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Increased Functionality Porous Optical Fiber Structures 
 

Michael G. Wooddell 
 

ABSTRACT 
 
A novel fiber optic structure, termed stochastic ordered hole fibers, has been developed 
that contains an ordered array of six hollow tubes surrounding a hollow core, combined 
with a nanoporous glass creating a unique fully three dimensional pore/fiber 
configuration.  The objective of this study is to increase the functionality of these 
stochastic ordered hole fibers, as well as porous clad fibers, by integrating electronic 
device components such as conductors, and semiconductors, and optically active 
materials on and in the optical fiber pore structures.  Conductive copper pathways were 
created on/in the solid core fibers using an electroless deposition technique.  A chemical 
vapor deposition system was built in order to attempt the deposition of silicon in on the 
porous clad fibers. Additionally, conductive poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) and photoactive polymer blend poly(3-
hexylthiophene) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-)6,6)C61 (P3HT: PCBM) 
were deposited on the fibers using dip coating techniques.  Quantum dots of Cadmium 
Selenide (CdSe) with particle sizes of ranging from 2- 10 nm were deposited in the 
stochastic ordered hole fibers.   SEM and EDS analysis confirm that copper, polymer 
materials, and quantum dots were deposited in the pore structure and on the surface of the 
fibers.  Finally, resistance measurements indicate that the electrolessly deposited copper 
coatings have sufficient conductivity to be used as metallic contacts or resistive heating 
elements. 
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Chapter One:  Introduction 

  

 The development of optical fiber waveguides in the early 1970’s started a 

revolution in the telecommunications industry by enabling the cheap, fast, and efficient 

transfer of information across long distances.  Research in the fields of optical sensors, 

optical fiber waveguides, and optoelectronics during this period influenced the 

development of numerous technologies including LEDs, liquid crystal displays, and 

compact disk players[1].  However, optical sensing mechanisms during this time period 

consisted of basic optical switches and interferometers, few of which had been 

“fiberized” outside of laboratory experiments.   Fiber optic sensors have recently become 

the topic of extensive research due to their flexibility, range of possible applications, and 

sensitivity to a multitude of environmental parameters.  They are capable of detecting and 

measuring nearly any environmental parameter including pressure, temperature, strain, 

and chemical composition.  In addition they are not affected by electric fields and can 

maintain and operate at elevated temperatures, making them superior candidates for harsh 

environment sensing applications[1, 2].     

 There are countless types of fiber optic sensors that have been developed over the 

last 30 years, each detecting external stimuli through various mechanisms.  The sensors 

can be differentiated by how the light is used to detect environmental conditions, such as 

interference or intensity induced changes caused by external stimulation.  Also, different 

types of fiber structures can be designed to detect specific environmental parameters with 

high accuracy.  Some different types of structures include typical solid core solid clad 

fiber optics, photonic crystal fibers or microstructured optical fibers, and random hole 

optical fibers.  Microstructured optical fibers contain a patterned array of air holes 

parallel to the transmission axis, while random hole optical fibers contain air holes of 

random size and distribution.  A more thorough description of the latter two types of 

fibers will be provided in the following chapter.  

  A recent development in fiber optic sensors employs a solid glass core 

surrounded by a nano-porous glass cladding.  In addition, the development of fibers that 

combine both porous and microstructured optical fibers, termed stochastic ordered hole 

fibers, opens new possibilities in the world of fiber optic sensors. The nano-porous glass 
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is ideal for use in chemical or gas sensing because the evanescent fields of light, or light 

which is not confined to the core through total internal reflection, have access to 

chemicals and gases in the environment.     

 Often times, optical fibers are coated with different materials to aid in mechanical 

strength, and also as active materials for use as sensing applications.  There have been 

numerous studies focused on using polymer, piezoelectric, and semiconducting coatings 

to create fiber optic sensors and other light modulation devices.  Most of these studies 

have focused on coating normal solid core/solid cladding fibers, or microstructured 

optical fibers with active materials.  Conversely, coatings on the porous and stochastic 

ordered hole fibers, which are of recent conception, have not been thoroughly explored.  

The incorporation of different electronically or environmentally stimulated materials on 

the surface/in the pore structure of these fibers is an advantageous technology that could 

be used to increase fiber functionality and sensitivity.   

 The research presented in this thesis has two objectives.  The first objective is to 

confirm the feasibility of depositing various materials on nano-porous clad glass fibers 

for use in sensing and electronics applications. The basic deposition methods and 

characterization can be utilized as building blocks to create electronic device components 

and active coating elements within and on the surface of the fibers.  More specifically, 

the deposition of silicon, the electroless deposition of copper, and dip coating of polymer 

semiconductors will be demonstrated as means to creating multifunctional fiber optic 

sensors.   

 The second objective is to manufacture stochastic ordered hole fibers, or fibers 

that contain both a patterned array of air holes running longitudinally along the fiber and 

random porosity in the bulk glass material.  Additionally, semiconductor quantum dots 

will be deposited in the stochastic ordered hole fibers to highlight the viability of using 

the coated fibers in sensing applications. 

 

1. Outline 

Chapter Two:   Chapter two provides a brief introduction to various types of fiber optic 

sensors and structures which have led to the evolution of the porous clad and stochastic 

ordered hole fibers studied during the course of this project.  Also discussed are different 
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types of fiber coatings utilized in the past to alter certain characteristics of the fiber which 

include mechanical strength and sensing capabilities.  Finally this chapter reviews the 

different coatings and coating techniques used in the course of this work, as well as 

previous work related to the combination of these specific coatings and coating 

techniques with optical fibers. 

Chapter Three:  Chapter three presents a detailed description of the experimental 

procedures used to produce the samples in this study, including the chemicals used in the 

electroless plating, the schematics of the chemical vapor deposition system constructed 

for this project, and schematic diagrams of the different devices created. 

Chapter Four:  Chapter 4 presents the results of the stochastic ordered hole fiber 

production, copper plating, chemical vapor deposition, and dip coating experiments.  The 

results consist of electrical testing, optical and scanning electron microscopy, and 

electron discharge spectroscopy analysis.  Analysis of the results will aim to demonstrate 

that it is possible to deposit various materials on the surface of, and in the pore structure 

of the nano-porous optical fibers, and that different processing parameters can be used to 

tailor specific characteristics of the coatings. 

Chapter Five:  Chapter 5 presents the conclusion to the paper by summarizing the 

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

the applications for these fibers and structures. 
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Chapter Two:  Background 

 
1. Fiber Optic Sensors 
  
 A fiber optic sensor is a broad term referring to a strand of fiber optic used to 

measure environmental stimulation by utilizing the properties of the light propagation 

within the fiber.  Generally speaking there are two types of fiber optic sensors, these 

being categorized as extrinsic and intrinsic.  In extrinsic sensors the light travels through 

the fiber to an external sensing mechanism, and the modulated light is reflected back into 

the fiber and analyzed.  In intrinsic sensors, the light is modulated by the environmental 

stimuli as it passes through the fiber.  In both, the input and output signals are detected by 

optoelectronic devices, analyzed, and the environmental parameters determined [1-3]. 

 Further classification of fiber optic sensors delineates how the altered light 

traveling in the fiber is used to obtain the corresponding environmental information.  

Several methods include intensity, interference, frequency, polarization and spectral 

content modulation.   Many different types of light modulation schemes can be used to 

measure any given environmental parameter.  The fiber configurations introduced below 

can be used in conjunction with the different types of light modulation schemes to 

produce dozens of fibers capable of measuring numerous environmental parameters [1-4].    

  

2. Fiber Optic Structures  

 This section provides a brief introduction to the different types of fiber 

configurations used in sensing applications.  A review of the literature relevant to each 

type of fiber configuration and pertaining to fiber optic sensing will be provided in order 

to map the evolution of the porous fiber sensors studied in this research.  

 

2.1 Solid Cladding 

 The first fiber optic sensors to be developed utilized a typical optical fiber 

configuration consisting of a solid core and cladding as shown in Figure 1.  In general, 

these fibers guide light through total internal reflection, where the refractive index of the 

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



5 

and cladding in these fibers is typically introduced through the use of dopant materials 

such as GeO2, P2O5, and Al2O3, to the parent glass[3]. 

 These types of fibers are capable of sensing parameters such as pressure, 

temperature, chemical composition, and displacement both intrinsically and extrinsically, 

as well as with and without the use of special coating materials [2, 4].  However, these 

solid clad fibers often are not suitable for use in high temperature environments due to 

dopant migration within the cladding of the fiber.  Dopant migration changes the optical 

properties in the fiber, thus decreasing the sensitivity and reliability of its 

measurements[5].  The disadvantages of solid clad fiber sensors have spurred the 

development of fibers which do not contain dopants in the cladding of the fiber and can 

sense environmental parameters without the use of special coatings. 

