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ABSTRACT

A broadband coupling approach applied to a single mode, sol-gel, planar integrated

optical waveguide (IOW) was used to create a multichannel attenuated total reflection (ATR)

spectrometer.  Initial attempts to create an achromatic coupling element for sol-gel

waveguides, based upon previous work applied to vacuum deposited glass devices, did not

lead to an easily achievable design.  Instead a simplified, non-achromatic approach based

upon impinging an incident light beam with a large numerical aperture onto an incoupling

prism was used.  This simplified broadband coupling approach was used to create a sol-gel

IOW-ATR spectrometer that transmitted light down to at least 400 nm, and produced a

measurable bandwidth of ~ 250 nm; both phenomena are marked improvements upon the

capabilities of previously reported devices.  An experimental demonstration of this device

proved it capable of measuring the visible spectrum of a thin film of horse heart cytochrome

c adsorbed to the sol-gel surface at a submonolayer coverage.  The broadband spectral

capabilities of this sol-gel device were also used to experimentally validate a new method

for determining the angular orientation of molecules bound to an arbitrary waveguide

surface.  In addition to the sol-gel IOW work, the simplified broadband coupling approach

was applied to a previously reported multilayered electroactive waveguide device, which

was used to collect electrically modulated, broadband spectra for thin films of cytochrome

c, as well as a dicarboxyferrocene moiety.  Both of these IOW-ATR spectrometers represent

improved tools for probing the near-surface chemical environments of molecular assemblies.
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CHAPTER 1

INTRODUCTION TO BROADBAND COUPLING OF 

INTEGRATED OPTICAL WAVEGUIDES

1.1  PLANAR OPTICAL WAVEGUIDES: Inception, Development and Use

Although the term “waveguide” may not ring familiar to many people, familiarity

with waveguiding technologies such as fiber optics is surely far spread.  Spectroscopists are

more likely to be familiar with the infrared technique of thin film analysis performed by

utilizing an attenuated total reflection (ATR) element in a conventional FTIR spectrometer.

Both a fiber optic cable used for phone signal transmission and an FTIR-ATR element used

for collection of spectral information operate according to the scientific principle of total

internal reflection.  By confining a propagating light beam within their interiors, the

cylindrical fiber optic and the planar ATR element function as light “pipes” and guide the

entrapped light along their axes.  Hence the term “waveguide” describes a medium that is

used to carry a light signal from some point of incidence to a point where the light can be

removed for further use.  Once introduced into the waveguiding medium, the light is

entrapped and travels through the medium by continually reflecting between the medium’s
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inner surfaces, as depicted in Figure 1.1.  Although waveguides can be created using

different cross-sectional shapes (e.g., cylindrical as in optical fibers, etc.), the geometry

discussed in this dissertation is the common planar geometry.

Development of new waveguide technologies has been pushed over the past several

decades mainly by the telecommunications industry.  Waveguides have been successfully

employed for optical signal amplification and as optical switches, and hold promise as

critical components for future optical computing systems.1-3,49  Although a majority of the

work in this area has been focused on “telecom” applications, a significant overlap into

various scientific fields has been the genesis of many new branches of technological and

scientific research, including use of waveguides as spectroscopic platforms.

Harrick is generally credited as the first spectroscopist to utilize planar waveguide

technology by developing the approach of internal reflection spectroscopy in the late

1950’s.4  These first spectroscopic “waveguide” experiments were based on attenuating an

internally reflected beam of light at the surface of a prism; later experiments were performed

using a planar crystal.  This attenuation effect, known since the days of Sir Isaac Newton,247

only occurs when an object or material is brought sufficiently close to the waveguide

surface.  Harrick exploited this attenuation phenomenon and used it to spectroscopically

measure chemical species in very close proximity (i.e. a few hundred nanometers) of the

surface of the waveguiding structure.  Several other researchers followed shortly thereafter

as the field of planar waveguide spectroscopy was born and rapidly grew into an independent

field of study.5,6  These early waveguide researchers performed significant pioneering work

using relatively thick waveguides as optical measurement platforms, thereby laying the 
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Figure 1.1.  Side view of a ray-tracing diagram of an incident light beam passing
through  a) a “thick” planar waveguide structure, and b) a “thinner” planar waveguide
structure.  Reducing the waveguide thickness increases the number of reflections per
propagation length L, resulting in a significant increase in measurement sensitivity.  The
magnified section in b) demonstrates a portion of light penetrating through the
waveguide interface.  This phenomenon is known as the evanescent field and extends to
a penetration depth (dp) approximately equal to the wavelength of propagating light. 
Because dp is so shallow, spectral probing only occurs for molecular species that are in
close proximity to the waveguide surface.
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groundwork for a revolutionary new way of studying thin films, or chemical environments

at, or very near, an interface.  

The earliest experiments with planar waveguide spectroscopy demonstrated some

significant advantages that this approach provides for measuring spectral responses of

chemical environments located within hundreds of nanometers of the waveguide surface.

Attenuation of the internally reflected beam of light only occurs when an absorbing sample

resides within “optical contact” of the waveguide surface (i.e., within approximately a

wavelength’s distance of the surface), which means that this technique uniquely provides

information about the near surface region, with very little contribution from the bulk sample

medium.  Another advantage of planar waveguide spectroscopy, related to measurement

sensitivity, was understood early on but was not fully developed until after several years of

research.  Whereas the earliest planar waveguide experiments were conducted using only a

few reflections from the interface of a fairly thick waveguiding element, subsequent

developments resulted from using thinner waveguides.  Decreasing the waveguide thickness

resulted in increasing the total number of reflections (Figure 1.1), which greatly enhanced

the sensitivity of the measurements made by more than 1000-fold versus conventional

transmission measurements of the same samples.7-9  In other words, not only does waveguide

spectroscopy provide a unique method for selectively measuring the spectral response of

samples held very close to the waveguide surface, but it also provides measurement

sensitivity that ranges to significantly higher values than achievable by other optical means,

depending mainly upon the thickness of the waveguiding element used for making the

measurements. 
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After the earliest introduction of scientists to waveguide spectroscopy, many

researchers combined efforts to achieve significant technological advances in the complexity

of waveguide measurements.  Different scientists improved waveguides to suit their

respective needs.  Polymer thin film waveguides were developed and extensively used for

collecting waveguide Raman measurements, not only of the waveguide material itself, but

also of dye molecules adsorbed to a waveguide surface.10-12  These waveguide Raman

measurements, along with waveguide absorbance techniques, have also been used to

determine the chromophore orientation of the molecular species bound to the waveguide

surface13-20, thus proving this platform useful for studying molecular architectures.

Many researchers have developed specific chemical- and bio-sensors through

exploiting some of the unique properties of the planar waveguide format.  Lukosz et al.

created an extremely sensitive planar waveguide platform that measures the optimum angle

at which light is incoupled into a thin waveguide structure.21-26  Such a highly sensitive

waveguide tool has been used to make measurements of molecular binding events that are

arguably more sensitive than similar measurements made using surface plasmon resonance

(SPR).26  In contrast, Ligler et al. used thick waveguide structures to create an instrument

capable of measuring binding events of biological molecules to specific targets on the

waveguide surface.27  This platform has specifically been shown useful for detection of food

borne pathogens and toxic agents, and has generated interest for use as a sensing platform

for detecting bio-warfare agents.

Many waveguide spectroscopy measurements are based on measuring the attenuation

of the confined light beam caused by light absorption by a molecular species in optical
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contact with the waveguide surface.  This effect occurs as the energy confined in the

waveguide interior is optically coupled into and absorbed by the neighboring molecular

species.  As with any excited state molecule, the energy absorbed can be released as a

fluorescent photon as the molecule relaxes back to its ground state.  Seizing upon this

phenomenon, several researchers have used planar waveguides to excite fluorescent

molecules bound to the waveguide surface.28-30  This effect has been used to create a

completely separate field of research wherein total internal reflection fluorescence (TIRF)

provides a powerful tool for interrogating biological interactions.31-33  Some of the current

developments in this arena are related to creation of DNA chips used as screening platforms

for drug development.  One such platform is based on a nonlinear, two-photon fluorescence

approach developed by Duvenek et al.34-36

As the previous paragraphs demonstrate, the field of waveguide spectroscopy is

expansive.  Various researchers have been involved in developing planar waveguide

spectroscopy into its current form.  The examples given are only a small sampling of the

various bodies of research that have been performed.  Plowman et al.37, and Kang and

Dessy38 provide more extensive compilations of the variety of developments encompassed

in the field of planar waveguide spectroscopy.  All of these developments demonstrate the

great utility of planar waveguides for measuring the spectral response of chemical species

at the waveguide surface.

Continued research in this field is leading to even more advances in the types of

measurements that can be made using planar waveguides.  The focus of this dissertation is

on recent developments that have strongly impacted upon the information content of some
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of the most sensitive, thin waveguides.  Because thin waveguides provide the ultimate

sensitivity available for this spectral platform, increasing the content of the information

collected has lead to development of more powerful tools for measuring chemical

environments in direct contact with the waveguide structure.

To better describe the significance of the present work, the remainder of this chapter

is dedicated to a discussion of the basic principles behind the general use and limitations of

planar optical waveguides as spectroscopic tools.  Three previously developed waveguide

platforms that relate to the present work are introduced along with a discussion of their

relevance.  Finally, the specific research efforts that make up the bulk of this dissertation are

briefly introduced.  

1.2  WAVEGUIDE THEORY

The background of waveguide theory given in this section is general in nature.  It is

not intended to provide the reader with an exhaustive theory of waveguide operation, which

has been extensively reported in the literature.  Instead, the basic principles for waveguide

operation, waveguide coupling and waveguide spectroscopy are briefly introduced.  Several

publications1-4,37-41,50-51 are recommended for further investigation of the principles introduced

herein.

The depiction in Figure 1.1 of an incident light beam entering into, guiding along the

axis of, and exiting a planar waveguide structure provides a general description of the
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physical principles that govern all waveguides.  Despite the general nature of this depiction,

many important principles are taught by Figure 1.1, such as the underlying principle of total

internal reflection, which is based upon Snell’s Law of Refraction.  

1.2.1 Total Internal Reflection and Snell’s Law

When a light beam is incident on the interface between two media with refractive

indices  and , a portion of that light is transmitted through the interface (refraction),n1 n2

while the remaining portion is reflected back into the medium from which the light beam

was incident (Figure 1.2).  The amount of light, in terms of incident intensity ,Io

transmitted through the interface versus the amount reflected at the interface is given by

(1.1)I T Ro = +

where T and R are the intensity of light in the transmitted and reflected beams, respectively.

The angle of egression (2 ) of the transmitted beam is given by Snell’s Law of Refraction

(1.2)n n1 1 2 2sin sinθ θ=

where  and  are the refractive indices of light in media 1and 2, respectively; then1 n2

refractive index being defined as the speed of light in a vacuum versus the speed of light in

the particular media .( )n c= ν

Examination of Equation (1.2) shows that for an incident beam traveling from a

higher index medium  to a lower index medium , there exists an angle of( )n2 ( )n1

incidence beyond which is produced a transmitted beam that is refracted parallel to the

interface between the two media (i.e., ).  In reality, no beam is refracted under θ1 90= °
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Figure 1.2.  The physical interaction of a beam of light incident upon an interface
between media with different refractive indices.  In both figures a) and b), n2 > n1.  
a) When a light beam is incident upon the interface, the angle of the transmitted
beam, with respect to the surface normal, is determined by Snell’s Law of Refraction.
 b) If the angle of incidence is equal to, or greater than the critical angle (2critical ), then
the incident beam of light experiences total internal reflection (TIR), and no light is
transmitted into medium 1.
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these conditions; rather the interface acts as a perfect mirror and the incident beam is

completely reflected, as suggested by Equation (1.1).  Incidence at this critical angle, or at

any angle greater than the critical angle results in complete reflection of the incident beam

back into the incident medium (Figure 1.2); thus the incident beam experiences total internal

reflection (TIR).

It is upon this principle of TIR that all waveguiding structures are based.  By creating

a structure that possesses a “waveguiding” layer with a refractive index that is larger than

the refractive indices of the media on either side, a condition may be met wherein TIR occurs

at both interfaces.  Under these conditions, the incident light beam will traverse the length

of the waveguide via multiple reflections, as depicted in Figure 1.1.

1.2.2  Ray Optics Model

The zig-zag beam path presented in Figure 1.1 is developed from a ray tracing model

of light propagating through a waveguide structure.  This ray optics model is commonly used

to describe a beam of light that is bound within the waveguide structure and is traveling

along the waveguide axis via multiple reflections from the top and bottom surfaces.  The

beam travel can be described by the propagation vectors  and , as shown in Figure 1.3.
v
A

v
B

Both waveguide propagation vectors have a defined magnitude of , where  isk nwg⋅ nwg

the refractive index of the waveguide material and 

. (1.3)
k

c
= =
ω π

λ
2
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Figure 1.3.  The ray optics model defines a beam propagating along a zig-zag  path via
multiple internal reflections.  The propagation vectors      and      can be broken into
horizontal and vertical components, which are projections onto the x- and z-planes,
respectively.  The Ax (or Bx) component defines the horizontal velocity of the guided
beam and is commonly known as the waveguide propagation constant ($).  The vertical
components (Az and Bz) result in a phase shift of the propagating light as it traverses the
waveguide thickness.  When combined, Az and Bz form a standing wave field pattern
across the waveguide thickness.  The waveguide structure depicted is represented by
three media: cover layer, waveguide layer, substrate.  Each layer is defined by its
refractive index (nc, nwg, ns), and in the case of the waveguide layer, its  thickness  (twg). 
In most cases, the cover layer and substrate are assumed to have infinite thickness, hence
the discontinuity depicted in the substrate. 

2wg
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z
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The quantities  and  are the angular frequency, the velocity of light in a vacuum andω,c λ

the wavelength of light, respectively.

The waveguide propagation vectors  and  can be projected into vertical
v
A

v
B

components (Az, Bz)1,2,41

(1.4)( )A B knz z wg wg= − = ± cosθ

and horizontal components (Ax, Bx)

(1.5)A B knx x wg wg= = =sinθ β

where , called the waveguide propagation constant,  is used to represent the horizontalβ

component of  or .
v
A

v
B

Because vectors  and  represent upward and downward traveling rays, their
v
A

v
B

vertical components point in opposite directions.  Superposition of these vertical vector

components produces a standing wave, which defines a field pattern across the waveguide

thickness.  

By comparison, the horizontal components of  and  are equal, which indicates
v
A

v
B

that the rays propagate with a constant velocity along the horizontal waveguide axis.  This

horizontal propagation is conveniently defined by a waveguide propagation constant ( ,β

Equation (1.5)), with a related phase velocity .  A more useful relation used to define( )ω β

the waveguide propagation properties is the waveguide effective index ( )N wg

. (1.6)
N

k
nwg wg wg= =

β
θsin
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1.2.3  Resonance Conditions and Guided Modes

Equations (1.3) - (1.6) demonstrate a clear dependence on both the propagation angle

and the wavelength of light.  Changing either quantity would result in a different standing

wave pattern across the waveguide thickness, as well as a different waveguide propagation

constant and phase velocity.  However, these equations do not clarify a fundamental limiting

factor of light bound within a waveguide, which is that not all angles produce waveguide-

bound light rays.  This physical limitation is related to the phase of the propagating light.

As the beam travels along the zig-zag path of Figure 1.3, it experiences a phase shift of

 for every upward traveling ray , and a phase shift of  for everyA tz wg⋅ ( )vA B tz wg⋅

downward traveling ray , where  is the thickness of the waveguide layer.  ( )vB twg

The propagating beam also experiences a phase shift upon reflecting from both the

upper and lower interfaces (i.e., waveguide/cover, waveguide/substrate), as well as from

traversing the waveguide thickness.  Summing the total phase shift associated with beam

travel gives a self-consistent resonance condition that must be met to achieve a bound

waveguide beam.  A resonance condition relating the phase shift associated with beam travel

across the waveguide thickness, along with reflection from the upper and lower interfaces

is commonly given as

(1.7)2 2 2 2m A tz wg c wg s wgπ φ φ= − −/ /

where m is a positive integer which identifies the “mode” number,  is the phase shiftφc wg/

associated with reflection from the cover/waveguide interface, and  is the phase shiftφs wg/

resulting from reflection from the substrate/waveguide interface.
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The observed phase shift which occurs at the interface between the waveguide and

the substrate/cover media is commonly known as the Goos-Hänchen Shift.4,41  To

accommodate the reflection-induced Goos-Hänchen Shift, a lateral displacement of the light

beam must be introduced to the ray optics model, as in Figure 1.4.  This lateral displacement

at the interface is incorporated by extending the point of reflection beyond the physical

boundary of the interface.  Modifying the ray optics model in this way helps to describe the

attenuation phenomenon observed by Newton, Harrick, and others.4,247  Although this theory

does not violate the fundamental principle of total internal reflection, it demonstrates that a

portion of the entrapped light resides outside of the physical boundary of the waveguide

layer, which may be attenuated by the presence of some absorbing media.

 A more useful form of Equation (1.7) is given by Mendes et al.42

( )m t n N
n
n

N n
n Nwg wg wg
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where  and  have their ususal meanings, and  and  are the refractiveλ, ,t nwg wg N wg nc ns

indices of the cover material and the substrate material, respectively.  The quantity  refersρ

to the polarization of the light beam, where  for TE polarized light and  for TMρ = 0 ρ = 1

polarized light (see section 1.2.4 for further discussion of polarization).  
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Figure 1.4.  When added to the ray optics model, the Goos-Hänchen shift describes the
entrapped light beam extending a defined distance into the opposing medium, which
helps to explain the attenuation phenomenon that waveguide spectroscopy is built upon. 
This extension into the opposing medium can also be used to define an “apparent” or
effective thickness (twg) for the waveguide layer.  Although the full wave model (section
1.2.5) is required to fully describe the evanescent tail shown in the magnified region, the
effective thickness predicted by the Goos-Hänchen shift helps to define attenuation of
the guided light.  The lateral shift that the beam experiences at the waveguide interfaces
(Nc/wg, Ns/wg ) also defines a phase shift in the guided light.  A guided mode for an
incident light beam successfully occurs when the total phase shift of light experienced
between points X and Y results in a multiple integer of 2B.  Under such conditions, a
harmonic solution is achieved and the light is successfully entrapped in a guided mode.
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A resonance condition that satisfies Equation (1.8) occurs when the total phase shift

of a beam traveling one full wave cycle (i.e., point X to point Y in Figure 1.4) is equal to a

positive integer multiple of .  Such conditions produce harmonic solutions called2π

“modes”, and result in constructive interference of the light rays, which in turn allows the

light rays to successfully propagate through the waveguide at a specific angle.  By

comparison, light rays incident at angles that do not satisfy Equation (1.8) radiate from the

waveguide and do not result in guided modes.

Equation (1.8) can be used to determine allowed modes of propagation for a given

wavelength  and a given waveguide thickness .  From equations (1.2) and (1.6), weλ twg

can derive boundary conditions, relative to , that define the region in which waveguideN wg

modes will occur

. (1.9)
n n N nc s wg wg, < <

These boundary conditions apply to waveguides of any thickness.  Resonance conditions are

easily met for thick waveguides (~ 1 mm), which can support thousands of modes.

However, there is a practical lower limit on allowed waveguide thickness.  When

, a condition known as “cut-off” is reached and no guided mode is capable oftwg ≈ λ 2

being supported.  Thus, thin film waveguides (i.e., ) can potentially support as fewtwg ≈ λ

as one mode (or none).
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1.2.4  Waveguiding Properties of Polarized Light

As introduced in Equation (1.8), light polarization is relevant to the characteristics

of waveguide modes (vide supra).  Polarized light is also useful for measuring the orientation

of molecules adsorbed to the waveguide surface (vides infra).  Therefore, it is convenient at

this point to discuss light polarization and define how it will be used throughout this

dissertation.

The current theory of electromagnetic radiation maintains that  light is composed of

two orthogonal fields; an electric field (E) and a magnetic field (H).  These two fields travel

through space following a sinusoidal wave pattern.  Either E or H can be used to define an

orientation with respect to a defined axis.  Although the electric field is the more pertinent

of the two for spectroscopy, the magnetic field will be used both in naming and to further

describe waveguide propagation characteristics.

Figure 1.5 introduces the coordinate system used to define light polarization with

respect to a waveguide structure.  The coordinate system used is based upon the plane of

incidence, which is composed of the surface normal vector, and the incident beam vector.

In Figure 1.5, the plane of incidence bisects the waveguide in half, lengthwise, which is

generally true (and always true for the work reported herein).  The long axis of the

waveguide is defined as the x-direction, whereas the waveguide thickness corresponds to the

z-direction.

Consider the two cases presented in Figure 1.5 for the direction of oscillation for only

the electric field component E of an incident beam: i) E oscillates out of the plane of

incidence (TE polarization), and ii) E oscillates in the plane of incidence (TM polarization).
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Figure 1.5.  The convention used to assign a light polarization of TE or TM to a
propagating waveguide beam.  a) The convention used throughout this dissertation is
based upon the plane of incidence, which is defined by two vectors: the incident beam
vector and the waveguide surface normal vector.  An incident beam whose electric field
is oscillating out of the plane of incidence is designated as having transverse electric
(TE) polarization.  In contrast, an incident beam whose electric field is oscillating within
the plane of incidence is designated as having transverse magnetic (TM) polarization. 
b) In some instances the incident beam consists of an electric field that oscillates at
some degree between 0E and 90E with respect to the plane of incidence.   In such cases,
the light beam is described as possessing some degree of TE polarization, and some
degree of TM polarization.  Yet another case involves an un-polarized light beam whose
electric field randomly oscillates in all directions.
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Out-of-plane oscillation of the electric field is designated as having transverse

electric (TE) polarization.  This means that E is oriented transverse or perpendicular to the

plane of incidence.  Another common designation is perpendicular or s-polarization.

In-plane electric field oscillation is designated as transverse magnetic (TM) 

polarization.  In this case, because E oscillates in the plane of incidence, the magnetic field

H is located in the transverse position, hence the name TM.  A different terminology

commonly used is parallel or p-polarization.

Polarization of an incident light beam may also be characterized as either being

circularly polarized (or some degree thereof), elliptically polarized or randomly polarized.

Circular polarization occurs when a light beam possess an electric field which oscillates with

equal amplitude in both the TE and TM polarizations, but with a 90° phase shift separating

the two.  The vector representation in Figure 1.5 constitutes the projection of the two

orthogonal polarizations at a given time in space.  As the light beam propagates through

space, the projection of the two polarizations will rotate about the defined circle (like a clock

hand).  Elliptically polarized light also possess both TE and TM polarizations.  However,

unlike circular polarization, the TE and TM components are not necessarily 90° out of phase,

nor do they necessarily oscillate with the same amplitude.  Random polarization, as the name

implies, refers to light whose electric field randomly oscillates in all directions.  This light

is also known as un-polarized light.

1.2.5  Full Wave Model

The theory of waveguide operation to this point has been developed mainly from a
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geometrical (ray) optics approach, which provides a good description of the properties that

govern waveguide physics, particularly for thick waveguide structures.  The ray optics

approach allows for correct prediction of allowed modes for a waveguide structure, as well

as the propagation angles associated with these modes, etc.  However, the ray optics model

describing light propagation along a zig-zag path begins to fail when the waveguide becomes

increasingly thin.  

As the waveguide layer approaches a thickness of ~ 10-20 :m, the individual

reflection points at the interface begin to overlap and become indistinguishable (Figure 1.6).

At this point, it is no longer rigorously correct to consider the guided mode as propagating

via a zig-zag beam path.  When the thickness of the waveguide layer is on the order of the

wavelength of light, the ray optics model would suggest a reflection density of

approximately 1000 reflections/cm.  Figure 1.7 contains photographs of such a waveguide

(i.e., twg . 300-400 nm).  At this point, the waveguide now enters the integrated optical

waveguide (IOW) regime.  A full description of waveguide operation in the IOW regime

requires a much more rigorous mathematical model than the one provided through a ray

optics approach. 

