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ABSTRACT 
 

The work embodied in this dissertation is specifically focused on the evanescent 

interaction of light with thin-films which has lead to two related instrument based 

projects: i) the Electroactive Fiber-Optic Chip (EA-FOC) and ii) Attenuated Total 

Reflectance (ATR) spectroscopy of novel materials.   The EA-FOC combines the 

sensitivity of an electroactive total internal reflection element (20 to 50 times more 

sensitive than a transmission experiment) with the ease of use of fiber-optic based CCD 

spectrometers.  A side-polished optical fiber, in a V-groove glass mount, forms the planar 

platform which allows access to the evanescent field escaping from the fiber core.  The 

exposed evanescent field, which was used to probe molecules or molecular assemblies 

supported by the platform, has an interaction area ca. 0.05 cm2.  Thin-film and bulk 

absorbing samples, and waveguide modeling calculations were initially used to evaluate 

the sensitivity of the FOC platform and was found to be analogous to ATR 

instrumentation. The wavelength range of the FOC platform was increased to include the 

near-UV and applied to monitor adsorption of a protein film.  Fluorescence applications 

of the FOC were demonstrated using a fluorescence bioassay and a drop cast nanoparticle 

film.  Finally, a transparent conducting oxide film, ITO, was added to the surface of the 

platform to complete the EA-FOC for spectroelectrochemical applications.  A methylene 

blue redox couple and an electrodeposited ultra-thin PEDOT film were used to probe the 

capabilities of the EA-FOC.  The EA-FOC was shown to be a multifunctional platform 

for advanced sensor technologies requiring absorbance, fluorescence, and 

electrochemical detection or a combination thereof. 
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ATR spectroscopy of novel materials included the evaluation of two architectures: 

i) a pH sensitive polyelectrolyte film and ii) surface capture of a nanoparticle film.  

Absorbance spectra of a polyaniline/polyacetic acid self-assembled bilayer were 

evaluated with respect to pH and potential using ATR spectroscopy; the ultimate 

application of the polymer signal transduction layer was to monitor proton transport 

across a lipid-bilayer.  Additionally, ATR spectroscopy was used to monitor adsorption 

of pyridine capped nanoparticles on a silyl-propyl-thiol modified surface. 
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CHAPTER 1:  INTRODUCTION 

 

 

1.1 Introduction to Integrated Optical Methods 

A structure which supports the transmission of electromagnetic radiation through 

the principle of total internal reflection (TIR) is defined as a waveguide.  The light beam 

is confined to propagate within the waveguide element in a zigzag pattern where the light 

is reflected at each waveguide interface when the waveguide has a higher refractive index 

than the surrounding medium (Figure 1.1). The first demonstration of light guiding was 

in 1841 by Daniel Colladon,1 who illuminated a fluid flow demonstration by using a lens 

to focus light into a water tank with a hole. The TIR occurring at the air-water interface 

of the stream of water trapped the light inside, and the light followed the flow of the 

water jet.  Currently, two of the most common TIR geometries are the internal reflection 

element (IRE) and fiber-optic cables used for IR spectroscopy and communications data 

transmission respectively.    

Fiber optics confine light in two dimensions where the light is conducted through 

a cylindrical flexible glass IRE.  The first effective use of the light guiding properties of a 

glass fiber was reported by Lamm2 who imaged the internal lining of the stomach with a 

fiber bundle.  However, these first fiber optic imaging bundles were plagued with noise, 

fiber cross talk, and light loss; significant improvement in fiber optic development was 

presented in 1954 by Hopkins and Kapany 3 and A.C.S. van Heel4. These authors 

introduced the idea of surrounding the IRE fiber core with another layer of lower 
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refractive index glass, which serves to protect the IRE surface from impurities and 

abrasion, thus decreasing light loss and noise.    In 1966, a publication by Kao and 

Hockham5 theoretically explored the application of fiber optics for communication, and 

along with the reported fabrication of a low loss (20 dB/km) single-mode fiber by Kapron 

et al.6 in 1970, launched optical fiber research in laboratories across the world.  

Gambling7 and Hecht1 present a review of the history and development of fiber optics in 

the telecommunications industry.  The technological advances of the telecommunications 

industry produced well characterized inexpensive fiber optics enabling a broad range of 

applications including optoelectronics, fiber coupled sources, fiber coupled detectors, and 

sensors.  

Modern total internal reflection spectroscopy is based on the work of Harrick8 and 

Fahrenfort9 who probed the IR response of materials brought into close “optical” contact 

with a planar IRE.  These researchers proved the presence of the evanescent field in the 

rarer medium at the surface of the IRE which was shown to have a penetration depth of 

less than a wavelength of light (Figure 1.1a).  The surface sensitive technique called 

attenuated total reflectance (ATR) has been the source of a great deal of research there 

after.  The initial IREs used for ATR spectroscopy were thick (> 1 mm) and could only 

support a few reflections per centimeter of light propagation.  Because the number of 

reflections per centimeter is inversely proportional to IRE thickness, the sensitivity of the 

IRE is significantly increased by working with a thinner IRE.  Decreasing the IRE 

thickness to on the order of a wavelength of light provides a sensitivity enhancement of > 

103 and is called an integrated optical waveguide (Figure 1.1).10  The IOW platform is 
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Figure 1.1  Side-view schematic of light propagating in an IRE of different 
dimensions. a) Thick IRE with 4 reflections where light is TIR at the interface of the 
IRE and rarer medium (θwg > critical angle); the evanescent field penetrates into the 
rarer medium at the reflection point with a penetration depth (dp) where the electric 
field falls to 1/e.  b) Thinner IRE where twg is less than that in part a and the number of 
reflections increases to 8.  c) A waveguide where twg is on the order of a wavelength of 
light and the light propagates in modes due to constructive interference. The individual 
reflections are no longer visible, and the electric field within the evanescent field as 
well as the waveguide structure is continuous (number of reflections α pathlength). 

a)

b)

c)
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used for characterization of surface confined thin-films including analysis of material 

properties such as chemical composition, morphology, orientation, and surface reactions.  

Waveguides have been utilized for applications including surface-enhanced Raman 

spectroscopy, Infrared spectroscopy, total internal reflection fluorescence (TIRF), surface 

plasmon resonance, spectroelectrochemistry, and chemical sensors. 

The work embodied in this dissertation is specifically focused on the evanescent 

interaction of light with thin-films which has lead to two related instrument based 

projects: i) the Electroactive Fiber Optic Chip (EA-FOC) and ii) ATR spectroscopy of 

novel materials.  The remainder of this chapter will focus on a brief explanation of the 

background theory for evanescent wave spectrometers including the ATR, IOW, and 

fiber optic platforms.  Finally, the motivation for the two thrusts of this dissertation will 

be presented.   

1.2 Waveguide Theory 

This section presents a general overview of total internal reflection and its 

application to waveguides, fiber optics, and spectroscopy.  A more detailed explanation 

of the concepts discussed can be found in the literature.11-21 

1.2.1 Total Internal Reflection 

A beam of light incident at the interface between two materials with refractive 

indices of n1 and n2 is transmitted and reflected.  The sum of the light intensity 

transmitted and reflected is equal the intensity of light incident on the interface for 

transparent media (Figure 1.2a).  The transmitted light propagates at a different angle in 

the rarer medium due to the difference in the light velocity in the two media.  The 
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relationship between the angle incident and transmitted is calculated by Snell’s Law 

(Equation 1.1). 

2211 sinsin θθ nn =     (1.1) 

Where n1 and θ1 are for the incident beam in the denser medium, and n2 and θ2 are for the 

transmitted beam in the rarer medium (Figure 1.2a).  The refractive index of a medium 

(n) is defined as the speed of light in a vacuum (c) divided by the speed of light in the 

medium (v):  n=c/v. 

 The incident angle at which θ2 = 90o (or when sin θ1 = n2/n1) is defined as the 

critical angle.  According to Equation 1.1 at angles equal to and above the critical angle, 

the transmitted beam will propagate parallel to the interface of the two media (θ2 = 90o).  

In reality, the transmitted light will not propagate at an angle of 90o, but will be totally 

internally reflected at the interface (Figure 1.2b).    If a slab of the denser medium (or an 

IRE) is flanked on both sides by the rarer medium and the light is launched at an angle 

above the critical angle, the light will be internally reflected at both interfaces and 

propagate down the IRE in a zigzag pattern according to the ray optics model (Figure 

1.1a and b).   

 At the point of total internal reflection, there is an overlap of the incident and 

reflected beam.  A standing wave pattern is created at the surface by the summation of 

the incident and reflected light for each wavelength.  The electric field intensity of this 

standing wave at the interface may not be zero depending on the wavelength of light, θwg, 

and polarization of light. A non-zero electric field at the interface will decay 

exponentially into the rarer medium and is called the evanescent wave (Figure 1.2c). 
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Figure 1.2  The interaction of light propagating at the interface of two media where n1 
> n2.  a)  According to Snell’s Law, light will be both transmitted and reflected at an 
interface of two media with different refractive indices.  b) When the incident beam of 
light impinges on the surface at an angle greater than the critical angle, the light is 
totally internally reflected.  c) An over-lap of the incident and reflected beam of light 
under TIR, produces a standing wave at the surface for each wavelength of light.  The 
electric field amplitude at the surface (Eo) may not be zero and will exponentially 
decay into the rarer medium called the evanescent field.  The penetration depth (dp) of 
the evanescent field is defined as the depth at which Eo decays to 1/e. 
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TIR is the basis for ATR spectroscopy, where the evanescent field of light 

propagating in a “thick” IRE is used to optically probe a surface confined species.  The 

primary advantage of using ATR for thin-film spectroscopy over the traditional 

transmission geometry is the increase in sensitivity due to collecting analytical 

information at each TIR spot along the length of the IRE.  Additionally, ATR is surface 

specific because the evanescent tail “pathlength” is on the order of the wavelength of 

light.  Mathematical treatment of ATR measurements have been derived by Harrick11 

where the electric field intensity for both polarizations of light, penetration depth, and 

absorbance for thin-film and bulk samples is precisely evaluated for a particular IRE of 

known refractive index, θwg, sample refractive index, and molar absorptivity. 

1.2.2 Polarization of Light 

The polarization of light is important for TIR based spectroscopic techniques 

because it dictates the plane in which the electric field amplitude oscillates.  The 

polarizations of light and Cartesian coordinates for an ATR instrument are illustrated in 

Figure 1.3. Transverse Magnetic (TM or p) polarized light is defined as oscillating 

parallel to the x-z plane.  Transverse Electric (TE or s) polarized light is defined as 

oscillating perpendicular to the x-z plane.  For both ATR and waveguide spectroscopy, 

the conventional Cartesian coordinates are defined with respect to the plane of the IRE: 

the x axis is in the plane of the IRE, the y axis is in plane with the x axis but 

perpendicular to it, and the z-axis is defined as being perpendicular to the IRE plane.   
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1.2.3 Guided Modes 

When the IRE thickness is decreased to be on the order of a wavelength of light 

(Figure 1.1c), light no longer propagates in the zigzag pattern of the ray model (Figure 

1.1a and b).  The standing wave formed at the opposite interfaces of the IRE will 

constructively and destructively interfere due to the tight confinement of the light inside 

the waveguide.  Constructive interference results in light propagation, called a mode, 

with a continuous electric field along the length of the waveguide for TE polarized light.  

The uniform evanescent field at the interface results in significantly increased sensitivity 

compared to the ATR geometry.  In this regime, the IRE is now called an integrated 

optical waveguide (IOW) with an increased sensitivity > 103 times that of a transmission 

experiment.10  A waveguide structure can be manufactured to support only one mode of 

light propagation, called single-mode, or many modes, called a multi-mode waveguide 

depending on the thickness and refractive index of the IOW. To calculate the entire 

electric field distribution across a waveguide, a complex mathematical treatment is 

Figure 1.3  Schematic of an ATR platform labeled with the experimental Cartesian 
coordinate system and identification of TE and TM polarized light.  For TM polarized 
light, the electric field oscillates in the plane of the page.  For TE polarized light, the 
electric field oscillates perpendicular to the plane of the page. 
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required using electromagnetic theory and Maxwell’s equations and is well established in 

the literature.12, 14, 15  The derivations for a planar waveguide result in harmonic solutions 

to Maxwell’s equations for mode propagation, where each mode corresponds to a discrete 

effective refractive index and can be calculated for both TE and TM polarized light.  The 

effective refractive index (N-Equation 1.2) can then be related to the refractive index of 

the waveguide (nwg) and the waveguide angle (θwg) for a particular wavelength of light in 

the ray optics model.  

wgwgnN θsin=      (1.2) 

The complete mathematical expression is not included here because it is more 

illustrative to examine the graphical solutions for a few lower order modes in a slab 

waveguide.  Figure 1.4a shows the normalized standing wave electric field distribution of 

the first 3 modes in a multi-mode slab waveguide structure for TE polarized light.  Each 

mode consists of a sinusoidal standing wave whose spatial frequency increases with 

mode and capped by an evanescent wave penetrating into the surrounding medium.  The 

lower order modes (i.e. m=0 in Figure 1.4a) of a waveguide have a larger effective 

refractive index close to that of the refractive index of the waveguide film.  The lower 

order modes are considered more tightly confined, with the majority of the electric field 

intensity residing in the center of the waveguide.  For higher order modes (i.e. m=1 or 2 

in Figure 1.4a), with a smaller effective refractive index more similar to the surrounding 

medium, a greater percentage of the electric field propagates near the edges of the 

waveguide structure.  Additionally, for a multi-mode waveguide the higher order modes  
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Figure 1.4  Modal profile of the first 3 modes for a slab waveguide which can be 
calculated for both TE and TM polarizations.  a) The first three modes (m = 0, 1, and 
2) of calculated for a symmetric, 3 layer model, slab waveguide with TE polarized 
light. b) The exponentially decaying evanescent field from the modes in part a) 
illustrating the increased penetration depth and electric field at the surface for the 
higher order modes. 
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 have larger electric field intensity within the evanescent wave and are more surface 

sensitive (Figure 1.4b). 

1.2.4 Planar Waveguide Coupling 

Coupling light into and out of a waveguide can be difficult due to the requirement 

of precise launching angles in order for the light to propagate within the IOW.  The 

simplest method for coupling a laser or other light source into a waveguide is by direct 

focusing using a lens.  However, in practice this method requires a precise matching of 

the source, lens, and IOW to efficiently couple light, which requires sensitive 

micromanipulation and alignment.  The direct focusing technique is most useful for 

coupling a single mode laser into a waveguide, but is limited by the difficulties in 

alignment and stability.  Alternative methods for coupling light into and out of a 

waveguide structure are the prism and grating couplers.17, 21 

1.2.4.1     Prism Coupler 

Prism couplers are primarily used in laboratory settings for both ATR and IOW 

platforms and are convenient when the edge of the waveguide is not exposed or without 

defects.  A prism coupler functions through frustrated total internal reflection or optical 

tunneling where the incoming beam of light under goes TIR at the right angle corner of 

the prism.  The prism is in close “optical” contact with the IOW such that the evanescent 

tail of the TIR from the prism spans the air gap between the prism and IOW.  When the 

light in the evanescent tail of the prism overlaps with the evanescent tail of a waveguide 

mode, energy is transferred into the waveguide mode from the prism and propagates in 

the IOW (Figure 1.5a).  It is important that the prism have an equivalent or higher 
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refractive index than the waveguide, so that the incident angle at the prism interface 

meets the conditions for both TIR and the effective index (or phase) matching with the 

IOW.  The waveguide angle (θwg) is connected to the angle incident to the prism (θi) by 

Equations 1.3 and 1.4 for a 45o prism: 
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Where ni, np, and nwg are the refractive indices of the incident medium, prism, and 

waveguide respectively, and θp is the angle with respect to prism normal (Figure 1.5a).   

Additionally, the coupling efficiency of light can be adjusted by changing the air gap 

between the prism and IOW though applying pressure. 

1.2.4.2     Grating Coupler 

Grating couplers have the advantage of being fully integrated with the waveguide 

for compact applications and more mode selective than prism couplers.  The periodic 

variation of refractive index of a grating is used to produce phase-matching between the 

incident light and waveguide modes.  Specifically, the light is diffracted by the grating at 

angles matching the effective refractive index of propagating modes (Figure 1.5b).  The 

grating spacing is the key parameter to determine coupling of a particular wavelength of 

light into the waveguide at a particular angle and on the order of less than 0.5 μm.  The 

primary limiting factor for grating couplers is the difficult fabrication techniques required 

to produce the precise, small, regular features of the grating.  A second disadvantage for 



 37

Figure 1.5 Schematic for coupling light into waveguides.  a) Prism coupler: Light 
couples into the waveguide when phase matching conditions are met such that the 
evanescent tail of the TIR occurring at the prism interface overlaps with the 
evanescent tail of a mode propagating in the waveguide.  b) Grating coupler: the 
periodic alternation of refractive index diffracts light into the waveguide at specific 
angles and will propagate within the waveguide. 
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grating couplers is the narrow bandwidth of light propagating within the waveguide due 

to the limited launching angle allowed by the grating.  Broadband coupling into single-

mode waveguides, by Mendes and coworkers,22 has achieved ~ 100 nm bandwidth 

platforms through the combination of prism and grating coupling to increase the possible 

launching angles within the structure and allow more wavelengths of light to propagate. 

1.2.5 Fiber Optic Waveguides 

Fiber optic waveguides are comprised of a cylindrical waveguide core surrounded 

by a lower refractive index cladding.  The whole structure is covered by a polymer jacket 

for protection (Figure 1.6a).  There are two primary types of fiber optics: the step index 

fiber has a refractive index that steps up and back down as you move across the diameter 

of the fiber, and the graded index fiber has a sloping increase and decrease of refractive 

index moving across the diameter of the fiber (Figure 1.6b).   

Light propagates in modes within the core of the fiber optic analogous to the 

standing wave electric field profiles presented in Chapter 1.2.3.  Exact solutions to 

Maxwell’s equations for a dielectric cylinder have been derived, but are difficult to 

evaluate without a computer or simplifying assumptions.15, 23, 24  Conceptually the modes 

in a fiber and slab waveguide are equivalent.  Lower order modes are more confined to 

the center of the fiber especially in the case of a graded index fiber.  For a step index 

fiber, the electric field profile of the propagating modes spans the entire core (Figure 

1.6b).  In addition to the higher order modes being more surface sensitive, they are more 

susceptible to mode mixing, changing the effective refractive index or waveguide angle, 

upon bending of the fiber.  Graded index fibers are the primary fiber used in
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Figure 1.6 Fiber optic waveguides.  a) Schematic of a fiber optic cable with a high 
refractive index core (typically fused silica) surrounded by the lower refractive index 
cladding (made of fluorine doped fused silica) and polymer (acrylate) jacket. b) 
Refractive index profile versus fiber diameter of a step and graded index fibers with an 
example electric field profile of a propagating mode.  Lower order modes are more 
confined within a graded index fiber. c) Schematic of the cone of acceptance to launch 
light into the distal end of a fiber optic determined by the numerical aperture of the 
fiber where ni is the refractive index of the incident medium, nwg and nclad are the 
refractive index of the core and cladding of the fiber, θi is the maximum incident 
angle, and θwg is the waveguiding angle inside the core. 

a)

b)

c)

b)

a)

Fiber Diameter Fiber Diameter
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telecommunications applications because of the low loss and small dispersion of 

fundamental modes over long distances.  However, step index with a more uniform field 

distribution are more sensitive to surface interactions and a better choice for fiber optic 

sensors. 

Coupling of fiber optics to sources and detectors use the simple direct geometry 

with the only requirement being to match numerical aperture (NA) of the fibers.  The NA 

of a fiber is a physical characteristic of the fiber depending the fiber core diameter and 

refractive index.  The manufacturer provided NA defines the cone of acceptance of light 

which will propagate along the fiber according to Equation 1.5: 

22sin cladwgii nnnNA −== θ    (1.5) 

Where ni, nwg, and nclad are the incident medium refractive index, core refractive index, 

and refractive index of the cladding respectively, and θi is the maximum acceptance angle 

for incident light.   

1.3 Motivation and Design of the Electroactive-Fiber Optic Chip 

New miniature, multifunctional, and sensitive sensor platforms are required for 

applications ranging from the characterization of photon-driven proton pumping in 

biomimetic photosynthetic devices,25 sensing of drug/membrane protein interactions,26 

environmental contaminants,27 and biological warfare agents.28  In recent years, both 

planar waveguide-based and fiber-optic-based chemical sensors and biosensors have been 

developed in an attempt to meet the need for such device platforms.10, 17, 19, 21, 29-32   
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1.3.1 Overcoming Planar Waveguide Coupling Limitations 

A planar single-mode integrated optical waveguide (IOW) structure can support 

the equivalent of about 104 reflections/cm of beam propagation, which provides an 

increase in absorbance sensitivity of 10,000X compared to a conventional transmission 

measurement.22 The planar single-mode IOW platform has been successful in several 

proof-of-concept demonstrations, however, its reduction to practice into an easy-to-use 

research tool for a broad audience of researchers has been difficult.  A major hindrance 

for IOW technology has been interfacing the IOW chip with standard, commercially 

available spectroscopic instrumentation.  Optical coupling into and out-of the IOW 

probing region requires precision optics, tight mechanical tolerances, advanced micro-

optics fabrication technologies (e.g. integrated diffraction gratings), and time-consuming 

alignment of opto-mechanical compoenents.10, 17, 21 Although a fiber optic device 

platform cannot fully reach the sensitivity provided by a single-mode IOW, it eliminates 

the difficulties related to the critical in- and out-coupling interfaces of an IOW by using 

standard fiber connections to sources and spectroscopic detectors.  The advantages of 

using fiber coupled spectroscopic platforms include portability, remote operation in harsh 

environments, low cost, compatibility with a wide range of glass-surface modification 

procedures, and a large spectral region of optical transparency.29 

1.3.2 Fiber Optic Sensors 

The benefits of fiber optic platforms have led several manufactures of analytical 

instrumentation to develop inexpensive fiber compatible equipment such as readily 

available fiber-coupled light sources and spectrometers, with standard distal end fiber 
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Figure 1.7 Fiber Optic Sensor Geometries. a) Distal end; b) Tapered; c) De-clad 
cylindrical core; d) Biconical tapered optical fiber; e) U-shape de-clad cylindrical 
core. 
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coupling schemes.  Fiber coupled sensing architectures utilizing the fiber as the optical 

signal transduction platform have been developed for various geometries including distal 

end, tapered, de-clad cylindrical core, U-shape de-clad cylindrical core, and biconical 

tapered optical fiber (Figure 1.7).33, 34  Distal end fiber optic sensors (Figure 1.7a) are the 

simple and conventional geometry of commercially available fiber optic sensors where 

the exposed core on a cleaved and polished end of a fiber is used as the sensing platform.  

For example, Ocean Optics sells a fiber optic pH meter where a polymer member 

impregnated with different pH sensitive dyes is fit to the end of a fiber optic probe which 

is designed to plug into a box housing both the source and detector.  However, the distal 

end geometry is limited by low sensitivity due to the small interaction area analogous to 

the single-pass transmission absorbance measurement.  A second distal end sensor 

geometry uses a tapered fiber where the fiber core is etched with hydrofluoric acid into a 

point.  The tapered fiber increases the evanescent field amplitude and penetration depth; 

thus, increasing the sensitivity of the platform.  Tapered fiber optic sensors are primarily 

used as fluorescence detection platforms in biochemical and clinical applications.35-43 

Previous studies, that have taken advantage of the convenience of fiber coupled 

instrumentation and the increased sensitivity of total internal reflection geometry, have 

used a fiber optic with the cladding removed to create a sensing element around the 

cylindrical fiber core (Figure 1.7c).  The exposed core region serves as an attenuated total 

reflection (ATR) element that can be used for absorbance measurements to detect volatile 

organic compounds,44 probe dye solutions,45 monitor methane gas46 and ammonium ion47 

concentrations, and determine solution pH using indicator doped sol-gel coatings,48, 49 or 
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an indicator doped polymer film.50  Several investigators have worked to further increase 

the sensitivity of the de-clad cylindrical core fiber optic sensors by tapering the fiber 

optic51-54 or bending the sensing region (i.e. in U-shape)55, 56 and (Figure 1.7d and e).  

Fiber optic sensors using the tapered fiber geometry include a humidity,57 temperature,58 

hydrogen gas,59 and bovine serum albumin60, 61 sensors. U-shaped fiber optic sensors 

have been used to detect humidity,62 pH,63 and ammonium ion concentrations.64  Such 

fiber optic sensor architectures employ signal transduction through a fragile cylindrical 

probing interface, which can be problematic for several applications where a robust 

platform or planar deposition technologies are required.   

Clearly, a supported planar interface would be advantageous for using standard 

planar deposition technologies such as Langmuir-Blodgett (LB)-deposited thin-films65, 66 

and planar supported lipid bilayers25.  In addition, due to its more robust supported 

platform, a planar design would be amenable for integration into microfluidic systems 

and sensor arrays.  In this dissertation (Chapters 3 and 4), the optical performance 

characteristics for broadband absorbance spectroscopic applications in the visible and UV 

regimes of a chip-like planar waveguide platform formed by side-polishing an optical 

fiber embedded in the V-groove of a glass block is investigated; the planar waveguide 

device with transverse and lateral optical confinement is called here the Fiber-Optic-Chip 

(FOC) and is schematically shown in Figure 1.8.   
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1.3.3 FOC Fluorescence Measurements 

In order to construct a truly multifunctional spectroscopic sensor platform, as is 

the ultimate goal of the FOC, its application to fluorescence optical signal transduction 

must be evaluated.  Fluorescence detection is of primary importance for biosensing 

applications where biological molecules are used for detection and quantification of 

targets of interest.67-69  Most biosensors employ an immobilized thin-film architecture to 

facilitate signal transduction between the biological matrix and the analytical device.  

Evanescent wave platforms provide a sensitive, surface specific technique which has 

been extensively applied to such biosensors.29-32, 70-74   

The use of evanescent wave excitation was first described by Hirschfeld in 

1965.75  Kronick and Little76 were the first to apply evanescent excitation with 

fluorescence detection to an immunoassay.  The fluorescence was collected perpendicular 

to the IRE platform using free space optics and demonstrated the Total Internal 

Reflection Fluorescence (TIRF) technique.  TIRF has become the conventional 

evanescent wave fluorescence technique and has a wide range of applications including 

fluorescence imaging of single molecules77 and orientation distributions of adsorbed 

Figure 1.8  Fiber Optic Chip (FOC) schematic constructed from a side polished fiber 
mounted in a glass V-groove where red represents the exposed fiber core sensing 
platform. a) Top down view; b) Side view; c) Cross section. 

a) b) c) 
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protein films.78  An extensive review of the principles of TIRF has been presented by 

Axelrod et al.79  The bulky free space optics required for TIRF measurements limit the 

technique to laboratory experiments.  An integrated platform where excitation and 

emission collection occur without the use of bulky and difficult to align free space optics 

would be advantageous for remote sensing and process monitoring sensor applications.  

The FOC seeks to provide a streamlined platform for excitation and emission collection 

through back-coupled fluorescence (Chapter 5) applied to a drop cast nanoparticle film 

and a biotin/Streptavidin fluorescence bioassay. 

