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Increased Functionality Porous Optical Fiber Structures
Michael G. Wooddell
ABSTRACT

A novel fiber optic structure, termed stochastidaved hole fibers, has been developed
that contains an ordered array of six hollow tutigsounding a hollow core, combined
with a nanoporous glass creating a unique fullgerdimensional pore/fiber
configuration. The objective of this study is hciease the functionality of these
stochastic ordered hole fibers, as well as portagfiders, by integrating electronic
device components such as conductors, and semictamsgluand optically active
materials on and in the optical fiber pore struesurConductive copper pathways were
created on/in the solid core fibers using an ebdesis deposition technique. A chemical
vapor deposition system was built in order to aftethe deposition of silicon in on the
porous clad fibers. Additionally, conductive poly{3thylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) and photoagolgmer blend poly(3-
hexylthiophene) and 1-(3-methoxycarbonyl)-propypienyl-)6,6)C61 (P3HT: PCBM)
were deposited on the fibers using dip coatingriggles. Quantum dots of Cadmium
Selenide (CdSe) with particle sizes of ranging fi2m.0 nm were deposited in the
stochastic ordered hole fibers. SEM and EDS amabonfirm that copper, polymer
materials, and quantum dots were deposited inahe $tructure and on the surface of the
fibers. Finally, resistance measurements inditaethe electrolessly deposited copper
coatings have sufficient conductivity to be usednasallic contacts or resistive heating
elements.
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Chapter One: Introduction

The development of optical fiber waveguides inghdy 1970’s started a
revolution in the telecommunications industry byleling the cheap, fast, and efficient
transfer of information across long distances. eédesh in the fields of optical sensors,
optical fiber waveguides, and optoelectronics dythis period influenced the
development of numerous technologies including LHIQsid crystal displays, and
compact disk playef$. However, optical sensing mechanisms duringtthie period
consisted of basic optical switches and interfertense few of which had been
“fiberized” outside of laboratory experiments. b&i optic sensors have recently become
the topic of extensive research due to their fldéikyh range of possible applications, and
sensitivity to a multitude of environmental paraerst They are capable of detecting and
measuring nearly any environmental parameter imetudressure, temperature, strain,
and chemical composition. In addition they areaftécted by electric fields and can
maintain and operate at elevated temperaturesngakem superior candidates for harsh
environment sensing applicatiéh.

There are countless types of fiber optic senswshave been developed over the
last 30 years, each detecting external stimuliubhovarious mechanisms. The sensors
can be differentiated by how the light is usedetedt environmental conditions, such as
interference or intensity induced changes causegkigrnal stimulation. Also, different
types of fiber structures can be designed to dsgtific environmental parameters with
high accuracy. Some different types of structimekide typical solid core solid clad
fiber optics, photonic crystal fibers or microstured optical fibers, and random hole
optical fibers. Microstructured optical fibers ¢taim a patterned array of air holes
parallel to the transmission axis, while randonehaptical fibers contain air holes of
random size and distribution. A more thorough dpton of the latter two types of
fibers will be provided in the following chapter.

A recent development in fiber optic sensors elygpbsolid glass core
surrounded by a nano-porous glass cladding. litiaddthe development of fibers that
combine both porous and microstructured opticarBbtermed stochastic ordered hole

fibers, opens new possibilities in the world ofdiloptic sensors. The nano-porous glass



is ideal for use in chemical or gas sensing becthesevanescent fields of light, or light
which is not confined to the core through totaémil reflection, have access to
chemicals and gases in the environment.

Often times, optical fibers are coated with défer materials to aid in mechanical
strength, and also as active materials for usemsirsy applications. There have been
numerous studies focused on using polymer, pieetsaleand semiconducting coatings
to create fiber optic sensors and other light maiiloth devices. Most of these studies
have focused on coating normal solid core/soliddilag fibers, or microstructured
optical fibers with active materials. Conversa@gatings on the porous and stochastic
ordered hole fibers, which are of recent concepti@ve not been thoroughly explored.
The incorporation of different electronically onmonmentally stimulated materials on
the surface/in the pore structure of these fibeeniadvantageous technology that could
be used to increase fiber functionality and serigiti

The research presented in this thesis has twatdlgs. The first objective is to
confirm the feasibility of depositing various ma#ds on nano-porous clad glass fibers
for use in sensing and electronics application® @&sic deposition methods and
characterization can be utilized as building bloicksreate electronic device components
and active coating elements within and on the saertd the fibers. More specifically,
the deposition of silicon, the electroless depositif copper, and dip coating of polymer
semiconductors will be demonstrated as means &ticgemultifunctional fiber optic
Sensors.

The second objective is to manufacture stochastiered hole fibers, or fibers
that contain both a patterned array of air holesing longitudinally along the fiber and
random porosity in the bulk glass material. Addially, semiconductor quantum dots
will be deposited in the stochastic ordered hdier to highlight the viability of using

the coated fibers in sensing applications.

1. Outline
Chapter Two Chapter two provides a brief introduction teivas types of fiber optic
sensors and structures which have led to the awolof the porous clad and stochastic

ordered hole fibers studied during the course isfghoject. Also discussed are different



types of fiber coatings utilized in the past tealtertain characteristics of the fiber which
include mechanical strength and sensing capasilitiénally this chapter reviews the
different coatings and coating techniques usetiercoburse of this work, as well as
previous work related to the combination of thgsecdic coatings and coating
techniques with optical fibers.

Chapter Three Chapter three presents a detailed descriptidheoéxperimental
procedures used to produce the samples in thig,snmuding the chemicals used in the
electroless plating, the schematics of the chenvigabr deposition system constructed
for this project, and schematic diagrams of théed#nt devices created.

Chapter Four:Chapter 4 presents the results of the stochastared hole fiber
production, copper plating, chemical vapor depositand dip coating experiments. The
results consist of electrical testing, optical andnning electron microscopy, and
electron discharge spectroscopy analysis. Anabfdise results will aim to demonstrate
that it is possible to deposit various materialghensurface of, and in the pore structure
of the nano-porous optical fibers, and that difféngrocessing parameters can be used to
tailor specific characteristics of the coatings.

Chapter Five:Chapter 5 presents the conclusion to the papeufyrsrizing the

important results and discussing the future workdeel on this research topic to advance

the applications for these fibers and structures.



Chapter Two: Background

1. Fiber Optic Sensors

A fiber optic sensor is a broad term referring tdrarsl of fiber optic used to
measure environmental stimulation by utilizing fieperties of the light propagation
within the fiber. Generally speaking there are tymes of fiber optic sensors, these
being categorized as extrinsic and intrinsic. Ntriasic sensors the light travels through
the fiber to an external sensing mechanism, andittdulated light is reflected back into
the fiber and analyzed. In intrinsic sensors litit& is modulated by the environmental
stimuli as it passes through the fiber. In badtle, input and output signals are detected by
optoelectronic devices, analyzed, and the envirotah@arameters determinéd.

Further classification of fiber optic sensors dedtes how the altered light
traveling in the fiber is used to obtain the cop@sding environmental information.
Several methods include intensity, interferenagguiency, polarization and spectral
content modulation. Many different types of lighodulation schemes can be used to
measure any given environmental parameter. Tlee fibnfigurations introduced below
can be used in conjunction with the different typebght modulation schemes to

produce dozens of fibers capable of measuring nouseznvironmental parametélé.

2. Fiber Optic Structures

This section provides a brief introduction to thiéerent types of fiber
configurations used in sensing applications. Aewof the literature relevant to each
type of fiber configuration and pertaining to fikmstic sensing will be provided in order
to map the evolution of the porous fiber sensardist in this research.

2.1 Solid Cladding

The first fiber optic sensors to be developedasi a typical optical fiber
configuration consisting of a solid core and claddas shown in Figure 1. In general,
these fibers guide light through total internaleefion, where the refractive index of the

core is larger than that of the cladding. Theaetive index difference between the core



and cladding in these fibers is typically introddd¢krough the use of dopant materials
such as Geg) P,Os, and AbOs, to the parent glaSs

These types of fibers are capable of sensing pEmsuch as pressure,
temperature, chemical composition, and displacefettt intrinsically and extrinsically,
as well as with and without the use of specialicgamnateriald® . However, these
solid clad fibers often are not suitable for uséigh temperature environments due to
dopant migration within the cladding of the fibddopant migration changes the optical
properties in the fiber, thus decreasing the seitgiand reliability of its
measurement$. The disadvantages of solid clad fiber sensove lspurred the
development of fibers which do not contain dopamthie cladding of the fiber and can

sense environmental parameters without the uspeaia coatings.