Figure 1:  Solid Clad Fiber 

 

2.2 Microstructured Optical Fibers  

 Microstructured optical fibers (MOF’s), commonly termed holey fibers, are 

relatively new types of fibers that consist of patterned arrays of air holes surrounding 

either a solid or hollow core as shown in Figure 2.  Two varieties of MOF’s guide light 

based on two different principles.  The first is that of modified total internal reflection  

where the presence of air holes in the cladding surrounding the solid core lowers the 

average index of refraction in that region and effectively confines the light along the 

length of the fiber.  The second is what is referred to as a photonic bandgap fiber (PBGF).  

The photonic bandgap effect typically occurs in hollow core MOF’s and allows light 

propagation by limiting the frequencies and wavelengths of radiation that can penetrate 

the air hole structure[6, 7]. 

 

Core 

Cladding 
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                       a.                                                                                                                        b. 

Figure 2:  Microstructured Optical Fiber Structures a.)  solid core, b.) hollow core 

  

MOFs have been demonstrated as chemical, gas [8-11], temperature, elongation [12], and 

pressure [12, 13] sensors for use in various industrial applications.  Many of the chemical 

and gas sensors base on MOFs are very effective because of the light interaction with the 

evanescent waves propagating through the fiber.  Evanescent waves are modes of light 

that are not confine to the fiber core through either the photonic bandgap effect or total 

internal reflection  The air holes allow for either chemical or gaseous species to penetrate 

closer to the core and increase the interaction with the evanescent waves [10, 11].  

  Advantages of using MOFs as sensors include the ability to tailor the properties 

with the number, size, shape, and spatial location of air holes, and the lack of dopant 

elements needed for light propagation [8, 13].  However, despite their obvious advantages 

over conventional fiber optic sensors, MOFs become increasingly difficult to 

manufacture as the number of air holes needed increases [5].  This problem has been 

overcome by the introduction of new types of holey fibers termed “Random Hole Optical 

Fibers” or RHOFs.   

 

2.3 Random Hole Fibers 

 Random hole optical fibers (RHOF) consist of a solid core surrounded by a 

cladding of randomly sized air holes running parallel to the fiber axis as shown in Figure 

3.  The air holes are produced by either sol-gel techniques or the incorporation of gas 

producing agents surrounding the core in the fiber preform [5, 14, 15].  These types of fibers 

confine light to the core region using the modified total internal reflection method as 

described for the MOFs. They also utilize the evanescent waves propagating through the 

fiber in order to sense chemical and gas media present in the environment [5, 16].  The 

Air Holes 
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advantages of using this type of fiber for gas sensing is the ease of fabrication over the 

MOFs, as well as the ability to tailor the light guiding and sensing properties of the fiber 

by altering the size, number, and distribution of holes in the cladding. 

 

 

 

 

 

 

Figure 3: Random Hole Optical Fiber Structure 

 

   In addition, like the MOFs the RHOF do not require dopant materials to alter the 

index of refraction of the cladding, thus enabling high temperature use.  However there 

are some disadvantages to having the holes running along the length of the fiber.  The 

characteristics that give both RHOFs and MOFs the ability to sense chemical and gas 

media also require that the gas or chemicals be fully distributed along the fiber length.  

The response time of these sensors is thus limited by the diffusion kinetics of the gases 

penetrating the cladding region[5]. 

 The problem of diffusion length restricted response time has been alleviated by 

the development of what is termed a porous clad optical fiber.  These fibers consist of a 

three dimensionally interconnected pore structure surrounding a solid glass core[17].  

 

2.4 Porous Clad Fibers 

 Porous clad fibers refer to fibers that contain a three-dimensionally interconnected 

network of air holes (pores) that penetrate both axially and longitudinally throughout the 

cladding region, from the surface of the fiber to the core [16]. The advantages of these 

porous clad optical fibers is that the diffusion region exists along the entire length of the 

fiber, and the diffusion distance from surface to core is much smaller than the lengths of 

tubes within the MOFs.  This has the potential to decrease the response time of gas and 

chemical sensors[17]. 
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   The porous structure around the solid cladding has been produced by means of 

sol-gel processing and phase separation of borosilicate glasses.  Sol-gel processing 

produces the porous glass structure through hydrolysis and condensation polymerization 

of  metal alkoxide precursors such as tetraethylorthosilicate.  The claddings are typically 

dip-coated onto a solid glass core, followed by specific heat treatments that evaporate the 

gel precursor leaving an interwoven network of silica.  Fibers produced by sol-gel 

techniques have been shown capable of sensing environmental parameters with and 

without the aid of active coating materials.  For example, sol-gel glass porous optical 

fibers with fluorescent dyes trapped in the pore structure have been used as evanescent 

wave pH sensors[18], while a plain sol-gel glass optical fiber has been shown to measure 

the critical micelle concentration in surfactant solutions by means of optical transmission 

changes[19].   

 Phase separation offers an alternative to creating a porous silica structure for use 

with optical fibers.  The phase separation process does not require the complex chemistry 

associated with sol-gel process, but instead takes advantage of the spinodal phase 

separation characteristics of various borosilicate glasses.  Spinodal phase separation of 

glasses has been researched thoroughly, and the details of the phase separation process 

can be found in numerous texts[20, 21].  

  Fibers have been produced by leaching the alkaline borate phase from a purely 

phase separable glass fiber with HF and HCl solutions for a given period of time.  This 

process leaves either a fully porous fiber (complete dissolution of alkaline borate phase), 

or a solid core surrounded by a porous cladding (partial dissolution of alkaline borate 

phase). The fibers produced in this manner have been demonstrated as an end of service 

life indicator for respiratory cartridges [22].  A second method for producing porous clad 

fibers using phase separating glasses is by collapsing a tube of the phase separable glass 

around a core of different composition glass to create a fiber preform.  Fibers pulled from 

the preform then contain a non-phase separating glass core surrounded by the phase 

separable glass.  In this way the core and cladding remain proportional to the original 

dimensions of the preform.  By adjusting the diameters of the core and cladding glass in 

the preform, the size of each can be tailored accordingly.  
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3. Fiber Optic Coatings 

 The main objective of the research presented in this thesis is to deposit various 

materials in the so-called porous and stochastic ordered hole optical fibers in order to 

present the feasilibity of creating sensors and other devices. The concept of fiber optic 

coatings is not new however as many of structures presented above utilize coatings and 

various materials to enhance their mechanical strength, aid in measuring some type of 

external stimuli, or acting as an external light modulation mechanism.  

 

3.1 Mechanical Enhancement and Surface Protection 

 Optical fibers made of silica are highly sensitive to mechanical stress and 

environmental degradation, and thus in traditional telecommunication fiber optic systems, 

there are often polymer coatings added to the exterior of the fiber cladding to enhance the 

mechanical stability of and protect the surface of the fiber[23-25].  Studies focused on the 

mechanical degradation, fatigue life, and processing parameters of polymer coatings have 

been performed in order to increase the lifetime and reliability of telecommunication 

optical fibers, as well as fibers used in sensing applications.  Some specific studies 

highlight moisture permeability effects on mechanical strength[26] , draw rate effects on 

UV curable coatings[27], and coating additives for improved mechanical response[24].   In 

addition to mechanical enhancement and protection, many fiber optic coatings behave as 

active components within the fiber optic network acting as actuators and means of 

sensing environmental parameters 

 

3.2 Active Coating Applications 

 Active coatings applied to fiber optic components introduce a multitude of 

advanced applications which include multivariate sensing and signal control/modulation. 

Many fiber optic coatings are based on materials with properties such as piezoelectricity, 

fluorescence, and photo luminescence.  Piezoelectric materials, such as ZnO, have been 

used as acoustic actuators on fiber optic sensing networks.  The piezoelectric material 

acts as a phase modulator, which depending on the electric field strength and orientation 

of the piezoelectric crystal, can behave as a signal filtering device [28, 29].  Polymer 

materials, such as polyanaline, which are typically permeable to different solvents and 
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chemicals, have been used as modified cladding materials in fiber optic chemical sensors.  

Chemicals in the environment interact with the polymers, usually stimulating a refractive 

index change in the polymer, thus creating a modulation in the light signal [30, 31].  

Photoluminescent materials, such as semiconductor quantum dots have also been used as 

active coating materials for fiber optic temperature sensors. 

 

4.  Materials and Deposition Methods   

 Coatings on standard optical fibers MOF’s have been shown to have numerous 

practical applications with regards to mechanical enhancement, sensing, and actuating.  

However, there have been few studies which have investigated the deposition of active 

and or electronic materials on the porous and hybrid optical fibers discussed in sections 

2.4 and 2.5 in this chapter.  The advantages of these structures combined with the 

deposition of environmentally stimulated materials and electronic devices expand the 

possible sensing applications for these fiber structures and leads to the possibility of 

implementing multiple sensors on one fiber strand, as well as being able to relay 

information electronically on the fiber itself.    

 

4.1 Chemical Vapor Deposition 

 Silicon is one of the most widely used semiconductors in the electronics industry.  

It can be used to make diodes, transistors, and photovoltaic cells.  The many uses of Si 

make it a good candidate for an optical fiber coating material.  One of the most common 

deposition methods for Si is chemical vapor deposition (CVD) because of its ability to 

deposit on virtually any substrate including porous media.  CVD is a process where a 

chemical precursor gas is heated and reacted in a reaction chamber to produce a solid thin 

film on a particular substrate.  For example, one process to deposit silicon utilizes the 

precursor gas silicon tetrachloride mixed with hydrogen to produce a Si film following 

the reaction show in Eq. 1[30]. 

