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1. Introduction

The planar fiber-optic chip (FOC) technology combines the sensitivity of an attenuated total
reflection (ATR) element with the ease of use of fiber-optic based spectrometers and light
sources to create an improved platform for spectroscopic analysis of molecular adsorbates. A
multi-mode optical fiber mounted in a V-groove block was side-polished to create a planar
platform that allows access to the evanescent feld escaping from the fiber core and has been
previously applied to absorbance and spectroelectrochemical measurements of molecular thin-
films. Light generated in a surface-confined thin molecular film can be back-coupled into the
FOC platform when the conditions for light prop agation within the waveguide are met. In this
chapter the current applications of the FOC platform will be presented including
spectroelectrochemical measurements, fluorescene detection of a bioassay, a broadband fiber
optic light source, and Raman interrogation of molecular adsorbates.

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 miniature,
multifunctional, and sensitive sensor platforms. (Bradshaw et al, 2005; Kuswandi et al, 2001;
Monk & Walt, 2004; Plowman et al, 1998; Potyrailo et al, 1998; Reichert, 1989; Tien, 1971,
Wolfbeis, 2006) 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 coupling schemes. Fiber coupled sensing archtectures, 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 fibers. (Leung et al, 2007; McDonaghet al, 2008) Simple distal end fiber optic
sensors are commercially available where the exposed core on a cleaved and polished end of
a fiber is used as the sensing platform. 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 more fragiledistal end sensor geometry uses a tapered
fiber where the fiber core is etched with HF 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. (Anderson et al, 1993; Anderson et al, 1994;
Anderson et al, 1994; Goldenet al, 1992; Grant & Glass, 1997; Maragos & Thompson, 1999;
Thompson & Maragos, 1996; Wiejataet al, 2003; Zhouet al, 1997)

www.intechopen.com



388 Recent Progress in Optical Fiber Research

Previous studies, which have taken advantage of the convenience of fiber coupled
instrumentation and the increased sensitivity of the total internal reflection geometry, have
used a fiber optic with the cladding remove d to create a sensing element around the
cylindrical fiber core. The exposed core region saves as an ATR element that can be used for
absorbance measurements to detect volatile organic compounds (Blairet al, 1997), probe
dye solutions (Ruddy et al, 1990), monitor methane gas (Taiet al, 1987) and ammonium ion
(Malins et al, 1998) concentrations, and determine soldion pH using indicator doped sol-gel
coatings (Gupta & Sharma, 1997; MacCraith, 1993), or an indicator doped polymer film.
(Egami et al, 1996) Several investigators have workedto further increase the sensitivity of
the de-clad cylindrical core fiber optic sensors by tapering the fiber optic (Guo & Albin,
2003; Gupta et al, 1994; Mackenzie & Payne, 1990; Mignaniet al, 1998) or bending the
sensing region (i.e. into a U-shape). (Khijwania & Gupta, 1998; Khijwania & Gupta, 2000)
Fiber optic sensors using the tapered fiber geometry include a humidity (Bariain et al, 2000),
temperature (Diaz-Herrera et al, 2004), hydrogen gas (Villatoro et al, 2005), and bovine
serum albumin sensors. (Leung et al, 2007; Preejithet al, 2003) U-shaped fiber optic sensors
have been used to detect humidity (Gupta & Ratnanjali, 2001), pH (Gupta & Sharma, 2002),
and ammonium ion concentrations. (Potyrailo & Hieftje, 1998) Such fiber optic sensor
architectures employ signal transduction thro ugh 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-films (Doherty et al, 2005; Floraet al, 2005) and planar supported lipid
bilayers. (McBeeet al, 2006) In addition, due to its more robust supported platform, a planar
design would be amenable for integration into microfluidic systems and sensor arrays. The
FOC platform is schematically shown in Figure 1.

Fig. 1. Fiber Optic Chip (FOC) schematic ofa side polished fiber mounted in a V-groove
where red represents the exposed fiber core sasing platform. a) Top down view; b) Side
view; c) Cross section. Figure modified from Beam et al, 2007 and Bearnet al, 2009.

1.1 FOC manufacture

The FOC is a D-shaped, side polished fiber opticplatform with access to the evanescent field
escaping from the fiber core. Fabrication of the FOC begins with stripping the jacket off of a
small central section, 2 to 4 cm, of an optical fiber to expose the cladding. The optical fibers
used for this work are a 50 um core/125 pym cladding multimode, step-index optical fiber
(Thorlabs AFS50/125Y), with 0.22 numerical aperture (NA). The stripped section of the
optical fiber is then mounted in a V-groove su bstrate using a two-part epoxy; the V-groove
acts as a platform for spectroscopic investigation as well as supports the fragile fiber during
the polishing proceedure. Prior to mounting th e fiber, the edges of the V-groove block must
be polished to a 2° taper. Using a custom built assembly jig to keep tension on the fiber
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during hotplate curing, the fiber is laid in to the V-groove and optical grade epoxy (Epotek
301) is applied liberally to ensure permanent immobilization of the fiber. The first
generation FOC platforms were produced by side-polishing an optical fiber in a glass V-
groove mount, but subsequent improvements on the FOC manufacturing process include
replacing the glass V-groove with a customized etched silicon wafer support, improved
polishing processing, and finally generating a rrays of side polished fibers (Figure 2).