Cladding

O Core

Figure 1. Solid Clad Fiber

2.2 Microstructured Optical Fibers

Microstructured optical fibers (MOF’s), commonlyreed holey fibers, are
relatively new types of fibers that consist of pated arrays of air holes surrounding
either a solid or hollow core as shown in Figurelavo varieties of MOF’s guide light
based on two different principles. The first iattbf modified total internal reflection
where the presence of air holes in the claddingpsading the solid core lowers the
average index of refraction in that region andafely confines the light along the
length of the fiber. The second is what is reféteas a photonic bandgap fiber (PBGF).
The photonic bandgap effect typically occurs indwlcore MOF’s and allows light
propagation by limiting the frequencies and wavgths of radiation that can penetrate
the air hole structufe .
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Figure 2: Microstructured Optical Fiber Structures a.) solid core, b.) hollow core

MOFs have been demonstrated as chemical®gdstemperature, elongatiét’, and
pressuré? ¥ sensors for use in various industrial applicationtany of the chemical
and gas sensors base on MOFs are very effectiaibeof the light interaction with the
evanescent waves propagating through the fibean&scent waves are modes of light
that are not confine to the fiber core throughegitine photonic bandgap effect or total
internal reflection The air holes allow for eitledremical or gaseous species to penetrate
closer to the core and increase the interactioh thi¢ evanescent wavés

Advantages of using MOFs as sensors includelitiéyao tailor the properties
with the number, size, shape, and spatial locaifair holes, and the lack of dopant
elements needed for light propagatifon®. However, despite their obvious advantages
over conventional fiber optic sensors, MOFs becoraeeasingly difficult to
manufacture as the number of air holes neededasegd. This problem has been
overcome by the introduction of new types of hdibgrs termed “Random Hole Optical
Fibers” or RHOFs.

2.3Random Hole Fibers

Random hole optical fibers (RHOF) consist of adobre surrounded by a
cladding of randomly sized air holes running paitat the fiber axis as shown in Figure
3. The air holes are produced by either sol-g#irigues or the incorporation of gas
producing agents surrounding the core in the filsreform™ * ¥ These types of fibers
confine light to the core region using the modiftethl internal reflection method as
described for the MOFs. They also utilize the egarat waves propagating through the

fiber in order to sense chemical and gas mediaptds the environmerit °. The



advantages of using this type of fiber for gas senis the ease of fabrication over the
MOFs, as well as the ability to tailor the lightidimg and sensing properties of the fiber
by altering the size, number, and distribution oliels in the cladding.

Figure 3: Random Hole Optical Fiber Structure

In addition, like the MOFs the RHOF do not requdopant materials to alter the
index of refraction of the cladding, thus enablimgh temperature use. However there
are some disadvantages to having the holes ruahomg the length of the fiber. The
characteristics that give both RHOFs and MOFs Hilityato sense chemical and gas
media also require that the gas or chemicals the didtributed along the fiber length.
The response time of these sensors is thus lirbigdte diffusion kinetics of the gases
penetrating the cladding regfon

The problem of diffusion length restricted respotime has been alleviated by
the development of what is termed a porous clattaidiber. These fibers consist of a

three dimensionally interconnected pore structureosinding a solid glass cé8.

2.4Porous Clad Fibers

Porous clad fibers refer to fibers that contaihraé-dimensionally interconnected
network of air holes (pores) that penetrate bothlgxand longitudinally throughout the
cladding region, from the surface of the fiberte toré'®. The advantages of these
porous clad optical fibers is that the diffusiogiom exists along the entire length of the
fiber, and the diffusion distance from surface doecis much smaller than the lengths of
tubes within the MOFs. This has the potentialdordase the response time of gas and

chemical sensatrg.,



The porous structure around the solid claddasglbeen produced by means of
sol-gel processing and phase separation of barataliglasses. Sol-gel processing
produces the porous glass structure through hysisofnd condensation polymerization
of metal alkoxide precursors such as tetraethytaiticate. The claddings are typically
dip-coated onto a solid glass core, followed byc#meheat treatments that evaporate the
gel precursor leaving an interwoven network otaili Fibers produced by sol-gel
techniques have been shown capable of sensingobenvental parameters with and
without the aid of active coating materials. Feoample, sol-gel glass porous optical
fibers with fluorescent dyes trapped in the porecttire have been used as evanescent
wave pH sensofé!, while a plain sol-gel glass optical fiber hasmbskown to measure
the critical micelle concentration in surfactaniusions by means of optical transmission
change$?.

Phase separation offers an alternative to creatimgrous silica structure for use
with optical fibers. The phase separation prodess not require the complex chemistry
associated with sol-gel process, but instead talleantage of the spinodal phase
separation characteristics of various borosilicgésses. Spinodal phase separation of
glasses has been researched thoroughly, and thisddétthe phase separation process
can be found in numerous teis?"].

Fibers have been produced by leaching the alkk&lorate phase from a purely
phase separable glass fiber with HF and HCI saistior a given period of time. This
process leaves either a fully porous fiber (congptessolution of alkaline borate phase),
or a solid core surrounded by a porous claddingigbalissolution of alkaline borate
phase). The fibers produced in this manner have demonstrated as an end of service
life indicator for respiratory cartridgéZ’. A second method for producing porous clad
fibers using phase separating glasses is by collgastube of the phase separable glass
around a core of different composition glass tatea fiber preform. Fibers pulled from
the preform then contain a non-phase separatirgg giare surrounded by the phase
separable glass. In this way the core and claddimgin proportional to the original
dimensions of the preform. By adjusting the diserebf the core and cladding glass in

the preform, the size of each can be tailored aagly.



3. Fiber Optic Coatings

The main objective of the research presented stltsis is to deposit various
materials in the so-called porous and stochastiered hole optical fibers in order to
present the feasilibity of creating sensors androdlevices. The concept of fiber optic
coatings is not new however as many of structuresgmted above utilize coatings and
various materials to enhance their mechanical gtremid in measuring some type of

external stimuli, or acting as an external lightdukation mechanism.

3.1Mechanical Enhancement and Surface Protection

Optical fibers made of silica are highly sensitisanechanical stress and
environmental degradation, and thus in traditideaElcommunication fiber optic systems,
there are often polymer coatings added to the iextef the fiber cladding to enhance the
mechanical stability of and protect the surfactheffibef>?®. Studies focused on the
mechanical degradation, fatigue life, and procesparameters of polymer coatings have
been performed in order to increase the lifetime rtiability of telecommunication
optical fibers, as well as fibers used in senspyliaations. Some specific studies
highlight moisture permeability effects on mechahitrengti® , draw rate effects on
UV curable coatind%”, and coating additives for improved mechanicghoes&”. In
addition to mechanical enhancement and proteatnamy fiber optic coatings behave as
active components within the fiber optic networkirag as actuators and means of

sensing environmental parameters

3.2 Active Coating Applications

Active coatings applied to fiber optic components intraaanultitude of
advanced applications which include multivariatessgg and signal control/modulation.
Many fiber optic coatings are based on materiath pioperties such as piezoelectricity,
fluorescence, and photo luminescence. Piezoaleuaierials, such as ZnO, have been
used as acoustic actuators on fiber optic senshgarks. The piezoelectric material
acts as a phase modulator, which depending or¢bgie field strength and orientation
of the piezoelectric crystal, can behave as a bfijteaing device®® >, Polymer

materials, such as polyanaline, which are typicadiymeable to different solvents and



chemicals, have been used as modified claddingriaistén fiber optic chemical sensors.
Chemicals in the environment interact with the podys, usually stimulating a refractive
index change in the polymer, thus creating a maituian the light signaf®®: 3.
Photoluminescent materials, such as semiconduatortgm dots have also been used as

active coating materials for fiber optic temperatsensors.

4. Materials and Deposition Methods

Coatings on standard optical fibers MOF’s have ks&wn to have numerous
practical applications with regards to mechanicdlaacement, sensing, and actuating.
However, there have been few studies which havestiated the deposition of active
and or electronic materials on the porous and dydyptical fibers discussed in sections
2.4 and 2.5 in this chapter. The advantages sktk&uctures combined with the
deposition of environmentally stimulated materetsl electronic devices expand the
possible sensing applications for these fiber stines and leads to the possibility of
implementing multiple sensors on one fiber straxswell as being able to relay
information electronically on the fiber itself.

4.1 Chemical Vapor Deposition

Silicon is one of the most widely used semicondrsctio the electronics industry.
It can be used to make diodes, transistors, antbpbitaic cells. The many uses of Si
make it a good candidate for an optical fiber c@atnaterial. One of the most common
deposition methods for Si is chemical vapor depmsiCVD) because of its ability to
deposit on virtually any substrate including porouedia. CVD is a process where a
chemical precursor gas is heated and reactedagaciion chamber to produce a solid thin
film on a particular substrate. For example, oroe@ss to deposit silicon utilizes the
precursor gas silicon tetrachloride mixed with loghn to produce a Si film following

the reaction show in EqF.

SiCls + 2H, + heat  Si + 4 HC [1]
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In this reaction, the Sigprecursor gas is reacted at the surface of a heated
substrate with the Hyas to produce a Si film and HCI byproduct. Treigction has been
shown to take place in the temperature range ofl90D°C.

Many factors determine the quality of and typdilaf including the relative
amounts and pressures of reactant gases, gasateyand substrate temperatifte
SiCl, gas and the reaction shown above are only oneanf/mprecursors and reactions
used to create Si thin films. Different typesitth§, whether they be epitiaxial,
polycrystalline, or amorphous, require differergqursor gases, processing conditions,
and reactor models. Studies focused on precgesoconcentration, substrate
temperature, and reactor types have been perfaimngetermine the effects on film
guality. Also, several types of the reaction scegimave been investigated including hot
wire, plasma assisted, thermally assisted photochemical CVE>2®. All of these
studies have been performed on flat substrategwleibosition onto glass fibers has been
a relatively untouched subject. In contrast, tMD®f carbon for mechanical
enhancement and surface protection of telecommiimisagrade optical fibers has been
studied®**Y. The research presented here will attempt tootisimate the feasibility of

using CVD to deposit Si and other materials on psrdad optical fibers.