 

SiCl4 + 2H2 + heat�  Si + 4 HCl                  [1] 
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 In this reaction, the SiCl4 precursor gas is reacted at the surface of a heated 

substrate with the H2 gas to produce a Si film and HCl byproduct.  This reaction has been 

shown to take place in the temperature range of 900-1100 oC.   

 Many factors determine the quality of and type of film including the relative 

amounts and pressures of reactant gases, gas flow rate, and substrate temperature[32].  

SiCl4 gas and the reaction shown above are only one of many precursors and reactions 

used to create Si thin films.  Different types of films, whether they be epitiaxial, 

polycrystalline, or amorphous, require different precursor gases, processing conditions, 

and reactor models. Studies focused on precursor gas concentration, substrate 

temperature, and reactor types have been performed to determine the effects on film 

quality.  Also, several types of the reaction schemes have been investigated including hot 

wire, plasma assisted, thermally assisted and photochemical CVD [33-38].  All of these 

studies have been performed on flat substrates while deposition onto glass fibers has been 

a relatively untouched subject.  In contrast, the CVD of carbon for mechanical 

enhancement and surface protection of telecommunications grade optical fibers has been 

studied [39-41].   The research presented here will attempt to demonstrate the feasibility of 

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

 

4.2 Electroless Plating 

 In order to create electronic components and devices it is necessary to have 

conductive pathways for circuit elements to function properly.  Typical methods of 

creating electrical contacts and pathways include lithography and electroplating.  

Lithography of copper films on non-uniform substrates could prove to be difficult, while 

electroplating requires a conductive surface in order to initiate deposition.  To coat non-

uniform, non conductive substrates such as glass fibers with copper, a solution based 

technique would provide ideal processing conditions.  Electroless plating is a technique 

whereby nonconductive materials such as polymers, glasses, and other inorganic 

substances can be coated with metals or alloys.    The process involves the use of 

chemical reducing agents in solution to reduce metallic ions to the solid metallic state.  

Although there are no external electric fields applied, electron transfer does occur.  

Anodic behavior is displayed by the metal salt in solution while the substrate acts as the 
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cathode, where electrons are supplied by the reducing agent at the liquid/surface 

interface.  The divalent metallic ions are reduced from free electrons present in the 

solution due to the reducing agent as shown in Eq. 2[42] 

 

M2+ + 2e- (from reducing agent) �  M            [2] 

 

This reaction can occur only on catalyzed surfaces; for nonconductive surfaces, this can 

be accomplished through various surface treatments where easily reduced metallic 

elements are nucleated on the surface of the substrate.  The surface treatments are termed 

sensitizing and activating. 

 

4.2.1 Sensitizing/Activating. 

 Sensitizing involves the absorption of a readily oxidized material onto the 

substrate surface.  Acidic solutions made from the salts of Sn2+ or Ti3+ are typically used.  

In the case of this study, Sn2+ is used as the sensitizing agent.  This step can be conducted 

at room temperature for varying times periods depending on the size and complexity of 

the shape being plated.  Activation of the surface involves the deposition of nucleation 

sites of metallic Pd on the surface of the substrate.  The chemical reaction requires the 

oxidation of Sn2+ to Sn4+ and the reduction of Pd2+ to Pd.  The process is shown 

schematically in Figure 4. 

Sn2+ Sn2+ Sn2+Sn2+Sn2+ Pd

Pd2+ Sn2+

Sn2+ Sn2+ Sn2+Sn2+Sn2+Sn2+Sn2+ Sn2+Sn2+ Sn2+Sn2+Sn2+Sn2+Sn2+Sn2+ Pd

Pd2+ Sn2+

Pd

Pd2+ Sn2+

 
Figure 4: Schematic of Sensitizing/Activating 

 

 The Pd islands deposited on the substrate during activation create a catalytic 

surface where the islands act as nucleation sites for metallic copper.  The electroless 

plating of copper typically takes place in a basic solution of CuSO4 containing other 

additives which serve the purpose of stabilizing the plating bath. 

 

 



13 

4.2.2 Electroless Deposition of Copper 

 The electroless deposition process requires a reducing agent which is typically 

formaldehyde (HCOH).  The basic solution of CuSO4 provides both Cu2+ and OH- ions 

needed for the reaction shown in Eq.3 [40]. 

 

Cu2+ + 2HCOH + 4OH- �  Cu + 2HCOO- + 2H2O + H2        [3]  

 

 Another common ingredient in electroless plating baths is a complexing agent, 

which is usually some form of organic acid or their salt.  Complexing agents help prevent 

the precipitation of copper at high pH levels required for the plating reaction to occur[42]. 

 Historically electrolessly plated coatings have had poor adherence to inorganic 

oxide substrates such as glass[43].  Studies to enhance the adhesion on glass substrates 

have focused on creating intermediate layers such as ZnO[43-45] and palladium 

acetylacetonate [Pd(acac)2]
[46] on the substrate surface.  Those studies have focused on 

adherence to flat glass substrates and not glass fibers. 

 

4.2.3 Electroless Deposition on Glass Fibers 

 Electroless plating has been used to coat fibers with different metallic coatings 

such as copper and Ni-P alloys. These Ni-P and Cu films were deposited on standard 

grade quartz fiber cores and have been successfully demonstrated as corrosion sensors for 

structural and aerospace applications [47, 48]. The role of these coatings was not to create a 

conductive path on the fiber surface, but rather to act as an active coating for sensing 

applications.  In addition, studies mentioned above coated only a fiber core and not the 

cladding.   

 Although the scope of this paper does not cover topics such as enhanced 

adherence and corrosion sensor capability of electrolessly plated copper on glass fibers, it 

does attempt to demonstrate the feasibility of using electrolessly plated coatings on 

porous glass fibers as a means of producing conductive pathways. 
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4.3 Quantum Dots 

 Quantum dots (QD) are semiconductor structures such as CdSe, ZnS, CdTe and 

which confine the motion of conduction band electrons, valance band holes, or excitons 

in all three spatial dimensions[49].  Quantum dots, which are typically in the size range of 

2-10 nm, have unique optical properties such as high quantum yields and 

photoluminescence stability which make them highly suitable for optical sensing 

applications[50].  The unique optical properties stem from the quantum confinement 

effects which are a result of the size and shape of the QD.  One of the most interesting 

properties of quantum dots is the ability to tailor the photoluminescence and fluorescence 

properties by adjusting only the size of the quantum dots and keeping the composition 

constant.  It is also possible to change the photoluminescence and fluorescence properties 

of QDs by altering their composition, in both elemental constituents and ratios.  The 

fluorescence dependence of QD size stems from the bandgap energy levels present within 

a specific dot.  Larger dots typical have more energy levels closer together which allow 

them to absorb lower energy radiation.  The ability to tailor quantum dot properties by 

size difference alone makes them useful in many different optical applications. 

 Several new studies have investigated the use of QDs as temperature, chemical , 

and bio sensors.  CdTe quantum dots have been deposited onto optical fibers and been 

shown to have a linear and reversible change in emission wavelength for temperatures 

ranging from 30 to 100 oC[51].  CdTe and CdSe quantum dots have also been deposited on 

optical fibers to create self referencing temperature probes for use in chemical sensing[52].  

Numerous other studies have proposed the use of quantum dots as infrared sensors [53, 54], 

oxygen sensors [55, 56], as well as biological sensors [57, 58].  The large variety of 

applications for quantum dots as well as their unique optical properties make them a good 

candidate for incorporation into stochastic ordered hole fibers that could be used for a 

number of sensing applications including all those aforementioned.     

 

5.  Photovoltaic Devices 

 Devices created on the surface of the porous clad and stochastic ordered hole 

fibers will need power to operate.  For remote sensing applications it would be an 

advantage to have an onboard power supply.  The creation of photovoltaic devices on 
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these fiber optic structures can thus provide a self sustaining powered device that 

eliminates the need for external power.   

 Typical photovoltaic cells are created using a combination of doped and undoped 

inorganic semiconductor materials in a layer structure which produces a p-n junction that 

converts incident light into energy in what is termed the “photoelectric effect”[59].  The 

majority of commercially available solar cells are based on inorganic semiconductor 

materials; however more recently, organic photovoltaic materials have been a recent topic 

of research due to their low cost, ease of fabrication, light weight, and disposability[60].  

For depositing photovoltaic cells on optical fibers organic materials are ideal because 

they are solution processable and can be tailored by processing parameters such as 

organic solvent used and post deposition heat treatment.  While much of the research on 

photovoltaic devices has been focused on improving efficiency of flat plate solar cells, 

only a handful have been directed toward fiber solar cell architecture [61, 62].  Thus, the 

work presented in this thesis to construct photovoltaic cells on porous clad and stochastic 

ordered hole fibers is a novel addition to the organic photovoltaic literature. 