Epoxy Fiber
Lap Edges of into
o 6\6‘ V-Groove — = -_.‘ \'-Groa\'e
# V V-Groove
+ Lap and
Multimode Fiber Polish Device

5 mm
Chemically Etched 125um W
V-groovein Si-wafer
FOC

Fig. 2. Schematic for construction of FOC devices.

Initially glass V-groove mounts were purchase d from Mindrum with dimensions of 40 mm
long, 2 mm wide, and 1.33 mm tall; however, there was a limited supply and the glass V-
grooves were not uniform requiring careful charaterization of each piece prior to use. Later
V-groove mounts were produced using a chemical etching process (Kendall, 1979) to create
a channel in a Si-wafer. Due to the crystalline structure of silicon, the resultant channel has
two sloping walls forming a V shape. Creating the V-groove begins with a 500 um thick Si-
warfer with a minimum of a 1 um oxidized la yer. A layer of hexamethyldisilazane (HMDS)
primer followed by a layer of photo-resist (Shipley 1813) is spin-coated on the wafer and
cured on a hot plate. A slotted mask is placed on top of the wafer using a mask aligner (Suss
MicroTec). The slots are of the desired width for the eventual V-groove. The masked wafer
is then exposed to UV light for 7 seconds. The wafer is then placed in developer
(Microdeposit MF-319) leaving photo-resist in the areas that the mask covered and exposing
the wafer surface in the slot formation. The wafer is covered in buffered oxide etchant (BOE)
to erode the oxide layer of the exposed wafer, etching the masked pattern into the oxide
layer. The BOE will remove 100nm/min of the oxidized layer, so at minimum the wafer
should remain in the BOE for a period of 10 minutes. The remaining photo-resist is then
removed using a solvent rinse. Finally, the V-grooves are formed through chemical etch in
45% KOH, which is set on a magnetic stirrer and heated to 55° C. It should be noted that the
etching rate of the KOH increases with temperature. The KOH etches the silicon at a much
faster rate than the SiQ; creating grooves only in the areas without an oxidized layer. The
angle between the sloping walls and the face of the substrate, 54.74°, is set by the silicon
crystalline structure. Etching will terminate once the (1,1,1) plare is reached; therefore, the
depth of the V-groove is pre-determined by the width of the lines in the mask. The resultant
V-groove is approximately 240 im wide and 170 im deep. Once the chemical etching of the
V-grooves is complete, the Si-wafer is dicedinto approximately 40 mm by 5 mm long strips
with a V-groove running longwise through the cent er of each or the wafer can remain intact
to create a FOC array base structure.

Side polishing the fiber to create the D-shaped geometrey of the FOC is achieved using a
two part lapping process, where the cladding is slowly polished away exposing the core of
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the multimode fiber. All lapping and polishing steps are performed on a Lapmaseter model
12 with a cast iron lapping plate covered with a polyurethane pad. The FOC device is
mounted onto a custom machined spindle carrier with brass sleeve bearings to hinder
parallax motion. If this wobble is not corrected for, the FOC will not be polished evenly
leading to the outer edges eroding at a faster rate First, a coarse grit slurry composed of 1%
1-um alumina powder (MetMaster SF-RF-1P) is used to lap the device at a rate of about 20
rom. When the measured width of the exposed cladding is approximately 115 im, the
slurry is changed to a fine grit polishing solution composed of 1% 0.5-um cerium oxide
(Logitech OCON 260). Polishing continues until the center of the fiber is reached, measuring
approximately 125 um across the width of the exposed cladding. Once lapping is complete,
FC-PC connectors are attached to the opticafiber ends on both sides of the device.

The sensitivity of an FOC device is intrinsicall y 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 moun ting the fiber in epoxy, and the efficiency
of exposure of the fiber core through the poli shing process. The depth to which the fiber has
been polished is determined by measuring the width of exposed fiber. The width of the fiber
is monitored using a standard optical microscope (VWR Vista Vision) and periodically
measuring from the boundary of the cladding and epoxy on either side of the fiber.
Measurements are taken periodically throughout the lapping process to ensure the fiber is
polishing evenly.