4.2 Electroless Plating

In order to create electronic components and devtde necessary to have
conductive pathways for circuit elements to funeciowoperly. Typical methods of
creating electrical contacts and pathways inclithedgraphy and electroplating.
Lithography of copper films on non-uniform substsatould prove to be difficult, while
electroplating requires a conductive surface ireotd initiate deposition. To coat non-
uniform, non conductive substrates such as glassgiwith copper, a solution based
technique would provide ideal processing conditioBgectroless plating is a technique
whereby nonconductive materials such as polyméassgs, and other inorganic
substances can be coated with metals or alloyse process involves the use of
chemical reducing agents in solution to reduce Inetans to the solid metallic state.
Although there are no external electric fields &ahlelectron transfer does occur.

Anodic behavior is displayed by the metal saltatfuson while the substrate acts as the
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cathode, where electrons are supplied by the raduwgent at the liquid/surface
interface. The divalent metallic ions are redufrech free electrons present in the

solution due to the reducing agent as shown ir?Eg.
M?2* + 2é (from reducing agent) M [2]

This reaction can occur only on catalyzed surfafmsionconductive surfaces, this can
be accomplished through various surface treatnveidse easily reduced metallic
elements are nucleated on the surface of the sistThe surface treatments are termed

sensitizing and activating.

4.2.1Sensitizing/Activating.

Sensitizing involves the absorption of a readiyd@ed material onto the
substrate surface. Acidic solutions made fromstiles of SA™ or Ti*" are typically used.
In the case of this study, Sris used as the sensitizing agent. This step eambducted
at room temperature for varying times periods ddp®non the size and complexity of
the shape being plated. Activation of the surfagelves the deposition of nucleation
sites of metallic Pd on the surface of the subestrdthe chemical reaction requires the
oxidation of SA" to Sif* and the reduction of Ptto Pd. The process is shown
schematically in Figure 4.

Vi

Figure 4: Schematic of Sensitizing/Activating

The Pd islands deposited on the substrate dudiigpion create a catalytic
surface where the islands act as nucleation sitesétallic copper. The electroless
plating of copper typically takes place in a basitution of CuS@containing other
additives which serve the purpose of stabilizirg pkating bath.
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4.2.2Electroless Deposition of Copper

The electroless deposition process requires a maglagent which is typically
formaldehyde (HCOH). The basic solution of Cu$@bvides both Cif and OHions
needed for the reaction shown in E§°3

CU?*+ 2HCOH + 40H  Cu + 2HCOO+ 2H,0 + H, [3]

Another common ingredient in electroless platiathk is a complexing agent,
which is usually some form of organic acid or trett. Complexing agents help prevent
the precipitation of copper at high pH levels regdifor the plating reaction to oc&lt

Historically electrolessly plated coatings have paor adherence to inorganic
oxide substrates such as gi&%s Studies to enhance the adhesion on glass stésstra
have focused on creating intermediate layers ssan@&*** and palladium
acetylacetonate [Pd(acal)® on the substrate surface. Those studies haveddan

adherence to flat glass substrates and not glasisf{i

4.2.3Electroless Deposition on Glass Fibers

Electroless plating has been used to coat fibeits dviferent metallic coatings
such as copper and Ni-P alloys. These Ni-P andl@s fvere deposited on standard
grade quartz fiber cores and have been succesdtifpnstrated as corrosion sensors for
structural and aerospace applicatifhs® The role of these coatings was not to create a
conductive path on the fiber surface, but rathexdioas an active coating for sensing
applications. In addition, studies mentioned abmeted only a fiber core and not the
cladding.

Although the scope of this paper does not coveicsosuch as enhanced
adherence and corrosion sensor capability of elessly plated copper on glass fibers, it
does attempt to demonstrate the feasibility of gigiectrolessly plated coatings on
porous glass fibers as a means of producing comveuzhthways.
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4.3 Quantum Dots

Quantum dots (QD) are semiconductor structures as¢ddSe, ZnS, CdTe and
which confine the motion of conduction band eleas;osalance band holes, or excitons
in all three spatial dimensidf¥. Quantum dots, which are typically in the sizega of
2-10 nm, have unique optical properties such ds gigantum yields and
photoluminescence stability which make them highligable for optical sensing
application§”. The unique optical properties stem from the qumnconfinement
effects which are a result of the size and shapbeo@QD. One of the most interesting
properties of quantum dots is the ability to tatlee photoluminescence and fluorescence
properties by adjusting only the size of the quantlots and keeping the composition
constant. It is also possible to change the photomiescence and fluorescence properties
of QDs by altering their composition, in both elerta constituents and ratios. The
fluorescence dependence of QD size stems fromahddap energy levels present within
a specific dot. Larger dots typical have more gnégvels closer together which allow
them to absorb lower energy radiation. The abibtyailor quantum dot properties by
size difference alone makes them useful in marferdift optical applications.

Several new studies have investigated the usddsfd3 temperature, chemical ,
and bio sensors. CdTe quantum dots have beenitigposto optical fibers and been
shown to have a linear and reversible change is®on wavelength for temperatures
ranging from 30 to 108C®!. CdTe and CdSe quantum dots have also been tposi
optical fibers to create self referencing tempegaprobes for use in chemical sen§iflg
Numerous other studies have proposed the use ofumalots as infrared senséts®*
oxygen sensors® *® as well as biological sensdté *®. The large variety of
applications for quantum dots as well as their uaigptical properties make them a good
candidate for incorporation into stochastic orddrekle fibers that could be used for a

number of sensing applications including all thaBaementioned.

5. Photovoltaic Devices
Devices created on the surface of the porous e¢lddstochastic ordered hole
fibers will need power to operate. For remote sgnapplications it would be an

advantage to have an onboard power supply. Tladieneof photovoltaic devices on
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these fiber optic structures can thus provide fassestaining powered device that
eliminates the need for external power.

Typical photovoltaic cells are created using a lsmation of doped and undoped
inorganic semiconductor materials in a layer streeetvhich produces a p-n junction that
converts incident light into energy in what is tedrthe “photoelectric effedt®. The
majority of commercially available solar cells @a&sed on inorganic semiconductor
materials; however more recently, organic phot@rolmaterials have been a recent topic
of research due to their low cost, ease of fatidnatight weight, and disposabill{.

For depositing photovoltaic cells on optical fiberganic materials are ideal because
they are solution processable and can be tailoygudcessing parameters such as
organic solvent used and post deposition heatesatt \While much of the research on
photovoltaic devices has been focused on improsffigiency of flat plate solar cells,
only a handful have been directed toward fiberrsodéi architecturé®™ %2, Thus, the

work presented in this thesis to construct photaolkells on porous clad and stochastic
ordered hole fibers is a novel addition to the arg@hotovoltaic literature.

The mechanisms of energy production in inorganiarseells are widely known
and have been studied extensively in efforts toeimse their efficiency. For this reason,
the reader is referred to several texts coveriegpthysical mechanisms of inorganic solar
celld® %4 Because the study of organic solar cells isryyfaew topic, some time will
be taken to discuss basic principles governing thgeration and their use in optical fiber

architectures.

5.10rganic Solar Cells

Organic solar cells are based on conjugated sewiicxting polymers as donor
and acceptor materials. Conjugated semiconduatersonductive due to alternating
single and double bonds between adjacent carbomsata the polymer backbone. The
alternating single and double bonds cause an qweflaorbital electrons which are
delocalized along the entire polymer chain. Th@dpces band splitting similar to that in
inorganic semiconductors. The inorganic semicotatu@lence band is analogous to

what is termed the highest occupied molecular pdoiHOMO, and the conduction band
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is analogous to the lowest unoccupied moleculait,abLUMO. The difference
between these two states determines the polymarsds?”".

In many organic semiconductors, the extent of wgetjon is too small to produce
band gaps that fall in the semiconducting rangkhotigh the conjugation provides a
band structure capable of charge transfer, mosiceatuctors are doped with materials
that either add electrons to the delocalipeatbital (p doping) or remove them (n-
doping) in order allow for charge transfer along golymer chain.

One type of organic semiconductor is poly (3-ht#xgphene) or P3HT, whose
chemical structure is shown in Figure 5. Thiss polymer that is used in the course of
this study. In this molecular structure, the suifuthe 5 member ring acts as the dopant.
The sulfur has a loosely bound electron that isasgd to the conduction band when
energy is provided to the system. This material psdoped semiconductor that behaves

as an electron donor in organic photovoltaics.

