transduct information fromthe mechanicaio the electrical domain. Devices such as

MEMS accelerometerand MEMS pressure sensors are examples of commercial
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successes in thigea of specialization. Commercial applications aside, research has
concentrated on environmental senssigce some of the first micromechanical
devices were reportgd9, 30}

This thesis also concentrates on utilizing MEMS for sensing applications.
This sectioncomprisesa literature review ohonrMEMS sensing methodologies and

a more detailed desission of common MEMS sensing techniques.

1.5.1 Competing Technologies

There are a number of existing chemical sensateout micromechanical
structuresusing capacitive, resistivi1], bulk resonancg32], and optical methods
[33] to transduta chemical respomsinto a useable signf84]. The peformance of
these sensors is often limited by large required device sizes, power consumption, and
support equipment which can prevent lasgale integration and portability.

Capacitive and resistive chemical sensors have Heeelopedextensivelyin
the past to detect chemicals in both gaseous and liquid f[84:40]. These types of
sensors are usually simple to realize, beamgelement which measures changes
through thevariationin resistance or capacitance induced by a chemaeatdtion or
environmental changeDemonstrations oppm sensitivities are common with these
sensord34]. Sensitivity can vary based upon materials interrogation methods used
While fabrication can be as simple as depositing a polymer on electtbhdes not
readily performed using stadard microfabricatin techniques. Furthermore, to
provide for large changes mesistance or capacitanaievices are usually required to

be large. Both of these factors cause the sensors to be difficult to combine in large
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scale arays that are desiredThe sensitivity to humidity can also be troublesome in
realworld deployment.

Surface acoustic wave (SAW) resonator sen§®2s 41] measure the resonant
frequency changes of a surface/bulk resonator due to surface absorptiotaogéhe
chemicalanalytes. Most SAWSs are very sensitive due to high resonator quality
factors andcan be easietto fabricate since theyse established fabrication
techniques The drawbackf using SAWdies intheirinability to be integrated into a
multi-functional sysem. Devicescan be relatively large making them difficult to
integrate into a singlehip array and crosgalk between multiple resonators on the
same substrate can cause problems when attempting to perfgltiple chemical
recognition studiesn a simgle-chip sensar

Optical sensorsoperate by usingoptical fibers or waveguidesto collect
fluorescencérom molecules oto measure index of refraction changesolutions or
gasseghat indicate different chemical change8 number of commercial examples
exist which utilize this method of sensirjg2, 43] While they aresimple in
operational theorgnd quite sensitivenost of these devisgequireadditionalsample
preparation and labeling, which redadeer applicability to reatworld situations.
Many of the commercial and academic examples of these sensorsre large
external equipmensuch as lasers, spectrum analyzers, pimotocetectors[44-48]

which can be aihdranceto sensor deployment.

1.5.2 Micromechanical Resonator Sensors
In contrast to traditional designglEMS utilizing mechanical microstructures

such asmicromachinedcantileversprovide promising sensor solutions which are
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small, scalable low power, and ultimately portablélhe ability to mass produce @n
to accurately control and tailor device mechanical properties of such sensors provides
a distinct advantage over some frarchanical approaches.

First demonstrations by Nathanson and Ho{28, 30] using resonant
microbridges for filtering and vapor sensing showed the initial promise for these
MEMS sensors. MEMS resonantbeam andcantilever sensing hasnce become a
well established method to detect various analytes in an environiiamy of these
devices have the advantage of performing detection with afiesemethod33, 49]
and can be fabricated im0 arrays to perform multiple sensing operations
simultaneously. Recent developments have reported detection of tHemettacof
single cells, DNAyiruses[50], and even attograsievel mass measuremeifid].

Micromechanical resonators have been able to achieve highly sensitive mass
measurements while in a vacuum environment, which can be a disadvantage when
compared to other sensing methodologies. Operation of these resonators in solution
also presents a problem due to the increased viscous dampening experienced in these
conditions This reduceghe quality factos of the resonat@rand make frequency
shifts more difficult to measure. Hus very few cantilever resonator mass sensors
have been demonstrated in fluid environments. While dampening due to ambient air
can reduce the sensitivity of the resonator, there have been a large number of
examples of micnmechanical resonators achieving sufficient sensitivities for their
intended application®2-55]. A feedback measuremesytstem is another solution to
increase measurement resolution amd t i f i c i adudlity fadtorsnof that e o

resonant devices.
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1.5.3 Cantilever Readout Methods

A cantilever sensarequiresan appropriateneasurement system tohaeve its
maximum potential A sensitive readout mechanism determines the ultimate
detection limit of a system, being able to detect minute changes in resonant frequency
or static displacement due to surface stresses.

Traditionally, the most sensitive mllever sensors have beereasuredising
external optical method83, 50, 56, 57] High displacement resolution allows for
lower voltage resonant operatiam electrostatically actuated systemsd even the
possibility of ambient thermal eitation of resonant cantileversThe most common
measurement technique is similar to that employed in atomic force microscopy
(AFM) where a laser is reflected off the cantilever surface onto a position sensitive
detector (PSD)[55]. Oscillations of the cantilever can be measured by the
continuously changing response of the detector. Other optical methods, such as
interferometric measurement[58], can be used to achieve ulBansitive
displacement resolution; however, like AFM techniques, tiemnerally require costly
and bulky equipment and infrastructure. Methods, such as piezoelgstic
piezoresistivg60], and capacitivg53] readout schemes have also been employed to
measure cantilever response; however, they dooffer the same benefits of high
displacement sensitivity and relative electrical noise immunity that optical methods
exhibit[33].

The major drawback in using optical readout methods lies in the large free
space optical components (lasers, alignment mirrors, etc.) required, which limit the

deployment of these sensors from laboratory ugeottable systems. Furthermore,
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alignment tolerance and accuracy for these methods can be very strasgecusing

a laser beam onto a microscale device is difficult. Due to these alignment challenges
and the necessary reflected optical signedsitlever device sizeare constrained to
designs whictallow the beam to be focused onto the surfaceentiallydecreamg

the sensor sensitivity. To obtain the best displacement resolution, vibration isolation
as well aphotodetector and sample thermstbility, become more critical due to the
increased degrees of fidmm introduced by the large number of components involved

in the measurement setypl]. The need for noise de, sensitive, compact and
portable devices, therefore, reagsra different readout approach.

The approach used to address these issuesaistidever displacement readout
scheme which relies on the change of optical coupling between two waveguides
shown schematically irfFigure 1.5.1. An input waveguide guides coupled laser light
througha section of the waveguide thist separated and released from the substrate.
As the WAfreeo cantilever waveguide oscil/l
waveguide, decreasing the optical power coupledh&ooutput waveguide. This
output waveguide then guides the light to an additional lensed fiber and then to an

off-chip photodetector.
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Figure 1.5.1 Cantilever waveguide principle of operation.

This optical coupling due to misalignment pides a very sensitive
displacement measurement, with reported displacement resatatoparable to the
traditional PSD / reflection readout system (~20 ffaZ) [61]. The complexity and
amount of external equipment required is reduced fabgmitly using this method and
the alignment procedures for coupling and off chipare simplified. This concept
has been usedvith silicon dioxide SiQ cantilever waveguide for vibration
measuremest[62] and as a possible replacement for AFM cantilevers in force

measurement$1].

1.5.4 Absorbing Layers

Chemical sensors use a vayief selective coatings from polymers to self
assembled monolayers (SAMS3, 49, 63]to attract chemical species to the active
areas of the devicesThe vast majority of these coatings are a passive component of
the sensor as a whole: a mass absorpirosurface stress change is onlgasured

from these layers by the appropriate transducer, and from these effects the chemical is
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inferred. To perform the sensing of multiple chemicals in parallel, multiple sensitive
layers will be required; which comphtes operation andiabrication steps

Traditional self assembled monolayers (SAMs) are a very common coating to
create a functional surface for chemical and biological sen$d8s 2003
Pinnaduwage et al] The reliable deposition ofthese films, their ability to be
patterned, and their flexibilityotbe used in a variety of situatis has made them a
popular choice for chemical coatings. These films are limited to suafdsception
effects, but can be tailored for very specific chemical dobioal attachments.

Polymers such as polyethereurethdR&UT), polyimide, or polycarbosilane
[64-66] are often usedas chemical sensing layger These polymerincrease mass,
volume, or surface stresses depending ontrésesducersensing function desired.
These materials are often chosen because of their robustrkesasenof use. Many
of these polymers can be modified in such a way to increase affinity for various
chemicals such as curing them at different conditions, introducing suspensions of
other compounds, or by changing the polymer concentratiome 10 inherent
chemical propertiesf these layers such &ydrophilicity, polarity,or porosity, they
do notexhibitthe same type of specific affinities that SAMs provide.

While the two main groups of absorbing layers are passive in nature, active
absorption lagrs have been used in solid state and organic chemical field effect
transistors These ChemFET sensorg67-71] use mobility and charge changes due
to absorption and proximity of chemicals to detect materials of inteGrsmFETS,
just as resistive or capacitive sensaan be limited by the inability to distinguish

between analytes due to similar responses between chemicals. This thesis proposes
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an active absorption layer such as those used in cHeRsto be implemented on
cantilever resonator sensor3.he resonatorto measure mechanical effects such as
massincreaseor surface stregs due to the absorption of analytesthese layers
with andelectrical changes usingy antegratedChemFET. Functionality of this sort
has the potential tincrease theselectivity between analytethrough multimodal

sensing

1.6 IlI-V Integrated Photodetectors

While it has been shown that a number of MEMS technologies exist using
V semiconductors these materialhiave been exploregdrimarily for use inopto
electronicdue to their direct bandgapCreating highly sensitivehotodiodes is one
of the many conventional applications of these materidlsey are ideally suited for
use in devices due to thelirect bandgap transition, and the ability to contralical
characteristics of thematerias based upon their composii®

Silicon photodetectors often suffer from their limited absorptrofumes due
to restrictivegeometriesand material properties. Planar diodes located at the surface
of a substrate only capture a fraction of the incident photon flux, as the depletio
region created in this type of geometry is small. Buried diodes, which have larger
depletion regions, experience reduced incident flux due to the slight absorption in the
top semiconductor layers before reaching the depletion regioiV. démiconductcs
along with epitaxial techniques allow semiconductor regions with varying indexes,

makingthe top semiconductor layers ophotodiode to be transparent to the incident

radiation, while maintaining the lower semicondudioa y er s 6 absor pti on
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Common photodetectors, such as surface illuminated PIN diodes, are made with these
materials for this reason.

