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1 Introduction

Motivation

The need to monitor the environment and detecbuarchemicals is a critical
task for industrial, military, and homeland defensgplications. Recent
developments around the world, such as terroristhbéoterrorism, beg the need for
devices which can be used to screen and measugks lef/ toxins in a variety of
situations. Biological hazards such as anthrax #rel flu virus pose serious
challenges for sensing technologies [1]. In additio these biological hazards,
chemical sensors are also sought for the deteetiwh prevention of exposure to
chemical warfare agents which have been commonrhenrtodern battlefield [2].
Additionally, chemical monitoring in industrial ajpgations and emissions
measurement have both continued to be areas @rofsesquiring sensors that can

be readily deployable and able to withstand segpegating conditions.

In each of these cases, detecting and identifyggmnis quickly and accurately
while maintaining a system with low power, mininalrastructure, high sensitivity,
and portability is highly desired. Recent sengimgthodologies which are common
for these applications have been focused on teofgied utilizing thermal sensors,
capacitance sensors, and optical transmission.[3-Bhese devices have the benefit
of being readily fabricated and simple to implemand use. Integrating these
components with electronics and other devices heenba major thrust in the

development of these devices and has been thecsobmuch research in this area.



The integration of sensor systems can present abewurof difficulties
stemming from various packaging and interfacing esols, which are often
conflicting in their requirements. MEMS technoloigyideal in terms of providing
infrastructure and materials for systems-based caghles. With fabrication
technologies and devices directly compatible witmventional silicon technology,
MEMS has been a multi-disciplinary and diversedfiéh the study of systems
engineering and integration.  This makes MEMS tetdgy ideal for the
development of these future sensor systems, amffwtance of portability and mass
production become more important. Cantilever-bab#MS sensors are prime
candidates to be used as portable chemical sedser® their relative simplicity [7],

flexibility [8, 9], and compatibility with conventinal processes [10, 11].

I1I-V materials

[1I-V materials have long been studied for use ighhperformance electronic
and optical systems. With the development of emtagrowth, it has allowed
researchers to grow compound semiconductors wahynarbitrary composition, and
thus exhibiting widely varied material charactecst With the ability to dictate
properties such as the bandgap, refractive inded,fabrication selectivity of each
individual layer has come the broadened scope #sidnvfor researchers and the
expansion of the field of compound semiconductaer® ipreviously unexplored

territories.

The initial push for the use of compound semicomahgcstemmed from the

very high electron mobilities, mean-free-paths dhd direct-bandgap electronic



structure possessed by IlI-V semiconductors owalitional silicon based technology
[12]. Many authors have highlighted the high spé®ohsistor technologies made
possible through the development of InP-GaAs comgosemiconductor epitaxy.
Devices such as HEMT's [13], MODFET's [14], and egtated optical

receivers/HEMT’s [15] are made possible throughuhigue electronic properties of

[1I-V semiconductors.

A primary advantage of IlI-V materials is theirltaable direct bandgap via
the growth process that enables growth of matexhibiting optical gain. GaAs was
one of the frontrunners in this field of solid-gtaiptics with a maximum bandgap
wavelength of ~870nm, sufficient for early genenattommunication systems. With
the transition to longer wavelength communicatiteshnologies, particularly 1.55
pm, InP soon emerged as an alternative materigééray® enable the fabrication of
longer-wavelength active devices (1.660 um — 0.98%9 [16, 17]. The continued
qguest for high speed communications technologieshazed with the ability to create
active optical elements and high speed electromckP simultaneously brought
about the first monolithic integration of theseiogkt and electrical components; such

as high speed optical receivers and modulators [15]

In recent years, microelectromechanical systems MEEusing InP-based
materials have been investigated to augment theseabnetworks [18]. A number
of examples have been reported in literature atapmodulators and demultiplexers
[19-24], couplers [25, 26] all designed in IlI-V tedals to facilitate monolithic

integration of these optical components with phetedtors and sources.



Approach

The approach of this dissertation is toe advantage of the versatility of-V
semiconductors to facilitate the monolithic integra of a MEMS resonant sensor,
depicted below inFigure 1.1. A novel mterrogation technique will be used
measure a MEMS resonant sensor that includes thefuan o-chip light source
and an orehip photodiode. This work builds upon previousrkv[26-32] which
served to developach component of this sym separatelywith the culmination o

ultimately integrating them on one ch
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Figure 1.1 Conceptual schematic of monolithically integrak®8MS resonant sens
with device components notated.

Research Accomplishments

This dissertatiorseeks to explore the monolithic integration of cgitisource:
and photodetectors with passive waveguides developihe Indium Phosphide (In!

material system to establishsingle-chip resonatoisensor utilizing a novereadout



technigue. These sensors are intended to be dgnepmse, functioning as a
microbalance sensor to measure chemical reactiap®yrs, radiation, or fluid flow.
The bulk of the research work performed for thisjget lies in the design of the
integration scheme and the development of the dation procedures utilized to

realize the integrated system.

1.1.1 Design of an epitaxial layer structure and op tical MEMS

devices

A vertically offset monolithic integration schemeasv designed for the
integration of a multiple quantum well laser sourae optical MEMS cantilever
resonator sensor, and a waveguide integrated Pdkdbgiode within a single epitaxial
growth. The system is designed to be implementedn@ InP wafer with epitaxially
grown layers to create each of the independentystdras and also link them
together into a functioning device. Multiple quamt well lasers were designed to
emit at 1.55 um wavelength, below the bandgap gnefdhe InGaAsP waveguide
lying beneath this region. The InGaAsP-InP wavdguregion is designed to
function as a waveguide, as well as a cantileveorrator and is created with slight
tensile strain. These waveguides are clad withuagerlying InGaAs sacrificial
material that can be removed to create releasecahde structures. This sacrificial
cladding has a lower bandgap energy than the amititavelength and thus is
designed to be the intrinsic absorber region ferfihal photodiode component of the
system. An epitaxial layer growth incorporatingsh elements was established and

characterized in-house at the Laboratory for Plays8cience (LPS). This design



provides a more simple alternative to more compiagration methodologies, both

hybrid and monolithic.

1.1.2 Development of fabrication procedures

Fabrication processes were developed and estathlisherder to realize the
first physical implementation of a fully integratemptical MEMS microsystem.
Dielectric deposition techniques, metallizationd asther fabrication steps were all
performed on an InP substrate first, and then dtevéplly grown substrates. A
significant effort was made in establishing induely coupled plasma (ICP) etching
steps that were utilized for the definition of ladacets, waveguides and deep
electrical isolation trenches. Each fabricatiogpsheeded to be carefully optimized
in the perspective of being compatible with eacattise of the epitaxial growth and
each additional fabrication step. This succesHdblication process with such a

complex epitaxial growth is a milestone for l1lI-\a¢ed optical MEMS research.

1.1.3 Testing of each component in the system

Each component of the fabricated microsystem wskedeseparately in an
attempt to verify the operation of each subsystediharacterization of each: laser,
waveguide, and photodiode, was carried out withddied methods and procedures
and compared with literature. The complete systeam tested together in various
environments ranging from cryogenic to ambient #vedperformance was analyzed
and evaluated. Failure analysis was performedrderoto better understand the

critical parameters involved in the system-widegration of these subsystems.



Dissertation structure

This dissertation is structured as follows: A rhieire review of optical
MEMS technologies, monolithic optical integraticand sensor methodologies will
be presented in section 2, meant to give a backgraid the current technologies
available for monolithically integrated optical MEBBVMland sensor systems. The
design of an epitaxial layer structure for thieegrated system, cantilever waveguide
resonators, and PIN photodiodes with relevant satrars and modeling will be
presented in section 3. Section 4 covers the dation of the microsystem, with
details covering each unit-process developed tdlene final structure. Testing
elements such as setup and experimental procedutieshe associated results of
laser diodes, cantilever waveguides, and PIN dredelts will be presented in the
context of the two major fabrication runs accontpid with epitaxial growths in
section 5. The data analysis and further discassidhe results from both of these
fabrication runs will also be given in section Binally section 6 will present a brief

summary of the results, future work, and a finalatosion.



2 Literature Review

History of MEMS technologies

Micro-electro-mechanical Systems (MEMS) are tradidilly described as the
integration of mechanical elements with electroroosthe microscale. Electronic
components often are forced to interact with theirenment through the use of
external sensors and actuators. Combining theseseparate functionalities via
multi-chip packages or other interconnection andkpging techniques introduce
unwanted parasitic effects, particularly as circ@ind electronic equipment continue
to be miniaturized. MEMS technology aims to addrdgese shortcomings, which
often lead to reduced sensitivity and increasedgpa@nsumption, by miniaturizing
external sensors to the point of integrating themactly alongside the IC control and

readout circuitry [33, 34].

Arguably more important however, MEMS take advaatafjthe high volume
and parallel fabrication which make the IC fabiiwatindustry so cost effective for
high volume production [33]. IT is the hope tHastapproach will greatly reduce the
cost of sensors, increase sensor reliability, samehse assembly complication. Due
to their small size, a number of sensing or aatgafunctions can be integrated
monolithically in the same device, further reducirast, chip size, and increasing
functionality [35]. All of these factors contriluto making MEMS sensors more
attractive than many of their macro counterpar@ fd have continued to drive the

continues investment in this technology both indeoaia and industry.



There have been a number of MEMS commercializatoocesses which
capitalize on the aforementioned high volume prédac most notably
accelerometers, gyroscopes, projection systems, paessure sensors [37]. The
MEMS mechanical elements in these examples are r@ggndabricated using
techniques common with standard IC fabrication sashthography and dry etching.
Certain cases however require more specializeds taod processes in order to
realize. These techniques, generalized in the t@nmromachining,” consist of

primarily two basic processes: bulk micromachiramgl surface micromachining.

Bulk micromachining indicates that the fabrication process involves
removing large portions of the substrate, in moases silicon, to fabricate a
mechanical structure [38]. Most commonly, wet gtghprocesses are used in bulk
micromachining due to their high etch rates ane edsmplementation. Examples
such as the anisotropic etchants potassium hydeqk®H), tetramethylammonium
hydroxide (TMAH), and ethylenediamene pyrocatecBDP) and the isotropic
hydrofluoric, nitric, and acetic acid (HNA) etchdB6] are common in bulk removal.
In addition to wet etching, some “dry” etching pesses have been developed to
perform the same tasks without the added compleitgrying fragile mechanical
devices after wet processing. Xenon diflouride K¥egas is used to etch silicon
isotropic ally, and other fluorine chemistries arged in conjunction with plasma
etching systems to etch isotropically. Deep Rgadbn Etching (DRIE) provides an
anisotropic plasma etch, however is a special chbelk removal as a cyclic etching

technique.



Surface micromachining processes involve releasing thin layers of mdteria
that have been deposited and patterned on topeo$uhbstrate and tend to be more
compatible with the traditional IC fabrication pesses due to their smaller scale. An
illustrative and common example of surface micronr@ag is associated with the
fabrication of CVD polysilicon structures. A sduiial layer such as silicon dioxide
(SiO,) is deposited on the substrate due to its highcselty in a hydrofluoric acid
(HF) etch compared to bulk silicon and polysilico@n top of the Si@sacrificial
layer, a layer of polysilicon is deposited. Ontesideposited, the sacrificial layer is
removed via a number of undercutting techniquesldirig a thin, released structure
made from deposited films. Modern accelerometéitzel this fabrication method.
Examples of silicon on insulator (SOI) substrateégizing a similar fabrication
scheme are very common, however with the addednsalya of a single-crystal

suspended mechanical layer as opposed to the ama plolysilicon.

Optical MEMS

MEMS research has expanded greatly since the €EBO’s and has
generated a number of specializations, one of wiscthe field of micro-opto-
mechanical systems (MOEMS). Optical MEMS are asstibf the MEMS research
field which specifically deals with light generatiand manipulation using microscale
structures and elements. As mentioned in sectjahe®e devices are designed and
intended to take advantage of the highly paraliéritation methods inherent in IC
fabrication technologies. Many different technotmdi focuses lie in the scope of
optical MEMS with current research focus on displ@gchnologies [39, 40],
biomedical imaging [41, 42], miniaturized camerasies [43], FTIR spectrometers

10



[44, 45], astronomy [46, 47], photonic integratédwts (PIC’s) [48, 49], free-space
optical routing and beam steering [50-52], and blmdasers [53-56] to name a few

examples.

A large number of materials are used in the devetog of these devices,
such as: silicon, polymers, or Ill-V direct bandgagmiconductors. The selection of
the materials depends on the application and le¥edystem integration desired.
Optical MEMS can be generalized into two major gatees of system architectures:

free-space and guided.

2.1.1 Free-Space optical MEMS

As the name suggests, free-space optical MEMS dgvirocess light by
using mirrors and refractive elements. Common eteasnof free-space optical
MEMS are optical switches and routers for fiber cmmications applications, laser
scanning mirrors, micro lens technologies, andrietemeters [57, 58]. Devices
targeted for communications technologies are cemedl beneficial for very large
scale applications such as backbone networks dtieeto flexibility and scalability
with data format and port count, relative wavelénigisensitivity, and also for their
relative low power consumption compared to trad@iomacroscale counterparts
[57]. Free-space switches also benefit from hidgimoughput and protocol
transparency for transport. These beam routingneles showcase designs which
incorporate simple “on-off” mirrors which block transmit light [59, 60]; however
some work has concentrated more on beam steeringedg40, 50-52, 61, 62 2003,
2003, 2003, 63-65]. An elegant example of an epfMEMS free-space router was

initially reported by Fordet al [66] and later finalized by Neilsoat al [67], and
11



describes two arrays of 2-axis beam steering nandrich utilize microlens arrays to

help collimate the beams as they are propagatedghrthe system (Figure 2.1).

Fiber Array MEMS

Lens Array

Mirror

Lens Array

= SEmm * Fiber Array - —
Figure 2.1 Schematic representation of and opkitEaMS beam steering SWItCh and a
top down image [67].

Figure 2.2. SEM image of tilt mirrors for and opllltMEMS add/drop SWItCh [66].
Other examples of multi axis tilt mirrors exist [eBowever the importance of

this specific device is that it was designed ind¢batext of a complete system for use
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with industry standard single mode fibr at 1.55 pm wavelengths. Wh
propagating singleaode beams for such a distance (257 mm), must be taken t
reduce beam divergence and loss from the mirrocs iaternal componen A

microlens array and other free space optics aenéasto achieving the low insertic
loss in this system in prevent this excessive divergence in the progiang beams
Beyond costs associated with commercializing susiistéem, the maj drawback to
this confguration is slow switching speed and crosstalk &ost that can be
experienced during beam switching. Notable examplecommercial fre-space
optical MEMS are the LambdaRou™ [52], and the Texas Instruments Digi
Mirror Device™ (DMD™) [40]. The LambdaRoutBf is a predecessor to t

devices shown in [674nd in the same way uses arrays of analo-able, two axis
micromirrors to perform rn-blocking transmission through free space onto an
array of positionable mirrors which then direct tteams to the output porMore

recent versions of these m-axis deflectable mirrors exist such as those regdoly

Kim et al[68].

Figure 23 Lucent WaveStar LambdaRourltéf52].
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Figure 2.4. SEM images of multi axis high form taamicromirrors [68].

The Texas Instruments DM spatial light modulator (SLM) (Figure 2.5),
possibly one of the most ubiquitous and successkaimples of optical MEMS
devices, is a projection device which uses an aofdyinary tilting micromirrors to
reflect pixels to a screen or surface. These nartitirin a way to generate an on/off
pixel to a final projected image. In conjunctionttwa color wheel and via fast
switching, colorized and moving images are progaiato a screen after reflecting
from this dynamic pixel array through focusing opti This technology has been
used for everything from consumer electronics digpl69] to complex 3D maskless

lithography tools [70] and benefits from its veinple operational principle.
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Figure 2.5 Texas Instruments DMD[40].
Scanning micromirrors are used to scan laser beamssurfaces for either

display [71-73] or imaging technologies [44]. Taekevices typically utilize resonant
structures in order to achieve high raster speeds large mirror displacements.
Biomedical applications are often targeted withsthsingle scanning mirrors due to
their small size and low power consumption, makimgm ideal for endoscopic and

in-vivo imaging applications [74].

Although these devices have a number of applicatiand have seen
commercial success, the eventual integration ofseheevices with external
components can be difficult due to their out-ofq@aperation. Intricate and custom
packages are needed to fully implement real-wontdn®les of these devices,
particularly those intended for communications agpions. This increase in
packaging complexity increases future cost, deeeasulti-device integration, and

ultimately limits deployment possibilities.

2.1.2 Guided optical MEMS

Due to their out-of-plane operation, free-spacecaptMEMS do not lend

themselves toward the integration of multiple comgris onto a single substrate

15



without extraneous post-processing (something winab proven to be a critical

driver for the success of the IC industry). Utilg a guided-optics architecture
provides more control over light routing on chipdaopens up a number of additional
technological applications such as refractive indgexsing, and nonlinear optics.
Free-space optical MEMS often experience less alpkiss than the guided optical
MEMS devices. This is due to the reduced surfaeegliness of planar surfaces
compared to that of etched sidewalls or waveguiderost guided optical MEMS,

which cause scattering losses. High throughputmiidtiple optical channels can be
limited with guided optics due to the limited opts for reconfiguring optical

pathways and the wavelength dependent optical digpe When considering these
technologies from a systems integration perspedimgever, these drawbacks are
offset by the fact that in-plane guided optics @asier to combine with other optical
elements, and allow for more control over the mgif light signals since their paths
are lithographically defined, rather than strailyné propagation. This approach
therefore leads to the potential for high levelsndégration [75] due to this in-plane

optical propagation which is easier to package witier components.

For communications applications, a large majorify waveguide optical
MEMS are optical switch implementations. The basutch architectures consists of
an actuated moving waveguide or fiber cantilevercvttouples light from an input
port into several output ports via the waveguidevemoent. Coupling between
waveguides is usually achieved via butt coupledilemer-like devices [26, 76-81] or

evanescently coupled parallel waveguides and o&senant structures [82-87].
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There have been a number of high throughput swstatenstructed and
proposed using guided optical MEMS switches, bu ¢ insertion losses, most
require complex solutions like index matching flitb allow for off and on-chip
coupling. For example, Ollieet al [80] demonstrated seven 1x2 switches which
have been cascaded into a 1x8 optical switch. ifi$ertion loss of this device was
measured to be 1.5 dB, and was achieved only adiag index matching fluid in the
gap region over which the light was traveling iadrspace. Other examples ofnlx
optical waveguide switches are present in the fdldptical MEMS [38, 57, 81, 88-
90]; relevant examples of two of these devicesstw@vn in Figure 2.6 and Figure
2.7. These two examples are particularly importbetause they utilize I111-V
compound semiconductors in their construction, Whidll be discussed in the next

section.

Figure 2.6 Example of waveguide swithes in Clslmffgl]
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Figure 2.7 A waveguide switch fabricated in InP][26

2.1.3 1lI-V optical MEMS

Integration of components is a common theme in thesign and
implementation of optical MEMS, as it was in statdMEMS technologies, and
serves as the driving force behind much of thearefedevelopment. The integration
of optical components is often not as straightfodhas the integration of electronic
counterparts. Optical components often requireasety of different materials,
interconnects, and strict alignment tolerances wimcreases the complexity of this
task. Monolithic integration, which has been destmted repeatedly in MEMS [92-
95], is even more difficult to achieve. Optical M5 devices fabricated from IlI-V
direct-bandgap semiconductors have the distinchmiage to allow for both passive
and active optoelectronics within a single substraany optical components rely
on physically cleaved crystal planes to createcaptguality reflectors and facets;
promoting multi-chip integration solutions rathbah a single chip. With improved
fabrication methods and materials, systems canohstcted without the need for

18



cleaving and aligning multiple chips; creating neassibilities for monolithic

fabrication of optical MEMS systems.

l1I-V materials for MEMS and optical MEMS have beparsued due to the
control over specific material properties (stresandgap, lattice constant) when
performing epitaxy of the compound semiconductomipling for the development
of mechanical and active optical elements withia §ame substrate. Additionally,
etch selectivity is easily achieved between diffiér@ompositions of lattice matched
materials allowing for the development of etch stogacrificial layers, and single
crystal device layers. These properties are madsilple through the growth of
single-crystal substrates by way of molecular begpitaxy (MBE) and metalorganic
vapor phase epitaxy (MOVPE). Examples of matertht can be grown with
varying bandgaps and lattice constants is illusttan Figure 2.8. While there have
been a many MEMS devices developed in these lll-Atemal systems which take
advantage of the piezoelectric properties [96-983h electron mobility [100], or
thermoelectric properties [101], the majority ofaexles take advantage of the

configurable optical properties of these materials
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Figure 2.8Diagram showing the relationship between mateoaigosition, lattice
constant, and bandgap for some commc¢V compound semiconductg[102].

A large number of I-V semiconductor compounds are di-bandgap
materials, making them suitable for the generatiamd detection of light
Furthermore these devices can be grown with vai@bindgaps and compositic
with the same lattice constant (Figure 2.8, providing for optical, mechanical, a

chemical tunability. Various devices can be credig growth of these materie

The devices shown iFigure 2.6 and Figure 21itilize the wet etch selectivit
in order to fabricate suspended structures critfoal optical MEMS devices by
growing etch selective layers between a bottom tsaiessand top waveguiclayer.
Bakkeet aland utilizeGaAs/AlGaAs[79] while Pruessnegt alandInP/InGaAs[26].
For eachof these examples and others as vthe InP and GaAs layers are grown
the top of a single crystisacrificial layer which is removed to facéte suspende

structures [103, 104] Pruessneet al has created other devices such as evane
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couplers using a similar material system [30]. HHigality, low loss, single crystal
waveguides are created in this architecture byzimg atomically smooth, lattice

matched sacrificial layers.

Chemical etching selectivity, tight thickness cohtand atomic-level surface
roughness is exploited in the fabrication of ogtititiers and distributed Bragg
reflectors (DBR). Tunable filters utilizing FabBerot cavities have been widely
implemented [103, 105-109]. Fabry-Perot filtere aonstructed in this architecture
with distributed Bragg reflector (DBR) mirrors ihet plane of the substrate in order to
take advantage of the atomic smoothness and thiedigtrol over layer thicknesses
inherent in epitaxy. A sacrificial material can (p@wn between subsequent single-
crystal semiconductor slabs, which allow for theation of air cavities to facilitate
DBRs and Fabry-Perot cavities. Irnedral [106] demonstrates an example of one of
these devices (Figure 2.9), and illustrates theewuhability of these moveable mirror

devices (142 nm).
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2.1.4 1lI-V integrated photodetectors

l1I-V semiconductors are traditionally used for olectronics applications
due to their direct bandgap and high electron nitasl Particularly, highly sensitive
photodiodes are one of the many conventional agipbics of these materials. They
are ideally suited for these devices because otdimérol over the material’s direct
bandgap, allowing for heterostructures with diffigribandgaps to be grown in

tandem, enhancing device applications.

Planar silicon photodetectors located at the sartdca substrate suffer from
limited absorption volumes and only capture a foacbf the incident photon flux, as
the depletion region created in this type of geoyes small. Buried diode
configurations, which have larger depletion regidmneath the surface of the
semiconductor, experience reduced incident flux @uthe slight absorption in the
top semiconductor layers before reaching the depleegion where recombination
occurs. 1lI-V semiconductors along with epitaxgabwth allow for semiconductor
regions with varying bandgaps and indices of réiloac This sort of control over the
semiconductor properties allows one to make theséwpiconductor layers of a planar
photodiode to be transparent to the incident ramhiatwhile maintaining absorption
properties in some of the underlying material. df@structure surface illuminated

PIN diodes are made in this configuration.

A major bandwidth limiting factor in normal incidem illuminated PIN
photodiodes (see Figure 2.10) is the transit timethe photogenerated carriers
through the intrinsically doped photon absorptiegion and to thé> andN doped
sides of the diode. Reducing the thickness of ahsorption layer will clearly
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decrease the time of transit from theto the n type regions, but simultaneously
reduces the absorption crossection encounteretidmming radiation, reducing the
responsivity of the photodiode. This raises arctiaadvantage to obtaining high

bandwidth and high quantum efficiency simultanep(s10, 111].

“Side illuminated” waveguide PIN photodiodes (seguFe 2.10) were
introduced to combat this undesirable tradeoff leetw bandwidth and quantum
efficiency [112]. By using a waveguide with an erlging absorption region as a
portion of the cladding, the transit time across &bsorbing region is controlled only
by the thickness of the absorbing region, and ts®mption length of the photodiode
is directly controlled by the length of the photmaie. This provides a way to increase
bandwidth and quantum efficiency nearly independi@m each other. A number of
diodes have been demonstrated with bandwidths éessxof 100 GHz by using this
photodetector configuration [110, 111, 113, 1144 aven higher bandwidths by
using a traveling wave electrode configuration whéxploit a distributed electrode
configuration that supports traveling electricalves impedance matched to the
external measurement circuit [115, 116]. For tippliaation intended, a side
illuminated waveguide photodiode configuration is @eal choice for in-plane
integrated optical devices for the ease of aligrinaex coupling with other on-chip
optical elements. Additionally, the frequency rasge of the device will not be a

limitation as the operational frequencies are npeeted to exceed 1GHz.
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Figure 2.10 lllustration of differences betweertandard surface illuminated
photodiode and a side-illuminated PIN waveguidegrated photodiode.
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2.1.5 1lI-V systems integration

The driving force behind the use of IlI-V semiconthr materials is the
ability to create light generating materials in mttion with absorbing and passive
materials, all within a single substrate [117]. iSTimtegration has been particularly
fueled by the communications industry which loaksnhprovements by reducing the
number of separate components in an optical comeatians device, and ultimately,

transitioning toward all-optical systems.

A critical component in the development of integthisystems such as the
devices described in this proposal is the integnatf optical gain regions (lasers)
with waveguiding structures. A large body of waskpresent with a number of
approaches to accomplish this task. There arevdeuof methods used to integrate
active and passive electronics, the most commohadstare simple vertically offset

structures, regrowth structures, and quantum wadrmixing (QWI) [118].