1.3.4 Spectroelectrochemistry and the Development of the Electroactive-FOC 

The FOC platform is applied to spectroelectrochemical measurements to add a 

final dimension of multifunctionality.  Spectroelectrochemical techniques are routinely 

used to characterize redox mechanisms of solution probe molecules,80, 81 redox processes 

of ultra-thin-films of conducting polymers,82, 83 and electrochemical processes in 

adsorbed protein films.84, 85  Measuring optical changes that are coincident with the redox 

event provide several significant advantages, mainly arising from the fact that these 

optical changes occur independently of non-Faradaic events at the electrode/solution 

interface.  Monitoring changes in absorbance or reflectance as a function of applied 

potential provides optical data that can be used to reconstruct the current flowing solely 

in the Faradaic event, missing the capacitive current background, which can often be 

larger than the Faradaic current especially for ultra-thin redox films.  When the optical 

characterization is carried out on a waveguide platform, overcoated with a transparent 

electrode material (e.g. indium-tin oxide, tin oxide, boron-doped diamond, etc.),86-91 there 
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can be significant sensitivity enhancement relative to transmission spectroelectrochemical 

experiments.  This sensitivity enhancement is often sufficient to allow for 

characterization of electron transfer events at sub-monolayer coverages of the redox-

active molecular system, and may even provide for information about structural changes 

which occur during electron transfer.83, 85, 92, 93  Additionally, multifunctional 

spectroelectrochemical platforms are used for advanced sensor technologies requiring the 

greater flexibility of the combined electrochemical and spectroscopic techniques in 

sensor architecture design.25, 94   

Over the last decade we have shown that the sensitivity of spectroelectrochemical 

measurements can be significantly enhanced by using monochromatic and broadband 

single-mode waveguides, multi-mode waveguides, and attenuated total reflectance (ATR) 

platforms.86, 87, 89  These technologies follow on the original work of Kuwana and 

coworkers using monochromatic ATR platforms which demonstrated a ~ 7 fold increase 

in sensitivity compared to transmission spectroelectrochemical measurements.95  Itoh and 

Fujishima subsequently demonstrated that a tin oxide film coating on a 2 μm thick single-

mode, gradient index channel waveguide increased the sensitivity of 

spectroelectrochemical measurements of a surface-confined molecule (methylene blue – 

MB) by ~ 150 times.90  The electroactive integrated optical waveguide platform (EA-

IOW), we introduced, is a single-mode, step-index guide, overcoated with 25-50nm of 

indium-tin oxide (ITO), which shows the highest spectroelectrochemical sensitivity 

(relative to a transmission experiment) yet reported, an enhancement in sensitivity of 

103x up to 104x.88, 89   
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A significant hindrance for these ATR and EA-IOW spectroelectrochemical 

technologies, however, has been interfacing the IRE with standard, commercially 

available spectroscopic instrumentation.  Optical coupling in and out of a planar 

waveguide platform requires precision optics, tight mechanical tolerances, time-

consuming alignment, and for some configurations, advanced micro-optics fabrication 

technologies, such as integrated diffraction gratings.22, 86  Only one field portable 

instrument has been developed, by Heinemann and coworkers, based on an ATR 

configuration, used to spectroelectrochemically detect ferrocyanide.27, 96  It would, 

therefore, be beneficial to develop an electroactive fully integrated fiber optic platform, 

which eliminates the practical confines of the in- and out-coupling optics required for 

electroactive ATR and EA-IOW platforms.  In Chapter 6 of this dissertation, an 

electroactive fiber optic chip (EA-FOC) is developed by coating the FOC (Figure 1.8) 

with an indium tin oxide (ITO) film as a spectroelectrochemical platform and 

characterized, using the methylene blue redox couple.  Additionally, the EA-FOC is used 

to electrochemically polymerize a poly(3,4-ethylenedioxythiophene) (PEDOT) film onto 

the surface and subsequently probe the optically active redox couple.   

1.4 ATR Spectroscopy of New Molecular Materials 

ATR spectroscopy as presented in Chapter 1.2.1 is a useful technique for 

quantitatively characterizing new surface confined materials with a required sensitivity 

enhancement of 20-150 times that of transmission experiment.  Harrick11 has derived the 

absorbance relationship for ATR measurements (Equation 1.6) where the pathlength term 
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from Beer’s Law is replaced with an effective penetration depth (de) defined in Equation 

1.7: 

eATR dA Γ= ε      (1.6) 
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Where ε is the molar absorptivity of the film in cm2/mole, Γ is the surface coverage in 

mole/cm2, r is the number of TIR reflections, nfilm and nwg are the refractive indices of the 

film and IRE respectively, θwg is the internal waveguiding angle as determined by the 

angle of incident light on the prism, and Eo/Ei is the normalized electric field amplitude in 

the film for each polarization given by Equations 1.8 and 1.9. 
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ns is the refractive index of the superstrate.  Thus, the Γ of the thin-film can be calculated 

from AATR with the general assumptions that the molar absorptivity of the thin-film is 

same for the molecules in solution and that the refractive index of the film is known.  If 

these assumptions are invalid, Runge et al.93 has presented an iterative calculation solving 
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for nfilm, extinction coefficient (k), and Γ from the ATR measured absorbance of a thin-

film. 

 In this dissertation (Chapter 7), ATR spectroelectrochemistry is used to probe the 

pH dependent redox chemistry of a self-assembled polymer film.  The polymer film was 

then used as the signal transduction mechanism for monitoring mediated proton transport 

across a lipid bilayer.25  Additionally, ATR spectroscopy is used to monitor nanoparticle 

(NP) capture through ligand exchange with a modified surface.  Immobilization and 

determination of surface coverage of NP film is significant for fundamental studies of NP 

band-gap and surface chemistry.97-99  Finally, Appendix D presents preliminary polarized 

ATR studies used to determine average molecular orientation in a self-assembled 

hydrogen bonding phthalocyanine film. 
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CHAPTER 2: EXPERIMENTAL METHODS 

 

 

2.1 Development of the Fiber Optic Chip 

The FOC device was constructed using protocols similar to those discussed in 

Tseng and Chen.100  A commercially available glass V-groove is used as the support 

structure.  The V-grooves were first lapped so that the depth of the groove was about 160 

μm, but this step was found to be not needed in later devices.  The V-groove edges were 

lapped at a 2° angle in order to relieve tension on the fiber once mounted.  The V-groove 

is attached to a glass slide for stability.  Next a stripped multimode fiber is mounted into 

the V-groove using heat curing epoxy and the whole structure is lapped until the core of 

the fiber is exposed (Figure 2.1).  The following sections will address the construction of 

the FOC in more detail including the characterization of the V-grooves, lapping/polishing 

procedures and monitoring dimensions of the exposed core, mounting of the fiber into the 

V-groove, patch cables, and fiber splicing method. 

2.1.1 Characterization of V-Grooves 

Glass V-grooves used for FOC devices were purchased from Mindrum with 

dimensions of 40 mm long, 2 mm wide, and 1.33 mm tall.  The 22 V-grooves purchased 

were preexisting parts, therefore, each V-groove was given a number and characterized 

before use.  To determine the dimensions of the groove each end of the part was imaged 

using a microscope with 250x magnification and a calibrated Motic 480 CCD adapted to 

the eyepiece.  The edges of the V-groove were not straight and the grooves do not come 
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to a sharp point, so red lines were drawn to best fit the actual groove to a triangle.  The 

intersections of these lines were used to measure the sides and depth of each of the V-

grooves (Figure 2.2).  The angle of the V-groove was calculated using Equation 2.1 and 

the depth of each V-groove was calculated using Equation 2.2 to compare with the depth 

measured.   

( ) ( )
bc

acb
2

2cos
222 −+

=ψ     (2.1) 

( )ψtan2
ad =      (2.2)  

The average V-groove angle (2Ψ) is 69° ± 2 with an average measured depth of 200 ± 3 

μm (Table 2.1).  

 

a

b

c

d

Figure 2.2  Image of V-groove end and illustration of lines used to measure the 
dimensions. 

a

b
c

d

Ψ
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Table 2.1  Dimensions  of the V-grooves. 
V-groove 
Sample 

End a 
(μm) 

b 
(μm) 

c  
(μm) 

d measured 
(μm) 

2Ψ d calculated 
(μm) 

A 273 244 241 201 1 B 275 241 248 201 
69 201 

A 296 262 265 216 2 B 291 262 250 210 69 214 

A 282 254 248 206 3 B 283 245 248 201 69 204 

A 304 274 267 224 4 B 313 276 278 226 69 226 

A 251 227 226 189 5 B 258 230 231 189 68 189 

A 249 225 230 191 6 B 251 225 225 186 67 189 

A 249 221 224 185 7 B 247 230 227 191 67 188 

A 247 209 208 167 8 B 224 192 205 192 71 166 

A 313 267 276 220 9 B 309 226 276 269 70 223 

A 232 207 210 174 10 B 234 212 213 178 67 175 

A 275 248 246 206 11 B 277 244 245 202 68 204 

A 273 243 240 200 12 B 283 246 248 203 69 201 

A 262 233 225 188 13 B 253 221 225 183 70 186 

A 254 221 224 184 14 B 254 224 231 188 69 186 

A 270 243 238 200 15 B 268 229 245 195 69 197 

A 372 324 332 211 16 B 281 253 255 212 68 241 

A 299 269 269 224 17 B 299 264 272 223 68 223 

A 248 215 227 184 18 B 267 239 230 194 69 188 

A 303 254 270 213 19 B 285 254 252 208 70 211 

A 288 253 253 208 20 B 285 245 261 208 69 209 

A 308 242 268 201 21 B 254 230 237 196 70 199 

A 253 224 227 186 22 B 252 217 227 181 69 184 

Average 199 ± 3 69 ± 2 200 ± 7 
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2.1.2 Lapping and Polishing Protocol 

All lapping and polishing processes used a Lapmaster (model 12) 

lapping/polishing machine with a cast iron lapping plate covered in a polyeurethane pad 

specific for each solution to prevent cross contamination (Figure 2.3).  The polyeurethane 

pad was replaced periodically when the surface of the pad became smooth to the touch.  

All samples were mounted using wax (Logitech, 0CON-199) on a custom built working 

disc designed to ensure devices were kept parallel to the lapping plate with very low 

tolerance (Figure 2.4).  Deionized water (DI, 18MΩ) was obtained from a Barnstead 

Nanopure system and used for all aqueous solutions. 

The edges of the V-grooves were lapped at a 2 degree angle using an 

appropriately sloped aluminum block mounted to the working disc and using a 10% w/w 

14.5 μm aluminum oxide water solution using the drip slurry dispenser till the lapped 

length reached about 10 mm (Appendix A.2).  The fiber mounted device (Chapter 2.1.3) 

was lapped at 20 to 35 RPM using 10% w/w 1 μm aluminum oxide (Lapmaster) water 

solution until the side of the fiber was exposed. Once an appreciable amount of the fiber 

was exposed, a final polishing step at 35 RPM using 5% w/w 0.5 μm cerium oxide 

(Logitech) water solution was used to complete the device.  The 1 μm aluminum oxide 

slurry and 0.5 μm cerium oxide slurry were administered using the digital dispenser 

(duration of 1 sec for every 5 sec interval).  After each lapping or polishing step was 

complete, the entire machine and all parts were cleaned thoroughly with tap water to 

ensure that there was no cross contamination of the solutions using a separate set of 

sponges and brushes specific for each lapping or polishing solution. 
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Figure 2.3  Picture of the Lapmaster Model 12 with lapping plate covered in a 
polyeurethane pad and custom aluminum working disc.  Machine is used for all 
lapping and polishing procedures. 
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Figure 2.4  Custom working disc constructed from aluminum and made to keep the 
sample parallel to the lapping plate due to the low tolerance between the spindle and 
the conditioning ring shaft.  The working spindle and working disc have a mass of 
about 450 g. 

Working Disc
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The polishing depth of the device was monitored using a microscope (200x) with 

a calibrated CCD camera (Motic 900) fit to the eye piece, where the width of the polished 

fiber in the groove (W, Figure 2.5a) was used to calculate the amount of the fiber 

removed  (A, Equation 2.3).   To determine the  physical  interaction length  (L)  of  the  

exposed 

( )
2

2

2
5.625.62 ⎟

⎠
⎞

⎜
⎝
⎛−−=
WmmA μμ    (2.3) 

core region consecutive images were taken down the length of the polished fiber (Figure 

2.5a).  Three measurements of exposed fiber width (W, tolerance of 2 μm) were made for 

each image and averaged; the average W is then used to calculate the amount of fiber 

removed (A) for each image, which correlates to a fiber section with length of 0.475 mm.  

The interaction length is then determined by the number of images with A greater than 

37.5 μm and the tolerance assigned is half of the image length, which results in an 

interaction length of 17.2 ± 0.3 mm for the FOC shown in Figure 2.5b (FOC was used for 

experiments in Chapter 3). 

2.1.3 Mounting Fiber Into V-Groove 

A 50 μm core diameter, step-index, multimode fiber with a 125 μm cladding 

diameter and a numerical aperture (NA) of 0.22 (Thorlabs AFS50/125Y) was used for all 

visible FOC and EA-FOC devices (Chapter 3 and 6).  UV-FOC devices (Chapter 4) were 

constructed from a fiber with a 50 μm core diameter, 125 μm cladding diameter, and NA 

of 0.22 (Fiberguide Superguide G UV-VIS Fiber, SFS50/125Y).  Before mounting the 

fiber into the V-groove, the jacket must be removed from a ~ 30 mm section in the center 
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of a ~ 2 m long fiber.  The 30 mm section is marked with a permanent marker, and a fiber 

stripper is used to cut through the jacket at each of these marks (do not strip the jacket 

using the fiber stripper because the fiber will break).  Then, a narrow piece of the jacket 

is removed between the two marks using a brand new razor blade held almost parallel to 

the fiber and lightly scrapped along the 30 mm section.  Next, the 30 mm section of the 

fiber is soaked in dichloromethane (Aldrich) to swell the remaining jacket for easy 

removal.  Finally, the stripped fiber is cleaned with ethanol. 

 To mount the fiber into an FOC device, a V-groove with its edges lapped must be 

attached to a glass slide substrate.  The 1 inch ends of the glass slide are rounded off 

using a glass file, and the slide is cleaned using triton-X, rinsing with DI, rinsing with 

ethanol, and blown dry with nitrogen.  Next, the glass slide is attached to a hotplate with 

electrical tape on the 1 inch ends.  The wax from mounting the V-groove on the working 

disc during lapping of its edges (Chapter 2.1.2) is removed by ultra sonnication in 

acetone and blowing dry with nitrogen.  The groove is visually inspected using a 

microscope for any wax or other debris in the groove, and ultra sonnicated again if not 

clean.  A thin layer of epoxy (Epotek 301) is applied to the base of the V-groove using a 

broken fiber, and the V-groove is placed in the center of the glass slide.  The epoxy 

thermal cures for about an hour at 70° C (or at a setting of 2 ½ on the hotplate).     

The fiber is mounted into the groove using the same thermally curing epoxy.  To 

mount the fiber a drop of epoxy is put into the groove.  Next the stripped portion of the 

fiber is aligned in the groove and pulled back and forth.  Finally, the stripped portion of 

the fiber is centered in the V-groove so that a small portion of the jacketed region 
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overlaps with the V-groove edge.  The fiber is secured in the groove by tapping the fiber 

tails down to the edges of the hot plate making sure to maintain tension on the fiber.  

More epoxy is administered to the device until it evenly covers the entire surface of the 

V-groove and fiber, taking care not to let the epoxy spill over onto the glass slide.  The 

device is then thermally cured for about an hour at 70 °C and overnight at room 

temperature.  The device is now ready for lapping and polishing (Chapter 2.1.2). 

2.1.4 Fiber Patch Cables 

Patch cables are commercially available from Thor Labs using the same visible 

fiber as used in FOC (AFS50/125Y) with Fiber Connector-Physical Contact or FC 

connectors.  Some patch cables for both VIS-FOC and UV-FOC devices were 

constructed in the lab using a connectorization tool kit (Thor Labs CK03) and FC 

connectors (Fiber Instrument Sales, F12070). 

2.1.5 Fiber Splicing 

In order to fiber couple the FOC device to instrumentation, an FC connector had 

to be added to the fiber ends.  A patch fiber was spliced onto each end of the device fiber 

using a fiber fusion splicer (Ericsson FSU 995 FA) with the normal multi-mode to multi-

mode program.  An optical fiber cleaver (Fitel S323) was used to precisely cleave each 

end of the fiber prior to splicing. 

2.2 FOC Absorbance Measurements 

2.2.1 Loss Measurements 

FOC loss (traditionally quoted in dB, and equivalent to 10 times the absorbance 

value) was determined by taking a fiber that was not polished as the blank and comparing 
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it to the FOC device.  The instrument set up used is the same as for absorbance 

measurements (Chapter 2.2.4). 

2.2.2 Self-assembled Film of poly(diallyldimethylammonium chloride) (P+) and Nickel 

(II) phthalocyanine-tetrasulfonic acid (Ni(TSPc)) 

Thin-film absorbance measurements were made using a polyion self-assembled 

film of poly(diallyldimethylammonium chloride) (P+) and Nickel (II) phthalocyanine-

tetrasulfonic acid tetrasodium salt (Ni(TSPc)) (Figure 2.6a and b) using  a dip coating 

proceedure.101-103  A 1 wt. % water solution of P+ (Aldrich, 20 wt. % in water, high MW) 

was allowed to self-assemble on the surface of the FOC for 15 minutes.  Excess 

nonspecifically adsorbed polymer was rinsed off with water.  Next, the P+ modified FOC 

was exposed to 1.0 mM Ni(TSPc) (Aldrich, tetrasodium salt) aqueous solution for 15 

minutes to create a self-assembled P+/Ni(TSPc) bilayer film via electrostatic interactions.  

Excess Ni(TSPc) was rinsed away with water.  All spectra are referenced to a transparent 

P+ film and water superstrate; therefore, the film absorbance is due to only adsorbed 

Ni(TSPc). 

2.2.2.1 Molar Absorptivity of Ni(TSPc). 

Absorbance measurements of solutions of varying concentrations Ni(TSPc) in 

water (10, 7.5, 5.6, 4.2, 2.1, 1.6, and 0.8 μM) were made on a SI Photonics 400 

spectrometer. The molar absorptivity (ε) was calculated by wavelength using Beer’s Law 

with a pathlength of 1 cm (Figure 2.6c and d).  The absorbance maximum for the 

aggregated form of Ni(TSPc) as determined to be 610 nm from the ATR experiments,
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Figure 2.6 a) Structure of poly(diallyldimethylammonium chloride) (P+) b) Nickel 
(II) phthalocyaninetetrasulfonic acid (Ni(TSPc)) c) Absorbance measurements of 
solutions of Ni(TSPc) in water increasing with concentration (10, 7.5, 5.6, 4.2, 2.1, 
1.6, and 0.8 μM). d) A graph of the molar absorptivity (ε) calculated by wavelength 
using Beer’s Law with a pathlength of 1 cm. 
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which has a corresponding ε = 45,550 M-1cm-1 and is the valued used for calculations in 

Chapter 3. 

2.2.3 Blue Dextran Solutions 

Blue dextran (Sigma) (Figure 2.7) with an average molecular weight of 2,000,000 

and a molar absorptivity89 of 1.8 x 106 M-1 cm-1 at 633 nm was used to make aqueous 

solutions with concentrations of 10, 12.5, 15, 20, and 25 μM for bulk absorbance 

measurements.  All spectra were referenced to a pure-water blank and smoothed using a 

5-point median method. 

 

2.2.4 FOC Instrument Layout 

A 20 W tungsten-halogen lamp (Phillips), which was focused into the fiber using 

a lens (Thorlabs, focal length (fl) = 25.4 mm, configuration 1:1), was used as the light 

source for P+/Ni(TSPc) film and blue dextran absorbance experiments.  A Xe-arc lamp 

(Newport), which is cut down with an iris, filtered with a water filter (Newport), and 

Figure 2.7  a) Structure of reactive blue dye and b) Structure of dextran monomeric 
unit. 
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focused into the fiber using a lens (Thorlabs fused silica, fl = 35 mm) was used as a light 

source for cytochrome c absorbance measurements in Chapter 5. The other end of the 

FOC was fiber coupled into a monochromator (Acton SpectraPro 2150i) using a fiber 

collimating lens (Thorlabs, fl = 11.0 mm or fl = 10 mm for fused silica lens) and a 

cylindrical lens (Thorlabs, fl = 25 mm or fl = 30 mm for fused silica lens); appropriate 

filters and/or masks were placed between these two lenses and perpendicular to the beam 

of light.  A CCD camera (Princeton PIXIS 400B) attached to the monochromator was 

used as a spectroscopic detection system for all absorbance (Figure 2.8). 

2.2.5 Masking Experiment 

Masking experiments were performed with three different annular masks 

constructed from thick black plastic using punches of varying sizes.  The hole of each 

punch was glued to a glass or fused silica slide using epoxy (Epotek 301) and the 

negative punch in the next size up is aligned centered over the hole and secured with 

electrical tape (Figure 2.9).  Each annular mask only allow a ring of light of a particular 

angle (Snell Invariant (SI) –Equation 2.4 of 0.081 ± 0.009. 0.116 ± 0.009, and 0.152 ± 

0.009) and effective refractive index (N = 1.4577 ± 0.0005, 1.4553 ± 0.0007, and 1.4521 

± 0.0009) to propagate, thereby selecting which fiber modes (i.e. internal angles) are used 

for probing the FOC interface (Table 2.2).45   The Snell invariant for each mask was 

calculated by Equation 2.4 for both the hole (di) and ring (do) giving the upper and lower 

boundaries for the effective index.  The effective index was calculated using Equation 2.5 

with the average SI and a core refractive index of 1.46.  

airairnSI θsin=      (2.4) 
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Figure 2.9  Frontal view of a mask with hole (di) and ring (do) dimensions (top).  
Schematic representation of the average ray transmitted by a particular mask from the 
fiber into free space (bottom). 
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The mask was placed after the neutral density filters and centered on the 

collimated beam of light, before it was focused into the detector by a cylindrical lens 

(Figure 2.8).  Additionally, the fiber exiting the FOC and entering the monochromator 

alignment optics was kept straight to prevent optical mode scrambling.  The absorbance 

spectra collected with the masks are then compared to the absorbance spectra collected 

for the same film without a mask. 

Table 2.2 Calculated values for effective index of the three masks used in Chapter 
3.4.4.2. 

Mask di (inches) do (inches) SI Neff 
1 1/16 5/64 0.08980-0.07197 1.4577 
2 3/32 7/64 0.1250-0.1075 1.4553 
3 1/8 9/64 0.1600-0.1430 1.4521 

 

2.2.6 Adsorbed Cytochrome c Films 

Cytochrome c from horse heart (> 99% purity) from Sigma-Aldrich (C7752) was 

used as received for all solutions.   Cytochrome c in its native oxidized form was 

adsorbed from solution a 10 μm in 10 mM Phosphate buffer at pH 7 for 15 minutes.  

Next, the surface was rinsed with buffer to remove any nonspecifically adsorbed protein.  

Chemically reduced films were created using a freshly made 8 mM sodium dithionate 

(MCB) buffer solution rinsed over the surface (spectra are taken immediately).   

Published molar absorptivities were used for all absorption experiments (Figure 2.10).104  

This adsorption procedure has been previously shown to give a cytochrome c surface 

coverage (Γ) of 11.2 ± 0.2 pmol/cm2 on glass and 22 ± 2 pmole/cm2 on ITO.93   
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2.2.7 Adsorbed Bovine Serum Albumin 

Bovine Serum Albumin (BSA) Cohen Fraction V (> 99% purity) from Sigma-

Aldrich (A7638) was used as received for all solutions.   BSA was dissolved into 20 mM 

Tris Hydroxymethyl Aminomethane (Sigma), 10 mM calcium chloride (Sigma), and 150 

mM sodium chloride buffer at pH 7.0 to make a range of solution concentrations from 10 

to 3500 μg/mL.  BSA was adsorbed to a clean UV-FOC device from the bulk solution 

after a 30 minutes incubation time.  The UV-FOC was rinsed with at 2 mL of buffer to 

remove any nonspecifically adsorbed protein.  The molar absorptivity of BSA in solution 

is 44,300 M-1 cm-1 at 279 nm.105 

 

Figure 2.10  Absorbance spectra for ferricytochrome c (solid line) and 
ferrocytochrome c (dashed line) calculated using published values. (Adapted from 
Reference 104) 
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2.2.8 UV-FOC Instrument Layout 

The instrument layout for the UV-FOC is analogous to Figure 2.8.  The source 

used for these experiments is a fiber coupled (A7969-06ASMOD, NA = 0.22) D2 and 

Tungsten lamps by Hamamatsu (L10290).  The out-coupled light from the UV-FOC is 

fiber coupled into an Ocean Optics step index 600 μm core UV fiber (NA = 0.22).  The 

Ocean Optics fiber is collimated using a fused silica spherical Lens from Melles Griot 

(01LUP003, NA = 0.38, fl = 15 mm). The collimated light is focused into the detector 

with a fused silica plano convex lens (fl = 50 mm) from Melles Griot (01LQC004).  The 

detector used for all UV-FOC absorbance measurements was a Spectra Pro 2300i 

monochromator (Acton) with a 600 g/mm 300 nm grating and a PMT (Acton PD439, 

1000 msec, 360V).  Figure 2.11 shows the intensity throughput of the experimental set-up 

including the UV-FOC platform.  The short wavelength cut-off was assumed to be 240 

nm due to the large slope and low intensity at wavelengths less than 240 nm. 
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Figure 2.11  Intensity profile of the throughput for the UV-FOC experimental set-up. 
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2.3 FOC Fluorescence Measurements 

2.3.1 Octadecylamine Capped Cadmium-Selenide Nanoparticle Synthesis and Films 

Fluorescence measurements were made on a thin-film of octadecylamine (ODA) 

capped CdSe SC-NPs drop cast from toluene (Chapter 5.4.1).  These SC-NPs were 

synthesized using a modified procedure from Peng et al.106, 107  A selenium injection 

solution was prepared in a glove box under nitrogen by mixing selenium powder 

(Aldrich, 99.5%, ~ 100 mesh, 1.62 g, 20.5 mmol), tributylphosphine (TBP, Aldrich, 97%, 

4.79 g, 23.6 mmol), and 1-octadecene (ODE, Aldrich, 90%, 13.7 g, 54.2 mmol) in a 

scintillation vial under mild heating (~ 50 °C) with stirring.  After about 30 minutes, the 

suspended selenium became a soluble light yellow solution.  The vial was capped with a 

rubber septum prior to removing from the glove box.  Cadmium oxide (CdO, Aldrich, 

99.5%, ~ 1 μm, 0.26 g, 2.0 mmol), stearic acid (Aldrich, 99%, 2.31 g, 8.12 mmol), and 

ODE (Aldrich, 90%, 20.0 g, 79.3 mmol) were loaded into a 250 mL 3-neck round bottom 

flask.  The flask was fitted with a Teflon-coated thermocouple and heated to 200 °C with 

stirring.  After 30 minutes, the reddish-brown slurry became clear indicating formation of 

cadmium stearate.  The solution was removed from heat and allowed to cool to room 

temperature, where the contents solidified.  The reaction vessel was then loaded with 

ODA (Aldrich, 97%, 15.0 g, 55.7 mmol) and trioctylphosphine oxide (TOPO, Aldrich, 

90%, 5.14 g, 16.2 mmol).  The flask was fitted with a condenser and thermocouple and 

heated to 100 °C with stirring under vacuum until the solution no longer evolved bubbles 

(~ 30 minutes).  Vacuum was replaced with Ar and the reaction temperature was 

increased to 280 °C.  At this temperature, the selenium solution was swiftly injected into 
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the reaction flask with a 10-gauge needle.  Upon injection, the solution temperature 

dropped to 227 °C.  After 2 minutes, the reaction temperature had gradually risen to 241 

°C and was subsequently removed from heating.  Once the reaction mixture had reached 

50 °C, the contents were poured into 350 mL hexanes (VWR).  The mixture in 

hexanes/ODE was then added to a separatory funnel where methanol (VWR, 175 mL) 

was then added.  Upon vigorous shaking, 2 layers formed.  The red top layer containing 

the nanocrystals was saved while the bottom layer was discarded.  This general extraction 

procedure (addition of half the volume of methanol to hexanes/ODE layer) was continued 

until the top layer appeared to be optically clear.  It should be noted that the layers might 

take hours to separate, depending on the hexanes to methanol ratio.  Once the top layer 

appeared to be clear, indicating the removal of the majority of excess reactants, a large 

excess of ethyl acetate (VWR, reagent grade, 10:1 EtOAc:hexanes/ODE layer) was added 

to precipitate the nanocrystals.  The precipitate was allowed to settle and the majority of 

the supernatant was discarded.  The remaining slurry was centrifuged to afford a pellet of 

nanoparticles.  The nanoparticles were then soluble in hexanes, chloroform and toluene.  