The major bandwidth limiting factor in surface illuminated PIN photodiodes
(see Figure 1.6.1) is the transit time of the photogenerated carriers through the
intrinsically doped photon absorption region and to the P and N doped sides of the
diode. Reducing the thickness of the absorption layer will clearlyedserthe time
of transit from the P to the N regions, but simultaneously reduces the absorption
crossection encountered by incoming radiation, reducing the responsivity of the
photodiode. This raises a clear disadvantage to obtaining high bandwidthgand hi
guantum efficiency simultaneoudl§2, 73]

ASide il luminatedod waveFRgure 86&l) wereN phot o
introduced to combat this undesirable tradeoff between bandwidth and quantum
efficiency [74]. By using a waveguide structure with an underlying absorption
region, the thickness of the absorbing region could be reduced without reducing the
absorption length of the photodiode. This gives control to the desigrear o
bandwidth and quantum efficiency nearly independent from each other. A number of
diodes have been demonstrated with bandwidths in excess of 100 GHz by using this
photodetector configuratiofr2, 73, 75, 76jand even higher bandwidths by using a

traveling wave electrode configurati¢n7, 78]
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Figure 1.6.1 lllustration of differences between a standard surface illuminated photodiode and a side

illuminated PIN waveguide integrated photodiode.

1.7 Thesis O rganization

This thesis isstructuredas follows Cantiever sensotheory is presented in
Chapter 2, covering the overreaching principles of cantilever resonator sensors. The
designof the cantilever waveguides and the integrated PIN diodes with relevant
simulations and modeling will be presented in Chagter Cantilever waveguide
fabrication procedures with the modifications made to the process flow to fabricate
the PIN diodes will be shown in Chapter 4. Testing elements such as setup and
experimental procedures with the associated results of cantilevegwedes, vapor

sensing, and PIN diode results will be presented in Chapter 5. The data analysis and
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further discussion of the results will be given in Chapter 6. Finally Chapter 7 will

present a brief summary of the results, future work, and a finaluan.
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2 Design

2.1 Cantilever Sensing Theory

2.1.1 Mass Loading Measurement

As a sensor, mromachined cantilevers are coated with specific receptor or
absorptionlayers which have affinity to a particular analyte in the atmosphere
Chemical or biologicahgents will &sorbinto and on top othis coating, changing
the mass of the cantilever and producing a resonant frequency38hift This shift
can be predicted and used to infer the quantity of abdariass

By solving the Euler beam equation for a singly clampeam and applying
this resul t wean ddtermikem approximawalue for theesonant

frequency of the structuf83], yielding the weHlknown equatia:

1 | 3El
o T o T 21
2p \ L'e,m,
whereEi s Yo un g o0 kis theocdntiléver sarea moment of inertiajs the
cantilever lengthm, is the cantilever mass, aieg= 0.24 is a mass correction factor

for a rectangular beamThis equation can also be expressed in terms of relevant

design parameters such as density, width, length, and thickness of the cantilever:

w |aE
e T 2.2

wherew is the cantilever widthl. is the cantilever length is the density of the

f, =

cantilever material, and is ageometricf act or (140/132 & 1.06

crosssection). It is noted that in this and all subsequent ¢igua, that the cantilever
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width isdefined aghe dimension in the direction of motion rather than the thickness,
which isamore commonly encounterednvention
By modifying Equation2.1 to represent thenass of the cantileveand the

absorbed masseparatelythe shifted frequency due to this additional mass can be

shown as:
1 3ElI

L 2.3
2p L (CAmA +Como)

where my is the dsorbed mass angl, is a constant that describes the position of the
added mass (R4 <ca < 1). Measuring the change tantileverresonant frequency
over timeafter beingexposed to an analyte allows the added mass of the analyte to be
calculated usingequation2.3. Determining this mass shift provisienformation
about the specific chemical or biological agents in the environment.

A frequencyshift can also be used in a qualitative fashimpndetecting a
binary response to various chemicals: an appreciable frequency shift indicates the
presence o& chemical species, determined by the absorbing material uséargeA
arrayof cantilevers with varying awrbing coatinggan be fabricated and calibrated
to recognize a particular sensor response to analytes of inféBsB80] This
approach presents itself as a maiseful sensing methodology due to its scalability,
relative ease of implementation, and ability to screen multiple analytes

simultaneously

2.1.2 Mass Sensitivity

Resonant frequency of theantilever waveguides is used asdasign

parameterdue to its relation to the sensitivity of the device. The mass loading
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sensitivity can be expressexs the ratio of measured frequency shift to the mass

changg33]:
Df _ f.Ca ”a
Dm m, @48 '

Wherem, is the cantilever masg; is the resonant frequency, aogis a coefficient

from 0.241 1 describing the location of the mass attachment (1 = concentrated at the
cantilever tip). FromEquation2.4 we see that the sensitivity of the cantilever in
guestion is proportional to the resonant frequency.

Equation2.2 showsthat increasing the width of the cantilever and decreasing
the length of the cantilever will increase its resonant frequency, and thus increase the
sensitivity of the device as defined Eguation2.4. Higher resonant frequencies
exhibit higher Quaty Factors (Q) as dampening coefficients decrease with resonator
length [81]. Higher Q factors will lead to more narrow resonance peaks; thus,
decreasg the minimum measurable frequenshift (gp)f which influences the
minimum detectable masd. t is also noted that the cant
play a role in thesensitivity of the device as it does not change the resonant

frequency.

2.2 Cantilever Waveguide Design

The cantilever sensor platin presented here operates based upoopteal
misalignmentprinciple discussegreviously In addition to this readoumechanism
these devices are designed in the InPVIisemiconductor material system to take
advantage of the material flexibility and future monolithic integraigndescribed

earlier. The devices presented here aim to comhihe advantages of integrated
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opticd components with the hidyr sensitive readout mechanismThis section
presents background on the specifics of the InP cantilever waveguide resonator which
was studied for this thesisA schematic of the device and operation is shown in

Figure2.21.
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Figure 2.21 Schematic of device components. Inset: operational principle of the readout mechanism.

2.2.1 Electrostatic Actuat ion Modeling

The design of the cantilever waveguides concepradtical considerations of

electrostatic actuation, such as the ymul/oltages of the cantilever and the maximum
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voltages to be applied the electrodesattuate the deviceThis will fundamentally
limit the stiffness of the cantilever to values that allow the cantilever to be actuated at
this maximum voltage.

Static displacements due to this applied voltage were calculated assuming a
uniform electrode and small displacements whgsumiig the parallel plate capacitor
model Previous experiments using this material layer structure identified a
maximum voltage of 26V which could be applied to the InP layer structure before

breakdown occurred. This was used as a upper bound for actuateev

7

N
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Figure 2.2.2 Diagram illustrating parameters relevant to the derivation using the Euler beam equation.
Solving the Euler beam equation (referring-tgure2.2.2):

d*d(x) _

El
dx*

P 25

whereEi s t he Youngo6s Md@)uslthe displacEment bf¢ghelbeant er i al |
along thex direction, P is the electrostatic force acting in tlgedirection for small

displacements (not a functionbry), defined as:

V2

P=g
29°

(o]

t 2.6
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wheret is the cantilevethicknessV is the applied DC voltage between the electrode
and cantileverl} is the permittivity of free space, anplis the actuation gap of the

cantilever. | is the moment of inertia of a cantilever defined as:

| :1_12t\N3 27

with t as the cantilever thickness. Integrating equadidnwe obtain:

P
d(x) = SE] x* +C,x° +C,x* +C,x+C, 2.8

with Cy, C,, G, G, all constants. Due to clamped end conditiGgs C, = 0, since
d(0) =db ( 00 for this case. The set of equations pertaining to the free end of the
cantilever are similagddé 6 ( d6) 6 6=(0L Differentiating Equatio.4 two and three

times respectively and usixg= L, gives the system of equations:

dii(L):Z—FE)I L> +6C,L+C,2=0 2.9

dii(L) = 5 L+6C, =0 2.10

which can be solved for bot®y andC,:

C,=- P 211
6El
C, = P 212
4El

this result can thebe used to express the displacement versiishe cantilever:

4 3 2,2
d(x):i(x__ Lx”  L'X
2El 12 3 2

) 2.13

The maximum displacement of the cantileusrthe relevant design parameter
calculated by evaluatinthe value ofw(x) at x = L, which will give the maximum
displacement of the beam:
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PL*
8El

d(L)= 2.14

Plugging inP and| as in Equations3.2 and 3.3, we come to the final result for
maximum displacement:

_3eViL!

= 2.15
max 492W3

d

Using this expression (Equati@ill) to calculate maximum amplitudes for a variety
of widths and lengths of the cantilevers produces curves sugly@ae2.23. After a
displacement larger than thedth of the cantilever, the above assumptions no longer
hold, however these calculations were performed to estimate sthallest
displacementf a cantilever with a given geometry which are well within these

limits.
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Figure 2.23 Plot of maximum displacement versus length of cantilever for a variety of cantilever

widths, with a cantilever thickness ofin.

In addition to the amplitude,ufi-in voltages are calculated fahe same
lengths and widths otantilevers Pulkin is defined as the point at which the
electrostatic force applied to the cantilever overcomes the spring restoring force. This
causes instability, closing the gap between electrode and cantilevein Bal cause
permanent stictio, a destructive process with these devices.

The pulkin voltages are calculatagsing the mdel developedy [82] which
accounts for cantilever bending, fringing field effects, and a number of other third
order effects that change the cantilever qoullvoltage. This method isused to
determine appropriate actuation gajpsl feasible dimensions for the cantilevers. The
simulation is performed for a range of widths, lengths, actiation gaps These

calculations give an approximate maximum voltage beforeipuiiill occur. Figure
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2.24 illustrates the pull in voltages versus the lengths of the cantilevers for two

actuation gaps and a number of cantilever widths.
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Figure 2.24 Pull in voltage versus length for two different actuation gap widths.

2.2.2 Optical Coupling Modeling

Optical overlap integrals were calculated assunfieg spacé&aussian beam
propagation n the axial ¥) waveguide directiori83]. A diagram inFigure 2.25

shows relevant parameters for this derivation.
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Figure 2.2.5 Diagram showing relevant dimensions and features for Gaussian beam propagation

calculations.

The Gaussian beam equation of intgnai a function ok ory is shown in:

-2y? -2x?
1(X,Y,2) =—— '@ g’ 2.16
wW(2)t(2)p
With w(2) andt(2) the beam widths as a function of propagation distance:
e 3 &5
wW(2) = wgl + ge/—zg U 217
6 oAV =g
€ 3/z&9
t(2)=ta+& 28§ 218
e A -y

With w andt the widths and thicknesses respectivelhe mode overlap from the

output facet to the input facet, T, is given by the followBigj:

2
T= ‘ﬁ | @ouX: Y, 92D pud(X, Y, gap)dxd* 2.19
where z has been replaced with the gap length to simulate the propagation over this

distance. From previous tests and projection lithography experience, the smallest
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consistently resolvable feature size with available ggent has been found to be 0.6
pm, therefore kcalculations use 0.6 um gap lengths.

Considering the photodetectosed an estimate of about 5% optical coupling
change is the lower threshdiol observingvaveguide movement through the optical
coupling bss. For the 0.6 pm wide cantilever scenario, this corresponds to
approximately 200 nm of misalignment (d&gure2.2.6).