Vertically offset structures are devices built upsimple layer-by-layer
construction, where quantum wells or other actiggions are grown on top of
passive waveguiding regions. The active portiotheflayer structure is masked with
a hard mask layer and then is selectively removech fthe top of the intended
passive regions through etching. This allows far simultaneous creation of gain
regions as well as passive regions in a singletetbsgrowth. With this method one
can integrate components in a simple way, requithegy least infrastructure and
processing tools [118, 119]. These devices oftéfes from the reduced optical
mode overlap between the quantum well regions Ardwiaveguide regions since
they are physically separated from each other [12QJne can utilize a tapered
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waveguide geometry to create passive active resamipling (PARC) structures
that significantly increase the coupling betweertigally integrated waveguides and
layers as demonstrated by Vusirikala [121] and Dagget al.[122] as well as others
[123, 124] Another method used to achieve improved mode qvental performance
is the regrowth of waveguide regions [117, 125-1Z#is is performed after the
removal of the QW’s and additional etching stepkhis method will increase the
modal overlap between the waveguide and the QWomegibut induce some
unwanted reflections from finite index differenclestween growths [120]. More
importantly, regrowth requires very precise contoblgrowth parameters and the
cleanliness of surfaces to have low-defect epitdaigers grown on the processed

samples.

QWI is another method used to fabricate both actimd passive devices
within a single growth. This method works by imtuging impurities in the bulk of
the QW epitaxial growth in selective areas, anad thenealing the wafer to cause the
QW'’s in the impurity laced areas to diffuse, chaggthe bandgap of these regions
and causing them to be transparent at the actiwelaagth [118, 120, 128]. This
creates regions of varying bandgap without theieixpleed for re-growth or removal
of material, allowing for the QW’s to be directlg the center of the passive and
active waveguide sections, maximizing modal gaWhile this technique is very
effective at creating complex designs with reducptical coupling mismatch [120],
it often will require the use of lon implantatiorday irradiation and masking [128,
129] to perform. Depending on the method used,esadditional layers must be

grown on the top of the waveguide and QW regionzrtdect them from ion damage
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during implantation. This layer will typically néego be removed, and thus there is

still an additional etching step needed to finatize devices.

For this system, maximum optical gain, single mogeration and efficiency
are not the primary goals in the design of therlaseirce. Therefore, the vertically
offset QW design is implemented. The ease of éabion, no need for regrowth, the
least amount of specialized equipment required ifigrlantation beam lines), and the
ability to increase optical coupling by incorpongti PARC structures into the
waveguide/laser/photodiode design make this tecienipe most attractive for the
proposed devices with respect to the complexityireq for a more simplistic non-

communications application.

Sensors

This section reviews related work to establish bfaekground knowledge
related to these sensor devices. Examples of ivadlt sensors, MEMS sensors,

cantilever microbalance sensors, and optical reaaethods will be discussed.

2.1.6 Non-MEMS chemical sensors

There are a number of existing chemical sensorbowit micromechanical
structures, using capacitive [130], resistive [134]lk resonance [132], and optical
methods [133] to transduce a chemical responseantigeable signal [134]. The
performance of these sensors is often limited bgelaequired device sizes, power
consumption, and supporting measurement equipmdnthwcan hamper mass

production, large-scale integration, and portapilit
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Capacitive and resistive chemical sensors have deesloped extensively in
the past to detect chemicals in both gaseous gnetllforms [3, 4, 130, 134-138].
These types of sensors are generally comprised déwice which changes its
capacitance or resistance due to a chemical readroenvironmental change.
Demonstrations of ppb (parts per billion) sendii@a are common with these sensors
[134, 139]. The sensitivity achieved with thesessgs varies greatly based upon the
materials and interrogation methods. Fabricatiam lbe as simple as depositing an
absorptive polymer on a set of microfabricated tebeles, however in many cases
this is not compatible with standard microfabriocatitechniques. Furthermore, to
provide for large changes in resistance or capamtadevices are required to be
large. Arraying a large number of sensors becomere difficult with these two
factors, particularly when looking at mass producti The sensitivity to humidity

can also be troublesome in real-world deployment.

Surface acoustic wave (SAW) resonator sensors [13P] measure the
resonant frequency changes of a surface/bulk résiodae to surface absorption of
the target chemical analytes. Most SAWs are vensitive due to high resonator
guality factors and can be easier to fabricateesihey use established fabrication
techniques, however the absorption layers usedypreally polymers which cannot
be easily integrated into semiconductor fabricati®mchniques. The primary
drawback of using SAWSs lies in the difficulty oftegrating them into multi-
functional system. Single-chip arrays are diffidol realize due to the necessary size

restraints of a SAW device, and the potential ¢dedkdetween nearby adjacent SAW
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resonators on the same substrate. This can caobéems when attempting to

perform multiple chemical recognition studies asirggle-chip sensor.

Optical sensors function differently in that theyasure index of refraction
changes, and in some cases molecular fluoresctrategccur due to chemical or gas
exposure. Examples of discrete microfabricatedegaide devices, or even more
simply, modified optical fibers are common repreéagans of optics-based chemical
sensors . These devices can be very sensitivetdogat analyte but are also very
sensitive to index of refraction and temperatureanges in the surrounding
environment. A significant drawback to a majontiythese devices is the need for
additional sample preparation or labeling in ortteluse the sensors. Many of the
commercial and academic examples of these serequige large external equipment
such as lasers, spectrum analyzers, and photooletddi43-147] which can be a

hindrance to sensor deployment.

2.1.7 Micromechanical resonator sensors

In contrast to traditional designs, MEMS utilizingechanical microstructures
such as micromachined cantilevers provide promisiagsor solutions which are
small, scalable, low power, and due to these factdtimately portable. The ability
to mass produce and to control and tailor devicehaeical properties of such
sensors provides an advantage over some of thenaéotioned non-mechanical

approaches.

First demonstrations by Nathanson and Howe [14&] 1#ing resonant

microbridges for filtering and vapor sensing shovsedhe initial demonstrations of
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these MEMS sensors. MEMS resonant beam and oasttileensing has since
become a well-established method to detect varamaytes in an environment.
Many of these devices have the advantage of penfgrrdetection via label-free

methods [133, 150] which can make sample detechod monitoring more

streamlined. Being built upon the backbone of aBrication technologies, they are
easier to fabricate in arrays in order to faciitatnultiple sensing operations
simultaneously. Examples of MEMS resonant senisave reported detection of the
attachment of single cells [151], DNA, viruses [LL5hd even attogram-level masses

[153].

The most common examples of high sensitivity MEMSonator sensors have
been demonstrated while in a vacuum environmetiteraghan ambient, which can be
a disadvantage when compared to other sensing dwtgies. Operation of these
resonators in ambient environments or liquids presaicreased viscous dampening
which reduces resonator quality factor making itrendifficult to measure resonant
frequency changes. While dampening due to ambieran reduce the sensitivity of
the resonator, there have been a large number aih@es of micromechanical
resonators achieving sufficient sensitivities foeit intended applications [154-157].
An external feedback loop can be used in this baseever to increase measurement

resolution and artificially “increase” the qualfigctor of the resonator.

2.1.8 Cantilever readout

Traditionally, the most sensitive cantilever redonaensors mentioned above
have been measured using external optical metht83, [152, 158, 159]. High

displacement resolution allows for lower voltagesamant operation in
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electrostatically actuated systems and even thesilphty of ambient thermal
excitation of resonant cantilevers if the qualiactbrs are high enough. The most
common measurement technique is similar to thatleyed in atomic force
microscopy (AFM) where a laser is reflected off tbantilever surface onto a
segmented position sensitive detector (PSD) [1%¥4cillations of the cantilever can
be measured through the reflected beam angle ag@nguminating different parts
of the segmented photodetector. Other optical nistheuch as interferometry [160],
are used to achieve ultra-sensitive displacemesatiugon; however, like traditional
AFM techniques, they generally require costly anakrgé equipment and
infrastructure.  Other more compact methods, sueh p#&zoelectric [161],
piezoresistive [162], and capacitive [155] readanat also used to measure cantilever
response; however, they do not offer the samedesfehigh displacement sensitivity
and relative electrical noise immunity that optioathods can exhibit [133] despite

their smaller form factor and required infrastruetu

A significant drawback in using optical readout hoets such as the typical
AFM technique lies in the large free-space optiwamponents (lasers, alignment
mirrors, etc.) required, which limit the deploymeritthese sensors to laboratory use
rather than to more portable systems. Furthernadignment tolerance and accuracy
for these methods can be very stringent, as fogusitaser beam onto a microscale
device is difficult. Due to these alignment chafles, cantilever device sizes are
constrained to designs that are large enough aavdlie beam to be focused onto the
surface, potentially decreasing the sensor seitgitimd increasing device footprint.

In these systems, obtaining high displacement wésol component vibration
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isolation, and photodetector and sample thermailgtabecome more critical due to
the increased numbers of degrees of freedom intextiby components involved in

the measurement setup [163].

One optics-based approach used to address thesesiss a cantilever
displacement readout scheme which relies on theéatiar of optical coupling
between two waveguides, shown conceptually in thgrdm Figure 2.11. An input
waveguide directs light through a section of a wanege that is separated and
released from the substrate. This free end isvallibto then vibrate under excitation,
ambient thermal or external actuation. As the iamr waveguide oscillates, it
misaligns with a fixed output waveguide, modulatihg optical power coupled from
the cantilever end of the waveguide into the fixedput waveguide. This output
waveguide then guides the light to a photodiodentmsure the change in optical

coupling due to the cantilever’'s movement.

No Voltage

Electrode Air Gap Photodetector

I:)in J_| ﬁ:rli Pout.
— —
TJ Cantilever/

Apply Voltage

! Electrode Photodetector
Pin /’\T |:ll‘\—‘——: Pout .
e — N

Figure 2.11 Cantilever waveguide principle of opera

This measurement of optical coupling due to cangile motion
(misalignment) provides for a very sensitive displaent measurement, with

reported resolutions comparable to traditional gmsisensitive detector (PSD) /
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reflection readout systems (~20 frgz) [163]. The alignment tolerances of any
external components, complexity of the readoutesystand amount of external
equipment required are reduced by using this methblis concept has been used
with silicon dioxide SiQ cantilever waveguides for vibration measurememtiigh
EM-interference background environments which etedct sensors were otherwise
ill suited for [164] and as a replacement for ttiathal reflective AFM cantilevers in
force and topography measurements [163]. The usalloin-plane optical
components also increases the potential for siclgiie-integration of components
since out of plane; off-chip coupling of light isothneeded to perform the

measurement of the cantilever.

This work will take this readout concept one stepthfer toward a fully
integrated sensor system. Through the use of Idikéct bandgap compound
semiconductors, such as InP, the active optical poorants (light sources and
detectors) needed for this readout scheme can bwlitihocally integrated into a
single substrate. This system-on-a-chip methogdoldl take advantage of this
readout method’s simplicity and sensitivity andizgi the material flexibility that 111-
V semiconductors provide in order to combine aldipns into one device and

produce a more portable sensor system.
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3 Theory & Design

This section covers the conceptual and theoretieaign of the individual
components and their integration into a completssesystem.

System design overview

The complete system design has been introducednsdioally in Figure 1.1;
the figure is reproduced in this section as Figdifefor convenience. A simplified
version of the final layer structure is shown igdie 3.2, detailing the crossection of

the device schematic and the location of each desamponent in the layer stack.

A
Cantilever coupling gap
Etched laser facet

Cleaved laser facet

Photodetector

Waveguide-coupled

Cantilever waveguide resonator,
laser source

| —

Section A-A
DMetal contact DSacrificial layer .Substrate

DWaveguide .Laser region
Figure 3.1. 3-D schematic of sensor system withuged Cross-sectional

representation.
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Degenerately doped contact layein, s5Ga +AS-pu |

Laser cladding layerg-InP ——e - 2.9um Laser source
Strained quantum wells (10X4)InGaAsP

InP waveguide n-In oGa, ;P —e — 2.0um Waveguide
Sacrificial layer and photodiode absorbém , 5 Ga, ,AS —*

Degenerately doped bottom contact layén, ;{Ga, ,/AS
Substratesemi insulating-InP

Figure 3.2. More detailed representation of layercsure cross-section.

L Photodiode/
220N o erificial layer

The Indium phosphide (InP) material system is chosere for this
integration scheme as a matter of convenience t@m@up’s previous work [26, 28,
30, 32, 165]. A large amount of test equipment dadice fabrication recipes and
procedures have also been acquired and developaspbfical wavelengths of 1.55
pm, making this material system ideal for our psgs This does not, however,
restrict the extension of this design to using othieV semiconductors. The design
follows a vertically offset integration scheme waer to integrate the laser source, the
waveguide, and the photodiode into one epitaxiaitjnt. The three components in
the above diagram will be summarized in this suttiee, with more details in

following sections:

Quantum well laser source

The quantum well laser source is designed to e@nvelengths in the range of
1.55 um, below the bandgap energy of the InGaAsRequary alloy that is used for
the passive waveguiding regions. The gain regiothie laser diode consists of ten

strained quantum wells that are clad by lower inderfinement structures. An
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operating wavelength of 1.55 um is chosen out ofveaience and in accordance
with previously demonstrated laser designs thatehbeen utilized for similar

material compositions [122, 166]. The laser caistgefined by a cleaved facet and
an etched facet, with the etched facet couplinigt lig the suspended waveguides and

photodiodes as indicated in Figure 3.1.

Cantilever waveguide resonator sensor

The cantilever waveguide resonator sensor is imnth function as a
standard cantilever mass sensor [133, 159, 167, IMd8asurement of the cantilever
resonator will be performed with an optical wavelgureadout principle introduced
previously in section 2.1.8. This scheme utilisespended, moveable waveguides
that become misaligned during the resonator movemehis misalignment causes a
change in the optical coupling across a gap inmtheeguide (see Figure 3.1) and is
used as a means to directly measure cantileveladepent. This provides a method

for measuring cantilever resonant behavior.

Waveguide integrated PIN photodiode

The output of the fixed waveguide will be measubgda waveguide PIN
photodiode integrated directly below the passivevegaiding region (cantilever
waveguide region). The optical absorption layelt ¢ provided by a multi-layer
InGaAsP - InGaAs sacrificial layer beneath the vganee layer. lpsdGa 47AS, the
composition lattice matched to InP has a bandgap.®4 eV, making the band
absorption edge lie at approximately 1675 nm ardvibe This makes IfssGay 47/AS

an ideal material to absorb radiation at 1.55 pBy.growing the sacrificial layer as
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undoped intrinsic materiaR andN rich materials can be placed above and below in

order to create a PIN waveguide photodiode [169].

Epitaxial layer structure growth

In order to facilitate all of these functions mattatally, they were
implemented in a lattice matched epitaxial gronginfgrmed in-house at the LPS by
Dr. Christopher Richardson and Laura Clinger. Blddlisting the entirety of the
layer structure growth is presented in Table 3.%pecification of each layer’'s
function in this stack is also presented here, gdate the overall system purpose of
sections of this layer growth (along the left sidBue to the relatively high thickness
(7.1 um) and strain variations throughout the laydhnis final layer structure is a
result of multiple growth iterations, the last bgithe only growth with high enough
quality to be used for device fabrication. Throogh this section, ternary and
quaternary layer compositions (InGaAs and InGaAai)all assumed to be grown
with lattice matched compositions {k¥Ga 47As and In..GaAsyPi.y alloys) unless
otherwise noted and will be referred to without endtactions for brevity and

convenience.
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Table 3.1 Layer structure specification for engjrewth, color coded for system-wide

function (adapted from [166])

Lower SCH
Dopant Transition-contact

Waveguide

Waveguide

i-Ga0.175In0.825As0.38P0.62

n-Inp

n-Ga0.05In0.95P

3.1.1 Band structure

1500
5000

20000

undoped
n=8el7

n=1lel7

Description Composition Thickness (A) D¢pant Con?:gr’:i?a?tion Repeat | Layer Number
Contact p-Ga0.47In0.53As 2000 Be p=1e19 36
Cladding Il p-InP 6000 Be p=2e18 35
Cladding Il p-InP 4000 Be p=9e17 34
Cladding | p-InP 2000 Be p=3el7 33
Etch stop p-Ga0.175In0.825As0.38P0.62 1000 Be p=3e17 32
Dopant Transisiton p-InP 1000 Be p=3el7 31
5 p-spacer i-InP 500 undoped 30
E Upper SCH i-Ga0.175In0.825As0.38P0.62 1500 undoped 29

Sacrificial cladding i-Ga0.175In0.825As0.38P0.62 3750 undoped 5
% Sacrificial /aborbing layer i-Ga0.47In0.53As 2500 - undoped 4
K Sacrificial cladding i-Ga0.175In0.825As0.38P0.62 3750 - undoped 3
o Bottom contact p-Ga0.47In0.53As 6000 Be p=1el9 2
2
o

The band structure for these layers was calculatg a finite-difference
solving iterative routine developed by Dr. Chridtep Richardson at LPS. This
routine uses iterative numerical methods to oltaénsemiconductor band parameters
starting from the raw material properties of th@aepal layer structure. Specifically,
multivariate interpolation is used to determine fih@ial material properties of
arbitrary quaternary, ternary, and binary systenas empirical data available in
literature [170]. The band structure and the efééenaterial strain on splitting of the
valence bands is then determined via the k-p meti@ehntum effects are accounted
for in the quantum-well regions by solving Schrdayiris equation for the varying
potential distributions in the finite barrier/wedystem. Finally, screening potentials
are determined by relating electric potential te thcalized charge distribution and
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thus solving Poisson’s equation. This allows anealculate the equilibrium state of
the conduction and valence bands of the epitaxrakctsire. This code is able to
simulate arbitrary structures which may not havalwital solutions due to their
complexity, and thus is a powerful tool in the depenent of a layer structure for

many applications.

The plot shown below is the output from this pragraising the layer
structure parameters listed in Table 3.1. In e, the primary direct conduction
band is plotted, as well as the light and heavgha@lence bands. All energies are
presented in eV, with each being relative to therfréevel (0). Visible in this plot is
the expected light-heavy hole energy level spltivhich occurs in the quantum well
regions due to the material strain here, and iglewdn order to reduce auger
recombination and increase hole confinement. Thé¢ photodiode region also
appears as expected, with a linear transition bmtwihe P and N type contact
regions. The higher bandgap absorption layer ahgdid clearly seen in this plot as
well. Regions of contact (left and right extrengjow a Fermi level above the
conduction band, which is expected for degeneratilged contact layers. For
convenience the calculated band gap throughouernhiee structure has been plotted

separately. The complete band diagram is presemtéidure 3.3.
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Figure 3.3. Top: Bandgap throughout structure.t@ot Band diagrams of entire
layer structure showing the Fermi level throughtwetstructure. Regions of interest
are identified with labels.
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3.1.2 Initial layer structure considerations

While it is true that a very large number of opticalices can be generated
using the InGaAsP quaternary system, there is atakion to the range of
compositions that can be grown in a stable solidtem due to a phenomena known
as spinodal decomposition [171]. Spinodal decoripos is characterized in
InGaAsP by the formation of InP and GaAs rich regiinstead of a homogeneous
solid solution. This limits the largest index oéfraction to be 3.206 for a
composition of 19.s3145a .1868AS0.4050.5041 With the effective index of the quantum
wells being about 3.35; this creates a large discoity in the index profile with
respect to the InP (n~3.1) waveguide core whiclrem®es confinement in the
guantum wells. Initially a graded index wavegusifieme was pursued in order to
better coupling into the underlying waveguide, hegredue to material growth
difficulties, a simpler single-material compositiomithin the limits of spinodal

composition was implemented for this application.

Integrated laser source

The design of the Quantum well structure will fellahe design laid out by
Dagenais, Han, Saini, and Vusirikatal [121, 122, 172-174] here at the University
of Maryland and the Laboratory for Physical Scien@ePS). Final refinements to
the shown layer structure were performed by Rick@met al at LPS [166]. This
well established design serves to provide an dpgigia region that will be integrated
onto the top of our waveguiding layer to create ldsger cavity. The aim is to

eliminate a number of the variables in the desgyncessing, and integration of this
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laser with the additional structures (cantileveveguides, PIN photodiodes, etc.) in

the system.

This laser is a separate confined heterostruc&@H] multiple quantum well
(20 wells) (MQW) InP-InGaAsP laser diode. The tigkly thick SCH layers are
used to better confine the optical mode in the MQ@®ive region where light
amplification occurs and increase the modal galihe quantum wells are designed
with a bandgap of 0.765 eV, corresponding with aselength of 1.62 um. The
design is optimized to have maximum gain at appnately 1.55 pm in
correspondence with the most commonly used comratiois wavelength.
Literature also reports a comparable layer desigichwwas used on the top of a
passive waveguide layer, similar to the intendegbliegtion [121-124], which

reinforces the offset laser/waveguide/photodiodeste utilized for these devices.

3.1.3 Laser diode design and layout

The indicated top section of the layer structur&igure 3.2 contains contact,
guantum well, and cladding layers for the ridge tiplé quantum well laser. The
design of the laser regions follows a standarddalucontact electrically pumped ridge
laser diode with a cleaved facet and an etched faceing the laser cavity. The
ridge depth is designed to be approximately 1.2 geep, but is not a critical
dimension in the final device structure, and ndedsnly be less than the depth of the
guantum wells. Quantum wells are removed from radloilne ridge region allowing
for topsiden-type contacts to be realized. Al$i passivation coating of 7000-2000
A is utilized to reduce surface current leakagevalt as serve as electrical isolation

for the ridgep-type contact (see Figure 3.4). Each laser hased fidge width of 3
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um wide, intended to provide current and opticabfcement, but still allow for
lithography atop the ridge to realize thaype contact; smaller than 3 um becomes
difficult to assure resolved patterns and goodnatignt. The 30 um wide quantum
well region is established to provide a via to esgothe topside-contact for the laser
diode and minimize coupling of the guided laser emadth an etched sidewall.
Having an etched surface in close proximity to ¢fa@n region can cause current
leakage due to surface recombination, and any nfaughness from the etching
process will cause optical scattering. This atsoaves the optical gain region from
the remainder of die where there is no optical g&eded such as the waveguide and
photodetector region. Mirror facets for the ogtiavity are formed via a mechanical
cleave and an etched facet (see Figure 3.4). {théng step for the facet also serves
as a >7.1 um deep electrically isolating trench s@rounds the laser structure (and
photodiode/cantilever) and completely cuts throtigg epitaxially grown structure
into the semi-insulating substrate. This etch oy establishes the facet, it creates
the coupling gap between the laser and the susdemaeeguides that are coupled to
the cantilever resonator and photodiode. Threer laavity lengths were designed

and fabricated: 500, 1000, and 1500 pm.
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Figure 3.4 Laser crossection (top) and top-downkntegout (bottom) with fixed
dimensions specified.
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Waveguides

This section details all of the waveguiding compugeincluded in this
integrated design, covering the theory and desifjrthe suspended waveguide
structures, and the cantilever waveguide resonatofs final design layout is

presented showing device dimensions and imporéattifes of the structure.

3.1.4 Waveguide strain

Of note in this layer structure is the strained egiding layer. The
waveguiding layer is chosen to be composed of samigctor as close to InP as
possible in order to be lattice matched and alsmsprarent to the emission
wavelength. These also serve as suspended meghatrigctures and need to be
designed with tensile strain introduced into ibnder to prevent buckling of doubly-
clamped waveguide sections [28]. A straightforwarady to increase the tensile
strain in the waveguiding layer is to change theemi@ composition to reduce the
lattice constant and create tensile strain in #iyer. An equation relating the lattice
constant ) and the mole fractiong,andy, in In,.xGaAs,P..y is expressed as [175]:

a ~ 5.8688 — 0.4176 - x + 0.1896 - y + 0.0125 - xy (3-1)

Additionally, the lattice mismatcli, of a grown epitaxial layer upon the

underlying substrate is defined as [176]:

_ as — af
f= o (3-2)

Whereas is the substrate lattice constant amds the lattice constant of the

grown film. With very small lattice mismatchlf|(11%), the growth in question can
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be assumed to be pseudomorphic and grow defectyitbethis new lattice constant

[176], exhibiting in-plan strain equal to the lagimismatch.

It is clear from (3-1) that setting=0 and introducing a positive value xfthe
lattice constant will shrink to a smaller valuerthatrinsic InP, establishing this layer
as tensile strained compared to the InP-latticecheat material beneath. A very
small amount of tensile strain is actually requifed the suspended waveguide
structures, and thus a very small perturbatiorhef Ga-concentration is needed. A
minimal value of x, 0.05 is introduced, yielding -36% in-plane tensile strain in this
layer, sufficient for these structures. This sigmritical in the realization of free
standing waveguides as illustrated in Figure 3lpwing the effect of both

compressive and tensile strain on the final suspesttuctures.

SR W A
A~ <

74 . »

| ]

’Figure 3.5. Left: Released waileguide structuregappuckled due to compressive
stress. Right: tensile stress allows for fully srsged intact waveguide structures
after release, as can be seen in this doubly cldwa&eguide suspension.

3.1.5 Free carrier absorption

Doping concentrations and the optical propertiesthaf layers within the
structure must be considered in order to estallisieoffs between free-carrier

absorption and low device resistance in the comdgets.
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The bottom contact layer for the laser structuagdt #6 as seen in Table 3.1)
serves the purpose of a voltage contact for ther Istsucture, and therefore is usually
doped highly so as to keep the resistance low entdital structure reducing joule
heating. In our design, this structure will haveskatively large portion of the optical
mode propagating through it as it is the upperiporof the underlying waveguide
region. Free carrier absorption due to the higbirtpof this layer can be a problem,
and needs to be considered in this case. A geeguation which describes free
carrier absorption in semiconductors is shown ma¢ign (3-3) below (in MKS units)
[177]:

q3AZ.5n

_ 3-3
* 4m2e,c3nm*2u (3-3)

where) = wavelengthn = density of free carriers, = refractive indexm = effective
mass, angh = mobility. Additional experiments have also smosvlinear dependence
in the absorption coefficient (in ¢hon doping concentration (at 1.55 pm), yielding

the empirical equation (3-4) [178]:

a=75x10720)25 (3-4)

Each of these functions were plotted to establislagproximate range over

which the free carrier absorption can be estiméiedur intended doping level.
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Figure 3.6. Absorption versus doping concentratimmparing the empirical formula
with theoretical calculations.

It is noted that in these calculations the enti@veguide is assumed to be
homogeneous. The doping concentration is chosenr@diag to both the sheet
resistance and absorption values to effectivelyimize each parameter’'s negative
impact on the final device performance. Figureshéws that in the range of doping
concentrations at 8x10 absorption losses are expected to be in the rahfel-0.3
dB-cm?, and in this case, the InP sheet resistance itaper will be approximately
70 mQ/o. Since very little current is expected to paseulgh the capacitive actuation
scheme of the cantilever waveguide structures lamdantact area along the length of
the laser diode ridge is large, this resistancebleas perceived to be at an acceptable
level. Choosing these values attempts to minirtiieetwo factors, sheet resistance

and free carrier absorption in such a way to prevalatively low loss and relatively
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low resistance simultaneously. It is difficult tdetermine these values to absolute
certainty via theoretical means as they depend anynother unknown factors such
as film quality, exact doping density, system gewyeand the results of device

processing.