The required mathematical approach, known as the full wave model, is based on

electromagnetic theory and Maxwell’s equations, and has been discussed at length in the

literature.2-4,41  This theory is far too large to be fully covered here, and will only be briefly

introduced.  Maxwell’s equations are used to calculate field distributions within the

waveguide structure by developing relationships between the electric field components (Ex,

Ey, Ez, where x, y and z refer to the axial orientation of the component) and the magnetic 



Figure 1.6.  The ray optics model of light propagation becomes insufficient when the
waveguide thickness (twg) approaches the IOW regime.  Each structure above is defined
by three layers; cover (nc), waveguide (nwg), and substrate (ns).  a) Thick waveguides are
easily defined by a zig-zag light propagation path.  b) As the waveguide thickness
shrinks, the propagation angle gets steeper and the individual reflection points occur
closer together.  c) When the thickness enters the “few-:m” regime, the individual
reflection points are no longer physically discernable.  Although a theoretical propagation
angle can be defined, as well as the theoretical distance between reflection points, the
IOW regime is not adequately described by the ray optics model.  Instead of individual
reflection points, the IOW regime is more properly defined as possessing an electric field
profile the extends a defined depth (dp) into both the cover and the substrate layers.  
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Figure 1.7.  Digital images of a guided mode entrapped in a ~ 300-400 nm thick
waveguide (IOW).  Note the strong waveguide streaks present in both photographs for a)
the 496.5 nm argon ion (Ar+)laser line, and b) the 488.0 nm Ar+ laser line.  Much thicker
waveguide structures can actually provide a visibly discernable zig-zag light path.  This
IOW possess several thousand reflections per centimeter.  Although the ray optics model
adequately defines the physics of this structure, a full description of waveguide operation
in the IOW regime requires a much more rigorous mathematical model than the one
provided through a ray optics approach.  The white arrows indicate the approximate
direction of the incident laser beam.

a)

b)

propagation direction of guided light
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field components (Hx, Hy, Hz) of the propagating light.  These relationships are used to

develop wave equations in Ey for TE modes41

(1.10)( )∂
∂

β
2

2
2 2 2

E
x

n k Ey
y= −

and in Hy for TM modes

. (1.11)
( )n

x n
H
x

n k Hy
y

2
2

2 2 21∂
∂

∂
∂

β
⎛
⎝
⎜

⎞
⎠
⎟ = −

Similarities are commonly drawn between the wave Equations (1.10) - (1.11) and the

Schrödinger wave equation developed to explain electronic motion around a nucleus in

quantum chemistry.2,38  As for the particle-in-a-box solution to the Schrödinger equation,

Equations (1.10) and (1.11) are also solved in a similar fashion by considering the interfacial

boundaries between the waveguide/substrate and waveguide/cover as potential energy

barriers.  Maxwell’s equations demand that Ey and  be continuous at these∂ ∂E xy

boundaries for TE modes, which provides the following solutions to Equation (1.10)41,

, for h < x (1.12)( )[ ]E E n k h xy c c= − ⋅ −exp β 2 2 2

, for 0 < x < h (1.13)( )[ ]E E n k xy wg wg s wg= − ⋅ −cos /
2 2 2β φ
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, for x < 0 (1.14)( )[ ]E E n k xy s s= − ⋅exp β 2 2 2

where Equation (1.12) defines the electric field profile in the cover layer, and Equations

(1.13) - (1.14) define the profiles in the waveguide and substrate layers for any bound TE

waveguide mode, respectively.  The peak electric field relationship between ,  and Ewg Es Ec

is given by41

. (1.15)
( ) ( ) ( )E n N E n n E n nwg wg wg s wg s c wg c

2 2 2 2 2 2 2 2 2− = − = −

Taken as a whole, Equations (1.12) - (1.14) define an electric field profile Ey that

resides mostly in the waveguide layer, but extends into both the cover and substrate layers,

as depicted in Figure 1.8.  The solution for the field profile in the waveguide layer, Equation

(1.13), demonstrates a phase shift and can be used to define the same self-consistent

resonance condition as predicted by the ray optics model (i.e., similar to Equation (1.7)).  In

other words, the full wave model predicts harmonic solutions that must be met to

successfully entrap light in guided modes.  The electric field profiles for the three lowest

order modes (m = 0, 1, 2) are presented in Figure 1.8. 

The full wave model depicts light propagation in a guided mode by defining the

electric field amplitude across the waveguide layer as a standing wave.  The field profiles

that extend into both the cover and substrate media are defined by exponentially decaying

fields, and are commonly known as the evanescent field.  The evanescent penetration depth d p
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Figure 1.8.  Solutions to the full wave model allow for calculation of electric (Ey) or
magnetic (Hy ) field profiles for TE or TM waveguide modes, respectively.  a) The three
lowest order waveguide modes m = 0, 1, 2 calculated for a symmetrical, three layer
waveguide model.  In this case, the refractive index of the cover is equal to that of the
substrate, resulting in equivalent penetration depths at both interfaces.  b) The
exponentially decaying evanescent fields from part a) demonstrate a larger dp for the
higher order modes.
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into the cover and substrate layers is given by

(1.16)( )
( )

d c s
N n

p

wg c s

,
,

=
−

λ

π2 2 2
1

2

where c and s refer to the cover and substrate, respectively.  The penetration depth is defined

as the distance, extending from the waveguide interface into the opposing medium, required

for the electric field amplitude to decay to 1/e.  This penetration depth was also predicted in

the ray optics model by the Goos-Hänchen Shift, which defines an effective waveguide

thickness (teff) that is larger than the actual waveguide layer thickness (twg, Figure 1.4, Figure

1.6).  Figure 1.8 also correctly depicts that higher order modes experience a larger

penetration depth.

The square of the electric field amplitude in Figure 1.8 provides a profile of the

electric field intensity across the waveguide structure (Figure 1.9) for a TE1 waveguide

mode.  An important caveat to the profile in Figure 1.9 is that it represents the intensity

profile for an asymmetrical, three layer waveguide (i.e., nc < ns < nwg).  This results in a

larger penetration depth of the evanescent field into the substrate medium.  By comparison,

the electric field amplitudes displayed in Figure 1.8 are modeled for a symmetrical, three

layer waveguide (i.e., nc = ns < nwg), which results in symmetrical evanescent tails at the

waveguide/substrate and waveguide/cover interfaces.  In practice, most IOWs are more

properly defined by the asymmetrical model. 
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Figure 1.9.  The square of the electric field amplitude produces a profile of the
normalized electric field intensity across the waveguide structure.  The profile displayed
was developed from a three-layer waveguide model for the TE1 waveguide mode.  The
waveguide parameters used in the model were: ns = 1.51, nwg = 1.60, twg = 950 nm, nc =
1.33, 8 = 514 nm, m = 1, polarization = TE.  This intensity profile demonstrates that the
majority of the guided light resides within the waveguide layer, with the exponentially
decaying evanescent fields extending into both the cover and substrate layers.  Because
the refractive indices between the waveguide and substrate are more closely matched 
than for the waveguide/cover, a significantly larger penetration depth occurs into the
substrate versus the cover.

z (:m)

substrate
waveguide

cover



56

Solutions to Equation (1.11) for TM waveguide modes can also be developed by

considering the Maxwell-defined continuous boundary condition which demands the

continuity of  and of .  These solutions are presented elsewhere.41Hy ( )( )1 2n H xy∂ ∂

Suffice to say that the magnetic field profiles defined by solutions to Equation (1.11) are

similar to the general field profiles depicted in Figures 1.8 and 1.9.

It is important to note that although the full wave model provides an exact approach

for mathematical analysis of waveguide structures, and that mathematical models exist for

calculating exact solutions, it can be difficult to experimentally determine an accurate model

for a given waveguide.  Various approaches involving computer algorithms exist that can

be used to calculate all bound modes for step-index waveguides.43  Such waveguides are

defined by a step change in the refractive index between different media, thus forming a

clear interface between the different media.  While the mathematical approach is straight-

forward, experimentally determining the thickness and index parameters for all waveguide

media is critical to generating accurate results.  Solutions for analyzing commonly used

gradient index waveguides (i.e., the refractive index changes along a gradient), where there

is no clear interface between adjacent media, also exist.  However, these waveguide

structures generally require approximation methods to determine the gradient-index profile,

and can be difficult to accurately define.  Therefore, although the full wave model provides

a more correct description of waveguide physics, at times it may be difficult to use.  Hence,

both the ray optics and full wave models provide insight into many important waveguide

properties.  Both models possess strengths and weaknesses and are therefore commonly used

interchangeably, as they will be for the bulk of this dissertation.
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1.2.6  Waveguide Attenuated Total Reflection (ATR) Spectroscopy

As predicted by both the ray optics and full wave models, a portion of the

propagating waveguide beam resides outside the waveguiding layer.  This evanescent field

is the key feature that allows waveguides to be used as spectroscopic tools.  Attenuation of

a guided mode due to the presence of some absorbing analyte within the evanescent volume

provides a measurable signal which contains information about the analyte.  Because the

guided beam is traveling via multiple internal reflection within the waveguide structure, the

measured attenuation is often referred to as attenuated total reflection (ATR) spectroscopy.

The degree of attenuation is extracted as absorbance information through quantitative

expressions developed for either the full wave or ray optics models.  Since both approaches

will be used in this dissertation, a description of the IOW-ATR expressions developed from

both models will be discussed.

1.2.6a  IOW-ATR Expressions from the Full Wave Model

For the full wave model, several approaches exist for calculating the absorbance of

an analyte in close proximity to the waveguide surface.43,47,88  The approach used herein

entails treating the waveguide structure as a multilayer stack, and using a software package

(Beta)44 that follows the calculation routine taken by Li45 for finding all bound waveguide

modes.  

For the simplest waveguide structure, the multilayer stack used to represent the

different media is presented in Figure 1.10.  The absorbing analyte is included in this model

as a layer with a complex refractive index (nl*) and an assumed thickness (tl).  To account
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for the analyte absorbance, the analyte must be modeled using the complex refractive index,

which is defined as  , where  is the real refractive index and k is ann n ikl l
* = − nl

imaginary component that describes the solid state absorptivity (i.e., extinction coefficient)

of the analyte molecules.  An expression relating k to the more commonly used parameters

of molar absorptivity ( ) and molar concentration (C) of the analyte is given by43,46ε

. (1.17)
k C= ⋅

ln10
4π

ελ

Beta requires input parameters from each layer of the model which are used to

calculate the effective index for the waveguide structure.  Because the analyte layer

represents an absorbing layer in the multilayer waveguide structure, the effective index is

a complex number defined as , where R and I denote the real andN N iNR I
* = −

imaginary components, respectively.  The attenuation of the propagating mode, which is a

result of the absorbing analyte layer, is related to the absorbance of the analyte through43

(1.18)A
I
I

L
N I= −

⎛
⎝
⎜

⎞
⎠
⎟ = ⋅log

ln0

4
10

π
λ

where L is the propagation length of the waveguide mode, which is the distance between the

incoupling element and the outcoupling element (vide infra).
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Figure 1.10.  A multilayer stack used to represent a simple waveguide structure with an
analyte adsorbed to the surface.  The analyte is modeled as a layer of the waveguide
structure, and requires knowledge of the complex refractive index and layer thickness. 
The full wave model requires the refractive index from each layer and the thickness of
the waveguide and analyte layers in order to calculate the effective index for the
waveguide structure.  This effective index can be used to calculate the absorbance
attributed to the analyte layer, as long as all other sources of beam attenuation are
properly accounted for.
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1.2.6b  IOW-ATR Expressions from the Ray Optics Model

Several approaches for quantifying the analyte absorbance have been developed

using the ray optics model.9,37,48  The approach developed by Mendes43, relating the

absorbance of the analyte to an analog of the common Beer’s law expression will be used

for the work presented herein.  

From the ray optics approach, a two step process is required.  First a model of the

waveguide structure without the analyte layer (i.e., Figure 1.10 with only the cover,

waveguide and substrate layers present) is used to calculate the effective index (Nwg) and the

effective thickness (teff) of the lossless waveguide structure.  An important assumption here

is that all waveguide media are non-absorbing at the wavelength of interest.  

Next the analyte layer is added to the model, as presented in Figure 1.10, and an

analog to Beer’s law is used to describe the measured absorbance.  A critical assumption

regarding the addition of the analyte layer to the waveguide model is that the complex

refractive index parameters of the analyte will not cause a significant change in the

previously calculated values for Nwg and teff.  In other words, the analyte layer cannot be so

highly absorbing as to significantly change the Nwg and teff calculated for the original, lossless

waveguide structure.  This condition only occurs for adlayers that are both weakly

absorbing,  , and very thin, .  In such cases, the approximate( )k nl << 1 ( )tl λ << 1

approach provided by the ray optics model has been shown to be adequate for providing

results that agree within a few percent (2-3%) of the full wave model.43  This level of

accuracy is generally sufficient for most waveguide calculations.
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The Beer’s law analog that relates the measured absorbance to the analyte layer on

the waveguide structure is

(1.19)A b Cwg= ε

where  and C have there ususal meanings, and  is the equivalent pathlength, whichε bwg

is the product of the evanescent penetration depth and the number of reflections.  The

equivalent pathlength expressed for an isotropically oriented analyte film, for TE modes is43

(1.20)
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where  is the effective index  of the waveguide structure for TE modes.  TheNTE ( )N wg

equivalent pathlength for TM modes is43

(1.21)
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where  is the effective index  of the waveguide structure for TM modes.  InNTM ( )N wg

most cases, Equations (1.20) and (1.21) can be simplified by assuming .n nl c=
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Expressions for the waveguide effective thickness for propagating modes are give

by43

(1.22)t t
N n N n

eff TE wg
TE c TE s

, = +
−

+
−

λ π λ π2 2
2 2 2 2

for TE modes and

(1.23)
t t

q N n q N neff TM wg
c TM c s TM s

, = +
⋅ −

+
⋅ −

λ π λ π2 2
2 2 2 2

for TM modes, where the terms qc and qs are used for algebraic simplification and are

defined as43

. (1.24)
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Equations (1.19) - (1.24) define the relationship between the measured absorbance

and the physical properties of an analyte film whose molecules are randomly oriented with

respect to the waveguide plane.  Similar relations have been developed for molecular

adlayers with anisotropic orientations, and are discussed elsewhere.43  These expressions are

particularly useful in determining the orientation parameters of the analyte film.
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1.2.7  Waveguide Coupling

To this point, the description of the waveguiding phenomenon has focused almost

exclusively on the properties of a light beam once it has been confined within a waveguide

structure.  The physical act of impinging an external light beam onto a waveguide structure

such that a portion of the incident light becomes entrapped in a guided mode comprises a

separate field of study which has been discussed at length in the literature.2,52-59  Only a brief

introduction of the governing principles which are germane to this dissertation will be

presented here. 

Snell’s law (Equation (1.2)) demonstrates that an external light beam incident from

a low index medium such as air onto a high index waveguide structure can never

successfully stimulate guided modes within the waveguide material.  To successfully achieve

a waveguide mode, a coupling technique must be employed.  Several coupling techniques

have been presented,37,38,50,55 including end-fire, taper and fiber optic coupling schemes.

However, for thin waveguides in the IOW regime, the more practical coupling techniques

are prism and grating couplers.55

1.2.7a  Prism Coupler

Prisms have been used as incoupling and outcoupling elements from the earliest days

of waveguide research.55  The principle of operation of prism couplers has been discussed

at length2,50-51,55-56 and is depicted in Figures 1.11 - 1.13.  From a ray optics approach (Figure

1.11), incoupling of light from a prism into a waveguide layer occurs when the projection

of the prism wave-vector onto the waveguide plane  is equal to the propagation vector( )βp
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Figure 1.11.  A ray optics description of prism-incoupling of an incident beam into a)
the m = 0 waveguide mode, and b) the m = 1 waveguide mode.  Coupling occurs when
the horizontal projection of the incoming light beam ($p) is equal to the waveguide
propagation constant ($wg).  When this condition is true, the incident light beam
successfully couples from the prism into a bound waveguide mode, and propagates along
the waveguide axis.  The incident light beam can be coupled into any waveguide mode
by simply tuning the incident angle (2a) until the prism wave-vector ($p) matches the
waveguide propagation constant of the desired mode.  Back-coupling of the waveguide
bound light into the incident prism occurs as readily as does the initial incoupling.  This
event can be minimized through positioning of the incident beam near the edge of a right
angle prism, as depicted above.
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for an allowed waveguide mode , where m = 0, 1, 2, etc.  This coupling condition( )βm wg,

is more appropriately stated as

(1.25)
β βp wg

k k
=

where  as defined in Equation (1.3).  Restating this relation in the more familiark = 2π λ

terms of the effective indices of the prism and waveguide gives

(1.26)N Np wg=

where Nwg is defined in Equation (1.6), and Np can be expressed using Snell’s law along with

the parameters defined in Figure 1.11 as
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where a and p are used to denote “air” or “prism” respectively.

The coupling condition in Equation (1.26) states that when the effective indices for

the prism and the waveguide are equal, the incident beam couples into the waveguide mode

and propagates along the waveguide axis.  The angular dependence of Np allows the prism

to achieve coupling into waveguide modes by simply adjusting the angle of the incident light

beam, which in turn changes the length of the prism wave-vector until the coupling condition

is met for the desired mode.

The full wave model also aides in describing the conditions necessary for successful



66

incoupling.  As depicted in Figure 1.12, a finite gap exists between the base of the incoupling

prism and the waveguide surface.  The base angle of the prism (N) creates the condition

necessary for total internal reflection of the incident beam at the base of the prism, thereby

establishing an evanescent field extending into the prism-waveguide gap.  When the gap is

sufficiently small (i.e., gap . 8/4), the evanescent field from the incident beam penetrates

the waveguide layer and overlaps the mode profile.  Under such conditions, the incident

beam will cross the prism-waveguide gap and excite a waveguide mode, but only if the

coupling condition of Equation (1.26) is satisfied.  This movement of light across the prism-

waveguide gap is often described as an optical “tunneling” effect.  

When a prism is brought sufficiently close to allow coupling of light into a

waveguide mode, back-coupling of light from the waveguide into the prism will happen just

as readily unless a right angle prism is used.  In other words, if an incident beam is not

impinged upon the vertex of a right angle prism, the incoupling will result in a very short

waveguide propagation length before the light has been completely back-coupled out of the

waveguide and into the prism.  Thus, although back-coupling does occur with any prism,

controlling the beam position and the coupling gap for a right-angle prism allows back-

coupling to be minimized.

Figure 1.13 demonstrates the relative intensity profile of an incident light beam as

it moves into the incoupling prism, through the waveguide and then escapes the waveguide

through an outcoupling prism.  The incoupling efficiency of an incident light beam is highly

dependent upon several parameters including: i) the spatial intensity of the beam, ii) the

intersection point of the beam with the prism base, iii) the spacing of the prism-waveguide
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Figure 1.12.  The full wave model used to describe incoupling of an incident beam into
a bound waveguide mode through a prism.  The prism base angle (N) allows for total
internal reflection of the incident beam at the base of the prism, thereby establishing an
exponentially decaying evanescent tail that extends into the prism-waveguide gap. 
When the gap thickness is sufficiently small (i.e., . 8/4) and the incident prism
wavevector ($p) matches a waveguide propagation constant ($wg) for an allowed mode,
coupling is achieved through “optical tunneling” as the light moves across the gap into a
propagating waveguide mode.  The prism-waveguide gap must be optimized for ideal
coupling efficiency and can be filled with air, or the cover medium if different than air.
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Figure 1.13.  a) A light beam with a Gaussian intensity distribution is incident upon an
incoupling prism, guided along the waveguide axis (m = 1), and outcoupled through a
second prism.  The Gaussian incident beam in a), along with the coupling profile of the
incoupling prism in b) combine to define the intensity profile in the incoupling region of
the waveguide in c).  Once the guided light intersects the outcoupling prism, the light is
outcoupled through the prism as a “leaky-mode”.  The profile of the outcoupled beam is
dictated by the prism coherence length (Lc) and the prism coupling profile, which are
both dependent upon the outcoupling prism-waveguide gap size.
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gap, and iv) the index of the medium in the gap.  Significant work has been performed to

optimize the gap shape and spacing to increase the efficiency for prism coupling into

waveguide structures.2,53-56  The optimum incoupling would occur for an incident beam

profile that was identical to the prism incoupling profile.  Without this condition, incoupling

is always less than 100% efficient. 

Although outcoupling is often described as the exact reverse of incoupling, it can

often achieve 100% efficiency.2  Whereas the incoupling efficiency is dependent upon the

incident beam profile, outcoupling efficiency is dependent only upon the coherence length

(Lc) of the outcoupling prism (note: the physical length is also important, but for most cases

is significantly larger than the coherence length).  This parameter, Lc, is the lateral distance

required to outcouple 100% of the entrapped waveguide light from the guided mode into the

outcoupling prism.  The beam profile can be altered by adjusting the gap spacing, but this

typically does not change Lc.  The outcoupling depicted in Figure 1.13 can be described as

a propagating  mode that becomes a “leaky-mode” upon intersecting the outcoupling prism.

In this region, the waveguide beam is continuously outcoupled along the coherence length

of the prism.

1.2.7b  Grating Coupler

The principles that govern the operation of a grating coupler are very similar to those

described for prism couplers.  As an incident beam intersects the diffraction grating, an

interference  pattern is established that defines a unique angle of egress for each wavelength

in the incident beam.  When the projection of this diffracted light onto the waveguide plane
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($g) is equal to a waveguide propagation vector ($wg), the diffracted beam successfully

couples into an allowed mode and propagates along the waveguide axis (Figure 1.14).  The

coupling condition is thus stated as 

(1.28)N Ng wg=

where the effective index of the grating (Ng) is given by

(1.29)N m ng o o= +
λ

θ
Λ

sin

where m is the diffraction order of the grating, 8 is the wavelength of light, 7 is the grating

spacing, and no and 2o are the refractive index and incident angle of the surrounding medium

(air in most cases), respectively.

The efficiency of grating incouplers is typically much worse than (although

theoretically the same as) for prism incouplers, although efforts to improve efficiency have

been made.59  Parameters that effect grating coupling efficiency are: i) grating spacing, ii)

groove depth, iii) period uniformity, etc.  

Similar to prism outcouplers, gratings can provide a very efficient mode of

outcoupling.  The coherence length (Lc) of the grating defines the maximum efficiency (as

does the physical length).  Therefore, if the grating is sufficiently long, it will outcouple

100% of the light entrapped in a guided mode regardless of the grating spacing and the

groove depth.
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Figure 1.14.  A ray optics description of grating-incoupling of an incident beam into a
waveguide mode.  A portion of the incident light is scattered in all directions by the
diffraction grating.  A coherent beam is produced through constructive interference,
which occurs at a different angle for every wavelength of incident light.  Incoupling
occurs when the horizontal projection of the coherent diffracted beam ($g) is equal to the
waveguide propagation constant ($wg).  When this condition is true, the incident light
beam is successfully diffracted into a bound waveguide mode, and propagates along the
waveguide axis.  Just as with a prism incoupler, the incident light beam can be coupled
into any waveguide mode by simply tuning the incident angle (2a) until the grating
wave-vector ($g) for the coherent diffracted beam matches the waveguide propagation
constant of the desired mode.  The incident beam is positioned near the front edge of the
grating to minimize back-coupling of the bound light out of the waveguide by the
grating.
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1.2.8  General Planar IOW Limitation: Narrow Spectral Bandwidth

Planar waveguides are useful tools that present a new way for spectrally measuring

interfaces, and for probing the unique chemistries of thin film environments.  Because of

their significantly enhanced measurement sensitivity, thin layer, single mode, planar IOWs

are particularly powerful tools for measuring such environments.  However, as with all

techniques, planar IOW-ATR spectroscopy does have its limitations.  Although the thin layer

IOWs provide a significant advantage in sensitivity as compared to their thick layer

counterparts which can support multiple guided modes, they suffer from several

disadvantages; i) narrow spectral bandwidth, ii) harder to fabricate with low optical loss, iii)

more difficult to couple, etc.  