Due to this limitation, devices below 20 pyiong would not be measurable.
Regardless of this 200 nm Alimit, o actuat:.
as the quality factor (Q) times the DC static displacement, which for most déwces
Q was estimated to be betweenIl@), citing prevous result$84]. For this reason, a
number of devices were designed to operat

investigatethe operation at these vesfort lengths (10 15 pum long).
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Figure 2.26 Percentage optical coupling loss versus cantilever misalignment (in meters)

Superimposed is the 5% limitation, showing intersection at approximatley 200 nm.

2.2.3 Cantilever Geometries

These calculations and design considerations were meant to better understand
the potential capabilities of the sensor system. Final cantilever designs spanned a
frequency range of 31.8 kHz to 5.3 MHz with cantilevers at 0.6 pm vtide,um
long and 1.0 pm wide, 10m long, respectively for those frequencies. The range of
theoretical sensitivities as defined in Equatidd for this range of devices are
2.758 10" and 2.754 10'° Hz/g respectively. An abbreviated device listing is

presented inTable2.1, with a full presentatiom AppendixA.
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Table 2.1 Sample of cantilever geometries and calculated design parameters

Length Width Actuation fT:qSSgr?:; Actuation (nm) Esgmitned
(um) (um) Gap (um) (KH2) @ max (26V) voltage
10.0 0.6 0.6 3179.79 7.21 62.40
50.0 0.6 1.0 127.19 1622.88 5.19
100.0 0.6 2.0 31.80 6491.54 3.40
10.0 0.8 0.6 4239.72 3.04 96.07
55.0 0.8 1.0 140.16 1002.40 6.61
100.0 0.8 2.0 42.40 2738.62 5.24
10.0 1.0 0.6 5299.65 1.56 134.26
45.0 1.0 2.0 261.71 57.50 36.17
100.0 1.0 1.0 53.00 5608.69 2.79
15.0 1.2 0.6 2826.48 4.56 78.44
50.0 1.2 2.0 254.38 50.72 38.51
100.0 1.2 2.0 63.60 811.44 9.63
15.0 14 0.6 3297.56 2.87 98.84
50.0 1.4 1.0 296.78 127.75 18.51
100.0 1.4 1.0 74.20 2043.98 4.63

2.2.4 Layer Structure Design

The layer structure shown inFigure2.27, which isused inthe fabrication of
our cantilever waveguides is a generic structure carried over from previous iterations
of this cevice[84], andhasno active regions A starting seminsulating (Fe doped)
InP substrate is used Molecular Beam EpitaxYMBE) to grow each layer. i
Ing 53Ga.47AS layer is grown lattice matched to InP to provide a single crystal layer
which can be selectively etched from InP using a proper wet etch which is described
in the following chapter. A thin layer of alternating-tppe and rype
INo.0dG&.01AS0.01P0.99 r€gIONS are then grown to act as reverse biashdjuhctions
which serve to prevent leakage currents during electrostatic actu&@eyuond these
junctions thelng odGay.01AS0.01P0.99 Waveguiding layer is grown, again lattice matched
with the layer beneath. This single crystal waveguiding layer is doggde at

1x10" cm® to facilitate electrostatic actuation. The doping level is keptdaaugh
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to prevent excessive waveguide losses due to free carrier absorption. A highly doped

cappng layer is used for achieving ohmic metal contacts.

0.01mm Ing odGa, 01ASy 01Po.90 (Na=1x1G%)
1.99mm Ing odG& 6AS) 01Po 99 (NO=1x1049) .
Waveguiding
2.0em layer
n~3.173
n-p-n Junctionl
P 2.0mm Iny 5Ga, ,As (undoped: Nd~2§cnr 3)
Sacrificial
2.0em layer
n~3.5

30 substrate n~3.1
(Semtinsulating InP)

Figure 2.27 Diagram of layer structure for cantilever waveguide resonators

2.2.5 Cantilever Mask Design

Fabrication of InP cantilever waveguides (no aciptoelectronic devices) is
an established process requiring 2 masks to comféte23, 85] A mask which
defines the waveguides and cantileverdinst designed. Care is taken to isolate
contact pads to prevent the actuation of multiple devices at once. While wageguide
as narrow as 0.6 um are used in this design, all input and output waveguide facets are
designed to be 2.pam wide to decrease the effect of mode mismatch from the spot
size of the tapered optical fibers used in the test s&@hapter5). These wider
regions are adiabatically tapered to the desired waveguide size&x @évemm length
This increases the coupling into our devices and relaxes the tapered optical fiber
alignment requirementesign of the cantilevers and wavegudimensionswill be

further discussed in a later section in this chapter.
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Structures ar e pl aced on the mask whi
indicatorso for the sacrificial rel ease st
with varying widths and lengths that are notlaored to any larger area that would
not be removed by the sacrificial etch. During the sacrificial release step in the

fabrication these bars will be monitored to estimate the lateral etch progression and to

determine when the release has reached coimplet

Actuation

Cantilever

Figure 2.28 0.6 um cantilever mask layout. Grey areas are metal and red are waveguide definitions.

Actuation $
Electrode Cantilever

Length

Figure 2.29 1.4um cantilever mask layout. @y areas are metal and red are waveguide definitions.

A second mdsis designed which defines the metal contact pads to achieve

electrical connectivity. These pads are placed directly over the intended electrodes
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and bias padslefined in the first maskvith slightly reduced dimensions to give

leeway for any misalignment during this successive exposure.

(HHTHE

Figure 2.2.10 Full die image of cantilever waveguide devices red is unetched InP, Grey is metal

deposition.

2.3 Waveguide Integrated PIN Photodetector Design

Design of the integrated optical detector follows closely with that of the well

studied waveguide PIN photodiode. The primary purpose of the waveguide PIN
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photodiode is to reduce the response torhthe photodiodes by decreasing the transit

time of generated photocarriers.

2.3.1 Photodetector Modeling

Looking closer at the layer structure used for passive cantilever waveguides
(shown inFigure2.27) it is clear that a waveguide photodiode can be realized with
minimal modifications. While the high speed is not a necessity for this application,
the device geometry directly lends itself to using one of these waleguiegrated
photodiode structures as a photodetector in the InP platform.

The absorption fronthe waveguide into the absorbing layerdependenbn
the thicknesses of these layargltheir relativeindicesof refraction. This is seen by
observingmodes from the waveguidegion coupling intdhe modes of the absorbing
layer. It is therefore expected that there is an ideal thickness of the absorbing layer
for the particular wavelength being used (1550 nm). This is indeed the case, as
shown by Emeiet al[74] where they present a theoretical calculation illustrating this
behavior for a very similar structure as in the dawér waveguides discussed earlier

(seeFigure2.31).

8OO0
1.3 um wavelength

g soool 1.55 um wavelength
§
E LODOL
a

2000}

E' L L I A i L i i i B i & i i i
] 5 o 1-5 20

FTERE] InGabs thickness pm
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Figure 2.3.1 Numerical calculations of absorptierrsus absorbing layer thicknestaptedrom [74]

for two radiation wavelengths in an InP/InGaAs/InP PIN photodiode.

For the dsign presented here, a finite elem@fiE) simulation was performed
for the proposedayer structureto calculate an ideal thickness of the InGaAs
absorbing layer. The COMSOMulti-physics electromagnetic wave propagation
modulewas used to simulate theaweguide propagation of 1550 nm light through a
region containing the underlying InGaAs layer. A two dimensianabel was
constructedwith the assumption thahe width is much larger than the thickness of
the absorbing and waveguide regions. Additiynahe length and width of the
absorbing region were not considered, as their relationship to the absorption was
deemed to be relatively simple and negligible respectively, in comparison to the
absorbing layer thickness.

Input optical power (intensity ~ cosine) Output power
(facet)

InP waveguide

Thickness

InP substrate

Figure 2.3.2 Diagram of simulation schematic with relevant items labeled.

A cross sectional portion of the absorbing region, schematically shown in
Figure2.32 was modeled. The input optical power was introduced as shown in the
schematic with intensity as a cosine shape to simulate the first mode in the

waveguide. Simulations araried out for a range of thicknesses of the absorbing
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region. Measurements of the power not absorbed within the length of the absorbing

region are made by integrating over the output waveguide facet and measuring the

total optical power at this point. dAAdi ti onal | vy, the Aresisti
measured in the entire absorbing region to estimate the efficiency of the absorbing

layer at various thicknesses. In the COMSOL Mphysics software package, all

absorption mechanisms are representétl this resistive heating ternassuming a

lossy dielectric model. The resulting simulations produced very similar, periodic

results to[ 74] which are shown ifrigure2.33. An example of two simulations at a

maximum and minimum in absorption are showirigure2.34.
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Figure 2.3.3 Simulation results showing resistive heating and transmitted optical power versus InGaAs
thickness.

MAX Power

InGaAsPWaveguide layer ‘
P " srvaveguide fayer 90% of energy absorbe] §

40em

MIN Power
Figure 2.34 Two simulation results showing optical powsEmsityi n t wo di fferent desigr

absorbing |l ayer and 2.0 em absorbing | a

From Figure 2.33, it is clear that there are a number of points at which

maximum absorption occurs.The absorbing InGaAs layer will also serve as a
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sacrificial layer; thereforanechanical issueslsoneed to be taken into account while
choosing a final layer tbkness. A release layer that is very thin will be more prone
to experience stiction than a thicker release layer, and its undercut rate will be
affected with a change in thickness. A final decision was made to usenitt8ck
absorbing layer to maintaia similar fabrication process to that which was used
previously (2.0e My and still maintain a high absorbance in the photodetector
regions. This thickness is also more tolerant to any errors in thickness made during

the epitaxial growth process.

2.3.2 Photod etector Layer Structure Design

Adjusting the layer structure involved the changing of the substrate from a
semtinsulating substrate to a conductivéype substrate to facilitate the N contact
for the PIN photodiode. fype substrates were chosen duéhtr ready availability
since ptype doping does not considerably affect the optical properties of the
waveguides. The-p junction previously used to prevent leakage are removed in the
modified layer structure to complete the PIN layer structure aod &tle conduction
between layers. Doping of the waveguide layer is moderate to reduce aogrfiee
absorption within the waveguides, wite exception o& highly doped capping layer
for ohmic contacts. The absorbing and sacrificial layer gfsBep 47AS is grown
undoped. This is important to create a large depletion region between the N and P
contacts and create an absorption region where recombination is low, providing the

photocurrent. The revised layer structure is showfigare2.35.
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0.01mm Ing 4dGay 04AS) 01Po.99 (N=1x10)
Waveguiding
> layer
J
1.8mm Ing 5:{G& 4 As (undoped: lf~10'%cnT3) Sacrificial
! layer
n~3.5

30 or 20 Substrpte
n~-3.1
(n-type InP)

Figure 2.35 Revised layer structure for the integrated photodetectors.