1.2 Broadband absorbance measurements on the FOC platfo  rm

The initial application of the FOC platform was to examine the broadband absorbance
characteristics of molecular thin-films. A schematic of the experimental set-up for general

absorbance measurements on the FOC is show in Figure 3a. The thin-film absorbance
sensitivity enhancement of the FOC device was evaluated and compared to previously

existing technologies. The sensitivity factor (S) of a device, defined in Equation 1, is a scaling
factor of the device absorbance Aroc) with respect to the conventional absorbance measured
(Awansmissio N direct transmission and used to quantify the sensitivity enhancement of the

FOC and ATR platforms.

AFOC,fiIm r AFOC, film
1
*
Atransmission Hilm film

S

1)

Where Hs the molar absorptivity and *is the molecular surface coverage of the film under
test. Absorbance of a polyion self-assembled film of poly (diallyldimethylammonium
chloride) (P+) and Nickel (II) phthalocyaninete trasulfonic acid (Ni (TSPc)) on both the FOC
and ATR (Doherty et al, 2002) platforms were used to compare the sensitivity perfomance of
the two techniques. Figure 3b shows a comparison of the P+/Ni (TSPc) absorbance spectra
on the ATR and FOC normalized by interaction length. Currently, the FOC vyields thin-film
absorbance values comparable with ATR instrumentation; however, the FOC eliminates the
complex coupling optics and alignment procedures required to make such measurements
using ATR instrumentation. (Beam et al, 2007)

Further refinements in the FOC platform promise to substantially increase its sensitivity.
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
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Fig. 3. @) Instrument schematic for FOC absorlance measurements. b) Spectra are of a self-
assembled polyion film of P+ and Ni (TSPc), and the spectra are normalized by their
interaction length (L) of 44 mm (for the ATR spectra) and 17.2 mm (for the FOC spectra).
Modified from Beam et al, 2007.

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 towa rd the less sensitive traveling waves inside
the fiber. (Gloge, 1971; Ruddy et al, 1990) To select the modes allowed to propagate in the
FOC an annular mask that only transmits a ring of light of a defined angle has been used. A
mask delivering light with a low effective inde X, therefore working only with the highest
order modes that the fiber can support, was shown to double the measured thin-film
absorbance on the FOC compared to that measred for the same film without a mask. (Beam
et al, 2007)

1.3 The electroactive-fiber optic chip (EA-FOC)

Spectroelectrochemical measurements provide complimentary spectroscopc and
electrochemical analytical data which have found applications using fiber c oupled
techniques. UV-Vis (VanDyke & Cheng, 1988) FTIR (Shaw & Geiger, 1996), and Raman
(Hartnagel et al, 1995) fiber coupled spectroelectrochemical measurements have been
obtained using the distal end of a fiber opti ¢ probe as the working electrode. These fiber
optic probes, however, suffer from the limi ted optical pathlength of transmission
absorbance spectroelectrochemical measurements. Over the last decadehe sensitivity of
spectroelectrochemical measurements has been significantly enhanced by using
monochromatic and broadband ATR platforms, (Doherty et al, 2002; Winograd &
Kuwana, 1969) multi-mode waveguides, and single-mode waveguides. (Bradshaw et al,
2003; Dunphy et al, 1997; Dunphy et al, 1999; Itoh & Fujishima, 1988) A significant
hindrance for these ATR and waveguide based spectroelectrochemical technologies has
been interfacing the sensor platform with standard, commercially availabl e spectroscopic
instrumentation; thus, only one field portable instrument has been developed by
Heinemann and coworkers to spectroelectrochemically detect ferrocyanide. (Monk et al,
2002; Stegemilleret al, 2003)

The first application of the FOC as a fully integrated fiber coupled spectroelctrochemical
platform, was termed the electroactive-fiber op tic chip (EA-FOC). To create the EA-FOC we
coat the FOC with a thin-film of indium-tin oxide (ITO) as the working electrode (Figure 4a )
and probe electrochemically driven changes in absorbance for surface confined redox species.
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(Beamet al, 2009) The sensitivity enhancement of theEA-FOC platform is calculated using the
methylene blue (MB) redox couple. Additionally, the properties of the EA-FOC are
demonstrated by probing the redox spectroelectrochemistry of an electrodeposited film of the
conducting polymer poly (3,4-e thylenedioxythiophene) (PEDOT).
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Fig. 4. The EA-FOC a) Schematic of the EA-FOQwith labeled electrical contacts and a cross
section (inset) b) comparison of the transmission spectra of an unpolished fiber with that of
the EA-FOC and c) the EA-FOC ou-coupled intensity as a function of potential at 665 nm in
a 0.1M KNO3 aqueous solution. Modified from Beam et al, 2009.