The bandwidth limitation inherent to IOWs is due to the dependence of the internal

reflection angle on the wavelength of propagating light, as well as the dispersion of the

incoupler.37,41  More specifically, the resonance condition required to achieve a guided mode,

given by Equation (1.8), demonstrates a clear dependence upon the wavelength of light.  The

result of the resonance condition is that only discrete internal reflection angles lead to

harmonic solutions (modes), and these solutions are wavelength dependent.  Also, since the

effective index is wavelength dependent (Equation (1.6)), the required incident angle to

successfully achieve waveguide coupling is directly dependent upon the wavelength of

incident light. 

For relatively thick waveguides, such as those introduced by Harrick4 and

Fahrenfort5, there are literally thousands of propagation angles that lead to harmonic

solutions for a given wavelength; thus coupling into an allowed mode can occur at almost



73

any angle.  However, for a single mode IOW, the waveguide resonance condition means that

different wavelengths of light must propagate at different internal reflection angles to

produce a guided mode for each wavelength, which in turn requires each wavelength to be

incident at a unique angle, as depicted in Figure 1.15.  The practical consequence is that a

single mode IOW is generally limited to performing single wavelength ATR measurements,

or at best ATR measurements over a very narrow spectral window.  This narrow spectral

bandwidth ultimately limits the information content that can be collected using single mode

IOWs.  Although single wavelength measurements can be very useful, collecting a spectral

response over a broad wavelength range provides much more detail about the chemical

system under investigation.  Hence, the monochromatic nature of single mode IOWs

represents a real limitation to this measurement platform.

1.3   MOTIVATION FOR AND EVOLUTION OF BROADBAND COUPLING

11.3.1  Overcoming Narrow Spectral Bandwidth: The Development of the Broadband

Achromatic Coupler

Efforts to increase the spectral bandwidth of planar IOWs date back to the early

1970s.60  Many attempts to overcome this narrow spectral bandwidth have previously been

undertaken with limited success.60-65  The first truly successful solutions to broadband

coupling were only recently created and reported by Mendes et al.42,66-68  Two different 
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Figure 1.15.  For thin waveguide structures in the IOW regime, the incoupling and
guiding conditions are both highly dependent upon the wavelength of light.  This
requires different wavelengths to propagate at different internal reflection angles,
which in turn requires each to be incident at a different angle to allow the incoupling
condition ($p = $wg) to be met for each wavelength.  The practical consequence of this
condition is that IOWs are generally incapable of making measurements over broad
spectral regions and are thus limited to performing monochromatic spectral
measurements.
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approaches for achieving achromatic coupling into a single mode, planar glass IOW were

implemented and tested.  

The first generation single-mode, broadband IOW, depicted in Figure 1.16,89

consisted of a theoretically designed multi-component incoupling element that effectively

dispersed a ~100 nm band of light, incident at a single launch angle, into the corresponding

propagation angles appropriate for every wavelength.42,66,68  This multi-component incoupler

produced bound waveguide modes for all wavelengths over a ~100 nm spectral band.  The

bound light propagated along the waveguide axis where it was used to spectrally probe the

near surface environment, and ultimately was outcoupled and dispersed by a diffraction

grating onto an imaging CCD detector.  

The multi-component incoupling element was designed to “match” the optical

characteristics of a vacuum deposited Corning 7059 glass waveguiding layer.  Using a multi-

component incoupler provided several adjustable parameters (e.g. period of each grating,

dielectric prism material, lateral spacing between gratings), thus allowing for a unique

coupling element for the Corning 7059 waveguide employed.  Theoretically this approach

allows for a unique incoupling element to be designed for any number of waveguiding

media.  A complete description of the theory is presented in Chapter 2.  Experimental

validation of the broadband capabilities of this IOW-ATR spectrometer were generated by

collecting the spectral response from 500-600 nm of a monolayer of horse heart cytochrome

c adsorbed to the waveguide surface, as shown in Figure 1.16.66,68,89

Mendes et al.67 created a second generation broadband IOW by designing a single

prism incoupling element.  In this second approach, a characterization of the optical 
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Figure 1.16.  a)  The first generation achromatic coupler designed by S. B. Mendes,
reprinted with permission from the author (Mendes, S. B. "Broadband Attenuated Total
Reflection Spectroscopy in the Optical Waveguide Regime", Ph.D. Dissertation,
University of Arizona, Tucson, AZ, 1997).  This multicomponent incoupling element
consisted of a prism (Pr), and two gratings (G1, G2) that were spatially arranged to
properly disperse a ~100 nm spectral band of light into the appropriate coupling angles
that produced bound modes for all wavelengths.  The bound light propagated along the
waveguide axis where it was allowed to interact with surface adsorbed analytes, and then
outcoupled and spectrally dispersed by a third grating (G3) onto a CCD detector. 
Various components include: L1, L2, L3 = optical lenses, Ir1, Ir2 = irises, P1 = polarizer, S
= glass substrate used to support a vacuum deposited Corning 7059 glass waveguide
layer.  b) Broadband spectra of an adsorbed layer of ferri- (line + •), and ferro-
cytochrome c (solid line), collected with the first generation broadband IOW-ATR
spectrometer.  Unpublished data printed with permission from S.B. Mendes.
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parameters of the given IOW was used to select a commercially available glass material with

“matching” optical parameters.  A single prism incoupler was made from the matching glass

material and used to launch a 110 nm spectral bandwidth into the waveguide.  This second

approach was technically much simpler (i.e. a single prism incoupler versus a prism/multiple

grating combination incoupler), and allowed for “tailoring” of the optical dispersion

characteristics of the waveguiding layer to match that of a commercial glass.  However, this

approach was ultimately limited in application to commercially available glass materials

from which an incoupling prism could be manufactured.  

Both broadband coupled IOWs developed by Mendes et al.42,66-68 represented a

significant advance in planar IOW-ATR spectroscopy.  However, limitations in the vacuum

deposited Corning 7059 glass waveguiding layer employed in both devices hindered their

performance.  The major disadvantage of the Corning 7059 layer was the chemical

ruggedness, or lack thereof.  Attempts to clean these waveguides in oxidizing acids

(Chromerge or piranha) resulted in etching of the Corning 7059 layer and consequent loss

of their light guiding capabilities.250  Furthermore, with optical losses of ca. 1-2 dB/cm, these

waveguides were acceptable for measuring ATR spectra of weakly adsorbing samples,69 but

a lower-loss medium would be preferred.  Finally, the incoupling elements used for both

devices required custom fabrication and, in the case of the multi-component incoupler, very

precise alignment in order to operate properly.
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1.3.2  Spectroelectrochemistry and The Development of the Electroactive Integrated

Optical Waveguide 

Shortly after the earliest development of spectroscopic waveguide techniques,

scientists from different fields picked up this new surface analysis tool and applied it to their

respective bodies of research, including electrochemistry.72-77  Planar waveguide technology

offered a new tool with a different approach for solving difficult problems.  In particular, it

was recognized that waveguide spectroscopy could be used to observe species created at an

electrode-solution interface during the course of an electrochemical reaction, without the

interfering influence of non-faradaic processes common to purely electrochemical

measurement techniques.  By coating a planar glass medium with a thin layer of SnO2, a new

waveguide tool was created which allowed for spectral observation of short-lived

electrochemical intermediates generated at the electrode/waveguide surface.  Not only did

this work aide in studying electrochemical reaction kinetics, it also furthered the ability of

planar waveguides by adding a new dimension of measurement, which strongly enhanced

the information content available.

The earliest spectroelectrochemical researchers recognized the potential to enhance

measurement sensitivity by using thinner waveguide structures, thereby increasing the

effective pathlength.  However, it was not until several years after the initial

spectroelectrochemical waveguide research that Itoh et al.78-79 grasped upon a technique for

creating thin, electroactive waveguides, which resulted in a sensitivity enhancement in

spectroscopic measurements of 200x versus a single pass transmission measurement.

Several other groups followed suit by creating unique spectroelectrochemical waveguide
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platforms, with varying degrees of sensitivity, which have been used for various types of

measurements.80-84  

More recent attempts by Dunphy et al.85-86 to maximize the sensitivity available

through spectroelectrochemical measurements lead to the creation of a single mode IOW

device.  This multilayer electroactive waveguide structure, dubbed the EA-IOW, represents

an ultra-sensitive measurement platform capable of sensitivity enhancements of ~104 versus

a single pass transmission measurement.  The EA-IOW, depicted in Figure 1.17, is

composed of a 400 nm layer of Corning 7059 glass, a 200 nm layer of SiO2, and a 25-50 nm

layer of indium tin oxide, all deposited on a soda-lime glass substrate.  This complex,

multilayered structure required significant design work to ensure proper thickness of each

waveguide layer for optimized performance.  The multiple vacuum sputtering steps

implemented in the fabrication of this device produced a step refractive index profile.

Coupling of light into and out of the waveguide was achieved with integral diffraction

gratings.  The high degree of sensitivity, which results from the step index nature of the

multilayer EA-IOW design, was subsequently shown to be useful for exploring the redox

chemistries of submonolayer molecular films, including films of horse heart cytochrome c,

methylene blue, and rod-like molecular assemblies based on axially polymerized or

aggregated phthalocyanines.85-86

Due to the general limitation of narrow spectral bandwidth inherent to single mode,

step index, planar waveguides, the original EA-IOW suffered from the inability to measure

broadband spectra.  The ability to measure broadband spectra would improve the already

multi-dimensional information content capable of being collected by the EA-IOW. 
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Figure 1.17.  The electroactive integrated optical waveguide (EA-IOW), developed by
Dunphy et al.85-86, is a complex structure composed of several vacuum deposited layers. 
The various layers are deposited onto a glass substrate containing incoupling and
outcoupling diffraction gratings (G1 , G3).  The vacuum deposition process creates a
step-index profile for the EA-IOW, which aides in the notable sensitivity of this device.
 The normalized intensity of the EA-IOW for the TE0 (CCCC), and TM0 modes (solid
line) demonstrates the field profiles across the waveguide structure.  The TE0 mode
displays a notable intensity spike in the ITO layer.  Because of the large refractive
index and absorbing nature of the ITO layer, significant design work was required to
optimize the thicknesses of the ITO and SiO2 layers to minimize the optical loss
characteristics of the EA-IOW structure.  A thinner SiO2 layer would allow more of the
guided intensity to be carried by the ITO layer, which would result in a significantly
larger attenuation of the guided mode by the ITO.  The field intensity profiles displayed
are for an EA-IOW possessing a 50 nm ITO layer.  These profiles were calculated by
incorporating the thickness and refractive index parameters for each layer into Beta44. 
Reducing the ITO thickness to 25 nm results in a significant decrease in the intensity of
guided light carried by the ITO, but also decreases the conductivity of the ITO, which
lessens ts ability to function as an electrode.
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1.4  OVERVIEW OF BROADBAND RESEARCH

The central theme of the research reported in this dissertation is the development of

broadband coupling methods and their application to: i) a single mode, sol-gel IOW, and ii)

to the EA-IOW.  Attempts to create different broadband couplers for each waveguide

structure will be reported, along with a full description of the simplified approach that was

successfully employed.  Experiments designed at validating the broadband measurement

capabilities of each device will be presented, along with other research topics relating to

each waveguide structure.  The following sections provide a brief description of the work

that will be presented in each chapter.

1.4.1  Broadband Achromatic Coupler Design for a Sol-Gel Composite Integrated

Optical Waveguide

Chapter 2 presents an attempt to develop an achromatic coupler for sol-gel IOWs

based on the devices created by Mendes et al.42,66-68  The successful implementation of two

different broadband couplers for Corning 7059 glass provided a roadmap for creating similar

coupling elements for sol-gel glass waveguides.  More specifically, an achromatic coupler

similar to that employed in the second generation broadband device,67 which consisted of a

single prism, was pursued for a chemically robust, single-mode, sol-gel IOW.  This approach

consisted of characterizing the optical dispersion properties of several sol-gel waveguides

dip-coated onto glass substrates.  Different sol-gel formulations were tested in an iterative
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attempt to develop a waveguide layer with parameters that would closely match a

commercially available glass type.  Feasibility of implementing a multi-component

incoupler42,66,68 was also assessed for the various sol-gel formulations tested. Using the

measured optical dispersion parameters, calculations were performed to determine the

associated optical parameters that an achromatic incoupler would require.

1.4.2  A Simplified Broadband Coupling Approach Applied to Chemically Robust 

Sol-Gel, Planar Integrated Optical Waveguides

Chapter 3 describes the development of a new generation waveguide spectrometer

with broadband coupling capabilities.  As opposed to previous devices, this attenuated total

reflection (ATR) spectrometer is much simpler in design, is more chemically robust, and

transmits light down to at least 400 nm.  The attenuated total reflection element consists of

a single mode, planar integrated optical waveguide fabricated by dip coating a ~300 nm

thick, sol-gel composite layer deposited on a glass substrate.  A commercially available

prism is used as the incoupler, with an integral holographic diffraction grating acting as the

dispersive outcoupling element.  The transmission of narrow bandpass filters is used to

compare the response of the waveguide spectrometer to that of a conventional transmission

instrument.  Spectral resolution is assessed by measuring the FWHM of various laser lines,

which were found to range from 0.5-1.3 nm.  The measured limits of detection for the

waveguide spectrometer from 400-600 nm are 8.0 and 10.1 milliabsorbance units for TE and

TM polarizations, respectively.  Finally, to demonstrate the application of this technology

to a molecular film confined to a solid-liquid interface, visible ATR spectra of an
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electrostatically adsorbed submonolayer of horse heart cytochrome c are acquired.  A

procedure to correct the waveguide spectra for the wavelength dependence in ATR

pathlength is described.

1.4.3  Experimental Validation of a Technique for Determining the Angular

Orientation of Molecules Bound to the Surface of an Arbitrary Planar Optical

Waveguide 

Chapter 4 presents a new method for measuring dichroic ratios of thin film molecular

assemblies deposited onto a variety of commonly used planar waveguide platforms.  This

method provides a simple procedure for determining the mean orientation angle of a

molecular system using both easily defined waveguide structures and also many commonly

used waveguide platforms that are difficult to fully characterize.  The theory for this new

approach is based on measurement of two different molecular systems: 1) an isotropically

oriented molecular system,  and 2) a molecular system of interest.  The randomly oriented

system is used to characterize the waveguide structure through normalization of the

pathlength differences between TE and TM waveguide modes.  Once the pathlength

difference is characterized, an unknown sample system can be measured and the data easily

used to calculate the mean tilt angle of the absorption dipole.  A full theoretical description

of the general approach is presented, along with discussion of the application of the approach

for measuring dichroic ratios of molecular systems composed of linear and circular dipoles.

The validity of this approach is experimentally demonstrated using a recently reported single

mode, broadband, sol-gel waveguide spectrometer (Anal. Chem., 2002, 74, 1751-1759).



84

This well characterized integrated optical waveguide structure allows for verification of the

newly developed method by comparison to an existing approach requiring knowledge of all

waveguide parameters (e.g. index and thickness of all waveguide layers, indices of substrate

and cover materials).  Although not explicitly shown, this approach can easily be

implemented using both gradient-index and multilayer waveguide platforms.

1.4.4  Broadband Coupling into a Single-Mode, Electroactive Integrated 

Optical Waveguide for Spectroelectrochemical Analysis of Surface-

Confined Redox Couples

Chapter 5 focuses on the development of a single mode, electroactive waveguiding

platform capable of measuring spectroelectrochemical responses of surface-adsorbed redox-

active molecules over a broad spectral bandwidth.  This new planar waveguide spectrometer

is a combination of the previously developed electroactive integrated optical waveguide

(EA-IOW; Anal. Chem., 1997, 69, 3086-3094) with a recently reported simplified approach

to broadband coupling (Anal. Chem., 2002, 74, 1751-1759).  With the use of a commercially

available prism as an incoupling element, the EA-IOW can now guide visible light from at

least 500 nm to 700 nm, improving upon its previously demonstrated monochromatic nature.

Coupling profiles of various laser lines along with transmission spectra of narrow bandpass

filters at various potentials are used to demonstrate the optical characteristics of this

broadband EA-IOW, and to compare its response to that of a conventional transmission

instrument.  Assessment of spectral resolution, performed by measuring the FWHM of

various laser lines, ranges from 0.6 to 0.8.  To demonstrate the capabilities of this
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technology, the absorbance spectra as a function of applied potential are collected for two

different adsorbates; cytochrome c and ferrocene-dicarboxylic acid.  Subtleties in the redox

chemistries of adsorbed molecules, which were difficult to monitor with a monochromatic

waveguide, are readily apparent when using the broadband coupling scheme.

1.4.5  Summary of Broadband Coupling Work and Future Directions

As the concluding portion to this dissertation, Chapter 6 provides a summary of the

broadband-coupled IOW research presented, along with a discussion of its importance to the

field of planar IOWs.  Suggestions are provided for areas of improvement that will

potentially enhance the performance, or improve the usability, of the devices developed

herein.  Finally, areas of potential experimental exploration with both devices are proposed.
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CHAPTER 2

ITERATIVE APPROACH TO BROADBAND ACHROMATIC INCOUPLER

DESIGN FOR A SOL-GEL COMPOSITE INTEGRATED OPTICAL

WAVEGUIDE 

2.1  INTRODUCTION

As described in Chapter 1, thin film, single-mode planar waveguides provide unique

ATR measurement capabilities for performing spectroscopy of environments near the

waveguide surface.  As compared to their thicker mutli-mode counterparts, these single-

mode IOWs are orders of magnitude more sensitive, primarily due to their ability to support

several thousand reflections per centimeter of beam propagation, which leads to an overall

increase in the ATR path length and a corresponding sensitivity enhancement.48,68  However,

despite this sensitivity advantage, single-mode IOWs suffer from narrow spectral bandwidth.

For a given experimental configuration (i.e., optical alignment), a single-mode IOW-ATR

measurement can be performed at only a single wavelength, or at best over a very narrow

spectral window (see Chapter 1).  This inability to measure broadband ATR spectra

ultimately limits the available information content of the experiment, which becomes a

liability to IOW devices.
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While several attempts have been made to improve upon the measurable spectral

bandwidth of single-mode planar IOWs60-65, it was not until the work of Mendes et al.42,66-68,89

that successful solutions were attained.  Two different approaches for achieving broadband

spectral coupling into single-mode, planar IOWs were used to develop incoupling elements

that effectively dispersed a ~100 nm band of visible light, incident at a single launch angle,

into bound waveguide modes for all wavelengths.  Thus every wavelength in this 100 nm

spectral window was achromatically coupled into and propagated in the waveguide layer

with high efficiency, resulting in a spectrum of bound waveguide modes.  Both devices were

used to construct multichannel IOW spectrometers with which ATR spectra could be

measured over a spectral window from ~ 500-600 nm.

The achromatic coupling solutions created by Mendes and coworkers42,66-68,89

established a viable method for performing broadband IOW-ATR spectroscopy over a

significantly larger bandwidth than achievable with any previously reported IOW device.60-65

However, practical limitations in both designs have hampered the implementation of these

particular devices.  First, both achromatic IOW devices incorporated a vacuum sputtered

Corning 7059 glass waveguiding layer.  With known optical propagation losses of ~ 1-2

dB/cm,69 these Corning 7059 waveguides were acceptable for ATR measurements.

However, when cleaned using strong oxidizing acid solutions (e.g., Chromerge, Piranha),

the Corning 7059 glass was readily etched, which greatly increased the propagation loss,

thereby rendering the IOW unusable.250

Second, both achromatic incoupling elements were theoretically designed for, and

applied to well defined IOW structures (single-mode, step index, ~ 400 nm layer of Corning
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7059 glass vacuum deposited onto fused silica substrates).42,67,89  Altering the IOW structure

by changing the thickness or composition of the waveguiding layer would require a different

incoupler.  Thus, chemically etching the Corning 7059 layer when cleaning with oxidizing

acids not only increased the optical propagation loss, but also changed the guiding

parameters.250

The described shortcomings of the Corning 7059 glass used in the broadband IOW-

ATR spectrometers reported by Mendes et al. do not invalidate the achromatic incoupling

approaches developed for these devices.  In fact, the prescribed approaches to achromatic

incoupler design provide excellent road maps for creating similar incouplers for a wide array

of IOW structures.  Thus, to improve upon the chemically frail nature of the aforementioned

Corning 7059 devices, the achromatic coupling approaches in References (42, 67, 89) were

experimentally applied to more chemically rugged, silica-titania sol-gel glass waveguides.

Such work is the focus of this chapter; namely, attempts to design and implement broadband

achromatic incouplers for sol-gel waveguides using the approaches defined by Mendes and

coworkers are reported herein.

2.2  THEORY: Achromatic Incoupler Design

Because the general design approaches developed by Mendes et al. are used as guides

for the present work, a detailed, but only partial, description of the theory for each approach

will be presented.  For a full description of each approach, refer to References (42, 67, 89).
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Mendes et al. followed two related, but different, approaches in designing broadband

coupling elements.  The first approach utilized a multi-component incoupler consisting of

a single prism and two gratings to disperse a ~100 nm band of visible light from a Xenon arc

lamp into bound waveguide modes (see Figure 1.16).42  In the second approach, optical

dispersion characteristics of the waveguiding layer were “tailored” to allow achromatic

incoupling of a 110 nm band of visible light using a single prism.67  Both approaches provide

general methods for developing achromatic coupling solutions for single-mode IOWs. 

2.2.1  Multi-Component Achromatic Incoupler Design Parameters

The first generation single-mode, broadband IOW was created using a dual-grating,

single-prism achromatic incoupling element (Figure 1.16).  This novel multi-component

incoupling element was designed according to the theory presented in Reference (42).  The

basis of the design theory resides in the waveguide mode-coupling requirement of matching

the effective index of the coupling element with that of the waveguide.  This relation, given

in Equations (1.26) and (1.28) for prism and grating incouplers, respectively, is more

generally stated as

(2.1)N Nc wg=

where  is the effective refractive index of the coupling element, whether it be a prism orNc

a grating, and  is the effective refractive index of the waveguide.  N wg

When light is successfully coupled from an external source into a guided mode

propagating within the waveguide, the physical relationship defined in Equation (2.1) has
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been met.  This relationship must be met for any guided mode (see Section 1.2.7).  Hence,

for broadband coupling to occur, the effective indices of the coupling element and of the

waveguide must agree at all wavelengths over a broad spectral range, thereby allowing a

spectrum of modes to be incoupled simultaneously.  Figure 2.1 provides an example of a

typical waveguide effective index over the spectral region from 400 nm to 800 nm.  To

successfully achieve broadband coupling into this particular IOW, a coupling element must

possess an effective index dispersion curve significantly similar to that of the waveguide.

Hence, the theoretical incoupling element (–)–) with dispersion characteristics that closely

mimic the effective index dispersion of the IOW (Figure 2.1b) represents a “good” match

that could be used to incouple wavelengths over much of the spectral region.  By

comparison, the second incoupler (––) could only be used to incouple light at ~ 600 nm,

where its effective index equals that of the IOW.