 The mechanisms of energy production in inorganic solar cells are widely known 

and have been studied extensively in efforts to increase their efficiency.  For this reason, 

the reader is referred to several texts covering the physical mechanisms of inorganic solar 

cells[63, 64].  Because the study of organic solar cells is a fairly new topic, some time will 

be taken to discuss basic principles governing their operation and their use in optical fiber 

architectures.   

 

5.1 Organic Solar Cells   

 Organic solar cells are based on conjugated semiconducting polymers as donor 

and acceptor materials.  Conjugated semiconductors are conductive due to alternating 

single and double bonds between adjacent carbon atoms on the polymer backbone.  The 

alternating single and double bonds cause an overlap of � -orbital electrons which are 

delocalized along the entire polymer chain.  This produces band splitting similar to that in 

inorganic semiconductors.  The inorganic semiconductor valence band is analogous to 

what is termed the highest occupied molecular orbit, or HOMO, and the conduction band 
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is analogous to the lowest unoccupied molecular orbit, or LUMO.  The difference 

between these two states determines the polymers band gap[65]. 

 In many organic semiconductors, the extent of conjugation is too small to produce 

band gaps that fall in the semiconducting range.  Although the conjugation provides a 

band structure capable of charge transfer, most semiconductors are doped with materials 

that either add electrons to the delocalized p-orbital (p doping) or remove them (n-

doping) in order allow for charge transfer along the polymer chain. 

 One type of organic semiconductor is poly (3-hexylthiophene) or P3HT, whose 

chemical structure is shown in Figure 5.  This is the polymer that is used in the course of 

this study.  In this molecular structure, the sulfur in the 5 member ring acts as the dopant.  

The sulfur has a loosely bound electron that is released to the conduction band when 

energy is provided to the system.  This material is a p-doped semiconductor that behaves 

as an electron donor in organic photovoltaics. 

 
Figure 5:  P3HT Molecular Structure 

 

 For charge transfer to occur in photovoltaic devices, p-doped semiconductors 

must be in close proximity to n-doped semiconductors.  A conjugated molecule that 

exhibits n-doped behavior is that of a fullerene derivative known as [6,6]-phenyl C61-

butyric acid methyl ester, or PCBM.  The molecular structure of PCBM is shown in 

Figure 6.  The PCBM molecule exhibits high electron affinity due to its high degree of 

conjugation, which results from the spherical nature of constrained p - orbital electrons. 
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Figure 6:  PCBM Molecular Structure 

 

5.1.1 Photoexcitation and Charge Transfer 

 The energy difference between the HOMO and LUMO levels of most 

semiconducting polymers exists in the visible light region.  Absorbed photon energy from 

incident light creates an electron-hole pair in the active layer region by promoting an 

electron to the LUMO and a hole to the HOMO of the semiconductor polymer.  This 

electron hole pair is termed an exciton.  The main contribution to photocurrent generation 

comes from singlet excitons, which produce an electrostatically bound charge carrier that 

is delocalized along the entire polymer chain.  In order for current generation to occur 

these bound electron hole pairs, or excitons, must be separated from each other.  It is here 

that the need for donor and acceptor molecules in the organic active layer arises.      

 In order for charge separation to occur, there must be a material present near the 

location of exciton formation that has a high affinity for electrons.  One common method 

is to introduce the fullerene derivative PCBM mentioned above.  The exciton is 

dissociated when the electron in the LUMO is transferred to acceptor material, while the 

hole present in the HOMO remains on the polymer chain.  Upon charge separation, the 

free electrons and holes must be transferred to their respective electrodes in order to 

produce photocurrent.  

 Charge transfer in organic photovoltaics generally occurs through inter and intra 

chain hopping of polarons caused by the dissociated electron hole pairs.  Dissociated 

electron-hole pairs create an internal electric charge on the polymer chain, which further 

induces deformation in the polymer chain to reduce the energy in the system.  The 

combination of the deformation and charge constitute a polaron.  Positive and negative 

polarons are driven to their respective electrodes by choosing electrodes with offset 
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workfunctions.  The offsetting of work functions guides the separated electron hole pairs 

by creating a band bending effect in the device.  Electrons will flow up the band 

structure, while holes will flow down the band structure[66].  

 

5.1.2 Bulk Heterojunctions 

 The active layer component in organic photovoltaic cells can be produced in a 

number of configurations.  Some common configurations include a bilayer structure 

where the p and n-doped materials are stacked on top of eachother, as well as bulk 

heterojunctions where the donor and acceptor material are deposited in a composite 

layers.  Of the organic photovoltaic cells produced to date, the bulk heterojunction 

configurations have shown the most promise in terms of ease of fabrication and 

efficiency [67-69].  A schematic diagram of a bulk heterojunction device and is presented in 

Figure 7.  The components found in this device are an indium tin oxide anode (ITO), a 

poly(3,4-ethylenedioxythiophene)-polystyrene sulphonic buffer layer, the active layer 

mixture of P3HT:PCBM, and Al cathode.   

 
Figure 7:  Bulk Heterojunction Schematic 

  

In the active layer region, incident photons strike the P3HT creating a bound electron 

hole pair.  The pair splits into separate charges, with the electron going to the PCBM 

molecule, and the hole going to the positive polaron on the P3HT polymer strand.  The 

biased worked functions of the electrodes (ITO of 4.7 eV, PEDOT:PSS of 5.2 eV, and Al 

of 4.08 eV) causes the electrons to go to the Al contact, while the holes go to the 

ITO/PEDOT:PSS layer.  Many factors affect the efficiency of these cells including 

polymer morphology [70-72], electrodes used [73-75], and composition of the active          

layer [67, 69, 76]
.   A large number of studies are being conducted as to improve the device 

efficiencies on flat substrates varying the parameter mentioned above.  More recently, 
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several studies have focused on creating fiber based architectures for organic 

photovoltaic devices.  The first study proposed coating a metallic fiber with a bulk 

heterojunction material blend, followed by a transparent electrode and substrate[62].  The 

second study demonstrated photovoltaic activity of the P3HT:PCBM heterojunction 

blend on a fiber optic core.  In this study, light was injected into the fiber optic core at 

various angles to determine how the incident light affected the properties of the solar 

cell[61].  The device constructed in this study is depicted in Figure 8. 

 

 
Figure 8:  Fiber Optic Photovoltaic Cell Schematic. 

  

 The photovoltaic fibers mentioned in the previous two studies were produced by 

dip coating of the fibers.  The fibers in these studies however, were not of the porous clad 

type described in this thesis.  As an aside, the devices created in the worked presented in 

this thesis did not contain and ITO layer as the bottom electrode.  Several studies have 

shown that the PEDOT:PSS layer can act as the electrode by itself, and thus eliminates 

the need for the ITO layer[73, 74].  Thus for ease of fabrication, the ITO layers were not 

deposited as part of the devices presented in this work. 

 

5.1.3 Organic Photovoltaic Characterization 

 Photovoltaic devices are typically characterized using an array of different 

techniques.  For the scope of this paper, only two types of techniques will be considered, 

those of current-voltage characteristics and photocurrent generation. 

 Organic photovoltaic cells behave as diodes because of the built in electrical field 

stemming from the characteristics of the acceptor-donor interface.  Diode like behavior is 

described as having a very small current for a reversed biased, while obtaining 

exponentially increasing currents for forward biased[65].  Measuring current voltage 
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PEDOT:PSS P3HT:PCBM Al  
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characteristics of photovoltaics both when in the dark and illuminated can yield useful 

device parameters such as the short circuit current (Isc), open circuit voltage (Voc) and fill 

factor (FF).  Figure 9 [62] schematically represents what the current voltage characteristics 

of a photovoltaic cell both in the dark and illuminated. Vmp and Imp refer to the voltage 

and current values at maximum power output of the device. 

 

 
Figure 9:  I-V Curves Schematic 

 

The short circuit refers to the current that is the flows when the system is illuminated and 

has no external bias present.  The open circuit voltage refers to the voltage needed to 

overcome the backwards flowing photocurrent and bring the circuit into forward bias 

mode.  Finally the fill Factor, FF, is represented by the Eq. 4 where Vmp and Imp are the 

values of current and voltage at maximum power[64]. 
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Chapter Three:  Experimental Procedure 

 

1.  Fiber Fabrication 

 The fibers used in this study were produced in house using standard fiber drawing 

techniques and manufacturer suggested chemical treatment regimes for creating porous 

glass.  The fibers were created using a 4 stage process.  The stages were preform 

manufacture, fiber drawing, heat treatment, and chemical treatment 

 

1.1 Preform Manufacture and Fiber Drawing 

 Preforms for the porous clad fibers were constructed by collapsing a tube of phase 

separable “green” vycor brand glass around a non phase separable glass core.  In this 

case, the term “green” is used to define the glass state before phase separation.  Fibers 

were then drawn from the perform using standard fiber pulling techniques which employ 

a glass lathe and oxygen/hydrogen torch.  The process used to create ordered hole fiber 

performs and fibers differed greatly from that of the porous clad fibers. 