1.3.1 Optical effects of ITO on the FOC

The optical properties of ITO are dependent on the electrochemical properties of the
material. ITO is generally transparent in the visible region where th e short wavelength cut
off is determined by absorption due to the band gap of the material. The long wavelength
cut off is due to scattering of free electrons and is determined by the plasma resonance
frequency. As the free carriers within the material increases the plasma resonance
wavelength decreases. Therefore, there is atrade off between increasing the free carrier
concentration of ITO to improve the electrical properties and decreasing the transmission
wavelength window. (Hartnagel et al, 1995) For the ITO sputtered onto the FOC device, the
minimum absorptivity coefficient was estimated to be 5 u103 at 500 nm (or a propagation
loss of ~ 0.5 dB/cm). The transmission of the ITO film on the FOC will affect the optical
properties of the device platform, and the br oadband transmission of the EAFOC device is
slightly decreased by the addition of ITO (Figure 4b).

Before discussing spectroelectrochemical measurements made on the EA-FOC, it is
important to evaluate the optical background of the device. Figure 4c plots the out-coupled
intensity from the EA-FOC versus potential in an electrolyte solution without
electrochemically active analytes. The linear decreae of intensity with potential is attributed

to a change in the ITO absorptivity, which is du e to the increase in free carrier concentration
within the film as the applied potential decr eases. To account for the affect of applied
potential on the background signal of the EA-FOC, absorbance measurements at each
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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. Equilibration of th e ITO electrode in the electrolyte solution
after 10 potential scans stabilized the magnitude of the hysteresis allowing analytical
measurements to be collected.

1.3.2 Spectroelectrochemical measurements

The spectroelectrochemistry of adsorbed monolayers of methylene blue (MB) has been
previously evaluated on both the ATR (Ito h & Fujishima, 1988) and waveguide-based
(Dunphy et al, 1997) platforms; therefore, the MB redox couple is used to compare the
EA-FOC measurements with these well-known techniques. MB electrostatically adsorbs to
the ITO surface in its native oxidized form. The surface adsorbed MB undergoes a
chemically reversible 2-electron reduction to the transparent leuco form of the dy e at
~-0.27V versus a Ag/AgCl reference electrode. For the micromolar solution
concentrations used in this study, the bulk MB absorbance does not contribute
appreciably to the EA-FOC spectroelectrochemical response. Potential dependent spectra
of MB on the EA-FOC (Figure 5a) shows absebance maxima for both the monomer (665
nm) and aggregate forms of this dye (605 nm). (Bergmann & O'Konski, 1963)
Simultanteous optical and electrochemical detection of the MB redox couple allow for the
calculation of the sensitivity of the EA-FOC using the the electrochemically d etermined
surface coverage and the experimentally measured absorbance, using the Beer's Law
relationship in equation 1. The sensitivity of the EA-FOC was calculated to be 40 + 2 or
20.6/cm, which is comparable to sensitivities calculated for the FOC devices. (Beamet al,
2009; Beamet al, 2007).
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Fig. 5. Spectroelectrochemistry with the EA-FOC a) Potential dependent broadband
absorbance spectra of an MBfilm and b) Absorbance differ ence (at 550 nm) verus potential
for PEDOT film (inset: broadband absorbance spectra for reduced/oxidized polymer on the
EA-FOC). Modified from Beam et al, 2009.

The EA-FOC was used to electrochemically polymerize an ultra-thin film, estimated to be
0.3% of a monolayer, of poly (3,4-ethylenedioxythiophene) (PEDOT) and probe its
electrochemical properties. The voltammogram of ultra-thin films of PEDOT has broad
voltammetric peaks which are poorly distinqu ishable from the non-faradaic background.
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However, 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 the
bipolaron state of the polymer. (Chen & Inganas, 1996) The spectroelectrochemical
measurement in Figure 5b of the change in absorbance at thelyax (550 nm) versus potential
on the EA-FOC illustrates the electrochromic behavior of the polymer. The EA-FOC only
monitors the appearance/disappearance of the dark blue neutral form of the polymer and
does not indicate the state of the polymer upon oxidation. (Beam et al, 2009) The EA-FOC
has the requisite sensitivity to monitor optical redox changes in submonolayer surface
coverages of molecular thin-films.

2. Fluorescence bioassay

Fluorescence detection architectures are of particular importance for biosensing applications
where the fluorescence signal is detected aganst a zero background enabling low limits of
detection, typically in the nano- to femto- molar range. Optical transducers have the
advantages of being non-destructive, sensitive, and can be used for real-time and kinetic
measurements. Fluorescence signal transductionhas widespread applications due to the
commercial availability of a variety of fluorescent labels which only require simple
modification procedures for incorporation wi th biomolecules. Several reviews and books
have been published which discuss the different fluorescent biosensor designs and
applications. (Collings & Caru so, 1997; Cunningham, 1998; Janatat al, 1994; Marazuela &
Moreno-Bondi, 2002; Taitt et al, 2005; Thompson, 2006)

Commonly biosensor architectures require immobilization of the biological recognition
event onto a surface for which the evanescent field of optical waveguide platforms is
specifically suited. Fiber-coupled sensor platforms do not require the bulky free-space optic s
used for fluorescence microscopy, total internal reflection fluorescence (TIRF), and planar
waveguide techniques. Therefore, integrated excitation and emission fiber optic platforms
have been constructed using different structures including a de-clad 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.