2.2.1a  Effective Index Mismatch 

For the multi-component incoupler design, Mendes et al. defined an effective index

mismatch function  to quantify the “degree of fit” between the Corning 7059( )( )F λ

waveguide and the proposed dual-grating, single-prism incoupling element.  This mismatch

function is determined by simply calculating the difference between  and N wg Nc

. (2.2)( ) ( ) ( )F N Nwg cλ λ λ≡ −

Incoupling occurs at all wavelengths where , with an optimal achromatic fit( )F λ ≈ 0

occurring at all wavelengths over a broad spectrum.  
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Figure 2.1.  a) Applying a “best fit” curve (solid line) to experimentally measured
effective index data (F with error bars) describes the effective index dispersion for a sol-
gel IOW, b) which is compared to theoretical effective index dispersion curves that
would provide both good (–)–) and bad (–O–) options for creating an achromatic
incoupler.  The effective index dispersion of the good option shows a significant
agreement with that of the sol-gel IOW, meaning their effective indices are closely
matched over a broad spectral region.  By comparison, the effective index of the bad
option agrees with the effective index of the IOW at only one point (~ 600 nm).  
Note: this IOW was fabricated from sol-gel Formulation D in Table 2.1.

a)

b)
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Equation (2.2) becomes a useful design tool for iteratively calculating the degree of

fit between a “fixed” waveguide (with known effective index dispersion) and a “variable”

incoupling element (i.e., iteratively changing the incoupler design until  agrees withNc

), or visa-versa.  By explicitly defining the effective indices, this equation also aidesN wg

in designing various aspects of the waveguide, and/or the incoupler which will improve the

broadband guiding ability of the device.

2.2.1b  Defining the Waveguide Effective Index ( )N wg

Figure 2.1 demonstrates the wavelength dependence of .  This parameterN wg

 is also dependent upon the refractive index  and thickness  of all( )N wg ( )nwg ( )twg

waveguide layers, as well as the refractive indices of the cover  and substrate( )nc ( )ns

layers (see Chapter 1).  This dependency is expressed by the well-known “waveguide

equation” (originally given as Equation (1.8))

( ) ( )0
2 2 2 1

2 2 2

2 2

1
2

1
2

= − − −
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

−

−

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
≡

=

−∑π
λ

π λ
ρ

t n N m
n
n

N n
n N

Nwg wg wg
j c s

wg

j

wg j

wg wg
wg

,
tan ,Ω

(2.3)

where c and s refer to the “cover” and “substrate”, respectively,  for all TEm modesρ = 0

and  for all TMm modes.  Note: this equation is for a three layer waveguide modelρ = 1

(e.g., cover, waveguide, substrate), and is defined as the function  to denote its( )Ω λ, N wg
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dependence on the wavelength and on the waveguide effective index.  This definition is used

in Section 2.2.2 (vide infra).

2.2.1c  Defining the Effective Index of a Dual-Grating, Single-Prism Incoupler ( )Nc

Equations (2.1) and (2.2) refer to the effective index of the coupling element.  In the

first generation broadband IOW, the incident light was dispersed first by a prism, and then

by two parallel gratings.  Thus, for this incoupler design the effective index is more precisely

expressed as

(2.4)N N Nc p g= +

where p and g refer to “prism” and “grating”, respectively.  Note: for the multi-component

incoupler design, the grating effective index is composed of contributions from both parallel

gratings (vide infra).

The prism effective index, discussed in Chapter 1, is simply the projection of the

prism wave-vector onto the waveguide plane (originally given as Equation (1.27))

(2.5)
N n

n
np p

a

p
a= +

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−sin sin sinφ θ1

where a refers to “air” and N is the prism base angle, as defined in Figure 2.2.

As with the prism incoupler, the effective index of a grating coupler is defined as the

projection of the diffracted incident light onto the waveguide plane (see Section 1.2.7b).
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Figure 2.2.  Schematic depictions of a) the single-prism/dual-grating incoupling
element used for the first generation broadband IOW, and b) the achromatic prism
incoupler employed in the second generation broadband IOW.  The waveguide-related
design parameters for both devices include: i) the waveguide refractive index (nwg), ii)
the thickness of the waveguide layer (twg), iii) the substrate refractive index (ns), iv) the
cover refractive index (nc), and v) the wavelength of light (8).  The coupler-related
design parameters for the multi-component incoupler include: i) the external coupling
angle (2a), ii) the prism base angle (N), iii) the prism refractive index (np), iv) the period
of the first grating (71), and v) the period of the second grating (72).  The coupler-related
parameters for the single-prism incoupler are the same as those for the multi-component
design, minus the grating periods.
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For the first generation achromatic IOW, the grating effective index is composed of

contributions from two gratings held parallel to each other (Figure 2.2).  Hence, an overall

effective index for the grating components can be described using contributions from each

grating (see Equation (1.29))

(2.6)
N m mg = + ≡1

1
2

2

λ λ λ
Λ Λ Λ *

where m is the diffraction order, and 1 and 2 refer to the two gratings as defined in Figure

2.2.  For the first generation broadband IOW, the grating diffraction orders were limited by

assuming  and , which allows for combining the two gratingm1 1= − m2 1= +

contributions into an equivalent grating period .Λ *

2.2.1d  Taylor Series Used to Define Adjustable Incoupler Parameters

Having defined all necessary components of the effective index mismatch function

F, Equation (2.2) is used to search for a fit over a broad spectral range by expanding into a

Taylor series about a center design wavelength ( )λ0

. (2.7)

( ) ( ) ( ) ( )
F F

dF
d

d F
do o

o

o o
λ λ

λ
λ λ

λ
λ λ

λ λ≅ + −
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−⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
+

2

2

2

2
...

The first three terms of the Taylor series correspond to zero-, first- and second-order

chromatic coefficients.  Solving for the zero-order term yields 
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(2.8)
( ) ( )F N n n no wg a a p a a

oλ θ φ θ φ
λ

= − − − −sin cos sin sin *
2 2 2

1
2

Λ

where all terms are defined in Figure 2.2, or in previous paragraphs.  When set equal to zero,

this relationship defines the normal coupling condition for wavelength  (i.e., F = 0 meansλ0

that  at the design wavelength ).N Nc wg= λ0

The second chromatic order term is 

(2.9)( )
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d
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dn
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where  is the waveguide effective index dispersion (see Figure 2.1), and
dN

d
wg

λ
⎛
⎝⎜

⎞
⎠⎟

 is the refractive index dispersion of the prism glass material.dn
d

p
λ

⎛
⎝⎜

⎞
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The third chromatic order term is
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(2.10)

Equations (2.9) and (2.10) provide a method for theoretically designing an incoupling

solution that cancels chromatic dispersion beyond the zero-order case (zero-order chromatic

dispersion is always satisfied by adjusting the coupling angle for any guided mode).  Several
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variables reside in these equations that can be used to find the ideal solution that cancels

each chromatic order.  Hence, designing an achromatic incoupling element consists of

iteratively changing the waveguide-related and/or the coupler-related variables until all three

chromatic order coefficients are minimized, thereby yielding an overall mismatch of

.  The waveguide-related variables include: i) the waveguide refractive index( )F λ0 0≈

, ii) the thickness  of the waveguide layer, iii) the refractive index of the( )nwg ( )twg

substrate , and iv) the refractive index of the cover layer .  The coupler-related( )ns ( )nc

variables are: i) the angle of incidence  of the external light, ii) the base angle  of( )θa ( )φ
the prism, iii) the refractive index  of the prism, and iv) the grating period of each( )np

grating . ( )Λ Λ1 2,

Although the theory presented provides several variables for designing an achromatic

incoupling element, Mendes and coworkers simplified the approach for the first generation

broadband IOW by fixing the waveguide structure (~ 400 nm Corning 7059 IOW).42  Hence,

they designed an achromatic incoupling element by iteratively altering only the coupler-

related variables until an optimized mismatch was achieved for the fixed Corning 7059 IOW.

 

2.2.2  Achromatic Prism Incoupler Design Parameters

A much simpler achromatic incoupler design was the basis for a second generation

single-mode, broadband IOW.  The theoretical design and experimental demonstration of

this single prism incoupler (depicted in Figure 2.2b) is presented in Reference (67).  As with

the first generation broadband IOW, this design is based on the required effective index

matching condition defined in Equation (2.1).  However, as discussed (Section 2.2.1), this
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effective index matching condition must occur over a broad spectral range if achromatic

incoupling is to occur.  Hence, a more definitive way to describe the broadband coupling

condition is to state that the effective index dispersion behavior of the incoupler must be the

same as that of the IOW.  For the single prism achromatic incoupler, this relation is

expressed as

(2.11)
dN

d
dN
d

wg p

λ λ
=

where an example of the effective index dispersion of the IOW  is shown if Figure
dN
d

wg

λ
⎛
⎝
⎜

⎞
⎠
⎟

2.1, along with theoretical curves that could represent the effective index dispersion

characteristics of two prisms  that would provide both “good” and “bad” matches
dN
d

p

λ
⎛
⎝
⎜

⎞
⎠
⎟

for the given waveguide.

2.2.2a  Dispersion of the Waveguide Effective Index 
dN
d

wg

λ
⎛
⎝
⎜

⎞
⎠
⎟

The dispersion of the waveguide effective index is described by the function

, found in Equation (2.3).  As noted, this is the characteristic “waveguide( )Ω λ, N wg

equation”, which is discussed in more detail in Chapter 1.  Using this relation, Mendes et

al.67 derived an equation to further describe the effective index dispersion attributes of the

waveguide

(2.12)
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=
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, ,



100

where  is the refractive index dispersion of each layer, and a, b are given by the
dn

d
j
λ

differential equations

(2.13)
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Solving for the differential in the denominator of both Equations (2.13) and (2.14)

gives

(2.15)
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where  is the waveguide effective thickness for the corresponding polarization, asteff

defined in Equations (1.22) and (1.23).

The numerator in Equation (2.13) is calculated to be

(2.16)( )d
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2
2 2
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2
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where  is the physical thickness of the waveguide layer, as depicted in Figure 2.2.twg

The remaining parameter, which is the numerator in Equation (2.14), is polarization

dependent.  Hence, for TE polarized light, this differential is determined to be

(2.17)( )
( )
( )

d
dn

n

n N
t

N n

n nwg

wg

wg wg

wg
j s c

wg j

wg j

Ω
=

−
⋅ ⋅ +

−

−

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥=

∑
2 2

1
2

2 2
1

2

2 2

2π
λ ,

for the waveguide layer, and 

(2.18)
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for the substrate and cladding layers.  Similar expressions corresponding to the TM

polarization have been developed,67 but are not reported herein.

2.2.2b  Effective Index Dispersion of the Incoupling Prism 
dN
d

p

λ
⎛
⎝
⎜

⎞
⎠
⎟

The effective index of the incoupling prism is described in Equation (2.5).  The

dispersion of this prism effective index is given as

(2.19)
dN
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p p

λ λ
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where  is the dispersion of the prism refractive index, and c is defined as
dn
d

p

λ

. (2.20)
( )

c
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n n
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θ2 2 2
1
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All parameters in the preceding equations are defined in Figure 2.2b.

2.2.2c  Design Parameters for Achieving Achromatic Incoupling

Now that all parameters have been defined for both the waveguide and the prism

incoupler, Equation (2.11) can be rewritten as

. (2.21)

a b
dn
d

c
dn
dj wg s c

j
j p

+ =
=
∑

, , λ λ

It is important to note that there are several simplifying conclusions that have been used to

determine this relationship which are not discussed here.  For a full description of these

conclusions and a complete discussion of this theory, refer to Reference (67). 

Several adjustable parameters are included in Equation (2.21) for both the IOW and

the incoupling prism which can be used to create an achromatic incoupling solution.  The
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waveguide related parameters, which are identical to the waveguide variables used for

designing the multi-component incoupling element, are:  and .  Then t n nwg wg c s, , , λ

prism-related parameter set is:  and .  These parameters will allow a waveguide toθ φa , np

be designed to match a particular prism, or vice versa.  Alternatively, both parameter sets can

be allowed to vary to produce an achromatic coupling solution.  The general approach

pursued by Mendes et al. was to design an incoupling prism for a defined 424 nm thick

Corning 7059 glass waveguide layer which had been vacuum deposited onto a fused silica

substrate.67

The great advantage to this achromatic coupling approach, as compared to the multi-

component incoupler, lies in the simplicity of the single prism design.  For the prism/dual-

grating incoupling element, alignment of each component is a crucial step which is not

clearly defined by the theory presented in Section 2.2.1.  Also, by adding the extra parallel

grating dispersing elements, a light beam incident on the multi-component design naturally

experiences an aberration wherein the center wavelength  is incident at the optimal( )λ0

coupling angle, but wavelengths other than  are shifted from their optimum by eachλ0

additional element.  Even though the additional coupling elements provide various adjustable

parameters which can be tuned to minimize the effect that this chromatic aberration imparts,

this generally results in a loss in absolute coupling efficiency, which typically degenerates

with the addition of more coupling elements.67

Although the single prism achromatic coupling approach developed for the second

generation broadband IOW provides some significant advantages over the multi-component

design, it is practically limited in application to only those glass types that are commercially
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available.  Hence, because the multi-component design includes a larger set of variables, a

broadband coupling solution can be theoretically designed for any waveguide structure.  In

comparison, a single prism achromatic coupling solution may not be achievable for certain

waveguide structures due to the lack of a commercially available glass material which would

provide the dispersion characteristics needed for the incoupling prism.

2.3  METHODOLOGY: Iterative Design Approach for Creating an Achromatic 

        Broadband Coupler for Sol-Gel IOWs

Of the two designs described by Mendes et al.42,67, the simpler, single-prism incoupler

implemented in the second generation broadband IOW67 was chosen as the approach that

would be followed in pursuit of an achromatic incoupler for a sol-gel IOW device.  Although

the multi-component incoupler design provides more alterable parameters, the simplicity of

the single-prism design in combination with the alterable optical characteristics of sol-gel

thin film waveguides appeared to provide a better approach.

2.3.1  Advantages of Sol-Gel Thin Films Used as Waveguides

“Sol-gel” is a term used to generally describe a type of chemically manufactured

glass or ceramic.  As opposed to the high-temperature melt process typically used to

manufacture glass materials, sol-gels can be formed by simply mixing solutions containing

inorganic oxide precursors, allowing them to chemically react and then “cure” at much lower
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temperatures (even as low as room temperature).90-94  The sol-gel process has been used to

prepare thin film structures which have been applied in areas such as optical coatings, films

with high and low dielectric constants, protective coatings, sensor films, membranes,

waveguides, etc.95-97  This wide area of application is ultimately related to the various

manufacturing parameters that define the properties of sol-gels.

Sol-gels provide an ideal media for designing thin-film optical coatings and

waveguides because of the various control parameters associated with their production.

Careful control of starting precursor materials (e.g., type of inorganic oxide, composite

mixture of different inorganic oxides, purity of all reagents, concentration of components,

type of solvent, etc.), as well as processing techniques (e.g., mixing time, thin film

deposition technique, curing time, curing temperature, etc.), can be used to create sol-gel thin

films with desired physical and optical properties.  For example, by changing the type of

precursor materials in a particular “recipe” from only silicon oxides to a mixture of silicon

and titanium oxides, a composite sol-gel film with a higher refractive index can be produced.

Also, by changing the solution viscosity or curing temperature, the film thickness and optical

quality can be significantly altered.  Thus, the sol-gel process provides a powerful method

for making waveguide films of excellent optical quality with “tailored” physical / optical

traits.

The pursuit of a new achromatic broadband device based on sol-gel IOWs was

undertaken because of the advantages inherent to silica-titania, sol-gel waveguiding films

as compared to the Corning 7059 glass employed in the devices created by Mendes et al.

Specifically, the reported optical losses commonly associated with vacuum deposited
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Corning 7059 waveguides (~ 1-2 dB/cm)69 is ~ 5-10 fold higher than the propagation losses

measured for sol-gel derived, silica-titania glass IOWs deposited on soda-lime glass

substrates (~ 0.2 dB/cm)71.  Moreover, as compared to chemically frail Corning 7059 glass

waveguides, the surface of the silica-titania glass IOW can be repeatedly cleaned in strong

oxidizing acids without significant degradation.  Hence, the silica-titania sol-gel composite

provides a more chemically rugged medium than the 7059 glass used in the previous

broadband devices42,67.  Additionally, as compared to vacuum deposited dielectric films, sol-

gels are generally easier to process into thin films, require less costly equipment, and can be

more easily “tuned” for desired traits.97

2.3.2  “Tuning” Sol-Gel Thin Film Properties to Match a Commercial Glass, Single

Prism Incoupler

By exploiting the “tunable” nature of sol-gel thin films, and by applying the same

design approach described by Mendes and coworkers67, a single prism achromatic incoupling

scheme was pursued for a sol-gel IOW device.  The specific approach involved creating

different silica-titania sol-gel thin films and measuring their optical waveguiding properties.

Once waveguiding was established, the optical dispersion properties were determined for the

sol-gel IOW and the design approach detailed in Section 2.2.2 was followed to determine

the type of glass characteristics needed to create a prism incoupler that would provide an

achromatic broadband solution for the given sol-gel waveguide.  Once the required

theoretical incoupler characteristics were known, they were compared to commercial glass

types to determine if a practicable “fit” was available.  Hence, this approach consisted of
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iteratively changing the optical characteristics of the silica-titania sol-gel IOWs to match

existing commercial glass types from which an incoupling prism could be made. 

2.4  EXPERIMENTAL

2.4.1  Sol-Gel Chemistry, Thin Film Formulation and Waveguide Fabrication

The sol-gel process has been extensively studied and reported in the literature.90-99

Sol-gels with a wide array of optical and physical properties can be produced through

relatively simple processing means.  While an overview is presented here, a more complete

description of the sol-gel process, as well as detailed thin film fabrication steps used to

produce the IOWs used herein, are presented in Appendix A.

Sol-gel chemistry can be described by a two-step chemical reaction; i) metal alkoxide

hydrolysis, followed by ii) condensation of the resulting metal hydroxides to form a cross-

linked polymer network.92-94,98,99  For a silicon alkoxide (e.g., tetramethylorthosilicate

(TMOS), tetraethylorthosilicate (TEOS), etc.), the hydrolysis step leads to the formation of

silanol groups (Si-OH), where a partial hydrolysis is expressed as,

. (2.22)( ) ( )Si OR H O RO Si OH ROH− + ⎯ →⎯⎯ − − +4 2 3

The silanol groups formed through the hydrolysis step further react through a condensation

reaction to form the siloxane linkage (Si-O-Si) typical of a glass network;

. (2.23)− − + − − ⎯ →⎯⎯ − − − − +Si OH HO Si Si O Si H O2
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In time, the hydrolysis and condensation steps lead to a cross-linked network of siloxane

bonds, forming the three dimensional clathrate network typical of glass materials (Figure

2.3).  Even though the preceding example features the reaction steps experienced by a silicon

species, the same general chemistry occurs for any metal alkoxide.  However, the rate and

degree of hydrolysis and condensation, as well as the material characteristics of the resulting

sol-gel are highly dependent upon the type of metal alkoxide used.  Reaction rates, which

affect the final sol-gel properties, are also determined by the temperature, environmental

conditions, solvent used, etc., and can be mediated by using an acidic or basic catalyst.99  

For the present work, multiple sol-gel formulations were fabricated and tested as

potential candidates for broadband coupling.  However, all formulations were based upon

the composite silica-titania system developed and reported by Yang et al.71,100,101  This unique

formulation uses a methyltriethoxysilane (MTES) precursor and a silicon tetrachloride

(SiCl4) catalyst, which were both novel features to sol-gel thin film production when

introduced.71  The initial formulation used herein was a variant of the Yang-recipe and

consisted of a 14 : 10.3 : 5.2 : 1 (v/v) mixture of ethanol (200 proof, AAPER Chemical),

MTES (99%, Aldrich), titanium (IV) butoxide (97%, Aldrich) and SiCl4 (99.998%,

Aldrich).109,164  Each component was introduced into a reaction vessel in the order listed and

allowed to mix until a homogenous, transparent solution was formed (~ 1 hour).  This

reaction mixture was stored in a sealed glass container and used for several months.
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Figure 2.3.  The clathrate, cage-like glass structure of a silica sol-gel.  The silanol
groups formed through hydrolysis undergo a condensation reaction, forming a colloidal
suspension.  The magnified region depicts the condensation step occurring between
independent particles in the gel.  With time, the colloidal particles condense forming
larger and larger networks.  While still in suspension, the colloidal particles can be
processed into optical quality thin films.  The desired optical properties can be “tuned”
by changing the metal alkoxide, along with processing techniques, etc.
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Iterative changes were made to the base sol-gel formulation by altering the relative

amounts of MTES and titanium (IV) butoxide (Ti-But), which in turn altered the relative

amounts of silica and titania in the final sol-gel waveguide films.  Previous waveguide films

made from composite SiO2-TiO2 sol-gels demonstrate an adjustable refractive index between

1.45 and 2.2, depending upon the relative amount of each component.92  To ensure that the

changes applied to the different formulations were only likely to affect the refractive index,

or refractive index dispersion, of the resulting sol-gel waveguide films, care was taken to

alter only the amounts of MTES and Ti-But while maintaining the same fabrication

procedures.

The prepared sol-gel formulations were deposited as waveguide films by dip-coating

a thin film onto cleaned quartz slides or soda lime glass substrates (Gold Seal Micro Slides).

The cleaned slides were dipped into the sol-gel solution and withdrawn at a speed of 0.3

cm/sec in a controlled atmosphere of 25 °C and 10-20 % relative humidity.  The films were

cured at 500 °C for 20-30 minutes in air, resulting in densified 300-700 nm thick sol-gel

films.  Optical propagation loss was not measured for the waveguides used herein, but was

assumed to be comparable to that reported by L. Yang et al.71,100 and P. Skrdla et al.109 for

similar sol-gel waveguides (0.1-0.2 dB/cm).

2.4.2  Optical Dispersion Measurements and Waveguide Characterization

The optical waveguiding properties of the deposited sol-gel films were tested for

every formulation that produced visually acceptable samples (i.e., films with obvious defects

such as cloudiness, or excessive particulate inclusions were not tested for their ability to
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guide light).  Acceptable candidates were tested by attempting to couple an incident laser

beam into a bound waveguide mode using a prism incoupler.  The optical layout and

waveguide mount used for such testing are depicted in Figures 2.4 and 2.5.  The waveguide

mount, best seen in Figure 2.5b, was used to physically clamp a 45°-45°-90° high index

incoupling prism (SF6, Karl Lambrecht, truncated top for clamping purposes) to the sol-gel

coated glass slide.  Care was taken in attaching the prism to the sol-gel surface to ensure that

sufficient pressure was applied to provide the intimate contact required for successful

incoupling (Figure 1.12).2,50-51,55-56  Sufficient contact is visually observed by peering through

the prism face towards the prism vertex, as depicted in Figure 2.6.  Optimal contact is

attained by adjusting the pressure applied to the prism top until a crescent rainbow pattern

appears along the right-angle corner of the prism base, indicating optical contact between

the sol-gel film and the prism in that area. 