 Figure 10 presents a schematic flow chart of the process used to create the porous 

ordered hole fibers.  The process utilizes the what is termed the stack and draw method to 

produce fibers.  First, tubes of “green” vycor glass approximately 7mm in diameter were 

drawn down to produce smaller diameter tubes of approximately 300-1500 mm using a 

rotating glass lathe and a jeweler’s torch with oxygen hydrogen flame.  Tubes of similar 

size, (ranges of  50mm) were separated and grouped together.  The tubes of reduced 

diameter were then stacked into another tube of “green” vycor glass whose inner 

diameter was approximately three times the outer diameter of one of the reduced 

diameter tubes.  This would produce a structure with six hollow tubes surrounding a 

seventh central tube as shown in Figure 10.  Next, a rod of borosilicate glass was fused to 

the tip of the preform.  Finally, a small area behind the fused region was heated with the 

jeweler’s torch with a small low heat flame as both preform and rod rotated in the glass 

lathe.  The purpose of the small low heat flame was to provide even heating across the 

entire heated zone and also prevent the preform from collapsing on itself.  When the 

preform was evenly heat, the flame was removed, the lathe rotation was stopped, and the 

borosilicate rod was pulled away from the fiber preform.  
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Figure10:  Ordered Hole Fiber Processing Flow Chart 

 

1.2 Fiber Processing  

 The drawing process for the porous clad fibers yielded fibers with lengths ranging 

from 3-10 ft.  The 3-10 ft fibers were then sectioned into 12 in. pieces for the subsequent 

processing steps.  The drawing process for the ordered hole fibers yield yielded fibers 

with lengths ranging from 6 in.- 2ft.  These fibers were then sectioned into small pieces 

approximately 1 in. in length. All fibers were heat treated between 565 and 600 oC for a 

period of 24 hours to induce the spinodal phase separation, then allowed to furnace cool.  

Upon cooling, the fibers were placed in a 5 % ammonium biflouride solution for five 

minutes to initiate the dissolution process.  This step helped to remove the surface layer 

of material and provide access to the borate rich regions of the fiber.  From here the fibers 

were placed in a 3 N nitric acid solution at a temperature of 85-90 oC for 22-24 hours.  

Upon completion of the leaching process, the fibers were rinsed in deionized water for 24 

hours to remove residual traces of acid solution.  Finally, the fibers were dried at 100 oC 

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

 The pore size generated by the dissolution process can range anywhere from 5-15 

nm.  The electroless deposition process describe in the next section is undoubtedly 

affected by the diffusion and kinetic processes of the solutions involved.  Increasing the 

pore size of the porous cladding in the fibers may enhance the transport of liquid media in 

and out of the pores.  One simple method to increase the pore size of the fibers is to heat 

treat them at elevated temperatures.  A more detailed study of heat treatment effects on 

pore size is being performed by other members of this research group.  However, in order 

to investigate the transport properties of electroless plating solutions in the fibers, a set of 

fibers were heat treated at 750 oC for 15 and 25 minutes.  The following section discusses 

the experimental procedure for the electroless plating experiments that includes the heat 

treatment and pore enlargement as variables.  

 

2.  Electroless Deposition of Porous Clad Fibers 

 The plating process described in this section was adopted from Poquette [77]. 

2.1 Fiber Cleaning 

 Good adherence of the copper coating requires a clean substrate free of organic 

residue that might be present due to handling.  Thus the fibers were first cleaned in a 

series of steps.  To start the fibers were ultrasonically cleaned in an ethyl alcohol bath for 

15 min, followed by a 15 minute rinse in DI water and subsequent drying for 20 min at    

100 oC.  This rinsing and drying process was performed after each processing step to 

remove residual solution from previous baths.  This allows for new solutions to easily 

access the pore structure and prevents bath contamination, as this is a crucial component 

to preventing the crash of the activating/plating baths.  Following the ultrasonic cleaning, 

the fibers were cleaned in an acidic solution containing 75 ml DI water and 25 ml HCl 

36.5-38% for 15 minutes at 30-35 oC.  The cleaning in acidic solution aimed to remove 

any residual organic matter that might be present on the fibers from handling. 

 

2.2 Sensitizing/Activating 

 Fibers were sensitized using a solution of SnCl2.  The bath consisted of 120 ml DI 

water, 3.0g SnCl2, and 5 ml HCl.  Fibers were treated in the sensitizing solution for a 
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period of 15 minutes at room temperature.  Activation of the fibers was performed in a 

bath consisting of 125 ml DI water, 0.03g PdCl2, and approximately 0.063 ml HCl for 25 

minutes at 45 oC. 

 

2.3 Plating 

 The plating process was completed in a series of steps, the first of which was the 

production of the plating solution.  Plating solution A consisted of 30 ml DI water and 

5.0g of NaOH.  The purpose of this solution was to simply adjust the pH of plating 

solution B, which consisted of 80 ml DI water, 1.25 g CuSO4 •5H2O, and 7.5 g of 

Ethylenediaminetetraacetic acid (EDTA).  Solution B was brought to a temperature of 

40 oC and stirred at 400 rpm while half solution A was added.  This gave the solution a 

deep blue color and a pH of approximately 9.  The remainder of solution A was added to 

bring the pH up to approximately 12.5.  At this point, the solution is not ready as it lacks 

the reducing agent, formaldehyde.  When ready to plate, the mixture of plating solutions 

A and B was brought to a temperature of 45 oC and 2.5 or 5.0 ml of HCOH 37 wt% in 

H2O.  Fibers were placed in the plating solution for periods of 20 and 25 minutes. 

 

2.4 Experimental Parameters 

 Experimental parameters in the Cu plating experiments were plating time, HCOH 

concentration, and post heat treatment (HT) time of fibers.  The plating time and HCOH 

parameters were adjusted to investigate their effects on coating quality and electrical 

properties of the fibers, while different heat treatment times were investigated to 

determine the effects on the depth of penetration of copper into the pore structure. Table 

1 presents how the parameters were varied.  Three samples of each experimental set were 

produced in order to determine if the results were repeatable. 

 

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 performed in a system constructed of 

stainless steel tubing and consisting of SiCl4 precursor gas, H2 and N2 sources, exhaust 

and vacuum ports, reaction chamber with miniature furnace, and external temperature 

probe.  The miniature furnace was created by embedding a resistive heating element in an 

alumina brick and surrounding the heating element with refractory Al2O3 fiber in order to 

retain heat in the reaction zone.  Schematic diagram of both the CVD system and 

miniature furnace are shown in Figures 11 and 12 respectively.  To begin the CVD 

process a fiber with approximately 2 in length was placed a stainless steel tube labeled 

reaction chamber in Figure 11. Next the whole system was flushed with N2 with the 

exhaust port open to force out oxygen.  The exhaust and N2 source valves were closed 

and valves 4 and 5 in Figure 6 were opened.  Next, the vacuum pump was turned on and 

allowed to pull a vacuum of approximately 200-400 mTorr.  Once in this vacuum range, 

the system was again flushed with N2, and vacuum pulled again to 200-400 mTorr.  The 

resistive heater was then turned on, and the variac voltage increased until a steady 

temperature of 900 oC was reached at the surface of the reaction chamber tube.  As the 

furnace was coming to temperature, the injection of reacting gases was being prepared. 
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Figure 11:  CVD Reaction System Schematic 
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The type of system built shown in Figure 11 did not allow for the free flow of the 

SiCl4 and H2 gas at the same time due to the type of control valve available for such a 

small container of SiCl4 gas (approximately 1 liter).  Thus, the deposition process was 

carried out in a number of cycles which alternately released SiCl4 and H2 into the system.  

The process is described below. 

 
 

                              
Figure 12:  Miniature Furnace Schematic 

  

The SiCl4 manual control valve was opened to read a pressure of 3 psi on the pressure 

gauge.  Valve 1 was opened to release the SiCl4 gas into the chamber while valves 2, 3, 

and 4 were closed.  Next valve 3 was opened to release the H2 into the mixing chamber.  

Once the furnace was at temperature the SiCl4-H2 gas mixture was released into the 

reaction chamber and allowed flow over the fiber specimen, then to bleed out through the 

exhaust port.  The process of releasing SiCl4 and H2 gas into the mixing chamber, 

followed by subsequent release into the reaction chamber was repeated 6 times.  It should 

be noted that this was an experimental system and control 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 ester (PCBM, Nano-C, Inc.) 

Donor: Poly(3-hexylthiophene) (P3HT, Plextronics)  
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Conducting Polymer Anode: 

poly(3,4-ethylenedioxythiophene)-polystyrene sulphonic acid (PEDOT:PSS, Baytron P, 

Bayton F HC, Bayer AG.) 

Metal Cathode: 

Evaporation deposited Al 

 

4.2 Flat Substrate 

 Photovoltaic cells were constructed on ITO covered glass slides with surface 

resistivities of 30-60 � /squar using an ITO/PEDOT:PSS/P3HT:PCBM/Al layer 

construction.  The purpose of creating photovoltaic cells on a flat substrate was to 

develop a baseline comparison for fiber devices as well as confirm the photoactivity of 

the materials used.  These 1x1 inch ITO covered slides were etched in a 50:50 mixture of 

HCl and deionized water for a period of 30 minutes to obtain a strip of conductive oxide 

through the center of the substrate as shown below in Figure 13. 