2.3.2 Fluorescence Microscope Imaging 

Imaging of fluorescent films on FOC surface was done on a Nikon Eclipse TE 

300 microscope (40x objective, NA = 0.55) adapted with a Quantix 57 CCD camera and 

MetaVue 5.0r7 software.  White light and corresponding fluorescence images were taken 

down the length of the FOC.  Excitation wavelength of 488 nm was used for the 

fluorescence images.  The fluorescence images were filtered using a homemade cube 

consisting of a 595 nm dichroic filter with a 600 nm long pass (Chroma). 
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2.3.3 Determination of Quantum Efficiency 

To measure the quantum efficiency for all fluorophores a solution absorbance and 

fluorescence measurements were made in their experimental solvents.  A reference 

spectrum was also collected using rhodamine 6G (Sigma) in ethanol.  For all solutions 

tested, the absorbance at the fluorescence excitation wavelength was kept at or below 

0.05 in order to avoid inner filter effects.  All absorbance measurements were conducted 

on an Agilent 8450 and fluorescence measurements were collected using a SPEX 

Fluorolog2 by ISA instruments. 

Solution fluorescence quantum yield (QY) was calculated using the following 

equation adapted from Lakowicz108: 
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where QR is the quantum yield of the reference dye (0.94 for rhodamine 6G in ethanol109), 

I is the integrated fluorescence intensity for the analyte dye, the integrated fluorescence 

intensity for the reference dye is IR, A is the absorbance of the analyte at its excitation 

wavelength, AR is the reference dye absorbance value at its excitation wavelength (488 

nm for rhodamine 6G), the refractive index of the analyte solution is n, and nR is the 

refractive index of the reference dye solution (1.359 for ethanol). 
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2.3.4 BSA-biotin/Streptavidin-Cascade Yellow Films 

Biotin labeled BSA was used as received (Sigma, A8549) and had a manufacture 

determined extent of labeling of 8-16 mol biotin per mol albumin.  Cascade Yellow (CY-

Figure 2.12) labeled Streptavidin was used as received (Invitrogen, S11228), which had 

an extent of labeling of 4 mol of dye per mol protein and ε at 405 nm of 24,000 M-1cm-1 

determined by the manufacturer.  Stock solutions (1 mg/ mL) of the biotin-BSA and CY-

Streptavidin were made in 20 mM Tris Hydroxymethly Aminomethane (Sigma) buffer 

(pH 7.0) with 10 mM calcium chloride (Aldrich) and 150 mM sodium chloride (EMD).  
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Figure 2.12  Structure of Cascade YellowTM succinimidyl ester. 
 

Bioassay experiments were conducted by first allowing the biotin-BSA to adsorb 

to the surface of the FOC for 30 minutes from buffer solution.  The buffer solution is 

rinsed over the FOC to remove any nonspecifically adsorbed protein. A power 

measurement is collected at 405 nm using a calibrated diode (Newport).  The background 

fluorescence spectrum is taken and then the blank for the absorbance experiment is 

collected (using the Xe arc lamp as a source).  Next, the CY-Streptavidin solution is 

incubated over the biotin-BSA coated FOC for 30 minutes with any nonspecifically 

adsorbed protein rinsed away with buffer (Figure 2.13).  An absorbance measurement is 

made first and caution is taken to not move the fiber between the blank and sample 

spectrum.  The sample fluorescence spectrum is collected second, and a power 
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measurement at 405 nm is recorded last.  Corrected normalized fluorescence spectra are 

calculated using the measured instrumental efficiency as described by Lackowicz.110  The 

instrumental efficiency was determined by dividing a known normalized spectrum of 

Coumarin 153 (Aldrich) by an experimentally collected normalized spectrum of the same 

dye.  The emission spectrum of Coumarin 153 was collected using the same instrument 

and filters (including keeping the FOC in the 405 nm excitation optical path) as was used 

for the bioassay experiments. 

  

2.3.5 Fluorescence FOC Instrument Layout 

The SC-NPs film is excited by the 488 nm line from a fiber-coupled Ar-Ion laser 

(Ion Laser Technologies, 25 mW).  Collection of the SC-NP fluorescence was directly 

downstream of the source and filtered with two 488 nm notch filters (Edmund Optics and 

Kaiser) and a 550 nm long pass filter; the light was then coupled into the Princeton/Acton 

spectroscopic detector previously described in Chapter 2.2.4 using the BK7 lenses. 

Figure 2.13  Fluorescent Bioassay. a) Clean surface of FOC. b) FOC with self-
assembled film of biotin labeled BSA after 30 minute incubation. c) Cascade Yellow 
fluorescently labeled Streptavidin bound to the biotin-BSA film on the FOC. 
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The BSA-biotin/CY-Streptavidin bioassay is excited by a 405 nm diode laser 

(Thorlabs) focused into a single mode fiber (Thorlabs, SMF-28).  Collection of the 

bioassay fluorescence was directly downstream of the source and filtered with a 405 nm 

notch filter (CVI Laser) and a 488 nm sharp cut-off long pass filter (CVI Laser).  The 

light was then coupled into a Princeton/Acton spectroscopic detector with the fused silica 

lenses described in Chapter 2.2.4.  

2.4 Electroactive-FOC 

2.4.1 ITO Sputter Deposition on FOC Platform 

The ITO film was sputtered onto the surface of the FOC using a Kurt J. Lesker 

AXXIS pulsed DC magnetron sputter deposition system.  The base vacuum pressure was 

2 × 10-6 Torr, and an atmosphere of Ar (96.7%) and O2 (3.3%) was maintained with a 

pressure of 8.5 mTorr during ITO sputter deposition. The In2O3/SnO2, 90/10 % wt, 3 inch 

diameter target (Kurt J. Lesker EJTITOX403A2) was sputtered at 200 W for 4 minutes to 

produce a 40 nm thick film of ITO.  After deposition, the EA-FOC was annealed in 10 

minute increments at 300 oC under vacuum, to produce a measured resistance of 2000 

Ω/ .  More detail on the ITO deposition process is in Appendix C. 

2.4.2 Characterization of ITO Optical Properties and Thickness 

Calculation of ITO thickness and extinction coefficient were determined from 

interference fringes of the transmission spectrum using a method developed by 

Manifacier et al.111 and expanded by Swanepoel.112  Transmission spectra of thick (≥ 300 

nm for ITO) sputtered films of ITO were referenced to air using an Agilent 8450 

spectrometer (Figure 2.14).  The envelopes of the fringes are defined by maximum (T) 
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and minimum (t) points determined from the experimental transmission spectra, and these 

values are used to calculate the refractive index of the ITO (nITO)  by wavelength using 

Equation 2.7: 

( )[ ] 2/12/122
sITO nNNn −+=     (2.7) 

where    
2

1
2

2 +
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⎠
⎞

⎜
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⎛ −

= s
s

n
Tt

tTnN     (2.8) 

The refractive index of the glass substrate (ns) was 1.51.  If the refractive indices of two 

adjacent maxima (λ1 and λ2) or minima of the interference fringes are known then an 

estimation of ITO thickness (d) can be calculated from Equation 2.9: 

( )1221

21

2 nn
d

λλ
λλ
−

=      (2.9) 

However, Equation 2.9 is only an estimation of thickness because it is very sensitive to 

errors in refractive index.  As a general rule the extreme values of the envelopes should 

not be used in the calculation.  To determine a more accurate thickness and refractive 

index value d and n are used to calculate the interference order numbers (mcalc) from 

Equation 2.10. 

λ
dn

m ITO2
=      (2.10) 

From the calculated values for m, an exact integer or half-integer values can be assigned 

by wavelength significantly increasing the accuracy.  Now Equation 2.10 in combination 

with the previously determined values for nITO can be used to recalculate thickness 

(designated d2).  The average value of d2 is more accurate and should have a 1-2% 

precision (eliminating the extreme values).  The accurate values of m and d2 are used to
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Table 2.3  Calculation of refractive index, thickness and extinction coefficient for 
sputtered ITO from Figure 2.14. 

λ T t N n1 d1 mcalc m d2 n2 x α k 
866 0.898 0.760 2.249 1.979   2 438 2.016 0.977 5.4e-05 3.7e-03 
701 0.904 0.758 2.283 1.999   2.5 438 2.040 0.984 3.8 e-05 2.1e-03 
589 0.911 0.750 2.351 2.038 426 2.95 3 434 2.057 0.990 2.3e-05 1.1e-03 
509 0.897 0.741 2.349 2.037 435 3.48 3.5 437 2.074 0.977 5.4e-05 2.2e-03 
457 0.883 0.670 2.726 2.235 349 3.42 4 409 2.128 0.963 8.7e-05 3.2e-03 
408 0.700 0.595 2.405 2.068 468 4.75 4.5 444 2.137 0.783 5.7e-04 1.8e-02 
 

Figure 2.14  Transmission spectrum of sputter deposited ITO with the interference 
fringe maximum envelope (T) and minimum envelope (t) plotted. 
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calculate nITO with Equation 2.10.  The extinction coefficient (k) of ITO can now be 

calculated using Equations 2.11-2.14: 

π
αλ
4

=k      (2.11) 

where     ( )dx α−= exp      (2.12) 

and    
( ) ( )[ ]

( ) ( )23
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sITOITO

sITOITO

nnn
nnnFF
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and     
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tTnn

F sITO

2
8 2 +

=      (2.14) 

An example of the calculation for the spectra is Figure 2.14 is shown in Table 2.3.  The 

thickness of the ITO sputtered is then used to estimate the deposition rate. 

2.4.2.1 Etching-ITO 

ITO film thickness was verified using AFM to measure the step height of a 

partially acid etched film (Figure 2.15).  A portion of the ITO was masked using 

ParaFilm© to protect against etching, and the remainder of the ITO was acid etched in a 

6M HCl (EMD) 0.2M FeCl3 (EM Science) for 5 minutes.113, 114 

2.4.3 Determination of ITO Resistance 

A two point probe technique was generally applied for monitoring resistance 

values quickly.  The two probes from an ohm meter are placed very close together onto 

the sputtered ITO and the resistance is measured, which is an estimation of the Ω/ .  The 

resistivity for ITO deposited on FOC chips was measured in the same way except that 

care was taken to place the probes flanking the side polished fiber.  By measuring
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Figure 2.15  AFM step height measurement for a 50 x 50 μm image of ITO sputtered 
onto a glass slide and acid etched. 
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resistivity across the V-groove the current flow across both the ITO coated glass and 

epoxy surfaces was measured. 

2.4.4 Methylene Blue 

Methylene blue (MB, Sigma) solutions in 0.1 M KNO3 (Sigma) were prepared at 

concentrations of 15, 50, 80, and 100 μM.  The experimentally determined solution molar 

absorptivity of the monomer peak confirmed the literature value 2.2 × 104 M-1cm-1 

(Figure 2.16).115  The solution spectra of MB in Figure 2.16 show the absorbance peak 

for both the monomer (665 nm) and the aggregate (610 nm).   

 

For spectroelectrochemical measurements, the EA-FOC was first cycled in 

electrolyte solution 10 times over the potential region of interest to suppress both 

electrochemical and optical hysteresis of the ITO film.89  The MB solutions were 

incubated in the sample well for 10 minutes.  Potential was scanned from 0.1 V to -0.4 V 

and back at a rate of 10 mV/sec.  Spectra were taken every 40 mV and the absorbance 

was calculated using reference spectra taken for the electrolyte solution at the same 

Figure 2.16  Solution spectra of MB with 5, 10, 15, and 50 μM concentrations. 
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potential.  The sample well was then flushed with about 10 cell volumes of electrolyte 

solution before introduction of the next MB solution. 

2.4.5 Poly(3,4-ethylenedioxythiophene) 

Before polymerization, the EA-FOC was cycled in electrolyte solution 10 times 

over the potential region of interest to suppress both electrochemical and optical 

hysteresis of the ITO film.89 Electrochemical polymerization of poly(3,4-

ethylenedioxythiophene) (PEDOT) film onto the surface of the cleaned EA-FOC was 

carried out by stepping the potential of the EA-FOC to 1.1V in a 10 mM 2,3-

Dihydrothienol[3,4-b]-1,4-dioxin (EDOT, Aldrich), 0.1 M LiClO4 (Aldrich), and 10% 

methanol aqueous solution.116  We estimate the PEDOT film to be ca. 0.3% of a 

monolayer assuming a ε = 3.6 cm2/nmol116 and an area of 10 Å2 per EDOT.117  

Spectroelectrochemical measurements were collected by scanning the potential from 0.5 

V to -0.8 V and back at 10 mV/sec taking spectra every 40 mV.  Again, absorbance was 

calculated using reference spectra taken for the electrolyte solution at the same potential. 

2.4.6 EA-FOC Instrument Layout and  Electrical Contacts 

The EA-FOC was cleaned before all measurements by scrubbing with a 10% 

Triton-X solution and a microfiber cloth, rinsing with Millipore water, rinsing with 

ethanol, and blown dry with N2.  Figure 2.17 is a schematic of the EA-FOC instrumental 

set-up.  A home built fiber coupled source served as the light source for all experiments.  

The light from a Xe-arc lamp (Oriel) was reduced with an iris and was focused onto a 

fiber holder using a lens (focal length = 50.2 mm; configuration 1:1).  Therefore, the EA-

FOC could simply be plugged into the broadband source for spectroscopic measurements.  
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The other end of the EA-FOC was fiber coupled into a spectrometer (SI Photonics 430) 

using a fiber collimating lens (Thorlabs, focal length = 11 mm) and lens (focal length = 

50.2 mm; configuration 1:1) focusing into a collection fiber (SI Photonics, 400 μm core 

fiber); appropriate neutral density filters were placed between these two lenses and 

perpendicular to the beam of light (Figure 2.17).  However, it is entirely feasible to 

replace the simple laboratory optical set-up employed for these measurements with a 

commercially available fiber coupled integrated source and detector once optimized for 

the EA-FOC platform.  Spectra were taken at the low resolution setting of the 

spectrometer (average exposure time of 0.7 sec).  The timed acquisition of the 

spectrometer were synchronized with the potential sweep such that the spectra represent 

the average absorbance over 7 mV and taken in 40 mV increments. 

Spectroelectrochemical measurements were made in a sample well surrounding 

the exposed fiber core.  Electrochemical contact with the EA-FOC was made using silver 

epoxy (SPI) painted around the edge of the V-groove; two platinum wires (Sigma) were 

attached bordering both ends of the exposed core.  Kapton (3M) tape was used to mask 

the evanescent sensing region of the EA-FOC and the whole structure was backfilled 

with Stylguard 183 (Dow) polydimethsiloxane (PDMS), which cured at room 

temperature for two days.  The PDMS gasket created the sample well, which isolated the 

electrolyte solution from the silver contacts on the surface of the FOC.  The Ag/AgCl 

(BAS) reference electrode was wrapped with platinum wire to use as the counter 

electrode and brought in contact with the electrolyte solution bubble on top of the EA-

FOC to complete the electrochemical cell.  A potentiostat (CHI Instruments 660)
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collected electrochemical measurements and maintained potential control of the EA-FOC 

(Figure 2.17). 

2.5 FOC and EA-FOC Flow Cell Design 

2.5.1 PDMS Gasket Mold 

The polydimethsiloxane (PDMS) gasket was used to create a water tight seal 

between the FOC and the flow cell, protect the pigtail fibers from breaking, and create 

the sample well for the EA-FOC.  The PDMS polymer (Stylguard 183 Dow) was cured 

for two days at room temperature using the custom made gasket mold (Figure 2.18) to 

create the PDMS form around the FOC.  The gasket mold consisted of a Teflon trough to 

hold the FOC.  Two Teflon end pieces flanked the trough and had a small hole in which 

to thread the pigtail fibers.  The Teflon structure was put into and aluminum base and 

razor blades were used to shim the ends together to ensure a tight fit (Figure 2.18).  The 

uncured PDMS was used to backfill the FOC to a level even with the top of the V-groove 

and left to cure. 

Once the PDMS has cured, remove the Teflon mold from the aluminum base.  

First, release each of the Teflon ends being careful not to break the fiber pigtails using 

razor blades to cut through the PDMS that has leaked.  Next, use razor blades to start 

releasing the glass slide bottom of the FOC from Teflon trough on both ends and cut 

around the edges of the trough.  Squeeze the bottom of the Teflon trough, and the FOC 

should pop out of the mold.  Cut away excess PDMS from the edges of the glass slide. 
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Figure 2.18  PDMS Gasket Mold consisting of a a) Teflon trough and Teflon end 
pieces, and b) an aluminum base. c) FOC mounted into the mold. 
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Figure 2.19  Image of the FOC compression flow cell consisting of two aluminum 
pieces compressing a Teflon flow cell, PDMS gasket, and FOC together using 4-8 
screws. 
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2.5.2  Absorbance and Fluorescence Cell 

The flow cell used for FOC absorbance and fluorescence measurements is a 

compression cell constructed from 2 aluminum plates.  The aluminum plates have a glass 

slide shaped recess in one side where the FOC and the Teflon flow cell rest.  The two 

aluminum sides are then compressed together with a cut PDMS gasket in between 

(Figure 2.19).  A total of eight screws can be used to seal the flow cell together; however, 

tightening the only the four center screws seals the cell without putting pressure on the 

fiber pigtails protruding from the cell.  When putting the cell together, care must be taken 

to line up the gasket opening with the side polished fiber, flow cell input, and output 

openings.  To aid in this alignment the aluminum backing has a rectangular hole so that 

the FOC can been seen during assembly.  To minimize air bubbles in the cell, fill the 

gasket opening aligned over the FOC with water or buffer prior to putting the cell 

together.  Finally, check for leaks and air bubbles within the cell after filling with 

solution of interest. 

2.6 ATR Spectroscopy 

2.6.1 PANI/PAA pH Sensitive Polymer Film 

The conducting polymer pH sensitive film was created using a layer-by-layer self-

assembly technique of two or three different polymers.  All chemicals were used as 

received without further purification.  The polymer dipping solutions were: a 1% 

Poly(diallyldimethyl ammonium chloride)  (P+, 20% wt in water, Aldrich) in DI water, 

15 mg/mL Poly(acrylic acid) (PAA, Aldrich), and 10 mM aqueous Polyaniline (PANI, 

Aldrich) (Figure 2.20).  In order to dissolve the PANI into an aqueous solution, 0.1 M of 
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PANI is first dissolved into N,N-Dimethylacetamide (Aldrich) by stirring over night and 

ultra sonnication for eight hours.  A pH 3.5 methansulfonic acid (MeSA, Aldrich) 

aqueous solution is made by slowly adding drops of a 1 M MeSA aqueous solution to DI 

water and monitoring the pH.  A 1:10 dilution of the PANI N,N-Dimethylacetamide 

solution into the pH 3.5 MeSA solution produces the 10 mM PANI(aq) dipping solution.  

The volume of PANI N,N-Dimethylacetamide solution is added drop wise to the pH 3.5 

MeSA solution while stirring.  The pH of the final PANI aqueous solution must fall 

between pH 2.6 and 2.8 to keep the PANI from precipitating, and the solution was used 

within two days of preparation.118, 119 

*
*

OHO

n
 N

+

* *

CH3CH3

Cl

n
 

N
H* N

H
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a) b)

c)

 

Figure 2.20  Polymer Structures: a) Poly(diallyldimethyl ammonium chloride) (P+), b)  
Poly(acrylic acid)  (PAA), and c) Polyaniline emeraldine base (PANI). 
 

ITO coated glass (Colorado Concepts) was used as the ATR substrate for all 

PANI(aq)/PAA measurements.  The ITO coated glass sheets were cut down to 1 × 3 inch 

pieces to fit into the ATR flow cell.  The ITO slides were cleaned first by scrubbing with 

a microfiber cloth and 10% Triton X (Aldrich).  Then, the ITO slides were sonnicated for 

15 minutes each in 10% Triton X, DI water, and ethanol.  Finally, the ITO slides were 

blown dry with nitrogen and oxygen plasma etched for 15 minutes on medium power 
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(Harrick Model PCD-32G).  Polymer films were deposited onto the ITO inside and 

outside of the ATR flow cell using a layer-by-layer method.101  Modified samples were 

incubated in the P+ solution first for 15 minutes and rinsed with water.  Next, the PAA 

solution was incubated in the cell for 15 minutes and rinsed with water.  Then, the 

PANI(aq) solution was incubated in the ATR cell for 15 minutes and rinsed with pH 2.6 

MeSA.  The PAA and PANI(aq) steps are then repeated to build up the film with 

termination of the process always after PAA deposition.  The unmodified ATR samples 

consist of an ITO substrate incubated with the PANI(aq) solution first then alternating 

with PAA deposition to build up the polymer film.25, 120 

2.6.2 Modification of Glass Coverslips 

The glass coverslips (VWR 48393) were first cleaned by scrubbing with a 

microfiber cloth and 10% Triton-X (Aldrich) solution.  Next, they were sonnicated for 15 

minutes each in 10% Triton-X solution, DI water, and ethanol.  The coverslips were dried 

with nitrogen and plasma cleaned for 10 minutes at medium power (Harrick Model PCD-

32G).  Finally, the coverslips were activated by soaking in piranha (3:1 H2SO4:H2O2, 

EMD) for 5 minutes, rinsed with DI water, and carefully dried with nitrogen. 

The coverslips were modified by soaking in a 1% (3-mercaptopropyl)-

trimethoxysilane (Aldrich, Figure 2.21) in dry Toluene (Aldrich) for 30 minutes.  The 

coverslips were sonnicated in dry Toluene for 5 minutes to release any aggregated 

modifier.  Next, the coverslips were rinsed with methanol, toluene, and dried with 

nitrogen.  Finally, the modified coverslips were baked at ~ 120 °C for one hour.121 
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Figure 2.21  Structure of (3-mercaptopropyl)-trimethoxysilane. 

2.6.3 Pyridine Capped Cadmium-Selenide Nanoparticle Synthesis 

Pyridine capped CdSe SC-NP were adsorbed to a modified ATR substrate from 

10:1 dry methanol: pyridine solutions.  These SC-NPs were synthesized using a modified 

procedure from Qu and Peng.107, 122, 123  A selenium injection solution was prepared in a 

glove box under nitrogen. The solution was prepared by mixing selenium (Aldrich, 

99.5%, ~100 mesh, 0.510 g, 6.46 mmol) and tributylphosphine (TBP, Aldrich, 97%, 6.25 

mL) in a scintillation vial. After ~ 30 minutes, the suspended selenium became soluble to 

afford a light yellow solution. The vial was capped with a rubber septum prior to 

removing from the glove box. Cadmium oxide (CdO, Aldrich, 99.5%, ~1 μm, 0.0983 g, 

0.766 mmol) and stearic acid (SA, Aldrich, 0.8974 g, 3.15 mmol) were loaded into a 50 

mL flask with stir bar. The flask was fitted with a thermocouple and heated to 150 °C in 

air.  After ~ 30 minutes, the reddish-brown slurry became optically clear indicating 

formation of cadmium stearate. The solution was removed from heat and allowed to cool 

to RT, where the contents solidified. The reaction vessel was then loaded with 

hexadecylamine (HDA, Aldrich, 90%,  9.73 g, 40.3 mmol) and trioctylphosphine oxide 

(TOPO, Aldrich, 9.83 g, 25.4 mmol). The flask was fitted with a condenser and 

thermocouple and heated to 320 °C with stirring under Ar atmosphere. At this 

temperature, the selenium solution was swiftly injected into the reaction flask. Upon 

injection, the solution temperature dropped to 280 °C. The solution was maintained at 
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280 °C for 3 minutes and was then removed from the heating mantle and allowed to cool 

to ~ 70 °C, where CHCl3 (ACS grade-EMD, 50 mL) was added. The solution was then 

placed in the refrigerator overnight. A whitish/red solid formed on the top of the 

nanoparticle solution and was discarded. The nanoparticles were precipitated (cleaned) 

three times with acetone from CHCl3 solution to remove excess ligand. The clean 

particles (50 mg total yield) are readily soluble in hexanes, CHCl3 and toluene, but not 

methanol or THF. UV-Vis spectroscopy of the HDA-capped CdSe NPs in CHCl3 was 

used to determine the particle diameter (3.8 nm).124 This value was confirmed by TEM 

analysis. The native HDA ligands were removed by first dissolving the clean/dry 

nanocrystals (50 mg) in pyridine (EMD DriSolv, 10 mL) by ultrasonnication at 50 °C for 

3 hours. The nanocrystals in pyridine were then precipitated with excess hexanes (ACS 

grade-EMD). This exchange process was repeated two more times to afford clean 

pyridine-capped CdSe nanocrystals, which are readily soluble in methanol and CHCl3, 

but not in hexanes, toluene or THF. 

2.6.4 Nanoparticle Capture 

Nanoparticle capture experiments were conducted using CdSe nanoparticles 

synthesized as described in Chapter 2.6.3 with pyridine termination ligands.  From the 

solution absorbance spectrum of the nanoparticles, the diameter (3.79 nm) and molar 

absorptivity were calculated (ε579 = 2.0 × 105 M-1cm-1).124  ATR blanks were taken with a 

10:1 dry methanol: pyridine solution over a modified coverslip.  Next, the nanoparticle 

solution was introduced to the ATR flow cell, and the timed acquisition absorbance 

measurements were started.  Generally, spectra were taken every minute for 30 minutes.  
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For each concentration (6.7, 0.7, 0.3 μM), three different samples were tested and 

averaged.  

2.6.5 ATR Instrument Layout 

ATR measurements were made on a home-built instrument adapted from that 

previously reported by Doherty et al.87  Instead of a Xe-arc lamp, the source used was a 

20 W tungsten-halogen lamp similar to that described above for coupling into the FOC. 

The detector used here was a commercially available fiber coupled spectrometer (SI 

Photonics 430) (Figures 2.22 and 2.23).  Absorbance measurements of P+/Ni(TSPc) thin-

films were made on a glass slide (thickness of 1mm), fused silica prisms, and using TM 

polarized light; measured an interaction length of 44 mm (~ 11 reflections), and an angle 

(between the propagating beam and the waveguide normal-θwg) of 64°  inside the glass 

substrate.  Absorbance measurements for the nanoparticle capture experiments were 

collected using modified coverslips (thickness of 0.150 mm), SF6 prisms, TM polarized 

light, an interaction length of 43 mm (~ 50 reflections), and at a waveguiding angle of ~ 

70°.   

Spectroelectrochemical absorbance measurements of PANI(aq)/PAA films were 

collected using TM polarized light, an interaction length of 31 mm (~ 10 reflections), and 

at a waveguiding angle of ~ 65°.  For the electrochemical cell, the ITO substrate with 

brass contacts was the working electrode.  The counter electrode was a platinum wire 

running the length of the Teflon cell, and a home built Ag/AgCl electrode was used as the 

reference (Figure 2.23).  Potential control is maintained using a Cypress Systems (Model 

CS-1090) potentiostat.  Spectroelectrochemical measurements were recorded every
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50 mV during a 5 mV/sec potential scan from -400 mV to 800 mV and back to -400 mV.  

The spectra were collected using the normal precision setting of the detector (1.2 second 

integration time); thus, each spectra corresponds to the average absorbance over a 6 mV 

range. 