3.1.6 Cantilever waveguides

3.1.6.1Principle of operation

The cantilever sensor platform presented here tggelmsed upon the optical
misalignment principle discussed previously in ®ect2.1.8. In addition to this
readout mechanism, these devices are designedeinn IlI-V semiconductor
material system to take advantage of the matdgalbility and ultimate monolithic
integration. The devices presented here aim tdbawerthe advantages of integrated
optical components with this highly sensitive restdonechanism. This section
presents background on the specifics of the Inflleaer waveguide resonator which
was studied for this dissertation. A schematithefdevice and operation is shown in

Figure 3.7.
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Figure 3.7 Schematic of device components. Ingedratgional principle of the

readout mechanism.
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3.1.6.2Electrostatic Actuation Modeling

The design of the cantilever waveguides concermactipal considerations of

electrostatic actuation, such as the pull-in vatagf the cantilever and the maximum

voltages to be applied the electrodes to actuaealévice. This will fundamentally

limit the stiffness of the cantilever to valuestthow the cantilever to be actuated at

this maximum voltage.

Static displacements due to this applied voltageevealculated assuming a

uniform electrode and small displacements whileiassg the parallel plate capacitor
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model. Previous experiments using this materigledastructure identified a
maximum voltage of 26V which could be applied te thP layer structure before

breakdown occurred. This was used as an upperddoumactuation voltage.

it
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y

Figure 3.8 Diagram illustrating parameters relevarthe derivation using the Euler
beam equation.

Solving the Euler beam equation (referring to FegB18):

4
g1 990 _p

dx* (3-5)

whereE is the Young’s Modulus of the materid(x) is the displacement of the beam
along thex direction, P is the electrostatic force acting in tiaedirection for small

displacements (not a functionbr y), defined as:

7 L (3-6)

wheret is the cantilever thicknesy,is the applied DC voltage between the electrode
and cantileverg, is the permittivity of free space, aigds the actuation gap of the

cantilever. | is the moment of inertia of a cantilever defined a
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— 1 3
| —EtW (3_7)

with t as the cantilever thickness. Integrating equgeh), we obtain:

P
24El

d(x) = x* +C,x* +C,x* +C,x+C, (3-8)

with C,, G, G, G4 all constants. Due to clamped end conditigs C, = 0, since
d(0) = d’(0) = 0 for this case. The set of equations pertaironie¢ free end of the
cantilever are similad”(L) = d’(L) = 0. Differentiating Equation (3-8jvo and

three times respectively and usig L, gives the system of equations:

P

d"(L)zEL2+6C1L+C22=O (3-9)
n P
d (L)=EL+6C1=O (3-10)

which can be solved for boty andC,:

P
“ = em - (3-11)
- P 2
Co=2gb (3-12)

this result can then be used to express the deplact versug of the cantilever:

4 3 22
d(x):i(x__l_i_k L"x
2El 12 3 2

) (3-13)

The maximum displacement of the cantilever is #iewant design parameter,
calculated by evaluating the value wtx) at x = L, which will give the maximum
displacement of the beam:
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PL*

e

(3-14)

Plugging inP andl as in equations (3-&nd (3-7), we come to the final result
for maximum displacement:

3eVAL

d max — W (3-15)

Using this expression (Equation (3-1%) calculate maximum amplitudes for
a variety of widths and lengths of the cantileyersduces curves such as Figure 3.9.
After a displacement larger than the width of thatdever, the above assumptions no
longer hold, however these calculations were peréal to estimate the smallest
displacements of a cantilever with a given geomethych are well within these

limits.
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Figure 3.9 Plot of maximum displacement versustleod cantilever for a variety of
cantilever widths, with a cantilever thickness qira.

In addition to the amplitude, pull-in voltages aalculated for the same
lengths and widths of cantilevers. Pull-in is defi as the point at which the
electrostatic force applied to the cantilever overes the spring restoring force. This
causes instability, closing the gap between eldetand cantilever. Pull-in can cause

permanent stiction, a destructive process withdlievices.

The pull-in voltages are calculated using the malgsieloped by [179] which
accounts for cantilever bending, fringing fieldesffs, and a number of other third
order effects that change the cantilever pull-intage. This method is used to
determine appropriate actuation gaps and feasitsierssions for the cantilevers. The
simulation is performed for a range of widths, lgrsg and actuation gaps. These

calculations give an approximate maximum voltageteepull-in will occur. Figure
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3.10 illustrates the pull in voltages versus thegths of the cantilevers for an

actuation gap of 1 um and a number of cantilevethi

Pull in voltage versus length (1 unum gap)

30 — 0.6 pmwide
— 0.8 pmwide
25 - 1.0 pmwide
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O .
3 15
£
S 10 A
o
5 -
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Figure 3.10 Pull in voltage versus length for twiedent actuation gap widths.
3.1.6.3Coupled gap / free space propagation

Optical overlap integrals were calculated assunfrieg space Gaussian beam
propagation in the axiakwaveguide direction [180] in order to estimate ¢hange
in coupling due to cantilever waveguide displacetmeA diagram in Figure 3.11

shows relevant parameters for this derivation.
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Figure 3.11 Diagram showing relevant dimensionsfaatures for Gaussian beam
propagation calculations.

The Gaussian beam equation of intensity as a fomactix ory is shown in:

—2y?  —2x?
t(2)> qw(2)?

1(x,y,2) = (3-16)

w(2)t(2)x

with w(z) andt(z) the beam widths as a function of propagatioradist:

az
w(z) = W{“ ( ﬂwzj } (3-17)

with w andt the widths and thicknesses respectively. The nodelap from the

output facet to the input facet, T, is given by fibklowing [180]:

T= U.J- I output (X’ Ys gap)l input (X! Ys gap)dxdy‘2 (3-19)
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where z has been replaced with the gap lengthntalate the propagation over this
distance. From previous tests and projection ditaphy experience, the smallest
consistently resolvable feature size with the add photolithography equipment

has been found to be 0.6 um, therefore all calicunatuse 0.6 pm gap lengths.

Considering a standard photodetector, an estimat@about 5% optical
coupling change is the lower threshold for obseywaveguide movement through
the optical coupling loss. For the 0.6 pm widetibaver scenario, this corresponds to

approximately 200 nm of misalignment (see Figul3.

Due to this limitation, devices below 20 um longulkkbnot be measurable.
Regardless of this 200 nm “limit,” actuation at tesonant frequency can be as large
as the quality factor (Q) times the DC static daspiment, which for most devices the
Q was estimated to be between 10-100, citing pusviesults [181], and thus the

displacement calculated here may underestimatalazantilever displacement.
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Figure 3.12 Percentage optical coupling loss vecausilever misalignment (in
meters). Superimposed is the 5% limitation, shovimersection at approximatley
200 nm

3.1.7 Suspended waveguide design

The center of the epitaxial growth consists of a2 Iny 9sGay o8P, moderately
n-doped (1.0x18 cm™) layer which is grown atop a sacrificial layert® removed at
the completion of device fabrication in order tcey®nt optical loss due to the
underlying sacrificial region which absorbs at tperating wavelength as well as to
facilitate a moveable MEMS cantilever structureheTintroduction of a small mole
fraction of Ga into the waveguide layers (see FagBi2) provides tensile strain in
order to prevent the suspended structures from limgclafter release (see section
3.1.4). The doping of the waveguide is performadorder to allow it to be
electrostatically actuated via topside contactssp8nded waveguides are established
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in order to couple optical power from the laserrseuto the cantilever waveguide
resonators and photodiodes. Empirically it hasmkfeend that waveguides smaller
than 1 pm begin to experience significant loss tusidewall imperfections due to
the reduced optical mode confinement of reducededsions. In lieu of this,

waveguide dimensions are fixed at 1.0 and 1.4 pdewi order to obtain a range of
dimensions for the final structures which are tkast sensitive to variations in

processing parameters and will produce the highekt in suspended structures.

These waveguides are suspended above the substaééeial by in-plane
tethers anchored to larger un-released sectionsagkbguide material (see Figure
3.13). With the waveguide layers having tensikaistthese suspended waveguide
spans will not buckle. Each of these tethers Haeen found to have a loss of 0.1
dB/cm per tether for a tether width of 0.5 um [18&hd thus in comparison to

estimated waveguide losses of over 2.5 dB/cm, nahim

Tether length

Waveguide tethers (0.5 pm wide)

.Waveguide pattern
Figure 3.13. Top-down image of waveguides and tdtwations.
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Three designs are implemented for each waveguidthwo span a variety of
epitaxial growth conditions in case of material arfpctions or errors in the strain of
the waveguide layer so as to obtain higher yielithout loss of devices due to
waveguide buckling. Utilizing the Euler beam theone can derive an expression
for the critical length of a doubly clamped comiesly-strained structure before
buckling occurs:

m2Et?

3O-beam

(3-20)

Leriticar =
Where E is the young’s modulus of the material (taken 8s@Pa from
literature [183]),t is the smallest dimension of the beam crosse¢tlm waveguide
width in this case), anéheamiS the compressive stress in the beam. For eesBiss,
theoretically the critical length is infinite sindensile strain does not induce beam

buckling.

Three variations on final material stress/stramassumed in the designs from
empirical data obtained through previous devicelemgntations: tensile strained, 6
MPa compressive strain, 50 MPa compressive straimble 3.2 lists the values for

final maximum tether spans calculated using equgB8e20).

Table 3.2. Final dimensions for tether suspensgiven equation (3-20)

1 um wide waveguide 1.5 um waveguide
Assumed stress in beam oo | 6 | 50| tensie| 6| 50
(MPa)
Max'm”mtethers'oa(‘ﬁ'r?]? 1000 | 250| 735 1000 | 400 110
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3.1.8 Cantilever waveguide resonator design and lay  out

Cantilevers are formed from the suspended waveguiidethe facet/electrical
isolation etch also used for the laser diode. TiEh “cuts” a doubly clamped
waveguide and creates a single-clamped cantiléugstgre with a coupling gap to a
stationary waveguide, as well as providing a ddep ®r electrical isolation of the
cantilever electrical actuation pads and the PIMt@iiode structure. Electrostatic
actuation of these beams is performed by applyingoltage between the bias
electrode connected to the cantilever resonatar,aanisolated actuation pad next to
the device. Actuation direction is directed inygawith the die surface. See section

3.1.6 for more details on operation.

Theoretical calculations covered in section 3.1$6 well as previous
demonstrations of this cantilever waveguide systeene used to converge on a
number of practically useful dimensions for devageration [31, 32]. Upper and
lower bounds were placed on cantilever length e 25 pm respectively, the final
cantilever lengths designed to be 70, 60, 50, 40,25 um long. Each of these
lengths is fabricated in the two waveguide widths1(5 pm) and with two actuation
gap dimensions: 1 and 2 um. Figure 3.14 preséetsdievant dimensions for the

design of the cantilever resonators.
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Figure 3.14. Top-down (top) and Cross-sectionawof cantilever waveguide
resonator design with relevant dimensions specified
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Integrated PIN photodiode

The design of the photodiode region was kept asuaderlying PIN
photodiode region in accordance with previous wfidk, 169] and following the
scheme originally proposed. The reasoning behsidguan waveguide-integrated
PIN waveguide integrated diode configuration is isaied largely by the need for
moveable and suspended structures; thus an unugsdingle-crystal sacrificial layer
which is etch selective to InP material is utilizéthis underlying layer was designed
to be absorbing at the wavelength of light propagathrough the waveguide,
providing a built-in absorbing layer for the PINgtbdiode. A novel core-geometry
was introduced in order to decouple the thicknessliad for the sacrificial layer from

the optically absorbing layer thickness.

Previous designs also demonstrated that the 1.8 tipiokness of the
underlying absorption region provided sufficiensatption for all variations of diode
dimensions [31, 169] and thus the absorption layerkness was optimized to
achieve a sufficient cutoff frequency of operatiather than an optimal absorbing
thickness. In addition to this parameter, redurctiooverall absorbing intrinsic layer
thickness was introduced in order to reduce tha thickness of the epitaxial growth

and make deep trench isolation etching easiertieiae.

3.1.9 Core-absorber architecture

Previous experiments and design iterations inrntaterial system [26, 28, 30,
32, 183] have found that very thin sacrificial les/fbecome problematic in the release

of the moveable waveguide structures. The reagdointhis is twofold: Wet etchant
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effectiveness and stiction upon drying. Wet etchdiffusion underneath the
mechanical waveguide structure is reduced for flayers, increasing the time
required to achieve the proper wet undercut. irhisnd of itself is not a significant
problem when nearly 100% etch selectivity is mairgd, however the metal pads on
the structure as well as other layers in this noamplex system do not have 100%
etch selectivity with respect to the sacrificiatds; increased etching time often leads

to unwanted material removal.

Stiction is an additional concern when dealing vitEMS devices. Stiction
occurs during the wet etching process and is cabgeithe capillary forces due to
surface tension forces at the air-liquid interfaghich occur during the drying
process. To prevent this process, a specializéidatipoint drying process is used
(see section 4.1.6.2), however in practical prangssonditions; there is some level
of damage due to stiction which can occur. Havingeay thin sacrificial region
increases the possibility of encountering stictiesulting from accidental or localized

drying.

Introducing a material which is optically transparat 1.550 um, and is also
etch selective to InP just as the InGaAs matetialva for the design of a thicker
wet-etchable sacrificial layer, while being able d@djust the optically absorbing
InGaAs material thickness independently. For tthesign, the PIN photodiode
intrinsic region consists of two materials, comgdsof 3 layers; a core absorbing
region composed of InP lattice matched InGaAs, awothdding of
INg.g26Gan 174AS0 380622 The bandgap of InGaAs is calculated to be 0.7&81and

for Ing g26G&y 175AS0 3062, 1.076 eV. These values correspond to an absorptige
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of 1.664 um and 1.154 um respectively, indicatimgt the core region will absorb
1.55 pm wavelength light and the cladding layer be transparent. InGaAs is
chosen as the absorber primarily for its wet-etelectivity when performing the

undercut etch (detailed in sections 4.1.6 and B.1.Zhe particular transparent
quaternary alloy of IfgdGay17AS03d062 IS chosen because it reacts with
acid:peroxide:water wet undercut etchants just lii@aAs, is optically transparent at
1.55 um wavelengths, and for epitaxial growth comeece since it is used in the

laser region and has thus will be already calilorébe precise growth.

In contrast with previous designs that utilized .8-2 um thick sacrificial
layer [26, 30, 31, 169, 183], a reduced sacrifi@ger thickness of 1 um is chosen to
provide significant thickness for release, as wadl reduce the overall epitaxial
growth thickness by approximately 1 um. The thedges of the individual materials
in this core-designed sacrificial layer are therosgn based upon the required

photodiode response time.

3.1.10 Diode response time

A PIN photodiode’s response time is dominated by t@mpeting effects: RC
time constant and the carrier transit time. ThetR constant is determined by the
junction capacitance and circuit resistance (assgrsiandard 5@ termination), and
increases with reduced intrinsic region thickne$ge transit time refers to the time
that a photo-generated charge takes to traversiattitgsic region. This phenomena
is dominated by the carrier saturation velocity &adsit time is clearly reduced with

the thickness of the intrinsic region. The 3 dBofiufrequency of the PIN
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photodiode will be dominated by one of these effeaith an optimal point that they

intersect.

The PIN diode junction capacitance in reverse [Habe series combination
of the capacitance in the depletion regions indiogle: n-type, p-type, and intrinsic.
This follows from the standard expression for jimttcapacitanced;) and can be
written as:

A

Xn + x_p + d(tabsorber) + d(]- — tabsorber) (3'21)
€n Sp €InGaas €InGaAsP

whereA is the area of the photodioda,andx, are the depletion widths of timetype

andp-type regions of the PIN photodiod#®js the total width of the intrinsic region,
tabsorber IS the percentage of the intrinsic region whichves as the absorber core
(InGaAs material), and,, &p, €incaas €ncaasp are the relative permittivities of thre
type, p-type, InGaAs intrinsic core absorber, and the IA§R intrinsic cladding

material, respectively.

Determining the values for the depletion widthddeis the straightforward
full-depletion approximation with an inserted ingic region between thge andn
type materials. Assuming all charge density inRi junction can be attributed to

thep andn type materials, the built-in potentig,can be defined as:

kT [N,N,
o= [

> (3-22)
n;

wherek is the Boltzmann constank,is the temperature) is the elementary charge,
Na, Ng andn; are the doping densities of then, and intrinsic regions, respectively.

The charge densities in tipetype andn-type regions are assumed to be constant in
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the depletion region (gM\and gN), and the charge density in the intrinsic regien i

assumed to be zero. Charge neutrality holds then t

qNaXp = qNgxy (3-23)

Additionally the potential in each of these regiczem be determined by
integrating over the charge density and equatinthéobuilt in potential (equation

(3-22) minus any applied potential:

qNyx,° N qNgx,* N qNgx,d
2g, 2e, &

Op T On + Pundopea = =@,V (3-24)

Equations (3-22), (3-23), and (3-24) can then bmhined to findx, andx,

expressed below:

& qNg Nq & (3-25)
Xy =
Ng
(1 + N_a)
Ny
Xp = Xp N_a (3-26)

Equations (3-21), (3-25), and (3-26) are then aeédi to establish the
capacitance of the PIN diode for a constant apgiiad voltage of 0 V. Device area
is determined by the photodiode dimensions utilimedrevious iterations [31, 169],

shown below in Figure 3.15.
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Figure 3.15 Top-down schematic view of waveguidetptiiode. Red arrow indicates
incident optical radiation; dotted line indicatbs estimate for the extent of the
undercut etch.

The 3 dB cutoff resulting from the junction capanite can be approximated
by considering the RC time constant of the circuéated. In this case, the 3 dB

frequency can be expressed as:

1

f3abre = —ZnRexth (3-27)

whereC; is the junction capacitance aRgl;is the external circuit resistance, taken to

be 50 ohms in this case.

The other competing effect in the PIN photodiodsgpamse time is the transit
time of the carriers in the intrinsic region. Thian be derived as in [184] by
considering a varying current in the photodiode doea periodic photon flux

intensity:
photon flux = @,e'®t (3-28)
The current density &,=0 then can be expressed as:

_ plwty
_ q(pl(].- e ) pl@tr (3-29)
iwt,

]SC

wheret; is the transit time of the carrier, which can kpressed as:
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tr=— (3-30)
S

Where d is the thickness of the intrinsic region, awgis the saturation

velocity of the generated carriers. The 3 dB dutah then be expressed as:

2.4

faaprr = 2mt, (3-31)

As both of these effects are present at all timethé PIN photodiode during
operation, one will dominate over the other depegdin intrinsic layer thickness.
From equations (3-27) and (3-31), we see that 3cd®ff frequency due to the
junction capacitance is directly proportional te timtrinsic layer thickness, and the
transit-time of carriers is inversely proportion@ the intrinsic layer thickness,
indicating there is an optimal thickness for thystem. Figure 3.16 shows a plot
illustrating this for the case where the core InGahickness is 25% of the total
intrinsic layer thickness. For this particular eathe optimal intrinsic layer thickness
is 0.677 um thick, with a cutoff frequency of 5.65z. From previous work, it has
been found that measuring a cantilever resonater b\GHz is not practical, and can
be set as an upper limit for the required respaimse of the PIN photodiode. This
leads to a thickness range of 3.7 — 0.068 um ierot@ achieve this metric. As a
compromise on final thickness of the total layendure thickness, 1 um was chosen
for the final intrinsic layer thickness, with a 4tio of core InGaAs to InGaAsP,
corresponding to a cutoff frequency, dominated lgy tarrier transit time, of 3.8

GHz.
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Figure 3.16. Plot of the 3dB cutoff frequency doguinction capacitance and carrier
transit-time versus the intrinsic layer thickne8stted line provides a guide for the
eye towards 1 GHz.

3.1.11 Core-absorber intrinsic region optical perfo rmance

Previous designs of this InP optical MEMS basedesgshave included only
the waveguiding regions and the optical absorptemions, addressing the separation
of the two by physically removing the underlyingsalptive region in passive
waveguiding regions, serving the dual purpose dav@nting absorption where
intended and creating suspended structures. ofully integrated design, complete
removal of this underlying layer in all but the aligtion region is not a viable
solution due to the heat dissipation requiremeifita ¢taser source and due to the
incompatible size scales of the geometries. Twigeoa larger surface area for heat

transfer, the underlying layers must remain intacthese layers, however, are
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designed to absorb at 1.550 um as the absorbingnrégy the PIN photodiodes, and

therefore have the potential to be lossy and retheefficiency of the laser source.

Fortunately, the thin absorber core design utilimedrder to obtain sufficient
cutoff frequency will potentially reduce the coungifrom the laser region into this
underlying sacrificial layer due to the reducedckhiess. A tradeoff in coupling
strength for photodiodes will obviously need torbade here since the introduction

of a core layer reduces the efficiency of the Phdtpdiodes.

To validate and to establish the impact of the -@ogorber architecture on the
optical modes supported in the laser region andqgolmde regions, simulations have
been performed using a MATLAB software package el by Thomas Murphy’s
research group at the University of Maryland. Timisthod uses a full vector finite
difference algorithm to solve for mode profilesdielectric waveguides comprised of
materials that are symmetric in thgoropagation direction [185]. The details of this
method are beyond the scope of this dissertatiowekier the basic description of this
discretization approach is as follows: the routuses finite difference methods to
compute the two transverse magnetic field compaenehtand Hy for dielectric
waveguides by applying the combined Maxwell’'s ceguationV x (¢71V x H) —
w?u,H = 0 and the divergence relatichx H = 0, and then using these values to
computeE, andE,. The MATLAB routine has been used and modifiedatve the
mode profiles generated in the specific layer stmaéc compositions illustrated in
Table 3.1 and designed device geometries shown ihesection 3. The primary
goals are to estimate the loss experienced byulted modes in the layer structure

for both the core-based absorber structure andmplai single-material intrinsic
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region, and calculate the relative overlap of tleeteomagnetic fields in the absorber
of the PIN photodiode. Only the primary TE modecansidered in the following

calculations as this mode experiences the highaist ig quantum well ridge laser
structures due to the larger density of statesh@ heavy-hole valence bands

dominating radiative transitions [186, 187].

Output of this MATLAB code provides an effectivedax of propagation,
which is generally a complex value, with the imagynpart indicating loss/gain. The
following describes the calculation used to esterthie optical loss in the structure

from the effective index of refraction.
For a propagating plane electromagnetic wave thetréd field can be written
as:
E = Aeilkz-wd (3-32)
where A is a normalizing constant aats defined as:

= Zn(nreal; inimaj) (3-33)

with nrea andnimaj being the real and imaginary indices of refracti@spectively, and
J the free-space wavelength of the electromagnetitation. Knowing that the
intensity () of the radiation is proportional to the square tbé electric field

magnitude, we can write:

4T Nimai

I = |A|2e_ % % = |A|Ze—ocz (3-34)

for the intensity, and thereforerepresents the absorption coefficient (in$m To

calculate the loss (or gain) in dB/cm, we use tiewing:
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dB 10 4 Nimaj
inl—| = 3-35
Gain (cm) In 10 % A ( )

where fny is the imaginary part of the effective index yemddfrom the simulation

results.

In addition to this loss estimation, the relativeedap of the electric field in
the absorption region is calculated and expressedratio with respect to the integral

of the total field in the simulated mode.

Absorber| ExyTE | 2

W Eyre|

In the following simulations of the layer structyu optical loss due to

Overlap ratio = (3-36)

absorption of 2.3xT0cm™ in the InGaAs sacrificial region is taken from wes for
attenuation coefficients in literature [188]. Thimulation also takes into account the
eventual surface coatings of;Si and gold metal on the surfaces of the laser ridge
(described in section 0). The calculated lossrpatars are also presented in Table

3.3.
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Ex (TE mode) Ex (TE mode)

3 3
2 2
1 1
1 2 3 4 5 1 2 3 4 s
Loss TE modé: 1.1067 dB/cm Loss TE modxe: 1.106 dB/cm
Overlap ratio: 8.1775x10 Overlap ratio: 3.4197x18

Figure 3.17. Simulations showing the effect ofregk® material (left) or a core (right)
sacrificial region under the laser ridge of theicgtsource (indicated by the solid red
lines on the plot). The quantum well optical gaggion is indicated by the dotted red
lines. The green and gray lines represent thavadss and metalization,
respectivley. Loss of the fundamental mode isged in caption and was
calculated using equation (3-35).

Ex (TE mode) Ex (TE mode)

Waveguide Waveguide |

> 3
Absorber | 28 Absorber
1 2 3 4 1 2 3 4

X
Loss TE mode: 51.11 dB/cm Loss TE mode: 104.63 dB/cm
Overlap ratio: 0.0044 Overlap ratio: 0.0078

Figure 3.18. Simulations showing the effect ofregk# material (left) or a core (right)
sacrificial region in the waveguide-coupled PIN fgubode (indicated by the solid
red lines on the plot). Loss of the fundamentatiens presented in caption and was
calculated using equation (3-35).
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Table 3.3. Calculated loss parameters from opticade simulations.

In laser region In photodiode region
Single Core- Single Core-
absorber absorber absorber absorber
TE mode loss
1.1067 1.106 51.11 104.63
(dB/cm)
Overlap | 8.1775x10%° | 3.4197x10% 0.0044 0.0078

As can be seen in Figure 3.17 and Table 3.3, tlreduction of a core
sacrificial region does not significantly affectethosses experienced in the laser
region; this is due to the small overlap of the modthese regions which can be seen
illustrated in the overlap ratio. This allows farnearly arbitrary choice of a core
thickness for the optical absorber and thickne$sethe quaternary cladding layers
that are introduced in order to increase the sa@iiflayer thickness without affecting

the optical performance of the laser significantly.