Figure 5: P3HT Molecular Structure

For charge transfer to occur in photovoltaic desjg-doped semiconductors
must be in close proximity to n-doped semicondwtadk conjugated molecule that
exhibits n-doped behavior is that of a fullerenevi@give known as [6,6]-phenyl C61-
butyric acid methyl ester, or PCBM. The molecwtucture of PCBM is shown in
Figure 6. The PCBM molecule exhibits high electafimity due to its high degree of

conjugation, which results from the spherical natofrconstraine@ - orbital electrons.
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Figure 6: PCBM Molecular Structure

5.1.1Photoexcitation and Charge Transfer

The energy difference between the HOMO and LUM@Iewf most
semiconducting polymers exists in the visible ligkgion. Absorbed photon energy from
incident light creates an electron-hole pair indlegve layer region by promoting an
electron to the LUMO and a hole to the HOMO of sleeniconductor polymer. This
electron hole pair is termed an exciton. The neamtribution to photocurrent generation
comes from singlet excitons, which produce an sbdstatically bound charge carrier that
is delocalized along the entire polymer chainodder for current generation to occur
these bound electron hole pairs, or excitons, meseparated from each other. It is here
that the need for donor and acceptor moleculesdrotganic active layer arises.

In order for charge separation to occur, theretrines material present near the
location of exciton formation that has a high affifor electrons. One common method
is to introduce the fullerene derivative PCBM meng&d above. The exciton is
dissociated when the electron in the LUMO is trangid to acceptor material, while the
hole present in the HOMO remains on the polymemchllpon charge separation, the
free electrons and holes must be transferred toréspective electrodes in order to
produce photocurrent.

Charge transfer in organic photovoltaics genematigurs through inter and intra
chain hopping of polarons caused by the dissocitron hole pairs. Dissociated
electron-hole pairs create an internal electricgh®n the polymer chain, which further
induces deformation in the polymer chain to rediheeenergy in the system. The
combination of the deformation and charge congtitupolaron. Positive and negative

polarons are driven to their respective electrdijeshoosing electrodes with offset
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workfunctions. The offsetting of work functionsides the separated electron hole pairs
by creating a band bending effect in the devickectEons will flow up the band

structure, while holes will flow down the band stiurd®®,

5.1.2Bulk Heterojunctions

The active layer component in organic photovoltalts can be produced in a
number of configurations. Some common configuregimclude a bilayer structure
where the p and n-doped materials are stackedpoofteachother, as well as bulk
heterojunctions where the donor and acceptor nahtne deposited in a composite
layers. Of the organic photovoltaic cells produtedate, the bulk heterojunction
configurations have shown the most promise in tesfresase of fabrication and
efficiency®®. A schematic diagram of a bulk heterojunctionidexand is presented in
Figure 7. The components found in this deviceaarendium tin oxide anode (ITO), a
poly(3,4-ethylenedioxythiophene)-polystyrene sulpibduffer layer, the active layer
mixture of P3HT:PCBM, and Al cathode.

Figure 7. Bulk Heterojunction Schematic

In the active layer region, incident photons sttike P3HT creating a bound electron
hole pair. The pair splits into separate charggs, the electron going to the PCBM
molecule, and the hole going to the positive palaso the P3HT polymer strand. The
biased worked functions of the electrodes (ITO.@feV, PEDOT:PSS of 5.2 eV, and Al
of 4.08 eV) causes the electrons to go to the Ataxt, while the holes go to the
ITO/PEDOT:PSS layer. Many factors affect the efincy of these cells including
polymer morphology’®"?, electrodes usé& ™, and composition of the active

layer!®”: ¢ 78 A large number of studies are being conducted @mprove the device

efficiencies on flat substrates varying the parametentioned above. More recently,
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several studies have focused on creating fiberdoasshitectures for organic
photovoltaic devices. The first study proposediogea metallic fiber with a bulk
heterojunction material blend, followed by a trearemt electrode and substfée The
second study demonstrated photovoltaic activitthefP3HT:PCBM heterojunction
blend on a fiber optic core. In this study, ligids injected into the fiber optic core at
various angles to determine how the incident laffeécted the properties of the solar

|[61]

cell®™. The device constructed in this study is depiatdéigure 8.

™ Indium Tin Oxide
' Core
P3HT:PCBM e‘

Figure 8: Fiber Optic Photovoltaic Cell Schematic.

The photovoltaic fibers mentioned in the previbws studies were produced by
dip coating of the fibers. The fibers in thesedsta however, were not of the porous clad
type described in this thesis. As an aside, tivécds created in the worked presented in
this thesis did not contain and ITO layer as thiégdmo electrode. Several studies have
shown that the PEDOT:PSS layer can act as theefiecby itself, and thus eliminates
the need for the ITO layét . Thus for ease of fabrication, the ITO layersaveot
deposited as part of the devices presented imibik.

5.1.30rganic Photovoltaic Characterization

Photovoltaic devices are typically characterizemhg an array of different
techniques. For the scope of this paper, onlytiypes of techniques will be considered,
those of current-voltage characteristics and photeat generation.

Organic photovoltaic cells behave as diodes becaftithe built in electrical field
stemming from the characteristics of the acceptored interface. Diode like behavior is
described as having a very small current for ansadebiased, while obtaining
exponentially increasing currents for forward ba#S& Measuring current voltage
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characteristics of photovoltaics both when in thekdand illuminated can yield useful
device parameters such as the short circuit cu¢tghtopen circuit voltage (3) and fill
factor (FF). Figure $2 schematically represents what the current volthgeacteristics
of a photovoltaic cell both in the dark and illumied. ., and k,, refer to the voltage

and current values at maximum power output of theak.

Dark
(diode)

len /' Voc v

Under
I p illumination
(photovoltaic)

S

Figure 9: I-V Curves Schematic

The short circuit refers to the current that isftbevs when the system is illuminated and
has no external bias present. The open circuiagelrefers to the voltage needed to
overcome the backwards flowing photocurrent andgotine circuit into forward bias
mode. Finally the fill Factor, FF, is represenbgdhe Eq. 4 where M, and h,, are the
values of current and voltage at maximum péter

VI

FE = —® Mo
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Chapter Three: Experimental Procedure

1. Fiber Fabrication

The fibers used in this study were produced in Bawssng standard fiber drawing
techniques and manufacturer suggested chemicatieearegimes for creating porous
glass. The fibers were created using a 4 stageepso The stages were preform

manufacture, fiber drawing, heat treatment, ancebe treatment

1.1 Preform Manufacture and Fiber Drawing

Preforms for the porous clad fibers were consgditty collapsing a tube of phase
separable “green” vycor brand glass around a nasgbkeparable glass core. In this
case, the term “green” is used to define the gitse before phase separation. Fibers
were then drawn from the perform using standarer fulling techniques which employ
a glass lathe and oxygen/hydrogen torch. The peogsed to create ordered hole fiber
performs and fibers differed greatly from that ke {porous clad fibers.

Figure 10 presents a schematic flow chart of tleegss used to create the porous
ordered hole fibers. The process utilizes the uwhetrmed the stack and draw method to
produce fibers. First, tubes of “green” vycor glapproximately 7mm in diameter were
drawn down to produce smaller diameter tubes ofapmately 300-1500m using a
rotating glass lathe and a jeweler’s torch withgexy hydrogen flame. Tubes of similar
size, (ranges of %fin) were separated and grouped together. The tfbeduced
diameter were then stacked into another tube @aeigjt vycor glass whose inner
diameter was approximately three times the outamdter of one of the reduced
diameter tubes. This would produce a structurf ik hollow tubes surrounding a
seventh central tube as shown in Figure 10. Newsdd of borosilicate glass was fused to
the tip of the preform. Finally, a small area Ioehihe fused region was heated with the
jeweler’s torch with a small low heat flame as bptaform and rod rotated in the glass
lathe. The purpose of the small low heat flame twwgsovide even heating across the
entire heated zone and also prevent the preform éallapsing on itself. When the
preform was evenly heat, the flame was removedathe rotation was stopped, and the
borosilicate rod was pulled away from the fiberfpre.
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Figure1l0: Ordered Hole Fiber Processing Flow Chart

1.2 Fiber Processing

The drawing process for the porous clad fiber&lgi fibers with lengths ranging
from 3-10 ft. The 3-10 ft fibers were then secéidnnto 12 in. pieces for the subsequent
processing steps. The drawing process for theedd®ole fibers yield yielded fibers
with lengths ranging from 6 in.- 2ft. These fib&rsre then sectioned into small pieces
approximately 1 in. in length. All fibers were héatated between 56Hd 600°C for a
period of 24 hours to induce the spinodal phasars¢ipn, then allowed to furnace cool.
Upon cooling, the fibers were placed in a 5 % amiomorbiflouride solution for five
minutes to initiate the dissolution process. Btép helped to remove the surface layer
of material and provide access to the borate Bgions of the fiber. From here the fibers
were placed in a 3 N nitric acid solution at a tenapure of 85-96C for 22-24 hours.
Upon completion of the leaching process, the filvegse rinsed in deionized water for 24
hours to remove residual traces of acid solutiBimally, the fibers were dried at 160

for 12 hours to remove residual water from the sbrecture.
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1.3Pore Enlargement

The pore size generated by the dissolution proc&assange anywhere from 5-15
nm. The electroless deposition process describiginext section is undoubtedly
affected by the diffusion and kinetic processethefsolutions involved. Increasing the
pore size of the porous cladding in the fibers malyance the transport of liquid media in
and out of the pores. One simple method to ineréas pore size of the fibers is to heat
treat them at elevated temperatures. A more éetatudy of heat treatment effects on
pore size is being performed by other membersisfrésearch group. However, in order
to investigate the transport properties of eleesslplating solutions in the fibers, a set of
fibers were heat treated at 7%Dfor 15 and 25 minutes. The following sectiorcdisses
the experimental procedure for the electrolessngaxperiments that includes the heat

treatment and pore enlargement as variables.