2.7 AFM  

All AFM images were taken on a Nanoscope III instrument (Digital Instruments).  

Images were recording in tapping mode in air using silicon ultrasharp cantilevers 

MikroMasch, NSC15/AIBS).  Roughness and step height calculations were conducted 

using Nanoscope 5.12r5 software. 
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CHAPTER 3: DEVELOPMENT AND CHARACTERIZATION OF THE FIBER 

OPTIC CHIP 

 

 

3.1 Introduction 

New miniature, multifunctional, and sensitive sensor architectures require a 

robust, sensitive, and easy to use detection platform.  Highly sensitive technologies such 

as an IOW requires precision optics, tight mechanical tolerances, advanced micro-optics 

fabrication technologies (e.g. integrated diffraction gratings), and time-consuming 

alignment of opto-mechanical components.10, 17, 21  ATR instrumentation, which is 

moderately sensitive, still requires alignment of prisms and free space optics for the in- 

and out-coupling of light. 87  The commercial availability of fiber coupled sources and 

detectors have lead several researchers to utilize cylindrical fiber ATR elements for 

spectroscopic detection; however, these spectrometers are not able to support planar thin-

films or easily utilize planar deposition technologies (Chapter 1).  The Fiber Optic Chip 

(FOC) presented here is a side-polished fiber device which uses the evanescent region of 

the exposed core as the sensing area and easily fiber coupled into sources and detectors 

(Figure 3.1).  The FOC provides a planar device platform that combines the increased 

sensitivity of an ATR instrument and ease of use of fiber coupled sources and detectors 

into a convenient, stable, and planar device for probing thin-film properties. 
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Figure 3.1  Schematic of the FOC used as an absorbance spectrometer for probing 
either thin-films or bulk solutions. 
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Side-polished fiber technology has commonly been used in the optical 

telecommunication industry for the manipulation of light as wavelength filters, 

directional couplers, polarizers, and refractometers.100  Comb filters and short-wavelength 

pass filters operate by picking off a particular wavelength of light where the effective 

refractive index of an overlay waveguide matches that of the fiber in which light is 

propagating.125, 126  Narrow band filters use an intracore Bragg grating between two side-

polished fibers to select the transmission of the wavelength of interest.127  Bringing two 

side-polished fibers close enough together so that the light in the evanescent wave is 

guided by both fibers creates a tunable optical coupler, where the percentage of light 

carried through each arm of the coupler is dependent upon the distance between the two 

side-polished fibers.128  Likewise, an all fiber polarizer can be constructed using a side-

polished single mode fiber with an overlay of a birefringent material.129, 130  

Refractometers function similarly to optical filters and have been created using a direct 

liquid-to-fiber geometry,131 sol-gel derived porous glass coatings,48 Langmuir Blodgett 

overlays,132 polymer films, and metal films.133 

Sensors based on refractive index changes in the overlay material of a side-

polished fiber include detection of contaminated coconut oil,134 water,135 temperature,136, 

137 and relative-humidity.138  A side-polished fiber with a metallic film overlay can 

function as an in-line surface plasmon resonance (SPR) instrument that measures local 

refractive-index changes and has the advantage of simplified coupling optics.133  Such an 

approach has been used for the measurement of salinity139 and a biosensor that tests for 

staphylococcal enterotoxin B.140  However, these previous side-polished fiber 
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technologies are limited to monitoring only refractive index changes; it would be 

beneficial to utilize the side-polished fiber technology to yield more specific analytical 

information about the molecule of interest through broadband spectroscopic analysis. 

There have been few side-polished fiber sensors created that utilize molecular 

absorbance of the evanescent wave.  Gupta and Sharma constructed a pH dependent dye 

doped sol-gel overlay waveguide which was shown to detect the pH of the superstrate 

solution from 2 to 13 pH units.141  Additionally, a side-polished fiber biosensor has been 

reported using a colorimetric enzyme assay system to monitor the solution Penicillin G 

concentration with a detection range of 0-0.4 mM.142  These sensor architectures have 

been limited to single wavelength detection which is insufficient for many applications 

requiring broadband spectroscopic information; furthermore, they do not provide a 

systematic characterization of the device construction or a comparison with current 

analogous technology. 

In this chapter the FOC device is characterized using absorbance spectroscopy 

with a broad visible wavelength range of detection.143  The optical performance of the 

device is studied with both thin-film and bulk absorbing samples (Figure 3.1) and 

performance parameters are compared to conventional ATR spectroscopic platforms.87  

Next, methods for increasing sensitivity of the FOC are investigated and validated.   

3.2 Physical Characterization of the FOC 

The sensitivity of an FOC device is intrinsically dependent upon the specific 

geometry of the side-polished fiber.  The fundamental limit of the elliptical flattened area 

is determined by the structure of the V-groove mount, evenly mounting the fiber in 
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epoxy, and the efficiency of exposure through the polishing process of the core region of 

the fiber.  The length of the elliptical exposed core region is limited by the amount of V-

groove removed to ensure that the sloping edge on both ends of the support are low 

enough that the jacketed fiber will not protrude above the active area of the device, and 

the depth and angle of the groove itself.  Therefore, there is an optimal polishing depth 

that defines the elliptical length and depends on each specific V-groove.  The epoxy 

mounting step in the FOC fabrication is essential to ensure that the fiber is evenly 

mounted in the V-groove so that polishing the device provides a uniform planar 

waveguide area.  To characterize each device, and determine the possible evanescent 

wave interaction length, images were taken using a microscope and a calibrated camera 

down the entire length of the exposed ellipse.   Chapter 2.1.2 illustrates this process for 

the FOC device used to collect the spectra in Figure 2.5, with an interaction length of 

17.2 ± 0.3 mm. The exposed evanescent field has an estimated interaction area of 0.05 

cm2.  Further characterization of each device was carried out using AFM to determine the 

surface characteristics, where the polished chip used to collect the spectra in Figure 3b 

has an rms surface roughness of 1.4 ± 0.2 nm (Figure 3.2). 

 
Figure 3.2  AFM of polished surface of an FOC with roughness of 1.4 ± 0.2 nm. 
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3.3 Theory for the Calculation of Sensitivity 

3.3.1 Thin-Film Probe 

We first evaluated the sensitivity enhancement of the FOC device and compared it 

to previously existing technologies.  The sensitivity factor (S) of a device, defined in 

Equation 3.1, is a scaling factor of the device absorbance (AFOC) with respect to the 

conventional absorbance measured in direct transmission and used to quantify the 

sensitivity enhancement of the FOC and ATR platforms. 
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where r is the number of geometrical reflections inside the ATR, no is the refractive index 

of the ATR substrate (1.51), ns is the refractive index of the water superstrate (1.33), nl is 

the refractive index of the Ni(TSPc) layer (which is assumed to be 1.7),144 θo is the 
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waveguide angle inside the ATR substrate (64°) , and TME is the relative electric field 

(normalized for unit amplitude of the incident wave) for TM polarized light in a thin-film 

when the incident field has an amplitude of unity, as defined in Equation 3.3.  ATR 

absorbance measurements were made for 3 different bilayers adsorbed to the ATR 

platform, providing an average of  Γ = 3.01 × 10-10 mole/cm2 according to Equation 3.2 

(Chapter 3.4.1.1).  By assuming that the surface coverage of the Ni(TSPc) film on the 

FOC device is the same as on the ATR substrate, we then calculated the sensitivity factor 

in the FOC by using Equation 3.1 and the absorbance values measured for Ni(TSPc) 

films with a FOC device (Chapter 3.4.1). 

3.3.2 Bulk Solution Probe 

In addition to the previous approach of using a thin-film sample adsorbed to the 

FOC surface for determining the sensitivity factor, we employed another method that 

consists of using the FOC device to measure the absorbance of a bulk absorbing sample, 

where no film is formed over the FOC surface and the absorbance is due to solution-

dissolved chromophores.  As shown in Mendes and Saavedra 145 (Equations 11-14), the 

sensitivity factor of a hypothetical thin-film can be determined by measuring solution 

absorbance of a non-specifically adsorbed dye, such as blue dextran, using Equation 3.4: 
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where N is the effective refractive index of the FOC fiber optic (here we use N = 1.46 as 

there is only a very small difference in refractive index between the fiber core and 

cladding), nc is the refractive index of the water solution (1.33), and λ is wavelength. 
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The absorbance for a series of blue dextran solutions (assumed to not specifically 

adsorb to the surface) were measured using the FOC.  The slope of the linear plot of the 

FOC absorbance vs. bulk concentration (Chapter 3.4.2) was then related to S and 

compared to the sensitivity measured with the thin-film experiment.  S calculated using 

either thin-film or bulk absorbance methods should be consistent for a particular FOC 

device and provide a means for comparison of AFOC to absorbance measurements in a 

conventional transmission experiment. 

3.4 Comparison of FOC and ATR Platforms 

3.4.1 Thin-Film Absorbance Measurements 

P+/Ni(TSPc) films were chosen to determine the sensitivity factor of the FOC 

devices for several reasons.  The P+ modification layer was used because of its 

permanent positive charge, transparency, and ease of addition as a base layer to self-

assembled poly-ion films.120  The positively charged polymer adsorbs to the surface 

through electrostatic interactions, and provides ion exchangeable groups for the Ni(TSPc) 

molecules.102, 103, 120 Ni(TSPc) was chosen due to its ability to form stable, uniform, and 

highly absorbing films102 with a solution molar absorptivity of 45,550 M-1 cm-1 at 610 

nm, as confirmed from conventional ATR studies of these same films (Chapter 2.2.2.1). 

3.4.1.1 ATR 

ATR measurements were made on a home built instrument adapted from that 

previous reported by Doherty et al.87 and described in Chapter 2.6.5.  A P+ and Ni(TSPc) 

(Chapter 2.2.2) polyelectrolyte layer was deposited on an ATR element using a flow cell.  

ATR spectrum of the film, with a water superstrate, was taken every minute for 60 
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minutes after the film was formed to determine the film stability.  A 0.8% variance was 

observed in the absorbance value at the wavelength max of 610 nm which confirms the 

long term stability of the film used in all the thin-film measurements made. 

ATR absorbance spectra were then used to calculate the Ni(TSPc) surface 

coverage for the P+/Ni(TSPc) polyelectrolyte film.  Three samples were tested and their 

A610nm was used to calculate Γ  with Equation 3.2 and 3.3 (Figure 3.3 and Table 3.1).  The 

average surface coverage was calculated to be 3.01 × 10-11 mole/cm2, which is the value 

used to calculate the sensitivity factor (S) for thin-films probed with FOC devices in this 

Chapter (Equation 3.1). 

3.4.1.2 FOC 

Figure 3.4 shows the normalized absorbance, or absorbance divided by the 

interaction length of the instrument, of a single P+/Ni(TSPc) bilayer on both the FOC and 

ATR platforms, with interaction lengths of 17.2 ± 0.3 mm and 44 mm respectively.  The 

Q-band spectrum of the adsorbed Pc is blue-shifted relative to the absorbance seen for the 

non-aggregated monomer in solution.146  Some absorbance is seen for both platforms 

near 680 nm, the λmax for the monomeric species, and the relative concentration of this 

form is different for the two platforms.  This suggests that there are slight differences in 

aggregation of Ni(TSPc) on the two platforms which is most likely due to differences in 

surface composition of the substrate.  The FOC platform has a more heterogeneous 

surface with the juxtaposition of bare silica fiber with the epoxy that holds it in place, 

while the ATR platform uses a more homogenous silica platform.  The calculated 
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Table 3.1  Values used to calculate the surface coverage of Ni(TSPc) using ATR data 
and Equations 3.2 and 3.3.  The average surface coverage is calculated to be 3.01 × 10-

11 mole/cm2. 
 A610nm θwg r 2

TME  Γ  (mole/cm2) 
Sample 1 0.610 64.82 10.3 1.66 2.96 × 10-11 
Sample 2 0.639 64.19 10.6 1.72 2.97 × 10-11 

Sample 3 0.650 64.06 10.6 1.690 3.10 × 10-11 

Figure 3.3  ATR absorbance spectra for a P+/Ni(TSPc) polyelectrolyte film for three 
different samples.  Absorbance max values at 610 nm were used in Table 3.1 for the 
calculation of Ni(TSPc) surface coverage values. 
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sensitivity factor (S) for the FOC is 19.5 ± 0.6 and 47 ± 1.4 for the ATR experiment. The 

FOC, however, yields a similar sensitivity enhancement versus that of the ATR 

measurement, illustrated by the overlapping peaks at the wavelength max in Figure 3a 

when the spectra are normalized to correct for the difference in the physical interaction 

length.  While the current generation of FOC technology discussed here has a sensitivity 

enhancement similar to the ATR system, its ease of use remains the major advantage over 

the use of prism-coupled ATR platforms.  The FOC will “plug” into fiber coupled 

sources and detectors eliminating the time consuming and tedious process of aligning in- 

and out-coupling optics for an ATR or waveguide. 

 

Figure 3.4  Spectra are of a self-assembled polyion film of P+ and Ni(TSPc) on the 
ATR and FOC platforms. The spectra are normalized by their interaction length (L) of 
44 mm (for the ATR spectrum) and 17.2 mm (for the FOC spectrum). 
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3.4.2 Bulk Solution Absorbance Measurements 

Blue dextran was used for bulk absorbance measurements because it is nonionic, 

thus is assumed not to specifically adsorb to the surface of the FOC.  Figure 3.5a contains 

the results of a set of experiments where the absorbance of different concentrations of 

blue dextran solutions (10, 12.5, 15, 20 and 25 μM) was measured using the FOC.  A 

narrow range of solution concentrations was tested in these experiments because of the 

limitations imposed by the signal to noise ratio and the maximum obtainable solution 

concentration.  The plot of FOC absorbance versus bulk concentration in Figure 3.5a is 

linear, confirming that blue dextran is not significantly adsorbing to the surface.  From 

the slope of the line (or the calculated solution pathlength of 4.68 ± 0.01 μm), the 

sensitivity factor was determined to be 56 ± 1 whereas the sensitivity factor calculated 

from the thin-film measurements for the same FOC was 19.5 ± 0.6, a multiple of 2.9 

times lower.   

The sensitivity factor obtained using the bulk measurements more accurately 

represents the actual device performance than the thin-film measurement.  This 

discrepancy can be partially due to the assumption that the surface coverage of the 

P+/Ni(TSPc) thin-film on the FOC surface is the same as that on the ATR glass surface.  

As previously shown, the Ni(TSPc) molecules have an increased Ni(TSPc) monomeric 

concentration on the FOC over that of the ATR (Figure 3.4), which suggests differences 

in the microstructure of the films formed on the two testing platforms. 
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Figure 3.5 a) A calibration plot was made using the FOC detected absorbance at 633 
nm of different bulk concentrations of blue dextran (10, 12.5, 15, 20, and 25 μM) in 
water.  The linear regression gives a slope of 0.00084 ± 0.00002 μM-1 with a defined 
intercept of 0 to calculate the pathlength of 4.68 ± 0.01 μm where S is calculated to be 
56 ± 1.  b) Planar waveguide thin-film modeling calculation (Appendix B) of the 
sensitivity factor with respect to effective index for a waveguide with a thickness = 40 
μm, NA = 0.22, and probing length of 17.2 mm (average S = 49). 
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3.4.3 Planar Waveguide Modeling of FOC Platform 

To further validate the experimentally calculated sensitivity factor, modeling 

calculations were carried out.  Figure 3.5b shows a plot of the theoretically calculated 

sensitivity factor versus effective refractive index that varies linearly between 0 and 101 

for different values of the effective index, where the effective index is an expression of 

the modes supported by the waveguide.  This plot is an expansion of planar, step-index 

waveguide modeling work previously reported (Appendix B),145, 147 where the modeling 

parameters were: 40 μm waveguide thickness, 17.2 mm interaction length, nwg of 1.46, ns 

of 1.433 (a NA of 0.22), nc of 1.33, and Γ of 11.2 pmol/cm2 for a film with molar 

absorptivity of 11,200 M-1cm-1 at 520 nm.  When all fiber modes are equally excited, we 

should take the average of their individual responses for both TM and TE polarized light 

giving S = 49, which agrees well with the experimentally calculated sensitivity factor 

from bulk measurements of 56. 

3.4.4 Enhancing FOC Thin-Film Response 

Further refinements in the FOC platform promise to substantially increase its 

sensitivity.  Two methods have been developed thus far that double the sensitivity of 

FOC devices; a) additional mechanical polishing masking the out-coupled light to 

eliminate the light from the lower order (and less sensitive) modes of the fiber.   

3.4.4.1    Polishing Optimization 

Additional mechanical polishing of the FOC was accomplished using a 5% w/w 

0.5 μm cerium oxide slurry solution for different time periods which serves to remove 

contaminates from the fiber surface, and to smooth the surface, only slightly increasing 
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the exposed elliptical area (Chapter 2.1.2).  The initial surface roughness after lapping 

with a 1 μm Al2O3 slurry was 6 ± 1 nm and was improved via the cerium oxide polishing 

method to 1.4 ± 0.2 nm (Figure 3.6).  The additional polishing process on this FOC 

device resulted in increasing the sensitivity factor from an initial value of 6.2 ± 0.2, for 

the freshly-lapped surface, to S = 19.5 ± 0.5 for cerium oxide polishing of the FOC for 

two minutes (Figure 3.7a).  This three-fold improvement is likely due to a cleaner and 

smoother FOC interface that allows an enhanced analyte surface coverage and reduces 

light scattering of higher order modes, which have stronger interaction with adsorbed 

films (as experimentally shown in the next section). 

 

3.4.4.2 Masking the Fundamental Modes 

The lower order modes of a fiber (those with optical rays propagating at a small 

angle from the fiber axis and described by a greater effective refractive index, N) do not 

provide a strong interaction with the molecules adsorbed on the active surface of the 

FOC.  Removing these lower order modes from the optical beam prevents collecting 

average absorbance measurements which are unduly weighted toward the less sensitive

Figure 3.6 AFM of FOC surface a) after lapping with 1 μm aluminum oxide slurry 
with a rms 6.1 ± 1 nm and b) after polishing for 2 minutes with a 0.5 μm cerium oxide 
solution with a rms 1.4 ± 0.2 nm. 
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Figure 3.7 Spectra are of a self-assembled polyion film of P+ and Ni(TSPc). a) 
Increasing sensitivity of the FOC device for thin-film absorbance by adding a 
mechanical polishing step to the lapping process.  FOC after lapping with 1 μm 
aluminum oxide where S = 6.2 ± 0.2 (blue line), FOC after polishing with 0.5 μm 
cerium oxide for 1 minute where S = 13.0 ± 0.4 (green line), and FOC after 2 minute 
of polishing where S = 19.5 ± 0.5 (red line).  b) Measured absorbance for the same 
sample film using different annular mask sizes (thus, different internal angles and 
effective index of the light propagating within the FOC device) and no mask (black 
line) where all of the modes of the FOC are equally illuminated.  The results shown 
for the different masks are labeled by effective index (N); 1.4577 ± 0.0005 (blue line), 
1.4553 ± 0.0007 (green line), and 1.4521 ± 0.0009 (red line).   Absorbance is shown to 
increase as effective refractive index decreases.   
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traveling waves inside the fiber.24  To select the modes allowed to propagate in the FOC 

an annular mask that only transmits a ring of light of a defined angle was used (Chapter 

2.2.5).45  Figure 3.7b compares the absorbance spectra of the same P+/Ni(TSPc) film 

taken using the FOC with no mask (all modes present)  to 3 different annular masks 

defined by effective refractive index (N = 1.4577 ± 0.0005, 1.4553 ± 0.0007, and 1.4521 

± 0.0009). There is an inverse relationship between the effective refractive index and 

absorbance as shown by the spectra for the different masks in Figure 3.6b.  This same 

trend is confirmed by the modeling calculations for the sensitivity factor across all modes 

(or N) of a slab waveguide, discussed previously (Chapter 3.4.3).  By using a mask with a 

low N (1.4521), therefore working only with the highest order modes that the fiber can 

support, the absorbance is almost double compared to that measured for the same film 

without a mask. 

3.5 Conclusions 

A multi-mode side-polished fiber device has been created for use in absorbance 

spectroscopy.  Absorbance measurements were made on P+/Ni(TSPc) polyion thin-films 

and blue dextran bulk solutions, and the FOC was shown to have a sensitivity factor of 

19.5 from thin-film measurements and 56 from bulk solution measurements.  Modeling 

calculations indicate that the thin-film sensitivity should be 49, which is consistent with 

the bulk solution experiment.  Currently, the FOC yields thin-film absorbance values 

comparable with ATR instrumentation; however, it eliminates the complex coupling 

optics and alignment procedures required to make such measurements.  In addition, 

improving the polishing of the FOC surface and using higher order modes were shown to 
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double the thin-film absorbance measurements.143  Contrary to the unclad fiber approach, 

the FOC with a supported planar interface can facilitate the use of conventional planar 

deposition technologies (e.g. LB-deposited thin-films) and provide a robust planar 

platform that is amenable for integration into various sensor architectures.  Future work 

on further developing the FOC technology will be focused on broadening the wavelength 

range into the UV (Chapter 4), using the FOC as a fluorescence spectrometer (Chapter 5), 

exploring the use of a FOC as a spectroelectrochemical platform (Chapter 6), combining 

multiple FOCs together into a scalable array, and testing chemical and biochemical 

sensor schemes. 
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CHAPTER 4: UV-FOC SPECTROMETER 

 

 

4.1 Introduction 

To increase the multifunctionality of the FOC platform the spectral range was 

expanded to probe wavelengths in the near-ultraviolet (UV) region.  The near-UV (180-

350 nm) region is important for numerous analytes of interest including biomolecules 

containing aromatic groups.148   Many organic compounds only absorb in the UV region 

and have low molar absorptivity (~ 103 M-1cm-1)149; therefore, the enhanced sensitivity of 

IRE spectroscopic platforms is advantageous for probing these thin-films.  For example, 

Mogensen et al. presented fabrication of a UV transparent waveguide used to monitor 

absorption of a β-blocking agent within a microfluidic channel.150  The UV-FOC (Figure 

4.1) provides a unique planar platform with the increased sensitivity of an IRE element 

and ease of use of fiber coupled sources and detectors to probe UV absorption of surface 

confined species. 

 UV fiber optic sensors have been developed using the distal end architecture.  

For example, sensors have been presented for detecting nitrate in river and well water151 

and monitoring ozone concentration 152.  The distal end sensor scheme only allows for 

one reflection which limits the pathlength of the platform.  The cylindrical core fiber 

sensor structure functions as an IRE with evanescent wave absorption; therefore, this 

fiber optic sensor design benefits from the increased sensitivity and pathlength with 

multiple reflections.  Merschman and Tilotta presented a PDMS clad UV-fiber 
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Figure 4.1  Schematic of the UV-FOC as an absorbance platform for probing self-
assembled protein films of cytochrome-c (Adapted from Reference 155) and albumin 
(Adapted from Reference 156). 
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optic sensor for the detection of alkylbenzenes in water samples.  The PDMS cladding 

allowed for pre-concentration of the organic molecules in close proximity to a 600 μm 

cylindrical core UV-fiber, and near-UV absorption spectra were collected for 

concentrations down to ~ 10 ppm.153  Potyrailo et al. used a 100 μm cylindrical core UV-

fiber with and without the PDMS cladding to monitor ozone concentration at 265 nm.154  

A planar unclad platform, the FOC, enables a wide range of applications for fiber optic 

based sensor platforms including molecular thin-films requiring planar deposition 

technologies (i.e. Langmuir-Blodget deposition) and molecules which will not partition 

into the plastic-cladding of a fiber (i.e. proteins and other biomolecules). 

In this chapter, the UV-FOC platform is characterized and applied to measuring 

self-assembled protein films (Figure 4.1).  The optical performance of the UV-FOC is 

determined using a cytochrome c155 sub-monolayer thin-film.  Then the UV-FOC 

platform is applied to measuring bovine serum albumin (BSA)156 adsorption onto a glass 

surface.  BSA is a commonly used material for surface passivation of biosensor 

platforms, and only absorbs light in the near-UV region.  To our knowledge, this is the 

first demonstration of near UV absorbance measurements collected using a side-polished 

fiber geometry. 

Protein adsorption and surface chemistry is important for biotechnology, 

medicinal, food processing, and other biological applications.157   Non-specific 

adsorption of proteins onto biosensor surfaces result in decreased sensor performance 

termed biofouling.  Significant research on protein adsorption to surfaces has focused on 

methods for reducing biofouling.158  For example, surface plasmon resonance (SPR) 
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spectroscopy has been used to survey self-assembled monolayer systems with different 

functionalities to determine protein resistance.159  Another field of protein adsorption 

research focuses on measuring, either directly or through a competitive assay, protein 

adsorption onto colloidal surfaces in order to understand the kinetics, mechanisms, and 

surface packing of protein adsorption using residual concentration absorbance 

measurements and circular dichroism.160-164  Interactions of protein thin-films with 

surfaces have been evaluated to determine adsorption mechanisms and surface packing 

using specular neutron reflection,165 sum frequency generation,166 total internal reflection 

fluorescence spectroscopy,167 X-ray photoelectron spectroscopy, and contact angle 

measurements.168, 169  The increased sensitivity and wavelength range of the UV-FOC 

provides a complimentary analytical platform for directly measuring the absorbance of 

unlabeled protein adsorption and surface coverage on a planar substrate. 

4.2 Characterization of the UV-FOC 

4.2.1 Construction and Physical Characterization 

The manufacturing of the UV-FOC is described in Chapter 2.1, and the UV-FOC 

is constructed using a UV fiber from Fiberguide.  To characterize the device, and 

determine the possible evanescent wave interaction length, images were taken using a 

microscope and a calibrated camera down the entire length of the exposed ellipse 

(Chapter 2.1.2).  Figure 4.2a was used to determine the elliptical interaction length of the 

UV-FOC to be 24.2 ± 0.3 mm.  The exposed evanescent field has an estimated interaction 

area of 0.012 cm2.  Further characterization of the device was carried out using AFM 

(Figure 4.2b), which measured a rms surface roughness for the UV-FOC of 0.87 ± 0.06 
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nm.  Producing a smooth UV-FOC was essential to minimize loss due to scattering of UV 

light.  The average loss of the UV-FOC was measured to be 0.27 ± 0.06 dB from 240 nm 

to 370 nm (Chapter 2.2.1).  

 

4.2.2 Measurement of Thin-Film Sensitivity 

A self-assembled cytochrome c thin-film was used to determine the sensitivity 

factor for the UV-FOC.  Cytochrome c in its oxidized state is known to adsorb to a glass 

surface with a surface coverage of 11.2 ± 0.4 pmole/cm2 under the conditions described 

in Chapter 2.2.6.93  The spectra of the oxidized and subsequently chemically reduced self-

assembled cytochrome c film were measured in solution and using the UV-FOC (Figure 

4.3).   The reduced cytochrome c spectra are truncated at 350 nm due to the absorbance 

of the sodium dithionate reducing agent.  The average sensitivity factor for the UV-FOC 

is calculated using the absorbance of the cytochrome c Soret band maximum in the 

oxidized and reduced forms as described in Chapter 3.3.1 (Equation 4.1)

Figure 4.2 Characterization of the UV-FOC. a)  Polishing depth (A) of fiber removed 
as monitored by a microscope and calibrated camera (Chapter 2.1.2) b) AFM of UV-
FOC with a measured rms surface roughness of 0.87 ± 0.06 nm. 
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Figure 4.3  Absorbance spectra for oxidized and a chemically reduced film of 
cytochrme-c a) normalized spectra collected in solution and b) a self-assembled film 
on the UV-FOC platform. 
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proteinFOCUV SA Γ=− ε     (4.1) 

for three films assuming the same surface coverage reported for adsorption onto glass.  