With the waveguide mount attached to an xyz translator (Daedal), the right-angle

corner of the incoupling prism was centered over the axis of the rotary stage (New England

Affiliated Technologies).  As described for a prism incoupler in Section 1.2.7a, waveguide

coupling occurs when the angular-dependent prism wave-vector matches the propagation

vector for an allowed waveguide mode (Figure 1.11).  Hence, searching for the presence of

bound waveguide modes was carried out by scanning a laser beam, which was focused upon

the right-angle corner of the incoupling prism, over a large angular range  (~ 20-30°) with

the rotary stage, for both TE and TM polarizations.  The presence of a bound waveguide

mode was visually observed as a bright streak along the waveguide axis, as depicted in

Figure 1.7.  Sol-gel films demonstrating good waveguiding capabilities were further tested
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Figure 2.4.  The optical layout used to measure waveguide parameters of sol-gel thin
film waveguides.  One of two laser sources can be used by simply inserting or removing
the appropriate mirrors (M*).  A periscope beam steerer (pBS) is used to change the
height of the incident laser beam, which then passes through a polarizer (P1), a Fresnel
Rhomb (FR), a second polarizer (P2), and an Iris (Ir).  The beam is then reflected from a
mirror (M), and focused through a lens (L) onto the vertex of a prism mounted to a
waveguide surface.  P1 is used to adjust the intensity of the polarized laser beam,
whereas P2 is used to adjust the final polarization of the light used to probe the
waveguide.  
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Figure 2.5.  Outcoupled light from a bound waveguide mode of a sol-gel IOW.  The
rotary stage was adjusted until the incident 488.0 nm light from an Ar+ laser was
successfully coupled into a waveguide mode.  A second prism outcoupled the light onto
the screen, producing the characteristic “m-line” image common for waveguide modes.1 
b) Close inspection of a magnified view of part a) shows the expected propagating
waveguide streak, as well as the characteristic m-line outcoupled from this IOW.

a)

b)
outcoupled
“m-line”
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by accurately measuring the incident coupling angles (rotary stage resolution = 0.001°) for

all TEm and TMm waveguide modes at multiple laser wavelengths.102  These measurements

required outcoupling the bound waveguide modes with a second prism, as shown in Figure

2.5.  Although angular measurements could be taken by visually observing the brightest

outcoupled image, the most accurate measurements were collected using a photodiode power

meter mounted on the rotary stage about 2-3 cm from the outcoupling prism.  The precise

incoupling angle which produced the outcoupled image of highest intensity was determined

to be the ideal angle at which guided modes could be launched into the sol-gel waveguide.

The experimentally observed incoupling angles for all TEm and TMm waveguide

modes were used to determine the thickness  and refractive index  of the sol-gel( )twg ( )nwg

waveguide films.  This was accomplished using a computer program written by Sergio

Mendes103 which solved Equation (2.3) at each wavelength measured.  The dispersion of the

refractive index  was determined by plotting the calculated values for  versus
dn
d

wg

λ
⎛
⎝
⎜

⎞
⎠
⎟ nwg

wavelength and by applying a least squares “best fit” curve to the data using a Cauchy

model, given as

(2.24)n a
b c

wg = + + + ⋅ ⋅ ⋅
λ λ2 4

where a, b, and c are parameters defining the degree of dispersion.  In most cases, it is

sufficient to model a dispersion using only the first two terms (a,b).  However, commercial

grade glasses are typically modeled using a 5-6 parameter fit.
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Figure 2.6.  A prism must be in intimate optical contact with a waveguide film for an
incident beam to be successfully coupled into a bound waveguide mode.  If such contact
is not present, an incident beam may not penetrate the waveguide film deep enough to
be entrapped in a guided mode, once the proper incident angle is tuned.  Optical contact
is achieved by adjusting the pressure between the prism and the waveguide until a
“rainbow” pattern appears along the prism base, near the right-angle corner.  This event
is best observed by peering through the prism coupling face towards the prism vertex,
while illuminating from behind with a light source (e.g., overhead room lights, desk
lamp, etc.).  a) In this case, good optical contact has been achieved only at the prism
corners, as depicted by the white region.  b) By adjusting the pressure applied to the
prism, the region of good optical contact expands over an arch that encompasses the
entire prism base at the vertex.  Hence in case b), an incident beam could be coupled
from the prism into the waveguide at any point along the prism vertex.

a)

b)

light
source

region of
good contact
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In addition to calculating the refractive index dispersion, the measured incident

coupling angles for all waveguide modes were also used to determine the dispersion of the

effective index  at both TE and TM polarizations.  This was achieved by solving
dN
d

wg

λ
⎛
⎝
⎜

⎞
⎠
⎟

Equation (2.5) for each guided mode, followed by plotting the calculated values for N wg

versus wavelength.  As with the refractive index dispersion, a Cauchy model (Equation

(2.24)) was used to described the dispersion of  for both TE and TM polarized light.N wg

2.5  RESULTS AND DISCUSSION

2.5.1  Initial Sol-Gel Waveguide Formulation

Waveguides fabricated from a variant of the initial sol-gel formulation, developed

and reported by Yang et al.,71,100,101 were the first sol-gel devices tested as broadband

instruments.  As previously reported for waveguides manufactured from this silica-titania

composite formulation, sol-gel IOWs with exceptional optical waveguiding characteristics

were produced and experimentally measured before the achromatic design approach was

applied.  Figure 2.7 contains the refractive index dispersion curves for two different

waveguides made from the initial sol-gel formulation (Formulation A, Table 2.1).  Although

each device produced a dispersion curve that appears to be different from the other, they

both parallel each other, meaning that their optical dispersive behavior is comparable.  The

apparent difference for the two curves results in a calculated difference in refractive index
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Figure 2.7.  Optical dispersion curves calculated for two waveguides manufactured from
the initial sol-gel formulation (Formulation A in Table 2.1).  Each waveguide consists of
a ~ 600 nm thick sol-gel film dip-coated onto a quartz slide.  The individual data points
were calculated from a minimum of three coupling angle measurements for the reported
wavelength, with error bars representing the standard deviation of each measurement set.
 The least squares curve fit applied to each data set gives an approximate optical
dispersion for each waveguide, which is: i) nwg = 1.559 + 12,200/82 for (O), and ii) nwg
= 1.557 + 11,500/82 for ()).  The difference between each curve is between 0.004 and
0.005 refractive index units for wavelengths in the visible region, which corresponds to a
percent difference of ~ 0.3%.  Hence, although the curves are different, this small
difference can be assumed to be negligible for design purposes.
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of only ~ 0.3% from 457.9 nm to 632.8 nm, as would be expected for waveguides

manufactured from the same sol-gel formulation.

Despite the excellent guiding properties of the sol-gel IOWs made from the initial

formulation (Formulation A, Table 2.1), it was discovered during testing that they supported

multiple guided modes.  Modes m = 0 and m = 1 for both TE and TM polarized light were

successfully coupled into these sol-gel IOWs (i.e., supported modes = TE0, TM0, TE1, TM1).

This fact was not immediately recognized, but only after multiple experiments revealed two

separate coupling angles for each polarization.  The angular distance between modes m =

0 and m = 1 was ~ 10°, and was not readily discerned until multiple experiments revealed

a bimodal distribution of incident coupling angles.  A circular polarized incident beam may

also manifest a bimodal coupling distribution (e.g., between modes TE0 and TM0), but the

separation between the two polarization-dependent modes would be much smaller than the

separation between different mode orders.  For these waveguides (Formulation A, Table

2.1), the angular separation between TEm and TMm modes was < 0.5°, which for circular

polarized light may appear as one broad mode.  A general mode-coupling trend, stated in

terms of the polarization dependent waveguide effective index, is given by

. (2.25)N N N N N NTE TM TE TM TE TMm m0 0 1 1
> >> > >> >...

Equations (2.1) and (2.5) show this to be the same trend followed by the required external

coupling angle .( )θa
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Table 2.1: Sol-gel formulations used to fabricate thin-film waveguides and the
waveguide parameters measured for each.

Formulation
(EtOH : MTES : Ti-But : SiCl4)a

Dispersion
Curve

Parametersc

nwg at
457.9 nmd 

twg
(nm) Modes

A 14 : 10.3 : 5.2 : 1b a = 1.559
b = 12,000

1.616 600-700 TE0, TM0
TE1, TM1

B 13.8 : 11.6 : 3.9 : 1 a = 1.527
b = 15,000

1.599 300-400 TE0, TM0

C 13.7 : 11.3 : 4.2 : 1 a = 1.550
b = 14,000

1.617 200-300 TE0, TM0

D 14 : 11.5 : 4.2 : 1 a = 1.582
b = 18,000

1.668 200-300 TE0, TM0

aComponent amounts expressed as (v/v).  Components defined as follows: EtOH =
ethanol, MTES = methyltriethoxysilane, Ti-But = titanium (IV) butoxide, SiCl4 =
silicon tetrachloride.  bVariant of the initial formulation developed by L. Yang et al.71,

100, 101  This formulation was created through iterative experimentation of component
volumes by Á. Mendoza,164 and was used by P. Skrdla.109  cParameters calculated from
a least squares curve fit applied to the refractive index versus wavelength data.  A
Cauchy model is used, with the parameters given by: nwg = a + b/82, where b has units
of nm2 and an optimal fit is determined by minimizing the P2 statistic.  dThe refractive
index calculated from the Cauchy curve-fit equation.
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One telltale sign of the multimode nature of these initial-formulation sol-gel IOWs,

which was initially missed, was the observed outcoupling of two m-lines for a given

polarization, as depicted in Figure 2.8.  The presence of multiple m-lines is a key indicator

that multiple guided modes are supported, which has been discussed in the literature.1,48,102,104

When the incident coupling angle is tuned to match a specific mode, light is coupled into and

bound by that mode (Chapter 1).  At this point, the incoupling conditions are met for a

specific mode.  However, as light propagates in that mode, a certain amount of loss occurs

due to natural scattering events within the waveguide.  This scattered light can either escape

the waveguide, be entrapped by a substrate mode, or be entrapped by another supported

waveguide mode.  Hence, despite incoupling of the incident beam into a specific guided

mode, spurious light populates additional modes and is simultaneously outcoupled at angles

corresponding to each mode.  

The multi-mode nature of the initial sol-gel IOWs rendered them unusable for

achromatic coupling purposes.  The presence of multiple guided modes would make

wavelength resolution difficult at best, and more likely impossible, due to the potential

overlap of spectral regions from different guided modes.  As occurs for diffraction gratings

with multiple diffraction orders, when the “red” portion of the broad spectral output from

one guided mode overlaps with the “blue” portion of a higher order mode, the information

carried by wavelengths from either regime is mixed, and essentially lost.  Thus for practical

reasons, a change to the initial sol-gel formulation was required.
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Figure 2.8.  Multiple modes supported by a waveguide are often manifest by the
presence of multiple outcoupled m-lines.  a) Waveguide coupling conditions require
very specific incoupling angles that satisfy the requisite effective index matching
requirements.  Hence, coupling into the m = 0 mode occurs at a larger external angle
than that required for m = 1, which is dictated by the larger waveguide propagation
constant ($wg ).  b) Although an incident beam is coincident at an angle corresponding
to the required coupling conditions for m = 0, scattered light can become entrapped in
m = 1, which is then outcoupled at the corresponding angle.  The intensity of the m-line
corresponding to the incoupled mode is generally larger than for modes resulting from
entrapped scattered light.   
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2.5.2  Alternate Formulations for Sol-Gel Waveguides

Theoretical modeling of IOWs derived from sol-gel Formulation A, using the full

wave calculation routine described by Li45 (Section 1.2.6a), correctly predicted the observed

m = 0 and m = 1 modes for both the TE and TM polarizations.  Iterative calculations, using

the sol-gel Formulation A parameters as a starting point, predicted that waveguides of this

type would support only TE0 and TM0 waveguide modes if their thickness was # 400 nm.

Hence, the initial sol-gel formulation was changed in a effort to produce thinner waveguide

layers.

In addition to producing multi-mode waveguides with thicker-than-desired sol-gel

layers, initial achromatic testing with Formulation A demonstrated it to be a poor candidate

for producing a broadband device.  Achromatic modeling using the optical properties of

Formulation A, and following the approach outlined in Section 2.2.2, illustrated the need to

alter the optical dispersion characteristics if an achromatic solution were to be achieved (data

not shown).  Hence, various new formulations were developed and tested, with only a few

producing sol-gel films with acceptable optical waveguiding properties.  Table 2.1 contains

information about three alternate sol-gel formulations tested for this work, which appeared

to provide the best options for producing an achromatic waveguide structure.

Initial attempts at altering the thickness of the resulting sol-gel films focused on

increasing the amount of ethanol, thereby cutting the concentration of all other components

by 1/2 to 2/3.  While this approach produced high quality waveguides for some formulations,

the sol-gel films were still too thick at twg = 400-500 nm.  Also, it was determined that a

better option for producing a controlled change would be to iteratively adjust the relative
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amounts of MTES and Ti-But, while maintaining the overall alkoxide-to-ethanol ratio.92

Changing the relative amount of total alkoxide to the amount of ethanol can affect the final

film morphology achieved by a set fabrication process, as discussed in Appendix A (i.e.,

changing the alkoxide / EtOH ratio will affect the sol-gel viscosity, which in turn may affect

the thickness of the film deposited by a certain dipping speed, etc.).  Hence, subsequent

changes were based upon changing the amount of Ti-But, while making up the difference

with MTES in order to maintain approximately the same alkoxide / EtOH ratio.  These

formulations ultimately proved to be the most well-behaved changes, and are represented by

Formulations B-D in Table 2.1.

The iterative formulation changes presented in Table 2.1 represent IOWs with both

thinner sol-gel layers and altered dispersion curves, as compared to the initial Formulation

A.  Figure 2.9 provides a direct comparison between the optical dispersion measured for

Formulations A and D.  The iterative changes to the sol-gel mix for Formulation D yielded

waveguides with an overall higher refractive index than the parent Formulation A, but also

significantly altered the dispersion of the refractive index .  This alteration in
dn
d

wg

λ
⎛
⎝
⎜

⎞
⎠
⎟

optical dispersion closely mimicked the dispersion of SF6 glass, which was plotted from

tabulated data,105,106 as shown in Figure 2.9b.  

It should be noted that care was taken in setting the scale of the independent y-axes

in Figure 2.9, such that the rate of change in y is equivalent on both axes (e.g., from Figure

2.9a, the scale of the 1° y-axis = 1.578 - 1.664, the scale of the 2° y-axis = 1.610 - 1.696,

resulting in a range of 0.086 for both axes).  Although the 1° and 2° y-axes are on different
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scales, fixing the range for each axis allows an equivalent comparison to be made between

the optical dispersion curves within each graph.

2.5.3  Searching for a Single Prism Achromatic Solution

At first glance, Figure 2.9b might appear to be suggesting that an achromatic fit

should exist for Formulation D using an SF6 incoupling prism because of the significant

agreement between their refractive index dispersion curves .  However, the true
dn

d
wg p,

λ
⎛
⎝
⎜

⎞
⎠
⎟

broadband coupling condition, given in Equation (2.11), states that an agreement must exist

between the effective index dispersion curves  for the waveguide and prism, not
dN

d
wg p,

λ
⎛
⎝
⎜

⎞
⎠
⎟

agreement between the refractive index dispersion of each.

The achromatic calculations described in Section 2.2.2 were used to assess the

potential broadband nature of Formulation D by comparing , for waveguides fabricatedN wg

from this sol-gel formulation, with  for various commercial glass types from which anN p

incoupling prism could be made.  As described by Mendes, this achromatic design approach

could be followed by: i) altering the waveguide properties to match an existing glass

material, ii) altering the prism incoupler properties to match an existing waveguide, or iii)

allowing both parameter sets to vary in order to find an achromatic solution.67  Although the

approach followed herein was geared towards altering the properties of the sol-gel

waveguide, no specific glass from which a prism would be made was selected at the outset.

Instead, once a waveguide structure was developed and tested, the theoretical effective index

that would be required by an achromatic incoupling prism was used to identify a candidate

glass material from which this prism must be created.  
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Figure 2.9.  a) Optical dispersion curves (dnwg /d8, mode = TE0) for two sol-gel
waveguides manufactured from different formulations: Formulation A (!!!) and
Formulation D (——).  The changes to the sol-gel mix not only resulted in thinner
waveguide films with an overall higher refractive index, but also in a significant change
in the dispersion measured for Formulation D.  b) The dispersion for Formulation D
(Cauchy fit (——) applied to the mean of at least three measurements (O), with error
bars representing the standard deviation) closely follows the dispersion curve reported
for SF6 glass (Cauchy fit (— ! ! —) applied to tabulated refractive index values (–)).

b)
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Although most achromatic coupling calculations performed herein were carried out

by a computer program written by S. B. Mendes,107 some were also calculated stepwise using

a common spreadsheet program.  The basic approach consists in first defining a center

design wavelength , which was chosen to be 500 nm for all calculations performed( )λ0

herein, and solving the coupling condition at that wavelength.  The common coupling

condition defined in Equation (2.1) requires  at .  Hence, the experimentallyN Np wg= λ0

determined effective index dispersion curve for a waveguide fabricated from Formulation

D, shown in Figure 2.1, was used to calculate  at 500 nm from the applied CauchyN wg

model described by 

. (2.26)
N

nm
wg TE, .

,
0

1459
24 400 2

2= + λ

The equivalency between  and  can now be used to determine the external angle N wg N p ( )θa

required for coupling an incident light beam from a prism into a bound waveguide mode.

This is accomplished by solving Equation (2.5) for , using the calculated value for θa N p

at 500 nm as an input.  However, before this can be fully accomplished, a glass type for the

prism must be selected.

Mendes et al.67 provide an approximate relation between the desired prism dispersion

and the Abbe number  for a glass material, which is commonly used in glass catalogs( )ν

to classify different glass types.105,106  This relation for the visible portion of the spectrum is

given as
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(2.27)
( )

( )
ν

λ λ λ
≈

−

− ⋅

n

dn d

p

C F p

1

/

where  corresponds to the red hydrogen line at 656.2725 nm,  corresponds to the blueλC λF

hydrogen line at 486.1327 nm, and  is the refractive index of the prism at , which maynp λ0

be calculated from tabulated values for the glass type.105,106

For the waveguide structure derived from Formulation D, Equation (2.27) was used

to calculate , which in turn helped define certain glass types that might provide anν

achromatic coupling solution.  The estimated Abbe number was .  In addition toν ≈ 25

matching the dispersion, the glass type also had to possess a refractive index larger than ~

1.6 to allow for incoupling.  This relatively low Abbe number provided only a handful of

commercially available options, all of which had refractive indices larger than 1.75.  The

options closest to the design parameters included the following Schott glasses105: SF4, SF6,

SFL6, SF11, SF14, SF56 and SF57.  Expanding the range of Abbe numbers up to ν ≈ 30

allows for inclusion of SF1, SF10 and SF15.  Although Hoya glasses106 were also found with

the desired optical properties, most were directly referenced to the Schott glasses already

listed.

Of the various glass types listed above, the ideal option appeared to be SF6, with

 and .105  Thus, returning to the calculation previously started,ν = 2543. nd = 180518.

the external coupling angle for the design wavelength  can be determined by solvingλ0

Equation (2.5) for  using the calculate values for  and  at .  For a waveguideθa N p np λ0
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manufactured from Formulation D, and using a 45°-45°-90° SF6 prism, the required value

for  is 25.28°.  This angle corresponds to the monochromatic coupling condition thatθa

would produce a guided mode for 500 nm light.  However, this coupling angle should apply

for a broad spectral range if achromatic incoupling is possible for the given configuration.

Thus, once  is known, we assume it to be fixed and use Equation (2.19) to calculate theθa

effective index dispersion of the selected SF6 prism over a broad wavelength range centered

about . λ0

Finally, once the effective index dispersion curves for both the waveguide and prism-

coupler have been determined, a comparison is made between them to assess the likelihood

of achieving achromatic incoupling.  A graphical comparison between  for aN wg

Formulation D sol-gel waveguide to  for an SF6 incoupling prism is presented in FigureN p

2.10.  Visual observation is sufficient to show that achromatic incoupling is not an option

for this device.  However, to more accurately determine the degree of achromatic broadband

coupling, the mismatch function defined in Equation (2.2) can be used to make this

assessment.  The calculated mismatch between the two effective indices is shown in Figure

2.11.  As predicted from the dispersion curves shown in Figure 2.10, the mismatch between

the Formulation D sol-gel IOW and the SF6 prism is large.  In fact, suffice it to say that the

mismatch is so large that no effective achromatic incoupling could occur for this device

using a single SF6 incoupling prism.

Achromatic calculations were carried out for several of the glass types listed above,

with none providing a reasonable achromatic solution.  Hence, it appears that the single

prism achromatic approach is not feasible for this particular sol-gel waveguide formulation.
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Figure 2.10.  A comparison between the effective index dispersion for a waveguide
manufactured from a Formulation D sol-gel (—) and the effective index for a SF6 prism
(— CC —).  These two dispersion curves are significantly different, and will not lead to
an achromatic coupling solution.  An interesting observation can be made by comparing
the lack of agreement between these two curves with the exceptional agreement between
the refractive index (nwg,p ) dispersion curves for these same two materials shown in
Figure 2.9.
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Figure 2.11.  The effective index mismatch calculated for an achromatic design
consisting of a 220 nm thick sol-gel film from Formulation D with a single SF6 prism as
the incoupling element.  a) This design does not provide an achromatic coupling
solution as the mismatch is significantly larger than would be acceptable.  The mismatch
is no better than that reported for a standard prism incoupler in References (42) and (67).
 b) To allow for a direct comparison to the achromatic solutions developed by Mendes et
al., the scale and form of both axes are presented the same as in Reference (42).

b)

a)
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2.5.4  Searching for a Multi-Component Achromatic Solution

Although the single prism achromatic design described by Mendes et al. was the

preferred approach for the work presented here, additional calculations following the multi-

component incoupler design discussed in Section 2.2.1 were also performed.  These

calculations were all carried out by the computer program written by S.B. Mendes, as this

program provides a feature that iteratively calculates and reports optimized grating spacings

for the parallel gratings.107  The program performed the calculations by simultaneously

solving Equations (2.8), (2.9) and (2.10) for all coupler-related variables, while maintaining

the waveguide variables.  The degree of achromatic fit for a calculated solution was

automatically optimized through minimization of the mismatch function, defined in Equation

(2.2), by iteratively changing  and  for a chosen glass type.Λ 1 Λ 2

Figure 2.12 displays the effective index mismatch curves calculated for a single-

prism, dual-grating incoupler design.  The plotted mismatch curves show a marked

improvement in the theoretical achromatic incoupling ability as compared to the single prism

calculations shown in Figures 2.10 and 2.11.  The mismatch functions presented are for an

SF6 prism with optimized gratings, and for an SF57 prism, also with optimized gratings.

Other glass materials were also tested, but the results were no better than the SF6 case; these

materials being SF1, SF15, SFL6, LaSF8 and LaSF3.  Thus, for the given sol-gel IOW

design, an SF57 glass prism, in conjunction with two parallel gratings seems to be the best

option for creating an achromatic device.  However, this improvement is still only as good

as the single prism solution created by Mendes and coworkers, and yet ~ 10X worse than the

multi-component incoupler created by the same group.42,67  The Corning 7059 glass 
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Figure 2.12.  Effective index mismatch curves calculated for a single-prism, dual-
grating incoupler design.  a) Optimized grating spacings of  71 = 310 nm and 72 = 291
nm, used in conjunction with an SF6 prism () significantly improve upon the results
calculated versus the single prism data shown in Figure 2.11.  Even more improvement
is attained when the incoupling prism is SF57 ()), with optimized gratings spacings of
71 = 310 nm and 72 = 295 nm.  b) Although these mismatch curves represent a real
improvement over the single prism data, they are still significantly worse than the
mismatch data presented for the multi-component design discussed by Mendes et al. 
The scales chosen for the x- and y-axes allow for direct comparison of these mismatch
curves to those presented in Reference (42).

a)

b)
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waveguide layer used for the previous devices had dispersion properties that were more

easily matched by the broadband coupling approaches described.

Although the multi-component design produced an apparent achromatic incoupling

solution, the design was still theoretical.  Because of the multiple parameters that can be

iterated for the  multi-component approach, it is not surprising that an achromatic solution

was found.  However, this solution is not easily tested as it would require fabricating two

gratings with specific periods, carefully aligning them with respect to each other and with

respect to the coupling prism / waveguide plane, and purchasing a prism fabricated from

SF57 glass.  Because of the non-trivial fabrication steps, and non-ideal theoretical

performance, these steps were not undertaken, and this approach was never implemented for

sol-gel IOWs.