2.1 Mechanism of b ack-coupled fluorescence

According to Snell’s law, light traveling in a lo wer refractive index medi um is refracted at a
planar interface with angles below the critical angle in a high-index medium, such as a slab
waveguide. For light to be guided within a waveguide it must be launched at angles greater
than the critical angle; therefore, light from a lower refractive index medium cannot in
principle be guided (Figure 6a). However, for surface confined fluorophores, the proximity
of the fluorophores to the waveguiding struct ure allows coupling of the evanescent photons
into guided modes of the waveguide termed ba ck-coupled fluorescence. In other words, the
electromagnetic near field, created by the oscilation of the excited dipole from the surface
confined fluorophore, overlaps with the evan escent tail of the waveguide modes and meets
the conditions for light propagation within the waveguide (Figure 6b). (Carniglia et al, 1972)
Harrick and Loeb first applied the principle of back-coupled fluorescence using an ATR
element to detect a fluorescently labeled self-assembled thin-film of bovine serum albumin.
Fiber optic based back-coupled fluorescence biosensors were first presented by Andradeet
al. in 1985 and theoretically explored by Glasset al.and Marcuse.
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Fig. 6. Back-coupled fluorescence: a) light popagating from fluorophores far away from the
waveguiding structure will be refracted at angles less than the critical angle, and therefore
will not excite waveguide modes within th e structure. b) Light propagating from
fluorophores within close proximity of the waveguiding structure will back-couple
fluorescence into the waveguide because the evanescent photons, or the near-field, of the
fluorophore will overlap with the evanescent tail of propagating modes in the structure.

2.2 Fiber optic based fluorescence sensors

The pioneering research utilizin g a de-clad quartz fiber to collect back-coupled fluorescence
from immobilized biomolecules was presented by Sutherland et.al Andrade et.al and Glass
et.al Biosensors based on receptor proteins (Gardenret al, 2004; Rogerset al, 1991; Rogerset
al., 1989), antibody-antigen interactions (Anis et al, 1993; Bieret al, 1992; Devineet al, 1995;
Eenink et al, 1990; McCormacket al, 1997; Oroszlanet al, 1993; Shriver-Lakeet al, 1995;
Toppozada et al, 1997; Walczaket al, 1992), sandwich immunoassay (Genget al, 2006;
Kapoor et al, 2004), and oligonucleotides (Abel et al, 1996; Grahamet al, 1992; Pandey &
Weetall, 1995) have been presented employingthe 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 the sharp V-number mismatch.

The V-number, or waveguide parameter, of a waveguide platform can be used to calculate
the number of modes the structure will support (Equation 2).

28 [ 5 2

n n clad (2)

V O core

Where Sand Chave their usual meanings, r is the radius of the fiber, ncoreand neag are the
refractive index of the core and cladding respectively. For example, a 50 um fiber with an

Ncore Of 1.460 andngjaqg Of 1.443 will have a V-number of 62 at 560 nm. For the de-clad fiber
sensor geometry, the value of ngag 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 fiber. To complicate the matter further, the back-coupled fluorescence
primarily propagates in the higher order mo des of the de-clad fiber, 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 ngaq in the sensing region of a de-clad fiber.
Potyrailo and Hieftie have immobilized reag ents sensitive to ammonia, humidity, and

oxygen in the polymer cladding of optical fibers , thus ensuring no change in the value of
Ncae (Potyrailo & Hieftje, 1998; Potyrailo & Hief tje, 1999) An alternative strategy to increase
Ncad IN the sensing region of a de-clad fiber is the application of a sol-gel cladding containing

an analyte sensitive dye. (Browne et al, 1996; Kaoet al, 1998; MacCraithet al, 1993; O'Keeffe
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et al, 1995) A second method to match the V-numker between the clad and unclad sensing
region of fiber optic sensors is to decreaser 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. (Anderson et al, 1994;
Anderson et al, 1994) Tapered fiber optic biosensor platforms have been applied to
sandwich assays (Golden et al, 1992; Zhou et al, 1997), immunosensors (Anderson et al,
1993; Maragos & Thompson, 1999; Thompson &Maragos, 1996), and measuring pH. (Grant
& Glass, 1997) The feasibility of collecting fluorescence using a single-mode biconical
tapered fiber has also been explored. (Wiejataet al, 2003)

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. (Poscio et al, 1990) The ability to simply collect 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. The first generation FOC device
demonstrated back-coupled fluoresence with a drop cast film of CdSe semiconductor
nanoparticles (SC-NP) as a luminescent model system. (Beanet al, 2007) Here, the FOC is
applied to quantitatively characterize a bi otin-Streptavidin binding event as a model
bioassay system.