2.3.3 Photodetector Mask Design

The design of the photodetectors is based upon the controlled undercutting of
the sacrificial and absorbing InGaAs layer. To create regions which act as
photodetectors, portions of waveguides will be made wide enough to prevent them
from being fully undestched during the cantilever release. These will be the
photodetector regions after the process is complete because they maintain the InGaAs

underlayer. The mask used to achieve this is showigure2.3.6.
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Figure 2.3.6 Mask design of detector regions. Under the same undercut etch, the photodetector region

will remain, while the thin waveguide region will be relehsempletely.

While design was undertaken for the thickness of the absorbing layer, the
width of the detector regions was not simulated due to the high complexity of a 3
dimensional problem. Instead, a number of detector widths and lengths were
designedo be tested to study the effect of the changing geometries.

The RC response of these photodetector regions is also a concern. The simple
parallel plate capacitance and ohmic resistance is used to estimate the time constant
for this simplified system, iisg G:RC. After performing these calculations to find
the RC time constant, it is clear that the cutoff frequency of the photodiodes is on the
order of 1.9 GHz, which is well beyond the range of any resonant frequencies that
will be encountered.

Devices for this new layer structure will consist of two major subsets:
waveguides terminated by photodetectors of varying sizes and cantilever waveguides

terminated with photodetectoragain with the same varying sizeBhese deviceare
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meantfor the characerization ofthe photodetector response and estaipigstvhether

the assumption that size of the absorbing region has little effect on the overall
performance of the detectas valid They will also allow for different biasing
schemes to be implemente@antilevers with integrated photodetectors are meant to

test the premise of the entire cantilever waveguide sensor platform.

2.3.4 Photodetector Geometries

Waveguide widths of 0.6, 1.2, mwill be used for the static detectonly
designs with detector widshof 12 to 5% mand lengths of 2200 m Waveguide
widths were chosen to span the available waveguide widths used in previous
generations. The detector widths and lengths were bounded by what would be the
smallest size (12 m due to the InGaAs undart etch which will undercut 8 mn
all directions. This parameter is based upon releasing the largest waveguide width on

the chip (2.5¢ My and the standard procedure of overetching about 50% to assure

complete waveguide release.

Photodetector ~__----"""~-"---_

%
I

/i

\

Cantilever
———— waveguide

Figure 2.3.7 Mask image of cantilever integrated with waveguide with components labeled.
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Cantilever waveguides integrated with thdiive photodetectors are chosen to
represent a conservative range of device sizes. This was done to maximize the
usability of the devices fabricated. Waveguide widths of 1.4 and In@nd lengths
of 30, 50, ad 100 mwere used for the cantilever waveguides. Detector widths and
lengths were also varied for these devices, from 25 t BWwide and 25 to 108 m
long. An abbreviated listing of devices with photodetectors is listd@lobe 2.2 and

Table2.3, while a complete listing is given #AppendixB.

Table 2.2 Photodetectors with straight waveguid@.values are present for 3 wavegide widths.

W\f\éf‘r‘]’se?:rf)e: 0.6,1.2,2
Width (um) | Length (um)
12 10
12 100
25 25
25 100
40 25
40 100
55 25

55 100
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Table 2.3 Photodetectors integrated with cantilevers

Detector Cantilever
Width Length Actuation| Length Width fo
(Lm) (Lm) gap (im) (Lm) (um) | (KHz)
25 25 2 100 1 53
25 50 2 50 1 211.99
25 75 2 30 1 588.85
25 100 2 100 1.4 74.20
25 25 2 50 1.4 296.78
25 50 1 30 1.4 824.39
40 25 2 100 53
40 50 2 50 211.99
40 75 2 30 588.85
40 100 2 100 1.4 74.20
40 25 2 50 1.4 296.78
40 50 1 30 1.4 824.39
55 75 2 50 211.99
55 75 2 30 588.85
55 100 2 100 14 74.20
55 75 2 50 1.4 296.78
55 100 1 30 14 824.39

A noted difference in these designs is the single actuation electrode, in

comparison with the previous configuration where the device could be actuated from

either side.

mask. Theseantilever devices were also designed with metal pads at the tips of the

cantilevers.

eventually tethered to and used as a functionalization layer.

placed on half of theantilever devices. A full die image of the mask is shown in

Figure2.38.
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In this iteration, the single actuation was chosen to save space on the

This was done for future mass measurements where thiols could be

This metal pad was




Figure 2.3.8 Full die image ofntegrated photodetector devices mask.
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3 Fabrication

All MBE wafer growths are carried out at thaboratory for Physical Science
(LPS by S.Kanakarajuwith the specified parameters in the previous chapter. All
fabrication with exception of the criticabmt drying is performed at the LPS class 10

cleanroom facility

3.1 Cantilever Waveguide Fabrication

Starting with a 3 inch MBE wafer (615 um thick) with the layer structure as
describedoreviously(Figure2.2.7), the wafer is partitioned into 16mh7mm chips
A 7000 Asilicon dioxide hard mask is deposited on &% mm chipby high density
plasma enhanced chemical vapor depositdBRECVD, Oxford Plasmalab model
Systen 100 with deposition parameters: 5 minutes 140 W RF withs; Néiv rate of
20 sccm as an adhesion promoter, and 21 minutes at 4W RF, and @O@N¢
inductively coupled plasmalCP) coil with flow rates of NO and SiH at 20 and 4
sccm respectively. This oxide layer igatterned with a 1 pum thick resi@Eu;jifilm
OIR-906-10) exposed on a>b projection lithographysystem The transfer of the
photoresist pattern to the oxidepsrformedusingCHF;/O, plasma at 100W RF with
a flow rate ofLl0 sccm CHE and3 sccm Q (Plasmatherm RIE model 790)

A cyclic methanehydrogen RIEetch isused to etch the InGaAsP and InGaAs
layers 35 um deep[86-88]. An extensivechamber conditioning steigs performed
without a sampléefore any etching takes plac&his step is necessary to prevent
micromasking and grastormation [87]. The etch processswitches betweena

methane andhydrogen etching cycle which etchdse InP and InGaAs layers and
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leaves a residual polymer which covers the sample surface as the etch progresses. A
directional Q plasma is then used to remove the polymer from the bottom of the etch,
leaving polymer to protect the sidewalls of the etahirdy the successiwetich cycles.

A 30 minute chambeconditioning steps performed between every 3 etching cycles

to reduce the formation of grass and micromaskimpe etching parameteeseas

follows: etch at 440 W DC bias with flow rates fop Hnd CH, at 32 and 8 sccm
respectively, clean with a plasma at 200W DC and 10 sccnm.ofT@e chamber
condition step consisted of a 90 minutg glasma chamber clean (200W RF power

with 19 sccm of @, and a 3660 minute etch procedure as explained abdvang

this cyclic process, etches can achigtve t t er t han 8 5A&SEMiIndewal |
Figure 3.11 shows the resultingcallopedsidewalls due to this type of etching

surface roughness is better than 30 nm.

1um EHT = 20.00 kv Signal A =InLens Date :12 Jul 2005
Mag= 2472KX | —F———] WD = 28 mm Photo No. =211 Time :22:21:59

Figure 3.11 SEM of an InP etch showing "scalloped" sidewall due to the cyclic etching process.
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A negative resist (Futurrex NRIS00 PY, 1.5 um thick) is used to pattern
openings for the metal contacts using the same lithography sy$fietal consisting
of Ni-Au-Ge-Ni-Au (50Ai 800Ai 400Ai 300Ai 2000A) deposited using electron beam
evaporation(model CHA Industries Mark 40)n the photoresist. This metal is a
commonly used ohmic contact in the LPS fabrication facility forVilin-type
compoundg87]. Ni acts as an adhesion layer,-&e form a eutectic alloy, Ni acts
as a barrier layer, and Au acts as an-eotrosion metal paf89]. A final patterning
by liftoff, is performed by removing the underlying photoresisth acetome
overnight[87]. The final ohmic contact is made with a rapid thermal anneal (model
Heatpulse 610) at 400 °C for 40 sade in an M-H, ambient

Optical qualitywaveguidefacetsare requiredo allow the input and output of
light. This is achievedby cleaving along the crystal planes, achieving very smooth
facets. To assure better device cleaving, the dkiphinned t0o150-200 pumusing a
mechanical polishing whedLogitech model PM2A) with a 9 pm aluminum oxide
slurry. A laser scribe is ugeto create defects that divitlee chip into 4 slivers which
contain devices. It is thecleavedalong these scribed linesA crossectional image
of a cleaved surface is shown kigure 3.1.2 where levels of the layer structure are

apparent.
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1um EHT = 20.00 kV Signal A=InLens Date :18 Jul 2005
Mag= 17.32K X |—| WD= 15mm Photo No. =280  Time :21:15:25

Figure 3.12 SEM of profile after a cleave has been carried out. The layer structure is visible in this
image.

The release of theantileverdevices is then performed in a HE®}:H,O
(1:1:8) solution which etches theacrificial InGaAs layernearly 100% selectively
from the waveguide layaat a lateral etch rate of approximately 500 nm per minute
Release bars on the chip of varying widths and lengths are used to monitor the
progress of the underetch. A completely released bar indicates a completalref
the InGaAs layer beneath, and thus can help gaugdetpeeof cantilever release.
Throughout this process, the sample is never removed from solution and dried to
prevent surface tension forces from causing stiction of cantilevers and suspended
waveguides against the substrate and sidewalls.

The fabrication process is completed by using a critical point fgarsimis
Samdri®795) to prevent stiction fronoccurring. A CQ critical point dryer takes

liquid CO; through its critical point into @aseous state, avoiding surface tension
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forces which can cause destruction of fsé@nding structures. Ondleied, the chips
are mountedn aluminum sample holders which allow feafehandling of the thin
and delicate InP chipsSEM&6s of rel eased FBigure@.t3 ures ar

Figure3.14, andFigure3.15.

Waveguide Facet

’

InGaAs Sacrificial
layer

InP Substrate

2pm EHT = 20.00 kv Signal A=MPSE  Date :9 Aug 2005
Mag= 384 KX |_| WD = 42 mm Photo No. =955  Time :13:03:36

Figure 3.13 Image ofwaveguide facet after critical point drying, showing complete release and

undercut of InGaAs.
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Actuatio |
Electrod

10pum EHT = 13.00 kV Signal A=MPSE  Date :27 Oct 2005
Mag= 270KX _| WD= 9mm Photo No.=2175 Time :21:54:46

Figure 3.14 SEM of1.0pum wide, 30um long suspended cantilever resonator

Actuation
Electrode

Cantileve
10pm EHT = 13.00 kv Signal A=MPSE  Date :27 Oct 2005
Mag = 4.04 KX |—| WD= 12mm Photo No. =2179  Time :22:16:50

Figure 3.1.5 SEM of released cantilever, fin long 1pmwide.
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3.2 Photodetector Fabrication Modifications

Some of the basic fabrication processes were modified to facilitate the
changes in doping types (metal layers), the structural changedutive substrate),
and InGaAs etching chemistries when making integrated PIN photodiodes. This

section presents some of the major changes in the fabrication process flow.