Of note however, is the result of a core-wavegustleicture on the PIN
photodiode regions shown in Figure 3.18 and TalBe ot surprisingly, the core-
absorber architecture simulated here exhibitedjhdnioverlap and therefore a higher
estimated loss, increased by about 50%. This phena has been predicted and
used for other waveguide-integrated photodiodesiticpdarly traveling-wave
photodiodes [112]. The results of these simulatiatong with the response time
considerations solidify the choice of layer struetdimensions as shown in Table

3.1.
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3.1.12 PIN Photodiode design and layout

The final component in this microsystem to be dadims the PIN photodiodes
which are used to transduct the movement of thdileaer waveguides. As
described in section 3.1.6, the intrinsic absorbiggjon is formed by the sacrificial
release layers. In order to keep the release layaet in the photodiode region, an
area with larger width is introduced so that dunm@veguide and cantilever release
the sacrificial layer will remain. While reflechis into a larger width such as the
unreleased photodiode region from a narrow wavegaré expected to be very small
[189], an adiabatic 90 um long taper from waveguwidtdth (1 or 1.2 um wide) to 40
pum is introduced for convenience considering tlaefical required electrical contact
pad dimensions which enlarge the structure. Fi@ut8 indicates this taper location.
Topside contacts are made to the top waveguitygpe material at the same time as
the cantilever actuation contacts and the laséype metallization. Thep-type
contacts are formed on the buried InGaAs layer wisaeached after the waveguide
mask is patterned to form the waveguide structurébis bottom contact is thus
offset from the actual absorbing region of the pdaide. Dimensions of these
structures were not varied, a fixed dimension of6éum was chosen with a 90 pm
long taper from the waveguide width (1 um or 1.5)penthe final photodiode width
of 40 um. Previous work had shown that very liifactical advantage is gained in
these waveguide PIN photodiodes by increasing duaieg the size of the structure
[31], and thus a conservative design was chosenhidih the sufficient frequency
performance and fit within space constraints ofrést of the system components and

maximized the number of devices to be includedhendie.
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Figure 3.19. Top-down schematic of the photodiedgan with relevant dimensions
indicated (top) and a cross sectional view of thetpdiode region (bottom)



Final device layout

Each of these components are ultimately integrateém a single device as
illustrated in Figure 3.20. The laser region ipagated from the cantilever
waveguide resonator and PIN photodiode via a 530Ipmg tapered waveguide
designed to capture more light from the output eédctacet of the laser. The 530 um
long separation was introduced to further elecigigaolate the laser regions from the
other components of the integrated system, asasgeleduce the stray light that may
be collected in the PIN photodiode, increasinglthekground signal measured. This
waveguide starts with a width of 5 um at the coupljap near the etched laser facet
in order to collect the maximum light emitted frotime cleaved laser facet, and

reduces to the cantilever waveguide width of tls®mnator, 1 or 1.5 pm.

Ridge laser Cantilever waveguide PIN photodiode

resonator

|

520 um

DN—type metal .P—type metal .Trench etch -Quantum well

DWaveguide pattern DSi3N4 passivationD Laser ridge

Figure 3.20. Top-down mask layout of the fully grated laser-cantilever-and
photodiode structure.

Slight variations on this fully integrated systelmown in Figure 3.20 were
included in the final mask design. Devices withyoallaser component and a long
tapered waveguide which could be coupled off-chipyices which had no laser
component, and instead allowed for an off-chip tlighurce to be coupled to the
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cantilever resonator and PIN photodiode, and dewath only cantilever waveguide
resonators, requiring coupling of off-chip lightusoes and off-chip photodetectors.
These variations were introduced in order to feat modular testing during device

development.

The final 17x17 mm die design consists of sevempfjection lithography
masks, and comprises of 306 discrete devices. cBswvhich integrate all three
components as in Figure 3.20 are placed in theecaitthe die in order to reduce
processing imperfection due to edge-bead, masklignsaent, and other practical
fabrication concerns. The top and bottom of the dbntain test structures for
measurement and process monitoring (release stes¢tu The final die is split into
three rectangular “chips,” separated via cleavekmaiThese cleaves which separate
the die into chips also form the cleaved laserttaead cleaved waveguide facets for
coupling on and off chip. An overall image of thie layout is presented below in

Figure 3.21.
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Figure 3.21. Full die layout with device variatidabeled as well as cleave lines
indicated.
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4 Fabrication

Introduction

The bulk of fabrication of the IlI-V materials sgst-based devices was
focused on the development of a number of unitgsses that are tailored for the
geometries and materials utilized in the desighis Thapter will outline a number of
these processes employed and the critical aspéctseodetermined parameters.

Additional data on the process recipes used isid@ed in Appendix A.

Fabrication process flow

This section will describe the complete fabricatiprocess flow of the
integrated MEMS devices in more detail, specifindfabrication processes follow in
section 0. Full fabrication of the integrated MEMI®vice utilizes 7-projection
lithography masks (see section 3.1.12), 4 nestddciively coupled plasma (ICP)
etches, and over 60 discrete process steps. Hgixgigure 4.9 present diagrams in

a simplified process flow outline covering the 9jongrocessing steps.
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Metal contact Sacrificial layer Waveguide

SigN, Laser region/Quantum
- Passivation . Substrate . wells

Figure 4.1. Step 1: Blank Substrate
Figure 4.1, Step 1:Fabrication begins with an epitaxially grown layer

structure on a 625 pm thick InP wafer following thesign in section 0 (Table 3.1).
Due to limited material and process complexity;ldieel fabrication is carried out on
a cleaved 18x18 mm die. The die is coated withdapin thick SiQ dielectric via

plasma enhanced chemical vapor deposition (PECWDyder to create a hardmask
for ICP etching. A 1 pum thick positive photoresiayer is spun on the die and
subsequently exposed and developed with thendsk level (trench) via projection

lithography. This SiQ@is patterned using a CHHO, reactive ion etch (RIE).
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Metal contact Sacrificial layer .Waveguide

-Si3N4 . . Laser region/Quantum
Passivation Substrate wells
Figure 4.2. Step 2: Deep trench ICP etch whichndsfielectrical isolation and laser

facets.
Figure 4.2, Step 2: This SiQ pattern is then transferred into the underlying

epitaxial substrate via an ICP etch, defining teepisolation trenches, etched laser
facets, and cantilever waveguide gaps simultangouslhe SiQ mask layer is

removed via a wet 5-min buffered oxide etch (BOE).
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Metal contact Sacrificial layer Waveguide

SigN, Laser region/Quantum
-Passivation .Substrate wells
Figure 4.3. Step 3: Laser ridge ICP etch whichraeithe lateral confinement for the
laser cavity.

Figure 4.3, Step 3:A second 1.0 um Sihardmask is deposited via PECVD

on the die. The die is coated with a 3.6 um thagler of positive photoresist in order
to facilitate coverage over the very deep etchedufes. All subsequent photoresist
thicknesses are 3.6 um, due to the more complex and taller surfeegularities
introduced through the remainder of processingsstephe laser ridge structure is
then exposed and patterned into the photoresist,laligned to the underlying trench
etch pattern. This photoresist mask is used tepathe underlying Si©hardmask
material via the standard RIE etch. This Si@ask is then used to define the shallow

ridge etch via ICP. A 5 minute BOE dip is useddamove the hardmask.
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SizN, Laser region/Quantum
- Passivation . Substrate wells

Figure 4.4. Step 4: Quantum well ICP etch whichaees active region over the
wafer where it is not needed and defines viasdpsitden-type laser contact layers.

Figure 4.4, Step 4: A third 1.0 um SiQ hardmask is deposited via PECVD

on the die. The die is again coated with a 3.6tliok layer of positive photoresist in
order to facilitate coverage over the additionghetl features. This photoresist is
patterned with the quantum well removal mask aligteethe laser ridge, all of which
is designed to remove quantum wells over the dee@ix15 pm on either side of the
laser ridge (see section 3.1.3 and Figure 3.4E iRlused to transfer this photoresist
pattern into the Si@hardmask. ICP is used to etch through the quantatis,
exposing then-type contact layer for the laser devices and rengpthe active region
from the majority of the die. This step completke etch component of the laser

fabrication. BOE is used to remove this hardmaski#s previous steps.
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Figure 4.5. Step 5: Waveguide and photodiode ICR which creates the majority of
the device layout and creates vias to bupetntacts for photodiodes.

Figure 4.5, Step 5: A fourth 1.0 um Si@hardmask is deposited via the same

PECVD methods. 3.6 um thick photoresist is spiated on the die and the pattern
for the waveguides is exposed, aligned to theainttiench layer. This waveguide
pattern defines the passive suspended waveguid&diSVicomponents, and the
photodiodes. The photoresist pattern is once atyamsferred into the underlying
SiO, via the standardized RIE etch. A timed ICP eglused to etch through the
underlying layers, stopping at tipetype bottom contact of the photodiodes. BOE is

once again used to remove the hardmask.

87



Metal contact Sacrificial layer Waveguide

SizN, Laser region/Quantum
- Passivation . Substrate wells

Figure 4.6. Step 6: Nitride passivation to protaad passivate laser region.
Figure 4.16, Step 6: 20067000 Angstroms of ZN, is deposited on the

whole sample via PECVD in order to serve as a comdib laser-passivation region
and as a protective coating for the metallizatind andercutting steps. 3.6 um thick
photoresist is spin coated and exposed to definelaber passivation regions. A
standardized SFRIE etch is used to pattern this region and remib\aeross the

majority of the die.
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Figure 4.7. Step P-type metal lift-off.
Fiqure 4.7, Step 7:5 pum thick negative photoresist is spin coatedthen

sample to serve as tlgetype metallization lift-off mask. The-type metallization
step needs to achieve continuity up a 1.2 pumda# ridge to create contact between
the pad and the very top of this ridge structufe. achieve this, the standapetype
metallization (Ti-Pt-Au) is performed in an e-beawaporation system with a
planetary sample holder in order to obtain betidewsall coverage. To assure
sufficient coverage, 1.2 um of gold is depositethm evaporation system. Lift-off is
performed in 90°C resist stripper consisting ofnarily the organic solvent N-
Methylpyrrolidone (NMP). This step defines all thfe p-type contacts, laser and

photodiode.
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Figure 4.8. Step 8\-type metal lift-off and anneal.

Figure 4.8, Step 85 um thick negative resist is spin coated on ieealong

with subsequent alignment and exposure to defimenttype metal pads. No
significant continuity over tall steps is needed tluis step, so the deposition of the
standard Ni-Ge-Au-Ni-Au n-type metallization is performed in the e-beam
evaporation system with a standard mounted sangitéeh Lift-off of the excess
metal is performed in 90°C resist stripper (NMPYhe n-type metallization is
completed with a rapid thermal annealing (RTA) st€p0 seconds at 300°C and 40
seconds at 400°C. Annealing the structure allbgsitype metal stack and reduces
the Schottky barrier at thetype semiconductor surface. This step definesfalhe

n-type contacts, laser, photodiode, and waveguitleaton.
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A 6-7 um thick photoresist layer is spin coatedtbe sample in order to
protect the front of the die during the wafer thinghprocess. The die is mounted, via
crystabond wax (acetone-soluble), un-processedugpiden a quartz plate which is
fixture to a lapping monitor. A slurry of 9 um atina and deionized (DI) water is
used to thin the die from 625 um to 175 um thickider to facilitate more accurate
cleaves when portioning the die into three chipsetone is used to de-bond the die

from the quartz plate after lapping.

A precision scribe is used to create crystal defattthe edges of the thinned
die, and a razor blade is used as a pressure poorder to cleave the die into 3
separate chips (see Figure 3.21 for cleave locgltiomhese cleaves serve to separate
devices from each other, and also create one oflaker facets for the laser

components.
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Figure 4.9. Step 9: Wafer thinning, cleaving anctifaial layer removal.

Figure 4.9, Step 9:To create the moveable MEMS structure, a wet &ch

needed to undercut the waveguide structures anatecnmoveable devices. A
selective etch of BPO,:H,0,:H,O is used to only etch InGaAs and InGaAsP,
releasing the InP waveguides and cantilevers froenunderlying substrate. The
samples are dehydrated in subsequent baths ofpuiteamethanol and remain in this

liquid until CG; critical point drying in order to prevent stiction

The final step in the process flow utilizes £€itical point drying to prevent
premature stiction of the released materials. T critical point dry process
circumvents the gas-liquid phase transition, sudling liquid CQ and drying the

sample without the formation of a gas-liquid inéed which would otherwise destroy
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suspended portions of the sample due to surfacgoterforces. The completed
samples are mounted to a copper sample holder usiiigm-containing solder in

order to provide thermal contact to the underlyimgfal heat sink.

Unit process developments

As the above process flow indicates, there arenabeu of steps in the process
which needed to be developed in order to realiesdldevices. Each unit step in the
process was developed independently, and then doesee with the rest of the
fabrication process in order to verify compatililof processing techniques. The

following section outlines each of the fabricatjmmocesses in detail.

4.1.1 Photoresist processing

The processing of photoresist is one of the motgicar aspects of the
fabrication process due to its direct influencetiom geometry of resulting masking
patterns. Any imperfections in the photoresistl wiansfer into the underlying
material. The bulk of the fabrication utilizes pive i-line resist (325 nm UV
radiation) exposed using a 5X magnification stepp#rography tool (GCA).

Negative resist was utilized for metal “lift-off rpcesses.
4.1.1.1Photoresist background

Photolithography is the most common patterning wetravailable for
microfabrication. UV light is used to create a pattof reacted and unreacted areas in
a UV-sensitive polymer film called photoresist. eTtlifference in reactivity is taken

advantage of during subsequent development stepsrewmaterial is then either
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added to or removed from these open areas. Negaliotoresists cross-link when
exposed to UV radiation and development removegaated (masked) regions.
Conversely, positive photoresists become more ixeadfter UV exposure, and
unmasked areas can be removed. To define variogionse photolithography
processes use a patterned mask comprised of trans@ad opaque regions. Using
an optical projection system, this pattern is illnated onto a photoresist coated

substrate.

B Optical
— — Projection
- ~ System

Photo Mask

Photoresist

Figure 4.10. Typical components used in photolitapfy [190].

Photoresist coating is performed using a spin-ongatool which produces a
thin, uniform film of the photoresist on the sudacf the wafer. A particular spin
speed is chosen to achieve the intended film tl@s&nfor a given photoresist
viscosity. After the photoresist is spun onto astrate, thermal energy is used to

initiate the evaporation of solvents from the regisaking”). Each photoresist has a
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tone (positive vs. negative), range of obtainalblieknesses, and specific baking

profiles for optimal pattern transfer resolutiordarhemical resistivity.

The desired patterns are first designed as opaui¢ransparent regions on a
glass plate called a photomask. In a simple conbdlcbgraphy system, this
photomask is placed into direct contact (or closimity) to the photoresist-coated
substrate. In projection lithography systems thetpmask is mounted into an optical
projection system where an image of the mask iaaed and focused via lenses or
mirrors onto a semiconductor wafer coated with phesist. Utilizing projection
systems provides better pattern transfer due tdaitle of physical contact with the
photoresist surface and can obtain higher resaisittue to the reducing effect of the

focusing optics.

After exposure, the photoresist coated substratesubmerged in a
Tetramethylammonium hydroxide (TMAH) based solutibm dissolve exposed
(positive tone) or unexposed (negative tone) acdathe photoresist, revealing the
photomask pattern that was exposed onto the suriaid the optical projection
system and photoresist chemistry are highly engateéo achieve high resolution

and high repeatability within the photolithograpprocess.
4.1.1.2Positive photoresist

Upon exposure to light, the solubility of a posttiphotoresist increases due to
polymer chain scission. Common formulations of pesiphotoresists have included
diazoquinone ester (DQ) as a sensitizer in a novedain (phenol formaldehyde
resin) (N). Such formulations are referred to ad\D@sists. The positive resists used

were both variants of the DQN photoresist chemistijhese positive resists were
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chosen because of the higher resolution capabiliian negative resists, the ease of
stripping the material after processing, and tengdar vertical profiles as opposed
to undercut. Positive photoresists require an &gt coating treatment of
hexamethyldisilazane HMDS solution when spinning an silicon-containing
substrate (such as the Si@nd SN, hardmasks for this process flow) before the

photoresist spin coating in order to promote adiresi
4.1.1.3Negative resist & Lift-off

Upon exposure to light, the solubility of negatpieotoresists decreases due
either to cross-linking of the polymer chains omplatochemical reaction. Many
polymers will cross-link when exposed to light. Gaon types of negative resist
include chemically amplified epoxy or vinyl deriigds. The purpose for negative

resists in this project are for performing lift-aff metalizations for contact pads.

Deposition using Negative Resist

Lift-Off with Negative Resist
Figure 4.11. Diagram illustrating the lift-off predure for negative photoresist
(modified from [191]).

Lift-off is performed by submerging the substrateered with the exposed

photoresist and deposited layers) into a solvetit (eee Figure 4.11). The solvent
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dissolves the photoresist layer thus causing thmogited layer on the photoresist
surface to float away. For this to work properlye tdeposited layer must be
discontinuous at the edges of the opening in themeed photoresist. Therefore the
photoresist sidewall profile should be undercut. this reason, negative photoresists
work best for lift-off applications inasmuch asyheherently have undercut profiles.
Some, like those used in this work include dyescWhencourage exaggerated

undercut profiles specifically designed for liftkof

4.1.1.40iR 906-10 characterization

Fujiflm OIR 906-10 is a standard positive novalaesin-based i-line
photoresist with a <0.34 um resolution and a hagistance to wet chemical etching.
The process designed for this work utilizes a natyn1.2 pm thick film. This
photoresist is used for only one step in the fabion process: the first
photolithography pattern which defines deep treadioe electrical isolation, etched
laser facets, and waveguide coupling gaps in oae. f0ue to the very deep etch
required for the ICP step that this photoresistegpatdefines, the sidewall verticality
is of utmost importance, more so than the resobrétal dimension. The impact of

mask verticality is explained in more detail intsaes 4.1.3.1 and 4.1.4.1.

Measurements of exposure dose-to-clear for 906-h6topesist in the
lithography system are performed as a part of neutirocess monitoring in order to
determine the amount of energy required to causefdhe photoresist to develop
away. This optimization procedure produces a siigiado‘swing curve” where
development time will be related to the photoresistkness. This variation is

directly related to the reflection of light frometlsubstrate and photoresist surfaces,
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causing potential standing wave and interferentectsf within the photoresist itself;
an illustration of this is shown in Figure 4.12heTswing curve data reveal regimes
where small variations in the photoresist thicknéiss to uncontrollable or random
environmental effects will be least likely to impatinal development time.
Practically speaking this means that one aims rgetatheir photoresist process to

reside at the troughs or peaks of the swing curve.

Figure 4.12. SEM image of corrugations in the prextist sidewall due to standing
waves [192].
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Figure 4.13. Swing curve of Fujifilm OIR 906-10 figemed at LPS by J. Hryniewicz
and P. Apiratikul. Green circle indicates thickaiéarget chosen for this process.

Referring to the swing curve measurements perfornmedouse at LPS
reproduced here in Figure 4.13, an optimal thickne$ about 1.0-1.075 um,
corresponding to a spin speed of 3200 rpm, wasethfug this photoresist. The film
thickness/spin speed relationship was determinedpirerally by measuring
photoresist thickness as a function of spin sp€amhsistency of film thickness is
important for the final mask definition, howeverwas found that exposure time
played the largest role in the final mask pattegniboth in controlling critical
dimension and sidewall angle. This parameter vwagd due to the high level of
control it provides during the lithography processnpared to other factors. Control
of critical dimensions was less of a concern irs thiep of the process and was
deemed sufficient if the whole pattern was devaloghrough and correctly

transferred to the underlying material.
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All experiments were performed on a substrate @alAs material coated
with 1.4 um of SiQ just as will be encountered in actual device fadiron. Using
this substrate is important due to how the expostitbe resist is influenced by the
material directly beneath the photoresist. Expenta varying the exposure time of
the photoresist were performed, and cross-secti@tdl measurements of the
exposed and developed photoresist were performasisiess the exposure time which
yielded the most vertical resist profile (Table)4.Transfer of these profiles via RIE
was also tested in parallel and was found to betively insensitive to the sidewall
angle. These results will be detailed in sectidn31.

Table 4.1. Photoresist angle and resulting traredie®iO2 angle with respect to
exposure time.

Exposure time Photoresist angle | SiO2 mask angle
0.432 80.5 88.1
0.54 83.8 89.3
0.594 84.5 89.5
0.648 84.4 87.2
0.702 85.1 89.6

The final exposure time of 0.702 seconds with thejgation lithography
system at LPS was deemed as the most verticallgrofifhe results from this
experiment were only partial to the complete depelent, and the final RIE transfer
was used as a metric for the final parameters,onbt the photoresist profile. The

detailed photoresist recipe can be found in AppeAdi
4.1.1.50iR 908-35 characterization

Subsequent positive photoresist patterns after fitls¢ ICP etch process
require a thicker formulation of the OIR 906-10 itige photoresist, and thus OIR

908-35 was used. OiR 908-35 is a more viscous dtation of the OIR 906-10
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photoresist, and thus maintains the same photdsenprocesses consistent with all
novalac resin photoresists. Thicker photoresiseeded due to the large variations in
surface topography; thinner photoresist will novaothe trenches and steps in the
underlying substrate leading to insufficient prdéitaec during pattern transfer. A SEM
of the consequences of this poor coverage is showimgure 4.14. Working with this
thicker photoresist comes with another set of emagjés, particularly in the resolving
of critical dimensions and features. The mask desa two of the three layers
utilizing this thicker photoresist are forgiving iterms of their large critical
dimensions (laser ridge mask #2 — 3 um, quanturhmask #3 — 30 um), however
waveguide mask #4 pushes the limits of the phatiread the processing tools with
critical dimensions of 1 um lines and spaces. Tduspled with the >3.6 um

topographical variation across the substrate maikestep challenging.
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Figure 4.14. SEM showing the effect of poor phattecoverage using OiR 906-10
(Left) and good photoresist coverage using OiR 39§Right) on the resulting SO
hardmask pattern. Notice the sloped profile ofggber coverage example.

Spin coating of this photoresist is performed ughmgy same spin speed, 3200
RPM, corresponding to a 3.6 um thick film. Crosst®nal SEM confirms that this
thickness is sufficient to protect the critical tie@s of the die; however some areas
still suffer from less than perfect coverage due¢hi very large aspect ratios of the
etched patterns (see Figure 4.15), particularlyh wite corners of wide and deep
trenches. Since the locations of this incompleteecage are non-critical, this aspect
was not optimized. In order to achieve better cage in the future, multiple spin-
coats of the photoresist can be performed, sprajira of the photoresist, or even

thicker formulations of positive resists can be &yed.

Phot

Figure 4.15. SEM images of OIR 908-35 spin coates warying etched geometries
(colored red), notice how the corner of some aseastill nearly unprotected. Green
areas are Sigcoatings and grey areas are the underlying substra

As with the previous recipes, exposure time wasedato find the optimal
recipe. Sidewall angle of the photoresist was itigaged, however more importantly;
the SiQ transferred pattern was used as a metric for appaable recipe. A final
exposure time of 0.5 s was arrived at which baldrsidewall angle and resolved

features in the final resulting Si@ardmask.
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4.1.1.6AZ-nLOF 2035 characterization

Negative photoresist was used in this process deroto pattern the metal
pads for electrical contacts. Bothtype andp-type metallization schemes require
multiple metals, making wet etches impractical ghd use of metal lift-off a
necessity. Many lift-off photoresists exist whigfovide a negative undercut profile
inherently. AZ-nLOF 2035 photoresist was chosen tfos application due to the

thickness of this formulation and its very larggateve angle sidewall profile.

A spin speed of 3000 rpm was used during spin @gatorresponding to a
3.5 um thick film. This thickness is important dte increased topographical
variation and very thick metal deposition fetype metals. Since this is one of the
last photoresist steps carried out after all etglisncompleted, total height variation is
approximately 7 pum across an 18x18 mm die and ageeis problematic with resist
that is any thinner than 3.5 um. Standard lift-pfbcessing dictates that your
photoresist layer is at least 2x the thicknesshefihtended metal layer to be lifted
off. The metal deposition step fortype metals includes a 1.2 um thick gold

deposition capping layer, necessitating this tiplc&toresist layer.

Exposure time of the photoresist was varied in otd®btain the best results.
Nearly all exposures that developed cleanly yieldedundercut that was sufficient
for clean lift-off, the best lift-off patterns rdsed from the exposure times that just
exceeded the exposure threshold for clean develafprnogerexposure caused the
photoresist to be more chemically resistant toNIMP-based resist stripper causing

poor lift-off.
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The lift-off procedure will be described in detal section 4.1.5.3, and the

detailed photoresist processing recipe can be fauAgpendix A.

4.1.2 Dielectric deposition

Plasma enhanced chemical vapor deposition (PEC\D)a iprocessing
technique for the deposition of materials whichlizgs high-energy plasmas of
precursor gasses that react at a sample surfacgngadeposition of different
dielectric films. The disassociation of gasseshi@ plasma chamber, the substrate
material, substrate temperature, RF coil powerschwitreate the plasmas, and the
specific gas ratios used all affect the final matedeposited. Due to the very
complex interdependent relationship of the depmsifiarameters, material deposition
parameters are determined empirically via depoasigaperiments and parameter

variation rather than theoretically.

PECVD is important in this process as it allowsrigatively low-temperature
deposition of dielectric films, since the energyded to drive the surface reactions
which result in deposited films is provided via tR& source and not substrate/gas
temperature. This is particularly critical for-M devices which may intermix upon

exposure to high temperatures such as quantum.wells

A number of dielectric depositions were performatighout this fabrication
process for hard plasma etch masks and devicevptiesi coatings. All dielectric
depositions were performed using a Novellus ConGeya PECVD tool. This tool is
unique in that there are two RF coils present whiah couple into the plasma,

providing more control over the density of the dafed dielectric films.
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Additionally, the Novellus PECVD is a 5-station dspion tool which contains 5
separate gas-inlet areas that the sample is ratgtethroughout the entire deposition
process. This reduces film deposition non-uniftynand defects which may be
introduced via a non-ideal plasma chamber geomekgr all etch masks 1.4 um
thick SiQ, was used, and 2000-7000 angstroms @NsSwas deposited for device

passivation.
4.1.2.1Si0, Deposition

The PECVD process for depositing Si@isassociates silicon and oxygen
from silane and nitrous oxide constituent gassexdier to allow them to recombine
into SiG,. This specific recipe also introduces additionarbgen into the gas mixture
to increase the surface energy of the substratéalismnic bombardment, promoting
the growth of SiQ here. This precise mixture of gasses at an est@ol plasma
energy will cause the deposition of non-stoichiame$iO, upon the surface of the
die within the chamber to occur. A well-tuned depos PECVD recipe utilizing
these three gasses was used to deposit the rBaferials (See Appendix A) at a

thickness of 1.4 um.