 
Figure 13:  ITO Etched Slide 

 

Next, a layer of PEDOT:PSS was spin coated using a spin coater device.  The rpm level 

was set to 1500 rpm, and the spin duration at 78 second.  Next a layer of PCBM:P3HT ( 

1:1 ratio) in chlorobenzene was spin coated onto the substrate at 900 rpm for 78 seconds.  

Finally, aluminum contacts were evaporation deposited onto the plate to create 8 separate 

devices as shown in Figure 14 Cu tape was used to connect the devices to the 

measurement equipment. 

 
Figure 14:  Flat Substrate PV Cell Schematic 

ITO 

ITO 
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4.3 Fiber Device Construction 

 Photovoltaic fibers were constructed using PEDOT:PSS/P3HT:PCBM/Al layer 

construction as shown in Figure 15. PEDOT/PSS layers were spin coated onto the fibers 

by taping the fiber to a glass slide, securing the slide to the outside edge of a spin coater, 

and then using a pipette to place the liquid along the length of the fiber.  This process is 

shown schematically in Figure 16.  

 

 
Figure 15: Fiber Device Construction Schematic 

 

 
Figure 16: Fiber Spin Coating Setup 

  

 Following the spin coating of PEDOT:PSS (1:1 ratio), layers of P3HT:PCBM 

were dip coated onto the fibers by hand.  The control over withdrawal rate from the 

solution was limited.  Between each dip, the solvent was allowed to evaporate for 5 

seconds.  Fibers were produced that had 15, 30 and 45 coats of active layer polymer 

solution.   

 In order to maintain structural integrity during testing and for ease of Al electrode 

deposition, fibers were epoxied to a 1x1 inch glass slide approximately ¼ in apart.  When 

the Al electrodes were deposited, the final device construction resembled Figure 17. 
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Figure 17: Fiber PV Device Schematic 

  

Cu tape was attached to both the Al and PEDOT:PSS electrodes in order to connect the 

devices to the measurement equipment. 

 

5. Quantum Dot Deposition in Stochastic Ordered Hole fibers 

 Quantum dots obtained of CdSe with a ZnS shell ranging in sizes from 1.9 to 5.2 

nm were obtained from evident technologies.  The quatum dots came as nanocrystal 

suspensions in toluene.  To deposit the quantum dots, a small amount of solution was 

placed in a plastic measuring tray and the tip of the ordered hole fibers was placed in the 

solution.  Capillary action subsequently moved the fluid through the remaining fiber.  

The fibers were allowed to dry for 20 minutes before handling.   

 

6. Electrical Characterization 

6.1 Cu Plated Fibers 

 The Cu plated fibers were extremely fragile after the processing described in 

section 2.  In order to test them electrically they had to be placed on a rigid substrate and 

held down with conductive silver paint.  The conductive silver paint would act as the 

measurement points between the fiber.  The setup is shown schematically in Figure 18. 

 
Figure 18:  Copper Plated Fibers Test Apparatus 
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Resistance per unit length measurements were made by placing probes from a digital 

multimeter onto the silver paint connected to the fibers.  The measurement distance, lm,  

was the distance between points where the silver paint contacted and chosen to be the 

effective length of the device.   

 

6.2 Photovoltaic Devices 

 Current versus wavelength measurements were performed on a Keithley 485 

picoammeter.  A 300 W Xe lamp, combined with a CVI CM 110 monochromator, served 

as the optical source. The monochromator was computer-controlled to sweep the range of 

wavelengths from 300 nm to 700 nm, in steps of 5 nm, yielding photocurrent versus 

wavelength data for the flat substrate devices. 

 Current-voltage characteristics were measured in the dark and under 

monochromatic illumination at 470 nm for flat substrates and the fiber devices were 

measured only under monochromatic illumination. The curves were obtained using a 

Keithley 236 Source Measurement Unit combined with the lamp and monochromator 

used to obtain photocurrents. 

 

7.  SEM and EDS Analysis 

  SEM analysis was performed on a Zeiss Leo 1500 Field Emission Scanning 

Electron Microscope equipped with In-lens secondary electron, and Robinson-type back-

scattered electron detectors , Oxford INCA Energy E2H X-ray Energy Dispersive 

Spectrometer (EDS) system with Silicon Drifted detector, and a HKL Nordlys II Electron 

Back Scatter Diffraction (EBSD) system, including a Forward Scatter Electron (FSE) 

detector. 

 The primary features investigated for each type of specimen varied according to 

what information was the most crucial.  Copper plated fibers were imaged on the front 

faces as well as sufaces, and EDS line scans were performed 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 fiber cross section representative of a 

porous clad fiber at a magnification of 100 kx.  The image illustrates the typical pore size 

and morphology of fibers processed as discussed in the section 1 of Chapter 3.  The 

average pore size shown in the micrograph below is estimated to be between 10-15 nm. 

Various post processing steps such as heat treatment and soaking in NaOH solution can 

be used to adjust the size distribution of the pore structure.  For the scope of this thesis 

only post processing heat treatments were investigated. 

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

 

 Visual observations of the cross section of the fiber are indicitive of 

interconnected 3 dimensional pore structure validated the processing conditions as being 

able to produce a fiber with a solid core and porous cladding.  Enlarging the size of the 

pores would now be of interest to increase the transport of liquid and gas media from the 

100 nm 
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surface to the core cladding interface, which is a crucial parameter for deposition of many 

different materials and sensing applications. 

 

1.1 Pore Size Enlargement 

 To enlarge the pore size of the porous fibers they were heat treated at 750 oC for 

periods of 15 and 25 minutes.  The different heat treatment times would allow for varying 

degrees of pore consolidation and silica network coarsening.  The fibers that were heat 

treated were used in electroless Cu plating experiments to determine the effects of heat 

treatment on the depth of penetration of the Cu coating into the cladding.  Figures 20 and 

21 present SEM micrographs of the heat treated fibers at a magnification of 30 kx.  

Comparing the pores structures of these two samples with that shown in Figure 19 it is 

possible to see that the heat treatments did in fact lead to pore size increase and 

coarsening of the silica network. 

 

 
Figure 20:  15 minute heat treatment 

 

200 nm 
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Figure 21:  25 minute heat treatment 

 
  Although it appears that the 25 minute heat treatment increased the pore size more than 

the 15 minute heat treatment, the effect is less pronounced between these two samples 

and that of the non heat treated specimen.  The average pore size for the heat treated fiber 

is estimated by visual analysis of randomly selected pores throughout the micrographs.  

This was done by enlarging the image and placing a grid over it.  Randomly selected 

pores were measured and the average was taken.    The average pore size of the 15 

minute heat treated fiber was estimated to be approximately 25-30 nm, while that of the 

25 min heat treatment is estimated to be approximately 45-50 nm 

 

2.  Stochastic Ordered Hole Fibers 

 The term stochastic ordered hole fiber (SOHF) refers to the combination of MOFs 

and the porous clad fibers discussed above.  The combination of these different types of 

fiber optic structures provides a truly three dimensional microstructure that utilizes the 

advantages of each individual structure.  Figure 22 presents a schematic representation of 

a stochastic ordered hole fiber.  Fibers such as these allow for chemical and gas transport 

200 nm 
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both axially and longitudinally through the fiber.  These types of fibers could further 

reduce the response time of chemical and gas sensors due to shorter diffusion distances 

and increased transport area.  There is no data available in the literature detailing attempts 

to create such fibers.  Thus it is believed that these are a truly novel fiber structure 

developed at Virginia Tech. 

                          

Nano-Porous GlassNano-Porous Glass

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

 

 Stochastic ordered hole fibers which contain characteristics of MOFs and porous 

clad fibers were produced using the stack and draw method, then heat treated and leached 

as those fibers containing only a porous cladding.  Figures 23 and 24 present two pieces 

of hybrid fiber made from two different preforms.             

 
Figure 23:  SOHF Fiber 500 x                                                

100mmmmm 
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Figure 24:  SOHF Fiber 2, 100x 

 

The micrographs show that, although the six ring pattern around the central tube is not 

perfect, the overall pattern was retained from the preform throughout the drawing 

operation. Higher magnification images of these two fibers are shown in Figures 25 and 

26.  These images indicate that both fibers contain the nano-porous structure seen in the 

porous clad fibers.   

 The combination of the three dimensionally interconnected nano porous structure, 

along with the microstructured pattern of the rings will allow for gase and chemical 

species to travel both axially and longitudinally throughout the fiber, providing faster 

equilibration in the environment.  To the author’s knowledge, this is the first successful 

combination of both nano-porous glass and microstructured fibers reported.  

 

100mmmmm 
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Figure 25:  SOHF at 50 kx Mag 

 

 
               Figure 26:  SOHF 2 at 50kx Mag   
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3.  Electroless Plating 

 The objective of the electroless plating of copper experiments was aimed at 

creating a uniform coating on the surface of the porous clad fibers, depositing copper 

within the pore structure, and determining variable processing conditions that could offer 

a range of electrical properties.  SEM analysis of the fibers provides evidence that the 

fibers have been coated with a uniform layer of Cu, and that the Cu has plated in the pore 

structure. 