3.2.1 Metal layers

As the doping typef the waveguideshanged from #iype to ptype, ths top
layer no longer required the same metal alloy to provide for ohmic contacts. Instead,
the top metal pads were replaced with another metal layer structtPeATai ( 50 U
800U - 2000U0) . This serves a sypalnPP@.olmthisscchsmi ¢ con't

the Ti acts as an adhesion layer, Pt a barrier layer, and Au as a top contact.

3.2.2 Backside Contacts

For this PIN configuration, a contact to the substrate must be made. To make
any good contact with the backside of the substrate after the coarse thinning processes
(9 um alumina slurry), a second polishing step using 1 um alumina slurry needed to
be carred out to achieve a mirror finish, providing a better surface for the backside
metal contacts. Nype contacts were deposited using the same metal layer structure
as described previously (Miu-Ge-Ni-Au), and annealed in the same manner. In the
case tha this method did not provide sufficient electrical contact for device
performance, the top metal layer was modified to provide a contact window to the
substrate from the top side of the wafer, indicate#figure 2.37. In practice, this

was never needed as the backside contact proved to be more than sufficient.
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3.2.3 Release Etch

The release etch performed in previous device fabrication used hydrofluoric
acid (HF) as a pmary component, which aggressively etches titanium, the adhesion
layer for the new top metal contacts. Regardless of the thickness, using HF in the
etch delaminated all of the metal pads by removing this layer beneath, as can be seen

in Figure3.21.

Figure 3.21 Optical microscope image of metal pads delaminating after immersion in HF containing

solution.

Other etching chemistries exist for the selective removal of InGaAs with
selectivity to InA91, 92] Replacing HF with other acids will also function the same

way, with varying selectivities between InP and InGaAs. One such acid which is less
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reactive with the metals involved all of the metal contacts 14;P0,[92]. This acid
was mixed in the same ratios wihO, andH,O as previously performed, a solution

of H3PO4:H202:H20 (118)

10pm EHT = 13.00 kv Signal A=InLens  Date :30 Aug 2006 N.Siwak
Mag= 1.26 KX |—| WD= 9mm Photo No. = 6870  Time :15:28:52

Figure 3.22 SEMimage of destroyed cantilever.

This solution did not attack any of the metal contacts, but did create gas
bubbles during the undercutting process. Voids created by the bubbles prevent the
completeetching of the sacrificial layer and maliedifficult to gauge etch rates and
the degree of release.

Ultrasonic agitation was attempted to break up bubble formation; however,
the surface tension of the generated bubbles in combination with the high energy of
the ultrasonic agitation was sufficient to desteolarge number of devices as can be
seen inFigure3.22. Reduction in the energy of agitation, achieved by gently tapping

the solution beaker manually, proved to the most reliable method to eliminate
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bubble formation. Images of fabricated devices after theddi@cal point drying can

be seen ifrigure3.23.

Photodiode

Actuation Photodiodg
Pad P-Contact
20pm EHT = 13.00 kV Signal A = MPSE Date :30 Aug 2006 N.Siwak
Mag= 585X | — WD= 9mm Photo No. = 6873 Time :15:4147

Figure 3.23 SEM showing successfully fabricated cantilever and photodetector devices.

3.3 Pentacene Morphology Characterization

In collaboration with projects here at the University of Maryland, and in an
attempt to begi the development of a chemical sensor utilizing an active absorption
layer as a transduction method, @rganicsemiconducting material, Pentacene (Pn),
was chosen. Thimaterialis used often irorganictransistor fabrication due to its
high hole mobilly. It has been shown literature to volumetrically absorb gasses in
the bulk phase of Pn crystarhis studyexplored the absorbing properties of thin film
Pn crystalsn the context of an cantilever coatinghis layer has the added advantage

of being compatible with the current fabrication process andgiyecated devices.
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Surveying literature showed that Pn had never been reported as deposited on a
InP surface. Papers did show how deposition parameters affected the film
morphology, as well apossible interactions with the underlying substrate. The
deposition of Pn on an InP surface is carried out to understand any complications

which might arise due to the specific crystal properties.

3.3.1 Initial Film Deposition

All Pn depaitions were perfaned at the PS by VinceBallarottoin an UHV
vacuum sublimation deposition system. A shadow mask was employed to provide a
method for measuring a step in the film to determine thickness. Depositions were
performed on mechanical grade InP wafers as tiffivestigation of the deposition of
Pn on this substrate. Samples included a patterned and etched sample, in addition to a

planar unetched sample.

100nm EHT = 13.00 kv Signal A=InLens Date :23 Feb 2006
Mag = 91.90 K X I—| WD= 7mm Photo No. =3302 Time :19:10:40

Figure 3.31 SEM profile image of substrate with degited Pn with measured thickness
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Measurements of the film thickness were performed by a number of methods.
Crossections of deposited samples were measured using BgMe3.3.1), but due
to limited resolution, other measurement methods were sought after to verify the
deposition thickness.  Next, measurements were performed with a contact
profilometer but these scans were damaging the surface due to the frafthigy Bn
film and therefore resulted in an incorrect thickness. The subsequent deposition of a
thin layer of gold in an atmospheric sputtering system (H@D A) was able to
provi de t he surface wi t h sufficient refl
profilometer as shown inFigure 3.32a, and additionally gave the film enough
stability to sustain scanning by the contpatfilometersystem, with scans shown in
Figure 3.32b. Film thicknesses were verified to be in the range e ®m, as
measured with the deposition setup using a crystal oscillator. Variations in thickness
as observed for these Pn films are common at these thickrsesbessult due to the

layer formations in the bulk phase of groj@3-95].
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Figure 3.32 a)VEECO opticaprofilometerscanof Pndeposition on InP created with a shadow mask

andb) contactprofilometerscan of the same step.
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Additionally, morphology of the film was as expected: exhibiting a nucleation
phases, thin film phases, and a bulk ph@ss 95] at the edge of masked regions.
Figure 3.33 illustrates clearly the three growth modes encountered during Pn

deposition.

cleation P

Layer-byLayer Phase

Bulk Phase

1pm EHT = 13.00 kV Signal A = InLens  Date :15 Feb 2006
Mag= 9.26 KX |_| WD= 13mm Photo No. =3087  Time :11:50:57

Figure 3.33 SEM image $iowing an edge of the masked region on a flat InP substrate.

Successful deposition of Pn onto planar and etched InP substrates validates
any concerns of film morphology and structure due to crystal anisotropy. Sidewall
deposition can be detrimental to thygeration of the cantilever waveguides by closing
and bridging the actuation gaps. This was investigated by depositing Pn with the
same conditions on etched InP samples with similar patterns as would be encountered
in real devices. Resulting tests showe measurable sidewall coverage for features

about 4um deep with nearly 90 degree sidewalls. Actual devices have more shallow
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heights of about 1-2 pum with slightly smaller (89 degree) sidewall angles. As
would be expected with a UHV sublimation dsjimn process, the deposition was
determined to be very directional, as no signs of deposition were observed on

sidewalls in etched samples.

3.3.2 Deposition on Cantilever Devices

Once verification on test samples was completed, a chip with operational
devices was introduced into the deposition chamber. While very little information
about Pn absorption has been reported, literature indicates volumetric absorption into
bulk Pn crystks [96] with a reversible effect. A thick layer of Pn was deposited, to
allow for the largest possible volume for absorption of vapors and gases.

A 200 nmlayer of Pn was chosen as thatial deposition thicknesses. This
thickness is very large in comparison with normal Pn deposition6@4tm),but to
measure significant absorption, a large volume is needed. For the device geometries
of 1-2 um usedthe largethicknesseg 1 0 6 s o fusedin[86] wonld not be
acceptable for this application, whitee typica thicknesseg50 nm)for electronic
devices deposited at the LPS would provide insufficient volume. The 00 n
thickness was considered the thickest layer to be deposited using the available
equipment at LPS and was also compatible with the misized devices. Therefore,
this thickness was uséalthis study.

Depositing such a thick film resulted in a cogtinvhich was likely
predominantly bulk crystalline Pn, which forms after a number of sitny&tal

monolayerg93, 95]
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InP Input Wavegmde Facet
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Figure 3.34 Input waveguide facet showing ~200 nm Pn deposition on the sanfidceucleation on

the facet

Deposition on released cantilever devices did not affect the optical
functionality of these devices despite the negligible accumulation on device sidewalls
(see Figure3.34 andFigure3.35). Sidewall deposition was not directly meishle,
amounting to nucleation or layby layer deposition phases, and thus was not greater
than a few monolayerd-igure 3.34 shows the Pn layer deposited on the surface of a
suspended waveguide facet, and also shows some of the sidewall deposition which is
visible. Sidewall deposition was encountered due to a slight skew in the angle of the
sample in the chamber, the slightiggled sidewalls, and the length of the deposition
process. Another verification of the highly directional deposition can be seen in
Figure3.3.6 where a shadow maisig effect can be seen as created by the suspended

waveguides.
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10pm EHT = 13.00 kV Signal A = InLens  Date :6 Mar 2006

Mag = 2.95KX |—| WD= 18 mm Photo No. = 3448 Time :12:12:42

Figure 3.35 Top-down image of 4fum long cantilever after Pn deposition, showing all features

intact.

Waveguide
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.
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1um EHT = 13.00 kv Signal A=InLens Date :6 Mar 2006
Mag = 16.80 K X |—* WD= 25mm Photo No. = 3453 Time :12:37:10
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Figure 3.3.6 Input waveguide facet at an angle showing masking effect due to highly directional
deposition.

Waveguideoptical propagatiorwas not eliminateds a result of the depossit
material although it was attenuated to varying degreewéen devices. Significant
|l oss was avoided primarily due to Pnés ind
(nmp & 3 .ppld,  1In.[H]6 )Any losses which did occur can be attributed to
scattering effects from sidewall roughness and theumiiorm Pn sidewall coverage.

In addition to inspection in SEM and optical propagation, electrical tests were
performed to assure that isolated InP islands were not shorted due to the deposition of
Pn. All testing results once again confirmed that the directional deposition had
bridged no gaps between electrodes, and cantilever actuation remained unaffected.