Planar dielectric coverage is not the only aspéth® dielectric that needs to
be measured for these devices, but due to the lapgpgraphical variations, coverage
of the dielectric inside of trenches and on theewalls of ridges is important to
control and measure. The deposition thicknessgasitiewalls was measured to be
anywhere from 100-75% of the planar deposition kifgss, with close to 50%
reduced deposition only seen at the bottom of lagject ratio trenches (7 um deep,

1 um wide). These values were measured usinglégstsitions along various points
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in the fabrication process and performing SEM ago8en measurements. For every
hard-mask step, only coverage near the upper rmkethe etched surfaces are

essential, and are well protected with this depmsithickness.
4.1.2.2Si3N4 Deposition

The PECVD process for depositingsl$j disassociates silicon and nitrogen
from silane and ammonia constituent gasses in aodaitow them to recombine into
the intended SN4. As with the recipe for Si©nitrogen is introduced into the gas
mixture to increase the surface energy of the saeseind facilitate the growth of
SizgN,4 at the substrate surface. This precise mixtuggaetes at an established plasma
energy will cause the deposition of non-stoichiametow-stress SN, at the die
surface. A standardized deposition recipe (detgm@meters available in Appendix

A) is used in order to depositsHi, for the laser passivation step.

A similar determination of sidewall coverage is fpemed for SiNg
deposition as with the SpOprocess, however only the ridge sidewall coverage
necessary to consider for this step since the inmatf the SiN, deposition is to
passivate the laser ridge of the device. Crosseset measurements of samples with
this material deposited after etches were perforstenving a 70% reduction along
the ridge height, with a smaller deviation for mehallow ridges. A SEM crossection

showing the SN4 passivation coating a laser ridge is shown in fegul6.
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Figure 4.16. SEM crossection of laser ridge, shgv8aN, passivation coating.
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Figure 4.17. Schematic diagram of reactive ioniatg(RIE) chamber.
Reactive ion etching (RIE) is a very common techaidpr material removal

that utilizes ionized gasses to etch surfaces.ebBaipg on the gas mixtures used and
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the plasma power introduced to the chamber gasbH#erent materials can be
targeted for removal. RIE operates by ionizing ixtune of gasses inside of a
vacuum chamber with a pair of electrodes that Hagé frequencies induced on
them, as shown in Figure 4.17. As the electrorss&ipped from the atoms in the
gas cloud, the cloud becomes positively charged.thA same time the electrons
adsorb into the sample electrode, negatively chgrgi. This “self-bias” is
generated, causing the positively charged ionsetadzelerated towards the sample
surface. The conditions of this ion acceleratidensity, and species depend on any
number of factors within the chamber, includingngée size, chamber pressure, gas
flow ratios and species, RF power, and chambentiesss. As these ions strike the
sample surface they both physically attack thease:fand react with the materials.
These reactions produce chemical byproducts whiehreanoved from the chamber
via vacuum pumps, or are re-deposited on the saamaehe chamber walls. These
byproducts can be both harmful and helpful dependim the tuning of the process.
Too many byproducts adsorbing to the sample surtzse create micromasking
effects or stop the etching process all-togethat,viell controlled adsorption can
serve to protect sidewalls during the etch, indarepanisotropy of the etching process

and creating more vertical etching profiles.

Due to the highly directional ion bombardment of urface as a result of the
self-bias, and the potential polymer byproducts, iésulting etch can be considered
to be anisotropic when performing shallow etchekc R used extensively in the

established process flow due to its conveniencegenmad selectivity, anisotropic
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etching of dielectrics, and effectiveness at clegnoff organic materials without

attacking the underlying substrate.
4.1.3.1Si0,, pattern transfer (SIO2PT)

SiO, was used as a hardmask for later etches (discurssesttion 4.1.4). A
mixture of CHR and Q gasses are used to perform this etch. The;QB$-addition
provides both fluorine radicals which chemicallyaak the Si@ material, F ions
which bombard the surface, and C compounds whidviges a flouro-polymer
generating passivation component. This polymeregdion helps to increase the
anisotropic qualities of this etch, passivating lyegiched sidewalls during the etch
process. The addition of,@ssists in preventing buildup of this carbon ciomg
passivation by etching it slightly while also inasing the F radical and Elensity.
lon bombardment of the surface encourages thengtatfi horizontal surfaces while
vertical sidewalls remain untouched, causing a ethikcrease in etching verticality.
Verticality of this etch is of prime importance e sidewall angle of the resulting
etched surface directly impacts the future deemdtdely coupled plasma (ICP)

etch.

The developed baseline recipe provides a high tyuaiertical etch provided
the photoresist etch mask is also vertical. Astioaad in section 4.1.1, the transfer
of the photoresist mask was verified using this Ri&hod (see Table 4.1 and Figure
4.18). Notably, the etch transfer was vertical faarly all photoresist angles,
excluding the extrema, meaning that the selectibgyween Si@Photoresist was

very high. Details of the RIE etch recipe canduentd in Appendix A.
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Figure 4.18. SEM image of a transferred SoRide hardmask.
4.1.3.2SisN4 pattern transfer (DIELCUT)

SisN, was deposited on the substrate as a laser passivayer to reduce
parasitic surface currents and provide electrisalation for the top ridge contact.
SK-0, plasmas generate high F-radical densities andrgén@roduce higher rate
and more isotropic etches. Etching of this lagdess critical in terms of its sidewall
angle, so a basic recipe utilizing 8B, was employed for high-rate 38l etching
using the same RIE system. Details of this recige be found in Appendix A:

Processing Recipes.
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4.1.4 Inductively coupled plasma (ICP) etching
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Figure 4.19. Schematic diagram of ICP etching chamber.
One of the primary etching mechanisms which enables the hight aapec

high sidewall smoothness, and high speed etches required in thetiabrafathis
microsystem is the use of inductively coupled plasma (ICP)refchCP etching is
similar to the RIE process as mentioned in the previous section,additional
components in the reactor chamber that provide more control over thiegetc
conditions. A schematic of the ICP chamber layout is shown in d-igui©9. Two
separate RF generators are utilized to ionize theaegetsses, one upstream coll
(ICP) from the sample controlling density of the plasma (ion nt)irand another
which creates an RF bias at the substrate surface. Byrasieyg these two RF
generation units, control of plasma density is decoupled from theglasergy. In

this way, very high ion currents can be applied during the etch whelarigthe ion
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energies relatively low, increasing chemical etch seliégtand reducing substrate

damage due to high-energy ion bombardment.

An additional feature of the PlasmaTherm 770 ICP system used in this work is
a heated sample chuck. Sample temperature is particularlytanparhen etching
InP-containing compounds with £based plasma etches, since the byproducts of the
Cl,-based etch are volatile only at high temperatures (>175°C) ahcedgéposit on
the sample surface during the etch if temperatures are nitieufy elevated,

roughening the etched surfaces and sidewalls [193].

Two etch chemistries were utilized in this work for fast and slow etchiheg.
faster etch recipe consisted ob-@Ir-O, gas chemistry, with most etching a result of
the CI ions. The slower recipe consisted of a-Bj-Ar etch chemistry with a
mixture of CI and H ions acting in the chemical etch. The high etch rate recise
required in order to achieve the very deep and vertical (>7.1ejacilrical isolation
trenches. The slow etching recipe was chosen for its reduckdrage and thus
higher controllability in the final etch depth. All ICP etclee performed with a
blank 3 inch silicon wafer as a carrier; 18x18 mm square sarapesttached to the
wafer with a very thin layer of silicon vacuum grease providimgghanical stability

and thermal conductivity.
4.1.4.1High rate ICP etch Ch-Ar-O

lonized C} gas is well known to etch 1lI-V materials, particularly I[194,
195], in plasma reactors. The use of ICP increases the deh#ity reactive species
and the addition of Ar in the plasma increases the bombardment esgengyoy the

horizontal surfaces of the sample, increasing the anisotropic r&tihe etch, as
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well as removing any non-volatile compounds which may not be desdubed) the

etching process. To further assist this non-volatile removal, stddemperature is
set at 175°C via the heated chuck. Setting the sample stagdé¢o temperatures is
preferable; however there is evidence that the high RF powsosiaied with this
recipe may induce sufficient bombardment and self-heating of the atebisirlessen

the effect of a heated substrate.

It has been demonstrated in a number of papers in literaturel P 3hat the
carrier wafer and chamber walls being used in the reactorilmatet to the etching
reaction by supplying ions and radicals to the etching surfacen dineficially,
passivating etched sidewalls as they are created. In #astba silicon carrier wafer

contributes silicon atoms to Si@rmation on the sidewall surface.

In an attempt to improve the sidewall passivation effegtw@s added in the
etch chemistry. A number of experiments with gas flows of 0.5-1.5 sccm were
performed; the smallest flow of (0.5 sccm) produced the best sidewall quality as

evidenced from SEM inspection of the etched surfaces in Figure 4.20.
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Figure 4.20. SEM of smooth deep-etched epitaxial sample.
Since etch quality and etch rate were sufficient for the workepted after

these tests, no further recipe development was continued for ¢hidbeyond etch

rate measurement. The details of this “fast” etch recipe are incindgpendix A.
4.1.4.2Slower rate ICP etch Ch-H,-Ar

A slower etch rate was also pursued for this project in ordertter m®ntrol
the etch depth of more critical steps in the process. The neepenodeled upon the
recipe reported by Rommel et al [196] consisting of aHGtAr gas chemistry
plasma. This etch recipe has an increased sample temperatureduced ICP/RF
power. The result is an etch that is slightly less vertimad, still maintains very

smooth sidewalls at a reduced etch rate (~50% slower). An B&dtating how
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smooth the sidewalls are for this etch is shown in Figure 4.21.détads of the etch

recipe are included in (Appendix A).

1 um Mag= 13.02 K X EHT = 3.00 kv Signal A = SE2 Date :28 Sep 2011 ‘
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Figure 4.21. SEM image of slower etch rate with the laser ridge attgrp Oxide
hardmask has not been removed.

4.1.4.3ICP Etch chamber conditioning/cleaning

The ICP used for this work (PlasmaTherm 770 ICP) is a masér-tool in
which many different materials (GaAs, InAlAs, InAs, AlGaAs)GbAs, InP,
INnGaAsP, InSb) at varying plate temperatures, with differesit gasses (Bg| Hy,
Cl, CHy) are all processed regularly. Byproducts from different efagses and
substrate materials coat chamber walls and can affectsh#iing etches negatively;
introducing unwanted residues, sidewall sloping, and sidewall roughenihg
compensate for this, a clean/conditioning step is performed bedate of the etch

sequences in order to return the chamber to a known state. Thengleacipe
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consists of a very high ICP/RF power £plasma etch and an additional @Qlasma
etch to remove any organics. The final step of the clean/condstastandard B¢l
based etch process run to condition the chamber walls. The adtthis cleaning

process are presented in (Appendix A).

Chamber condition is also closely related to how often the syisteented
and manually cleaned. The etching chamber needed to be vented and opened
occasionally to clean residues from the underside of the waf@paig assembly not
exposed to the chamber during the plasma clean/condition. It was ebsleat any
chamber venting procedures occurring before etching grdédisted the drifting of
etch rates, even after the standard plasma clean/condition pracéchiseindicates
that more or different chamber conditioning is needed after a maanfihg/clean
procedure. Critical etching steps are performed in light of thet and were
scheduled to be performed after extended usage periods from otherigsens

chamber venting/manual cleaning).
4.1.4.4Timed etch procedure

The ICP etch tool used for this work has not been equipped with an endpoint
detection system, and thus the etch depth is controlled only by théiraee This
introduces a number of uncertainties in the use of this recipe, smalstrike and
plasma stabilization times are not always consistent, onsetcling@ during the
process is somewhat unknown (does etching begin at plasma istek®t at plasma
stabilization, etc.), and material composition strongly affdotssample etch rates.

An arbitrary choice was made to use “plasma stabilizatio®’ measure of the onset

of etching in relation to the timing of the etches. “Plastabikzation” for these

116



processes is defined as the point at which the matching networksetentheir

tuning after plasma strike in the chamber.

It was observed that etch rates are variable through the epitayer
structure, with InP and GaAs containing layers etching at twerdift rates. This
makes the targeting of various etch depths difficult via etcle tmly. Two look
ahead travelers were used during a fabrication lot in ordmrpensate for any etch
variability due to environmental variation, one sample of plainHaRemiconductor
material, and another die with the same epitaxial layer gteucts the real die being
fabricated. Both of these samples were the same saeem die (18x18 mm) and
were patterned along with each step of the fabrication processatstoading and

aspect-ratio dependence present in the etch will be consistent acrossaevpls).

The procedure for establishing etch rates, and thus etch tinoegeds in a
two-step process; the first step establishing the etch rdt#aich compounds, and
the second InGaAs-like compounds (quaternary and ternary layés)pditerned
InP:Fe sample is mounted on the carrier wafer using thermaseyras previously
described, and etched for a fixed time. The resulting etcheges@a@measured with
a stylus profilometer before and after the Sil@rdmask is removed. This allows for
the measurement of the InP and the ;Si@ask etch rates. The rates are compared
with previous etch rates (if available) and the next sampfgepared for etching.
The dummy epitaxial sample is mounted in the same manner as phgvibegarget
depth is chosen based upon the current etching step to be performed. hdutdhg
depth of the etch, material compositions will vary depending on tfexslan the

epitaxial structure, the thicknesses of which are known and megm@@dusly at
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the time of growth completion. An estimated etching time tabéished based upon
the InP etch rate calculated in the first dummy etching stdppeeviously recorded
etch rates. The etching step is then performed on the samitésfprescribed time.
A stylus profilometer is used to measure the InP and the 183k etch depth. An
etch time is calculated for every layer etched throughouttesured depth, with the
etch rate of InP compounds set to the value measured in the pretepuand
InGaAs/InGaAsP compounds both set as a single unknown value. It wastlaind
the ternary and quaternary materials etched at simileg tatene another and thus a
simplification was made to consider them as one material ¢brrate calculations.
This unknown is solved for and thus an approximate etch rate for theytemzah
guaternary materials can be established. After each “dealétch, the actual etch
depth is measured along with the Si@ask etch rate and compared with the previous
value in order to monitor short-term drift of etch rates. Aogrections to the etch
time are made at this stage before the next sample hedetc This initial rate
determination step was found to be critical to the success of etchintgthdgpths to

within £200 nm through a complex epitaxial layer structure.
4.1.4.51CP nested etching

As previously described in section 0, the complete process floweace
fabrication consists of 4 separate ICP etching steps with gadgpth requirements
after one another. Step coverage of both photoresist andh&r@masks becomes
important as already discussed; however, the implications of mergdaardmask on
the sidewalls of previously etched steps introduces an additionalicatigul. After

regular SiQ hardmask patterning, some $iGverhanging material remains on the
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corners of existing etch steps. This overhanSiO, acts as a maghurinc the ICP
etching stepgreating unwanted overhanging material that resembles a “ around

the perimeter of the etched st (see Figure 4.22 and Figure 4.23).

It was found that an ov-etch during the mask pattern of up to 30% °
required in order tosufficiently remove overhanging material and minimize
appearance of this fence in resulting steps. This effect wasvelsér ever)

hardmask patterning step after the first etch was comg

Resulting structure

Figure 4.22 Diagram illustrating the effect of sidewall oxide hardmask on ni
etching
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Figure 4.23. SEM images illustrating the fence structure Lefdues resulting from
a poor overetch of the oxide hardmask, and Right: Cleaner edge due to proper
hardmask overetch.

EHT = 4.00 kv Signal A= SE2 Date :14 Aug 2012
Mag= 10.72 KX
WD = BEmm User = NSiwak Time :19:29:39

Figure 4.24. SEM image illustrating a crossection of fence residue.
4.1.4.6Etching targets

The 4 etches needed in this fabrication process have varyipth de
requirements depending on the step. The required etch depths areatdtlstr

schematically in Figure 4.25, and in tabular fashion in Table 4.2.
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Figure 4.25Diagram illustrating the 4 etches employed and their depth te
relativeto the original epitaxial layer structu 1) Trench etch, 2) Ridge etch,
Quantum well etch, 4) Waveguide

Figure 4.26. Tomlown colorized SEM of entire device, with color coated d
indication afer each etching step. Red: Unetched depth, Yellow: Trench etcl
Purple: Ridge etch (#2), Blue: Quantum well etch (#3), Green: Waveguide et

Table 4.2. Etch targets

Etch# | Masklayer | '2rgetdepth
(km)
1 Trench 71
2 Ridge 1.375
3 Quantum well 2.48
4 Waveguide 5.91

Etch 1 utilizes the high etch rate ICP etching step in order to achiev
deepest etch with the least amount of mask erosion possible as to achieve sm
sidewalls. This etch is slated to etch through the entirexegitmaterial stack i
order to create eleatal isolation btween the integrated components. Side
smoothness is critical for this etch since it also constitinestched laser facet a

cantilever waveguide ge¢
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Figure 4.27. SEM images of the deep ICP trench etch.
Etch 2utilizes the slower ICP etch and is used to create the faddke laser

structure. This etch has less requirements on its depth and secreate the lateral
confinement of the laser optical mode. The sidewall smoothnesssoktith is

important to reduce the loss in the lasing mode.

122



|—| Mag= 11.02KX . .
WD =108 mm User = NSiwak Time :12:22:35

Figure 4.28. SEM image of laser facet with the defined laser ridge.
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Etch 3uses the slower etch recipe to remove the remaining active compone
of the laser region, removing the quantum wells across the diptercthe active
region, and opening the buriedtype laser contact. Since this layer is targeting a
buried contact, its etch depth is critical. Sidewall roughiges$sss of a concern for

this patterning step as the etched sidewall is far away from the &seaegion.
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Figure 4.29. SEM image showing the quantum well etched region centered on the
laser ridge.

Etch 4again uses the slower etch to pattern all of the waveguide/photodetector
structures. This etch also is meant to open the buyrigge contact for the
photodiode components, and it also needs to completely etch through the davegui
and upper half of the sacrificial layers. Significant aspatitHdependent etching
(ARDE) is seen when performing this etch, making it difficultdalize. Large areas
of 100’s of microns square need to be etched in order to contact the tomtedt
layer, while trenches as narrow as 1 um need to be etchedlasToeaddress this
issue, the large, open areas of the pattern are etched as gesgibke, allowing the
very narrow regions to achieve sufficient depth. The depth of namegwns is
important for the success of this fabrication step in ordercibtée the undercut and

release of movable structures; insufficient etch depth will teafixed cantilevers
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that are still attached to the main bulk of the waveguide lag@are must be taken

however, to know the etch rates to a high degree of certainty estahiag the large

areas will proceed beyond the buried contact.
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Figure 4.30. SEMs of waveguide etched patterns focusing on the lasemnfhcet a
coupled waveguide areas (Top left), the cantilever structures (Top rigthtyaund
the cantilever gap defined by the first trench etch (Bottom row).

1pm

Mag= 439KX

4.1.5 Metal contact deposition

Two metalizations were employed to create ohmic contaatstype andp-
type semiconductor materials for this process flé%type metallization is a tri-layer
of titanium — platinum — gold, and is un-annealletype metallization is a 5-layer
metal stack consisting of Nickel — Germanium — Gold — Nickel — Goid is

annealed to 400°C with a rapid thermal annealing system. Bothiqees are
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standardized metallization process, this work employed verycphati surface

preparations in order to achieve metal contacts which are ohmic, rather thakySchot
4.1.5.1P-type metallization

P-type metallization for InP-based semiconductors are madé \&it
degenerately dopepttype layer of InGaAs, and a tri-layer of metals: titani(560
A), nickel (1200 A), and gold (1.5 pm). Using a thin layer of InG&Asffective in
producing an ohmic contact even without annealing due to the narrmgdya of the
InGaAs material and the low barrier height between metals thadInGaAs
compound semiconductor. In this metallization scheme, titanium setis adhesion
layer for the remaining metal stack, the platinum actsdusion barrier to prevent
gold from diffusing into the underlying semiconductor, and the gold legees as a
bulk current conductor and a non-oxidizing surface protection. All ndetabsition
is performed in a multi-pocket CHA industries Mark Ill (CHAke&ron beam

evaporator.

Practically, thep-type metallization is difficult for these samples due to the
large and abrupt topography variations present in the samples, priméen
providing continuity from the top of a 3 pm wide and 1.2 pum tall ridgecttre
down to the surrounding substrate. To deposit metal up the sidewall more effectively,
planetary sample holders are used in the CHA which rotate thplesat an angle
during metal evaporation, coating sidewalls more effectively t standard normal-
incidence evaporation. Additionally, a very thick layer of gold isiusecoat over
this step more reliably. SEM images of the metal coatioiggaa ridge structure are

shown in Figure 4.31.
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Figure 4.31 SEM image ometallization(tinted red) achieving continuity from tl
bottom to the top of the narrow laser ridge structure via plar evaporatior
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P-type metalization

2 pm EHT = 4.00 kV Signal A= SE2 Date :2 Aug 2012
|_| Mag= 2.00KX . ’
WD =152mm User = NSiwak Time :15:04:03

Figure 4.32. SEM of metallization on top of theNgipassivation (dark region), and
covering the laser ridge.

4.1.5.2N-type metallization

The standaradh-type metallization to InP materials is a mixture of Ni-Gu
materials annealed over 325°C, the nickel and germanium have been foona to f
complexes and alloys with the semiconductor material and reduderbagights
present due to dangling bonds at the surface of the semiconductor T2@0typical
metallization consists of a dual layer of Ni and an AuGe d88/11% by weight).
Since all metalizations were performed in-house with an ptb®aaporator, metal
alloys are not a preferred metal deposition due to the diffexaporation/dissolution
rates present in the metal alloys; instead a multi-lagekss formed to approximate
the use of an AuGe alloy. The final multilayer metalictinre which is evaporated

onto the degenerately doped € 5x13® cm®) InP material is: nickel (50A),
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germanium (400A), gold (300A), nickel (800A), gold (2000A). The metakstc
then annealed in a rapid-thermal-annealing furnace (RTA), at 3@0°6D seconds
and then 400°C for 40 seconds. In this structure the nickel servessigh i
substrate adhesion, and also forms ternary compounds with the undeulystiate,
likewise the next three gold and germanium layers in the meatk form a eutectic
and penetrate the underlying nickel and form ternary compounds wittogesl InP
material. The final gold layer is a thick capping layer to gubthe surface and
reduce metal oxidation. After annealing the surface roughnessiges although this
did not affect the performance of these contacts. Detailbeoptocess steps are
available in Appendix A. This fabrication process is an establishetallization
scheme in literature and has been used for numerous published 26yK30] 32,

165, 201].
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Figure 4.33. SEMs af-metallization after annealing steps are completed. Left shows
the rough morphology of the metal contact pads in the cantilever. Right shows the
laser region witlp-contacts over top of the darksSj, passivation. Notice the
difference in surface roughness betweemthadp contact metals.

4.1.5.3Metal lift-off

Patterning of all metal contacts is done via a lift-off progatiser than a wet
metal etch. This is due to the large number of metals andslaged in the contacts,
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as well as the sensitivity of the underlying 1lI-V semicortdtg; many of which
would be attacked by standard metal etches. The better solutieallogethe lift-off

process.
The lift-off procedure is as follows:

1. Spin coat negative photoresist

2. Exposing and developing the resist

3. Performing a 30 second wet acid dip (HGKH- 1:20) to remove surface
oxides and impurities

4. Immediate insertion into electron beam metal evaporation char@béh)(
and subsequent metal depositiarof p type, as described above)

5. Remove from vacuum chamber

6. Overnight soak in 80°C Remover PG resist stripper (99% NMP solution)

7. Final sample cleaning with Acetone/Methanol/Isopropanol
4.1.5.4Surface preparation

A key aspect of contact formation on semiconductor surfaces is the
preparation and cleaning of these surfaces before metallizdfidime surface is not
clean of organic materials and surface oxides, metals maycpty<elaminate for
the semiconductor surface, or a potential barrier may form betiheenetallization

and the semiconductor surface.

A number of methods were explored in order to prepare sample surfaces
before metallization. Tests of contact quality were performed ustirgdar transfer

length measurement (CTLM) structure and measurement techsegi€&igure 4.34).
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This method has been used in previous literature to accurately ohetecontact
resistance of the metallization and the sheet resis of the underlying
semiconductor surfacd202-204] without the negativeffects of current spreadir

which are often evident in the standard linear TLM measure.

Figure 4.340ptical micrograph showing CTLM metalized pattern use contact
resistance and sheet resistivity te

As in the standard linear TLM measuremeresistance is measured -
various contacispacing and plotted versus the distance of the spaciin this
method, the resistanad a ring of semiconductor maial, comprised ca 200 pum
diametercircular center metal pad and a surrounding, is measured for varying gs
lengths, 4, 8, 12, 16, 20, 24, 32, 40, and 4¢ Resistance is determined vie
standard 4point probe measurement with an Agilent 4156Biconductor parametse
analyzer. |-Veurves of each contact pair are also considered for quali
determination of notinearity of each contact pailOnce resistance is determini

these values are plotted against the senductor gap dimensions.

Theresistance of each circular contact pair can be repezkapproximatel

as [204, 205]:
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R == L( —ﬂ 4-1
27-[ nRZ_S+ T RZ_S+R2 ( )

whereRg, is the sheet resistance of the semiconductor matBsiéd, the outer radius

of the ring ands is the gap between the inner and outer rings (see Figure 4.31%).

the “transfer length” and is typically seen as a meastithe ohmic quality of the
resulting contacts. A shortér indicates a better ohmic contact. One can apply a
linear correction term (see equation (4-3)) to each resistaaloe to linearize the
data and make the extraction of parameters more simple; withesg torrections,
the specific contact resistance would be underestimated [204, 205]nafbuel
logarithm in equation (4-1) can be evaluated using a Taylor expansion iimithat

the inner radiusRy) is much larger thas andR, = R;+s. Equation (4-1) then can be

written as:

— Rsh
2mR,

where R, is the inner radius of the ring structure. The correction terns then

R

[s+2L;]-c (4-2)

defined as:

R Ri+s
o= By Ratsl (4-3)
S R4
Resistance data is then fit to a straight line by dividingh e@sistance
measurement by this correction term and then plotting resestarsus gap length
(see Figure 4.35). The values of the correction terms arenshelaw in Table 4.3.
The resulting y-intercept and slope of the fitted line are ts@dlculate the transfer
length, sheet resistance, and the specific contact resistdntee metallization

following the form of equation (4-2). Each surface preparation sequeaearried

out with this measurement following to determine the contact properties.
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Table 4.3. Correction terms for linear fitting of CTLM data

Gap length Correction
(um) term, C
4 0.990
8 0.981
12 0.971
16 0.962
20 0.953
24 0.944
32 0.928
40 0.912
70 :
Raw
col —+H— Corrected |
————— fit
Rs =1527.089 Ohms/sq
501" Re =3.8224€-009 Ohm m? I
"y Lt =1.5821e-006 m
3
§ 30+ :
.g
20+ :
10+ :
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Gap distance (m) X 10-5

Figure 4.35. Example data from CTLM measurements showing raw and corrected
data for a set of measurements.