 

3.1 SEM Analysis 

 Figures 27 and 28 present SEM micrographs of a Cu plated fiber with no HT, 

2.3% HCOH, and 25 minute plating time.  From Figure 27 it is possible to see that the Cu 

coating has a nearly uniform thickness of approximately 20 mm on the fiber surface.   

 

            
Figure 27:  Cleaved Cu Coated Fiber Face 600x 

 

Also visible in Figure 27 is what appears to be a hole at the center of the core region.  

This hole is present due to incomplete collapse of the borosilicate tube used to create the 

10mmmmm 
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core.  The hole in the core is not detrimental to the fiber structure; instead it shows that it 

possible to create fibers with both solid cores, as well as cores with a tube running 

longitudinally through its central axis. 

 The interface region between what is termed the bulk copper plating, or the 

copper on the surface of the fiber, and the copper coated pore structure is of interest 

because it will have an influence on the adhesive properties of the coating.  Figure 28 

presents an SEM mircograph of the interface between the bulk 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 there is a sharp interface between the bulk copper 

coating and the copper coated pore structure.  The sharp interface could cause the copper 

coatings to scale off due to poor mechanical strength.    

Despite the uniform coating depicted in Figure 27, some Cu coatings displayed 

poor adherence to the glass fiber substrate.  Figure 29 presents and SEM micrograph. The 

poor adherence to some fibers could have resulted from contaminated surfaces as well as 

1mmmmm 

Interface 
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NaOH attack of the silica network during the plating process.  Additionally, the sharp 

interface between the copper coated pore structure and the bulk copper coating might also 

lead to scaling of the coatings. 

  

 
Figure 29:  SEM Micrograph of Cu Coating Scale 100x 

 

3.2 Plating Depth v. Heat Treatment Time 

 Theoretically the electroless plating of Cu should occur where ever there the 

activated surface comes in contact with the plating solution.  However, EDS mapping 

shows that the Cu penetrates only a short distance into the pore structure of porous 

cladding.  The likely culprit preventing the complete plating of the fibers is transport of 

Cu2+ ions and HCOH molecules into the porous structure and as well as the transport of 

HCOO- and H2 molecules out of the porous structure.  As the plating solution begins to 

enter the porous structure, the regions closer to the fiber surface begin to plate while 

solution is still being transported to the center of the fiber.  Plating of the pore structure 

closer to the surface causes the pores to become clogged thus limiting further transport of 

reacting species to the inner pore surfaces.  Increasing the pore size in the cladding region 
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may help to increase transport of plating solution into the pore structure and also increase 

the time between total pore blockage, thus increasing the penetration depth of the Cu 

coating.  Figure 30 presents the plot of Cu x-ray counts using EDS v. radial distance from 

the pore surface for fibers with no heat treatment and heat treatments of 15 and 25 

minutes at 750 oC (note: fibers were plated for 25 minutes in 2.3 % HCOH solution).   
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Figure 30:  Cu X-ray Counts v. Axial Distance from the fiber surface 

 

 From the plot it is possible to see that the fiber with no heat treatment has a 

dramatic decrease in Cu counts a shorter distance from the surface compared to the heat 

treated fibers.  At 15 mm the un-heat treated fiber shows Cu x-ray counts of 20, while 

fibers heat treated for 15 and 25 minutes show counts of 30 and 50 respectively.  At the 

approximately 35 mm, the Cu counts for the heat treated fibers levels off at 10.  The un-

heat treated fiber reaches this value at approximately 20 mm.  It can be concluded that the 

heat treated fibers were plated approximated 15 mm further into the pore structure. 
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3.3 Resistance v. Plating Time 

 Tables 2 and 3 present the experimental resistance measurements of the 2.3% and 

4.6% HCOH concentrations respectively with Figure 31 graphically representing the 

data.  For the majority of processing conditions increased plating times lead to a decrease 

in the resistance per unit length of the fiber.   

Table 2  Resistance/unit length values for 2.3% HCOH 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% HCOH concentration 
 Plate time, min 

Heat Treatment Time, min 20 25 
15 8.18 � /cm 0.12 � /cm 
25 0.044 � /cm 0.049 � /cm 
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Figure 31:  Resistance/unit length v. Plating Time 

 

This is a logical conclusion in that increased plating times lead to more bulk copper 

deposited on the surface of the fiber leading to better continuity between the individual 
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copper grains.   The sample heat treated for 25 minutes and plated in the 4.6% HCOH 

concentration bath shows only a very slight increase in resistance/unit length with 

increased plating time. This is more than likely due to experimental variation, and the 

difference is small enough to where the value could be considered constant.  

 

3.4 Resistance v. Formaldehyde Concentration 

 Data from Tables 2 and 3 can also be used to observe make observations about 

the effects of formaldehyde concentration on the resistance values.  Figure 32 presents 

the graphical representation of the data in Tables 2 and 3, with HCOH as the independent 

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

  

 Observing Figure 32, it is possible to see that for a given plating time, the 

resistance of fibers heat treated for 15 minutes shows an increase in resistance when the 

HCOH concentration is increased, and fibers heat treated for 25 minutes show a decrease.  

A decrease in resistance would be expected from an increase in HCOH.  The increase in 
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reducing agent would allow for more copper to be plated out of solution for a given 

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

heat treated fibers is counterintuitive to what is expected.  Excluding the extraneous data 

point for the sample heat treated for 15 minutes, plated for 20 minutes in the 4.6% HCOH 

concentration solution can provide a better look at the remaining samples.  This plot is 

shown in Figure 33.  Here, the samples heat treated for 25 minutes both show a decrease 

in the resistance values with increase HCOH concentration, while the sample heat treated 

for 15 minutes and plated for 25 minutes shows an increase.  However, this increase is 

slight at less than 0.1/cm.   The smaller pore size of the 15 minute heat treated fiber 

become clogged faster than that of the 25 minute heat treat fibers, increasing the HCOH 

concentration compounds this effect, decreasing the amount of plating in the pore 

structure and increasing the overall resistance per unit length of the fiber. 
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Figure 33:  Resistance/unit length v. HCOH Concentration Enlarged 
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The overall results of the electroless copper plating experiments show that the 

fibers heat treated for 25 minutes and plated for 25 minutes result in the lowest resistance 

values regardless of formaldehyde concentration.  It was shown that the fibers with the 

lowest resistances were a combination of the above variables and 4.6% HCOH.  The low 

resistance values can be attributed to more copper being deposited in the pore structure as 

well as on the surface, creating a more continuous path for current to flow.   

 

4. Chemical Vapor Deposition 

 

4.1 SEM and EDS Analysis Control Sample 

 Spectral analysis of the chemical vapor deposition samples cannot be directly 

obtained because Si is already present in the glass matrix.  Thus, to determine if Si was 

deposited in the pore structure of the CVD fibers it is necessary to compare atomic ratios 

with a control fiber strand.  Figure 34 shows regions where EDS analysis of a regular 

porous clad fiber were performed.   

 

 
Figure 34: EDS Spots for control sample, 360 x 

30mmmmm 
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Three measurements were taken in order to observe any compositional variation of the 

cross-section of the fiber.  Figure 35 presents the EDS analysis of point 1 in Figure 32.  

The atomic percentages (at%) of O2 and Si are shown to be 68.4 and 31.6 respectively.  

These ratios correspond to a chemical formula of SiO2.16.  The EDS spectral analysis of 

spots 2 and 3 are provided in Appendix A.  Table 4 summarizes the EDS analysis of all 

three spots.  

 

 
Figure 35: EDS Spectrum Report for spot 1 in Figure 32 

 

Table 4:  Control Fiber EDS Spectral Analysis Summary 
Spot at % O at% Si Chemical Formula 

1 68.4 31.6 SiO2.16 
2 69.1 30.9 SiO2.24 
3 68.1 31.9 SiO2.13 

Average 68.5 31.5 SiO2.17 
Standard Deviation 0.3 0.3 0.03 

 

4.2 EDS Spot Analysis for CVD Sample 

 Figure 36 presents a schematic diagram of the fiber location in the reaction 

chamber of the CVD system.  The cleaved faces of all sections were spot analyzed to 

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

  

Figure 37 presents the SEM micrograph of section 4 of the CVD specimen where the 1 

and 2 indicate spots were EDS analysis was performed. 

 

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

 

The EDS spectrum of spot 1 is presented in Figure 38 while the EDS spectrum of spot 2 

is presented in Appendix A.  These two spectra indicate that there is 58.2 at % O, 40.3 

at% Si, and 1.5 at% Fe at spot 1 and 63.5 at% O, 35.5 at% Si, and 0.987 at% Fe.  This 

analysis indicates that there is an increase of approximately 10 at% Si at spot 1 and 4 at% 

Si at spot 2 compared to that of baseline specimen. Trace amounts of Fe are indicated at 
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both spots.  This confirms that Si was deposited in the pore structure of the fiber, while 

trace amounts of Fe are present likely due to the vaporization of Fe in the steel tube used 

as the reaction chamber. The slightly smaller increase of Si at spot two could be a result 

of the farther distance from the surface of the fiber. 