2.3 BSA-biotin/streptavidin-CY bioassay on the planar fi ber optic chip

A bioassay of surface-adsorbed biotin with fluorescently labeled streptavidin was chosen to
guantitatively explore back-cou pled fluorescence collection by the FOC. The small molecule
biotin interacts non-covalently with the streptav idin protein and is highly specific, with one
of the largest known binding constants (K 5 #1015 M-1). Bovine serum albumin (BSA) labeled
with biotin (Sigma) 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: Invitrogen) streptavidin bound to the surface adsorbed biotin. The Cascade
Yellow dye was chosen for labeling due to its large Stokes shift (~150 nm) and short
excitation wavelength. A fluorophore with a large Stokes shift is very valuable for back-
coupled fluorescence measurements because ofthe magnified inner-filter effects of the
fluorophores on the waveguide platform. Back-coupled fluorescence propagates in the
waveguide modes; therefore, the emitted light is available 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.

A representative spectrum of a BSA-biotin/str eptavidin-CY film is plotted in Figure 7a
along with two control experiments. The first co ntrol confirms that there is no contribution
to the fluorescence from the BSA-biotin thin-film (blue line). 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 adsorpti on (green line). The contibution to the back-
coupled fluorescence from non-specific adsorption of streptavidin-CY was shown to be
below the detection limit of the experimental set-up. 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.
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Fig. 7. Back-coupled fluorescence for a bioin/streptavidin bioassay. a) Cascade Yellow
flourescence (black) spectra from the manufacurer (Invitrogen). Back-coupled fluorescence
spectra for a 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) Bioassay calibration plot of the
streptavidin-CY bulk concentration versus the average maximum collected fluorescence
intensity on the FOC.

The concentration dependence of the collectedback-coupled fluorescence for the bioassay
was determined by varying the concentratio n 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 ea ch bulk solution concentration (1, 7, 14, 19,
28, 56, and 75 pg/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 concentratons less than 28 uM (Figure 7b). A self
limiting surface coverage at bulk concentrations t 28 pM 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 detectio n for the biotin/streptavidin bioassay is 15 nM,
which is on the order of the LOD reported fo r several de-clad fiber fluorescence sensors.
(Anis et al, 1993; Devineet al, 1995; Eeninket al, 1990; Grahamet al, 1992; McCormacket al,
1997; Oroszlanet al, 1993; Pandey & Weetall, 1995; Shriver-Lakeet al, 1995; Sutherlandet al,
1984) However, the measured pathlength of the FOC is only ~ 24 mm for this device
compared to the ~ 60 mm pathlength of most cylin drical core de-clad fiber sensor platforms.
The de-clad fiber sensor platforms require large fiber cores (~ 600 um) with low modal
surface interaction to increase mechanical strexgth, and therefore, a long interaction length
is necessary. The supported planar substragé of the side polished FOC increases the
mechanical robustness of the platform; thus, smaller core (50 pum), more surface sensitive
fibers are used. One method which could be employed to decrease the LOD of the FOC
based fluorescence sensor, and to surpass thale-clad fiber platforms, is to increase the
physical pathlength of the FOC device.
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2.4 Back-coupled fluorescen ce collection efficiency

To quantify the fluorescence collection of the FOC using the BSA-biotin/streptavidin-CY
bioassay an efficiency calculation was conducted. The backcoupled fluorescence colledbn
efficiency is calculated from the power ratio of the actual fluorescence collected Proc) and
the calculated total power of fluorescence of the film (Pcad (Equation 3).

Efficiency Froc PFOCA (3)
Pcalc POL 1 10 "os Q(y

Proc is the area under a gaussian fit curve tothe corrected fluorescence spectrum detected
(mW). The values in the denominator are an expression of the calculated fluorescence power
propagating in all directions, where P, is the power launched into the fiber from the 405 nm
laser (mW); L is defined as 1-Loss of the FOC; 1 10 "« is the percent of power absorbed
at 405 nm by the dye and available to be converted to fluorescence; andQ.yis 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 detectio, the FOC should be engineered to more
efficiently collect back-coupled fluorescence. The back-coupled fluorescence efficiency could
be improved upon by increasing the numeri cal aperture/refractive index of the fiber;
however, the extent of V-number mismatch of the FOC platform should be evaluated in
conjunction with alternative FOC architectures.

3. Bright and broadband-guided light source

Field portable optical sensing devices require light sources that are robust, compact,
spectrally broad, and bright. The ideal fiber coupled light source will have high power per
unit area and unit solid angle; thus, yielding high power per guided mode inside an optical
fiber. Using the back-coupled light mechanism of fluorescent thin-films deposited on the
FOC platform, a fully integreated broadband, brig ht guided light source is created. The FOC
light source is produced by pumping an al uminum tris-hydroxyquinoline thin-film capped
with a silicon dioxide overlayer. A directly fiber coupled broadband FOC source extending
from 405 nm to 650 nm is produced with an output of 1.8 mW, which is significantly
brighter than a fiber-coupled tungsten source and spectrally borader than a light emitting
diode (LED) source.