The molar absorptivity for the oxidized form of cytochrome c is 1.061 × 105 M-1cm-1 at 

410 nm and 1.281 × 105 M-1cm-1 at 415 nm in the reduced form.104  The calculated 

sensitivity for the oxidized cytochrome c film was 62 ± 3; however, for the reduced film 

S = 52 ± 2 (Table 4.1).  The lower sensitivity value calculated for the reduced film is 

likely a result of protein desorption from the surface due to the chemical reduction of the 

film.93  It should be noted that the sensitivity factor varies according to peak shape and 

molar absorptivity due to the noise and limit of detection for the experiment (~ 0.003 

absorbance units).  The broad peaks at 280 nm and 528 nm for the oxidized cytochrome c 

film, and 520 nm and 551 nm for the reduced cytochrome c film have a significantly 

lower calculated sensitivity factor (Table 4.1).  The peak at 280 nm for oxidized 

cytochrome c is difficult to resolve and close to the limit of detection of the instrumental 

set-up; therefore, another protein film, BSA, with an increased molar absorptivity in the 

near-UV region was evaluated with the UV-FOC platform in the next section. 

Table 4.1  The calculated sensitivity factor for an oxidized and chemically reduced film 
of cytochrome c on the UV-FOC for all absorbance peaks. 

 
λmax 
(nm) 

Molar 
Absorptivity104 
(×103 M-1 cm-1) 

Sensitivity 
Factor 

Standard 
Deviation 

280 23 47 2 
362 28.5 66 6 
409 106.1 62 3 

Oxidized 
Film 

528 11.2 48 4 
416 129.1 52 2 
520 15.9 32 4 

Reduced 
Film 

551 27.7 30 2 
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4.3 Absorbance of BSA 

A BSA film was chosen to demonstrate the application of the UV-FOC because 

the adsorption chemistry has been previously investigated.  BSA is known to almost 

irreversibly adsorb to hydrophilic and hydrophobic surfaces;161 therefore, it is commonly 

used for surface passivation of biosensing platforms.  Additionally, BSA only absorbs 

light in the near UV with an absorbance maximum at 279 nm, due primarily to the two 

tryptophan and 20 tyrosine residues in the protein.170  Figure 4.4 shows a normalized plot 

of a representative UV-FOC measured absorbance spectrum for an adsorbed film of BSA 

and is compared with the transmission absorbance for a BSA solution collected with 

same instrumental set-up.  BSA has a conformation dependent absorption spectrum due 

to the environmental solvatochromic shifts of the tyrosine and tryptophan absorbance.170, 

171  However, these effects do not entirely explain the broad absorbance tail at longer 

wavelengths for the UV-FOC spectrum.  UV spectroscopic data presented in the 

literature is limited to examining BSA in solution.  It would be beneficial to examine the 

surface adsorbed BSA absorbance on a more sensitive platform such as: a UV-FOC with 

a mask of low effective index inserted in the out-coupled light path (Chapter 3.4.4.2), a 

longer interaction length UV-FOC, a single mode UV-FOC, or a more defined UV 

waveguide structure.  

Equation 4.1 is used to calculate the surface coverage of BSA on the UV-FOC 

from the absorbance spectra.  Where the sensitivity factor is assumed to be 62 (see 

Chapter 4.1.2) and ε is 44,300 M-1cm-1 at 279 nm.105  The limit of detection of the UV-

FOC for the BSA film was found to be 140 ng/cm2, adsorbed from a bulk solution 
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concentration of 10 μg/mL, which could be decreased by inserting a mask in the 

collection optics or increasing the interaction length of the platform.  A comparable fiber 

optic sensor platform, tapered cylindrical core with visible absorbance detection, was 

able to detect μg/mL solution concentrations of protein using a sol-gel cladding signal 

transduction film impregnated with a protein sensitive dye.61  A long wavelength, single 

mode at 1550 nm, biconical tapered fiber optic sensor was able to achieve a limit of 

detection of 100 fg/mL for BSA through the refractive index modulation due to 

adsorption of the protein film, analogous to SPR detection; however, these sensors were 

only able to be reused a few times due the fragile exposed fiber optic.60  A single UV-

FOC was used for all data reported herein; thus, the primary advantage of the UV-FOC is 

the planar supported geometry provides a more robust fiber optic sensor platform. 
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Figure 4.4  Comparison of the absorbance spectra of BSA in solution (―) and adsorbed 
to the UV-FOC surface (―).  Spectra are normalized to the peak at 279 nm. 
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4.3.1 Adsorption Isotherm 

An adsorption isotherm of BSA onto the UV-FOC platform was measured (Figure 

4.5a).  The average absorbance at 279 nm for three BSA films, S = 62, and ε = 44,300 M-

1cm-1 at 279 nm105 was used to calculate the average surface coverage of BSA films 

adsorbed from bulk concentrations ranging from 10 to 3500 μg/mL (Equation 4.1).  The 

Langmuir adsorption isotherm (Equation 4.2) was used to model the protein adsorption 

behavior, where Q is the fraction of surface coverage, K is the surface binding constant at 

steady state (Equations 4.3 and 4.4), and C is the bulk solution concentration. 

( )KC
KCQ
+

=
1

      (4.2) 

CSSC ↔+      (4.3) 

[ ]
[ ][ ]SC

CSK =       (4.4) 

Equation 4.3 defines the chemical equilibrium between solution protein (C) and surface 

adsorption sites (S) with the adsorbed protein (CS) film, and Equation 4.4 is the 

equilibrium expression of the protein adsorption process.  Because Q=Γ/Γm, where Γ is 

the surface coverage at any given time and Γm is the monolayer surface coverage, 

Equation 4.2 can be rearranged to: 

mm K
CC

Γ
+

Γ
=

Γ
1      (4.5) 

Equation 4.5 is the Langmuir linear regression, where the values for K and Γm are solved 

for from the slope and intercept of the C/ Γ versus C plot (Figure 4.5b).172 
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Figure 4.5  Adsorption isotherm for BSA on the UV-FOC (with standard deviations). 
a) BSA surface coverage (Γ ) (calculated from absorbance measured at 279 nm) versus 
bulk concentration (C), and b) Langmuir linear regression used to calculate K and Γm 
for BSA adsorption.  
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The Langmuir linear regression analysis indicates that BSA adsorbs onto the UV-

FOC surface, which is assumed to be primarily the hydrophilic surface of the fused silica 

side-polished fiber, with an average K of 2 ± 1 × 106 M-1 and Γm = 478 ± 9 ng/cm2.   BSA 

has a high affinity for the UV-FOC surface as evidenced by the large value of K, and 

supports the almost irreversible adsorption of BSA onto silica colloids previously 

observed.160, 161  The maximum surface layer coverage of 478 ng/cm2 corresponds to a 

calculated close packed monolayer surface coverage of BSA in the native heart shaped 

form with dimensions of ~ 80 × 80 × 80 × 30 Å.173  However, the maximum surface layer 

coverage reported for silica colloids is ~ 200 ng/cm2 deposited under slightly different 

adsorption conditions.160-163 An alternative explanation would be that BSA with another 

conformation adsorbs to the surface in aggregation regions174 where multi-layers would 

be present.  The surface conformation of BSA has been found to be concentration 

dependent.  At high bulk concentrations the protein will adsorb in a compact 

conformation; whereas, at low concentrations BSA is known to denature and spread out 

on the surface.160, 161, 163, 166, 169  While the exact surface structure of adsorbed BSA is not 

known, previous studies have shown that BSA adsorption strongly depends on the 

surface material properties.161, 164, 168  It would, therefore, be interesting to evaluate BSA 

adsorption onto UV-FOC platforms with different surface modification chemistries. 

4.4 Conclusions 

The UV-FOC is the first side-polished fiber spectroscopic platform used to detect 

broadband near UV absorbance.  The short wavelength limit of the UV-FOC was found 

to be 240 nm.  An adsorbed cytochrome c protein film was used to characterize the 
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sensitivity enhancement of the platform, which was 62 ± 3 times that of a traditional 

transmission measurement, and the calculated sensitivity factor was found to depend on 

the absorbance peak shape and molar absorptivity.  The UV-FOC was applied to measure 

the absorbance of an adsorbed BSA thin-film; a limit of detection of 140 ng/cm2 for 

adsorbed BSA was observed.  The adsorption isotherm of BSA on the UV-FOC was used 

to calculate K and Γm from a Langmuir isotherm model.  BSA was found to have a large 

affinity for the UV-FOC platform and form a close packed monolayer or aggregated 

multi-layers on the surface.  The UV-FOC provides a planar, robust, sensitive, and easy 

to use fiber coupled platform to probe UV absorption of surface confined species.  Future 

work with the UV-FOC platform should include a verification of the BSA absorption 

spectrum, improvements of the signal to noise ratio, increasing the sensitivity of the 

device, and comparison of the adsorption of BSA on a hydrophobically modified UV-

FOC. 
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CHAPTER 5:  BACK-COUPLED FLUORESCENCE ON A FOC PLATFORM 

 

 

5.1 Introduction 

The FOC platform has been used as an absorbance spectroscopic platform to 

detect analytes in the visible and UV wavelength ranges (Chapter 3 and 4).  In order to 

increase the functionality of the FOC platform, here it is described as a fluorescence 

spectroscopic platform to characterize a CdSe nanoparticle film and a biotin/Streptavidin 

assay (Figure 5.1).  The FOC enables integrated evanescent excitation and fluorescence 

detection through guided modes, within a robust, planar fiber coupled platform and 

without the requirement for bulky free space optics. 

Fluorescence detection architectures are of particular importance for biosensing 

applications where the fluorescence signal is detected against a zero background enabling 

low limits of detection, typically in the nano- to femtomolar range.  Optical transducers 

have the advantages of being non-destructive, sensitive, and can be used for real-time and 

kinetic measurements.  Fluorescence signal transduction has wide spread applications due 

to the commercial availability of a variety of fluorescent labels which require simple 

modification procedures for incorporation with biomolecules.  Several reviews and books 

have been published which discuss the different fluorescent biosensor designs and 

applications.30-34, 68, 70, 71, 175-177   

Commonly biosensor architectures require immobilization of the biological 

recognition event onto a surface for which the evanescent field of IRE optical platforms 
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Figure 5.1  Schematic of the FOC used for integrated evanescent absorbance and 
fluorescence detection for a drop cast nanoparticle thin-film and a biotin/Streptavidin 
bioassay. 

************
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is specifically suited.  Fiber coupled sensor platforms do not require bulky free-space 

optics used for fluorescence microscopy, TIRF, and planar waveguide techniques.  

Therefore, integrated excitation and emission fiber optic platforms have been constructed 

using different structures including, a de-clad, with the cladding removed, cylindrical 

core and tapered optical fibers.  The FOC is the first demonstration of a multi-mode side 

polished fiber as a planar integrated excitation and emission platform.  The next section 

will discuss the mechanism for fluorescence collection using an IRE platform.     

5.2 Back-coupled Fluorescence 

According to Snell’s law, light traveling from a point source in a lower refractive 

index medium is refracted at angles below the critical angle at the interface with a high-

index medium, such as a slab waveguide.  For light to propagate within a waveguide it 

must be launched at angles greater than the critical angle; therefore, light from a point 

source in a lower refractive index medium cannot be guided (Figure 5.2a).  However, for 

surface confined fluorophores, the proximity of the fluorophores to the waveguiding 

structure allows coupling of the evanescent photons into guided modes of the waveguide.  

In other words, the electromagnetic near field, created by the oscillation of the excited 

dipole from the surface confined fluorophore, overlaps with the evanescent tail of the 

waveguide modes and meets the conditions for light propagation within the waveguide 

(Figure 5.2b).  Back-coupled fluorescence was first described by Carniglia et al.178 where 

fluorescence collection at angles greater than the critical angle in the denser medium was 

achieved through optical tunneling of evanescent photons from a molecular dipole.  

Harrick and Loeb first applied the principle of back-coupled fluorescence using a 
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Figure 5.2  Back-coupled fluorescence into an IRE. a) Light propagating from 
fluorophores far away from the higher index of refraction IRE will be refracted at 
angles less than the critical angle, and will, therefore, not excite waveguide modes 
within the IRE structure.  b) Light propagating from fluorophores within close 
proximity of the IRE will back-couple fluorescence into the IRE because the 
evanescent photons, or near field, of the fluorophore will overlap with the evanescent 
tail of propagating modes in the IRE structure. 
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thick IRE to detect a fluorescently labeled self-assembled thin-film of bovine serum 

albumin.179  Fiber optic based back-coupled fluorescence biosensors were first presented 

Andrade et al. in 1985180 and theoretically explored by Glass et al.181 and Marcuse.182 

5.3 Integrated Fiber Optic Fluorescence Sensors 

The pioneering research utilizing a de-clad quartz fiber to collect back-coupled 

fluorescence from immobilized biomolecules was presented by Sutherland et al.,183 

Andrade et al.,180 and Glass et al.181  Biosensors based on receptor proteins,184-186 

antibody-antigen interactions,187-195 sandwich immunoassay,196, 197 and 

oligonucleotides198-200 have been presented employing the de-clad fiber geometry.  

However, the de-clad fiber architecture is limited by the fragile nature of the fiber 

platform and inefficient fluorescence back-coupling due to V-number mismatch.   

The V-number, or waveguide parameter, of an IRE platform can be used to 

calculate the number of modes the structure will support (Equation 5.1). 

( )222
cladcore nnrV −=

λ
π      (5.1) 

Where π and λ have their usual meanings, r is the radius of the fiber, ncore and nclad are 

the refractive index of the core and cladding respectively.  For example, a 50 μm fiber 

with an ncore of 1.460 and nclad of 1.443 will have a V-number of 62 at 560 nm.  For the 

de-clad fiber sensor geometry, the value of nclad should be replaced with the aqueous 

medium surrounding the sensing platform (1.33); therefore, the V-number is 169 at 560 

nm in the sensing region.  Thus, approximately 60% of the modes in the sensing region of 

the fiber will not propagate in the clad fiber.   To complicate the matter further, the back-
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coupled fluorescence primarily propagates in the higher order modes of the de-clad 

fiber182, which are the non-propagating modes in the clad fiber. 

One method researchers have employed to minimize back-coupled fluorescence 

loss, due to V-number mismatch, is to increase the value of nclad in the sensing region of a 

de-clad fiber.  Potyrailo and Hieftje have immobilized reagents sensitive to ammonia, 

humidity, and oxygen in the original silicone cladding of optical fibers, thus ensuring no 

change in the value of nclad.201, 202  An alternative strategy to increase nclad in the sensing 

region of a de-clad fiber is the application of a sol-gel cladding containing an analyte 

sensitive dye.203-206  A second method to match the V-number between the clad and 

unclad sensing region of fiber optic sensors is to decrease r in the sensing region through 

etching the de-clad fiber.  Fluorescent fiber sensors, where the de-clad sensing region has 

been step- or taper-etched, exhibit a 20 to 50 fold improvement in sensitivity.35, 36  

Tapered fiber optic biosensor platforms have been applied to sandwich assays,37, 38 

immunosensors,39-41 and measuring pH.42  The feasibility of collecting fluorescence using 

a single-mode biconical tapered fiber has also been explored.43  The cylindrical core 

based fiber optic sensor platform suffers from two main disadvantages: they are quite 

fragile and are not amenable to current planar thin-film deposition technologies 

The FOC provides a planar, robust, supported, side-polished multimode fiber 

platform for fluorescence biosensing applications.  A related platform using a single-

mode fiber in a bent configuration to collect the luminescence of a rhodamine 6-G film 

has been previously reported, however, this device was limited to single wavelength 

detection and relied on frequency modulated detection.207  The ability to simply collect 
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broadband fluorescence will enable the FOC device to be used in a broad range of sensor 

configurations using fluorescence detection systems, including on-chip, fully integrated 

excitation and sequential optical characterization of luminescent analytes.  First, a ligand 

capped CdSe semiconductor nanoparticle film (SC-NP) is used as a luminescent model 

system to demonstrate fluorescence back-coupling from adsorbates into the FOC.208  

Secondly, the FOC is applied to quantitatively characterize a biotin/Streptavidin binding 

event as a model bioassay system. 

5.4 Absorbance and Back-coupled Fluorescence Measurements 

5.4.1 CdSe Nanoparticle Film 

In Chapter 3, the first generation of FOC device was characterized and optimized 

as a visible absorbance spectroscopic platform; here it is used to demonstrate back-

coupled fluorescence (Chapter 2.3.5).  A drop cast film of SC-NPs (Chapter 2.3.1) was 

chosen as the test system for fluorescence measurements due to the high molar 

absorptivity (ε can be as high as 106 M-1cm-1 depending on the diameter of the SC-NP), 

narrow luminescence bands, and the high fluorescence quantum yield of the 

nanoparticles.  The absorption maximum and subsequent fluorescent peaks in ligand-

capped SC-NPs are due to the size-dependent quantum confinement of the nanocrystals, 

which has previously been previously discussed.209-211  A comparison of the white light 

and fluorescence images (Chapter 2.3.2) for the same location on the surface of the FOC 

show that emission from the nanoparticle film, due to evanescent excitation, occurs 

primarily over the exposed central core of the side-polished fiber (Figure 5.3a).  Figure 

5.3b shows sequential measurements of absorbance and fluorescence for a drop cast film 
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Figure 5.3  Fluorescence from CdSe nanoparticles. a) White light and fluorescence 
(488 nm ex and collected em < 600 nm) images of the surface of an FOC with a CdSe 
nanoparticle film.  b) Normalized absorbance and fluorescence spectra of CdSe 
nanoparticles in solution and collected using the FOC. 
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of octadecylamine (ODA) capped CdSe nanoparticles collected on the FOC platform 

(Chapter 3), which correlates with that of the spectra collected in solution.  The ODA 

capping ligand is known to produce the strongest luminescence response in SC-NP.209  

The film is made up of SC-NPs with a calculated diameter of 4.13 ± 0.01 nm and ε589 = 

251, 000 M-1cm-1.124  An estimated surface coverage of ~ 7 monolayers or 9 × 10-11 

mole/cm2 was calculated using Equation 3.1 with a sensitivity factor of 19.5 (Chapter 3).  

Quantitative fluorescence measurements for the CdSe nanoparticle film were limited due 

to aggregation and inner filter effects. 

5.4.2 BSA-biotin/Streptavidin-CY Assay 

A bioassay of surface adsorbed biotin with fluorescently labeled Streptavidin was 

chosen to quantitatively explore back-coupled fluorescence collection by the FOC.  The 

small molecule biotin interacts non-covalently with the Streptavidin protein and is highly 

specific, with one of the largest known binding constants (Ka ≅ 1015 M-1).212  All bioassay 

spectroscopic measurements were collected using the same UV-FOC platform presented 

in Chapter 4.  BSA labeled with biotin adsorbs to the surface of the FOC and is 

transparent in the visible region.   The back-coupled fluorescence is collected from the 

fluorescently labeled (Cascade Yellow, CY) Streptavidin bound to the surface adsorbed 

biotin (Chapter 2.3.4).  The Cascade Yellow dye was chosen for labeling due to its large 

Stokes shift (~ 150 nm) and excitation wavelength.  A fluorophore with a large Stokes 

shift is essential for IRE back-coupled fluorescence measurements because of the 

magnified inner-filter effects of the fluorophores on the IRE platform.  Back-coupled 

fluorescence propagates in the waveguide modes; therefore, the emitted light is available 
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in the evanescent field for re-absorption by the same film.  The concentration dependence 

of the bioassay and the efficiency of the back-coupled fluorescence collected by the FOC 

are examined. 

5.4.2.1 Fluorescence Collection and Controls 

A representative spectrum of a BSA-biotin/Streptavidin-CY film is plotted in 

Figure 5.4a along with two control experiments.  The first control confirms that there is 

no contribution to the fluorescence from the BSA-biotin thin-film.  The second control 

consisted of a BSA film, which was not labeled with biotin, to be incubated with the 

fluorescently tagged Streptavidin to test for non-specific adsorption.  The contribution to 

the back-coupled fluorescence from non-specific adsorption was shown to be below the 

detection limit of the experimental set-up (Figure 5.4a).  Finally, to confirm the back-

coupled fluorescence resulted from the Cascade Yellow dye, the corrected back-coupled 

fluorescence spectrum is compared with the Cascade Yellow spectrum supplied by the 

manufacturer (Figure 5.4b).213 

 The concentration dependence of the collected back-coupled fluorescence for the 

bioassay was determined by varying the concentration of Streptavidin-CY while 

maintaining the same adsorption conditions for the BSA-biotin film.  The fluorescence 

for three BSA-biotin/Streptavidin-CY films was collected for each bulk solution 

concentration (1, 7, 14, 19, 28, 56, and 75 μg/mL).  A plot of bulk concentration versus 

the average fluorescence maximum intensity illustrates a linear dependence of 

fluorescence with bulk concentration and a R2 value close to 0.97 for bulk concentrations 

less than 28 μM (Figure 5.5).  A self limiting surface coverage at bulk concentrations
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Figure 5.4  Back-coupled fluorescence for a biotin/Streptavidin bioassay.  a) Back-
coupled fluorescence spectrum of the BSA-biotin/Streptavidin-CY film (red), 
background fluorescence from the buffer and biotin-BSA film was shown to be 
negligible (blue), and fluorescence due to nonspecific adsorption of the strepavidin 
was shown to be below the detection limit of the measurement (green) by using an 
unlabeled film of BSA. b) Comparison of the FOC collected fluorescence spectrum 
with the solution spectrum from the manufacturer (Invitrogen). 
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≥ 28 μM was observed.  The subsequent slight decline in fluorescence for the higher bulk 

concentrations is attributed to luminescence quenching and photobleaching of dyes in 

close proximity to each other. 

 

 The observed bulk concentration limit of detection for the biotin/Streptavidin 

bioassay is 15 nM, which is on the order of the LOD reported for several de-clad fiber 

fluorescence sensors.183, 188-192, 195, 199, 200  However, the measured interaction length of the 

FOC is only ~ 24 mm (Chapter 4.1.1) compared to the ~ 60 mm interaction length of 

most cylindrical core de-clad fiber sensor platforms.  The de-clad fiber sensor platforms 

require large fiber cores (~ 600 μm) with low modal surface interaction to increase 

mechanical strength, and therefore, a long interaction length is necessary.  The supported 

planar substrate for the side polished FOC increases the mechanical robustness of the 

platform; thus, smaller core (50 μm), more surface sensitive fibers are used.  One method 

which could be employed to decrease the LOD of the FOC based fluorescence sensor, 

Figure 5.5  Bioassay calibration plot of the Streptavidin-CY bulk concentration versus 
the average maximum collected fluorescence on the FOC. 
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and to surpass the de-clad fiber platforms, is to increase the physical interaction length of 

the FOC device. 

5.4.2.2 UV-Absorbance Measurement of BSA-biotin/Streptavidin-CY Films 

Sequential absorbance and fluorescence measurements of the BSA-

biotin/Streptavidin-CY film are collected on the FOC (Figure 5.6a).  The absorbance 

spectrum reflects only the concentration of the Cascade Yellow dye adsorbed to the 

surface of the FOC, as BSA-biotin and Streptavidin do not significantly absorb light at 

405 nm.  Equation 4.1 is used to calculate the concentration of dye adsorbed to the FOC; 

where the molar absorptivity of Cascade Yellow is 24,000 M-1cm-1 at 405 nm, and a 

sensitivity factor of 44 ± 2 was measured for the device platform.  The sensitivity factor 

was determined as described in Chapter 4.1.2 for an adsorbed cytochrome c film with the 

same instrumental set-up used for the bioassay (Figure 5.6b).  The surface coverage of 

bound Streptavidin is then determined from the Cascade Yellow concentration using the 

extent of labeling provided from the manufacturer of 4 mol dye/protein.  The calculated 

surface coverage for Streptavidin is ~ 1 × 10-11 mol/cm2, which correlates to ~ 1.5 

monolayers (5.5 × 4.5 nm dimensions of Streptavidin).214  The slightly larger measured 

surface coverage could be due to a combination of aggregation and some nonspecific 

adsorption. 

5.4.2.3 Back-coupled Fluorescence Efficiency 

To quantify the fluorescence collection of the FOC using the BSA-

biotin/Streptavidin-CY an efficiency calculation was conducted.  The backcoupled 

fluorescence collection efficiency is calculated from the power ratio of the actual
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Figure 5.6 a) Sequential absorbance (―) and fluorescence (―) spectra collected on 
the FOC platform for a BSA-biotin/Streptavidin-CY film used to determine the 
limiting adsorbed Streptavidin surface coverage. b) FOC measured absorbance 
spectrum of an adsorbed oxidized film of cytrochrome-c with the same experimental 
set-up used for the bioassay experiments.  The sensitivity factor of the FOC device 
was calculated to be 44 ± 2 (Chapter 4.1.2).
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fluorescence collected (PFOC) and the calculated total power of fluorescence of the film 

(Pcalc) (Equation 5.2). 

( ) cy
A

o

FOC

calc

FOC

QLP
P

P
PEffiency

405101 −−
==    (5.2) 

PFOC is the area under a Gaussian fit curve to the corrected fluorescence spectrum 

detected (mW).  The values in the denominator are an expression of the calculated 

fluorescence power propagating in all directions, where Po is the power lunched into the 

fiber from the 405 nm laser (mW); L is defined as 1-loss of the FOC; ( )405101 A−−  is the 

percent of power absorbed at 405 nm by the dye and available to be converted to 

fluorescence; and Qcy is the quantum yield of the Cascade Yellow labeled Streptavidin.  

The calculated back-coupled fluorescence efficiency is 0.02% of the light emitted by the 

Cascade Yellow dye.  For comparison, only 2% of the light emitted from an isotropic 

emitter is typically collected with a lens.     

To improve device performance and decrease the detection, the FOC should be 

engineered to more efficiently collect back-coupled fluorescence.  An FOC constructed 

from a different fiber type is one method to increase the back-coupled fluorescence 

efficiency.  Increasing the numerical aperture of the fiber has been previously proposed to 

increase back-coupled fluorescence in the de-clad fiber geometry.181  Waveguide 

modeling results have recently calculated an increase in back-coupled fluorescence with 

an increase in waveguide refractive index.215 Conversely, an increase in the refractive 

index of the FOC will increase the V-number mismatch of the platform with an aqueous 

sensors environment.  Side-polishing the fiber in the sensing region decreases the 
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dimensions of the fiber, analogous to the tapered de-clad fiber platforms, and decreases 

the V-number mismatch. The extent of V-number mismatch of the FOC platform should 

be evaluated in conjunction with alternative FOC architectures.   

5.5 Conclusions 

In this Chapter, the FOC device platform was used to measure back-coupled 

fluorescence from a drop-cast CdSe nanoparticle film and a biotin/Streptavidin bioassay.  

The sequential absorbance and fluorescence spectra recorded for the CdSe film 

corresponded with the solution measurements, but quantitative measurements were 

difficult to collect due to aggregation and inner filter effects of the nanoparticles.208  A 

quantitative evaluation of the biotin/Streptavidin fluorescence bioassay demonstrated a 

limit of detection for the FOC platform of 15 nM.  The FOC, with a interaction length of 

~ 24 mm, is more sensitive per unit length than comparable de-clad fiber sensors which 

required a interaction length of ~ 60 mm to produce an equivalent limit of detection.  