 

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

 

 Figures 39 and 40 present the SEM micrographs and location of EDS spot 

analysis for fiber section 5 in Figure 34.  The EDS specta of these spots are located in 

appendix A, and the results are summarized in Table 5. 

 

 
Figures 39:  EDS Points Scan Positions 1-2 for CVD section 5 
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Figure 40: EDS Points Scan Positions 3-5 for CVD section 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 shows an increase in the at% of Si 

compared to the baseline sample, with the highest increase being approximately 18 at% at 

spot 3.  At a confidence interval of 95%, the values of Si on this sample face are 34.9 and 

43.6 at%, with Si values for the baseline being 31.1 and 31.9 at%.  Despite the variation 

shown in the region 5 Si values, at a 95% confidence interval it can be said that Si was 

indeed deposited in the pore structure of the fiber.  The variation of Si percentage over 

the face of the sample is most likely due to proximity of each spot to the surface where 

the SiCl4 gas was flowing and the temperature variation at each region.  The results 

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

 

5.1 Baseline Flat Substrate 

An organic photovoltaic cell was first created on a flat glass substrate in order to ensure 

that the materials used on the fibers did in fact display photovoltaic behavior.  Figure 41 

presents the I-V curve of one device on the flat substrate, both in the dark and illuminated 

with monochromatic 470 nm wavelength light.  The chart clearly shows the device 

behaving as a diode, indicating that photovoltaic behavior is likely.   
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Figure 41:  Current v. Voltage Curve for Flat Substrate Photovoltaic Cell 

   

 Figure 42 presents the plot of photo induced current v. wavelength for the device 

created on the flat substrate.  The figure shows that the current increases up to a 

maximum of approximately 4000 nA at a wavelength of 470 nm.  This corresponds to the 

maxiumum absorption wavelength commonly reported in the literature for the polymer 

blend used in these experiments[70].   
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Figure 42:  Current v. Wavelength Plot for Flat Substrate Photovoltaic cell 

 

5.2 Electrical Testing 

 Figure 43 presents I-V curves for fibers coated with 15 (device 1), 30 (device 2), 

and 45 (device 3) dip coated layers of P3HT:PCBM mixture.  From the plot it is possible 

to see that each fiber displayed different current voltage characteristics, none of which 

exactly resembles characteristics of a diode. However, there are marked differences 

between the behavior of devices 1 and 2 when compared to that of device 3.  Devices 1 

and 2 exhibit nearly ohmic behavior, which describes current and voltage in a linear 

manner such that follow Eq. 5.  Ohmic behavior generally indicates that the device has 

been shorted out, or that there is a direct path between the bottom PEDOT:PSS layer and 

top Al layer. 

 

                                                                                                                 [5] 

 

I
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  Figure 43:  Current v. Voltage Characteristics of Fiber Photovoltaic Cells 

  

The resistance of these two devices can be determine by taking the inverse of the 

slopes of the best fit lines calculated in Excel.  Doing so in this manner gives resistance 

values devices 1 and 2 as 450 and 200 G� .  These resistance values are extremely large 

and can likely be attributed to high contact resistance between the Cu tape and the 

electrodes. 

 The I-V curve for device 3 does not exhibit linear behavior, nor the characteristics 

of a diode that one would expect to see if the device had either been shorted out or was 

producing a photocurrent.  For complete diode behavior, one would expect to see little to 

no voltage of over the entire reverse biased voltage range, and then exponentially 

increasing in the forward bias.  A closer inspection of the region between -0.3 V and 0.8 

V shown in Figure 44 shows that there is the possibility of 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 approximated as diode like in that there is 

an initial flat region where there is little to no current followed by a region where the 

current increases exponentially.  This behavior was not visible through the entire voltage 

range possibly because the fiber reached its breakdown voltage (negative bias) shown at 

approximately -0.4 V on Figure 43.  Increasing the current above 0.8 V tends to create a 

horizontal region in the IV curve.  This implies that further increase in the applied voltage 

will not create an increase in current, or that the current has become constant at 

approximately 20 pA.  The different types of behavior represented in device 3 could stem 

from the combination of various components acting together or separately in different 

regions of the fiber.  

 Comparing the graphs in Figures 41 and 44, it is evident that the curves share the 

same basic shape, although on different scales of magnitude for the current (I) values.  

The behavior of the device in Figure 40 indicates definitive photovoltaic behavior.  From 

the comparison of the curves in Figures 40 and 43, it is possible to conclude that fiber 

device 3 shows some photovoltaic behavior, although more difficult to measure due to 
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pore contact between the connections to the measuring equipment which give rise to 

large contact resistances. 

 

5.3 SEM Analysis 

 SEM analysis was performed on several of the photovoltaic fibers in hopes of 

determining the thicknesses of each of the polymer layers and correlating these 

thicknesses with the corresponding processing conditions.  Figure 45 shows an SEM 

micrograph of a section of device 3 with corresponding EDS map outputs overlain on the 

image.  This figure presents an up close look at the interface between the polymer 

PEDOT:PSS layers and the porous cladding on the fiber.  

  

 
Figure 45:  SEM Micrograph of Polymer Layers with EDS Line Scan Spectra 

   

The image shows that the regions where there is sulfur and carbon present.  These 

elements overlap the region where there is a steady increase in both silicon and oxygen.  

Yellow- Si 
Red- O 
Green- S 
Blue- C 
Purple- Al 
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The overlap of these regions does indicate the polymer solutions penetrated into the pore 

structure of the fibers.  The conducting polymers of PEDOT:PSS could alternatively be 

used as active device components such as resistive heating devices or 

chemically/optically active materials for use in sensors. 

 From Figure 45, it possible to see that thickness of the polymer layers combined 

is approximately 4 um.  In the literature, values of the PEDOT:PSS layer of the 

photovoltaic device have been reported in the 150-300 nm range[61].  Thus the large size 

of the polymer layers shown in Figure 45 could limit the photovoltaic performance of the 

device.  For future work, thinner polymer layers should 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 when exposed to various types of 

radiation.  The CdSe quantum dots with a shell of ZnS are highly fluorescent when 

exposed to UV radiation.  Figure 46 shows a low magnification optical image of 

stochastic ordered hole fibers that have absorbed quantum dots into their tube structure.  

The size of the quantum dots, between 2 and 10 nm, enables them to enter the pore 

structure of the fibers.  Each color of the QDs in Figure 46 represents a different QD size, 

the yellow being 2.4 nm, the orange being 4.0nm, and the red being 5.2 nm  The smaller 

the quantum dots, the smaller the wavelength radiation they emit, or smaller QDs emit 

light more towards the blue, larger QDs emit more red light.  This is evident when 

looking at Figure 47, which shows the same three fibers in Figure 44 illuminated under 

long wave UV radiation (364nm wavelength).  The colors emitted are green, orange-

yellow, and red.   

Figures 48-53 present optical micrographs of the above fibers both illuminated and not 

illuminated with 364 nm UV light.  The images show the structure of the tubes in the fibers and 

illustrate the deposition of the QDs throughout the fiber structure. Figures 48 and 50 show the 

deposition of the QDs is uniform throughout the length of the fiber.  Figure 52 however shows 

that the 5.2 nm QDs agglomerated in the pore structure, leaving areas of high concentration.  
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This did not however affect the fluorescent properties of 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 under 364 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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Figure 50:4 nm QDs in SOHF, 10x 

 

    
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 deposited in SOHF with relative ease.  The 

bright emission of light upon photoexcitation shows that these fibers would have the capability 

to be used in sensing applications.  Future work would focus on depositing different size QDs 

into the different tubes in the fiber, allowing for the 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 presented in this work, both novel in 

either their structure or production. Method.  The porous clad fibers are not a new 

structure, but the processing methods used in this work defined a new route to obtaining 

such fibers.  The stochastic ordered hole fibers presented in this thesis are a novel 

development in that no one has attempted to combine the ordered holes structure of 

photonic crystals with the stochastic porosity found in various types of porous glass.  The 

production of these fibers was confirmed through SEM analysis. 

 The work presented in this thesis was based on the application of different 

coatings onto porous clad and stochastic ordered hole fibers in hopes of providing the 

basic tools needed to produce various optically active and electronic components in the 

pore structure and on the surface of the fibers.  The results from the electroless Cu 

plating, chemical vapor deposition, organic photovoltaic, and quantum dot experiments 

all demonstrated the feasibility of applying internal and external coatings to these two 

types of fibers.   

 Future work in the area of coating porous type fibers would be directed towards 

refining the deposition processes and begin the production of crude electronic devices 

and sensing mechanisms in the fibers.  Also, developing new ordered hole structures that 

combine both ordered hole and rod sections could lead to an endless number of 

applications, as these fibers could be tailored through their hole structure as well as 

processing conditions used to create the porous glass.  Another interesting area relating to 

the stochastic ordered hole fibers would be the deposition of different materials within 

the various ordered holes of one fiber.  This could lead 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 Spot1 
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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 
 

     