Both plasma treatments and non-plasma treatments were usedfa®e s
preparations. The plasma treatments used wergla@@ma (for removal organics,
photoresist), CHf-(traditional standard oxide etch, to remove native oxides), and Ar
(physical sputtering to clean surfaces). Non-plasma tregsmesed were a dilute

(2:20) solution of HCI:HO, and no treatment whatsoever. Test samples were
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patterned with negative photoresist following the recipes outlineédtios 4.1.1.6
for lift-off. Once the photoresist is patterned, the surfacesraated with one of the
above to ready them fop and n-type metallization in an e-beam evaporation
chamber. A summary of these results are presented in Table 4.4.

Table 4.4. Tabulated results from contact resistance surface preparstiiom te

Contact
. . ontac Sheet resistance Transfer length (Lt)
Surface preparation resistance (Rc)
2 (Rs) (Q/2) (um)

(Q-m")
02 plasma + HCL acid dip 1.11x107 803.4 11.751
HCL acid dip 3.92x10° 455.4 2.9352
02 plasma + Sio2PT oxide etch 1.99x10° 242.3 90.725
02 plasma 8.23x107 50.8 127.31
SiO2PT oxide etch 4.67x10° 158.4 171.76
Argon sputter 6.21x10° 156.2 199.34

Experiments indicated that any plasma processing steps usedtieraptdo
clean the surface for non-annealed metallization produced non-olsogttky
contacts, with plasma processes other than an oxygen plasma clearingedurse
contacts than oxygen plasma alone. The dilute HCL wet etslihgzonly successful
technique to achieve ohmic, non-alloyetlype contacts, with a contact resistance of
4x10° Q-nt. It was found than-type metalizations were less sensitive to the surface
preparation, as the alloying process in the RTA penetratEgswxides and surface
defects to establish ohmic contacts that did not vary between ediffeurface

preparations.

Literature indicates that hydrogen-containing plasmas passacagptors in
nearly all semiconductors, including InGaAs. Moreover, paperstegppassivation
in thep (andn) type materials up to depths of 100’s of nanometers [206-2h2hel
case of InGaAs this passivation arises due to complexes thab&iween H and Be
atoms in the semiconductor [213-215]. This creates effective da@ngities an
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order of magnitude less than the original doping density, and in low dopseg,ca
complete type inversion. In addition to the interdiffusion of hydnog@ecies, there

is also measurable lattice damage due to ion bombardment causing non
stoichiometric surfaces and additional defect states. Authorstedpibvat in most
cases high temperature anneals (>400°C for more than 60 secomdsahe to
restore the semiconductor to its original state [216]. Thesk teqiperature
annealing steps are not practical in the case of this wodgyowork containing thin

qguantum wells for fear of interdiffusion of these abrupt interfaces.

4.1.6 Wet undercut etching and critical point dryin g

Wet semiconductor etches were employed in the fabrication ggaceorder
to create the overhanging MEMS cantilever structures. Mbtlectivity between
InP and InGaAs containing materials was exploited to creatleatisely etched
sacrificial layer underneath the moveable devices. After ttie ist performed, a
critical point dry step is needed in order to dry the sample witthmuteffects of

stiction damaging the fragile released devices.
4.1.6.1Wet etching chemistries

A number of wet etch chemistries are known for the InP-InGaAraht
system, and in the case of an InGaAs sacrificial etchahegompletely selective to
InP, and only partially selective to InGaAsP compounds. Typichiysblutions
consist of an acid and hydrogen peroxide mixture diluted with watef]. A
number of wet etchants were tested for their ability to dtehas-grown materials;

critical was the ability to etch InGaAs as well as InGaAsaterials, both of which
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comprise the sacrificial layer for these devices (seeose@). Literature [217, 218]
and anecdotal evidence shows that InGaAsP materials willsegafficantly slower
than InGaAs. It is important to not just find an etch which undert@dnGaAs
material fastest, but to find a wet etch chemistry whichthasmost balanced etch
rate between InGaAs and InGaAsP materials to reduce the amowaicrdicial
material without severely over etching the structures. Iniadd this, the etchants

cannot attack the existing materials on the die surface.

Three different acid/peroxide solutions were tested, KB:HH0,
H,S0Oy:H,0,:H,0, HsPOy:H,02:H,0, all mixed in a 1:1:8 ratio. These acids were
chosen due to their availability and prevalence in literaturevidus work utilized
the HF mixture, primarily due to its very high etch rate throughass[26, 28, 30,
32, 165, 183]. Etches of a bulk sample were performed for 5 mjnameks then
cleaved crossections were examined via SEM to investigate thecuhdate (see

Figure 4.36).
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Figure 4.36. Crossectiona SEM images of undercut samples with layers labele
HaPOy:H-05:H-0, B) HSOy:H,0,:H,50, C) HF:HO,:H,O

Table 4.5 Calculated undercut lateral etch rates for 5 minute etch te
InGaAs and InGa/P of epitaxial growth

Wet etchant: H3PO4:H->05:H,0O | HoSO4:H205:H,0 | HF:H >,05:H -0
InGaAs etch rate 215.4 523.6 587
(nm/min)
InGaAsP etch rate 12.906 12.644 4.084
(nm/min)
Ratio 16.68991 41.41095 143.7316

The rates of each material for each etch are illustratTable4.5. The three
etched produced somewhat similar results, illustrating a tdmgstanisotropy in te
InGaAs materials.The results of this etcexperimenindicate no dependence on !
layer thickness to the undercut depth (Figure 4.36), suggestireg mostly raction-
rate limited etching process, which is expectedthe InPinGaAs material systel
[18, 219, 220]. It is also of note to mention that the HF etch formulation, and

lesser extend the 280, aggressively attacks titanium delaminatip-type metal
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pads on the sample surface which use a titanium adhesion layer (section 4.1.5.1). The
H,SO, and HF acid containing materials were found to etch InGaAs s&lguihey
completely lifted off the patterns before a sufficient undemutinGaAsP was
achieved. From these results, the etchant which exhibits thestlokatio of
InGaAs/InGaAsP etch rates is thegRd, formulation, and thus was used for the
undercut despite the overall slower etch rates. A side effeébts mismatched etch

is that a thin membrane of InGaAsP remains beneath the dleeseeguides,
increasing the possibility of stiction regardless of the, C@ical point dry (section
4.1.6.2). At the time of device fabrication the full impact of tm-etched membrane

was unknown. A more complete discussion of this etching artifdicbevdiscussed

in section 5. This etching artifact is shown clearly in Figure 4.37.
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Figure 4.37. SEM images of undercut samples with the InGaAsP membkearig c

visible beneath the waveguides.

In order to gauge the amount of under etch practically when perigrtinis

fabrication step, a number of bars with varying widths (0.5 — 25wide) are
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included in the waveguide mask as “release bars.” As the unilegoeiich is being
performed the sample is periodically placed under a microscope tov@hshich
release bars have lifted off completely. A completelyaséd bar indicates a
complete removal of the InGaAs and InGaAsP layers beneath,hasdcan help
gauge the degree of cantilever and waveguide release. Throulisoptdacess, the
sample is never removed from solution and dried to prevent surfesieridorces
from causing stiction of cantilevers and suspended waveguides apairsibstrate

and sidewalls.
4.1.6.2CO;, critical point dry

The final fabrication process step is completed by using iaatrgoint dryer
(Tousimis Samdri®-795) to prevent stiction from occurring. A,@@tical point
dryer takes liquid C@through its critical point into a gaseous state, avoiding surface
tension forces that are present under normal atmospheric evaporation whichsgan ca

destruction of free-standing structures.

141



pressure

1
200 250 300 350 400

T(K)
Figure 4.38Phase diagram «CO, showing the critical point and the supercriti
point dry process. 1) LiquiCO, is pumped into the chamber, the temperature
pressure increased beyond the critical point .ce in the supercritical fluid phas
the pressures reduced until the gas phase is achieved. Adapted[221].

Released samples are transferred from deionized water intonacanc
methanol subsequently in order to completely dehydrate the sarMethanol is
used to store the released sample before the sample ietradgb theCO, critical
point dryer. The system is then automated to fill with licCO, and take the samp
“around” the critical point 0CGO, (304.25 K, and 7.39 MPa) by rais the pressure
and temperature beyond this point, and then reducing the pressure, avbe&
liquid-gas transition. This process negates the effect of tifi@csutension forces .

the gadiquid interface, and prevents the damage of fragile freeste structures.
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Flgure 4.39. SEMs of various undercut and,C@ical point dried cantilevers and
waveguides.
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Fabricated device

In Figure 4.40 a completed, but yet un-thinned and un-cleaved die is shown
alongside another thinned example which has been cleaved into thechipse

These images illustrate the scale and final form factor of the completiegsle
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Figure 4.40. Photographs of completed die (left), and a thinned and cleaved die into
the 3 chips (right).

Figure 4.41 presents a composite SEM image of the final cordplierdce
with each component notated and exploded in an inset image. Indicatibe of t

direction of light propagation along the waveguide is shown in the figure as well.
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Figure 4.41. SEMs of completed device showing the relative locations ofitfee
source, cantilever waveguide, and photodiodes.
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5 Device testing and analysis

Testing fabricated devices comprised the testing of sepayatponents such
as the lasers, cantilevers, and photodiodes independently. After thiswda
collected, the coupled components were intended to be tested togetieeiocus of
this work was the demonstration of device integration, and thus t@dimumber of
experiments were performed to verify the basic functionalithefdevices under test
in their different configurations. A complete fabrication run wasesformed
successfully on an epitaxial sample and tested, however dygrécessing oversight
devices were rendered inoperable upon the last fabrication steps. yiNigdiie
processing techniques slightly and acquiring a new material lgroavtsecond

improved fabrication run was then performed.

The following sections will outline the testing setups and gutaces used in
the testing of the two fabrication runs and present the raavfoah the experiments.
The majority of data taking and testing fixtures described infalewing were
initially constructed by Dr. Christopher Richardson and persomadigtified for the
specific application to this work. The data which has been callenid analyzed is
then discussed. Due to limited yield of fabrication run 1 and widas device
inoperability in fabrication run 2, much of the data analigsfecused on determining
the failure mechanisms and shortcomings in the final devicezagalh which
contributed to the poor overall system performance. This sectionudescivith a
discussion of the proposed failure mechanisms and how to address tliekeen

work.
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Fabrication run 1

Fabrication run 1 is completed after all of the fabrication opations as
outlined in section 0. Testing is carried out in two phases,slas®t photodiodes
tested before and after the device undercut waveguide/cantikdease outlined in

section 4.1.6.

5.1.1 Testing setup and procedures

Laser diodes were tested in both pulsed and continuous wave (CW) afiodes
operation. Devices were fabricated and attached to a thin coppervwoth indium
solder (see Figure 5.1). This plate is then mounted to a copper\iiihckhermal
paste. Mounting the sample in this manner provides a thermal sinkefatevice.
The device can be un-mounted simply by re-heating the copper pktemoving
the sample with tweezers. This allows for the two-stagag¢epgrocedure before and

after device release.

The whole system is cooled via a thermoelectric cooler eleraant.X
Lightwave LDT-5412 temperature controller, and a feedback themistll cooling
is set to 10°C, estimated via the Steinhart/Hart method with pebvideufacturer
constants. Electrical contact was made to devices via midtiopes probes and
connected to the current source used for electrically pumpingater diodes.
Measurement of light output was performed using a Newport Model B18-I
photodiode attached to a separately calibrated Newport 819-OPTatitiggsphere
used in order to capture the maximum crossection of output laser kgbtire 5.2

illustrates the components of this setup. This photodiode was then mahtea@

147



Fempto DHPVA voltage amplifier characterized as high-impeglaloev noise, and
good low-frequency performance (bandwidth: DC — 200 MHz) in order tsune

the diode photocurrent.

pldﬁe PR T S
Figure 5.1. Standard sample mounting.

' Integrating
sphere

Figure 5.2 Standard testing setup.

148



5.1.1.1Continuous wave testing

Continuous wave (CW) laser measurements are generally pedan order
to measure the forward bias DC characteristics of the diksées. An initial current-
voltage (I-V) sweep of the diode is performed utilizing an @éujl 4156B
semiconductor parameter analyzer in order to establish diode-like forwardvarskere

bias behavior, as well as establish the diode turn-on voltage of the lasers.

A Newport modular controller (model 8008, or 5600 depending on required
compliance voltage) laser diode driver is used to electricallypptira devices to
achieve lasing operation. Output light is collected from thavel@ facet of the laser
devices with the calibrated integrating sphere in order to inerédas collection
efficiency of the photodiode. The cleaved facet is used foeat@h due to its
location at the edge of the wafer which makes it possible to pihecéntegrating

sphere and photodiode close to the source of emitted radiation.

5.1.1.2Pulsed laser testing

Pulsed laser testing was performed in order to measure dewxiemtcwhile
minimizing the effect of resistive heating. A very low dutycley(1%-0.001%)
voltage pulse is created with a HP 0114A 100V/2A pulse generatoreahdosthe
device via a voltage divider circuit which allows laser pumpingl an direct
measurement of device current and voltage. The circuit used fondlasurement is
presented below in Figure 5.3. Pulse widths were required todss than 5 us due
to the ~3-5 us risetime of the Newport 819-OPT photodiode used iexipesiment.
A Tektronix TDS 3014B oscilloscope is used to capture the time-rest@ser diode

voltage pulse as well as device current and device output liglght & Current —
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Voltage (LIV) are recorded simultaneously at varying staggégatures (22°C and
10°C) and pulse widths (5-10 us) to characterize fabricated thsdes. A
LABVIEW program (originally written by Dr. Chris Richardson and maatiffor this
work) is used to automatically sweep the output voltage of the polsee while

recording the diode voltage and output light simultaneously.

o

0.750

= 30Q
sense

410 O

"

|

Figure 5.3. Circuit diagram illustrating connections for pulsed testing.se

5.1.2 Laser testing results

Laser diodes were tested from each completed and cleavedsleefoee the
undercut-release step, with varied success rates acrosssvdevice runs. Figure
5.4 shows LIV curves typical of the first fabrication runs andesponding to the
three lengths of laser cavities (500, 1000, 1500 um) tested with thed prusrent
measurement configuration at two temperatures, actively cooled0t€ and
passively cooled to the copper heatsink (no cooling). Active coolingused for
every subsequent device test due to the lower threshold currenttexhibievery
device tested (as can be seen in Figure 5.4) and the reduced afaig)dce damage

due to overheating. 10°C was observed as the temperature whmelengation
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begins to collect on the sample, and thus was selected as thditnivexf cooling.
CW operation of the same laser diodes was observed for a sivgte daly at the
10°C cooled conditions; however no parametric data was taken beface tlure

due to device breakdown and failure.
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Figure 5.4. LIV measurements of working lasers with only passive coolitig t
copper heatsink (no cooling) and actively cooled to 10°C. All three lengths are
represented: 500, 1000, 1500 pum.

5.1.2.1Laser diode analysis

The general device characteristics of each laser diode lengthl{&El®, and
1500 um) have been presented in Table 5.1 and Table 5.2, along with metrnese
LIV curves at two temperatures in Figure 5.4. Due to the sifietitrie of working
devices, a complete spectral analysis was not able to bermpedo To estimate the
wavelength of the output laser light more accurately, the quamuet

photoluminescence peak wavelength of 1517 nm determined at the tinte of t
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epitaxial growth and measured by C. Richardson, was used feaalength values.
All following calculations were performed with data taken under co&hng

conditions unless indicated. Laser diode forward resistance wasdetd by fitting

a straight line to the forward biased portion of the I-V curVke slope of this line is
then the inverse of the forward diode resistance (Ohm’s law)esfibid current and
slope efficiency are calculated by fitting a straight me¢he Light-Current curve (L-
I) near the laser diode threshold. The slope of this line is dientas the slope
efficiency, and the x-intercept is calculated to determindhteshold current. Table
5.1 and Table 5.2 present average values of the operating chatiastdar 10°C

cooled devices across the first functioning fabrication run fromctwos on a single

die. These two chips are functionally identical and were processed in parallel

Table 5.1. Average values for tested lasers before undercut releapte(gatr25a

3,4 2B)
, Forward
II_:nsetrhc(a Vr'rtsl Tzrgﬁgi?ld(z?g%m resistance Slope efficiency (W/A)
gin (W y (Ohms)
500 1.83+0.099x 10 8.465+0.460 0.033+0.017
1000 1.663+0.709xF0 5.756+0.398 0.123+0.064
1500 1.001+0.425xF0 5.718+0.621 0.134+0.161
Table 5.2. Average values for tested lasers before undercut releapte (gatr25a
3,4 3B)
, Forward
II_:nsetrhc(a Vr'rtsl Tzrgﬁgi?ld(z?g%m resistance Slope efficiency (W/A)
gin W y (Ohms)
500 1.76+0.345x10 9.82+0.866 0.021+0.029
1000 1.461+0.329xF0 5.50+0.345 0.053+0.033
1500 1.259+0.130x£0 5.62+0.279 0.274+0.300

The goal of this experiment is to extract the internal patars of the laser

diodes: the internal lossa>, the internal quantum efficienay, and the wall-plug
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efficiency. These values can be determined by calculdtieglifferential quantum

efficiency,nq, which can be expressed as [187]:

Ng = (i) dPo — Ni%mirror
‘ hv/ dl (ai> + mirror

(5-1)

whereq is the electron chargé,is Planck’s constant; is the light frequencyp, is
the total output optical power from both facéts the laser diode forward current,
is the aforementioned internal quantum efficiency, @ngbr is a lumped mirror loss

term defined as [187]:

1 1
Amirror = Zln [E] (5-2)

wherelL is the length of the optical cavity, ang, are the mirror reflectivities. The
differential resistance is easily calculated knowing the skffieiency of the laser
diode, and the diode lengths can be measured via SEM inspection. okdiati)
and (5-2) can thus be re-written as:

1 (a;)
— =L+ — (5-3)
Nna  mIn[l/mr] n
The reciprocal of the differential quantum efficiency versus lémgth is
plotted together for the varied lengths and fit a straight liflkee slope and intercept

is then used to calculate the internal loss and internal quantum efficiency.

Reflectance needs to be determined in order to complete thesianallhe
reflectivity of the cleaved facet and the etched and coated falt be very different
and need to be calculated separately. The cleaved facetivéffeist calculated by
Fresnel's equation (equation (5-11)) using the effective index fadct®n of the

primary mode (g = 3.23) and air and is found to be= 27.8%. The reflectivity of
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the etched facet is slightly more difficult to calculatecsi it is coated with a 400 nm
thin film of silicon nitride (measured via SEM crossection) andakulated by
utilizing the transfer matrix method, generalized to plane incelerin this method,
each interface is represented by a 2x2 matrix, and each ptiopagzedium is

represented by a diagonalized 2x2 matrix:

(k1 + k) (ky — kz)\

Interface matrix = I, = (klzflkz) (klz-}lflkz) (5-4)
2k, 2k, /
. . _ [etkad 0 .
Medium matrix = M, = 0 —ikyd (5-5)
e

wherek, is the wavevector corresponding to each mediyrandd is the thickness of
the SgN4 coating. The matrices can then be constructed for the @eduictor (n =

3.23) — silicon nitride (h= 2) — air interface @@= 1) and multiplied to yield the
reflection and transmission coefficients of the material staciuestion assuming a

wavelength of 1517 nm.

r
[P] = [1,M;155 (5'6)
with reflectance and transmission defined as:

2
, Transmission = 1 — Reflectance (5-7)

P
Reflectance = |F

Using this method, the reflectance of thgNgicoated etched facet is; =
1.96%, low as expected since the thickness of thd,Sayer approaches the %

wavelength for 1517 nm light.

The slope efficiency is used to calculate the differential qurargfficiency

from equation (5-1). Using these calculated values, the aboveataltukflectance
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of each facet, and measured values for laser cavity lengtbuthes shown in Figure
5.5 are generated. The extracted values for internal quantunerefficand internal

loss are shown in

Table 5.3.
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Figure 5.5. Plot of inverse differential quantum efficiency versus caviggHen

(Differential Quantum Efficiency)'1

Table 5.3. Calculated internal laser parameters.

Chip i (%) <a;> (cm™)
28 13.92 £ 11.20 5.31%29
3B 12.48 £ 4.9 1.07+26

From Figure 5.5 and the variance in the calculated parametergheofitted
data it is evident that there is a large spread and unceritaitity measured data, and
these calculated values may not be very reliable in deterntiméntpss mechanisms
internally. This is a testament to the very sporadic lasihgber exhibited by this
first fabrication run of devices, and is an indicator of poor fabocaonsistency that

is a result of such a complicated fabrication scheme and\dkfgorication. It is
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important to note that since the fabrication process was perfodieety-die,
variation between samples even across a single 18x18 mm die due to aligmanent e

and edge effects was significant which contributed to the spread in this data

Despite the large spread in the calculated parametersnibeaseen the
calculated internal efficiency is small for both sets of desj and may be an
indication of high cavity loss or a high level of non-radiativeorebination paths for
the diode current through the active region, most likely dominatedAdnyer
recombination, as with most InP-based lasers [187, 222, 223], and ceakatyé¢
through the cladding and surface regions of the laser diodestlatused due to
improperly passivated surfaces around the active regions. Tiwseadiative
recombination paths may be due to internal material dislocationsrgndities, as
well as surface damage due to the ICP etching steps. Aeagtsielirectly within the
guantum wells can also be significant contributors to this poornaitequantum
efficiency. The very low values for internal quantum efficig calculated here also
show that these devices are very sensitive to any slight errgrocessing,
particularly related to thermal cycling or sidewall roughntsst further reduces
etched facet reflectivity and propagating waveguide losses. Thergftemtance of
the etched mirror coated with thesl$J passivation certainly plays a part in the
overall loss, nearly doubling the mirror logsifor) cOmpared with the ideal case of

two cleaved facet boundaries with no coatings.

While there is some sidewall roughness along the laser ridgeptighness is
not expected to contribute heavily to the loss of the optical mode @inggority of

the optical power is concentrated near the active region and not near #oe sdithe
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semiconductor and is not expected to interact substantially [224-226jigure 3.17
this is illustrated clearly by considering the simulationghefoptical mode profile in
the laser ridge region. Payme al presents a generalized model for loss due to
waveguide sidewall roughness, where the exponential loss coefficentbe

expressed as [226]:

@ = XD} —nd)? —

k3 T

2 f R(B — nyk, cos ) db (5-8)

Ny Jo

whereR is the spectral density function, related to the autocorreltioction that
describes the sidewall roughness, aifd) is the modal field at the surface of the
ridge and the remainder of the variables take their normal defisifor a slab
waveguide formulation. Integrating the modal field along thegeridurface in

simulations shown in Figure 3.17, the normalized value(dj is calculated to be

9.8x10°, which would essentially negate this loss term due to the sidewall roughness.

From laser I-V characteristics taken at two temperat{@%C and 25°C) the

characteristic temperature for this rangg,was calculated from the relation [187]:

T,-T;
T,=+——"——=
ln(lthz/lthl)

whereT, , are the two temperatures, dpd . are the calculated threshold currents at

(5-9)

each temperature. The calculated values were found to bedret?0-25K for
devices tested, smaller than the expected values of 50-100K dorestrquantum
well lasers, indicative of the pulsed testing setup and thg peor temperature
stability these devices. The low value may be due to the poaondh@roperties of
the laser device, which is isolated from the surrounding semiconduateriah by an

encompassing trench also meant to electrically isolatéadtex diode. The values
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calculated for internal losses loss, however, are near the edpealue for these
materials [187, 227]. The relatively low forward resistanceshef devices also
suggest good ohmic contact formation for botkand p-type materials for these
particular components under significant bias, however, the turn on voitegbgher
than expected, which may be an indication of a potential barriehanntetal-

semiconductor interface.

The wall-plug efficiency was also calculated which is simfilg optical
power out versus the input electrical power. This should be constamhiag that
the output optical power is linear after threshold; the instantanesddus will vary

however. Below is a plot of the wall-plug efficiency of the three exemplavices.
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Figure 5.6. Plot of the wall plug efficiency versus the diode current.
Figure 5.6 shows that the maximum efficiency of the 1000 and 1500ngnm lo

laser cavities are essentially the same, 17%, while theeshadvity, 500 um, has a
maximum efficiency of 1.3%. This very large discrepancy indiétat the length of
the 500 um laser is not long enough for the device gain to overconisetéheal

losses in the laser material and mirror facets.
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Not all devices in this first fabrication run exhibited lasearelsteristics,
however it was directly attributed to poor cleaves which introducacked facets.
Devices with these damaged facets did not lase at any temmpeoatinput current,
up to the catastrophic failure of the devices (~ 1 A of forwarddua®nt). The poor

cleaves were inspected via SEM imaging, an example of botls ashown in

Figure 5.7.

Figure 5.7. SEM images showing examples of a cracked facet and smootlitéacet a
cleaving.

After these initial experiments were performed, the undercut &dcftical
point dry step (see section 4.1.6) was performed in order to eataatilever devices
and suspended waveguides. This under-etching step inadvertently darnaged t
cleaved facets by etching away the Ga — and — As contaimaterials. All of the
laser diodes were damaged in this way and exhibited no measiasibte operation
afterwards, with some devices exhibiting spontaneous emission abigargurrents
immediately before device failure. An SEM of a damageavelé facet is shown in

Figure 5.8 along with a plot of before and after L-I-V characteristics
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Figure 5.8. Left: SEM showing cleaved laser facet with completelpveth
InGaAsP quantum well regions. Right: L-I-V characteristics of theesdaser diode
before and after the undercut release.

5.1.3 Waveguide photodiodes

5.1.3.1Testing setup and procedure

Waveguide integrated photodiodes were tested utilizing the sarmieioale
probing and mounting schemes as listed for the laser testing,omitiict being made
to the photodiodan and p type contacts. The photodiode is illuminated with two
methods: 1) a top-down out of plane approach with a closely placed, ctleave
multimode optical fiber brought into proximity with the surface of diede under
test with a micropositioner stage. 2) An in-plane method utgia lensed fiber
focused on a cleaved waveguide facet which directly couples tphtitediode via
the integrated waveguide (see Figure 5.2). The first methogbre convenient to
measure without worry for waveguide quality or integrity sinbe tvaveguide
propagation is bypassed; it does, however provide reduced absorption cowigared

the in-plane approach due to the very thin layer of absorber material.