2. Electroless Deposition of Porous Clad Fibers

The plating process described in this section wapted from Poquetté”.
2.1Fiber Cleaning

Good adherence of the copper coating requiresamdubstrate free of organic
residue that might be present due to handling.sThe fibers were first cleaned in a
series of steps. To start the fibers were ultrigsdly cleaned in an ethyl alcohol bath for
15 min, followed by a 15 minute rinse in DI watedassubsequent drying for 20 min at
100°C. This rinsing and drying process was perfornfest @ach processing step to
remove residual solution from previous baths. Htiews for new solutions to easily
access the pore structure and prevents bath cordtiam, as this is a crucial component
to preventing the crash of the activating/platiaghis. Following the ultrasonic cleaning,
the fibers were cleaned in an acidic solution coimig 75 ml DI water and 25 ml HCI
36.5-38% for 15 minutes at 30-35. The cleaning in acidic solution aimed to remove

any residual organic matter that might be presarthe fibers from handling.
2.2 Sensitizing/Activating

Fibers were sensitized using a solution of $nThe bath consisted of 120 ml DI

water, 3.0g SnGJ and 5 ml HCI. Fibers were treated in the sexiagi solution for a
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period of 15 minutes at room temperature. Actoraf the fibers was performed in a
bath consisting of 125 ml DI water, 0.03g Pg@hd approximately 0.063 ml HCI for 25

minutes at 45C.

2.3Plating

The plating process was completed in a serietepssthe first of which was the
production of the plating solution. Plating sotutiA consisted of 30 ml DI water and
5.0g of NaOH. The purpose of this solution wasitoply adjust the pH of plating
solution B, which consisted of 80 ml DI water, 1@&uSQ *5H,0, and 7.5 g of
Ethylenediaminetetraacetic agiDTA). Solution B was brought to a temperatuire o
40°C and stirred at 400 rpm while half solution A veakkled. This gave the solution a
deep blue color and a pH of approximately 9. Tdmainder of solution A was added to
bring the pH up to approximately 12.5. At thismtothe solution is not ready as it lacks
the reducing agent, formaldehyde. When readyatepthe mixture of plating solutions
A and B was brought to a temperature of@%and 2.5 or 5.0 ml of HCOH 37 wt% in

H,O. Fibers were placed in the plating solutionderiods of 20 and 25 minutes.

2.4Experimental Parameters

Experimental parameters in the Cu plating experisesere plating time, HCOH
concentration, and post heat treatment (HT) timigbefs. The plating time and HCOH
parameters were adjusted to investigate their &fi@e coating quality and electrical
properties of the fibers, while different heat treant times were investigated to
determine the effects on the depth of penetratfi@opper into the pore structure. Table
1 presents how the parameters were varied. Tlreples of each experimental set were

produced in order to determine if the results wepeatable.

Table 1 Electroless Plating Experimental Parameters

Plating Time, min

Heat Treatment Time, min 20 25
15 2.3 and 4.4% HCOH 2.3 and 4.4% HCOH
25 2.3 and 4.4% HCOH 2.3 and 4.4% HCOH
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3. Chemical Vapor Deposition

Chemical vapor deposition reactions were performeadsystem constructed of
stainless steel tubing and consisting of SiCl4 yrsar gas, Hland N sources, exhaust
and vacuum ports, reaction chamber with miniaturedce, and external temperature
probe. The miniature furnace was created by embgddresistive heating element in an
alumina brick and surrounding the heating elematit vefractory AbOs fiber in order to
retain heat in the reaction zone. Schematic dmgraboth the CVD system and
miniature furnace are shown in Figures 11 and $peetively. To begin the CVD
process a fiber with approximately 2 in length wksced a stainless steel tube labeled
reaction chamber in Figure 11. Next the whole systeas flushed with Nwith the
exhaust port open to force out oxygen. The exhaustNh source valves were closed
and valves 4 and 5 in Figure 6 were opened. Nlegtyacuum pump was turned on and
allowed to pull a vacuum of approximately 200-400am. Once in this vacuum range,
the system was again flushed with, Wnd vacuum pulled again to 200-400 mTorr. The
resistive heater was then turned on, and the vaakage increased until a steady
temperature of 908 was reached at the surface of the reaction chaiube. As the

furnace was coming to temperature, the injectioreatting gases was being prepared.

MINIATURE FURNACE EXHAUST
5 p.s.i PRESSURE T
GAUGE
AN A O REACTION CHAMBER
VALVE

\ THERMOCOUPLE TN
ﬁ PRQBE o |...
\ H - SWAGELOK

' VALVES
y
MIXING / l

CHAMBER VACUUM

SiCl, SOURCE

Figure 11: CVD Reaction System Schematic
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The type of system built shown in Figure 11 did altaw for the free flow of the
SiCl, and H gas at the same time due to the type of contlebvavailable for such a
small container of SiGlgas (approximately 1 liter). Thus, the deposipoocess was
carried out in a number of cycles which alternatelgased SiGland Hinto the system.

The process is described below.

REACTION, ALUMIRA
\

POWER TO
] VARIAC

ALUMINA FIBER
INSULATION

RESITIVE HEATING
COIL

Figure 12: Miniature Furnace Schematic

The SiClmanual control valve was opened to read a presgl@gsi on the pressure
gauge. Valve 1 was opened to release the; §&3 into the chamber while valves 2, 3,
and 4 were closed. Next valve 3 was opened taseléhe Hinto the mixing chamber.
Once the furnace was at temperature the,Stizlgas mixture was released into the
reaction chamber and allowed flow over the fibexcsmen, then to bleed out through the
exhaust port. The process of releasing S#@H H gas into the mixing chamber,
followed by subsequent release into the reacti@mdier was repeated 6 times. It should
be noted that this was an experimental system antlat over the amounts and flow

rates of gas was limited.

4. Photovoltaic Device Construction

4.1 Materials List

Bulk Heterojunction Material

Acceptor: [6,6]-phenyl C61-butyric acid methyl esieCBM, Nano-C, Inc.)
Donor: Poly(3-hexylthiophene) (P3HT, Plextronics
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Conducting Polymer Anode

poly(3,4-ethylenedioxythiophene)-polystyrene sulpibacid (PEDOT:PSS, Baytron P,
Bayton F HC, Bayer AG.)

Metal Cathode:

Evaporation deposited Al

4.2 Flat Substrate

Photovoltaic cells were constructed on ITO coveyleds slides with surface
resistivities of 30-60 /squar using an ITO/PEDOT:PSS/P3HT:PCBM/AI layer
construction. The purpose of creating photovoltaits on a flat substrate was to
develop a baseline comparison for fiber deviceselsas confirm the photoactivity of
the materials used. These 1x1 inch ITO coveresiwere etched in a 50:50 mixture of
HCI and deionized water for a period of 30 minutesbtain a strip of conductive oxide

through the center of the substrate as shown bieldwgure 13.

ITO

Figure 13: ITO Etched Slide

Next, a layer of PEDOT:PSS was spin coated ussgracoater device. The rpm level
was set to 1500 rpm, and the spin duration at Z8rgk Next a layer of PCBM:P3HT (
1:1 ratio) in chlorobenzene was spin coated orgcsttbstrate at 900 rpm for 78 seconds.
Finally, aluminum contacts were evaporation degosiinto the plate to create 8 separate
devices as shown in Figure 14 Cu tape was useahizect the devices to the

measurement equipment.

Figure 14: Flat Substrate PV Cell Schematic
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4.3Fiber Device Construction

Photovoltaic fibers were constructed using PEDGBMP3HT:PCBM/AI layer
construction as shown in Figure 15. PEDOT/PSS saywre spin coated onto the fibers
by taping the fiber to a glass slide, securingsiige to the outside edge of a spin coater,

and then using a pipette to place the liquid aliheglength of the fiber. This process is
shown schematically in Figure 16.

Porous Cladding

Figure 15: Fiber Device Construction Schematic

Polymer
Rotanon/ Solution

Figure 16: Fiber Spin Coating Setup

Following the spin coating of PEDOT:PSS (1:1 ratiayers of P3HT:PCBM
were dip coated onto the fibers by hand. The obotrer withdrawal rate from the
solution was limited. Between each dip, the sdiweas allowed to evaporate for 5
seconds. Fibers were produced that had 15, 3@%aucedats of active layer polymer
solution.

In order to maintain structural integrity duriresting and for ease of Al electrode
deposition, fibers were epoxied to a 1x1 inch giiske approximately % in apart. When

the Al electrodes were deposited, the final deemastruction resembled Figure 17.
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Al Electrode

. P3HT:PCBM

PEDOT:PSS

Figure 17: Fiber PV Device Schematic

Cu tape was attached to both the Al and PEDOT:RP&$@des in order to connect the

devices to the measurement equipment.