Finally, 0.02% back-coupled fluorescence efficiency was calculated for the FOC 

platform.  Future work should focus on examining the V-number mismatch of the 

platform along with methods to increase the fluorescence back-coupling efficiency of the 

FOC device. 
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CHAPTER 6:  DEVELOPMENT OF THE ELECTROACTIVE-FOC 

 

 

6.1 Introduction 

Spectroelectrochemical measurements provide complimentary spectroscopic and 

electrochemical analytical data which have found applications using fiber coupled 

techniques. UV-Vis,216 FTIR,217 and Raman218 fiber coupled spectroelectrochemical 

measurements have been obtained using the distal end of a fiber optic probe as the 

working electrode.  These fiber optic probes, however, suffer from some of the same 

shortcomings of transmission absorbance spectroelectrochemical measurements -- they 

are limited by the short optical path length of the measurement.  The current generation 

of FOC platforms has a sensitivity enhancement of 25 to 50x over transmission 

experiments, analogous to ATR measurements, and have been applied to absorbance and 

fluorescence applications (Chapters 3-5).  In this Chapter, the first fully integrated fiber 

coupled spectroelectrochemical IRE platform, termed the electroactive fiber optic chip 

(EA-FOC) is presented.  To create the EA-FOC, the FOC is coated with a thin-film of 

indium-tin oxide (ITO) as the working electrode (Figure 6.1). This technology is used to 

probe electrochemically driven changes in absorbance for surface confined redox species.  

The sensitivity enhancement of the EA-FOC platform is calculated using the methylene 

blue (MB) redox couple, cycling between the colored, oxidized form of MB, and its leuco 

(transparent) reduced form.  We also demonstrate the properties of the EA-FOC by
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Figure 6.1  The EA-FOC a) FOC platform coated with ITO and used to probe 
potentially driven spectroscopic changes. b) Side-view of the EA-FOC with labeled 
electrical contacts and a cross section of the EA-FOC inset. 
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probing the redox spectroelectrochemistry of an electrodeposited film of the conducting 

polymer poly(3,4-ethylenedioxythiophene) (PEDOT). 

6.2 Characterization of the EA-FOC 

The construction of the FOC platform is as described in Chapter 2.1 using a 

visible step index fiber from Thor Labs.  To determine the evanescent wave interaction 

length, images were taken using a microscope and calibrated camera down the entire 

length of the exposed ellipse (Chapter 2.1.2).  Figure 6.2 is a plot of the amount of fiber 

removed versus image location and confirms the elliptical interaction length of the FOC 

to be 21.8 ± 0.3 mm with an estimated interaction area of 0.011 cm2.  A 40 μm film of 

ITO was sputter deposited on the surface of the FOC as described in Chapter 2.4.1 and 

Appendix C.  Electrochemical contact with the ITO surface was made via silver epoxy 

paint and platinum wires.  In order to protect the contacts, PDMS was used to seal the 

silver epoxy and create a sample well (Chapter 2.4.6).  The PDMS sample well shortened 

the spectroelectrochemical interaction length of the device to ~ 19.5 mm, a working 

electrode area of 0.02 cm2, and a spectroelectrochemical sensor area of 0.01 cm2. 
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Figure 6.2 Plot of the amount of fiber removed versus the distance along the fiber. 
Measurements are from images taken along the distance of the fiber with a calibrated 
camera and microscope. The exposed elliptical interaction length for this device is 21.8 ±  
0.3 mm. 
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Further characterization of the device was conducted with AFM imaging of the 

surface of the FOC before and after ITO deposition (Figure 6.3).  The measured rms 

roughness of ~ 1 nm does not significantly change with ITO deposition.  However, the 

scratches on the FOC surface are muted in appearance after ITO deposition and the ITO 

grains are visible on the surface of the EA-FOC. 

 

Finally, prior to ITO deposition the sensitivity factor for the FOC was 

experimentally measured using a P+/Ni(TSPc) films as discussed in Chapter 3.  Figure 

6.4 shows the absorbance spectra collected and used to calculate a sensitivity factor of 25 

± 1 for the platform.  The measured loss for the FOC before ITO deposition was 4 dB 

over a broad range of wavelengths.  This large loss value is most likely due to polishing 

into the center of the core and results in recording noisy spectra.  All spectra collected on 

this device are smoothed using a 9 point median method. 

Figure 6.3  AFM images of the FOC before (Left image) and after (Right image) ITO 
deposition. A measured rms roughness for both images is ~ 1 nm. 
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6.3 Evaluation of the EA-FOC 

6.3.1 Optical Effects of ITO 

The transmission of the ITO film on the FOC will affect the optical properties of 

the device platform.  In the visible region, ITO is mostly transparent with a short 

wavelength cut off dependent on the band gap of the material, and the plasma resonance 

frequency determines the cut off at long wavelengths.219 As discussed in Appendix C, the 

electrical and optical properties of ITO are interconnected.  For the ITO sputtered onto 

the FOC device, the minimum extinction coefficient was estimated to be 5  × 10-3 at 500 

nm (or a propagation loss of ~ 0.5 dB/cm) using interference fringes of a thick ITO film 

deposited under the same conditions (Chapter 2.4.2 and Appendix C, Figure C.3).  ITO 

absorbs more light at shorter and longer wavelengths of light; thus, the wavelength range 

of the device is slightly decreased up addition of the ITO film (Figure 6.5). 

Figure 6.4  Absorbance spectrum of P+/Ni(TSPc) film on the FOC before deposition 
of ITO and used to calculate a sensitivity factor of 25 ± 1 using the method described 
in Chapter 3. 
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Before discussing spectroelectrochemical measurements made on the EA-FOC, it 

is important to evaluate the optical background of the device.  Figure 6.6 plots the out 

coupled intensity from the EA-FOC versus potential in the electrolyte solution without 

electrochemically active analytes.  The linear decrease of intensity with potential is 

attributed to a change in the ITO absorptivity, which is due to the increase in free carrier 

concentration within the film as the applied potential decreases.95  To account for the 

affect of applied potential on the background signal of the EA-FOC, absorbance 

measurements at each potential were calculated from solvent blanks recorded at a 

corresponding potential.  Additionally, there is a slight hysteresis between the forward 

and backward potential sweeps due to ion diffusion.88  Equilibration of the ITO electrode 

in the electrolyte solution after 10 potential scans stabilized the magnitude of the 

hysteresis allowing analytical measurements to be collected.   
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Figure 6.5  Comparison of the transmission spectra of an unpolished fiber with an 
ITO coated FOC device.  The ITO slightly narrows the visible wavelength range of 
transmission of the device.   
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6.3.2 Spectroelectrochemistry of Methylene Blue 

The methylene blue redox couple was chosen to evaluate the sensitivity of the 

EA-FOC to potential driven absorbance changes.  The spectroelectrochemistry of 

adsorbed monolayers of MB has been previously established on both ATR90 and IOW89 

platforms; therefore, the MB redox couple is used for comparison of the EA-FOC with 

these well-known techniques.  MB electrostatically adsorbs to the ITO surface in its 

native oxidized form at coverages from sub-monolayer up to monolayer, depending upon 

solution concentrations.  Surface adsorbed MB undergoes a chemically reversible 2-

electron reduction to the transparent leuco form of the dye at ~ -0.27 V versus a Ag/AgCl 

reference electrode (Figure 6.7).  For the micromolar solution concentrations used in this 

Figure 6.6  EA-FOC out-coupled intensity as a function of potential at 665 nm in a 
0.1 M KNO3 aqueous solution. 
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study, the bulk MB absorbance does not contribute appreciably to the EA-FOC 

spectroelectrochemical response. 
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Figure 6.7  Methylene blue will under go a 2 electron reduction to the transparent leuco 
form of the dye. 
 
 Figure 6.8a and b shows the broadband absorbance spectra recorded using the 

EA-FOC with respect to potential, in a solution of 80 μM MB, which shows absorbance 

maxima for both the monomer (665 nm) and aggregate forms of this dye (605 nm).115  

Figure 6.8c is a plot of the absorbance of the monomer at 665 nm versus potential as the 

potential is scanned from 0.1 V to -0.4 V and back to 0.1V.  The optical absorbance 

changes for 80 μM and 15 μM MB are easily detected.  As the potential is scanned more 

negative (cathodic scan), the absorbance decreases as the MB film is reduced to the 

transparent leuco form of the dye (Figure 6.8a).  Upon scan reversal, anodic sweep, the 

oxidized forms of MB reappear with a slight increase in absorbance intensity (Figure 

6.8b).  This kind of hysteresis has been observed before for the characterization of MB 

redox chemistry on the EA-IOW platform, at slow sweep rates only.88, 89  The hysteresis 

has been attributed to re-oxidation of a higher coverage of MB created as a result of the 

reduction of the initially adsorbed material, and diffusion-controlled adsorption of new 

MB in concert with the reduction of the initial adsorbed MB.  If faster sweep rates are 

used, the absorbance changes for both forward and reverse sweeps are similar and no 

hysteresis or indication of increased MB coverage is seen. 
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 For the complementary voltammograms collected for the same MB 

concentrations (Figure 6.8d),   the Faradaic voltammetric signal is small and difficult to 

resolve above the steeply sloping background for the 80 μM solution of MB, and 

impossible to see above background for MB concentration of 15 μM or lower. The large 

background current due to non-faradaic processes (i.e. double layer capacitance and 

redox processes which are not associated with the redox chemistry of MB) makes 

characterization of faradaic processes difficult using only current detection; hence, the 

desire to use low background spectroelectrochemical measurements such as demonstrated 

here for the EA-FOC.89 

 After background subtraction, the voltammetric peak area for 50, 80, and 100 μM 

MB solutions was determined and used to calculate surface coverage of MB on the EA-

FOC.  For the 80 μM solution, the surface coverage was calculated to be 8.0 × 10-11 

mole/cm2, which corresponds to 30 % of a full monolayer based on a molecular area of 

66 Å2/ molecule.220  Both the calculated surface coverage and the corresponding 

measured absorbance are directly proportional to the MB solution concentration, as can 

be seen in Figure 6.9.  The sensitivity of the EA-FOC can then be calculated using the 

electrochemically determined surface coverage and the experimentally measured 

absorbance for these three solutions, using the Beer’s Law relationship A= SεΓ, where S 

is the sensitivity factor, ε is the molar absorptivity, and Γ is the surface coverage of MB.  

The molar absorptivity is assumed to be the same as for MB in solution, 2.2 × 104 M-1cm-

1 at 665 nm.220  The sensitivity of the EA-FOC was calculated to be 40 ± 2 or 20.6/cm, 

which is comparable to sensitivities seen for our first-generation FOC ATR platforms 
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(Chapter 3).  Additionally, the sensitivity calculated for the MB film is ~ 2 times that 

calculated for the P+/Ni(TSPc) film in Chapter 6.2 on the same device.  This discrepancy, 

similar to that in Chapter 3, was thought to be due to the difference in the self-assembled 

film structure on the FOC platform with comparison to the ATR platform, and the 

assumption that surface coverage was equivalent on the two platforms.  As in Chapter 3, 

this assumption was some what flawed. 

 

 Finally, the voltammetric data for a spectroelectrochemical experiment can be 

reconstructed by plotting the derivative of the absorbance from Figure 6.8c versus 

potential (Figure 6.10) termed an absorptovoltammogram.  The derivative is directly 

proportional to the faradaic current resulting from MB redox chemistry according to 

Equation 6.1. 

( ) ( )( )[ ]
( ) ( )( )[ ]{ }2'

'

/exp/1

/exp/
o

ro

o
roi

EERTnFbb

EERTnFbbS
RT
nF

dE
dA

−+

−Γ
=

ε
  (6.1) 

Figure 6.9  Correlation of EA-FOC measured absorbance ( ) with electrochemically 
determined surface coverage ( ) versus bulk solution MB concentration. 
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Where n is the number of electrons; F is Faraday’s constant; R is the gas constant; T is 

temperature; Γi is the initial total adsorbate surface coverage; the ratio bo/br is a measure 

of the relative strength of adsorption of the oxidized and reduced forms of the 

electroactive analyte; E is the applied potential; and Eo’ is the redox formal potential.  The 

sensitivity factor (S) is a scaling factor for the EA-FOC platform with respect to 

transmission and is dependent on the elliptical interaction length, thickness of the 

electroactive film, and evanescent field strength.  There is not any contribution to 

Equation 6.1 from non-faradaic processes, thus eliminating the background currents.  In 

Figure 6.10, there is a negative displacement of the anodic peak oxidation peak indicating 

a decrease in absorbance with potential.  The cathodic peak shows a positive peak with a 

narrowed fwhm, previously attributed to reduction of a more energetically heterogeneous 

surface layer or desorption of the neutral leuco MB dye.  The absorptovoltammogram of 

the MB redox couple confirms previous observations for the same system tested on an 

EA-IOW platform with a sensitivity factor of ~ 105 .88, 89 

 

Figure 6.10  Absorbtovoltammogram for the MB redox couple collected on an EA-
FOC platform and reconstructed from Figure 6.8c for 15 (―) and 80 (―) μM 
concentrations. 
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6.3.3 Spectroelectrochemistry of PEDOT 

Finally, the EA-FOC was used to electrochemically polymerize ultra-thin-films of 

PEDOT, and probe the spectroelectrochemical characteristics of the polymer film as a 

further proof of its sensitivity to redox events for surface confined species.  PEDOT, first 

synthesized in the late 80’s221, 222, is a highly conducing polymer, almost transparent in its 

oxidized state, dark blue in the reduced state, stable, and has tunable electrochromic 

properties.  Initially PEDOT was developed for use as an antistatic coating, but several 

other applications have been pursued including capacitors, hole injection layer for 

photovoltaics and organic-light emitting diodes223 and signal transduction for biosensing 

platforms.224, 225   

PEDOT is electropolymerized over the entire coated ITO region, by means of 

potential step electrodeposition as described elsewhere.116  The oxidative polymerization 

of EDOT proceeds through a radical chain mechanism, where monomer is incorporated 

at the chain ends (Figure 6.11a). As a consequence PEDOT forms as a linear conjugated 

polymer.226  The surface coverage of PEDOT in the evanescent field region was 

estimated to be ca. 0.3% of a monolayer, or 4.3 × 10-12 mole/cm2.116, 117  PEDOT 

undergoes a reversible oxidation from the neutral dark blue form of the polymer to the 

almost transparent single polaron state, and upon further oxidation to the bipolaron form 

of the polymer (Figure 6.11b).227, 228  The reduction/oxidation voltammogram of the 

electrodeposited PEDOT film on the EA-FOC shows broad voltammetric peaks, poorly 

distinguishable from the background current (Figure 6.12a).  The spectroelectrochemical 

measurement of the change in absorbance at the λmax (550 nm) versus potential illustrates
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Figure 6.11  a) Oxidative polymerization of EDOT proceeds through a radical chain 
mechanism where monomers are incorporated into the linear conjugated polymer chain at 
the ends.  b)  PEDOT oxidation states; the dark blue neutral polymer is oxidized to the 
polaron state and then further oxidized to the bipolaron state of the polymer.  The 
oxidized forms of PEDOT are almost transparent. 
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the electrochromic behavior of the PEDOT film (Figure 6.12b).  In Figure 6.12c the first 

derivative of the absorbance change (at 550 nm) as a function of varying potential is 

plotted, to create the absorptovoltammetric response.89, 229  The cathodic transition is 

represented by the upper portion of this plot; the lower portion of this plot corresponds to 

the anodic wave.  As expected from previous absorptovoltammetric experiments, the 

electrochemical events are much better resolved from background using this optical 

characterization approach.  The peak separation (ΔEpeak) and the standard redox potential 

(Eo) is determined to be -0.12 V and -0.06 V versus Ag/AgCl respectively from the 

absorptovoltammogram, correlating well with the published electrochemical Eo of ~ 0V 

versus Ag/AgCl.227  The results from this study do not indicate the oxidized form of the 

polymer, polaron or bipolaron, because the absorptovoltammogram is only monitoring 

the appearance/disappearance of the neutral polymer.  The optical changes from the 

transition from polaron to the bipolaron are less pronounced and occur at longer 

wavelengths than the current experimental set-up allows.227  Nevertheless, it is clear that 

the EA-FOC has the requisite sensitivity to monitor optical changes to such redox-active 

polymer films, down to surface coverages of ca. 0.3% of a monolayer. 

6.4 Conclusions 

In this Chapter, a new spectroelectrochemical platform was demonstrated, which 

has many of the desirable features of planar waveguides, and the convenience of fiber- 

optic coupling and broadband modes of spectroscopic characterization of ultra-thin-films 

of redox active materials.  As with the first-generation FOC counterpart, this version of 

the EA-FOC shows a sensitivity improvement over transmission experiments of ca. 40x.
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Figure 6.12  a) CV of the PEDOT film on the EA-FOC at 10 mV/sec; b) absorbance 
difference  at 550 nm versus potential for PEDOT on the EA-FOC (inset: broadband 
absorbance spectra for reduced PEDOT at -0.8V and the oxidized polymer at 0.5V 
versus Ag/AgCl on the EA-FOC); c) absorptovoltammogram for PEDOT at 10 
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The sensitivity of the device, analogous to the FOC platform, can be doubled by simply 

inserting an annular mask in the optical pathway (Chapter 3.4.4.2).  Further 

improvements in sensitivity will be possible by increasing the interaction length of the 

device and generating a EA-FOC based on a single mode side polished fiber.  Planar 

waveguide formats are more desirable than using the distal end of an optical fiber for 

characterization of planar supported thin-films (e.g. biofilms, lipid bilayers, etc.).25, 82, 92, 

230  The major appeal of the EA-FOC, however, lies in the combination of these planar 

waveguide characteristics with the ease of in- and out-coupling of light over a broad 

spectral region, and the compatibility with multi-channel spectroscopic detection 

capabilities.  UV-grade fibers have also recently been explored for FOC platforms 

(Chapter 4), and there is no fundamental reason that the EA-FOC could not be extended 

to near- and even mid-IR spectroelectrochemical platforms, using conducting overlayers 

which have sufficient transmittance in these spectral regions.217  Work in progress seeks 

to expand the sensor capabilities of these new platforms, and increase both their 

sensitivity and their ease of use over broad spectral ranges.  The EA-FOC, when fully 

optimized, will offer an ease of use not available in other waveguide formats, especially 

the simplicity with which the entire visible wavelength region can be interrogated during 

redox events of surface confined molecular species.    
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CHAPTER 7:  ATR OF NEW MOLECULAR MATERIALS 

 

 

7.1 Spectroelectrochemistry of PANI(aq)/PAA Films 

7.1.1 Introduction 

Poly(aniline) (PANI), one of the most studied conducting polymers, has been 

known since the late 19th century, but it was the discovery of the unique properties of 

doped polyacetylene which launched significant research into the area of multifunctional 

conjugated polymers.231 Organic light emitting diodes, field-effect transistors, organic 

photovoltaic cells, and sensors have taken advantage of the electrochemical, 

electrochromic, and pH driven absorbance properties of PANI.25, 232-237  As a device 

material, the high stability, easy of preparation, solubility in organic and acidic aqueous 

solutions, and processability with commonly used bulk polymers have catalyzed the 

increasing applications of PANI.231  The principal forms of PANI are presented in Figure 

7.1.  The electrochromic properties of PANI originate from the oxidation of PANI from 

the transparent leucoemeraldine form (LE) to the green emeraldine salt (ES) and, upon 

further oxidation, the purple pernigraniline base form (PE).  Additionally, the equilibrium 

between the partially oxidized forms of PANI, the conducting ES and insulating blue 

emeraldine base (EB) forms, is pH dependent.238  In this chapter, the electrochromic and 

pH sensing properties of PANI will be evaluated for two polymer self-assembled films.  

The goal of this work was to determine the best signal transduction film to detect proton 

transport across a supported lipid bilayer.25 
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Figure 7.1  Schematic of the principle forms of PANI showing pH and electrochemical 
equilibria. 
 

Langmuir-Blodgett techniques, spin coating, electropolymerization, and layer-by-

layer (LBL) self-assembly have been used to deposit PANI on electrode surfaces to probe 

the pH dependent electrochemical properties of polymer films.120, 239-241  Specifically, 

LBL deposition has the advantages of simplicity of application, ultrathin (< 10 nm) and 

uniform film deposition, control over total film thickness, and the ease of incorporation 

of polymers.  Polyelectrolyte films are self-assembled via electrostatic attractions through 

alternating incubation of positively and negatively charged polymers with a surface.101, 242  

Here the LBL technique is used to deposit two different PANI thin-films: a PANI and 

poly(acrylic acid) (PAA) bilayer structure and a poly(diallyldimethyl ammonium 

chloride) (P+) film with a PANI(aq)/PAA bilayer (Figure 7.2).   

PANI is deposited from an acidic aqueous solution; where it is in the highly 

positively charged ES form with a preferred linear conformation in solution.118, 119  

Previous studies comparing films deposited from PANI dissolved in an organic solvent, 

n-methylpyrolidinone (NMP), with PANI(aq) show that smother surfaces (rms = 1 nm), 
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with few aggregates, smaller grain sizes (ca. 62 ± 7 nm) and more uniform films are 

produced from the PANI(aq) LBL procedure.243  PAA is incorporated into the film 

structure for three reasons: i) to serve as a hydrophilic film termination layer upon which 

a planar supported lipid membrane (PSLB) will assemble,244 ii) the negative charge of the 

carboxyl groups allow it to self-assemble in the LBL technique with the positively 

charged ES form of PANI,120 and iii) PANI/PAA films have previously been shown to 

have electrochemical activity at a neutral pH.82, 83  The permanent positive charge of the 

P+ polymer is thought to planarize the electrode providing a uniform and charged 

platform onto which an LBL self-assembled polyion film can be applied.120, 245  However, 

the effects of the P+ on the properties of the polyion film have not been evaluated.  The 

focus of this chapter is to compare the pH sensitivity and spectroelectrochemistry of the 

two film architectures presented in Figure 7.2. 

 

Figure 7.2  The two polyelectrolyte thin-film LBL architectures deposited onto an 
ITO substrate and evaluated in this Chapter: the left film is (PANI(aq)/PAA)2 and the 
right film is P+/PAA(PANI(aq)/PAA)2. 
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7.1.2 Self-Assembly of PANI(aq)/PAA Films 

The ATR instrument presented in Chapter 2.6.4 was used to collect all 

measurements presented in this chapter due to its enhanced surface sensitivity.  For the 

experiment set-up used for the PANI(aq)/PAA system, the ATR platform was ~ 10 times 

more sensitive than a transmission experiment.  The LBL self-assembly process on an 

ITO substrate was monitored in the ATR flow cell for the (PANI(aq)/PAA)2 and 

P+/PAA/(PANI(aq)/PAA)2 film deposition (Figure 7.3).  The absorbance spectra 

obtained for both films is due only to the absorbance of the ES form of PANI with an 

absorbance at ~ 800 nm.  In actuality, the absorbance maxima of the ES form presents a 

flat band at long wavelengths, which is attributed to free charge carrier absorption in the 

conducting polaron band of the polymer. 246  For the (PANI(aq)/PAA)2 bilayer film, the 

first adsorbed PANI film was very thin with an absorbance change of ~ 0.08 at 800 nm.  

However, the deposition of the second PANI layer over a PAA layer is much thicker with 

an absorbance change of ca. 0.3 a.u.  Finally, after the second PAA layer is added to the 

film, the absorbance slightly shifts to indicate more EB present in the film which is most 

likely due to the higher pH of water used to rinse away excess PAA.  For the 

P+/PAA/(PANI(aq)/PAA)2 film, the amount of PANI deposited in each layer is about the 

same (ca. 0.35 absorbance change for each layer).  Additionally, more polymer is 

deposited in the total film in comparison to the (PANI(aq)/PAA)2 film.  The P+ layer 

serves to uniformly coat the substrate with a positively charged polymer which allows for 

a more uniform and linear LBL deposition of subsequent polymers.118, 119 
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7.1.3 pH Response of PANI(aq)/PAA Films 

The pH dependant equilibrium between the spectrally resolved ES and EB 

partially oxidized forms of PANI has been the basis of optical sensors.247-250  Figure 7.4 

shows ATR pH dependant absorbance spectra for the (PANI(aq)/PAA)2 film and a 

P+/PAA/(PANI(aq)/PAA)2 film and are not significantly different.  As the pH is 

increased from 5 to 8.5, a peak at 570 nm becomes visible due to an increase in the EB 

form, and the absorbance at 800 nm of the ES form is decreased.  The apparent pKa of 

the bilayer films is 7.25, which is slightly higher than the (PANI(NMP)/PAA)n films.82   

Additionally, there is only one apparent Ka for both of the films as shown in Figure 7.5.  

Figure 7.5 is a plot of the measured alpha values for the PANI(aq)/PAA films (αES) 

calculated using Equation 7.1 with the alpha values for a monoprotic system (αHA) with 

the same pKa of 7.25 (Equation 7.2)251 versus pH.  The linear dynamic range of pH 

values for both of the PANI(aq)/PAA films and the monoprotic system was shown to be

Figure 7.3  ATR absorbance spectra of the LBL deposition of a) (PANI(aq)/PAA)2 
film and b) P+/PAA/(PANI(aq)/PAA)2 film. 
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Figure 7.4  pH dependent ATR spectra of PANI(aq)/PAA LBL films.  a) Spectra of 
(PANI(aq)/PAA)2 increasing pH from 5 to 8.5 and b) a plot of the absorbance at 570 
nm and 800 nm versus pH for the same film.  c) Spectra of P+/PAA/(PANI(aq)/PAA)2 
increasing pH from 5 to 8.5 and d) a plot of the absorbance at 570 nm and 800 nm 
versus pH for the same film. 
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equivalent (7.25 ± 1) evidencing the presence of one equilibrium constant for the 

PANI(aq)/PAA systems. 
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Where A800 and A570 represent the absorbance maximum values for the ES and EB forms 

of PANI respectively from Figure 7.4.  
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Figure 7.5  Alpha value plot comparison of the PANI(aq)/PAA films with a model 
monoprotic acid. 
 

The pH response for both film architectures is similar with a linear dynamic range 

of 6.5 to 8 pH units (0.09 a.u./pH unit, R2=0.96) at the EB absorbance max of 570 nm.  

The linear dynamic range for the ES form, with a maximum absorbance at 800 nm, is 

from 6 to 8 pH units with a slope of -0.12 a.u./pH unit and an R2 of 0.95 (Figures 7.4b 

and d).  The pH dependent absorbance for the ES form shows a slightly higher sensitivity 

than that for the EB form, which is a result of the higher molar absorptivity of the ES 
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form.249   The linear dynamic range presented here is 1 pH unit less than that presented 

for analogous films where PANI is deposited from a NMP solution; however, the 

PANI(aq)/PAA films are a order of magnitude more sensitive to pH changes than the 

(PANI(NMP)/PAA)n film, where the reported slope for a bilayer film was 0.013 a.u./pH 

at the EB λmax and -0.039 a.u./pH at the ES λmax.82, 83 

7.1.4 Spectroelectrochemical Response of PANI(aq)/PAA Films 

ATR spectroelectrochemical data was collected as the potential is scanned at a 

rate of 5 mV/sec, which allows spectral data to be collected at 50 mV intervals.  The 

PANI(aq)/PAA films used to collect the spectroelectrochemical data were deposited 

outside of the ATR flow cell to produce more uniform films.  Absorbance measurements 

were calculated with a blank spectrum collected at -400 mV, when PANI is in its 

transparent LE form.  In Figure 7.6, typical potential dependent spectra for both the 

(PANI(aq)/PAA)2 and P+/PAA/(PANI(aq)/PAA)2 films are presented.  The potential is 

scanned from -400 mV to 800 mV for the anodic oxidizing sweep, and the cathodic 

sweep represents spectra recorded for the reverse potential scan as the polymer film is 

reduced. The absorbance max for the oxidized polymer is ~ 600 nm for both films 

(Figure 7.6a,b,d, and e) reflecting the EB form of PANI, which is the preferred form at 

pH 7.  At potentials greater than 300 mV, a blue shift in spectra is observed as PANI is 

oxidized further to the PE form. 