The illumination source for these tests was a Photonetics Turits P

wavelength tunable laser diode, set at the intended design wgthetdrl.55 pm. A
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Stanford research systems (SRS) SR570 low noise current preamplifised as a
high input impedance transimpedance amplifier to both reverse biadIhhe
photodiode and measure its output photocurrent upon illumination. Laser yntensit
controlled via an Eigenlight 420 in-line optical power monitor and vaiabl
attenuator. The semiconductor parameter analyzer is then useedp the applied
voltage on the PIN diode and measure its |-V characterigtiegried illumination
intensities. Throughout the testing procedure, the photodiodes areefyassoled
via the copper heatsink and assumed to be at room temperature (25%9) tberi

experiments.
5.1.3.2Photodiode testing results

The photodiodes were independently tested via top-down 1.55 pm
illumination, as well as side illumination through the coupled wawegui
Incompletely undercut suspended waveguides caused total loss thefooptical
power reaches the waveguide photodiode due to the absorbing region below t
waveguide when side illuminated tests were attempted. Thigdodsred off-chip
waveguide coupled photodiode measurements impossible. All photodiodes have
identical dimensions and construction. Photodiodes showed dark currents &f 47 n
(approximate current density of 1.1 pAfrand responsivity of 1.2 + 0.16 mA/W at
-2 V reverse bias. Figure 5.9 shows the dark as well as illusdircdiaracteristic 1-V

plots of the photodiode structures.
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Photodiode I-V at Varied Input Optical Power
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Figure 5.9. I-V curves of photodiode reverse bias characteristics undet varie
illumination intensities, top: semilog, bottom: linear.

5.1.3.3Photodiode analysis

The photodiodes in this system were only tested via top illuminatidnnno
the intended waveguide-coupled method due to a fabrication imperfectioh diti
not allow for off-chip coupling. The area near the cleaved edgthefinput
waveguide did not get released by the wet under-cut etch, ledargacrificial and
also absorbing material directly beneath the waveguides (seeeFigl0). This
caused significant optical loss and did not allow light to propagatugh the
waveguide. Testing with a cleaved multimode fiber suspended dim@atl top of
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the photodiode region was instead used to independently test this comfmnent

photosensitive operation.

Figure 5.10. SEM of input waveguide facet showing un-released absorber at the
input.

The internal quantum efficiency and responsivity were calculatedhése
devices under these illumination and test conditions. It was fdwatdthe output
current of the photodiode “leveled off” at approximately -2 V of negatp@ied bias
(see Figure 5.9), and this value was used for photocurrent celonsla@nd voltage

bias of the photodiode.

The primary photocurrent generated through the photodiode resulting from
absorption in the depletion region, neglecting the minimal absorptitmeimuasi-

neutral regions, can be expressed theoretically as:

q _
Iphoto = Epo(l —€ atabsorb)(l - RlnP—Air) (5'10)
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whereq is the electron chargé,is Planck’s constant; is the frequency of incident
light, P, is the input optical powe, is the absorption coefficient of InGaAgssorh IS
the thickness of the absorbing region, &tg.air is the reflection coefficient of the

InP-Air interface, calculated in the usual way from Fresnel's equation:

Ninp — nAir)z (5-11)

Rnp—sir = (
MEAT ™ N\ + iy

whereny is taken as 1, ang,p is taken as 3.1. Quantum efficiency is defined here as

the number of electron hole pairs generated per absorbed input photon, acahthus

be expressed as:

Lynoto/q
photo
= = — 5-12
IQE =17 P Jhv (5-12)

The responsivity is more general and can be seen as the tottotgrsus

the total input power incident, and can be expressed as:

Responsivity = I’g—:w =7 (:—U) (5-13)
Considering equations (5-10) and (5-12), it can be seen that, tbalbyet
internal quantum efficiency should be independent of the input optical pdwaar.
this photodiode the InGaAs absorbing region is 250 nm thick, the incidenglopti
radiation has a wavelength of 1.55 um, and the absorption coefficiégmBaAs is
taken as 2.3xfocm™ [188]. The theoretical upper-limit for the IQE for this
illumination configuration is then calculated to be 4.12%. This veryialve is due
to the very thin absorbing region in this particular illumination guréition. Under

side illumination the absorption thickness increases to 150 um, imgetss

theoretical value to a more typical 73.8%.
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The output current versus the input optical power was very lineagrape
seen in Figure 5.11. The responsivity of the photodiode is calculatdae t
1.065+0.038x18 A/W from the linear fit to the plot in Figure 5.11. Equation (5-12)
was used to calculate the measured quantum efficiency over rige of input
powers shown in Figure 5.9, with an average IQE calculated to be 0.099+0.812%;
order of magnitude less than the theoretically calculated quaetiicrency. The
poor quantum efficiency and the disparity between the measuresvand
theoretical can be attributed to a number of non-ideal testing mrglisuch as the
top-down illumination conditions of this testing setup, un-accounted tonitiation
spot size variation from the cleaved optical fiber, and any fltiong in output

optical power due to fiber kinks or downstream optical power measurement errors.

Output photocurrent at -2 V (A)

L L L L
0 0.2 0.4 0.6 0.8 1 1.2
Incident optical power (W)

x10°
Figure 5.11. Output photocurrent at -2V revers bias versus input incident optical
power.

Shunt resistance was measured by calculating the slope ofviérserebias
current at -2 V, and was found to be inversely proportional with the myptical

power and varied from 90 to 13 Figure 5.12 shows this relationship. This
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varying shunt resistance and relatively high dark current fordibide indicate the
presence of bulk material or surface defects which contributeat@ge currents.
Since no variation in diode geometry exist for this fabrication naetlermining the
main contributor to this leakage current experimentally is ditfichowever
conceptually, it can be assumed that the likelihood of fabricatitectdealong the

edge of the un-passivated photodiode are much higher than internal bulk defects.
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Figure 5.12. Shunt resistance versus the input optical power.
To calculate the minimum detectable power of this configuratiocomsider

the RMS noise due to dark current and shunt resistance in the photodjp@sses

as:

(ishotz) = ZQ(Idark)Af (5'14)
_ 4k, TAf

(l]ohnsonz) = Rb— (5'15)
shunt

whereq is the electron chargéyark is the dark currenky, is Boltzmann’s constant, T
is the temperaturdisuntis the shunt resistance, asfidis the measurement bandwidth.
Since this device is operated in reverse bias mode, the shotwilbideminate and
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the Johnson noise in the circuit will be minimal. The minimumatietde power can
then be expressed as the sum of the two noise contributions dividatleby

responsivity:

J(ishot2> + (i]ohnson2> (5-16)

Pmin -

Responsivity

For this calculation we use the measured dark current 4.69&18nd the
bandwidth due to sampling measurement as 780 Hz, T as 293 K, andothresnasy
as calculated above from the straight line fit in Figure 5.14e mMinimum detectable
input optical power with this illumination configuration and reverse baaslition is

calculated then to be 3.24 nW.
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Figure 5.13. Linear I-V characteristics of the photodiode under various illuomnat
powers.

Of note is that the reverse bias I-V characteristic iruf€igh.13 shows two
“knees,” with the primary photocurrent generated well into revegppéied bias rather
than at O V bias as one might expect for a PIN photodiode opemattgptovoltaic
mode. The double knee reverse bias characteristics indicatbeladtive absorbing

region is not fully depleted at O V reverse bias, due to a resieiyple doping in the

167



“undoped” sacrificial layers [228]. Once the core absorbing podidhe intrinsic
region structure is fully depleted (after approximately -1 \fesferse bias) and the
excess carriers swept away by this sufficiently largéagel, the photodiode produces

substantial photocurrent in the typical fashion.

A Schottky barrier is also a possible cause of this additional. kAeerude
approximation of the built-in voltage for a Schottky barrier diode loa taken as:
Vi = (Ometar — Psemi)/q- From Figure 5.9 and this first knee appears-at65-
0.75 V, which is the estimated Schottky built-in-voltage of thgype contact
considering the work functions of nickel (5.15 eV) and InP (4.38 @Wjs indicates
a possible problem with the annealing of thgype contact materials. No contact
resistance measurement structures were included in the msigi de order to
independently verify this, however thetype region for the PIN diodes were exposed
to a large number of plasma steps, which may have caused a diegradahe
contact resistance of this specific contact [211, 229]. Thisnea®bserved in the
laser diodes, however at the high forward bias voltages dasiee diodes we would
expect any Schottky barriers to conduct and this effect wouldssepl®minent and

may not be apparent in the laser |-V characteristics.

As the device was not optimized for optimal photodiode performance and
tradeoffs were made to facilitate the integration of this photstructure into the
larger MEMS cantilever waveguide measurement scheme, the poor yrhetb@and
unintentional 0 V bias characteristic is understandable. The prishargcoming in
this experiment, however, lies in the testing and measuremeamp sdiere a

photodiode not designed for top-down planar excitation was measured Hyasuc
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method due to the limitations imposed by the fabrication impeofexti This caused
predictably low responsivity and quantum efficiency that would undoubtedly be

improved by side-illumination.

5.1.4 Cantilever waveguides

5.1.4.1Testing procedure

Separate cantilever devices are tested via micropositionerspiobmontact
with the topside bias and actuation electrodes. A potential etfiifer is applied
between the grounded bias electrode and the actuation electrodeaufsingtion
generator in order to move the cantilever waveguides. Meaasuteof the motion of
the cantilever waveguides was performed optically as destibsection 3.1.6. 1.55
um laser light from the aforementioned tunable laser sourcecagsled into a
suspended on-chip waveguide with a lensed fiber (mode field diaofdiqum), and
coupled off-chip with an identical lensed fiber in order to simplifg process of
coupling on and off of the chip. This fiber was then coupled to aRdeuws 1811-FC
high speed photodiode to measure the modulated optical power. Measurements
cantilever motion were limited to DC actuation due to substnateent leakage and

capacitive losses which caused high frequency actuation to fail.

In addition to this standard measurement, attempts to visuaiziélever
motion were performed via scanning electron microscopy imagingdet/i@e under
test. Cantilever waveguide contacts were wire bonded to a diasutmadount and

copper block package to provide for electrical connections through vacuum

169



feedthroughs. DC voltage was applied to the bias and actuation padesnsite of

the SEM vacuum chamber and monitored via the SEM secondary electron detector.
5.1.4.2Cantilever resonator testing results

Both fabrication runs tested produced no electrostatically actuaiatiigever
waveguides. This was estimated to be caused by a combinationctofsfa
incomplete undercut etching, residual sacrificial layer-inducedti®st; and
significant current leakage. Since the difficulties asged with the actuation of
these cantilever devices are closely related to the othealsigeing applied to the
integrated devices, cantilever actuation studies are lumped wmiibre generalized
analysis and discussion in section 5.1.7 which covers the variouts éfaneasure

the device actuation and the origins of the failure mechanisms.

5.1.5 Cantilever waveguide and PIN photodiode testi  ng

Cantilever waveguides integrated with PIN photodiodes were testawtatypa
from devices which also contained integrated laser diodes to valiateoperation.
The off-chip tunable 1.55 um laser diode source was coupled onto the ahép vi
lensed optical fiber as with the PIN photodiode measurement previgesysection
5.1.3.1). Four micropositioner probes were used to make contact to the two
cantilever bias and actuation electrodes and rthend p contacts for the PIN
photodiodes. The cantilever contacts were connected to a functiontgenetale
the PIN photodiode contacts were connected to the SRS transimpedasideram
The PIN photodiodes were operated in photovoltaic mode with O volts rdviasse

applied across th@ and n contacts with thep-type contact grounded to reduce
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parasitic coupling between the photodiode and the cantilever actuation electrodes. A
oscilloscope measured the actuation signal as well as the photgdiotecurrent
during actuation. The function generator was set to provide a 0 volmarmi
voltage at all times with varying amplitudes by introducing@G d@fset in the signal.

This assures that the actuation contact for the cantilever resoaatains the same

polarity at all times during testing.

As with the cantilever waveguide resonators, devices weoetedsed while
monitored by a SEM in order to visualize attempted cantileveratoh. All four
contacts were wirebonded to the diamond-copper submount assembly to provide

electrical connections via chamber feedthroughs.

5.1.6 Full system testing

The full system was tested in the same manner as the above pobeorts.
The chip with the integrated devices was mounted on a diamond submourtemand t
mounted to a copper block. Six micropositioner probes provided electrical
connection to th@ andp laser diode contacts, the cantilever bias and actuation pads,
and then andp PIN diode contacts. The laser diode was attempted to be opierated
CW mode in order to reduce parasitic capacitive coupling to othgoarments in the
system. The PIN photodiode was operated in photovoltaic mode once adgfaif, wi
volt applied bias and the-type contact grounded. Cantilever waveguides were

actuated via a 0 volt minimum square wave signal provided by the function generat
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5.1.7 Results of coupled component testing

Due to fabrication imperfections and inoperable laser devicesestiag of
all system components simultaneously was not successful. A numizsues$ that
all traced back to deficiencies in the contact isolation beagparent through these
failed experiments. The following section presents the d&antto analyze the
contact isolation across the fabricated chip and the failure analfythis aspect of

the devices.
5.1.7.1Contact and actuation pads current isolation and tsting results

Unlike many conventional MEMS devices fabricated on top of insulating
sacrificial layers and substrates, IlI-V MEMS devices aeeessarily separated by
semi-insulating or intrinsic compound semiconductors which can condues#édin
the correct direction. The |-V characteristics between thacelecontact pads,
isolated by epitaxial semiconductor junctions rather than insajat@re measured to
establish the actuation voltage limitations whereby effecBataiion is maintained

and to discover potential parasitic paths in the final devices.

Figure 5.14 — Figure 5.21 contains diagrams illustrating theasitact points,
and the |-V characteristics between each of the contact pointseotevice. Inset
into each of these diagrams is the measured |-V characteristithe specific
configurations showing the theoretical current paths. Qualitativelsas observed
that contact pairs with similar circuit pathways exhibitsighilar shaped I-V

characteristics.
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1 - Laser p-type

2 - Laser n-type

Measured - Contacts 1-2

Current (1)

L L L L L
-3 1 0 1 2 3

2 E
Voltage (V)

Figure 5.14. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
measured.

1 - Laser p-type

2 — Laser n-type

x 10"

3 — Cantilever
bias

4 — Cantilever
actuator

Measured - Contacts 1-3,4 / 2-3,4

Contacts1-3 [

Contacts1-4
Contacts2-3
Contacts2-4

Current (1)

-4

L
-40 -35

L
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L L L L L |
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Voltage (V)

L L
-25 -20

Figure 5.15. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
measured.
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1 - Laser p-type

2 — Laser n-type

x10° Measured - Contacts 1-6 / 2-6

Current (1)
o

Contacts1-6

Contacts2-6
n T .

-8 L L L L L
-10 -8 -6 -4 -2 2 4 6 8 10

Voltage(V)
Figure 5.16. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
measured.

1 - Laser p-type

5 — Photodiode n-type
2 — Laser n-type

x10* Measured - Contacts 1-5 / 2-5
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Contacts1-5
Contacts2-5

-2.

5 L L L L L L L L .
-10 -8 -6 -4 -2 2 4 6 8 10

0
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Figure 5.17. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
measured.
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3 — Cantilever 4 — Cantilever
bias actuator

Current (1)

. L L . L . L
-30 -25 -20 -15 -10 -5 0 5 10
Voltage (V)

Figure 5.18. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
measured.
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Figure 5.19. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
measured.
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Figure 5.20. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being
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Figure 5.21. Device cross-section and numerated contact points. Numbers on cross-
section coincide with labels on graphs. Red arrow indicates current path being

measured.
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5.1.7.2Exploration of contact isolation and cantilever actation failure

Contact isolation proved to be a pervasive flaw in nearly everpoonent of
the integrated system, particularly evident in the cantileveiation scheme and the

photodiode measurement.

The 1lI-V MEMS devices fabricated in this work were sepatatand
electrically isolated through deep trench isolation etchesargemi-insulating (Fe
counter-doped InP wafer) and reverse biapeadjunctions (See Figure 4.25 and
Figure 5.14). Unfortunately, these junctions and current paths ardwents non-
conducting. As can be seen in Figure 5.15, there are clear currésttpat are
opened above ~5 V applied bias between actuation pads and photodiodepamgact
This proved to be detrimental in the measurement of cantilever maitbnthe
integrated photodiodes, as the crosstalk between the actuation amphathe

measurement signal became large enough to obscure any possible cantilerer moti

Independent verification of the cantilever waveguide motion via miopysc
under a DC applied actuation signal was undertaken in an effort to decougfeche e
of contact pad crosstalk. Cantilever motion is traditionally v&anall for low
voltages, fractions of a micron (see Figure 3.9 for an example)jnaedtigation
under standard optical microscopes proved to be inconclusive during applied
actuation. A SEM with feedthroughs for in-situ actuation of wibeded cantilever
pads was used in an attempt to achieve higher resolution and pregisi@asuring
cantilever motion. This measurement did not yield any measurabitleger
actuation, however did inadvertently provide information about parasitic currést pat

across the surface of the device via voltage-contrast SEMnghayoltage-contrast
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SEM imaging “lights up” areas of negative voltage (repelling elecodsincreasing

the yield of electrons to the electron detectors) and darkeemigns of positive
voltage bias (attracting electrons reducing the electrod ynelhese regions). It was
discovered that the trench isolation etch was not sufficient to ebehplisolate the

laser diode, actuation pads, and photodiodes and followed a seemingly random
pattern of leakage that was directly related to smallidabon imperfections

resulting from aspect ratio dependent etching depths.

 Wire bonds
~ to contact

Figure 5.22. Voltage contrast SEM imaging of devices, showing current pathway
through in-situ voltage application. Dark areas have positive voltage applied, and
light areas have negative voltage applied.

The substrate resistance was estimated by fitting aglstréine to the I-V
curves in the forward and reverse biased conditions measured betweagtype
cantilever actuation and bias pads and the bottom photodiode contact (3 aratcd cont
pads, see Figure 5.14 and Figure 5.15). These particular contaetshesen since

they provide the most direct path through the substrate only 108Candh apart, to
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reduce the measurement error due to current spreading. Throudaséheand
photodiode I-V curves, we see that forward resistances ardoweryndicating that
the contact resistance of each pad is negligible. In suckeatb@ forward bias slope
is approximately equal to the resistance through the semi-imgukibstrate. This
was calculated to be only 58.&8n; three orders of magnitude lower than the
expected resistivity from the manufacturer specifications (8Brv). This indicates

a number of additional pathways between the contacts that were keot iteto
account such as residual bottom-contact layer material (I&feasnd 2 in Table 3.1)
not etched through during the deep trench etch and waveguide etch. tGdten,
undercut etching step does not completely remove the sacrifigeal during the wet
undercut etch, providing an additional current path. Additionally, conductidrs pat
can form across unpassivated sidewall and trench surfaces dicd ttamage [211,

229].

Also discovered via SEM inspection was the incomplete removal abpsrt
of the sacrificial undercut layer directly beneath the aareil and in the surrounding
structures, as indicated in Section 4.1.6. The aspect-ratio depetdeng én these
narrow regions such as the cantilever actuation gap and the asola¢éinches
surrounding the cantilever actuation and bias pads (< 2 um) rethecegerall etch
depth to below this slower-etching layer, and thus they remained. irigédith only
250 nm of spacing between this thin layer and the waveguide cantieyiens,
stiction often occurred for free cantilevers preventing motionEM Simages
illustrating this phenomenon are shown below in Figure 5.23. In adtititms, the

thin membrane-like structure bridged the isolation gap betweeceadjeontact pads,

179



introducing other current paths (see Figure 5.24). These curaém may have
prevented sufficient a sufficient voltage difference to be geedrbetween the bias-

actuation pads, which prohibited electrostatic actuation.

L2 ‘-

Remaining membrane
beneath waveguide \

Figure 5.23. SEM images of released cantilever tips showing unetched lagatthe
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Figure 5.24. SEM of actuation-bias contact pad region with cantilevarates
removed, showing the underlying membrane and the bridging of the separation gap.

This thin membrane beneath the cantilever may have been biasgdition
the side-electrode, causing uneven actuation force and may haed stiagon early
in the testing cycle. To test this hypothesis, simultaneoustam of the cantilever
beam was performed and measured by a KEYENCE VK-9700 legenisg non-
contact profilometer. This tool scans a violet laser acrosdidlte of view of a
microscope objective, measuring intensity of the reflected laesatime stage is moved
in the z-direction. By tracking the maximum reflected powerthes sample is
translated through the z-direction, information about the topographlyeo$ample
can be determined. Comparison of cantilever vertical and in-plapéacisnent
showed no appreciable difference at 0, 7, and 10 V of applied bias. e Fdl5
shows a plot of the normalized height measured by the opticalgonefier at these

three applied voltage bias conditions. These results indicatetibeg is not
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sufficient voltage bias between the cantilever and actuation paddantorfacilitate
electrostatic actuation. The cantilever is already stuckigmexperiment as can be
seen via the downward bending of the profile, however from Figure We23ee that
a majority of the beam is free and should experience some sbendfng motion

upon actuation.

+ 0V actuator bias
+ 7V Actuator bias
o 10V Actuator bias

Height difference (nm)

0 10 EID 3;3 4:] 50 60
Distance along cantilever (prm)
Figure 5.25. Plot of normalized height along the top of the cantilever during applied
voltage. Right side is clamped portion of the cantilever. Inset shows microscope and

false-color 3D image from optical profiler.
In the future, a different layer structure should be to be cheoghout these

thin cladding layers in the absorbing/sacrificial region regasdté the slight benefit
they offer. These layers caused there to be physical st@asfitever motion, poor
undercut, as well as and enhanced current path between A mote/efédectrical
isolation scheme needs to be employed for this particular certéetuation design.
A method for achieving this is to obtain deeper isolation trencaeitdted by
physically larger (> 2 um) gaps between bias and actuatiotrcglecislands to

mitigate the aspect-ratio-dependent etch depth that occurs with very nanohes.
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It was also found that attempting such a deep trench isolationwetich
smooth sidewalls is impractical, and the implications of not egckieep enough
through the epitaxial layer structure cause significant probilertie operation of the
final devices. A re-design of the mask layers that incotpsrkarger trenches and
gaps, along with re-ordering of the etching and patterning stepslér to reduce the
stringent etching requirements can assure that the etch dep#thieve electrical
isolation are met, alongside the other patterning requirementscassid in sections

3 and 0.

Fabrication run 2

In order to proceed further with integrated testing of all tbmeeponents and
attempt to perform full-system testing, the laser diodes ketdee functional. In
this manner, the laser diodes could be operated while the cantilevieres were
moved in order to perform a measurement of the displacement vialaptthods.
A simplified solution was established to combat the undercuttinigeoadttive region
during undercut and release in order to produce working laser diodesllagswe
released cantilevers and waveguide devices. The un-releaseelddlaeet edge was
coated with photoresist in order to protect it during the wet elelase process. This
solution was effective in protecting the facets from being uniéed, and was used
to facilitate the completion of a second fabrication run. Thes&es were tested in
the same manner as fabrication run 1, with the same setup¥f@n@ pulsed laser

testing being used.
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5.1.8 Laser testing results

Upon testing these devices, the forward resistance and diode turn on
characteristics were favorable, however no lasing operatiorobsesved, as can be
seen in Figure 5.26. A number of hypothesis were developed and teated vi
simulation and device testing in an attempt to explain the inopéyadbiliall laser

cavities on this device.

10 T T T T T T T T 350
—*— 500 pm long laser

[| —*— 1000 um long laser
1500 um long laser

-325

Device voltage (V)
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0.3 0.4 0.5 0.6 0.7 0.8

Device current (A)

Figure 5.26. Example of LIV curves for second fabrication run devices.
The laser cavity facets were first considered as the sofireecess loss that

was preventing positive optical gain in the laser cavity. Asipusly, cracked or
damaged cleaved facets will prevent reflection from a cavitsom(see Figure 5.7).
SEM was used to inspect the cleaved facets of the second faoricat and to
establish which devices to test. This device screening provedotiuga no
difference in optical output between devices with smooth cletacsts and damaged

facets.
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The etched facet coated withsl$i was also considered, due to the low
reflectivity from this mirror as a consequence of the dielectiating. The already
poor efficiency of the laser material may be compounded byénislow reflection
from the etched laser facet. An attempt to remove thismahtvas made in order to
boost the reflectivity of this cavity mirror. Due to misaligemh of the SiNg4
passivation mask, a number of laser cavities did not haiy Soating this etched
facet natively. These devices were selected for elelcemmzhoptical characterization
as well as a number of samples which had th&l;Smaterial removed from the
etched facet sidewall with a RIE plasma etch. SEM imafésth cases are shown
in Figure 5.27 and Figure 5.28. Upon pulsed LIV testing of theseteeléxser
cavities, the optical characteristics were again indiscgrnifferent between
natively SgNy-free, SgN, removed via RIE, and normal coated facets. Figure 5.29

shows the output optical power from each of the facets, cleaved aatthieel facet

as well as a trace with the photodiode input blocked, or “blanked.”

Before Si3N rpoval Afte moval

Figure 5.27. SEM of before and aftegl%j removal via RIE etching. Residual
dielectric can be seen deep in the trench, indicating removal of the coating.
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Figure 5.29. LIV curves of a device that has had the nitride removed, measured at
each facet and with the detector blanked.

The SEM images in Figure 5.27 and Figure 5.28 show that the etcleed las
facets appear slightly rough due to the ICP etching proceducet fedlectivity will
be affected due to this surface roughness. We can estimdtec¢heeflectanceR)
due to a RMS surface roughnegsl)(compared to that of a perfectly smooth facet

(Ro) with the following relation derived from Huygens'’s diffraction [230]:

E — o~ (4mnAd/2)? (5-17)

o
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A plot of this reduced reflection versus the RMS roughness ofattet is
shown in Figure 5.30 for the specific case here with the lameglengthA=1570 nm

and effective index of the primary laser mode as n=3.23.

Normalized reflection vs. RMS facet roughness (Ad)
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Figure 5.30. Facet reflectance versus the RMS roughness of the |laséoifdice
case of the fabricated laser diodes.

From the SEM’s we see that for much of the area underneathdteeitiis
very difficult to make out any surface roughness whatsoewde can place an
estimate of the roughness to be between 10-20 nm, which is neamirthleum
resolvable feature with our SEM. From equation (5-18) we seethisatwould
introduce an approximately 6%-20% reduction in the reflectance cethga a
perfectly smooth surface, reducing the reflectivity from 27.8526t04% or 22.28%
for the best and worst case roughness scenarios. Although thigrass estimate

since no AFM measurement of the facet roughness was pedoFigire 5.30 and
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equation (5-18) indicate that for these specific devices the facgihness is an
unlikely source of reflection loss as far as the observedsfazet able to show in
SEM inspection. Much larger (closer to 35 nm in order to redutextieh by 50%)
and more obvious defects are required to obtain appreciable log® dle facet

roughness.