A full test of the cantilever waveguides with optical propagation and electrical
excitation was also successful, showing no effect but an expected resonant frequency
shift due tothe additional Pn mass on the cantileverbake 60um long by 1.2um
wide cantilever was initially characterized having a resonant frequency of 231.3 KHz
+310 Hz. Thesame cantilever with Pn was measured wath average esonant
frequency of 229.7 KHz #53Hz.Using Equatior2.2 the 1.61 KHz frequency shift
can be shown (seeFigure 3.37) to correspond to a mass shift of
9.7 x 10" g. Based on the volume (§0n x 1.2 pm x 0.2 um) of the Pn deposition
on the top surface of the cantileyéte calculatedndensity is 0.674 g/cfless than
1.33 glcni reported for bulk Pr{97]. The discrepancy in these values can be
attributed to tk uncertainty in Pn volume on the cantilever due to the varied height in

Pn films. Bulk Pn crystals and thin films also do not have the same structure and
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therefore cannot be assumed to have the same density, especially as any changes in

deposition condions affecting the film density significant{95].
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Figure 3.37 Resonant frequency with and without pentacene
4 Testing

4.1 Cantilever Waveguide Testing Setup

The testing seip to measure the cantilever resonataras a homemade
system utilizing opticafibers, a long working distance microscopeicropositioners,
a function generator, amplifieand oscilloscope A block diagramof the testing
setup is shown irFigure 4.11. The core of thesetup consistsof parallel and
opposing tapered single mode lensed fitfPew CorningSMF2 8 E | 3.3 Om

0.020 mm to beam wajsivhich are mounted to an optical stage controlled sgries
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of 3-axis ele&trostrictive micropositioners The electrostrictive actuators are

necessary for the fine adjustment needed to obtain maximum optical coupling into

and out of our devices due teetemall waveguide sizeBetween theskensed fibers

is another optical stage which is moved in two axes using a manual micrometer drive

screw The devices are mounted for testioig this central stageA large working
distance microscope is used toisisin the placement of electrical probes, lensed

fibers, and in verifying device operation via optical inspection.

Tunable
Laser set
@1550nm

Vapor
Delivery
System

Input Lensed Fiber LJ Output Lensed Fiber

Device testing was performed by coupling lighttd50 nmwavelengthfrom
atunablelaser sourcNew Focus
devices using a lensed fiber to focus the beam onto the waveguide input Aacet
second lensed fiber collects light from the output waveguide fabethws then
measured with &igh speedghotaeceiver New Focus Model 1811 IR DC25MHz
Low noise photodetectpr Both lensed fibers focus to a spot size of @® and a

focal length of about 2Adm. The analog photodetector output signatapturedwith

Sensor

XYZ stage

3

Actuation <

Optical
Detector

XYZ stage

\ 4

Voltages

Figure 4.1.1 Testing setupblock diagram.
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an oscilloscope and then analyzed usTLAB . Micropositioner probes are used

to make electrical contact to the actuation electréal@sovide the irplane actuation

4.2 Testing Setup for Vapor Sensing

In order to perform vapor or gas sensing experiments, a number of
modifications to the testing setup needed to be performed to isolate the cantilever
waveguide resonators from the external environment and to introduce vapors. The
core testing setup was nfundamentally changed; however additions were made to

the setup described above.

4.2.1 Environmental Enclosure

A custom environmental enclosure was designed and builtouse.
Components for manipulating the optical fibers and devices are contained in this
environmental chamber made from Lexan (polycarbonate). This chamber is designed
to isolate the system from external variables such as humidity variations or excessive
dust. Included in the walls of the chamber are 2 optical feedthroughs, 16 BNC
feedthroghs, 6 DIM feedthroughs for electrostrictive actuator control, and 4
Swagelok adapters. This allows electrical connections and optical connections to be
made inside the chamber while closed, as well as tubes to be attached to introduce
vapors. The lid islesigned to be easily removed to allow the microscope to observe
the devices under test, and then be replaced to further isolate the chamber. This
provided a lowcost and effective solution for the first proof of concept tests. The
inclusion of this chenber was deemed necessary after initial testing showed adverse

effects from outside environmental variables during the simple resonator experiments.
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4.2.2 Vapor Introduction

The introduction of vapor into the system to perform the sensing experiments
is carried out through one of 4 Swagelok feedthrough adapters located on the
environmental chamber. This method was used to test the effects of humidity on the
sample by purging it with dry nitrogen. While effective, the equilibrium time
constant of the chamber wakown to be long due to its large volume. This was
directly encountered when performing the vapor sensing experiments. To address
this problem,direct vapor introduction was chosém prevent the lag in chamber
conditionwhich affects measurements.

Rather than relying on the environmental chamber to equilibrate to the desired
conditions, the intended vapors were introduced at close proximity to the devices
under test, more rapidly saturating the air being sampled by the sensors. This was
performed usg a small plastic capillary tube positioned by a micropositioner to
serve as a nozzle. This nozzle was positioned to direct flow directly to the surface of
the chip (sedigure4.21), thereby removing equilibrium conditions exigtwith the
entire chamber being filled.

This nozzle was fed by a flask containing a small amount ofdPEthanol
(EtOH) allowed to evaporate at room temperature, showsigare4.22. The vapor
generated in the flask is delivered to the nozzle by way of a dry nitrogen stream as a
carrier gas. The setupas furtheraugmented by replacing the flagkth a bubbler
system, allowing for the gas stream to be saturated with vaResults presented

here utilized this particular arrangement.
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Figure 4.2.2 Flask containing liquid (IPA) tintroduce vapors to device.

The testing procedure was as follows: Delivery nozzle paaisteddirectly to
the top of the chipbeingtested, andhe nozzle is used to direct dry nitrogen to the
surface. Exposure time varied fror8 Biinutes to 1 hour in order to purge the Pn

layer of any wateor other vapors The flask ofalcoholwas attached to the delivery
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nozzle, and nitrogen is used to trpog the vapor to the device surface 88
minutes until the resonant frequency stabilized at the shifted value. After exposure
to the alcohols the flask is removed and the device is again exposed to dry nitrogen
to return it b the initial equilibriumstate, for another 33 minute3his process was
repeated a number of times for both IPA and ethanol vafgdnoughout these steps,
oscilloscope traces are captured using a LabView program every 2 to 10 seconds.
Each oscilloscope trace contains thé filging decay of the cantilever as measured

through the high speed photodetector @GEgeare4.3.2).

4.3 Measurement Methods

4.3.1 Cantilever Waveguide Measurement

Two measuremergchemes weramplementeda frequency sweepin@rigure
4.31), and a ringing techniqug&igure4.32). In a frequency sweep, frequency of the
actuation signal is ramped while monitoring the atogk of the output photodetector
signal. As the frequency approaches the resonant frequency, the cantilever amplitude
will increase to a maximum. This method of actuation and measurement is
advantageous when measuring devices with high spring constaetstod the
increased cantilever response at resonance, but it is a lengthy process and therefore it
used primarily as a verification of normal cantilever operation and any hidden
resonances from outside influencé3antilevers were measured using this rodtto
establish the accuracy of theoretical predictions for resonant frequency. The highest

resonant frequencies measuveeteaccomplished usinthis measurement technique.
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The ringing technique results from a square actuation pulse applied to the
cantiever. The cantilever is pulled to the electrode and then released, allowing the
dampened oscillations to be measured. This response contains the information of the
resonant frequency of the cantilever, as well as any effects from dampening. This
methodof measurement is significantly faster than a frequency sweep, making it ideal
for measuring the time dependence of resonant frequency in a sensing application.
Stiffer cantilevers, however, do naxperience significant displacemennder
allowed electode volts (26V) thus limiting devices that can leadout using this

method.
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Figure 4.31 lllustration of how cantileve(dimensions 3Qum long, 1um width) responseshown by
high speed detector (HSD) voltagereases off and on resonanagpff resonance, 700KHz, arig)

on resonance, 758.8KHz.
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Figure 4.3.2 Ringing measurement of cantilever (dimensiongi6blong, 1um wide). a) Raw ringing
data and) FFT of data.
4.3.2 Data Acquisition

Cantilever actuatioms carried out by applying voltage signals generétexch
a function generator(Agilent 33220A 20 MHz function/arbitrary waveform

generator with approximatly 10 V peakto-peak amplitudes Most devices are
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actuated with less than 10 V, however for devices shorter tham3f@arger voltages

are needed to actuateemappreciably. For this a 100V/V MEMS amplifier is used

to amplify the output voltage from ehfunction generator.The maximum voltage
applied to the devices during testing was 4318% largerthan the predicted value.

This can be attributed to changes in layer structure from previous designs, and
expectednconsistencies between growths. Higlvoltages resulted in device failure
due to dielectric breakdown through the InGaAs layer.

The output signal from the high speed photoreceiver is monitored with the
oscilloscope, which is used to collect the temporal data representing cantilever
movement This data is transferred to a PC usirigahView program and via a GPIB
interface. This application controls the frequency sweeping range and step size when
performing a frequency sweep measurement. When performing a ringing
measurement, the rate cdmsple acquisition is controlled with the program. This
LabView control application is an essential tool to automate the data acquisition
processwhich is notpractical using manual method&n example of the.abView
front panel program interfacefor the sweeping and the ringing measuremeists

shown inFigure4.3.3andFigure4.34, respectively
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Figure 4.3.3 LabView interface for frequency sweeping program.
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Figure 4.34 LabView interface forthe ringing data savyerogram.

4.3.3 Cantilever and Detector Biasing Schemes

The actuation of cantilevers usinthe substrate which enableBIN
photodiodegroves to be more complicateldie to theconductive path between the
actuation and bias electrodeten anyPIN junctions are forward biased. Care must
be taken to assure thappliedvoltages keep theegionsbeneatheach surface contact
reverse biaseat all times The detector, actuationeefrode, and cantilever bias
electrode also each share a common termitie, substrate contactnaking the
system susgaible to leakage currents. If these parasitic currents are large enough,
they will overwhelmthe optical signal from the photodiod&igure4.35 shows he
schemeused to measure the photodetectarrentandapply actuation signals to the

cantilever simultaneously.
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Figure 4.35 Photodiode measurement and simultaneous cantilever actuation schematic. Resistor in the

transimpedance amplifier is set at 10Q.

By biasing the substrate at a positive voltag {), the PIN diode is kept in
a reverse bm configuration, and the transimpedance amplifier is isolated from any
throughsubstrateparasitic currentgenerated from the actuation and bias voltages.
Actuation and cantilever bias voltages are kept negative at all times to maintain the
reverse biastahe PIN junction, and therefore set up a potential difference between

the cantilever and actuation electrode, providing actuation of the cantilever beam.
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4.4 Results

4.4.1 Cantilever Waveguides

Testing of the cantilevers with extended designs proceeded as ddscrib
above. Measurements were performed using the frequency sweeping technique due
to its greater versatility in measuring all devices geometries. Full characterization of
these devices was carried out, with the measurements of the resonant frequencies and
quality factors of the resonators. A final repeatability test was performed by taking a
series of measurements (80) and taking their average and standard deviation to
obtain a statistical estimate for the tested devices. A full listing of the measuled
calculated values can be seemAppendixC. This data represents the yield that was
obtained after the fabrication. A number of devices were untestable due to structural
damage; however, the devices which remained served to span the range of
frequencies desired in this exploratory study. Adéde of devices at the extremes

of dimensions tested are listedTiable4.1.

Table 4.1 Selected testing results from cantilever waveguides.