The absorptovoltammograms for both films were constructed from the derivative 

of the absorbance at 600 nm versus potential (Figure 7.6c and f).  The 

absorptovoltammograms are analogous to voltammetric data.  The observed anodic
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Figure 7.6  ATR spectroelectrochemical data collected in pH 7 buffer for (a, b, and c) 
a (PANI(aq)/PAA)2 film and (d, e, and f) a P+/PAA/(PANI(aq)/PAA)2 film.  Both 
films were deposited onto ITO via the LBL self-assembly technique.  Spectra were 
collected at 50 mV intervals during the a), d) oxidation, anodic scan and b), e) the 
reduction, cathodic scan.  c) and f) The derivative of the absorbance at 600 nm as a 
function of potential. 
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peak is slightly broader and positively shifted with respect to the cathodic peak.  Ge et 

al.83 reported a 60 mV difference in the fwhm of the CV anodic and cathodic peaks for a 

PANI film deposited from a NMP solution, and attributed the phenomenon to polymer 

conformational changes during oxidation.  The changes in film structure during oxidation 

are hypothesized to be a result of the electrostatic repulsion of the positively charged 

polymer chains.  Additionally, the solvent counter ions must diffuse into the film to 

maintain electroneutrality which further limits oxidation kinetics.83  The PANI films 

deposited from an acidic aqueous solution are assumed to be more uniform as evidenced 

by smaller grain size and a smoother surface in AFM images;243 therefore, domains 

corresponding to conformational change with low ion migration are minimized resulting 

in less asymmetry of the anodic and cathodic peaks in Figure 7.6c and f. 

Finally, the spectroelectrochemical responses of the two different film 

architectures are very similar.   The redox chemistry of the (PANI(aq)/PAA)2 film 

primarily involves only the EB partially oxidized form of PANI confirmed by the low 

and relatively constant absorbance at 800 nm during the potential scan (Figure 7.6a and 

b).  The oxidation and subsequent reduction of the LE from to a combination of the ES 

and EB forms is detected for the P+/PAA/(PANI(aq)/PAA)2 film as evidenced by the 

absorbance at 800 nm (Figure 7.6d and e).  The (PANI(aq)/PAA)2 is a thinner film than 

the P+/PAA/(PANI(aq)/PAA)2 film (Figure 7.3); thus, the pH of the film is dependent on 

the environment where as the thicker more buffered film is likely to retain domains of the 

ES form deposited from the acidic aqueous solution. 
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7.1.5 Conclusions 

The ATR platform provides a sensitive surface specific technique to probe both 

the spectroscopic and electrochemical properties of thin-films.  Here the ATR was used 

to examine the properties of two different LBL deposited polymer films.  The goal of this 

study was to evaluate which film architecture would best serve as a signal transduction 

film to detect proton transport across a planar supported lipid membrane.25  The polymer 

support for the lipid bilayer must be smooth (rms ~ 1nm), hydrophilic, pH sensitive, and 

less likely to change conformation, which could disrupt the lipid bilayer.  An alternating 

polymer film of the pH sensitive conducting polymer PANI(aq) with the hydrophilic 

polymer PAA was chosen as the signal transduction system.  Previous work determined 

PANI deposition from an aqueous acidic solution produced smoother and more uniform 

films than PANI dissolved in NMP.243  Additionally, in this study, the film deposited 

from the PANI(aq) solution was an order of magnitude more sensitive to pH changes than 

the PANI(NMP) film.  The absorptovoltammogram of the PANI(aq)/PAA films 

displayed less dependence on conformational and ion migration during oxidation of the 

film due to the similar oxidation and reduction peak shapes; thus, providing a more stable 

signal transduction platform for a lipid bilayer than the PANI(NMP) system. PAA buffers 

the PANI pH dependence which extends the pH range of the film to > 8 pH units, and 

PAA as the termination layer of the film, provides a hydrophilic surface upon which a 

planar lipid bilayer will assemble.82, 83  Finally, the addition of a P+ base layer to the 

signal transduction film did not significantly alter the pH response or 

spectroelectrochemistry of the PANI(aq)/PAA film.  The P+ layer did provide a 
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permanently positively charged priming layer upon which a thicker PANI(aq)/PAA 

bilayer was deposited, and the redox chemistry of the thick film at pH 7 was buffered so 

that the partially oxidized form of PANI included both the EB and ES form.  In 

conclusion, the thinner and simpler (PANI(aq)/PAA)2 signal transduction film was 

ultimately used to monitor proton transport across a lipid membrane because there was no 

advantage found to adding the P+ layer to the film architecture. 
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7.2 Nanoparticle Capture onto a Surface 

7.2.1 Introduction 

Emerging energy conversion technologies require application of new materials for 

which the optical, electrical, and electrochemical properties of SC-NPs are expressly 

suited.  Specifically, hybrid materials of SC-NP inclusions into conducting and 

semiconductor polymer systems has been the subject of research for a new generation of 

solar energy conversion and hydrogen fuel devices.123, 252-256   The advantages of SC-NPs 

are high molar absorptivities, easily tunable frontier orbital energy position, and tunable 

band gaps over a broad spectral range.209-211, 257  Understanding and controlling SC-NP 

properties with respect to the host polymer is currently a key challenge for the application 

of these new materials in devices.  For example, Bowen Katari et al. have used 

photoelectron spectroscopies to characterize photoemission events of CdS and CdSe 

nanoparticle monolayers, tethered to alkandithiol modified gold surfaces.97  There is a 

need to continue to characterize the frontier orbital energies of monolayers of SC-NPs, 

tethered to conductive substrates with respect to ligand type and environment.  The 

increased sensitivity to surface confined species of ATR spectroscopy is expressly suited 

to characterize the uptake of SC-NPs in thin-films.  In this Chapter, ATR spectroscopy 

monitors the adsorption of a pyridine-capped CdSe NP onto a silyl-propyl-thiol modified 

glass coverslip (Figure 7.7).  Ultimately, these tethered CdSe NP films will be 

characterized by photoelectron spectroscopy98 and potentially modulated ATR99 in an 

effort to evaluate charge injection as a function of applied potential, ligand type, and 

electrochemical environment.  
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Figure 7.7  Schematic view of pyridine-capped CdSe NP adsorption onto a silyl-
propyl-thiol modified glass coverslip ATR IRE.  
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7.2.2 Spectroscopic Measurement of NP Capture 

The glass coverslips used for ATR measurements are modified with (3-

mercaptopropyl)-trimethoxysilane according to Chapter 2.6.2.  The instrumental set-up 

for ATR absorbance measurements provides a ca. 50 times enhancement in sensitivity 

over a transmission absorbance experiment (Chapter 2.6.5).  A blank measurement is 

collected with the modified coverslip and a 10:1 dry methanol: pyridine solution.  The 

pyridine capped CdSe NP (synthesized as described in Chapter 2.6.3) are incubated in the 

ATR cell for 30 minutes with sample spectra acquired every minute (Figure 7.8a).  The 

pyridine ligand is sufficiently weak to allow its displacement and retention of the SC-NP 

by the thiol modified capture surface (Figure 7.7).97, 258  Previous research suggests that 

the deprotonated sulfur atoms directly bond to the Cd-rich sites of the CdSe NP.252  

Figure 7.8a shows ATR spectra for the adsorption of CdSe NPs onto the ATR substrate 

for a 0.7 μM bulk solution concentration.  The absorption maximum of ligand-capped 

semiconductor nanoparticles are due to the size-dependent quantum confinement of the 

nanocrystals.209-211  The spectra of the captured NPs have retained the excitonic features 

of the NPs in solution indicating no loss in NP structure or dispersion, and the rate of 

uptake of the NPs is monitored using the first absorbance peak at 580 nm (Figure 7.8b).  

Using a 6.7 or 0.7 μM solution of NPs, saturation surface coverage of 1.67 ± 0.02 × 10-11 

mole/cm2 was reached within 30 minutes.  Using a lower NP solution concentration of 

0.3 μM, saturation surface coverage was not achieved in the same time frame.  The 

saturation surface coverage is slightly larger than that calculated for a close packed 
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Figure 7.8  ATR absorbance spectra monitoring NP uptake by a silyl-propyl-thiol 
modified glass coverslip. a) Spectra aquired every minute for 30 minutes with a 0.7 
μM bulk solution of pyridine-capped CdSe NPs.  b) Plot of absorbance at 580 nm 
versus time for 6.7 (―), 0.7 (―) and 0.3 (―) μM solutions of pyridine capped CdSe 
NPs. 
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monolayer of 3.8 nm diameter NPs, 1.46 × 10-11 mole/cm2, possibly indicating the 

deposition of some NP aggregates or some error in the assumed absorptivity. 

7.2.3 Conclusions 

In conclusion, ATR spectroscopy was used to monitor adsorption of pyridine 

capped CdSe nanoparticles onto a silyl-propyl-thiol modified glass surface.  The rate of 

uptake of NPs to monolayer saturation coverage is dependent on the bulk concentration.  

Saturation coverage is achieved in less than 15 minutes for concentrations above ~ 0.7 

μM. Additionally, the adsorption process can be stopped at any point to generate films 

with less than monolayer coverage.  Future NP capture experiments should include the 

effect of NP size and nature of the modifier on the ATR substrate on the adsorption of the 

NP film.  The ultimate application of captured NP films is to examine the charge 

injection based on surface coverage, NP diameter, applied potential, ligand type and 

electrochemical environment using photoelectron spectroscopies98 and potential 

modulated ATR spectroelectrochemistry.99 
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

8.1 Development of the Electroactive Fiber Optic Chip 

The FOC platform presented in the dissertation is a side-polished optical fiber, in 

a V-groove glass mount, forming a planar platform, which allows access to the 

evanescent field escaping from the fiber core.  The exposed evanescent field, which is 

used to probe molecules or molecular assemblies supported by the platform, has an 

interaction area ca. 0.05 cm2.  Evanescent field spectroscopic measurements are confined 

to surface interactions with and increased sensitivity compared to transmission 

measurements (Chapter 1).  Currently, the FOC yields thin-film absorbance values 

comparable with ATR instrumentation; however, it eliminates the complex coupling 

optics and alignment procedures required to make such measurements.  Contrary to the 

un-clad fiber approach, the FOC with a supported planar interface can facilitate the use of 

conventional planar deposition technologies (e.g. LB-deposited thin-films) and provide a 

robust planar platform that is amenable for integration into various sensor architectures, 

which has been the motivation behind creating the FOC platform.   

Initial spectroscopic characterization of the FOC platform was presented in 

Chapter 3.  Absorbance measurements were made on P+/Ni(TSPc) polyion thin-films and 

blue dextran bulk solutions, and the FOC was shown to have a sensitivity factor of 19.5 

from thin-film measurements and 56 from bulk solution measurements.  Modeling 

calculations indicated that the thin-film sensitivity should be 49, which is consistent with 
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the bulk solution experiment.  Improving the polishing of the FOC surface and using 

annual masks to eliminate the less sensitive lower order modes were shown to double the 

sensitivity of the platform to thin-film absorbance measurements.208   

The UV-FOC is the first side-polished fiber spectroscopic platform used to detect 

broadband near UV absorbance (Chapter 4).  The short wavelength limit of the UV-FOC 

was found to be 240 nm.  An adsorbed cytochrome c protein film was used to 

characterize the sensitivity enhancement of the platform, which was 62 ± 3 times that of a 

traditional transmission measurement for the Soret band.  It was observed that sensitivity 

measurements calculated for the same cytochrome c spectrum varied based the molar 

absorptivity and peak shape.  The UV-FOC was applied to measure the absorbance of an 

adsorbed BSA thin-film; a limit of detection of 140 ng/cm2 was observed.  BSA was 

found to have a large affinity for the UV-FOC platform and form a close packed 

monolayer or aggregated multi-layers on the surface according to the Langmuir isotherm 

model.  However, due to either the signal to noise constraints of the measurements and/or 

error in the sensitivity factor calculation, further verification of the surface adsorbed BSA 

absorbance spectrum should be evaluated. 

In Chapter 5, the FOC device platform was used to measure back-coupled 

fluorescence from a drop-cast CdSe nanoparticle film and a biotin/Streptavidin bioassay.  

The sequential absorbance and fluorescence spectra recorded for the CdSe film 

corresponded with the solution measurements, but quantitative measurements were 

difficult due to aggregation and inner filter effects of the nanoparticles.208  A quantitative 

evaluation of the biotin/Streptavidin fluorescence bioassay demonstrated a limit of 
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detection for the FOC platform of 15 nM and is similar to that observed for de-clad fiber 

platforms.  Therefore, fluorescence detection on a FOC, with a interaction length of ~ 24 

mm, is more sensitive per unit length than de-clad fiber sensors which required a 

interaction length of ~ 60 mm to produce an equivalent limit of detection.  A 0.02% back-

coupled fluorescence efficiency, or the percentage of emitted light collected by the FOC, 

was calculated for the FOC platform.  

Finally, a new spectroelectrochemical platform based on the FOC device is 

demonstrated in Chapter 6, which has many of the desirable features of planar 

waveguides, and the convenience of fiber-optic coupling and broadband modes of 

spectroscopic.  The EA-FOC is constructed using a FOC platform coated with ITO as the 

working electrode and is applied to the characterization of ultra-thin-films of redox active 

materials.  As with the spectroscopic FOC counterpart, this version of the EA-FOC 

shows a sensitivity improvement over transmission experiments of ca. 40x as calculated 

from the methylene blue redox couple.  Nevertheless, the EA-FOC had the requisite 

sensitivity to monitor optical changes to a redox-active polymer film, PEDOT, down to 

surface coverages of ca. 0.3% of a monolayer.   

A significant challenge for the EA-FOC platform is the deposition of a uniformly 

conducting transparent electrode film.  The heterogeneous surface of the FOC, epoxy and 

fused silica surfaces, does not allow for uniform deposition of ITO.  Specifically, the 

epoxy regions on the FOC surface are rough (100 nm peak to trough) hindering efficient 

electron transport across the device surface resulting in high resistivity of the film.  This 

effect was especially significant when electrodepositing PEDOT on the surface of the 
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EA-FOC.  PEDOT was more efficiently polymerized in the working electrode region 

between the potentiostat contacts and the epoxy, and a significant amount of charge was 

applied to overcome the epoxy barrier to deposit PEDOT on the surface of the side-

polished fiber (Appendix C.4).  In conclusion, solving the electrical contact issues of the 

ITO film is essential for future applications of the FOC platform requiring 

electrochemical and spectroscopic modes of detection. 

The multifunctional FOC platform presented in this dissertation illustrated 

absorbance in the visible and near-UV, fluorescence, and spectroelectrochemical modes 

of detection.  The FOC was shown to have competitive, and slightly greater, sensitivity to 

surface confined analytes compared to cylindrical core de-clad fiber platform 

architectures and ATR instrumentation.  However, the planar, robust, and streamlined 

optical set-up of the FOC platform has significant advantages over those techniques.  The 

sensitivity of the FOC device can easily be doubled by simply inserting an annular mask 

in the optical pathway.  Currently competing with ATR technology, further 

improvements in sensitivity will be possible by increasing the interaction length of the 

device and generating a FOC based on a single mode side polished fiber to surpass the 

sensitivity of the ATR platform.  Future work on further developing the FOC technology 

will be focused on combining multiple FOCs together into a scalable array, expanding the 

sensor capabilities of these new platforms, and increase both their sensitivity and their 

ease of use for broad spectral ranges. 
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8.2 ATR spectroscopy of New Molecular Materials 

The ATR platform provides a sensitive surface specific technique to probe both 

the spectroscopic and electrochemical properties of thin-films.  In Chapter 7.1, the ATR 

was used to examine the properties of two different LBL deposited polymer films.  The 

goal of this study was to evaluate which film architecture would best serve as a signal 

transduction film to detect proton transport across a planar supported lipid membrane.25  

The polymer support for the lipid bilayer must be smooth (rms ~ 1nm), hydrophilic, pH 

sensitive, and less likely to change conformation, which could disrupt the lipid bilayer.  

An alternating polymer film of the pH sensitive conducting polymer PANI(aq) with the 

hydrophilic polymer PAA was chosen as the signal transduction system.  Previous work 

determined PANI deposition from an aqueous acidic solution produced smoother and 

more uniform films than PANI dissolved in NMP.243  Additionally, in this study, the film 

deposited from the PANI(aq) solution was an order of magnitude more sensitive to pH 

changes than the PANI(NMP) film.  The absorptovoltammogram of the PANI(aq)/PAA 

films confirmed it to be a stable signal transduction platform for a lipid bilayer as the 

oxidation and reduction peak shapes were similar with little distortion due to redox 

induced conformational changes.  Finally, the addition of a P+ base layer to the signal 

transduction film did not significantly alter the pH response or spectroelectrochemistry of 

the PANI(aq)/PAA film.  The P+ layer did provide a permanently positively charged 

priming layer upon which a thicker PANI(aq)/PAA bilayer was deposited, and the redox 

chemistry of the thick film at pH 7 was buffered so that the partially oxidized form of 

PANI included both the EB and ES form.  In conclusion, the thinner and simpler 
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(PANI(aq)/PAA)2 signal transduction film was ultimately used to monitor proton 

transport across a lipid membrane because there was no advantage found to adding the P+ 

layer to the film architecture. 

Additionally in Chapter 7.2, ATR spectroscopy was used to monitor adsorption of 

pyridine capped CdSe nanoparticles onto a silyl-propyl-thiol modified glass surface.  The 

rate of uptake of NPs to monolayer saturation coverage is dependent on the bulk 

concentration.  Saturation coverage is achieved in less than 15 minutes for concentrations 

above ~ 0.7 μM. The adsorption process can be stopped at any point to generate films 

with less than monolayer coverage.  Future NP capture experiments should include the 

effect of NP size and nature of the modifier on the ATR substrate on the adsorption of the 

NP film.  The ultimate application of captured NP films is to examine the charge 

injection based on surface coverage, NP diameter, applied potential, ligand type and 

electrochemical environment using photoelectron spectroscopies98 and potential 

modulated ATR spectroelectrochemistry.99 
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APPENDIX A:  TROUBLESHOOTING FOC PRODUCTION 

 

 

A.1 Introduction 

The focus of this appendix is to review the problems that were encountered during 

the first phase of FOC production and discuss their resolutions.  The goal for optimal 

FOC design is to create a long length, evenly polished and low loss side-polished fiber.  

A.2 Mounting Fiber into V-Groove 

The physical dimensions of the commercially supplied V-grooves used for the 

first generation of FOCs define the fundamental limit for FOC interaction length.  

However, the angle (θ) at which the edges of these V-grooves are lapped also has a small 

affect on FOC length (Figure A.1).  The amount of the V-groove removed at either end to 

create the sloping edge is dependent on θ and the diameter of the jacketed fiber.  To add 

strength to the fiber pigtails, the FOC is constructed such that a portion of the jacketed 

fiber is mounted onto the edge of the V-groove (i.e. the stripped fiber length is slightly 

less than the V-groove length).  The depth of the sloping edge (d) needs to be slightly 

greater than the jacketed fiber diameter to ensure that the jacketed portion is covered by 

epoxy and not lapped or polished during FOC processing.  The optimal angle was found 

to be 2± with a lapping length (L) of ~ 9.5 mm for a fiber with a jacketed diameter of 250 

μm (Figure A.1).   Lapping the edge of the V-groove at a small angle (1±) decreased the 

interaction length of the FOC by increasing L.  A greater angle (3±) was also tested 

because it would increase the interaction length of the FOC, but mounting the fiber into 
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the V-groove at this angle created a bowing up of the fiber (i.e. the fiber would not lay 

flat using the tension mounting technique). 

 

Evenly mounting the fiber into the V-groove provides a uniform, flat interaction 

length in the FOC device.  The best mounting procedure for installing the fiber into the 

V-groove uses tension to hold the fiber into place and is described in Chapter 2.1.3.  A 

previous method using weights to compress the fiber into the V-groove resulted in a 

wavy polished fiber (Figure A.2).  The Teflon weights where applied to the top of the 

mounted fiber in the V-groove during curing of the epoxy.  In locations without weights, 

the fiber bowed up in the V-groove; therefore, these areas were lapped and polished first 

creating a non-uniform or wavy interaction length in the FOC device. 
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Figure A.2  Graph of measured exposed fiber width due to lapping versus image position 
along the fiber. 

Figure A.1  Diagram of the dimensions of the sloping edge of the V-groove (side 
view). 
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A.3 Scratches, Cracks, and Broken Fibers 

Scratches, cracks, and broken fibers are problems that occur during the lapping 

and polishing procedure.  Scratches on the side polished fiber surface (Figure A.3a) are 

generally due to impurities or cross contamination of the lapping slurry.  The lapping 

slurry serves as the sand paper for lapping and polishing procedures, so if there is a large 

particle in the mixture, it will scratch the surface.  In addition, scratches can result from 

weight on the sample during the lapping and polishing process, and non-uniform rotation 

of the working disc.  To prevent this kind of damage to the FOC surface, which causes 

added light scattering and a rougher device surface, care was taken to clean the machine 

between different slurries, all materials for a particular particle size slurry were kept 

separately, the lightest working disc was used, and irregular rotation of the working disc 

was corrected by hand rotation. 

Cracks in the polished fiber (Figure A.3b) generally occur in areas where the fiber 

is stressed including areas that are bowed up due to improper mounting and where the 

fiber is slightly bent.  Another factor affecting cracking of the side polished fiber is the 

weight of the working disc used during lapping.  Broken fibers or sections of the fiber 

removed during the lapping and polishing process (Figure A.3c) are initiated by a cracked 

fiber.  To prevent cracks and breakage of the fiber during the lapping polishing process, 

ensure uniform mounting of the fiber into the V-groove and use the lighter working disc.   

Additionally, a slower lapping speed or a smaller particle size for lapping and polishing 

can be used to help to prevent fiber surface damage. 
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A.4 Surface Morphology and Contamination 

The surface morphology and contamination due to processing will affect the 

function of the FOC device.  For example if the surface is severely scratched, the FOC 

will have high scattering losses, which translates to high spectral noise.  Initially the FOC 

devices were lapped with a 10% 1 μm aluminum oxide slurry until the desired depth had 

been reached; however, this process resulted in high loss devices (~ 3 dB over a broad 

spectral range).  When the polishing method was added to FOC processing, much 

smoother and lower loss devices were produced (~ 1 dB loss).  For future device 

production, it is recommended to only use the 1 μm aluminum oxide slurry to remove the 

initial epoxy on the chip.  As soon as the side polished fiber is exposed, switch to the %5 

0.5 μm cerium oxide polish as discussed in Chapter 2.1.2. 

Surface contamination of the FOC occurs when some of the epoxy moves around 

on the surface during the lapping and polishing procedure (Figure A.4).  This could be a 

result of using an epoxy that is not hard enough to with stand the processing or the epoxy 

is improperly cured.  The initial choice of epoxy (Epotek OG198-50 and Epotek 330) 

caused surface contamination of the fiber surface that could not be removed (Figure A.4).  

Figure A.3  Images of a) scratched, b) cracked, and c) broken sections of side-
polished fibers. 

a) b) c)
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Master Bond UV 15-7 and Epotek 353ND4 epoxies were found to become brittle or swell 

when exposed to some solvents and plasma cleaning.  Epotek 301 did not contaminate 

the surface during lapping and polishing and was found to be generally solvent stable.  

However, it should be noted that leaving an FOC in any solvent for a long period time 

will cause swelling and delamination from the V-groove surface (~ 24 hours for 

chlorinated solvents and weeks for aqueous solutions). 

 

A.5 Polishing Depth 

Polishing depth is a critical parameter for determining interaction length and 

sensitivity of the FOC device.  Polishing further into the core increases both the 

interaction length and sensitivity per unit length.  However, when the polishing depth 

increases past the center of the fiber core the sensitivity decreases (Figure A.5).  In 

addition, the loss of the FOC device increases producing more spectral noise in FOC 

measurements.  Therefore, the optimal polishing depth is slightly before reaching the half 

way point in the core of the fiber, corresponding to 123 μm exposed fiber width in Figure 

A.5, and care should be taken in the polishing process not to surpass the center of the 

core. 

Figure A.4  Image of surface contamination from Epotek OG198-50 epoxy. 
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Figure A.5   Plot of sensitivity per unit interaction length versus the maximum exposed 
width of the fiber for the same FOC during polishing steps.  Sensitivity of the FOC is 
measured using the P+/Ni(TSPc) film procedure described in Chapter 3.3. 
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APPENDIX B:  PLANAR WAVEGUIDE CALCULATIONS FOR FOC 

SENSITIVITY MODELING 

 

 

 The planar waveguide modeling discussed in Chapter 3.4.3 is an expansion on 

calculations previously presented145, 147  where the theoretical sensitivity is calculated 

using a model thin molecular film adsorbed to a planar multimode waveguide.  A 

schematic representation of the waveguide structure is shown in Figure B.1.  The model 

molecular thin-film adsorbed from an aqueous solution (nc = 1.33) is assumed to have a 

surface coverage (Γ) of 11.2 pmol/cm2 and molar absorptivity of 11,200 M-1cm-1 at 520 

nm.  The planar waveguide structure was defined with values analogous to that of the 

fiber used in the FOC: 40μm waveguide thickness (t), 17.2 mm interaction length (L), 

core refractive index (nw) of 1.46, and a NA of 0.22.  The calculated value for ns is 

1.44333 as calculated from the relationship NA2 = nw
2 – ns

2. 

 

Figure B.1  Schematic representation of an adsorbed layer of molecules on a planar 
waveguide structure with the defined coordinate system. 
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The sensitivity factor (S) of a device, defined in Chapter 3.3.1, is used to quantify 

the sensitivity enhancement of the FOC and ATR platforms. S is defined as a scaling 

factor of the device absorbance with respect to conventional measurements in direct 

transmission.  For the modeling calculations presented here, S is calculated using  

trans

filmwg

A
A

S ,≡          (B.1) 

Where Awg,film is the calculated planar waveguide absorbance for the theoretical thin-film 

(Figure B.1), and Atrans is the calculated transmission absorbance for the same film by  

24 /1025.1 cmmoleAtrans
−×=Γ= ε       (B.2) 

 To calculate the planar waveguide absorbance (Awg,film) for the system defined in 

Figure B.1 a modified Beer’s law equation (B.3) is used where the pathlength term is 

substituted with an equivalent path length (bwg).  The equivalent pathlength is equal to the 

product of Harrick’s11 definition of the penetration depth of the evanescent field and the 

number of reflections calculated from the ray optics model.  For an isotropic adlayer 

where kx =ky=kz and assuming a thin ((h/λ) << 1) weakly adsorbing film ((k/nl) << 1), the 

equivalent pathlength has been previously calculated for each polarization using the ray 

optics model (Eq. B.4 and B.5).145, 147, 259  The accuracy of calculating waveguide 

parameters under the assumptions presented here was found to be within 2-3% of the 

exact calculation using the electromagnetic wave theory.145 
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Where the effective waveguide thickness (teff) for both polarizations takes into account 

Goos-Hächen shift effects are given by 

( ) ( ) 2/1222/122,
2/2/

sTEcTE

TMeff
nNnN

tt
−

+
−

+=
πλπλ      (B.6) 

( ) ( ) 2/122
22

2/122
22,

1

2/

1

2/

sTN
s

TM

w

TM
cTM

c

TM

w

TM

TMeff

nN
n

N
n

NnN
n

N
n

N
tt

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

πλπλ (B.7) 

Finally, the effective index (NTE = NTM) is varied to produce 100 points between nw and 

ns, which reflects the sensitivity trend across all modes propagating within the 

waveguide.  Each effective index value is used to calculate Awg,film in both polarizations 

using equations B.3-B.7; when combined with equations B.1 and B.2, the theoretical 

sensitivity is determined.  Figure 3.5b is a graphical representation of the effective index 

versus sensitivity calculated for the system represented in Figure B.1.  When all modes 

are equally excited, we should take the average of their individual responses for both TM 

and TE polarized light giving S = 49, which can be compared to the experimental 

determined value for the FOC. 
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APPENDIX C:  SPUTTERING ITO 

 

 

C.1 Introduction 

 Indium Tin Oxide (ITO) thin-films are the most common spectroelectrochemical 

electrodes due to their high conductivity, transparency, stability, and hardness.  In 

addition, ITO films are used in organic light emitting diodes (OLEDS), photovoltaics 

(PV), and as antistatic coatings.  The manufacturing of ITO is widely variable, which 

results in heterogeneous film composition affecting the properties of the material.  