2.6  CONCLUSIONS

Multiple attempts to design achromatic incoupling elements for sol-gel glass IOWs

have been described in this chapter.  The previously developed achromatic design processes,

reported by Mendes et al.,42,67,89 were applied to different sol-gel formulations.  Although the

methods described by Mendes provide straightforward roadmaps for designing and

implementing achromatic coupling approaches to any number of waveguide devices, they

were not successfully implemented here.  That is not to say that these methods could not

produce an achromatic incoupler for sol-gel waveguides; rather, more iterative experimental
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work is required.  Specifically, even more changes could be applied to the base sol-gel

formulation to create waveguide films with the desired dispersion properties.  Even though

several different films were created, the sol-gel method would certainly allow for many more

iterations which may lead to an optimal waveguide film.  Furthermore, an apparent

achromatic solution seemed viable using a single SF57 prism incoupler, with two parallel

gratings.  Even though a choice was made not to pursue this more complex coupling element

for various reasons (also see Chapter 3), it appears to provide a reasonable achromatic fit,

which could be further improved through continued iterative experimentation.
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CHAPTER 3

EXPERIMENTAL DEMONSTRATION OF A SIMPLIFIED BROADBAND

COUPLING APPROACH APPLIED TO SOL-GEL INTEGRATED 

OPTICAL WAVEGUIDES

3.1  INTRODUCTION

As described in Chapter 2, initial attempts at creating a broadband sol-gel IOW were

focused upon designing an achromatic coupler for a “tailored” sol-gel waveguide film.  The

principle approach taken was similar to that used to create the second of the two achromatic

couplers described by Mendes et al.67, which consisted of a single prism incoupler matched

to a specific waveguide layer.  Attempts were made to create a sol-gel waveguiding layer

with optical dispersion properties similar to a commercially available glass.  Specifically,

the sol-gel formulation was iteratively altered to “tune” the waveguide optical dispersion to

match a single prism incoupler.  Multiple attempts did not produce a match.  They instead

produced IOWs for which no achromatic coupling solution could be achieved using a prism

fabricated from commercially available glasses.  

Additionally, calculations following the original achromatic design developed by

Mendes and coworkers42 were performed, and produced an apparent multi-component
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incoupling fit consisting of an SF57 prism and two parallel gratings.  However, this design

was not pursued mainly due to the difficulties associated with creating the multi-component

coupler (e.g., grating fabrication, grating alignment, purchase prism, precise alignment of

all components, etc.).  Instead, an alternative, much simpler strategy was explored.

In this approach, a relatively large numerical aperture (N.A.) beam was focused onto

an incoupling prism.  Figure 3.1 illustrates this approach wherein every wavelength in the

incident beam is refracted at the prism surface at every angle within the incident cone.  If the

N.A. of the beam is large enough, there should exist an incoupling angle that corresponds

to an incoupling solution for each wavelength within a broad spectral range.  In other words,

81, 82 and 83 will simultaneously and effectively couple into the waveguide at incident

angles that produce resonant modes, but will be rejected at incident angles that do not

correspond to coupling solutions.  In contrast to the achromatic solutions previously

described (wherein every wavelength in the spectral window is dispersed into the waveguide

with high efficiency),42,66,67,89 the principle issue with this simpler approach is how much

energy can be coupled into the waveguide versus the amount discarded by off-angle

incidence.  As shown below, sufficient light couples into a single mode sol-gel waveguide

to make this a viable strategy for performing broadband IOW-ATR spectroscopy.

In this chapter, a much simpler broadband coupling approach that allows for the

entire visible region of light to be guided at one incident angle is reported.  Broadband

coupling into a chemically robust, sol-gel glass, single mode planar IOW is achieved using

a commercially available prism incoupler.  Outcoupling occurs at an integral holographic

grating, which spectrally disperses the entrapped light; thus multichannel ATR spectra can
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Figure 3.1.  Schematic illustration of the simple broadband coupling approach.  A
relatively large N.A. beam is incident onto an incoupling prism, where N.A. . sin 2/2. 
Within the incident cone, there exists angular coupling solutions for 81, 82 and 83.  These
wavelengths are effectively coupled into the waveguide layer at the appropriate incident
angles that produce resonant modes, but are rejected at off-resonance angles.  Thus, in
principle a portion of light from each wavelength should be coupled into the waveguide
layer.

Substrate

Waveguide Layer

83

81

82
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be acquired without using a monochromator.  The optical performance of this broadband

IOW-ATR spectrometer is characterized and compared to that of a commercially available,

transmission-based spectrometer.  Finally, the utility of this device for measuring polarized

ATR spectra of a thin molecular film of horse heart cytochrome c is demonstrated.

3.2  EXPERIMENTAL

3.2.1  Waveguide Fabrication

The basic waveguide structure, similar to previous designs,71,100-101,108-109 consisted of

two components; 1) a substrate containing a holographic diffraction grating, and 2) a sol-gel

waveguide film deposited on the substrate.  The complete waveguide fabrication process,

including cleaning, grating fabrication and sol-gel thin film deposition is described in detail

in Appendices A and B.  In brief, soda lime glass microscope slides (Gold Seal) were

vigorously cleaned using a heated (60-80°C) Chromerge (Manostat) bath, as detailed in

Appendix B (B.3.1a).  Holographic gratings were then fabricated into the surface of the

cleaned and dried substrates using the detailed process explained in Appendix B.

Sol-gel waveguides were prepared as per the general description given in Appendix

A.  For these particular waveguides, the sol-gel formulation used (Formulation D, Table 2.1)

consisted of a 14 : 11.5 : 4.2 : 1 (v/v) mixture of ethanol, methyltriethoxysilane, titanium

(IV) butoxide and silicon tetrachloride.  After curing in a 500 °C tube furnace, the resulting

waveguide layers were 200-300 nm thick and displayed optical dispersion curves



139

approximated by nwg = 1.582 + 18,000 nm2 /82, as determined by measuring the incident

coupling angle at multiple wavelengths (Section 2.4.2).102  Through this analysis, the

waveguide layers were found to support only TE0 and TM0 modes for all wavelengths

measured (ranging from 457.9 nm to 830 nm). 

3.2.2  Optical Layout

A truncated, right angle (45°-45°-90°) Schott glass prism (SF6, Karl Lambrecht, 6

x 9 mm2 base) was used as the incoupling element for all experiments (Figures 3.2 and 3.3).

The prism was mounted in a black plexiglass flow cell with black silicon adhesive, similar

to that previously reported by Saavedra and Reichert.104  After mounting the waveguide in

the flow cell (Figure 3.3) and ensuring that the gap between the base of the prism and the

waveguide surface was filled with solution (by filling the flow cell), pressure was applied

to the top of the prism via a mounting clamp to achieve optical coupling between the prism

and the waveguide.  Optimal contact between the prism base and the waveguide surface is

critical for launching an external beam into a bound waveguide mode, as explained in

Section 2.4.2, and is controlled through the amount of pressure applied to the coupling

prism.  Filling the prism-waveguide gap with solution is required to maintain a constant

mode profile across the entire waveguide (i.e., from the incoupling prism to the outcoupling

grating), as described previously.102,104

A 150W Xenon arc lamp (ORIEL) provided the white light output for all experiments

(Figure 3.4).  An image of the arc was focused, spatially filtered, and then collimated.  The

beam was then reflected from a dichroic filter (DCLP 470, Omega Optical), passed through
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Figure 3.2.  Optical layout of the broadband sol-gel planar IOW spectrometer.  Light is
focused into the SF6 prism, coupled into the sol-gel waveguiding layer and outcoupled
through the glass substrate by a surface relief grating (grating period = 360-400 nm). 
The outcoupled light is collimated with a 33 mm focal length (f.l.) cylindrical lens onto
a CCD camera.  The camera is focused by physically moving back and forth, mostly in
the z-direction, until the optimal image of a 514 nm narrow band pass filter is achieved. 
Incoupler to outcoupler distance for experiments reported herein ranged from 6-9 mm.  
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Figure 3.3.  Experimentation with the broadband sol-gel IOW-ATR spectrometer
requires the use of a flowcell.  This waveguide flowcell, which is based upon the original
design developed by Saavedra and Reichert,104 consists of: a) an opaque black plexiglass
top plate Ï with two prisms embedded in pliable black silicone caulk, b) a ~ 0.5 mm
thick silicon rubber gasket Ð, c) a sol-gel waveguide Ñ deposited on a 1 x 3 in2 glass
substrate, and d) a black plexiglass bottom plate Ò, with a ~ 2-3 mm silicon rubber sheet
attached.  The flowcell volume is ~ 0.5-0.9 mL, not including the solution inlet/outlet
tubing.  As opposed to the previous design,104 the bottom plate Ò contains a viewing
window, which allows guided light to be outcoupled by a prism, or by an embedded
holographic grating, as depicted for this IOW Ñ.  For assembling the flowcell, a clean
gasket Ð is placed between the IOW Ñ and the top plate Ï; the clean gasket sticks to
both, forming a seal.  Screws then fasten the bottom plate Ò to the stack, but they are not
firmly fastened until solution has been injected into the flowcell, ensuring all bubbles are
removed, and proper wetting of the prism base has occurred.  Two aluminum spacers Ó
are inserted into the assembled flowcell directly under the incoupling prisms, and the
flowcell is mounted into the waveguide mount (shown if Figure 2.5b), where pressure is
applied to the prism by a clamp Î (which is attached to the waveguide mount).
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a Glan-Taylor UV prism polarizer (Karl Lambrecht), an iris, reflected from a mirror, and

focused onto the vertex of the waveguide coupling prism.  The waveguide flow cell was

mounted on an xyz-translational stage (Daedal) and on a precision rotary stage (0.001°

resolution, New England Affiliated Technologies).  The light outcoupled from the

waveguide was collected with a 33 mm focal length cylindrical lens attached to the back of

the waveguide mount.  A TE-cooled CCD camera (Roper Scientific) was aligned and

mounted to the rotary stage.  To minimize stray light, the entire rotary stage was placed

inside a light-tight enclosure.

3.2.3  Broadband Waveguide Spectrometer Characterization

All waveguide experiments were performed while the flow cell was filled with 50

mM, pH 7 sodium phosphate buffer.  The broadband response of the waveguide was visually

verified (vide infra) prior to any experimentation.  Upon achieving broadband coupling, a

514 nm narrow bandpass filter (full width at half maximum, FWHM . 3.5 nm) was inserted

into the optical train (Figure 3.4) and used to focus the CCD using the camera’s software

“focus” feature.  When in this mode, the camera continuously acquires and displays rapidly

collected images (integration time . 500 msec).  The camera body is physically moved,

mostly in the y-direction, until the sharpest image is achieved, at which point the camera

body is physically secured to the rotary stage platform.

Wavelength calibration was accomplished by measuring the position of peak

throughput of various narrow bandpass filters (FWHM . 10-30 nm) and/or laser lines.

Calibration occurs by applying a least-squares fit (linear or polynomial) to the wavelength
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Figure 3.4.  Optical beam path through components: L1 = 48 cm f.l. lens, Ir = Iris, L2 = 8
cm f.l. lens, D = 470 nm dichroic long pass filter, B.S. = beam splitter, P1 = Glan-Taylor
UV prism polarizer, M = mirror, and L3 = 43 cm f.l. lens.  The “long pass” dichroic filter
D was used as a dichroic mirror, transmitting the longer wavelengths out of the beam
path, but strongly reflecting the 350-450 nm wavelength region along the beam path, as
demonstrated by the inset graph.  The B.S. and a second polarizer (P2) were used to
introduce various laser sources into the beam path and adjust their intensities.  A filter
stage was used to place narrow bandpass filters in the beam path. 
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versus pixel data, as shown in Figure 3.5a.  The equation generated is then used to convert

the pixel position of all images to the corresponding wavelength.  Because TE and TM

polarizations outcouple at slightly different angles, an independent wavelength calibration

was performed for each polarization.  

Spectral resolution was assessed with various laser lines which were aligned

collinearly with the optical axis of the xenon lamp using a beam splitter (Figure 3.4).

Optimal image exposure times were determined by measuring the CCD response to

successively longer integration times (Figure 3.5b).  Approximately 80% of the full well

capacity of the CCD’s 16-bit chip was used as the integration time for all experiments.

Oftentimes the throughput of each polarization was different, resulting in the need for

polarization dependent integration times. 

3.2.4  Protein Adsorption Protocol

Prior to any protein adsorption experiments, the sol-gel waveguides were cleaned in

a heated Chromerge bath, rinsed with 18.1 MS-cm water, soaked for ~30 minutes in a 1M

HNO3 solution to re-hydrate the surface and rinsed again.  With the waveguide mounted in

the flow cell, raw throughput intensities for both TE and TM polarizations were measured

as a function of angle (over ~3° range centered about the initial coupling angle) in order to

maximize throughput at 400 nm, which is the region in which the Soret band of horse heart

cytochrome c occurs.  Figure 3.6 demonstrates the angular dependent throughput for both

TE and TM polarizations.  For all experiments reported herein, the optimum angle

corresponded to that which provided the best throughput  for both polarizations in the 400
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Figure 3.5.  a) Wavelength calibration of the CCD chip occurs by measuring the spectra
of multiple narrow band pass filters (solid lines, 2E y-axis) and plotting their center
wavelengths () against the measured pixel position.  A least-squares curve fit (---)
provides the following polynomial for the plotted data: 8 = 362 + 0.24p + 6.3 x 10-5p2,
where p = pixel.  Included in this data set are the 543.4 nm (F) and 632.8 nm ()) HeNe
laser lines  b) Image exposure time is optimized for any experiment by integrating for
the amount of time required to reach ~ 80% (dashed line) of the CCD’s full-well
capacity (solid line, 65,535 counts for this 16-bit camera).  By measuring the spectral
region of highest throughput for TE (!) and TM (–) polarizations, optimal integration
times of ~ 500 msec and ~ 1100 msec are shown as ideal for each polarization,
respectively.

a)

b)
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Figure 3.6.  Finding the optimal coupling angle for performing broadband IOW-ATR
experiments simply consists of measuring the raw waveguide throughput at different
incoupling angles: a) 25E, b) 26E, c) 26.5 E, and d) 27.5E.  For the experiments
reported in this chapter, throughput in the 400 nm region was crucial.  Hence an
incoupling angle of 26.5E was deemed the best option to provide maximum
throughput for both the TE (——) and TM (- - -) polarizations in the 400 nm region
(~ pixel 150) without significantly diminishing throughput in other regions.  The
intensity measured is in arbitrary units registered by the CCD camera.  Note: the
intense spikes in the region of maximum throughput are due to intense source bands
in this spectral region.
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nm region (~ 150 pixel position in Figure 3.6).  Optimizing waveguide throughput in this

region also required the use of the long pass dichroic filter (vide supra).  

The protein adsorption experiment was performed by first collecting a reference

spectrum of 50 mM sodium phosphate buffer.  Next, 50 :M horse heart ferricytochrome c

(99%, Sigma), freshly purified by separation on a carboxymethyl cellulose column (CM-52,

Whatman),110 was injected into the flow cell and incubated at room temperature for 30

minutes.  Previous experience has shown that a 35-50 :M cytochrome c solution in 50 mM

sodium phosphate buffer (pH 7) will result in adsorption of ca. one monolayer on a glass

IOW surface.15,17,66,147  Due to the high molar absorptivity in the vicinity of the Soret band

(vide infra), less than a monolayer of material was required in order to remain below the

stray light limit in this spectral range.  Thus, a portion of the adsorbed cytochrome c was

desorbed from the waveguide surface by injection of 0.5 M phosphate buffer, and the

spectral response was measured.  The adsorbed ferricytochrome c was then reduced by

injection of 8 mM sodium dithionite (J.T. Baker) and the spectrum of the adsorbed

ferrocytochrome c film was collected.  In the final step, the spectrum of the adsorbed protein

film was collected after re-oxidation by injection of 8 mM ferricyanide (99.96%,

Mallinckrodt).  For each step, a spectrum was also collected after flushing the cell with

buffer.

In addition to the adsorption of a full monolayer of cytochrome c, a step adsorption

isotherm was also measured for a series of protein solutions in 50 mM phosphate buffer.

After collecting a reference spectrum of the 50 mM buffer, a series of protein solutions with

progressively larger cytochrome c concentrations ranging from 0.001 to 50 :M were injected
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into the flowcell and allowed to incubate for 30 minutes at room temperature.  After the

incubation time, broadband spectra were collected and the responses at various wavelengths

were used to plot absorption isotherms for those wavelengths.

3.3  RESULTS AND DISCUSSION

3.3.1  Broadband Coupling Phenomenon

Although the idea for using a large N.A. beam for incoupling multiple wavelengths

into a waveguide was not necessarily novel,82,243-246 the application of such an approach to

step-index, single-mode, sol-gel IOWs surely was.  The first attempt to implement this

approach for sol-gel waveguides consisted of incoupling the “all lines” mode of a 6 W Argon

ion laser (Coherent, I70-5), and observing the image outcoupled onto a screen by a second

prism.  The image produced by this experiment, shown in Figure 3.7a, clearly indicates the

presence of multiple guided wavelengths.  Upon repeating this experiment with a grating-

embedded waveguide, it was observed that all the Ar+ lines (457.9 nm, 476.5 nm, 488.0 nm,

496.5 nm, 501.7 nm, 514.5 nm) were effectively coupled at a single incident angle into the

waveguiding layer, guided along its axis and outcoupled at the diffraction grating.  Because

of the higher resolving power of the grating outcoupler, the image captured in Figure 3.7b

shows the individual Ar+ lines.  Hence, a 56.6 nm bandwidth was observed to “guide” at

approximately one incident angle.  Note: the experimental approach and optical layout used

for these two experiments is the same as described in Section 2.4.2, and Figures 2.4 and 2.5.
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Figure 3.7.  Broadband coupling of the Ar+ laser lines into a sol-gel IOW produces
outcoupled images for: a) a prism outcoupler, and b) an embedded, holographic grating
outcoupler.  The m-line images for each approach were captured at ~ 18 inches from the
outcoupler.  Although the multitude of Ar+ lines is present in the prism-outcoupled
image (image width ~ 3/4 in), the higher resolving power of the grating outcoupler
produces an image with clearly resolved m-lines for each wavelength (image width ~ 6
in).  Although partially obscured by the waveguide mount clamps, the waveguide streak
in a) can be observed propagating between the incoupling and outcoupling prisms.

a)

b)

outcoupled image
(from prism)

coupling
prisms

outcoupled image
(from grating)
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To determine the nature of the observed broadband coupling, the dependence of

outcoupling intensity on the incident angle for several of the Ar+ laser lines was measured.

Figure 3.8a clearly shows that the outcoupling intensity of three different laser lines is very

broad (457.9 nm, 496.5 nm and 514.5 nm).  In comparison, Figure 3.8b shows the

normalized coupling efficiency of a grating incoupler used on a sol-gel waveguide.  Note the

strong overlap of the prism coupling profiles (Figure 3.8a) versus the baseline resolution of

the grating coupling profiles (Figure 3.9b).  The FWHM of the 496.5 nm mode, represented

by the dashed lines in Figure 3.8a, corresponds to an angular width of ~3.6°.  This angular

width can be achieved using an incident beam with a N.A. of 0.03 (approximately the sine

of the half angle).  At 0.02, the actual N.A. of the incident beam, calculated through

determining the taper angle of the incident cone by measuring the beam width at fixed

distances, was slightly smaller than predicted.  Regardless, the data show that at an incident

angle of ~25.5°, all three laser lines are prism incoupled at >90% of their maximum coupling

efficiency due to the strong angular overlap between each wavelength.  

As discussed in Chapter 2, further analysis of the broadband coupling shown in

Figure 3.8a was performed through a comparison of the optical properties of the waveguide

layer with those of the incoupling prism.  Theoretical calculations, based upon optical

dispersion cancellation, showed that the prism coupler was not achromatically coupling the

light into the waveguide (see Section 2.5.3).  Thus, broadband coupling was achieved simply

by a favorable match between the numerical aperture of the incident beam and the angular

acceptance range inherent in the waveguide structure (i.e. the phenomenon depicted in

Figure 3.1).  
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b)

Figure 3.8.  Normalized outcoupling intensity profiles for laser lines 514.5 nm (),
496.5 nm () and 457.9 nm (•), measured as a function of incident beam coupling
angle for: a) a prism-incoupled and, b) a grating-incoupled sol-gel waveguide. 
Individual curves were normalized to their respective maximum intensity.  The dashed
lines in a) indicate the FWHM (~3.6 ) of the 496.5 nm profile.
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Figure 3.9.  Visual demonstration of the single prism, large NA approach to broadband
IOW coupling.  a) Using a commercially available, SF6 glass prism as the incoupler,
light from a 150 W Xe arc lamp was launched into a planar sol-gel IOW.  Two helium-
neon lasers, emitting at 543.4 nm and a 632.8 nm, were collinearly aligned with the Xe
lamp and launched simultaneously into the waveguide.  Scattering from the spectrum of
propagating modes produces the white light "streak" (at left).  Black paint was applied
to the underside of the substrate to "strip" modes propagating in the substrate;
consequently, the white light streak arises only from modes propagating in the
waveguiding layer.  The streak disappears when the guided light encounters the
diffraction grating, at which point the light is outcoupled and dispersed.  The spectral
bandwidth of the outcoupled light is visible on a view screen placed ~ 1.5 in from the
grating.  b) Blocking the Xe source produces an outcoupled spectrum containing only
543.4 nm and 632.8 nm light; the positions of these lines provide evidence of
waveguiding.  Also, the presence of a guided streak, dominated by the more powerful
632.8 nm HeNe line, occurring at the same coupling angle as the white light streak is
further evidence of white light waveguiding. 

edge of grating outcoupler

632.8 nm

a)

543.4 nm

white light
waveguide “streak”

HeNe waveguide “streak”

543.4 nm 632.8 nm

b)
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A white light source (xenon lamp) was used to determine the maximum bandwidth

over which broadband coupling could be efficiently achieved.  The success of the large NA

approach is dependent on the amount of light per wavelength coupled into the waveguide,

versus the amount rejected by off-angle incidence, some of which is launched into modes

that propagate in the substrate.  It is difficult to visually distinguish a waveguide streak from

the zig-zag path of a mode guided in the substrate when an incoherent source is used (due

to larger spot size, lower intensity for individual wavelengths, and poor collimation as

compared to a coherent laser source).  Two approaches were used to ensure that the observed

response using the xenon lamp was due to light propagation through the ca. 400 nm sol-gel

layer (waveguide modes) and not through the entire microscope slide (substrate modes; note

that these substrate modes become a significant source of stray light if proper precautions

are not implemented (vide infra)).  First, laser lines were coupled into the waveguide

simultaneously with the white light source.  Concurrently launching waveguide modes from

all light sources was accomplished by collinear alignment of a 5.0 mW HeNe laser (543.4

nm), a 30 mW HeNe laser (632.8 nm), and a 6 W Ar+ laser (in the “all lines” mode) with the

white light source.  With proper alignment, the laser lines were visually observed to produce

a waveguide streak and the outcoupling angles for the laser lines and the white light were

approximately equal, which provided evidence that white light waveguiding was occurring,

as verified by the photographs in Figure 3.9 (only the HeNe lasers were used for these

photographs).  These photographs show the light being guided and then dispersed at an

outcoupling grating; the spectral bandwidth of the guided light is clearly visible on a viewing

screen placed a few cm from the grating.  
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The second method consisted of applying a small spot of black ink to the waveguide

surface such that it extinguished the guided streak.  If the white light was guiding in a

waveguide mode, it would propagate in the waveguiding layer until it encountered the black

spot, at which point it was extinguished.  In contrast, the black ink had a negligible effect on

white light propagating in substrate modes, simply due to the much smaller evanescent

pathlength.  

The visually observed waveguide response from the Xe lamp (Figure 3.9) showed

outcoupling of the entire visible spectrum over an incoupling arc of ~3°.  The incoupling

angle could be tuned over this 3° arc to achieve more efficient coupling for different

wavelengths, with longer wavelengths guiding more efficiently at smaller angles (with

respect to the prism surface normal).  Angular-optimized raw throughput spectra for both TE

and TM polarizations are shown in Figure 3.6c.  These spectra were acquired at the optimum

incoupling angle of 26.5° where the throughput in the 400 nm region was maximized, but

at the expense of a decreased throughput at > 500 nm.  It should be noted that these spectra

can differ significantly among waveguides (vide infra).  For the IOW used to acquire the

data shown in Figure 3.6, the TE throughput was adequate to measure ATR spectra

throughout the entire visible region.  However the poor TM throughput from 520 nm to 600

nm caused significant systematic errors in this spectral region due to stray light.