Device Fitted parameters
I P IR B
1.2 100 1 82.60 8.92
1.2 45 1 410.34 56.38
0.8 10 0.6 5779.04 340.30
0.6 70 2 92.31 9.17
0.6 25 2 718.01 159.95
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4.4.2 Cantilever Waveguide Vapor Sensing

After vapor sensing experiments were conducted and data processed, the
resonant frequency was plotted versus time for each stage of the testing process. This
dataset is useth) to determine the resonant frequency sllf), calculate statistical
parameters, anft) to calculate an absorbed mass change. The raw data used in the
following calculations are presented belowhe fitted resonant frequency versus
time, shown inFigure 4.4.1 for IPA vapors andrigure 4.4.2 for EtOH, showstwo
cycles of &sorption andlesorptionfor bothvapors An exponential decay function
was fitted to the trend of the data,estimatea time constant foabsorption In both

cases, full recovery to the original baseline resonant frequency was obtained after

purging wth No.
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Figure 4.4.1 Plot of frequency versus time experienced dusagcessivéPA introductiors.
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4.4.3 Integrated Photodetector Results

Testing of the integrated PIN photodiodes was carried out by first measuring
the response of the static waveguide and photodiode devices tiisbdiad expected
dark current, and the effect of detector size on photocurrent. Once these baseline
measurements were made, cantilever devices with the integrated photodiodes were
tested. All devices were tested as described above, with only one engatlfiber
required due to the integrated PIN photodiodes replacing the output waveguides
4.4.3.1 Static Photodetectors

Static detectors of various widths and lengths were tested for their
photocurrent at a consistent laser power from a fiber pigtail laser 2&mA of
forward current, and with the santensed fibers for each device. Canttto the top

metal pads is made using a micropositioner probe. The PIN photodiodes were biased

86



at -2 volts to maintain a reverse bias across the diode, and the current amgede
using a picoammeter. Measurements of dark current (laser power off), and photo
current (laser at 25mA forward bias) are made for each device. These results are

presented below:
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2 um Waveguide detectors
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Figure 4.43 a), b), and c)Photo current and Dark current for the 3 waveguide widths and various
detector sizedisted by their widths (w) and lengths (lEach bar represents a different device
described by its width (w) and length (I) in micronQutlier data points irb) and c) are due to

fabricationimperfections.

4.4.3.2 Cantilever Waveguides with Integrated PIN Photodetectors

Using the actuation scheme illustrated Rigure 4.35, all three cantilever
lengths (30, 50, 108 m with integrated PIN photodetectors were tested using the
same function generator d&fore with the ringing method for simple cantilever
waveguide devices outlined aboveé\ctuation of the & mwide and 10 mlong
cantilevers is measurable with an applied voltage8df peakto-peak (sed-igure
4.44). For the shorter cantilever devices, a 100V/V highage amplifier was
neededo achieve sufficient voltages3QV peakto-peak to actuate the 56 mong
cantilever devices (seerigure 4.45). No measurable actuation was seen when

attempting to actuate the 20 mlong cantilever devices. PIN junction breakdown
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was measured to occur at ov80V of applied bias, after which point tlaetuation

and bias electroddsecome permanently shorted.
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Figure 4.4.4 Underdamped response of 100rcantilever waveguide measured using the integrated

PIN photodiode.
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4.4.4 Summary

The results presented demonstrate the initial InP cantilever waveguide sensor
to its practical limitationdy investigating varying device dimensions and showing
cantilevers with up to 5.8 MHz frequency operation. The extension of the sensing
theory was applied to cantilever devices coated with an absorbing layer, Pn, which
showed the validity of using theRnsensor system in a reabrld application. These
vapor sensing resultserify the theoretical sensitivities calculated aneveal
limitations in the measurement setup whiffeeted the final sensitivity.

Integration of waveguide PIN photodiodes witle ttantilever structures is also
demonstrated for the first time. Testing of devices with varying photodetector
dimensions provide a basis for minimum detector sizes, and shows that for this layer
structure, very small photodetectors are sufficient forplete absorption of optical
power. A biasing scheme is developed and shows through the results to be effective
in actuatingcantilever waveguide structures apbviding bias voltage for thEIN
photodiode simultaneously without excessive leakage current.

Each of these results will be analyzed and discussddpth in the proceeding

chapters.
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5 Data Analysis and Discussion

5.1 Resonant Frequency Analysis

For frequency sweeping measurements, the LabView program analyzes the
amplitude of the output signal withkespect to the actuation frequency and thus
assembles the frequency spectrum in this way. For ringing measurerhentaywt
data is processed through a MATLABogram(Appendix D) which filters the data
and takes the Fast Fourier Transform (FFT) of the setbtain the frequency
response

The response actuallgbtainedis due to the square wave actuation o th
cantilever, a step response. This yields a frequeesgonse that is not only the
response of the cantilever but has a factor due to the excitation:

f()%% F(jw)=H(j W I 5.1

WhereF (t) is the original function measured with the photodetediio(j, ¥is the

frequency response of the cantilever, ﬂE@W) is the Fourier transform (FT) of the
input excitation. Our input excitatioriE(t), is defined as a step function with a well

known Fourier transform FE(j w):
= 1
FE(J W) =— 5.2
jw
ThereforeEquation6.1 becomes:

F(im=H( w— 53
jw
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To extract the real cantilever frequency response, we mivsie the Fourier

transform of the signal with the Fourier transform of the inﬂ%{tjw):

H(im=F(@(j w01 5.4
Performing this operation allows us to extract the cantilereguencyresponse from
the data collectedjenerally expressedith a Lorentzian function, shown in Equation
6.5.

A
floremzian(VV) = yo + 55

ma §

WhereA is a normalizing parametew is the fulkwidth-half-max,y, is an offset, and

¥, IS the resonant frequencydditionally we define the quality facto, as:

Q=—= 5.6

A Lorentzian function is fitted to a subset of the data defined by a suitable
frequency range which is chosen to include the entire resonant peak of the cantilever
(established by visually inspecting the plot of the spectrum). The fitted parameters
are tlen used to determine resonant frequency and quality factors as defined in
Equations6.56. A MATLAB program was developed to automate this fitting task

for an arbitrary number of dasets
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5.2 Frequency Shift Analysis

5.2.1 Exponential Fitting

As the precise mecham of absorption is not known, an approximation is
made by assuming that theansientabsorption and desorption curves will tend
towards an exponential behavior. An exponential function of the form:

f =y, +e7" 5.7
is used to fit to the data pointsear thetransientfrequency shift point The
Mathematica mathematics softwareused to perform the fitting operations and to

display the results. Results of the exponentiakiietabulatedm Table5.1.

Table 5.1 Fitting results from exponential models

x/b+a

Equation: f =y, +€

AveragedFitting parameters

IPA EtOH
Yo 650243.0 | v, 65023864
a 423 | a 4.61
b 139.85| b 250.62

The exponential decay function was fitted to the trend of the data, with an
estimated time constant of the absorptan5.3 minutesfor IPA vapors and 4.2

minutes for ethanol vapor

5.2.2 Calculated Mass Absorbed/ Desorbed

Measurements of the difference of resonant frequency from the starteiodthe
of each cycle argerformedby averaging the steady state portions of the data
shownabove Table5.2 shows the calculated frequency shift for tRé& and EtOH

datasetscorresponding witlirigure4.4.1 andFigure4.4.2. These resonant frequency
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shifts are used in Equation 2.2 to solve for the absorbed mass.

Dimensions of the

cantilever were measured by SEM micrographs. Mass and moment of inertia of the

cantilever are determined from the volume of the cantilever and the density of InP

using familiar expressions for these values. Density of InP is found in the literature

from [98]. Val

ues for

Y 0 u nifg grewthearel foundiigd8].0 f

our

The valuef parameters and expressions in Equation 2.2 used for these calculations

are listed inTable5.3.

Table 5.2 shows the associated calculated mass shifts.

In addition to these

calculations, an estimate of the limitations of the testing setup using this device was

found by equating the minimumygd measurablefrom the standard devian in

measurement averagest.78 Hz) Using these values with Equatiar2, aminimum

oom of 5.09<10™ gis determined for thideviceand test setup.

Table 5.2 Calculated values for frequency and mass shifts as weti@staintieon these values

IPA | EtOH
Frequency shift (Hz)
6157 |  -68.46
Mass shift (g)
6.56<10 | 7.28x10™
Frequency shifuncertainty(Hz)
110 | 10.5
Masschange uncertaintfg)
1amx10* | 11210
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Table 5.3 Parameters and expressions used to calculate absorbed/desorbed mass

Parameter | Value / Expression
E 80 GPa
. wt

12
My IWtJ inp
Co 0.24
Ca 0.24
Yinp 4810 kg/nt
I 60em
w lem
t 1.71em

5.3 Discussion

5.3.1 Cantilever Resonators

Due to the high dampening conditions when operating in ambient
environments, the quality factors ofost resonators were below 10fh) expected
result for these cantileve[83, 99] The quality factor increases with the resonant
frequency due to reduced dampening losses experienced by the smaller displacements
of high frequency resonatof89]. The first MHz resonators using InP cantilever
waveguides were demonstrated with smaller device geometries. The highest
sensitivity measured with these devices was made using a 0.8 um wigm [bhg
cantilever. This device exhibited a resonant frequency of 5.78 MHz, with a quality
factor of 340. The calculated sensitivity of this device i8 40 Hz/g.

The tested cantilevers illustrate their flexibility and the potential for high
sensitivity using these devices in a detection system. While-cft#ite-art mass
microbalances achieve sensitivities of approximatety0® Hz/g (a resolved mass of

6.3 attograms, I8 g) [33], several orders of magnitude greater than the

measurements demonstrated here, these ultra high sensitivity results were measured
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in a vacuum envinement using a complex external optical setup. Using the platform
developed here, one can achieve moderate sensitivities with a more compact and

practical device.

5.3.2 Vapor Sensing

A drift was experienced over the data range which can be attributed to optical
fiber misalignment due to electrostrictive actuator drift. This actuator movement did
not affect the absolute frequency shift experienced by the resonators. Both the IPA
and Ethanol caused statistically identical frequency shifts, which may be rethdt of
molecule size compared to the available volume for absorption within the pentacene
layer. Additionally, the time constants of the absorption of IPA and ethanol are not
drastically different from one another. Response time seems to show a sligiatsgecr
with smaller moleculesEtOH), which may indicate the absorption mechanism is
related to molecule size.

Themi ni mmnms bajeved to beargely limited by the current testing
setup Noise due to thexternal photodetectoand possibléransmission line effects
due to external cabling a factor in the measurements, reducing the quality of the
data fits and increasing the uncertainty between measurements. The majority of noise
most likely arises due tohanges incoupling of light ond and off chip using the
lensed fibers. Abient mechanical vibratien actuator driftand air currentsll
affect the placement of lensed fibersAs coupling is extremeglsensitive to any
displacementthe coupling into and out of the facatsaffectedby these external
variables. The loss of signal even more dramatically reduces the quality of the data

fits, creating larger spread in the resonant frequencies. Normal coupling strengths
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vary from about 3 pW to 0.30@W, whichlies withinthe dynamic rage offered by
the photodetector. After the transmitted optical power drops to 100 nW, the resonator
signal becomes nearly impossible to measure. This requires a constant human
monitoring of the testing setup to keep a sufficient amount of optical ogplihich
is not an efficient or very effective method to compensate for these issues, and thus
introduces a large amount of uncertainty in the final data as a result of human error
and reaction time.