3.1 Fiber optic light sources

Bright and spectrally broad light sources are currently required for several applications
including optical coherence tomography, optical spectroscopies, and chemical/biological
sensing. Recently, several promising technologies have been developed to fufill those
needs. In particular, superluminescent LEDs (Zhang et al, 2009), supercontinuum-
generation light sources (Bergeet al, 2007), and amplified spontaneous emission (Samuel
& Turnbull, 2007) are becoming increasingly useful for many applic ations. Despite those
developments, a cost-effective light source that is fiber-coupled, spectrally broad, and
bright is still in quite demand, especially in the visible and ultra-violet regions of the
spectrum.
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3.2 Planar fiber optic chip broadband light source

The planar geometry of the FOC device is amenable to standard thin-film deposition
architectures such as thermal deposition. The back-coupled fluorescence from an organic
fluorophore deposited on the polished surface of the FOC platform is used to create a fully
integrated fiber optic broadband light source. With the growing interest in organic LEDs
and photovoltaic devices, a vast number of inexpensive, easily processable, high quantum
yield fluorescent organic materials are commercially available. (Kafafi, 2005; Li et al, 2007)
These fluorescent organic compounds garner much interest because of their broad emission
spectrum when compared to inorganic comp ounds such as GaN and Si. Tris-aluminum 8-
hydroxyquinoline (Alg3) was chosen as a fluorescent material for the FOC light source due
to its broad emission in the visible region. A 45 nm thick film of Alq3 was deposited on the
FOC using thermal deposition. Both oxygen and water can cause degradation of the Alg3
thin-film (Burrows et al, 1994; McElvain et al, 1996); therefore, FOC light source devices
must be protected from the ambient environment to ensure continued operation.
Encapsulation of the FOC device was achieved with a 100 nm film of SiO, deposited, by
electron beam evaporation, over the Alg3 film without breaking vacuum. Emission of the
Alg3 film on the FOC device is achieved with pumping the film with a 405 nm GaN laser
diode which is fiber coupled into the FOC plat form. Figure 8a shows a picture of the active
region of the FOC light source, where luminescence in the Alg3 film is back-coupled into
guided modes of the fiber, next to the light out-coupled from the FOC fiber.

b) =FOC Guided Light Source

= Fiber Coupled 6V Tungsten Lamp
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Fig. 8. a) Image of the FOC light source device; b) comparison of the fiber output of the FOC
light source with a fiber couple d 6V tungsten-halogen lamp.

A comparison of the out-coupled spectrum fr om the FOC light source with a fiber coupled

6V tungsten lamp are plotted in Figure 8b. The light from the thermal source (6V tungsten
lamp) is coupled into the same patch cable as the FOC using similar high precision
aspheric optics. The fluorescence from theFOC light source has anincreased out-coupled
intensity over a 100 nm range from 480 to 580nm overlapping with the Alg3 emission peak

compared to the fiber coupled thermal source. The spectra resulting from the FOC light
source includes a large intensity peak at 405 nm for the laser used to pump the film. The
measured power intensity out-coupled from the FOC light source was measured to be 1.8
mW.

While optical pumping was used for these experiments, there is the potential to use an
electrically pumped system to directly dr ive the FOC light source producing broadband
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spectra with high brightness. Using an ITO film as a transparent electrode, organic layers
could be built onto the FOC structure very simila r to that of an organic light emitting diode.
Combining emission spectra for multiple organi c films would allow an even broader output
spectrum to be achieved. With the amount of research in organic fluorescent compounds
with increased quantum efficiences and variety of wavelength ranges, improving the power
output and wavelength range of future FOC light source devices will be developed.

4. Raman spectroscopy

Raman spectroscopy is a well-established analytical technique that can identify chemical
and physical properties through interactions with the vibrational states of a particular
analyte. This section presents investigations of excitation and collection of Raman scattering
using the FOC for thin molecular films. Thin-f ilm Raman measurements were achieved with
the added signal enhancement of surface @hanced raman spectrocopy (SERS). Gold
nanoparticles are deposited on the FOC surface to enhance the Raman signal of a 4-
aminothiophenol film and the Raman signal wa s both excited and collected by the FOC in
decoupled instrument schemes. In a similar approach, Raman scattering of carbon
nanotubes was demonstrated, seating the stage for the FOC as a platform for interesting
chemical analysis.

4.1 Raman scattering

Raman spectroscopy relies on the inelastic scattering of incident light with Raman active
molecular thin-films. Typically, in an elastic event known as Rayleigh scattering, the excited
molecule relaxes back to the initial ground state and light of equal energy to the incident
light is reemitted. Raman scattering occurs when interactions between molecular vibrations
and rotations with the incident light result in lower frequency, Stokes, or higher frequency,
anti-Stokes, shifts from the incident frequency of light. Raman spectra are independent of
the initial frequency of the incident light, and the resultant energy spectrum is a signature of
the vibrational/rotational states of the probed molecules.