3.3.2  Broadband Performance Capabilities

The spectral performance of the broadband waveguide spectrometer was compared

to that of a conventional, transmission based UV-Vis spectrometer (Spectral Instruments,
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Model 440 CCD Spetrophotometer; holographic grating period = 3077 nm, spectral

bandwidth < 1 nm).  This was accomplished by measuring transmission spectra of various

narrow bandpass filters on both instruments.  Instrument resolution was also assessed by

measuring the FWHM of the various laser lines on both instruments.  

Figure 3.10 shows a direct comparison of the transmittance of four narrow bandpass

filters that span the visible spectrum.  For the IOW spectrometer, the filters were placed in

the beam path (Figure 3.4) and the intensity propagated through the waveguide (I) was

ratioed to the raw throughput spectrum (i.e. with no filter in the beam path, Io).  As Figure

3.10 shows, the response of the IOW spectrometer matches that of the commercial

instrument very well as evidenced by the nearly identical spectral profiles.  A significant

difference would indicate throughput problems in the wavelength region of the respective

filter.  The differences in peak maximum are most likely due to differences in wavelength

calibration between the instruments.  The data in Table 3.1 shows only slight differences in

peak position: 0.2 nm (400 nm filter), 0.3 nm (514 nm filter), 0.1 nm (577 nm filter) and 1.5

nm (633 nm filter).

It is important to note that the ATR spectrum shown in Figure 3.10a demonstrates

that the response of the broadband sol-gel IOW spectrometer extends down to at least 400

nm.  This is a significant advance over previous designs, which were limited to performing

measurements at wavelengths > 500 nm.  The data in Figure 3.10 show that the bandwidth

is ca. 250 nm (390-645 nm), which is at least twice the bandwidth of previous broadband

IOW spectrometers.42,66,67,89



Table 3.1: Comparison of filter spectra collected with the broadband sol-gel IOW-ATR
spectrometer and a conventional, transmission based spectrometer

Bandpass Filtera 400 nm 514 nm 577 nm 633 nm

Broadband Sol-Gel Peak Abs. (%T) 47.5 43.6 59.6 65.2

     Spectrometer 8max
b (nm) 402.4 515.9 577.7 635.2

FWHMc (nm) 11.7 3.2 9.5 9.4

Conventional Peak Abs. (%T) 47.1 45.6 62.2 65.4

     Spectrometer 8max (nm) 402.2 515.6 577.8 636.7

FWHM (nm) 11.1 3.3 9.7 10.7
aFilter wavelengths are nominal.  bMeasured center wavelength of filter.  cFull width at half
maximum.
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Figure 3.10.  Spectral comparison between a broadband sol-gel IOW spectrometer
(—) and a conventional, transmission-based UV-Vis spectrometer (– C –).  The
transmission spectra of four narrow bandpass filters that span the visible region of
light are shown for both instruments: a) 400 nm filter, b) 514 nm filter, c) 577 nm
filter, and d) 633 nm filter.
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 The broadband response of an IOW is specific to a given waveguide in a particular

coupling configuration, and varies with waveguide parameters (e.g. waveguide layer

thickness, uniformity, loss characteristics, etc.) and coupling conditions (e.g. coupling angle,

intimacy of prism/waveguide contact, position of incident beam, etc.).  The response can also

vary for different polarizations.  For example, the poor TM throughput in Figure 3.6c at >

520 nm may be attributed to any one or a combination of these parameters.  Although all of

the sol-gel IOWs we have tested to date displayed broadband coupling, not all of them

guided light over as broad a region as the IOW used to generate the data displayed in Figure

3.10.  However, one of the benefits of the sol-gel waveguides employed here is simplicity.

It is relatively easy to make large numbers of these sol-gel waveguides, with broadband

responses that range from poor to excellent.  Thus even with moderate yields, multiple sol-

gel waveguides with a desired broadband response can be fabricated in one day.  

  A comparison of resolution between the conventional UV-Vis and the sol-gel IOW

spectrometers is shown in Figure 3.11.  The resolution was assessed by measuring the peak

widths at half maximum for multiple Ar+ and HeNe laser lines.  The conventional

spectrometer uses fiber optics to deliver and collect light from a sample.  Thus, the collection

fiber was simply placed in the optical axis of the beam, with crossed polarizers used to

attenuate the beam intensity.  Cross examination of the data tabulated in Table 3.2 shows the

laser line positions for the IOW and conventional instruments are all within 0.6 nm of their

actual wavelengths.  The FWHM of the laser lines ranges from 0.5 nm to 1.3 nm for the

broadband waveguide spectrometer and 1.5 nm to 2.4 nm for the conventional transmission

spectrometer.  Thus, the FWHM values from the IOW spectrometer were narrower than 



Table 3.2: Comparison of laser line resolution measured by the broadband sol-gel IOW-
ATR spectrometer and a conventional, transmission based spectrometer.

Laser Linea

(nm)
457.9
Ar+  

476.5
Ar+  

488.0
Ar+  

496.5
Ar+  

501.7
Ar+  

514.5
Ar+  

543.4
HeNe

632.8
HeNe

Sol-Gel 8max
b (nm) 457.4 476.5 488.3 496.3 502.2 514.9 543.4 632.8

Spectrometer FWHMc(nm) 1.3 1.3 0.8 1.3 0.9 1.1 0.5 0.6

Conventional 8max (nm) 457.8 476.7 487.8 496.7 501.1 514.5 543.4 633.4

Spectrometer FWHM (nm) 1.8 2.0 2.4 1.7 2.4 1.5 1.5 1.6
aFundamental laser wavelengths for the indicated gas laser systems.  bMeasured center
wavelength for each laser line.  cFull width at half maximum.
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Figure 3.11.  Resolution comparison between the broadband IOW spectrometer (—)
and a conventional transmission-based UV-Vis spectrometer (– C –).  The responses
shown are for; a) Ar+, b) HeNe (543.4 nm), and c) HeNe (632.8 nm) lasers.
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those measured with the commercial instrument at all wavelengths.  Overall, the data in

Figures 3.10-3.11, and Tables 3.1-3.2 clearly show that the response of the broadband IOW

spectrometer is comparable to that of a commercially available transmission spectrometer

currently used for conventional absorption spectrometry, demonstrating that the IOW

apparatus is adequate for measuring molecular ATR spectra in the visible region.

The experimental limit of detection (LOD) for the IOW spectrometer was determined

by measuring the spectral throughput multiple times in both TE and TM polarizations with

the waveguide flow cell filled with sodium phosphate buffer.  The mean and standard

deviation of these blank intensity values (Io) were then calculated at every wavelength.

Since the LOD applies to measurements of very small absorbance values, it is reasonable to

assume that the standard deviation of a sample intensity value (I) is approximately equal to

the standard deviation of Io.  The standard deviations were propagated through the

absorbance equation

. (3.1)
A

I
I

= − log
0

The limit of detection was taken to be three times the standard deviation of the absorbance.

The mean of all LOD values from 400 nm to 600 nm was 8.0 milliabsorbance units (mAU)

for TE polarization and 10.1 mAU for TM polarization.  These relatively high LOD values

can be attributed primarily to source fluctuation noise and could be improved by monitoring

the intensities of the incident and transmitted beams simultaneously.111

Another important performance parameter determined for the broadband IOW
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spectrometer was the maximum measurable absorbance in the 400 nm spectral region for

both TE and TM polarizations.  Absorbance spectra of ferricytochrome c solutions of

increasing concentration were measured in the same fashion as the bandpass filters described

above (i.e. a cuvet containing solution was placed in the beam path at the filter stage).  The

blank for these measurements was a cuvet filled with buffer (data not shown).  The stray

light limit was then determined to be the point at which the Soret band absorbance reached

a plateau, which was detected as a decreased ratio of absorbance values at the Soret band

relative to the  band.  The maximum measurable absorbances at 410 nm were 1.03 andβ

1.41 for TE and TM polarizations, respectively.  Although these values were determined for

the 400 nm region, they are also reasonable estimates of the maximum absorbance value

measureable across the rest of the visible spectrum. 

3.3.3  Protein Adsorption Experiments

Horse heart cytochrome c was chosen as a test sample for assessing the capabilities

of the broadband sol-gel based IOW spectrometer for measuring ATR spectra of a

submonolayer film.  Cytochrome c was selected because: a) the absorbance of the Soret band

near 410 nm is very strong, with molar absorptivities greater than 100,000 M-1cm-1,112 which

allows for measurement of very small quantities of adsorbed material; b) the protein adsorbs

very strongly to hydrophilic glass, producing ca. monolayer coverage at dissolved

concentrations of > 10 :M.  Initial experiments show that monolayer surface coverage

produced spectra that were stray light limited in the Soret region.  For this reason, after

adsorption, the cytochrome c film was flushed with a high ionic strength buffer to desorb
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some of the adsorbed material and lower the measured absorbance in this region to < 1 AU

(i.e., below the stray light limit for this IOW instrument, vide supra).

Figure 3.12 displays the ATR spectral response of an adsorbed submonolayer of

horse heart cytochrome c.  In this experiment, ferricytochrome c was adsorbed to the

waveguide surface, the flow cell was flushed with a high ionic strength buffer, and then the

spectra were collected both before and after the protein film was chemically reduced.

Reduction caused a red shift of the Soret and  bands and the appearance of the  band,β α

consistent with expectations based on the spectral properties of native (dissolved)

cytochrome c.112-116  The cytochrome c layer was then re-oxidized, which caused a blue shift

of the Soret and  bands and the disappearance of the  band.  Note the signal reductionβ α

between the initial and re-oxidized films, which is attributed to additional desorption of

cytochrome c molecules during the course of the experiment.  Note also the spikes near 450

nm in the initial ferricytochrome c spectrum, which are also apparent in raw TE throughput

spectrum in Figure 3.6c.  These spikes are attributed to the xenon source and are difficult to

quantitatively remove.

The spectral features of the adsorbed cytochrome c film shown in Figure 3.12 are

qualitatively consistent with the features of native (dissolved) cytochrome c.112  However,

since the pathlength in a waveguide ATR geometry is wavelength dependent as shown in

Figure 3.13, a correction must be applied before the ATR spectra can be quantitatively

compared to the spectra of the native protein.  A “waveguide pathlength correction” was

therefore calculated and applied to the native spectra.  
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Figure 3.12.  Absorbance spectra of a submonolayer of horse heart cytochrome c
adsorbed to the surface of a sol-gel IOW, referenced to a phosphate buffer blank.  The
spectra were collected in the following order: i) ferricytochrome c rinsed with a high
ionic strength buffer (——),  ii) after the protein film was reduced with sodium
dithionite (— C —),  iii) after the film was re-oxidized with ferricyanide (– – –).
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Figure 3.13.  The pathlength of light propagating in a waveguide mode is dependent
upon both the wavelength and polarization of the propagating light.  For a defined
waveguide structure, an equivalent pathlength can be calculated as described in Chapter
1 using Equations (1.20) for TE modes (——), and (1.21) for TM modes (–  –  –).  The
equivalent pathlengths displayed here were calculated for a 220 nm thick sol-gel IOW
deposited on a glass substrate, manufactured from sol-gel Formulation D in Table 2.1. 
The distance between the incoupling prism and outcoupling grating (L ) was 6 mm.
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Derivation of this correction term begins with understanding the ATR spectral

response, as discussed in Section 1.2.6.  Quantitative ATR spectroscopy is based upon the

well known Beer-Lambert law

(3.2)A bC= ε

where  is the absorbance,  is the molar absorptivity,  is the pathlength of light throughA ε b

the sample, and  is the concentration of the absorbing species.  However, unlikeC

conventional transmission spectroscopy, the ATR pathlength is not a simple relationship, but

is a function of multiple parameters including the refractive indices of the waveguide ,( )nwg

cover  and analyte  layers, the thickness of the analyte layer ,the effective( )nc ( )nl ( )tl

index  and effective thickness  of the waveguide structure, and the distance( )N wg ( )teff

between the incoupling and outcoupling elements , as defined in Equation (1.20) for TE( )L

modes.  Substituting this expression for ATR pathlength (Equation (1.20)) into Equation

(3.2) gives43,68,70

. (3.3)

( )
( )A h

n n N L
t N n n

Cl w TE

eff TE TE w c
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Combining  with  allows Equation (3.3) to be restated as:C h
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where  is the surface coverage in moles/cm2,  is the molar absorptivity in M-1cm-1,theσ ε

1000-fold scalar is necessary to convert liters to cm3, and this expression pertains

specifically to TE polarized light; a similar TM expression has been developed using

Equation (1.21).43,68  Equation (3.4) can be used to calculate IOW-ATR spectra from native

spectra by substituting the native  values, measuring various parameters of the waveguideε

structure in order to calculate the bracketed term, and assuming a surface coverage for the

adsorbed film.  It should be noted that Equations (1.20), (3.3) and (3.4) were derived for a

geometrically isotropic adlayer of chromophores.43  Similar relationships have been derived

for geometrically anisotropic adlayers.43

Equation (3.4) was used to generate calculated IOW-ATR spectra to enable

comparison with the experimental spectra.  The  values used for native oxidized andε

reduced horse heart cytochrome c were those reported by Margoliash and Frohwirt.112

Values for  were assumed (vide infra),  and  were experimentally determined102σ nwg twg

(vide supra), and  was measured.  The effective refractive index was calculated from theL

waveguide coupling relation , where the internal waveguide angleN nTE wg wg= ⋅ sinθ

 is calculated from the external incident angle using Snell’s law (Equation (1.2)).  Theθwg

optical dispersion curve for  was generated from tabulated values117 and a value of 1.51nc

was used for .  Finally, the quantity  was assumed to be equal to .43ns nl nc

Figure 3.14a shows a comparison between the calculated and experimental spectra

of ferricytochrome c.  The surface coverage chosen for the calculation was 9.75 x 10-13

mol/cm2, which corresponds to 4.9% of a close packed monolayer.20  This value was selected

to produce an absorbance value similar in magnitude to the experimental absorbance at 410
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nm (i.e. the oxidized Soret band maximum).  Likewise, Figure 3.14b is a comparison

between the calculated and the experimental spectra of ferrocytochrome c.  In this case, the

surface coverage was chosen to be 1.0 x 10-12 mol/cm2, which corresponds to 5.0% of a full

monolayer.  Again,  was chosen to match the experimental absorbance at the Soret bandσ

maximum of 416 nm.  

Comparison of the experimental and calculated spectra in Figure 3.14 reveals a small

wavelength offset.  This is likely due to an error in wavelength calibration, as observed in

the spectra of the bandpass filters (Figure (3.10)).  With respect to bandshape, it is apparent

that the spectra of the adsorbed protein film contain the spectral features of native

cytochrome c.  However, there are some significant differences.  The thin film spectra

display higher absorbance values than the calculated spectra at most wavelengths.

Furthermore, the Soret bands are broader in the experimental spectra.  At this point, it is

important to emphasize that by displaying the data as shown in Figure 3.14, we have made

the assumption that the molar absorptivities of adsorbed cytochrome c and native

cytochrome c are equal.  However, it is well known that adsorption at a solid-liquid interface

may induce changes in the native conformation of a protein.118,119  Furthermore, if the surface

of the adsorbent is chemically heterogeneous, then a distribution of adsorbed protein

conformations will likely result.  Thus the differences in bandshape between the

experimental and calculated spectra apparent in Figure 3.14 may be due to adsorption-

induced conformational changes that alter the photophysical properties of the heme moieties

in the protein film.  However, more extensive studies will be required to systematically

address this hypothesis.
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b)

Figure 3.14.  Experimental IOW-ATR spectra of a submonolayer film (——) of: a)
ferricytochrome c and b) ferrocytochrome c.  Calculated IOW-ATR spectra (–•–) of: a)
native ferricytochrome c, and b) native ferrocytochrome c.   
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The relative sensitivity of the broadband IOW spectrometer for measuring ATR

spectra of thin films can be assessed by predicting the absorbance that would be measured

in a conventional transmission format.  By combining pathlength  with concentration ,b C

which gives surface coverage , and recasting  in units of cm2/mol, Equation (3.2) canσ ε

be used to calculate the absorbance that would theoretically be measured for a cytochrome

c film using a conventional transmission measurement format.  The calculated absorbance

for the Soret band of a ferricytochrome c film with a surface coverage of 9.75 x 10-13

mol/cm2 is 1.03 x 10-4 AU (g410 nm = 106,100 M-1cm-1).  Thus the IOW-ATR spectrometer

provides a sensitivity advantage of approximately 103-104 relative to a conventional

transmission geometry.

A step adsorption isotherm was measured for cytochrome c on the sol-gel IOW

surface by injecting a series of progressively more concentrated protein solutions into the

flowcell and, after allowing the surface adsorption process to equilibrate, measuring the

broadband ATR spectrum produced by each sample.  The spectral data measured by this

process were used to produce the isotherms presented in Figure 3.15.  A comparison of the

isotherms measured at 408 nm (Soret band) and 525 nm (  band), before normalization,β

demonstrates the expected disparity between the maximum absorbance of these

ferricytochrome c features.  Although only isotherms corresponding to the Soret and β

bands are presented in Figure 3.15, such plots could be generated for any wavelength within

the ~ 250 nm bandwidth collected by this broadband sol-gel IOW.  

After normalizing the response at each wavelength to the respective maximum

absorbance, the measured protein adsorption process can be compared to the theoretical
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Langmuir adsorption model given by

(3.5)
Γ

Γ max
=

+
K C

K C
a b

a b1

where the fractional surface coverage  is the ratio of occupied adsorption sites to
Γ

Γmax

⎛
⎝
⎜

⎞
⎠
⎟

the total adsorption sites and is approximated by the normalized absorbance,  is theKa

adsorption equilibrium constant, and  is the protein concentration of the bulk solution.Cb

For the Langmuir adsorption model, the following assumptions are made: i) all surface

binding sites are equivalent, ii) lateral molecular interactions between adsorbed molecules

do not occur, hence no cooperative binding is present, and iii) molecular adsorption to the

surface binding sites is a reversible process.  While these assumptions are most likely not

“rigorously” true for a film of cytochrome c electrostatically adsorbed to a negatively

charged sol-gel glass surface, the Langmuir model has been shown to provide a reasonable

first approximation for describing the binding events studied here.15,147 

The Langmuir model was used to fit a theoretical curve to the normalized data in

Figure 3.15b and Figure 3.15c using a least-squares, nonlinear curve fitting routine which

solved for the “best” value of .  Curve fitting iterations were calculated until the Ka χ 2

statistic was minimized, where .( )χ 2 2

1
= −

=
∑ Observed Expected Expectedi i i
i

k

/

The degree of fit between the observed data and the expected Langmuir model was also

calculated using the commonly reported  statistic.  Although the two isotherms inR2

Figures 3.15b and 3.15c were collected during the same experiment, they follow different

theoretical adsorption curves.  For the 408 nm data set (Figure 3.15b), the curve fitting
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routine was applied to the full data set, as well as to smaller data sets far from the asymptote.

The values generated for  for the Soret data ranged from 2.2 x 107 M-1  to 2.8 x 107 M-1.Ka

Good agreement between the isotherm measured at 408 nm and the Langmuir model is

demonstrated through a minimized .  This data set also shows( )χ 2 20 0023 0 98= =. .R

that a full cytochrome c monolayer was achieved with a bulk solution concentration of ca.

5-10 :M.  Despite the apparent “good” fit, it should be noted that stray light is most likely

contributing to the 408 nm isotherm and causing an artificially “rapid” roll-off at the

asymptote.  A rigorous determination of the stray light limit for the particular waveguide

used for this experiment was not performed.  However, the limit reported for a similar IOW

was 1.03 (vide supra), which strongly suggests that stray light may be influencing this data.

By way of comparison to the Soret isotherm, the calculated  values for the 525Ka

nm data (Figure 3.15c) were an order of magnitude smaller at 2.9 x 106 M-1 to 4.1 x 106 M-1.

This range of affinity constants is 7-10 times larger than those previously reported by Lee147

for cytochrome c adsorption to a negatively charged arachidic acid self assembled monolayer

on glass.  A slightly “poorer” fit of the data to the Langmuir model was also observed

.  The experimentally measured isotherm from the $  band( )χ 2 20 0040 0 97= =. ; .R

would suggest that full monolayer coverage requires using a bulk incubation solution of ca.

30-50 :M (i.e., the maximum absorbance was not achieved until the 30 :M and 50 :M

incubation solutions were injected).  However, the Langmuir model produced via the least-

squares analysis of the data predicts that the asymptote should be reached with a 10-20 :M

incubation solution.  A previous report of cytochrome c isotherm experiments suggests that

full surface coverage on glass is achieved with bulk protein concentrations > 20 :M.15,147
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Figure 3.15.  Step adsorption isotherms taken from spectral data collected with the
broadband sol-gel IOW-ATR Spectrometer.  a) The large difference between molar
absorptivities of the Soret (408 nm, –) and $ bands (525 nm, G) explains the disparity in
the measured absorbance for each.  It should be noted that stray light may contribute to
the 408 nm data.  b) When normalized to its highest measured absorbance, the 408 nm
data produces the response shown, with the associated Langmuir fit indicated by the solid
line (——).  c) Likewise, the 525 nm data is compared to the Langmuir model, but the
apparent fit is not as good.

b)
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3.4  CONCLUSIONS

A broadband, planar IOW-ATR spectrometer based on a simplified incoupling

arrangement, relative to previous designs, has been constructed.  The performance of this

spectrometer compares well with that of a commercially available, transmission-based

instrument.  The capability of this device to measure broadband ATR spectra of thin

molecular films over the entire visible wavelength range (390 nm to at least 645 nm) is

unprecedented for a single mode IOW platform.  As opposed to previous broadband designs,

the sol-gel waveguide can be aggressively cleaned with oxidizing acids and re-used multiple

times.  Although not shown here, the spectrometer can be used to collect both TE and TM

polarized spectra of waveguide-supported molecular films.  As will be shown in Chapter 4,

the ability to measure polarized ATR spectra make this spectrometer a useful research tool

for studying molecular orientation in thin films.
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CHAPTER 4

ANGULAR ORIENTATION OF MOLECULES IMMOBILIZED ON PLANAR

OPTICAL WAVEGUIDES: AN EXPERIMENTAL VALIDATION OF A

THEORETICAL METHOD FOR NORMALIZING DICHROIC RATIOS OF

SURFACE ADSORBED THIN FILMS 

4.1  INTRODUCTION

Monolayer and submonolayer molecular film assemblies constitute an area of keen

interest to many research labs.  Due to the potential applications of these assemblies in areas

ranging from molecular electronics to bioanalytical sensors, various researchers120-124 have

made a concerted effort to understand the relationship between the orientation of surface

confined molecules and their resulting chemical, physical and biological properties.

Development of a thorough understanding of the orientation / function relationship should

allow for better controlled manipulation of the properties of substrate-supported molecular

assemblies, thus resulting in better control of the desired functionality of thin-film-modified

surfaces.

Investigating the relationship between the structural form and the functional

properties (e.g. physical, chemical) of organic molecules, or biomolecules, deposited as a

very thin film on a solid support (and the attributes this thin film imparts to the solid support
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surface) represents a challenging task.  Such molecular thin films (i.e. monolayer coverage

or less) require a measurement technique possessing a high degree of sensitivity in order to

achieve an analytically detectable signal.  Also, when using biomolecular structures, a

nondestructive and in situ sampling technique is required to measure native functional

properties.  