5. Quantum Dot Deposition in Stochastic Ordered He fibers

Quantum dots obtained of CdSe with a ZnS shelliranig sizes from 1.9 to 5.2
nm were obtained from evident technologies. Thetwmu dots came as nanocrystal
suspensions in toluene. To deposit the quantus) damall amount of solution was
placed in a plastic measuring tray and the tignefdrdered hole fibers was placed in the
solution. Capillary action subsequently movedfthiel through the remaining fiber.

The fibers were allowed to dry for 20 minutes befbandling.

6. Electrical Characterization
6.1Cu Plated Fibers

The Cu plated fibers were extremely fragile after processing described in
section 2. In order to test them electrically they to be placed on a rigid substrate and
held down with conductive silver paint. The contileesilver paint would act as the
measurement points between the fiber. The setsipown schematically in Figure 18.

- —| — Fiber
Rigid Device

Substrate f/ -
\\/ @ Silver Paint

5 LL—  Contact Point
§ 0
\ ¥

Figure 18: Copper Plated Fibers Test Apparatus
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Resistance per unit length measurements were maplading probes from a digital
multimeter onto the silver paint connected to thers. The measurement distangg, |
was the distance between points where the silviat pantacted and chosen to be the

effective length of the device.

6.2 Photovoltaic Devices

Current versus wavelength measurements were pextbom a Keithley 485
picoammeter. A 300 W Xe lamp, combined with a @K 110 monochromator, served
as the optical source. The monochromator was camgontrolled to sweep the range of
wavelengths from 300 nm to 700 nm, in steps of 5yieiding photocurrent versus
wavelength data for the flat substrate devices.

Current-voltage characteristics were measureddrdark and under
monochromatic illumination at 470 nm for flat sulagés and the fiber devices were
measured only under monochromatic illumination. Theves were obtained using a
Keithley 236 Source Measurement Unit combined whthlamp and monochromator

used to obtain photocurrents.

7. SEM and EDS Analysis

SEM analysis was performed on a Zeiss Leo 150@ Eelission Scanning
Electron Microscope equipped with In-lens seconddegtron, and Robinson-type back-
scattered electron detectors , Oxford INCA Energii X-ray Energy Dispersive
Spectrometer (EDS) system with Silicon Drifted dete and a HKL Nordlys Il Electron
Back Scatter Diffraction (EBSD) system, includin§@ward Scatter Electron (FSE)
detector.

The primary features investigated for each typspaicimen varied according to
what information was the most crucial. Copperegudibers were imaged on the front
faces as well as sufaces, and EDS line scans wei@med to determine the depth of

penetration of Cu into the pore structure.
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Chapter Four: Results and Discussion

1. Porous Clad Fibers

Figure 19 presents an SEM micrograph of a fibes€isection representative of a
porous clad fiber at a magnification of 100 kx.eTimage illustrates the typical pore size
and morphology of fibers processed as discuss#tkisection 1 of Chapter 3. The
average pore size shown in the micrograph bel@mstisnated to be between 10-15 nm.
Various post processing steps such as heat treamdrsoaking in NaOH solution can
be used to adjust the size distribution of the ptmecture. For the scope of this thesis
only post processing heat treatments were invdstiga

g ] R T
o o o 4

Figure 19: SEM Micrograph of Porous Cladding in Poous Clad Optical fiber at 100 k x

Visual observations of the cross section of therfiare indicitive of
interconnected 3 dimensional pore structure vaddahe processing conditions as being
able to produce a fiber with a solid core and psrdadding. Enlarging the size of the
pores would now be of interest to increase thespiart of liquid and gas media from the
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surface to the core cladding interface, which ¢sucial parameter for deposition of many

different materials and sensing applications.

1.1Pore Size Enlargement

To enlarge the pore size of the porous fibers thexe heat treated at 780 for
periods of 15 and 25 minutes. The different hesgitinent times would allow for varying
degrees of pore consolidation and silica netwodesening. The fibers that were heat
treated were used in electroless Cu plating exparisto determine the effects of heat
treatment on the depth of penetration of the Cuieganto the cladding. Figures 20 and
21 present SEM micrographs of the heat treateddfiaea magnification of 30 kx.
Comparing the pores structures of these two samyptaghat shown in Figure 19 it is
possible to see that the heat treatments did indad to pore size increase and

coarsening of the silica network.

Figure 20: 15 minute heat treatment
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Figure 21: 25 minute heat treatment

Although it appears that the 25 minute heat tneat increased the pore size more than
the 15 minute heat treatment, the effect is lesaqunced between these two samples
and that of the non heat treated specimen. Thegeeore size for the heat treated fiber
is estimated by visual analysis of randomly setkgieres throughout the micrographs.
This was done by enlarging the image and placiggdaover it. Randomly selected
pores were measured and the average was takdme avErage pore size of the 15
minute heat treated fiber was estimated to be aqppedely 25-30 nm, while that of the

25 min heat treatment is estimated to be approxinds-50 nm

2. Stochastic Ordered Hole Fibers

The term stochastic ordered hole fiber (SOHF) eefeithe combination of MOFs
and the porous clad fibers discussed above. Timbioation of these different types of
fiber optic structures provides a truly three disienal microstructure that utilizes the
advantages of each individual structure. Figur@r2®ents a schematic representation of
a stochastic ordered hole fiber. Fibers such esetlallow for chemical and gas transport
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both axially and longitudinally through the fibeFhese types of fibers could further
reduce the response time of chemical and gas sedserto shorter diffusion distances
and increased transport area. There is no datialaleain the literature detailing attempts
to create such fibers. Thus it is believed thaséhare a truly novel fiber structure

developed at Virginia Tech.

Nano-Porous Glass

2

N

O
O\

2

Figure 22: SOHF. Contains elements of both MOF'srad Porous Clad OF

Stochastic ordered hole fibers which contain attersstics of MOFs and porous
clad fibers were produced using the stack and dnatihod, then heat treated and leached
as those fibers containing only a porous claddifigures 23 and 24 present two pieces

of hybrid fiber made from two different preforms.

Figure 23: SOHF Fiber 500 x
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Figure 24: SOHF Fiber 2, 100x

The micrographs show that, although the six ringgpa around the central tube is not
perfect, the overall pattern was retained frompieform throughout the drawing
operation. Higher magnification images of these tilwers are shown in Figures 25 and
26. These images indicate that both fibers cortte@mano-porous structure seen in the
porous clad fibers.

The combination of the three dimensionally intemected nano porous structure,
along with the microstructured pattern of the rimgl$ allow for gase and chemical
species to travel both axially and longitudinalyaughout the fiber, providing faster
equilibration in the environment. To the authdr®wledge, this is the first successful

combination of both nano-porous glass and microgired fibers reported.
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Figure 26: SOHF 2 at 50kx Mag
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3. Electroless Plating

The objective of the electroless plating of copggueriments was aimed at
creating a uniform coating on the surface of theops clad fibers, depositing copper
within the pore structure, and determining varigiiecessing conditions that could offer
a range of electrical properties. SEM analysigheffibers provides evidence that the
fibers have been coated with a uniform layer of & that the Cu has plated in the pore

structure.

3.1SEM Analysis
Figures 27 and 28 present SEM micrographs of al@ted fiber with no HT,
2.3% HCOH, and 25 minute plating time. From Figet is possible to see that the Cu

coating has a nearly uniform thickness of approxaétys20nmm on the fiber surface.

Figure 27: Cleaved Cu Coated Fiber Face 600x

Also visible in Figure 27 is what appears to bekelat the center of the core region.
This hole is present due to incomplete collapst@borosilicate tube used to create the

37



core. The hole in the core is not detrimentah®ftber structure; instead it shows that it
possible to create fibers with both solid coresyal as cores with a tube running
longitudinally through its central axis.

The interface region between what is termed thie dapper plating, or the
copper on the surface of the fiber, and the coppated pore structure is of interest
because it will have an influence on the adhesiepgrties of the coating. Figure 28
presents an SEM mircograph of the interface betwleebulk Cu plating and the Cu
plated pore structure.

Figure 28: Bulk Cu/Pore Structre Interface 30kx

In Figure 28 it is possible to see that theresbarp interface between the bulk copper
coating and the copper coated pore structure. siihg interface could cause the copper
coatings to scale off due to poor mechanical streng

Despite the uniform coating depicted in Figure &dme Cu coatings displayed
poor adherence to the glass fiber substrate. &ig@mpresents and SEM micrograph. The
poor adherence to some fibers could have resuitad ¢ontaminated surfaces as well as
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NaOH attack of the silica network during the plgtprocess. Additionally, the sharp
interface between the copper coated pore struanotéhe bulk copper coating might also

lead to scaling of the coatings.