In response to these issues, specifically the signabdise ratio encountered in
the devices, the introduction of additional integrated optical devices will improve this
noise due to optical fiber misalignment. Chapter 4 will show the integration of
photodetectors with the cantilever waveguides. Thiok&s one of the optical fibers
from the setup, reducing the effect of drift and vibration to only one actuator, making
the drifting misalignment easier to compensate. folrhis change increases the
stability of the datan comparison to the measurementswh above. Introducing
baffles into the chamber to reduce the strength and directionality of air currents
within the enclosure will assist in further reducing any optical fiber misalignment due
to this stimulus. After these changes, if electrical nasstill apparent, more effort
can be made to reduce the length of transmission lines between various connections.

Another challenge is the very small frequency shift measured with the
pentacene thin film as an absorbing layer, indicating its low absmebahthese
vaposs tested. There are a number of factors which may have contributed to this
effect. The large Pnlayer thickness may be a reason for this discrepancy between

absorption and desorptiaof differing vapors It is also possible that a cheral
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reaction betweetthe alcoholsand Pn such as oxidation dPn to Rntacenguinone

[96] may have contributed to thehange in the absorption properties of the film
during the first absorption measurengmhaking the two vapors indistinguishable
Ambient emperature differences between #igsorptionand desorptiortycles will
change relative ratesf diffusion into and out of the Pn layer, and any temperature
fluctuations which may have occurred contributed to this effect as the environmental

chamber is not temperature stabilized.

5.3.3 Integrated PIN Photodiodes

5.3.3.1 Static Detectors

Fromthe above measurements it is apparent that the assumption made during
design of these PIN diodes was reasonahb: there is little or no trend observed in
the difference between devices of various widths and lengths. For the waveguides of
0.6 and 1.2 mwide, the photocurrent varies little from device to device, indicating
that optical power is completely absorbed in the detector region before it reaches the
edges of the photodetector. An exception to this is in the narrowest detectors for 0.6
and 2.0e mwide waveguides which show a slight trend in increasing photocurrent
with length. This could indicate a characteristic length required to absorb the optical
power completely a-5&m In cases where the width of the detector is comparable
to this daracteristic value, detector length will play a bigger part in the total collected
optical power.

For each of the devices, dark current is about 4 orders of magnitude less than
the measured photocurrent for a moderate optical intensity. In most dades

current stayed essentially constant (at approximatelgy(BA) with changes in the
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device geometries, with the exception of some of the larger waveguide detectors,
where a slight increase can be sednich can be attributed to increased photodiode
area Thistrend isnot conclusivesince devices of approximately the same size do not
show this increase, and in some easshow a decrease. Regardless of these
inconsistenciesthe dark current is sufficiently small3 orders of magnitude)
compared tohte photocurrent. In lieu of thishesevariationsin the backgroundark
currentdue to detector sizing can be ignored.
5.3.3.2 Cantilever Waveguides with Integrated PIN Photodiodes

It was observed that measurements of the cantilever waveguides with
integrated potodiodes exhibited a peculiarity in the ringing measurements. The
underdamped oscillating response of the cantilevers was only measurable at the point
of applied negative potential difference (
applied potat i al (the fArel easeo) Measurentenismgul d nor
the upstroke of the step actuation is gene
based upon the applied voltage differefit®]. This arises from the energy that is
stored within the capacitor madup of the cantilever and actuation electrode,
effectively stiffening the cantilever with higher applied voltagébe effect is clearly
seen in the 5@ mong cantilever device tested (see figligure5.3.1). If actuation
maintains a consistent voltage, the resonant frequencies measured should likewise
remain consistent for the set of measuremeritts the same deviceThe fact that no
resonance was measuredted telease cycle indicates an energy dissipation affect due
to the high resistivity of the pathway between the cantilever and the actuation

electrode which critically dampens these vibrations.
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Figure 5.3.1 lllustration of frequency tuning effect. Resonant frequency versus applied actuation

voltage.

Increasingly consistent measurements, a predicted effect of integrating PIN
photodetectors on chip, were clearly seen in all devices tested. Deviations of resonant
frequency between measurements for a tOtcantilever {, & 72 KHz) wer e
measured to be 35 Hz, and for the 50 mong cantileversffa 279 KHz) , N 35
which both exhibiteddramatic improvement in measurement repeatability and
stability over long datasets& comparison to the previous designs. The reduction in
variability in the testingetup by the removal of one lensed fiber gives an explanation
for thischange Not only does this integrated configuration produce more consistent
measurements, but in the same respects it also simplifies the measurement procedures
considerably by removingscome random and human error associated with the

previous experimental techniques.
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The cantilever waveguides integrated with PIN photodetectors in general
required larger actuation voltages than those measured previously with the passive
cantilever wavegides. This can be attributed to a reduction in voltage drop because
of leakage current through the InGaAs layer. Due to this effect, the required voltages
for shortest cantilevers (30 m exceeded the reverse PIN diode breakdown and thus
were not useabl Additionally, a large amount of background leakage signal is
measured due to capacitive coupling between the adjacent actuation and
photodetector bias contacts. This background made obtaining measurements of

damped oscillations difficult.
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6 Conclusion s and Future Work

6.1 Summary of Results Reported

This thesis presents the first stages in the development of an integrated
cantilever waveguide resonator chemical sensor realized in InP. Extensions on first
generation designs were aimed at exploring thetditioins of this platform by
achieving higher resonant frequencies and sensitivities. Cantilevers with resonant
frequencies as high as 5.78 MHz, quality fastof 340 in air, and calculated
sensitivitesof 4.4 10'°Hz/gweredemonstrated.

The first meastement of chemical vapors using the InP cantilever waveguide
sensor system utilizing a Pentacene absorbing legsailsobeendemonstrated. The
active absorption layer Pentacewes deposited on existing suspended InP devices
for the first timeand chareterized Isopropaol (IPA) and Ethanol (EtOHYyapors
wereintroduced into an environmental chamber containing the cantilever waveguide
resonators coated with the Pentacene absorbing layer. Massdstifte IPA and
EtOH absorptiorof 6.56x10* and 7.2&10™ g, respectivelyhave beemmeasured
for these devices with a minimum mass detection threshd@d6t10"g.

The design, fabrication, and testing of a PIN photodetattomnolithically
integrated with a cantilever waveguide resonataemorted Optimal design of an
epitaxial layer structure by way of numericthite element modeling (FEM)
simulationswascarried out to determine the layer thickness for maximum absorption
in the intrinsic region of a PIN photodetector. Fabrication ificadions were made

to the standard cantilevefabrication process flow to facilitate proper electrical
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contacts and to determine compatible undercutting solutions to relea84EMS
devices. Measurement of waveguide integrated PIN diedsscarried ait for a
variety of diode sizes, showing that diode sizes at a large scale do not affect
maximum photocurrent significantly; dark curreifivs these detectoras low as 8.7

nA are demonstrated. The measurement of resonating cantilever wavegagles
also caried out using theintegrated waveguide photodiodes, showing an
improvement in measurement repeatability, yielding frequency measurements with
uncertainty of be#r than + 35 Hz, showing greater stability over tiooenpared to

the measurements of castibrs withno integrated photodiodes

6.2 Future Work

6.2.1 Layer Structure Modifications

The issues discussed in the measurement of the cantilever waveguides with
PIN photodetectors may be addressed by modifying the future layer structures. A
layer structure gnon on a seminsulating substrate with thedopedsideof the PIN
diode & a grown layerrather than a4type substrateshown inFigure6.2.1) will aid
in isolating the actuation, biasing, and photodiode components from each other. Two
separate etchesill be performed: an initial etch to make contact with thype
bottom layer, and an etch down to the substrate, electrically isolating tit@cto
regions. Thiswill prove to be especiallgrucial for the future designs of these
devices with integrated optical sources which will require separate eléctrica
excitation for each component, causing more pathways and possibilities for leakage

currents.
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P waveguide(p-type)

InP (n-type)

Actuator «——» Detector InP semkiinsulating substrate

Figure 6.2.1 lllustration of how inserting an additionaltype layer into the epitaxial growth would

isolate the detector and actuator regions electrically.

6.2.2 Functionalization and Absorbing Layers

This work presented the use of an active functionalization or absorbing layer
Pentacene to measure the absorption of vapor onto the cantilever sensor. The
fabrication of a soliestate chemical sensor within the codtef this cantilever
resonator needs to be investigated further. This will involve the optimization of
Pentacene film growths to achieve high mobility semiconducting layers to be used in
future organidhin film transistors TFTs), as well as determinain of the appropriate
metal contacts for these organic TFTs. The combination of an organic TFT sensor
and the cantilever mass sensor will provide additional selectivity in comparison to
each device separately.

Apart from the development of an organic TBR-chip, other absorbing
layers should be investigated for future iterations of this cantilever sensor. Layers
which have selective absorption to different analytes such as thiol groups would be
ideal candidates for bringing greater selectivity to thesgilever sensors. Polymer

materials, such aBoly(methyl methacryla)d PMMA), Polyvinylalcohol(PVA), and
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Polyethylene glyco[PEG) are only a small selection of available absorbing layers
used for gas and vapor sens|tf0]. These materials will be investigated to pdavi
alternatives for absorbing layers and augment the existing studies using Pentacene.
Investigating other absorbing layers with intent to use them simultaneously on
multiple cantilevers will allow for principle component analysis to be performed.
Thispovides a chemical Afingerprinto for
selectivity of the sensor, and even allows for compositions of differing analytes to be

detected and measured.

6.2.3 Optical Source Integration

One of the stated benefits of using aVllisemiconductor as a device material
is the ability for the optical readout to be monolithically integrated@lop. The first
component of this integrated scheme has been demonstrated in this thesis in the
integration of a PIN photodetector with the peasscantilever waveguides. The
logical progression would be to design an optical source for the system, providing a
completely orchip readout mechanism. A conceptual schematic of the final sensor

system is shown ifigure6.2.2.
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Cantilever waveguide oo

Figure 6.22 Schematic ofully integrated chemical sensor system in InP.

6.3 Conclusion

This work has demonstrated thfst generation cantileve waveguide
chemical sensor design and fabrication, with the inclusion of an active absorption
layer, Pentacene, to measure the presence of IPA vapors. This presents the first time
that Pentacendias been used as a volumetric absorbing legrean InP catilever
waveguide vapor sensorWhile the signal measured due to this absorption is not
overwhelmingly large, it illustrates the capabilities of this sensor system. Future
work investigating other absorption layers for use on these cantilever wavegilides
further enhance the effectiveness and flexibility of these sensors.

The first integration of InP/InGaAs PIN photodetectors with these cantilever
sensors has been successfully accomplished, providing increased measurement
repeatability to the sensoand a simpler implementation of the optical readout. A
new fabrication process has been established to fabricate cantilever waveguide

resonators with PIN photodetectors. This study has also shown that careful biasing
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