However, all of the ITO films prepared by various techniques are polycrystalline in 

nature and maintain the cubic bixebyte structure of the In2O3 single crystal.  Doping of 

the films with tin slightly increases the lattice constant of the film (dependent on the 

deposition procedure) due to substitution of Sn+4 ions at the In+3 sites.  Additionally, 

In2O3 is oxygen deficient.  The oxygen vacancies and electron rich tin dopant levels lie 

near the conduction band edge allowing electron promotion into the conduction band 

converting the insulating In2O3 material into a semiconductor while retaining the large 

band gap, and transparency of the material.219, 260-263  Figure C.1 shows a schematic of the 

energy band diagram of ITO.260 

 The exact conduction mechanism of ITO is still being debated.  The 80 atoms 

within the bixebyte lattice along with the variations of chemical and physical composition 

due to deposition technique have made theoretical calculations difficult.  In general, 

electrical conductivity directly depends on the concentration and mobility of the electrons 
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in the conduction band.  The concentration of free carriers is dependant on the tin dopant 

concentration, tin oxidation state, and oxygen vacancies of ITO.  Carrier mobility is 

affected by electron scattering sources such as grain boundaries, crystal structure, and 

impurities.261, 263   

 

 The optical properties of ITO are dependent on the electrochemical properties of 

the material.  ITO is generally transparent in the visible region where the short 

wavelength cut off is determined by absorption due to the band gap of the material.  The 

long wavelength cut off is due to reflection from free electrons and is determined by the 

Figure C.1  Schematic energy band model of Sn doped In2O3.  The filled O(2p) 
energy band is the valance band and In(5s) energy band is the conduction band of the 
semiconductor.  Oxygen vacancies act as an n-type dopant where energy states are 
introduced close to the conduction band and two electrons can be thermally promoted.  
Analogously, Sn dopant sites from the Sn(5s) energy level donate one electron to the 
conduction band. (Adapted from reference 260) 
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plasma resonance frequency.  As the free carriers within the material increases the plasma 

resonance wavelength decreases.  Therefore, there is a trade off between increasing the 

free carrier concentration of ITO to improve the electrical properties and decreasing the 

transmission wavelength window.219, 264 

Various techniques have been researched for depositing ITO including chemical 

vapor deposition (CVD), spray pyrolysis, evaporation, ion-beam, ion-plating, sol-gel, and 

sputtering.  Compared to the other techniques, sputtering is the most versatile for 

producing device quality films.  Sputtering ITO provides a higher purity film (determined 

by the target composition), stronger adhesive strength, and greater control over film 

thickness.   A gas plasma is created by applying a voltage between the target (cathode) 

and an anode during the sputtering process.  The gas ions bombard the target where 

material is ejected due to momentum transfer and diffuses away to be deposited onto a 

substrate surface.  For an insulating target, there are two modes of generating the plasma: 

pulsing a direct voltage (pulse DC) or by using a high frequency generator (RF).  

Magnetically enhanced sputtering increases sputter deposition rates and decreases 

secondary electron heating of the substrate by confining these ejected electrons to the 

area near the target.219  The ITO films deposited onto the FOC and used to perform 

spectroelectrochemical measurements were made using pulsed DC magnetically 

enhanced sputtering process.  This appendix discusses the deposition process used in 

detail and the ITO films produced. 
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C.2 Detailed Sputter Deposition Procedure 

 The general procedure used for depositing ITO onto the FOC is described in 

Chapter 2.4.1 and was adapted from the work presented by Brumbach.263  All ITO films 

were made in a Kurt J. Lesker AXXIS pulsed DC magnetron sputter deposition system.  

A custom made aluminum holder was required for mounting the FOC in the chamber for 

ITO deposition (Figure C.2).  The FOC holder is comprised of a base plate with a 

recessed 1 inch by 3 inch rectangle in the center to place the glass slide on which the 

FOC is mounted.  A recessed ring close to the edge of the circular base plate is used to 

wind the pigtail fibers from the FOC (Figure C.2a).  Aluminum foil is used to cover and 

hold the pigtail fibers in place.  Two smaller slotted plates screw into the base plate and 

flank each side of the FOC about ¼ of an inch from each side of the FOC to hold it in 

place during deposition (Figure C.2b).  A final heat shielding plate with a 1 ½ inch by 1 

inch rectangle cut out is mounted on top the holder.  The shielding plate is isolated from 

the base plate using ceramic spacers and is used to dampen the heating of the pigtail 

fibers during ITO annealing (Figure C.2c). 

 Before depositing ITO on the FOC, a series of test films were deposited on glass 

slides and under the same conditions that would be used for the FOC.  Each sample 

substrate was cleaned with a 10% Triton X solution, rinsed with DI water, rinsed with 

ethanol, dried with nitrogen, and oxygen plasma etched for 5 minutes on medium power.  

The sample was then mounted onto the aluminum holder as shown in Figure C.2b, and 

the whole stage was rotated to the 90± position.  By keeping the sample at 90± during 

pump down of the vacuum chamber, any dust or debris inside the chamber cannot settle 
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Figure C.2  Pictures of the aluminum ITO deposition sample holder.  a) Base plate 
with a 1 by 3 inch recessed rectangle to hold the glass slide base of the FOC and a 
recessed ring to wind the pigtail fibers into. b) Aluminum foil is used to cover the 
pigtail fibers and two smaller slotted plates are screwed in place to secure the FOC. c) 
A heat shield mounts on top of the holder and is isolated from the base plate with 
ceramic beads. 

a)

b)

c)
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Table C.1  ITO deposition recipe. 
Step Equipment Item Operation Test Value 

1 Recording Recording Start   

2 Valve PC High Vac Throttle Turn_On/Open/Opening   
3 Gauge MKS979 Active Filament Power On Turn_Off/Closed/Closing   
4 Gauge MKS979 Filament Status Check_Off/Closed/Closing   
5 Valve Gas Injection Turn_On/Open/Opening   
6 Recipe Dwell N Seconds (n or HH:MM:SS) 10 
7 Valve PC High Vac Throttle Opened Check_On/Open/Opening   
8 MFC MFC2 Mode Set Value = n.nn 4 
9 MFC MFC3 Mode Set Value = n.nn 12 

10 Gauge Capman Pressure SP Set Value = n.nn 8.5 mTorr 
11 Recipe Dwell N Seconds (n or HH:MM:SS) 250 
12 Gauge Capman Pressure Check Pressure > n.nn 8.0 mTorr 
13 Source Source SW1 Turn_On/Open/Opening   
14 Power Supply Power Supply 3 Turn_On/Open/Opening   
15 Power Supply Power Supply3 Ramp Rate Set Value = n.nn 0.2 U/sec 
16 Power Supply Power Supply3 Output Setpoint Set Value = n.nn 200 W 
17 Recipe Dwell N Seconds (n or HH:MM:SS) 1660 
18 Motors Platen Motor Position Set Point Set Value = n.nn 183 
19 Motors Platen Motor Go To Position Turn_On/Open/Opening   
20 Motors Platen Motor Position Check Value > n.nn 180 
21 Motors Planet Motor Go Continuous + Turn_On/Open/Opening   
22 Recipe Dwell N Seconds (n or HH:MM:SS) 5 
23 Shutter Source Shutter 4 Turn_On/Open/Opening   
24 Recipe Dwell N Seconds (n or HH:MM:SS) 300 
25 Shutter Source Shutter 4 Turn_Off/Closed/Closing   
26 Recipe Dwell N Seconds (n or HH:MM:SS) 5 
27 Power Supply Power Supply3 Ramp Rate Set Value = n.nn 0.2 U/sec 
28 Power Supply Power Supply3 Output Setpoint Set Value = n.nn 0 W 
29 Recipe Dwell N Seconds (n or HH:MM:SS) 1060 
30 Power Supply Power Supply 3 Turn_Off/Closed/Closing   
31 Source Source SW1 Turn_Off/Closed/Closing   
32 Motors Planet Motor Go Continuous + Turn_Off/Closed/Closing   
33 Motors Planet Motor On Turn_Off/Closed/Closing   
34 Recipe Dwell N Seconds (n or HH:MM:SS) 600 
35 Gauge Capman Pressure SP Set Value = n.nn 0 
36 MFC MFC2 Mode Set Value = n.nn 0 
37 MFC MFC3 Mode Set Value = n.nn 0 
38 Valve Gas Injection Turn_Off/Closed/Closing   
39 Valve PC High Vac Throttle Turn_Off/Closed/Closing   
40 Recipe Dwell N Seconds (n or HH:MM:SS) 30 
41 Gauge MKS979 Active Filament Power On Turn_On/Open/Opening   
42 Recipe Dwell N Seconds (n or HH:MM:SS) 600 
43 Recording Recording Stop   



 198

onto the surface.   The vacuum chamber was pumped to a pressure of ~ 2 × 10-6 Torr 

prior to running the ITO deposition recipe (Table C.1).  Additionally, before ITO 

deposition, the gas line was purged, by opening the gas valve with the filament and gas 

flow turned off, to remove any residual nitrogen gas remaining from bringing the 

chamber to atmosphere.  A program written into the AXXIS software allowed for 

automation of the ITO deposition process (Table C.1).  ITO is sputter deposited in a 3.3% 

oxygen 96.7% argon atmosphere at 8.5 mTorr using a combination of UHP argon gas 

(MFC2 under pressure control) and a 90:10 argon: oxygen gas mixture (MFC3 slaved to 

MFC2 with 50% of the flow rate).  The 3 inch diameter target (90:10 % wt. In2O3:SnO2) 

was sputtered at 200W, or 4.4 W/cm.    The test value for step number 24 in Table C.1 

was changed to produce films with different thicknesses.  The deposition time for the 

FOC devices was 300 seconds. 

After ITO deposition, the chamber was brought back to atmosphere and the heat 

shield was mounted onto the sample holder.  The chamber was pumped back down to a 

pressure of ~ 5 × 10-6 Torr.  Keeping the sample at 90°, the heater arm is extended into 

the chamber until it is as close to the sample as possible.  Turn the heater on at 100% till 

the temperature reaches about 300°C.  Turn on the heater auto temperature to maintain 

300°C for 10 minutes.  Wait at least one hour for the chamber to cool down before 

venting to measure the ITO film resistance (Chapter 2.4.3).  Repeat the annealing step 

until the ITO resistance is below 2 kΩ.   
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C.3 Characterization of ITO 

 A series of test films on glass slides were examined to determine the electrical 

properties, optical properties, and deposition parameters of ITO.  The goal was to 

produce both conductive and transparent ITO using a method compatible with the FOC 

platform.  Four different deposition times were tested (15, 20, 25 and 30 minutes) with at 

least 3 samples for each deposition time.  Each time a deposition parameter was altered; 

at least three ITO samples were made and disregarded in order to eliminate the memory 

affects of the sputtering machine. The resistivity of each sample was measured using a 

DVM (Chapter 2.4.3), and the thickness and extinction coefficient (k) were calculated as 

described in Chapter 2.4.2.  The deposition rate for all samples was 0.23 ± 0.04 nm/sec 

with a sample to target distance of 18 cm and comparable to the rates reported by 

Brumbach.263 

 Initially the ITO films were not annealed, however, the resistivity values were 

extremely variable for thick ITO films (40-300 Ω/ ) and high for thin-films (~ 10 kΩ/ ).  

Annealing under vacuum was found to decrease both the absolute value and variability of 

the resistivity of the ITO films (i.e. thick films had values ranging from 40-60 Ω/  after 

annealing).  Annealing of ITO in a reducing atmosphere decreases the resistivity of ITO 

through increasing the carrier concentration by introducing oxygen vacancy sites and 

decreasing grain boundaries, which can scatter the carriers.  However, the ITO electrical 

properties can change over time as the oxygen vacancies react with the atmosphere. 

The transparency of the ITO films was evaluated using the calculated extinction 

coefficient for the unannealed and annealed films.  The average minimum k for 
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unannealed films was calculated to be ~ 1 × 10-3 at ~ 600 nm and increased to ~ 1 × 10-2 

at ~ 600 nm for annealed films (Figure C.3).   The transparent window for the annealed 

film is narrower and shifted to slightly shorter wavelengths, which is most likely due to 

the increased oxygen vacancies/carrier concentration.  Assuming a 40 nm thick ITO film 

on a 25 μm thick FOC, the loss should be ≤ 2 × 10-3 dB/cm for the annealed ITO film.  

Therefore, due to the improved electrical properties an annealing procedure was adopted, 

and the parameters were designed so that the pigtail fibers of the FOC would not heat 

above 80°C, to prevent melting of the fiber jacket.  Additionally, according to the 

manufacturer the epoxy would breakdown at temperatures above 300°C, which became 

the annealing temperature limit. 
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Figure C.3  Plot of the extinction coefficient (k) versus wavelength for annealed ( ) and 
unannealed ( ) ITO films.  Both films are ~ 250 nm thick. 
 
C.3.1 XRD of ITO 

 X-ray diffraction (XRD) of sputtered ITO was compared with a commercial 

sample to determine the preferred crystal structure of the sputtered films.  XRD 

measurements were preformed on a Phillips X’pert MBD diffractometer with a Cu 

source.  Theta-theta scans were completed from 15-65° 2θ with sample spinning.  
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Representative spectra are graphed in Figure C.4.  The lack of peaks in the unannealed 

spectra indicates that the film is amorphous.  Annealing the sputtered ITO film 

crystallizes the ITO into the indium oxide bixebyte structure with the major peaks at ~32° 

for (222) face and at ~ 35° for (400) face.  The Sn4+ dopants in ITO are known to 

substitute into the In3+ sites with only a small increase in lattice constant and retaining the 

indium oxide lattice structure.  By annealing the sputtered ITO, the crystallinity of the 

film is increased and the scattering grain boundaries are decreased, which will decrease 

the resistivity of the film.219   The intensity of the (222) face peak is greater than the (400) 

for the sputtered ITO; however, for commercial ITO the (222) peak intensity is 

approximately equal to the (400) peak.  The difference between the commercial and 

sputtered samples is likely due to the difference in deposition technique.  Studies on 

deposition techniques and parameters affects on morphology, grain size, and crystal 

preference can be found in the literature.265-276 

 

Figure C.4  XRD spectra of unannealed and annealed sputter deposited ITO in 
comparison with commercially deposited ITO.  The lack of peaks in the unannealed 
spectra indicates it is amorphous.   
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C.3.2 XPS of ITO 

 X-ray photoelectron spectroscopy (XPS) of annealed, unannealed, and 

commercial samples of ITO is used to compare the chemical composition of the ITO 

films.  XPS measurements were collected using a Kratos Axis-Ultra X-ray photoelectron 

spectrometer.  A monochromatic Al Kα source at 1486.6 eV, eight channeltron detectors, 

an anode current of 15 mA, an anode voltage of 15 kV, and a chamber pressure of 5 × 10-

9 Torr was used for collection of all spectra.  Low resolution (1 eV step size) full spectra 

and high resolution (0.1 eV step size) spectra for the O(1s), Sn(3d), In(3d), and C(1s) 

photoemission peaks were recorded for all ITO films.  Additionally, data was collected at 

sample normal for bulk analysis and at 70° to probe the surface.   

 Table C.2 reviews the % composition analysis for the ITO samples obtained from 

the XPS spectra.  The sputter deposited ITO films contains 90% indium and about 10% 

tin identical to the sputter target composition.  Commercial ITO contains a slightly higher 

percentage of tin (12%) than the sputter deposited films with an additional concentration 

of tin at the surface.  The addition of the oxygen and carbon percent composition to the 

calculation does not alter these trends.  

Figure C.5a and b show the XPS full spectra for all photoemission peaks for bulk 

and surface analysis of the ITO samples.  The high resolution spectra of the Sn(3d), 

In(3d), and C(1s) photoemission peaks did not contain observable line shape differences, 

and are not included in the data presented here.  However, the asymmetric O(1s) peak has 

observable differences between the samples (Figure C.5c and d).  The O(1s) peak has an 

intrinsic asymmetry, and in order to compare the data for the three ITO films difference 
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Table C.2  Elemental composition of the ITO films calculated from the XPS spectra. 
Sample Commercial Unannealed Annealed 

Thickness 
(nm) 70 65 35 
R(sq) 39 50000 530 
Angle Normal 70 Normal 70 Normal 70 

87.84 84.86 90.13 88.98 90.2 89.76 In/Sn% 
12.16 15.14 9.877 11.02 9.8 10.24 
33.6 30.8 30.75 28.65 32.27 30.53 
4.65 5.5 3.37 3.55 3.51 3.48 In/Sn/O% 
61.75 63.7 65.89 67.8 64.23 65.99 
26.77 19.84 21.07 11.52 21.63 17.31 

3.7 3.54 2.31 1.43 2.35 1.97 
49.19 41.03 45.15 27.27 43.05 37.4 

In/Sn/O/C% 

20.34 35.59 31.48 59.78 32.96 43.32 
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Figure C.5  XPS spectra of sputter deposited (annealed and unannealed) films in 
comparison with commercially available ITO.  Bulk analysis spectra were collected at 
sample normal and surface analysis spectra were collected at a 70° angle.  Low 
resolution spectra for a) bulk analysis and b) surface analysis.  High resolution spectra 
of the O(1s) photoemission peak for c) bulk analysis and d) surface analysis.  
Calculated difference spectra for the O(1s) peak with respect to an ITO sputter cleaned 
reference spectra for e) bulk analysis and f)surface analysis. 
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spectra are calculated (Figures C.5e and f).  First, to account for variation in the absolute 

BE for the O(1s) line, due to changes in the Fermi level position, the binding energy 

difference is calculated as ΔBE = O(1s)-In(3d5/2).  The difference spectra are calculated 

by taking the normalized sample spectra collected and subtracting a reference ITO O(1s) 

spectra.  The reference O(1s) ITO spectra was obtained from an ITO film argon/ion 

sputter cleaned until the spectral line shape of the O(1s) peak no longer changed.277   

A comparison of the bulk and surface analysis for the ITO films shows that the 

surface spectra have a greater contribution from indium hydroxide contaminates for each 

of the ITO films (Figure C.5).  Indium hydroxide species result from the hydroxylation of 

the disrupted ITO lattice at the surface of the film.262  The unannealed ITO film has a 

large contribution from indium hydroxide contamination in both the bulk and surface 

analysis plots in comparison to the other two samples as indicated by a large peak at ~ 87 

ΔBE.  Additionally, the unannealed film has a negative peak at ~ 86.5 ΔBE, which has 

been previously attributed to a lower doping level than the reference ITO (Figures C.5e 

and f).  The annealed and commercial ITO samples show analogous doping levels to the 

reference ITO sample; however, both of these samples show some indium hydroxide 

contamination.   

Prior to introducing each sample to the XPS chamber, it was cleaned and left 

exposed to the atmosphere over night.  Therefore, each sample should have similar 

indium hydroxide contamination.  The significantly greater amount of indium hydroxide 

ion contamination for the unannealed film could be due to the increased surface area of 

the amorphous film.  Annealing of the sputter deposited film decreases the grain 
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boundaries and increases oxygen vacancy doping of the ITO as indicated by the 

decreased In(OH)3 peak and increased ITO peak in Figures C.5e and f.  The O(1s) line 

shape of the annealed film is analogous to the commercially produced ITO. 

C.4 ITO Deposited on the FOC 

 ITO deposited on a FOC chip was examined by AFM.  Figures C.6a and b 

compare the surface roughness and morphology of ITO deposited on glass and on the 

FOC under similar conditions.  The surface roughness for both films is ~ 1 nm.  

However, for ITO deposited onto the FOC, a few of the underlying scratches, resulting 

from the polishing process, are observable.  ITO deposited onto an FOC was acid etched 

and AFM was used to measure the film thickness of 40 ± 1 nm on the side-polished fiber 

(Figure C.5c).  The FOC surface contains parallel domains including the glass V-groove, 

epoxy, and side-polished fiber surfaces (Figure C.6c).  The side-polished fiber and glass 

V-groove surfaces are similar in surface roughness and composition.  However, the 

epoxy surface is a much rougher and softer material.  The ITO deposited onto the FOC 

follows the surface morphology of the substrate.  A line scan across the EA-FOC 

illustrates the dramatic difference in surface structure through which current must travel 

(Figure C.6d). 

 The rough epoxy region with an average peak to trough vertical distance of 100 

nm creates a large charge injection barrier between the working electrode contacts and 

the side-polished fiber platform.  The working electrode contacts are at the edge of the V-

groove; therefore, current must pass across the ITO coated epoxy (Chapter 2.4.6).  In 

Chapter 6, the EA-FOC is used to electrochemically polymerize a PEDOT film on the
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Figure C.6  AFM images of deposited ITO.  ITO deposited on a) glass (rms = 0.9 nm) 
and b) FOC (rms = 1 nm).  c) Acid etched ITO deposited onto an FOC and a line scan 
measuring the ITO film thickness of 38 nm. d) ITO deposited onto an FOC and a line 
scan illustrating the different surface structure for the side-polished fiber, epoxy, and 
V-groove and a peak to trough distance of ~ 100 nm.  

a) b)

c)

d)
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surface.  In order to polymerize a film on the side-polished fiber portion of the EA-FOC 

platform, 20 mC of charge was passed which is equivalent to a surface coverage of 2.4 × 

10-7 mole/cm2.  The electrochemically calculated surface coverage is significantly greater 

than the surface coverage of 4.3 × 10-12 mole/cm2 calculated from the absorbance 

measured on the EA-FOC (Chapter 6.3.3).  A thick, black PEDOT film polymerized 

between the contact and the epoxy on the V-groove surface before polymerizing on the 

surface of the side-polished fiber (Figure C.7).  In future generations of the EA-FOC 

device, the surface of the FOC should be engineered to eliminate the epoxy surface and 

create a more uniform spectroelectrochemical platform. 

 

  

Figure C.7  Image of the EA-FOC surface after PEDOT polymerization.  The black 
PEDOT film polymerized preferably on the V-groove surface (between the working 
electrode contact and the epoxy surface). 
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APPENDIX D:  ORIENTATION OF MOLECULAR FILMS AS MONITORED BY 

ATR SPECTROSCOPY 

 

 

D.1 Introduction 

Organic electronic devices such as photovoltaics, light emitting diodes, and field 

effect transistors depend on efficient charge transfer within device materials.278  Charge 

transport in molecular assemblies is largely dependant on the degree of overlap of 

molecular orbitals in adjacent molecules.279, 280  Therefore, control of the orientation of 

molecular assemblies provides one route to improve device performance.    Preliminary 

molecular orientation results of a self-assembled H-bonding phthalocyanine (Pc), 

2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide ethylsulfanyl)copper phthalocyanine, on 

an amine modified surface is examined (Figure D.1).  Substituted phthalocyaninies are 

proposed as possible organic layers in organic electronic devices because they exhibit a 

much higher charge mobility along the columnar axis than perpendicular.280, 281  Polarized 

ATR spectroscopy provides a means to evaluate the average molecular orientation in 

thin-films due to the enhanced sensitivity compared to transmission spectroscopic 

measurements.  The polarized surface confined evanescent field is used to probe the 

orientation of the absorption dipole of the molecular assemblies.65, 66, 145, 282 

D.2 Experimental Methods 

Glass coverslips modified with bis(trimethoxysilylpropyl)urea, according to the 

procedure described in Chapter 2.6.2 were used as the ATR IRE.  Half of the coverslip
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Figure D.1  Molecular structures of bis(trimethoxysilylpropyl)urea and 
2,3,9,10,16,17,23,24-Octa(2-(4-octylbenzamide ethylsulfanyl) copper phthalocyanine. 
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was masked using Teflon tap, to be used as the ATR blank.  A solution of 5 μM of the H-

bonding Pc was incubated over one surface of the coverslip in a solvent saturated 

atmosphere for 1 hour.  The sample is then carefully rinsed with chloroform and blown 

dry with nitrogen.  The ATR instrument used to collect polarized spectra of the H-

bonding Pc films is described in Chapter 2.6.4.  ATR measurements for each polarization 

of light were collected using polarizing film (Edmund Optics), SF6 prisms, θatr of 61°, 

and ~ 81 reflections.   

D.3 Orientation Calculation and Measurement 

The angular orientation is calculated based on an approach derived by Mendes et 

al.145, 282 using the measured dichroic ratio.  The dichroic ratio is defined as the ratio of 

the linear absorbance measured for TE and TM polarizations (Equation D.1). 

TM
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The dichroic ratio is related to the absorption dipole of a molecule according Equation 

D.2 under the conditions when the magnitude of the adsorption dipole in the x and y 
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Where natr, ns, and nf are the refractive indices of the ATR element (1.51), superstrate 

(1.0), and film (assumed to be 1.70)66 respectively.  Figure D.2 is a schematic of the ATR 

platform with the defined laboratory coordinates used. 

 Equation D.2 is then rearranged to solve for the normalized in-plane adsorption 

dipole:  
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where,    ( )222
satratr nnnx −= ρ      (D.5) 

and,     ( ) ( )222224 NnnnNny atrssatr −+−=    (D.6) 

The out of plane absorption dipole is related to the in plane dipole by Equation D.7. 
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Figure D.2  Schematic representation of the ATR configuration used.  Light 
propagates via TIR in the x direction.  TE polarized light propagates in the x-y plane 
while TM propagates in the x-z plane. 
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 Most phthalocyanine derivatives containing a central metal have D4h symmetry, 

with two equivalent orthogonal absorption dipoles in the plane of the molecule (Figure 

D.1).66  Therefore, Equations D.1 and D.4 through D.7 can be used to calculate the 

average orientation of a phthalocyanine molecular assembly.  Figure D.3 is the ATR 

absorption spectra of the self-assembled H-bonding Pc onto a modified surface.  The 

absorbance in TE and TM polarizations at 660 nm is used to calculate ρ = 1.3, and values 

for 22 / μμin  and 22 / μμout  are determined to be 0.26 and 0.48 respectively.  The greater 

value of the out of plane adsorption dipole indicates that the average alignment of the 

absorption dipoles are closer to lying perpendicular to the sample surface.   

    

D.4  Conclusions 

 Polarized ATR spectra of a self-assembled H-bonding Pc film onto a modified 

surface indicates that the average alignment of the plane of the molecule is perpendicular 

to the substrate.  This result is contradictory to AFM, XRD, and FTIR data presented by 

Figure D.3  Polarized ATR spectra of a self-assembled film of H-bonding Pc on a 
modified surface. 
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Kumaran et al.121 where the molecular plane is preferentially aligned parallel to the 

substrate surface.  In order to achieve sufficient surface coverage of the glass coverslip 

for ATR absorbance measurements, the H-bonding Pc was self-assemble from a 5 μM 

solution whereas a 1 μM H-bonding Pc solution was used for the samples presented by 

Kumaran et al.121  It is hypothesized that some of the H-bonding Pc in the 5 μM solution 

aggregated in solution and deposited as columnar structures with the molecular plan 

preferentially aligned perpendicular to the substrate.  For the lower concentration 

solution, the H-bonding Pcs hydrogen bonded with the modified surface and deposited in 

films with the molecular axis parallel to the substrate.  ATR measurements of films 

deposited analogously to the films presented in Kumaran et al.121 were below the signal 

to noise level of the instrument. 
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APPENDIX E: PERMISSIONS 

Figure 4.1 
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Figure C.1 
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