As demonstrated in section 5.1.2.1, the sidewall roughness of theitise
should not produce significant loss compared to other factors. Furtlegrimwill be
shown in section 5.1.10 that the surfaces of the ridge play evenflasgart in the
propagation of the primary lasing mode from this second fabricatiordue to the
more shallow ridge compared with the first fabrication run and thigsaspect was

not considered in the loss considerations.

The final attempt to increase the reflectivity of this lafseet was taken by
attempting to re-cleave the device near the etched facet Eldigewill shorten the
laser cavity, but will provide for a laser cavity that has tweawed facets as is
traditionally done for laser bar fabrication. This cleaving proceas practically
difficult due to the very narrow sample width, but was successfoifoducing lasers
with a cavity length of 750 um long after the second cleaving s@nce again, the
standard pulsed LIV testing of these laser diodes at 10°C yieldestimulated
emission and no substantial difference in the |-V characterisgg®nd a slight
change in the device forward resistance. This change istexipgince the electrical
contact area was changed. What is observed is a possible eneaspontaneous
LED-like emission; however it is likely that this is due tdisged heat from the laser

diode. See Figure 5.31 for a visualization of the location of thisaleave. Figure
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5.32 shows a plot of the LIV characteristics with optical poweasured from both
facets, as well as the background noise when the photodetector input is blanked.

New laser cavity length

n-type metal contact

—————————— T — - -

Original cleaved laser . . Re-cleaved facet
facet Laser ridge, 3 um wide location

.N-type metal .P-type metal .Trench etch .Quantum well

.Waveguide pattern D Si;N, passivation D Laser ridge

Figure 5.31. Top down diagram illustrating the location of the re-cleaved daser f
(not to scale).

x 10"
11— " T T T T T T T
—e— Facet 1
0F o Facet2 |
gl| —*  Detector blanked 13
gl _
S 7r i
> g
8 6 b 5
= =
S 3
g o 1. 2
< 1255
o 4 -
3[Q 1
oL i
1 L 'S O B
O 1 L L 1 L L L

L L L
015 02 025 03 035 04 045 05 055 06 0.65
Device current (A)

Figure 5.32. LIV curves for a device that has two cleaved facets. Output power
shown from both sides of the laser, as well as a plot of the detector input blanked.
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5.1.9 Cryogenic testing setup

It is well understood that InGaAsP-based laser gain is veryitisento
temperature variation [187, 223, 227], and it was thought that by mouthtise
samples within a cryostat and cooling the devices down to 11K, thmscgald be

recovered and the devices would be able to lase.

Figure 5.33. SEM showing three devices connected via wire bonding, notice one of
each laser length is connected for cryo-testing.

The laser characterization was performed at cryogenic temopes with an
APD Cryogenics Expander 202 6.5 K helium cryostat. In order tdfastesamples
inside of the vacuum chamber, the fabricated devices were moungedismond
sub-mount where wire-bonding was performed to the topside contactisef laser
diodes in order to achieve electrical contact (see Figure 5.34Fignge 5.33)..
Diamond is chosen as the submount substrate for cryogenic testing floigh
thermal conductivity, and low electrical conductivity. The submownt then be
connected to wire feedthroughs and used without micropositioner probegphire

window with a 90% transmission at 1.55 pm is placed at the endeofatuum
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chamber, allowing the generated light from the cleaved laseledio escape the

cryostat assembly and be collected by the same integrating sphere.

Integrating
sphere

N mount

Figure 5.3 Full cryogenic tesg setup, dotted line references.Lq:basfethe‘
coldhead in Figure 5.36.

¥ ) \

191



Electrical
connectio
socket

Figure 5.36. Close-up image of the coldhead assembly with éample attached.
A total of 6 feedthroughs were available on the cryostat, allp®idevices to

be tested in one cool-down cycle. Samples were placed in tinebehat 8 mT
vacuum, and the cryostat was run to its base temperature of mpaiey 11 K.
Bringing the sample temperature this low causes negatiwhesatihg effects to be
drastically reduced. The same LIV measurements arerpet using the pulsed-

excitation measurement scheme.

5.1.10 Cryogenic testing results and further analys  is

Devices were tested at room temperature with no active cobéggnd the
thermal heatsink, and also at 11K, with no lasing behavior observedhat ei

temperature condition. The turn-on voltage of the diode curves insresses
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expected for cryogenic testing pin junctions. Data from these measurements for

all three laser diode cavity lengths is presented below in Figure 5.37.
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Figure 5.37. LIV plots of three laser cavities at room temperatuf® @rel
cryogenically cooled to 11K (Right).

After performing each of these permutations in the testing tonsgiof the
laser diodes from the second fabrication run, output light due to ladiog avas not
observed. From SEM inspection and simple |-V curve measurementlilid be

expected for these devices to work as designed.

All of these experiments establish that the internal gain dager medium is
not able to overcome the losses within the laser cavity or dgbke cavity mirrors.
Beyond internal losses due to dislocations and material defectsnmrat facet
reflectivity loss, loss can be experienced through surfacedeaiahe optical mode.
This is brought on by surface roughness and metal covering #reridge in close
proximity to the guided laser mode. This particular fabricationdiffered slightly
compared to the previous working fabrication run, particularly inhisight of the
laser ridge. Fabrication run 1 yielded a laser ridge heightofim tall with a nitride
coating of 400 nm while fabrication run 2 produced a laser ridge hafighg um tall

with a nitride coating of 175 nm. These changes may have put tia coatacts
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closer to the optical mode due to the thinner passivation coating fdaliheation

run 2 devices.

In order to test this hypothesis, simulations were performed tksengame
finite difference modesolver used previously to calculate the itogbhe primary
guided mode due to the underlying sacrificial region. In this, ¢hsantroduction of
the SgN, coating and gold metallization were included in the simulation. These
mode simulations were used to calculate the loss in the printamndde via the
effective index of the guided mode as per equation (3-35). Theatwacdtion run
geometries were simulated and compared. Figure 5.38 showsdloases and the

primary guided mode.

Ex (TE mode) Ey (TM mode) Ex (TE mode) Ey (TM mode)

J
A

05 1 15 2 05 1 15 2 05 1 15 2 05 1 15 2
X X X X

Figure 5.38. Output of modesolver simulations for (left) Fabrication run 1 and (right)
Fabrication run 2. Dotted lines indicate the location of the quantum well gain region,
green lines indicate theBli, coating, and the brown lines on top indicate the gold
contact material.

The simulated lossnly due to absorption from the lossy layers (sacrificial
region and gold metal contact which blankets the ridge) was foubd:t6.00555
dB/cm for fabrication run 1 and 0.00522 dB/cm for fabrication run 2.slihelations
indicate that there is little difference between the twoidabion runs; in fact the
fabrication run 2 should perform marginally better. The reasorthis relative
insensitivity is largely due to an error in the growth thickradsthe upper SCH layer
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(layer #29 in Table 3.1) which makes it double the thickness of the b&ih
layer. This discrepancy does not affect the propagation of araloptaxie; however
it does push the active gain region of the quantum wells even furtiagrfeom the
surface, reducing any interaction of the mode with the surfaceeasing the

confinement.

The shallower ridge in fabrication run 2 may have additional conseggi@mc
the overall laser device effectiveness due to the lack of curmeriinement which
can arise due to lateral current spreading. Figure 5.39 shaivageam which
illustrates this effect. Since the ridge etch was shallower in run 2 than runelistae
region of doped material above the quantum wells, called “underetchchahows
current to spread out more readily as soon as it leaves theghy@nfinement of the
ridge. This effectively increases the volume which the curpasses through,
reducing the overlap of the current flow with the optical mode, anckdsiag the
effective current density, yielding higher required threshold ntsréo achieve
lasing. This phenomena also has an effect on the mode discriminattbe gain

region and the single or multimode operation of the laser.

Current injection o
type
Current spreading length l l l l

“Underetch”
Ny

N type
Guided laser mode /

Figure 5.39. Diagram illustrating the effect of ridge underetch on tmentuthrough
the guided laser mode in the gain region.

Quantum well
gain region
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Achtenhageret al. have developed a model to simulate the lateral current
spreading in the “y” direction (away from the ridge) [231, 232]sThteral current

can be described as:

] (1 +M> for |yl >w/2
Jo) =17 L (5-18)
Js for |yl <w/2
wherelJs is defined as:
o= (1+25) (5-19)
w

and Jr represents the total injected current density. From thesei@tgjatve can

solve forls, the spreading length:

4k, Td
I, = B (5-20)
ap/s

wherekg is Boltzmann’s constant, is the temperaturel, is the underetch thickness,

is the elementary charge,is the width of the laser ridge, apds the resistivity of

the material in which the current spreads. We take these @umatid solve for our
system with a ridge width of 3 pum at room temperature and thegenic
temperatures attempted (11K), and pick bounds for the maximum and minimum
current densities encountered for threshold. The resulting siomdashow an
approximate maximum and minimum range of expected current spréadgig as a

function of the overetch thickness. These plots are shown in Figure 5.40.
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Figure 5.40. Plots of simulated current spreading versus underetch amount aemultipl
temperatures.

From these simulations, it is found that the current spreadinghléengtout

300-500 nm for fabrication run 2 devices (with a 0.400 um underetch value
experimentally determined). This spreading length is everwlesn the devices are
cryogenically cooled to 11K with a current spreading length of 6&+80 These
spreading lengths are very small in comparison with the riddgdhwndicating that

this effect is probably not a contributor to the final device effectiveness.

While not directly tested for these two fabrication runs, thegssing steps
used in order to fabricate the devices may have contributed to thmall gveor
performance of the laser devices. Of particular importancéhargrocesses which
introduce thermal cycling such as ICP etching, electron beaml mw@aporation, and
contact annealing. Each of these steps could cause aggregatioacté aathin the
guantum well regions, or intermixing of the quantum wells themseive®asing the
loss within this active region. ICP and RIE etching are alsoeagiye processes
known to introduce damage and surface modification to epitaxial wtescafter
plasma exposure [233], and may have caused additional surfacat cpatés,
intermixing effects, or propagated defects within the actigiore The wafer
thinning process used in order to better cleave the devices intoigkapshysically
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aggressive grinding process which may also cause there to bgagexparystalline

defects through the substrate into the epitaxially grown layers.

Ultimately the root cause for lack of stimulated emissionthe second
fabrication run was not definitively determined. It is possiblé wiale one of these
factors discussed here in this section may not single-handedlytbauisglure of the
laser devices, any combination or permutation of the possibls fizay increase the
likelihood for failure. It was deemed beyond the scope of the objectfehe

research presented here to further explore the failure mechanisms fatdhiess.

Conclusions and future work

Through two full fabrication runs that yielded multiple die and chips f
testing and characterization, the testing of the full systéim all three components
together was not possible within the time and resource constraitiiss gfrogram.
Significant effort was undertaken to understand the devices sepaestetheir
discrete components, as well as the interdependence of each. thisis
interdependence which provides the largest challenge when attertgptimggrate
these components into a monolithic system. This is evident in thepsework
published by the author, and others in our group [26, 32, 169, 181], which
demonstrated the stand-alone MEMS cantilever and photodiode components
operating successfully in the absence of an integrated lasaresourhe results
presented in this dissertation are invaluable in the investigabbnthe

interdependence between optical and MEMS components. Approachingstieis sy
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from the design, fabrication, and testing perspectives simultaneaasla primary

goal of this work and has shed much light on the practical limitations of thisrsyste

Contact isolation was investigated, photodiodes were charactesizbsiceete
components, and the measurement and characterization of the laser wlasdes
undertaken. It was found that laser diodes performed poorly due tonvelyabe a
myriad of effects from Auger recombination, surface current tgakaaths, low
mirror facet reflectivity, or temperature instability. Wbut sufficient contact
isolation cantilever actuation was not possible, and system-vedgnd was
impossible due to crosstalk between the laser diode, photodiode, aneveantil
waveguide actuation which obscured the photodiode readout. This contagbnsolat
proved to be the largest impediment to the system operation andysckksed due
to a combination of effects: incomplete sacrificial layeraeah, insufficient isolation

trench etching depth, and unpassivated trench surfaces.

A second fabrication run with an inexplicable 0% device yield inegé#tat
the complexity and interdependence of the epitaxial layertstejahe mask layout,
and the fabrication process flow is not fully understood. Many merations in the
design of the epitaxial layer structure, components, layout, anegsiog steps are
needed in order to successfully realize a fully integrated aptEMS system in

these 1lI-V materials.

A number of changes in the design of this system from a dewoetland
process flow perspective need to be made when considering fubukerslated to
these devices. A more effective and reliable method for corsalettion between

photodiodes, actuation pads, and the laser diodes is required itta cdbmponents
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of the system are to be operated simultaneously. Much of tH&iasoscheme
depends on the ordering of process steps that allow for physicaisdéson trench
etching. The design presented in this work attempted to streathénkabrication
process by combining the creation of the trench isolation etchledhei laser mirror
facets, marginalizing the importance of the etch depth in favetabf smoothness.
This caused for much of the electrical isolation trenches tes rtheir depth
requirements and negating their function. To better address tiga déshe system
as a whole, these fabrication steps should be de-coupled into twotsegiataes

which can be optimized for depth and smoothness independently.

Simplifying the conceptual design of the active regions of MEMS
interrogation scheme would also be beneficial as opposed to theotwoletely
separate laser and photodiode active regions as in the designtpdekere. A side
effect of this design choice is an unnecessarily thick epitay@aith and extra
fabrication steps. The very thick growth required complicatedBE growth and
makes the realization of high-quality material more diffidaltachieve. It also
impacts the fabrication scheme by increasing the requiretisilept numbers of the
etches (much more of an issue in IlI-V MEMS devices as oppossitician-based
MEMS devices which have very mature high-aspect ratio etcuhgmes available).
Deeper etches are much less ideal than a more shallow version of thershawdfea
more from aspect ratio dependent etching. Deeper etching dheseé® surface to
be highly non-planar, while the demands of other in-plane fabricati@nances
remain the same. Non-planar surfaces are notoriously hargetteyn with high

resolution and fidelity. The separation of both active regions (photodindiéaser)
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in the layer structure also introduces more patterning steps witicdduce more
sources of alignment error, fabrication imperfections, or additidfesdte which will
damage the device surfaces. Collectively this integration scheskes wet etching,
photolithography, dielectric material deposition, and metallizatiomchmmore

challenging, reducing device yield.

Furthermore a more traditional design similar to that peddravith CMOS
MEMS integration can be employed where photonic and MEMS basepoo@mts
are isolated from each other via encapsulation using a polymer suBICR or
dielectric coatings like 8N4 or SiG. This approach can serve to increase the yield
of devices and lessen the interdependence of non-standard MEMS pmpgcessi
techniques which can damage or destroy the photonic devices. Clever arrangement of
these encapsulated sections can also make the interfacing MEI& resonant

sensor with the external environment easier.

If a re-design of the integration scheme is to be pursued, a s&fficient
approach would be having only one active region in the layer strutlitwagh
utilizing the active region of the laser diode operated in reveis® mode as the
absorbing region of the photodiodes. This would reduce the overall thiakiniss
epitaxial growth, improve the optical and presumably thermal pedoce of the
laser diode region by removing unnecessary absorbing regions, and wonataht
require fewer masks to layout the discrete components of theatgdgystem. The
photodiode design in this scheme would not be dictated by the gatméigion as
well, which allows for a separate optimization of the sacalfiand absorbing region.

In this way, an ideal sacrificial layer can be grown which would provide retedle
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device release for MEMS device fabrication, without any neexgptionize its optical

qualities.

The specific design of the laser devices need to be recortsideck re-
prioritized as the most complicated and sensitive portion of theeeintiegrated
system. The impact of fabrication processes being used to fabtiva other
components of this MEMS system on the laser diode operation need tdtdre be
understood and accounted for in the device protection and design, as was ievide
the damage to laser facets due to the undercutting etch and thefleativity
exhibited by the passivation coating on laser facets. Mirrott fafkectivity was
taken for granted in this current design, and the laser cavitielsl wenefit greatly by
the implementation of high-reflectivity facet coatings on thehed laser facets in
order to both protect these facets and reduce the cavity losdd#ioAally it may be
beneficial to use the very smooth ICP etching techniques developled mwork to
establish both mirror facets in order to precisely control the laser cawithland the
guality of both facets independent of the highly variable mechatlealing process
which greatly reduced the overall device yield. It is beliletreat the importance of
the thermal sinking requirements of the laser diode cavity was greatyastichated,
and a targeted design to better conduct away excess therma} éoengthe laser

diode gain region would significantly improve the performance of the laser device

Furthermore a more radical approach may need to be taken for future
integrated elements using this particular integration schesnieh may involve the
usage of static MEMS optical elements such as evanesceergwede sensors and

ring resonators. These un-released structures can provide seasafgities without
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the more demanding and destructive undercut and release MEMS tfabrisi@ps
which damage and reduce the effectiveness of the optical elem&his change
would have the effect of making the whole system more robust. Tiheass
robustness can be taken advantage of in order to better optimize tkal opti

components before attempting another moveable MEMS device design.

This work presents the first attempt to develop a fully integrdlEMS
sensor platform in the InP 1lI-V material system. Mangqgtical design requirements
of such a MEMS system were uncovered in the areas of fumdalntevice design,
electrical performance, optical performance, and fabricationcegs flow
optimization. It is this first-hand discovery which is crititalthe understanding of
these type of new monolithically integrated IlI-V MEMS sysgeand often cannot be
modeled or predicted aside from exploratory experimentation. ERkearch
performed here has performed this function and served to estalhiakehne for
future MEMS designs in InP materials, as well as othe¥ lthaterial systems not
explicitly explored here such as GaAs, AlGaAs, GaN, and evbrndgilicon-111-V

approaches.
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6 Conclusions

Summary of dissertation accomplishments

1. A vertically offset monolithic integration scheme was desty for the
integration of a multiple quantum well laser source, an opticaMBE
cantilever resonator sensor, and a waveguide integrated PIN photodiode
within a single epitaxial growth. Optimization of the opticalfpenance of
each component was performed via numerical simulations of thealoptic
characteristics in order to design a 36 layer, 7.1 um thiclegitlayer
structure that contains all of the necessary functionality toeimeht a novel
all-optical resonator readout scheme. The primary driver in thigrdess an
attempt to maintain the simplicity and ease of integration of each component.

2. Fabrication processes were developed and characterized inardalize the
first physical implementation of a fully integrated optical ME&
microsystem. The fabrication process flow utilized 7-projectitmodjraphy
masks, 4 nested ICP etches, and over 60 discrete process ste@ss WAS
placed on the optimization of the following:

a. Photolithography processing techniques to repeatedly achieve high
resolution (< 1 um) and pattern alignment fidelity.

b. Inductively coupled plasma (ICP) etching to achieve high aspi&at ra
(7:1) and damage free vertical sidewalls for the definitionased

facets, waveguides and deep electrical isolation trenches.
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c. Reactive ion etching (RIE) recipes for Si@nd SiN4 in order to
realize highly vertical patterns in order to create highlgtica ICP
etching masks and laser passivation regions.

d. The deposition of very thick (>1.5 um), highly conformal S&hd
SizN, dielectrics via plasma enhanced chemical vapor deposition
(PECVD) for ICP etching masks and device passivation coatings.

e. P and N —type metallization material stacks and annealing steps
characterized with the circular transverse length method NG Tin
order to achieve low resistance ohmic contacts for electrazghcts
to active optical components.

f. The undercutting of a sacrificial layer and the subsequentc@tizal
point drying procedure to create moveable MEMS structures and
suspended waveguides.

g. Full-fabrication process flow optimization and compatibility was
considered in order to assure the compatibility and discover the
interdependence of all fabrication steps.

3. Each component of the fabricated microsystem was tested tedpaaad
characterized.

a. Photodiodes were characterized in the negative bias region of
operation, showing expected operation with respect to the illurmmati
scheme employed.

b. Laser diodes were tested via a pulsed LIV excitation technique at room

temperature, thermoelectrically cooled, and in a cryogenicalied
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system. Devices performed with varied levels of success, showing
optical performance limited by both intrinsic material lossesl
fabrication imperfections.

c. A number of failure mechanisms for non-functional cantilever

actuators and laser diodes were explored in detail.

Conclusions and final comments

This dissertation aimed to explore the monolithic integration ofcalpti
sources and photodetectors with passive MEMS devices. Speciftballyvork
presented the conceptualization, design, and fabrication of such @ syistelndium
Phosphide (InP), and other lattice matched IlI-V semiconductor iaaterA novel
design for an all-optical readout MEMS resonator utilizing suspermtigéectric
waveguides was developed along with the active optical componentsdnézd
interrogate and measure the sensor. A focus on the development fafbuicgtion
processes and the integration of each procedure into a completatfabrprocess
flow allowed for the first realization of such an integrated MEMystem. The
fabricated devices were tested and characterized and the desigrerformance of

the integrated system was evaluated.

In the spirit of early work by Kellyet al. [28], Pruessneet al. [25, 26, 30,
165, 181, 183, 234], and Siwak al. [32] focusing on the early development of InP-
based MEMS technology, this dissertation provided the logical coanlusithese
works by accomplishing the monolithic integration of a MEMS sengstes in

these materials. | have shown that a number of unforeseen geasllanse when
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integrating these well-established stand-alone MEMS structwids a complete
optical system. A fabrication “toolbox” and design methodology leas lnleveloped
for a brand new class of IlI-V MEMS devices, incorporating stahdamiconductor
processing, specialized Ill-V design schemes, and MEMS &lmctechniques into

a single unified design process.

This work presents the first attempt to develop a fully intedgrdleMS
sensor platform in the InP 1lI-V material system. Mangqgtical design requirements
of such a MEMS system were uncovered both in fundamental devsignde
electrical performance, optical performance, and fabrication epsocflow
optimization. The research performed here has served to esthgisiaseline for
future MEMS designs in InP materials, as well as othe¥ lthaterial systems not
explicitly explored here such as GaAs and InAs. Through the ssesa@nd failures
of the resulting system, material and device specific desigariar have been
established that will allow for new and exciting designs of 1lI-V MEtd®e realized

in the future.
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Appendix A: Processing Recipes

A.l1 Photoresist recipes used

e Fujifilm OIR 906-10 (I line resist, recipe for 1.0%um thick film)

(0]
0]

O O 0O 0O O O o0 O

Dehydrate (60s @ 120C+)

Spin HMDS if using silicon-based substrate (60s @ 3000 RPM w 500
RPM/s ramp)

Pipette resist onto sample surface, cover with spinner lid
Spin resist (60s @ 3200 RPM w 500 RPM/s ramp)

Softbake (60s @ 90C)

Expose (stepper = 0.7s / LPS Karl SUSS contact aligner 12s)
Hardbake (60s @ 120C)

Cool sample on metal surface (table/plate 60s)

Develop (60s with OPD 4262)

Dry sample / inspect

e Fujifilm OIR 908-35 (I line resist, recipe for 3.3un thick film)

(0]
(0]

O O 00O O o0 o oo

Dehydrate (60s @ 120C+)

Spin HMDS if using silicon-based substrate (60s @ 4000 RPM w 500
RPM/s ramp)

Pipette resist onto sample surface, cover with spinner lid
Spin resist (60s @ 4000 RPM w 500 RPM/s ramp)

Softbake (60s @ 120C)

Expose (stepper = 1.0s / LPS Karl SUSS contact aligner 15s)
Leave resist in ambient for 15-30 min

Hardbake (60s @ 120C)

Cool sample on metal surface (table/plate 60s)

Develop (60s with OPD 4262)

Dry sample / inspect
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e AZ-nLOF 2020 Negative photoresist (recipe for 1.6unthick film, if for
liftoff use REMOVERPG @80C to dissolve)

(0]

O O OO0 O O o0 O

Dehydrate (60s @ 120C+)

Pipette resist onto sample surface, cover with spinner lid
Spin resist (60s @ 3000 RPM w 500 RPM/s ramp)
Softbake (60s @ 110C)

Expose (stepper = 0.5s)

Hardbake (60s @ 110C)

Cool sample on metal surface (table/plate 60s)

Develop (30s with AZ 3000 MIF)

Dry sample / inspect

e AZ-nLOF 2035 Negative photoresist (recipe for 3.6 m thick film, if for
liftoff use REMOVERPG @80C to dissolve)

0]

O O O 0O O O o0 O

Dehydrate (60s @ 120C+)

Pipette resist onto sample surface, cover with spinner lid
Spin resist (60s @ 3000 RPM w 500 RPM/s ramp)
Softbake (60s @ 110C)

Expose (stepper =1.15s)

Hardbake (60s @ 110C)

Cool sample on metal surface (table/plate 60s)

Develop (120s with AZ 3000 MIF)

Dry sample / inspect
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A.2 RIE recipes used

e SiO; etch (SIO2PT) provides high anisotropy in etch —yfpical rate = 330
Angstroms/min

0 CHR 20sccm
o O 20sccm
o0 RF power 175W

0 Pressure 40mT

e SizN4 etch (DIELCUT) etches nitride dielectrics — typicdrate = 1360
Angstroms/min

o0 Sk 19.86sccm
o DC bias set point 170V
0 Pressure 20mT

e O, plasma descum (DESCUMRG) etch removes organic maials

o O 16sccm
o RF power 175W
0 Pressure 175mT

e Argon sputter (ARsample) physical etch cleans surfses

o Ar 40sccm
o RF power 300W
0 Pressure 100mT
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A.3 PECVD recipes used (NOVELLUS PECVD Concept One

deposition tool)

e SiO, deposition recipe (1npsoxide) typical rate = 73 Agstroms/sec

0 Temperature 300°C
o SiH, 0.3sccm
0 N3 1.5sccm
o NxO 9.5sccm
o HF RF power 1100W
o0 LF RF power ow

0 Pressure 24T

e Si3N,4 deposition recipe (1npsnitride300c) typical rate 24 Angstroms/sec

0 Temperature 300°C
0 SiH,4 0.5sccm
0o N 1.6sccm
0 NHj3 4sccm
o0 HF RF power 570W
o LF RF power 430W
0 Pressure 2.6T
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A.4 ICP etch recipes used (PlasmaTherm 770 ICP)

“Fast Etch” — typical rate = 460 Angstroms/sec

o

O O 0O O o o o

Temperature
Cly

Ar

02

ICP power

RF power
Pressure
Typical DC bias

175°C

4sccm
6sccm
0.5sccm

900W

210W

2mT

250-255V

“Slow Etch” — typical rate = 100 Angstroms/sec

O O 0O 0O O O o0 O

Temperature
Cl,

Ar

Ha

ICP power

RF power
Pressure
Typical DC bias

225°C
2sccm
3sccm
2sccm
900w
110W
1.5mT
165-175V
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