Exposed
Fiber

Figure 29: SEM Micrograph of Cu Coating Scale 100x

3.2Plating Depth v. Heat Treatment Time

Theoretically the electroless plating of Cu shaatdur where ever there the
activated surface comes in contact with the plasimigtion. However, EDS mapping
shows that the Cu penetrates only a short distiawaehe pore structure of porous
cladding. The likely culprit preventing the contgl@lating of the fibers is transport of
Cu** ions and HCOH molecules into the porous strucame as well as the transport of
HCOQO and H molecules out of the porous structure. As thérmmasolution begins to
enter the porous structure, the regions closdrddiber surface begin to plate while
solution is still being transported to the centethe fiber. Plating of the pore structure
closer to the surface causes the pores to becaygged thus limiting further transport of

reacting species to the inner pore surfaces. &sang the pore size in the cladding region
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may help to increase transport of plating solutido the pore structure and also increase
the time between total pore blockage, thus incnegitie penetration depth of the Cu
coating. Figure 30 presents the plot of Cu x-raynts using EDS v. radial distance from
the pore surface for fibers with no heat treatnaemt heat treatments of 15 and 25

minutes at 756C (note: fibers were plated for 25 minutes in 2.3{@OH solution).
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Figure 30: Cu X-ray Counts v. Axial Distance fromthe fiber surface

From the plot it is possible to see that the filvgh no heat treatment has a
dramatic decrease in Cu counts a shorter distanoethe surface compared to the heat
treated fibers. At 1&m the un-heat treated fiber shows Cu x-ray couhdpwhile
fibers heat treated for 15 and 25 minutes show tsoof30 and 50 respectively. At the
approximately 3%mm, the Cu counts for the heat treated fibers levtlat 10. The un-
heat treated fiber reaches this value at approeip@0nm. It can be concluded that the

heat treated fibers were plated approximatedrhSurther into the pore structure.
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3.3Resistance v. Plating Time

Tables 2 and 3 present the experimental resistaresurements of the 2.3% and
4.6% HCOH concentrations respectively with FigutegBaphically representing the
data. For the majority of processing conditions@ased plating times lead to a decrease

in the resistance per unit length of the fiber.

Table 2 Resistance/unit length values for 2.3% HCB concentration

Plate time, min

Heat Treatment Time, min 20 25
15 0.54 /cm 0.057 /cm
25 0.87 /cm 0.26 /cm

Table 3 Resistance/unit length values for 4.6% HCOHRoncentration

Plate time, min

Heat Treatment Time, min 20 25
15 8.18 /cm 0.12 /cm
25 0.044 /cm 0.049 /cm

——2.3 %HCOH, 15 min. HT
—#-4.6% HCOH, 15 min. HT
—&— 2.3% HCOH, 25 min HT
—8—4.6% HCOH, 25 min. HT

Resistance/Unit length, ohms/cm

0e : : : : : : . z
20 20.5 21 215 22 225 23 235 24 245 25

Plating Time, t, min

Figure 31: Resistance/unit length v. Plating Time

This is a logical conclusion in that increasediptatimes lead to more bulk copper

deposited on the surface of the fiber leading ttebeontinuity between the individual
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copper grains. The sample heat treated for 2bit@snand plated in the 4.6% HCOH
concentration bath shows only a very slight incedagesistance/unit length with
increased plating time. This is more than likely da experimental variation, and the
difference is small enough to where the value cbeldonsidered constant.

3.4Resistance v. Formaldehyde Concentration

Data from Tables 2 and 3 can also be used to obseake observations about
the effects of formaldehyde concentration on tlststance values. Figure 32 presents
the graphical representation of the data in Tablasd 3, with HCOH as the independent

variable and all other variables held constant.
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Figure 32: Resistance/unit length v. HCOH Concenttion

Observing Figure 32, it is possible to see thatafgiven plating time, the
resistance of fibers heat treated for 15 minutesvshan increase in resistance when the
HCOH concentration is increased, and fibers heatdéd for 25 minutes show a decrease.

A decrease in resistance would be expected fromaease in HCOH. The increase in

42



reducing agent would allow for more copper to keeal out of solution for a given

plating time. Thus, the results that show an iaseein the resistance for the 15 minute

heat treated fibers is counterintuitive to whagipected. Excluding the extraneous data
point for the sample heat treated for 15 minutéged for 20 minutes in the 4.6% HCOH
concentration solution can provide a better loothatremaining samples. This plot is
shown in Figure 33. Here, the samples heat trdate2b minutes both show a decrease
in the resistance values with increase HCOH comagon, while the sample heat treated
for 15 minutes and plated for 25 minutes showsarease. However, this increase is
slight at less than 0.1/cm. The smaller pore sfabe 15 minute heat treated fiber
become clogged faster than that of the 25 minut tneat fibers, increasing the HCOH
concentration compounds this effect, decreasinguheunt of plating in the pore
structure and increasing the overall resistanceaipgiength of the fiber.
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Figure 33 Resistance/unit length v. HCOH Concentration Enlargd
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The overall results of the electroless copper pipéixperiments show that the
fibers heat treated for 25 minutes and plated fomhutes result in the lowest resistance
values regardless of formaldehyde concentratibmas shown that the fibers with the
lowest resistances were a combination of the albaxiables and 4.6% HCOH. The low
resistance values can be attributed to more cdpgiag deposited in the pore structure as
well as on the surface, creating a more continyeaiis for current to flow.

4. Chemical Vapor Deposition

4.1 SEM and EDS Analysis Control Sample

Spectral analysis of the chemical vapor deposgemples cannot be directly
obtained because Si is already present in the glagsx. Thus, to determine if Si was
deposited in the pore structure of the CVD fib&is necessary to compare atomic ratios
with a control fiber strand. Figure 34 shows regiovhere EDS analysis of a regular
porous clad fiber were performed.

Figure 34: EDS Spots for control sample, 360 x
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Three measurements were taken in order to obsegveampositional variation of the

cross-section of the fiber. Figure 35 present&Etd& analysis of point 1 in Figure 32.

The atomic percentages (at%) of &d Si are shown to be 68.4 and 31.6 respectively.

These ratios correspond to a chemical formula©b & The EDS spectral analysis of

spots 2 and 3 are provided in Appendix A. Tab&ifdhmarizes the EDS analysis of all

three spots.
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4.2EDS Spot Analysis for CVD Sample
Figure 36 presents a schematic diagram of the fdeation in the reaction

Figure 35: EDS Spectrum Report for spot 1 in Figure32

Table 4: Control Fiber EDS Spectral Analysis Summey

Spot at% O | at% Si Chemical Formula
1 68.4 31.6 SiO5.16
2 69.1 30.9 SiO;.04
3 68.1 31.9 SiO 13
Average 68.5 315 SiO;.17
Standard Deviation 0.3 0.3 0.03

chamber of the CVD system. The cleaved facesl gkeations were spot analyzed to

look for at% increases in the amount of Si presettte fiber cladding.
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Figure 36: Reaction Chamber Location Schematic

Figure 37 presents the SEM micrograph of sectiohthe CVD specimen where the 1
and 2 indicate spots were EDS analysis was perfibrme

Figure 37: SEM Micrograph of CVD Section 4, 750x

The EDS spectrum of spot 1 is presented in Fig8reldile the EDS spectrum of spot 2
is presented in Appendix A. These two spectrecagi that there is 58.2 at % O, 40.3
at% Si, and 1.5 at% Fe at spot 1 and 63.5 at% G,&8% Si, and 0.987 at% Fe. This
analysis indicates that there is an increase afoaqupately 10 at% Si at spot 1 and 4 at%

Si at spot 2 compared to that of baseline specifi@ate amounts of Fe are indicated at
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both spots. This confirms that Si was depositetiénpore structure of the fiber, while
trace amounts of Fe are present likely due to #poxization of Fe in the steel tube used
as the reaction chamber. The slightly smaller im®eeof Si at spot two could be a result
of the farther distance from the surface of therfib

CVD 4 spot 1
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Figure 38: EDS Spectra for Spot 1, CVD Section 4

Figures 39 and 40 present the SEM micrographsa@adibn of EDS spot

analysis for fiber section 5 in Figure 34. The Efpecta of these spots are located in
appendix A, and the results are summarized in Table

= : e ﬂ*
Figures 39: EDS Points Scan Positions 1-2 for CV&ection 5
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Figure 40: EDS Points Scan Positions 3-5 for CVD skion 5

Table 5: CVD Sample 5 EDS Point Scan Summary

Spot at% O | at% Si at % Fe
1 64.4 35.4 0.1
2 61.7 38.2 <0.1
3 52.1 47.8 0.1
4 64 36 <0.1
5 60.2 38.8 <0.1

Table 5 indicates that each spot analysis shovirscaease in the at% of Si
compared to the baseline sample, with the higinesease being approximately 18 at% at
spot 3. At a confidence interval of 95%, the valoéSi on this sample face are 34.9 and
43.6 at%, with Si values for the baseline beind. 2hd 31.9 at%. Despite the variation
shown in the region 5 Si values, at a 95% confidenterval it can be said that Si was
indeed deposited in the pore structure of the filldre variation of Si percentage over
the face of the sample is most likely due to praotiraf each spot to the surface where
the SiC}, gas was flowing and the temperature variatioraaheegion. The results

confirm the feasibility of depositing Si in the pastructure of the porous clad fibers
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5. Photovoltaic Fibers

5.1Baseline Flat Substrate

An organic photovoltaic cell was first created ofted glass substrate in order to ensure
that the materials used on the fibers did in fagpldy photovoltaic behavior. Figure 41
presents the I-V curve of one device on the flastate, both in the dark and illuminated
with monochromatic 470 nm wavelength light. Thartlclearly shows the device
behaving as a diode, indicating that photovolta&kdyior is likely.
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Figure 41: Current v. Voltage Curve for Flat Substate Photovoltaic Cell