Raman scattering occurs for only one out of every 13-1(8 scattering events, making it a very
weak signal. (Smith & Dent, 2005) To improve upon this small cross section, researchers
have utilized the effects of localized surface plasmon resonance. A localized surface
plasmon resonance occurs when small metallic structures are irradiated by light. Similar to a
lightning rod, these structures induce an electric-field enhancing corona effect. This effect
relies on the size of the metallic structure to be small compared to the wavelength of the
incident light, and the electric-field will concentr ate in areas of greatest curvature. Surface
enhanced Raman spectroscopy (SERS) occursvhen Raman active molecules are in the
presence of roughened metallic surfaces or nanoparticles. The electric-field amplitude will
generate a larger intensity of the incident light as well as amplify Raman scattering. The
SERS amplification effect has lead to reported Raman signal enhancements of 16 (Felidj et
al., 2003), 1@ (Gupta & Weimer, 2003), even 104 (Kneipp et al, 1997). (Willets & Van Duyne,
2007)

Increasing Raman spectroscopy sensitivity has been sought after in recent years, ultimately
reaching single molecule detection. (Kneipp et al, 1997; Xuet al, 1999) Particularly, thin-film
characterization is of interest to a growing nu mber of fields yet analysis by conventional
commercial Raman microscope instruments is difficult due to the convolution between
analyte and substrate Raman activity. The unique geometry of the FOC allows for analyzing
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a strip of sample rather than a single spot as found in conventional Raman machine. We
present here the extended ability of the FOC to both excite and collect Raman scattering of
thin-films.

4.2 Fiber optic raman probes

The use of distal end fiber probes for Raman scattering has been ongoing for some time.
Although mechanisms have been described for propagating the excitation beam and
collected Raman scattering through a single fiber (Potyrailo et al, 1998), these devices often
utilize separate launching and collection fibers. In some schemes, a single launching fiber is
surrounded by a bundle of collection fibers. Raman spectroscopy using distal end fiber
probes has been demonstrated ina number of chemical (Khijwania et al, 2007; McCreeryet
al., 1983; Tiwari et al, 2007) and biomedical (Krafft et al, 2007; Limaet al, 2008; Vo-Dinh et
al, 1999) applications. However, the overlap between the illumination cone and the
collection cone is often poor for these sensor platforms, weakening the already very faint
Raman signal. To improve sensitivity of Raman sensors modifications such as GRIN lens
application to the distal end (Mo et al, 2009) or tapered fibers (Stokes et al., 2004) have been
implemented. Although these ch anges have shown some improvement in overall signal to
noise ratio, the move to a planar fiber optic chip offers the advantages of simplifying optical
alignment and providing a larger surface area for interaction.

Exposing the core of the optical probe allows for the use of evanescent field interactions of
the exposed fiber core with immobilized analytes. Here the fiber core may be
functionalized to capture the analyte or to enhance the Raman signal as in the case of a
SERS substrate. In a D-shaped device similar to the FOC, Zhanget al. were able to
demonstrate the excitation of the Raman analyte Rhodamine 6G by a SERS functionalized
planar probe (Zhang et al, 2005). Near-field interactions do not rely on the optical
alignment of the system; therefore, a more sreamlined approach would only use a single
fiber for both excitation and collection of the Raman signal. Coupled excitation and
collection of SERS for an exposed core fiber has been demonstrated for thin-film and
agueous samples (Stokes & Vo-Dinh, 2000); however, the exposed fragile core limits the
applications of this sensor architecture.

4.3 Raman spectroscopy with the FOC

A single fiber is used to deliver the excitation beam and collect the scattered Raman signal to
form a fully integrated system. At the boundary of the exposed core of the FOC, adsorbed

analytes interact with the evanescent field of the excitation light. The Raman signal of the

analyte may then be launched into the fiber through near-field coupling. To test the FOC for

its function in Raman spectroscopy, the excitation and collection of the Raman signal was

decoupled. In the excitation scheme, laser Ight (632.8 nm) was launched into the fiber and

the adsorbed analyte was excited. The scatteredRaman signal was then collected by external
optical components mounted over the FOC and delivered to a spectrometer connected to a
CCD for data acquisition. For the collection scheme, external optics were used to deliver the
excitation laser beam to the planar surface ofthe FOC. The Raman signal was then coupled
into the FOC and guided by the fiber to the data acquisition set-up. Since, in both schemes,
Rayleigh scattering of the laser line was generated, a notch filter was placed in the beam
path before the spectrometer to remove as muchof the initial laser beam as possible. Both
schemes are shown in Figure 9.
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