Figure 42 presents the plot of photo induced cuivewavelength for the device
created on the flat substrate. The figure showasttie current increases up to a
maximum of approximately 4000 nA at a wavelengtd®® nm. This corresponds to the
maxiumum absorption wavelength commonly reportetthénliterature for the polymer

blend used in these experiméfits
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Figure 42: Current v. Wavelength Plot for Flat Sulstrate Photovoltaic cell

5.2Electrical Testing

Figure 43 presents |-V curves for fibers coatethWwb (device 1), 30 (device 2),
and 45 (device 3) dip coated layers of P3HT:PCBMtune. From the plot it is possible
to see that each fiber displayed different curuatiage characteristics, none of which
exactly resembles characteristics of a diode. Hewdhere are marked differences
between the behavior of devices 1 and 2 when caedgarthat of device 3. Devices 1
and 2 exhibit nearly ohmic behavior, which desaiberrent and voltage in a linear
manner such that follow Eg. 5. Ohmic behavior galheindicates that the device has

been shorted out, or that there is a direct pattivden the bottom PEDOT:PSS layer and
top Al layer.
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Figure 43: Current v. Voltage Characteristics of kber Photovoltaic Cells

The resistance of these two devices can be deteroyitaking the inverse of the
slopes of the best fit lines calculated in Exdabing so in this manner gives resistance
values devices 1 and 2 as 450 and 200 Ghese resistance values are extremely large
and can likely be attributed to high contact resise between the Cu tape and the
electrodes.

The I-V curve for device 3 does not exhibit linéahavior, nor the characteristics
of a diode that one would expect to see if thedehiad either been shorted out or was
producing a photocurrent. For complete diode bemagne would expect to see little to
no voltage of over the entire reverse biased veltagge, and then exponentially
increasing in the forward bias. A closer inspecttdthe region between -0.3 V and 0.8
V shown in Figure 44 shows that there is the pdgyibf diode like behavior in the

device within that voltage range.
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Figure 44: Expanded IV Curve for Fiber Device 3

The I-V behavior shown above can be approximasedi@de like in that there is
an initial flat region where there is little to narrent followed by a region where the
current increases exponentially. This behavior m@svisible through the entire voltage
range possibly because the fiber reached its bosakdoltage (negative bias) shown at
approximately -0.4 V on Figure 43. Increasing¢beent above 0.8 V tends to create a
horizontal region in the IV curve. This impliesatHurther increase in the applied voltage
will not create an increase in current, or thatdheent has become constant at
approximately 20 pA. The different types of beloavepresented in device 3 could stem
from the combination of various components actoggether or separately in different
regions of the fiber.

Comparing the graphs in Figures 41 and 44, ividemnt that the curves share the
same basic shape, although on different scalesaghitude for the current (1) values.
The behavior of the device in Figure 40 indicateSnitive photovoltaic behavior. From
the comparison of the curves in Figures 40 andt48possible to conclude that fiber

device 3 shows some photovoltaic behavior, althaugle difficult to measure due to
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pore contact between the connections to the megsaqguipment which give rise to
large contact resistances.

5.3SEM Analysis

SEM analysis was performed on several of the pluttaic fibers in hopes of
determining the thicknesses of each of the polyimars and correlating these
thicknesses with the corresponding processing tiondi Figure 45 shows an SEM
micrograph of a section of device 3 with correspogdEDS map outputs overlain on the
image. This figure presents an up close lookairiterface between the polymer
PEDOT:PSS layers and the porous cladding on tlee.fib
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Figure 45: SEM Micrograph of Polymer Layers with EDS Line Scan Spectra

The image shows that the regions where there fisrsahd carbon present. These

elements overlap the region where there is a stemdgase in both silicon and oxygen.
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The overlap of these regions does indicate thenpehysolutions penetrated into the pore
structure of the fibers. The conducting polymdrBEBEDOT:PSS could alternatively be
used as active device components such as redigateng devices or
chemically/optically active materials for use imsers.

From Figure 45, it possible to see that thickredgbe polymer layers combined
is approximately 4 um. In the literature, valuéshe PEDOT:PSS layer of the
photovoltaic device have been reported in the 1BD+8n range[61]. Thus the large size
of the polymer layers shown in Figure 45 could tithe photovoltaic performance of the
device. For future work, thinner polymer layerssll be used in order to increase

charge transport through the photovoltaic circuit.

6. Quantum Dot Doped Stochastic Ordered Hole Fibers

6.1 Optical Images

Quantum dots (QDs) show intense fluorescence wkposed to various types of
radiation. The CdSe quantum dots with a shellr® Are highly fluorescent when
exposed to UV radiation. Figure 46 shows a low mifagation optical image of
stochastic ordered hole fibers that have absorbadtgm dots into their tube structure.

The size of the quantum dots, between 2 and 1@nahles them to enter the pore
structure of the fibers. Each color of the QD&igure 46 represents a different QD size,
the yellow being 2.4 nm, the orange being 4.0nmd,the red being 5.2 nm The smaller
the quantum dots, the smaller the wavelength riadidhey emit, or smaller QDs emit
light more towards the blue, larger QDs emit m@e Irght. This is evident when

looking at Figure 47, which shows the same threer§ in Figure 44 illuminated under
long wave UV radiation (364nm wavelength). Theocslemitted are green, orange-
yellow, and red.

Figures 48-53 present optical micrographs of thevalfibers both illuminated and not
illuminated with 364 nm UV light. The images shtwve structure of the tubes in the fibers and
illustrate the deposition of the QDs throughoutfiber structure. Figures 48 and 50 show the
deposition of the QDs is uniform throughout thegtenof the fiber. Figure 52 however shows

that the 5.2 nm QDs agglomerated in the pore stracteaving areas of high concentration.
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This did not however affect the fluorescent praperof the QDs in the fibers, as each emits a

very intense characteristic wavelength of light

Figure 46: SOHF with QDs

Figure 47: SOHF with QDs unde364 nm illumination
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Figure 48:2.4 nm QDs in SOHF, 10x

Figure 49: 2.4 nm QDS in SOHF under 365 nm UV, 10x
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200 pm

Figure 51:4 nm QDS in SOHF under 365 nm UV, 10x
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Figure 52 : 5.2 nm QDs in SOHF, 10x

Figure 53: 5.2 nm QDS in SOHF under 365 nm UV, 10x
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The images above show that QDs can be deposite@Hi with relative ease. The
bright emission of light upon photoexcitation shdiat these fibers would have the capability
to be used in sensing applications. Future workldvéocus on depositing different size QDs
into the different tubes in the fiber, allowing fitve emission of different wavelengths of light

when excited.
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Chapter Five: Conclusions and Future Work

Two types of porous optical fibers were preseimetiis work, both novel in
either their structure or production. Method. Ploeous clad fibers are not a new
structure, but the processing methods used imtbik defined a new route to obtaining
such fibers. The stochastic ordered hole fibeesqumted in this thesis are a novel
development in that no one has attempted to conthaerdered holes structure of
photonic crystals with the stochastic porosity foum various types of porous glass. The
production of these fibers was confirmed througiMStnalysis.

The work presented in this thesis was based oagpkcation of different
coatings onto porous clad and stochastic orderéfie@rs in hopes of providing the
basic tools needed to produce various opticalliva@nd electronic components in the
pore structure and on the surface of the fibetse rEsults from the electroless Cu
plating, chemical vapor deposition, organic phottaio, and quantum dot experiments
all demonstrated the feasibility of applying int@rand external coatings to these two
types of fibers.

Future work in the area of coating porous typersbwvould be directed towards
refining the deposition processes and begin thdyation of crude electronic devices
and sensing mechanisms in the fibers. Also, dguaiponew ordered hole structures that
combine both ordered hole and rod sections coald e an endless number of
applications, as these fibers could be tailoredugh their hole structure as well as
processing conditions used to create the porowss glanother interesting area relating to
the stochastic ordered hole fibers would be thesigipn of different materials within
the various ordered holes of one fiber. This coedd to the development of single

fibers containing numerous devices and sensors.
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Appendix A: EDS SPECTRA

Figure 1A: EDS Spot Analysis, Control Spot 2

Figure 2A: EDS Spot Analysis, Control Spot 3
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Figure 3A: EDS Spot Analysis, CVD 4 Spot 2

Figure 4A: EDS Spot Analysis, CVD 5 Spotl
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Figure 5A: EDS Spot Analysis, CVD 5 Spot 2

Figure 6A: EDS Spot Analysis, CVD 5 Spot 3
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Figure 7A: EDS Spot Analysis, CVD 5 Spot 4

Figure 8A: EDS Spot Analysis, CVD 5 Spot 5
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APPENDIX B: EDS LINESCAN REPORT FOR PV FIBER

Figure 1B: Oxygen Line Scan Plot

Figure 2B: Silicon Line Scan Plot
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Figure 3B: Sulfur Line Scan Plot

Figure 4B: Carbon Line Scan Plot
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Figure 5B: Aluminum Line Scan Plot
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