Although various techniques125-132 have been employed to study orientation in thin

molecular films, the sensitivity of planar optical waveguides used to perform absorbance

linear dichroism measurements has made it an increasingly important strategy for probing

submonolayer molecular assemblies.14-20  Determination of molecular orientation parameters

from dichroic ratio measurements in step-index, single-layer optical waveguides is described

by Mendes and Saavedra.43  The equations used for these calculations were derived from

both the ray optics model and electromagnetic wave theory.  Both approaches require a

complete description of the waveguide structure, which includes the refractive index of all

media (i.e. substrate, guiding layer, cladding) and the thickness of the guiding layer.

Extending these approaches to more complex waveguide structures, such as gradient-index

or multilayer waveguides which are widely used for performing attenuated total reflection

(ATR) measurements of molecular thin films, is cumbersome.  For instance, in the case of

a gradient-index waveguide (e.g. an ion-exchange waveguide), a detailed knowledge of the

gradient refractive index profile, which is experimentally difficult to determine with good

accuracy,133 is required.  Because of the ability to easily produce low-loss gradient-index

waveguides,134 ion-exchange techniques have become commonplace for fabricating

waveguides of high optical quality.  The multilayer waveguide case requires knowledge of
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the optical constants and thicknesses of all layers.  Multilayer waveguides are particularly

important because they provide added functionality to the waveguide structure, as for

instance the displayed ability of the recently reported multilayer electroactive integrated

optical waveguide (EA-IOW) used to perform spectroelectrochemical measurements of

submonolayer molecular assemblies.85-87,135

The work presented in this chapter provides a straightforward, simple procedure for

the determination of orientation parameters of thin film assemblies adsorbed to the surface

of arbitrary planar optical waveguides.136  This approach does not require a detailed

knowledge of the guiding structure and can easily be applied to a variety of waveguide

configurations such as gradient-index and multilayer waveguides.  The procedure involves

the measurement of the dichroic ratio in two distinct experiments.  First, the dichroic ratio

D, defined as the ratio of the absorbance measured at the TE and TM polarizations

, is measured either for a bulk solution whose absorbing species do not adsorbρ ≡
⎛
⎝
⎜

⎞
⎠
⎟

A
A

TE

TM

to the waveguide surface (therefore the molecular dipoles are randomly oriented in the bulk

phase) or for an adlayer with absorbing molecular dipoles that are isotropically oriented

when immobilized onto the waveguide surface.  This experiment is used to characterize the

waveguide platform by measuring the absorbance at the two orthogonal polarizations (TE,

TM) using a guided wave mode of a particular mode order, with the dichroic ratio measured

in this step being called Diso.  Next, in a different experiment on the same waveguide

platform, the dichroic ratio for a molecular adlayer of unknown orientation, Dsample, is

measured using the same waveguide mode order.  These two independent dichroic ratio

measurements are used to calculate a normalized dichroic ratio, , which inρ
ρ
ρnorm
sample

iso
≡
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turn is used to uniquely determine the orientation parameters for the adsorbed molecular

assembly of interest without any specific information about the particular waveguide

structure.  The derivation below will show that the only additional pieces of information

required are: i) the waveguide effective refractive index of the guided mode, which is easily

measured from waveguide coupling conditions, and ii) the refractive index of the cladding

medium.  Applications of the developed theory for an overlayer composed of linear or

circular molecular absorption dipoles are considered, and boundary values for the

normalized dichroic ratio are established for each type of adsorbed layer.  Next, experimental

data collected using a single-mode, step-index, sol-gel glass, planar optical waveguide are

used to demonstrate the developed theory.  Validation of this simplified approach is

accomplished by comparing the calculated dichroic parameters to those calculated via an

existing approach that requires explicit knowledge of all waveguide parameters.43 

4.2  THEORY

Let us consider an arbitrary planar optical waveguide structure formed by any

number of layers, including gradient refractive-index media, with any number of modes. As

a convention, we assume that the waveguide surface is in the x-y plane and the confined

guided modes propagate along the x-axis with an effective refractive index, N, calculated for

each polarization and mode order.  For each mode order, j, the field eigenmodes for the

transverse electric (TE) polarization can be described by
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(4.1)r
E A e e yj j

i
x

N i tz
TE j=

−
( )

,
$

2π
λ ϖ

with a description for those of transverse magnetic  (TM) polarization given by

(4.2)r
H B e e yj j

i
x

N i tz
TM j=

−
( )

,
$

2π
λ ϖ

where 8 is the vacuum wavelength, T is the angular frequency of the propagating lightwave,

t is time, and í is a unit vector along the y-axis.  Figure 4.1 illustrates a general field profile

for a particular mode of an arbitrary waveguide, which can be either Ey or Hy depending on

the polarization of the guided lightwave.  In general, the description of the field profiles,

Aj(z) and Bj(z), across the entire waveguide (i.e., for all values of z) can be quite challenging,

as it requires complete knowledge of the waveguide structure (e.g., refractive index and

thickness for each layer, and/or index-profile for gradient-index media).  However, the

evanescent field that decays exponentially away from the waveguide surface into the semi-

infinite cladding region (z > 0) can be easily described independently of the intricacies of

the guiding structure. The exponential decay is determined by the refractive index of the

cladding media, nc, and the effective refractive index, N, of the waveguide mode.

Mathematically,137 the field in the cladding region (z > 0) is expressed for TE modes by

(4.3)A a ej j

z
dz TE j( ) ,=

−
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Figure 4.1.  Example of a general waveguide field profile.  The field profile represented
here can be either an electric field (Ey) in the case of TE modes, or a magnetic field (Hy)
for TM modes.  Note that the waveguide surface is chosen in the x-y plane and the x-axis
corresponds to the direction of light propagation.  The waveguide structure used for
modeling this field profile is the EA-IOW with a 50 nm ITO layer (Chapter 5).

z (:m)

x

substrate

cladding Ey,TE
Hy,TM 
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and for TM modes by

(4.4)B b ej j

z
dz TM j( ) ,=

−

where aj and bj are constants that describe the electric and magnetic field amplitudes,

respectively, at the waveguide/cladding interface for each mode j, and d is the depth of field

penetration in the z-direction given by

(4.5)( )
d

N n
i j

i j c

,

,

/=
−

λ

π2 2 2
1 2

for each polarization i (TE or TM) and mode order j.  For the following analysis, each mode

order j should be treated independently and identically and will therefore be fixed for a

particular mode order, and the notation will be simplified by dropping the subscript j.

From Maxwell’s equation, , we can develop expressions for the
( )

∇ × =
r

r

H
E
t

∂ ε
∂

electric field components of TM modes (Ex , Ez) in terms of the magnetic field Hy

(4.6)( )
E

H
z

i
i N n

c
Hx

y

TM c
y=

−⎛
⎝⎜

⎞
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= −

−
∂

∂

ϖε ε

2 2 1 2/

and
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(4.7)
E

H
x

i
N

c
Hz

y

TM
y=

⎛
⎝⎜

⎞
⎠⎟
= −

∂
∂

ϖε ε

where g is the dielectric constant of the cladding medium and c is the vacuum speed of light.

Now we focus on absorbance measurements using guided wave modes to probe near-

surface species, which can either be uniformly dispersed in the cladding medium or form a

homogenous thin adsorbed layer between the guiding structure and the cladding medium.

 When absorbing species are present in the evanescent field region (z > 0), the absorbance

is proportional to the interaction strength between the molecular absorption dipole, µ, and

the electric field, E, given by *:CE*2.  For chromophores dissolved in the cladding region,

the electric field components involved in the absorbance calculations are those already given

by Equations (4.1, 4.6, 4.7).  For a thin layer (thickness << wavelength) formed at the

waveguide / cladding interface, the in-plane components of the electric field (Ex and Ey) are

also given by Equations (4.1, 4.6), as the tangential components of the electric field are

continuous across a planar interface.  The out-of-plane component of the electric field at the

thin layer, Ez,l , can be derived from the value in the cladding, Ez , given in Equation (4.7) by:

.  In the calculations to follow, we consider nc = nl (therefore Ez,l = Ez),E n
n E

z l
c

l
z,

= ⎛
⎝⎜

⎞
⎠⎟

2

which is a good approximation for organic molecular films with low surface density at the

interface; otherwise the general expression above can be easily carried out through the

derivation given below.
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The absorbance expressions for each orthogonal waveguide mode are

(4.8)A E dz a e dzTE y y y

z
dTE∝ =

∞ −∞

∫ ∫µ µ
2

0

2 2
2

0

for the TE mode, and

( ) ( ){ } ( )
A E E dz N n N

b
c

e dzTM x x z z x TM c z TM

z
dTM∝ + = − +

∞ −∞

∫ ∫µ µ µ µ
ε

2 2

0

2 2 2 2 2
2

2

2

0

(4.9)

for the TM mode, where the symbol + , denotes an average over an ensemble containing

many molecules, and :x, :y, :z are the projections of the absorption dipoles of the absorbing

species along the x-, y-, and z-axes.  The previously defined normalized dichroic ratio, Dnorm,

can be written as

(4.10)ρ
ρ
ρnorm
sample

iso

TE

TM sample

TE

TM iso

A
A

A
A

≡ =

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

This dichroic ratio is normalized for evanescent pathlength differences between TE and TM

modes, which is measured using an isotropically absorbing molecular sample.  For such a

molecular sample, any deviation of  from 1 will be due only to different evanescentρ iso
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pathlengths in the TE and TM modes, and not to any ordering of the absorbance dipoles.

Thus Diso can be used as a pathlength normalization factor for a specific waveguide.

Substituting the expressions for ATE and ATM given by Equations (4.8) and (4.9) into

the normalized dichroic ratio in Equation (4.10) gives

(4.11)
( ) ( ){ }

( )

ρ

µ

µ µ

µ

µ

norm

y

z
dh

x TM c z TM

z
dh

iso

z
d

TM c iso

z
d

e dz

N n N e dz

e dz

N n e dz

TE

TM

TE

TM

=
− +

−

−

−

−∞

−∞

∫
∫

∫
∫

2
2

0

2 2 2 2 2
2

0

2
2

0

2 2 2
2

0
2

where h is the absorbing layer thickness, hiso is the isotropic sample thickness (for bulk

absorption of the cladding layer, hiso 6 4), and :iso represents the transition dipole for the

isotropic system, in which all Cartesian components are equal (i.e., ).  Itµ µ µx y z
2 2 2= =

is important to note that Equation (4.11) has no dependence on the terms a and b that

describe the field amplitudes at the waveguide/cladding interface for the TE and TM

polarizations, respectively.  Because both samples are measured on the same waveguide

platform, the field amplitudes at the waveguide/cladding interface are the same for both the

sample of interest and the isotropic system.  Thus, the terms a and b are canceled by

division, which is a direct consequence of our choice to work with the normalized dichroic

ratio, as opposed to the sample dichroic ratio.  In general, the calculations of field amplitudes

at the waveguide/cladding interface may require elaborate numerical procedures, and will

also certainly require a complete characterization of the waveguide structure, which can be
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quite problematic in several configurations such as gradient-index and multilayer

waveguides.  Therefore, the addition of an experimental measurement of an isotropic system

(i.e., Diso) greatly simplifies the analysis by avoiding complicated numerical procedures and

waveguide experimental characterization (e.g., determination of refractive index profile,

thickness and refractive index of all layers).  Equation (4.11) can be further simplified by

assuming that  NTE . NTM , which holds for most cases.  This in turn makes the field depth

for both TE and TM modes approximately equal (dTE . dTM), leading to

. (4.12)

( )
( )[ ]

ρ
µ

µ µ
norm TM c

y

z
dh

x TM c z TM

z
dh

N n
e dz

N n N e dz
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= −

− +

−

−

∫

∫
2 2 2

2
2

0

2 2 2 2 2
2

0

For cases where NTE . NTM may not be considered a good approximation (e.g., highly

birefringent waveguides), it can be shown that Equation (4.12) will still hold as long as the

isotropic dichroic ratio Diso is measured using an isotropic film whose thickness hiso is much

smaller than the penetration depth of the evanescent field.  Equation (4.12) can be further

simplified by noting that for a molecular monolayer, the film thickness is much thinner than

the evanescent depth of penetration, h << dTE,TM , which gives

. (4.13)

( )
( )ρ
µ

µ µnorm

y TM c

x TM c z TM

N n

N n N
=

−

− +

2 2 2

2 2 2 2 2

2
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Equation (4.13) clearly shows that the determination of the normalized dichroic ratio is

independent of the waveguide structure.  The only required parameters are the waveguide

effective refractive index for the TM mode, NTM, and the index of refraction of the cladding

medium, nc.  

To better describe the utility of the theory presented here, let us consider the

application of Equation (4.13) to the specific case of an immobilized film having in-plane

symmetry.   In this case the molecules in the immobilized film are randomly oriented in the

x-y plane (waveguide surface), and the absorption dipole components can be described by

(4.14)µ µ µx y in
2 2 2= ≡

(4.15)µ µz out
2 2≡

and

(4.16)2 2 2 2µ µ µin out+ =

where :in and :out are respectively the in- and out-of-plane Cartesian components of the

absorption dipole, whose strength is given by :.  Under the in-plane symmetry assumption,

Equation (4.13) can be used to determine the range of possible values for the normalized

dichroic ratio.  The results are summarized in Table 4.1; where , spanning over theµ
µ

out
2

2

physically acceptable domain {0,1}, is used as an independent variable to calculate 
µ
µ

in
2

2

(through Equation 4.16) and Dnorm (through Equation 4.13).  The normalized dichroic ratio



185

Table 4.1.  Range of values for the normalized dichroic ratio.

µ
µ

out
2

2

µ
µ

in
2

2
Dnorm

0 1/2
2 2 2

2 2

N n
N n

TM c

TM c

−
−

1/3 1/3 1

1/2 1/4
2
4

2 2

2 2

N n
N n

TM c

TM c

−
−

1 0 0
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spans over the range  and an experimental result outside this0
2 2 2

2 2≤ ≤
−
−

ρnorm
TM c

TM c

N n
N n

region is not consistent with previous assumptions.  Furthermore, the results from Table 4.1

can be applied to a molecular layer composed of either: a) linearly polarized absorption

dipoles, or b) circularly polarized absorption dipoles.  

For a molecular assembly composed of linear dipoles, the following expressions

describe the relationship between the absorption dipole components and the angle (2 )

between the absorption dipole and the waveguide surface normal (z-axis) 

(4.17)

µ
µ

θin
2

2
21

2
= sin

and

. (4.18)

µ
µ

θout
2

2
2= cos

As , the normalized dichroic ratio can span the entire range listed in Table0 1
2

2≤ ≤
µ
µ

out

4.1.  The measurement of the normalized dichroic ratio will uniquely determine the

orientation parameter for the molecular assembly through Equations (4.13 - 4.18).  

For a molecular layer composed of circularly polarized dipoles, with θ  being defined

as the angle between the normal to the circular dipole plane and the waveguide surface

normal (z-axis), we have the following expressions for the absorption dipole components136
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(4.19)
( )µ

µ
θin

2

2
21

4
1= + cos

and

. (4.20)

µ
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2

2
21

2
= sin

Therefore, in the case of an adlayer of circularly polarized dipoles, the in- and out-of-plane

dipole components span a smaller range, , and the normalized dichroic ratio0
1
2

2

2≤ ≤
µ
µ

out

is limited to the range .  Again, measurement of the
2
4

22 2

2 2

2 2

2 2

N n
N n

N n
N n

TM c

TM c
norm

TM c

TM c

−
−

≤ ≤
−
−

ρ

normalized dichroic ratio can be used to determine the molecular orientation parameter of

the thin film under investigation through Equations (4.13 - 4.16, 4.19,4. 20).

4.3  EXPERIMENTAL

4.3.1  Integrated Optical Waveguide Spectrometer

An experimental demonstration of the aforementioned theory was performed using

a broadband sol-gel waveguide spectrometer,70 described in detail in Chapter 3.  Briefly, the

sol-gel waveguide used for all experiments reported here consisted of a 0.250 :m thick, sol-
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gel composite layer deposited on a soda lime glass substrate71 containing a holographic

surface-relief grating138 with a grating period (7) of 0.362 :m as determined by measuring

the diffraction angle at the Littrow configuration.  The sol-gel waveguide layer displayed an

optical dispersion curve approximated by nwg = 1.53 + 25,000 nm2 /82 (as determined by

measuring the waveguide coupling condition at various wavelengths, see Chapter 3), and

was found to support only TE0 and TM0 modes for all wavelengths in the range from 454.5

nm (Ar+) to 632.8 nm (HeNe).  Incoupling was achieved using a prism mounted in a black

plexiglass flow cell (reported in Chapter 3),70,102 with outcoupling occurring through the

integral diffraction grating. 

The optical setup in Figure 4.2, similar to the setup described in Chapter 3,  illustrates

the layout used to optimize waveguide performance and to collect dichroic spectral

measurements.  Notable differences from the previous layout include: i) a beam splitter (BS3)

placed prior to the final focusing lens, used to direct a portion of the incident beam onto a

reference detector which was monitored throughout the experiment to account for gross

fluctuations in beam power, ii) a Fresnel Rhomb (Karl Lambrecht) used to circularly polarize

laser sources, with final beam polarization selected with the Glan-Taylor polarizer, and iii)

two laser sources, coaxially aligned with the white light source, used for camera alignment

and wavelength calibration purposes as well as waveguide coupling experiments.  To ensure

that all three light sources arrived at the same position on the incoupling prism, precise beam

alignment was achieved by directing all three beams through two irises (separated by ~ 90

cm) and onto a pin positioned at the center of the rotary stage. 



189

Ir L1L2

L3
Ir

BS1

Black
Box

Rotary Stage

BS3

Ar+ Laser

FR

BS2

Reference
Detector

HeNe Laser

P
2i

Xe Arc
Lamp

L4

M

M

M

M

Figure 4.2.  Optical setup for collecting broadband IOW-ATR dichroic measurements. 
Optical beam path through components: L1 = 48 cm f.l. lens, Ir = Iris, L2 = 8 cm f.l. lens,
BS1 and BS2 = beam splitters used to introduce HeNe and Argon ion lasers; respectively,
FR = Fresnel Rhomb, P = Glan-Taylor prism polarizer, Ir = Iris, BS3 = beam splitter used
for a reference beam and L3 = 43 cm f.l. lens.  Various mirrors (M) are used to reflect
them beam in the desired direction.  The light is focused into the SF6 prism, coupled
into the sol-gel waveguiding layer and outcoupled through the glass substrate by a
surface relief grating (inset, 7 = 362 nm).  The outcoupled light is collimated with a 33
mm f.l. cylindrical lens (L4) onto a CCD camera located at the lens Fourier plane. 
Incoupler to outcoupler distance is 10 mm.  Note: inset figure is not drawn to scale.
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The sol-gel waveguide used for all experiments was cleaned prior to any

experimentation following procedures described elsewhere (Chapter 3, Appendix B).70  Upon

achieving broadband coupling, the waveguide throughput was adjusted by setting the angle

between the Xe source beam and the incoupling prism to optimize the response for both TE0

and TM0 polarizations in the 515-575 nm region, as this spectral region encompasses the

absorption bands of both molecular systems used for this study (vide infra).

4.3.2  Molecular Films

The experimental protocol performed required two distinct molecular systems, one

with a randomly oriented ensemble of absorption dipoles, the other possessing an ordered

ensemble of absorption dipoles.  In an attempt to keep the two samples as similar as possible,

both systems used were surface adsorbed molecular films, rather than using a dissolved

random system and an adsorbed ordered system.

4.3.2.a  Isotropic System: Rhodamine labeled Dextran

For the measurement of the isotropic dichroic ratio, a thin layer of randomly oriented

molecules immobilized at the waveguide / aqueous cladding interface was used. This layer

consisted of an adsorbed film of dextran labeled with rhodamine B (40,000 MW, Molecular

Probes, #D-1840).  According to the supplier, this material (Rh-B dextran) is synthesized by

randomly labeling amino dextran with the succinimidyl ester of Rh-B, as depicted in Figure

4.3.139  The labeling procedure is then followed by capping unreacted amines, which

generates a zwitterionic, labeled dextran with a labeling density of 5.7 moles of Rh-B per
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amino dextran.  Dextran, which is produced by the bacteria Leuconostoc mesenteroides,
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mole of dextran.  Rh-B dextran was chosen to create an isotropic molecular film due to the

lack of organized secondary and tertiary structure in dextrans and because of the random

nature of the Rh-B labeling process.  A reasonable assumption is that adsorption of Rh-B

dextran to a glass waveguide surface does not create a macroscopically ordered structure.

Furthermore, since 5.7 moles of Rh-B are randomly conjugated to each mole of dextran, it

is also reasonable to assume that the Rh-B absorption dipoles are isotropically oriented in

the adsorbed film. The isotropic assumption for the Rh-B dextran film is independently

tested and corroborated in Section 4.4.4.

Prior to any waveguide experimentation, the absorbance spectrum of a 6 :M solution

of Rh-B dextran in 50 mM, pH 7 sodium phosphate buffer was measured using a

conventional transmission based spectrometer (Spectral Instruments, Model 440).  Figure

4.4.a displays spectral maxima for the Rh-B dextran at 534.5 nm and 571.1 nm, respectively.

To form an isotropic film adsorbed to the planar waveguide surface, a 6 :M solution

of Rh-B dextran was injected into the waveguide flowcell and allowed to incubate for 15

minutes.  ATR spectra for this “unflushed” sample were collected for both TE0 and TM0

polarizations.  The flowcell was then flushed with 50 mM buffer to remove any non-

adsorbed material and polarized spectra were again collected.  Finally, to verify that labeled

dextran binding was not occurring via electrostatic interactions of the Rh-B moieties with

the sol-gel surface, 500 mM sodium phosphate buffer (pH 7) was injected into the flow cell,

followed by injection of 50 mM buffer, and spectra were collected.  Note that all spectra

were referenced against an initial  background spectrum collected with the flowcell filled

with 50 mM buffer, and were corrected for intensity fluctuations of the arc lamp.
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Figure 4.4.  Conventional transmission spectra of: a) Rhodamine B labeled dextran in
buffer, and b) Unilamellar DiI / DOPC vesicle dispersion in buffer.  The inset in graph b)
is an overlay of both spectra, with the Rh-B dextran spectrum displayed as a dotted line.
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4.3.2.b  Anisotropic System: Vesicle Fusion of a DiI containing DOPC Bilayer 

The molecular system chosen to be investigated as an ordered sample consisted of

1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI, Molecular Probes,

#D-282) dispersed in a lipid bilayer composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine

(DOPC, Avanti Polar Lipids, #850375).  DiI has previously been incorporated into

Langmuir-Blodgett lipid bilayers composed of arachidic acid (AA) and deposited onto the

surface of planar sol-gel waveguides.16  IOW-ATR measurements of the dipole orientation

distribution of DiI / AA bilayers demonstrated that the dipoles of incorporated DiI were

oriented at a mean angle of 75 degrees from normal to the waveguide surface (i.e., nearly

“flat”), suggesting C18 chain insertion into the hydrophobic center of the AA lipid bilayer.16

DiI incorporated into a DOPC lipid bilayer should be similarly oriented approximately

parallel to the waveguide surface plane, and was therefore selected for examination in this

study.

DiI incorporated DOPC vesicles were deposited as a lipid bilayer onto the waveguide

surface through a vesicle fusion process.140-143  Lipid dispersion was prepared by vacuum

evaporation of solvent from a mixture of 0.15 mol% DiI in DOPC.  This dried DiI / DOPC

mixture was then re-suspended in 50 mM sodium phosphate buffer to a final DOPC

concentration of 0.6 mM.  A freeze thaw process followed by extrusion through a 50 nm

polycarbonate filter (Whatman) resulted in unilamellar DiI / DOPC vesicles,144,145 as depicted

in Figure 4.5.  A conventional transmission spectrum of the prepared DiI / DOPC lipid

dispersion  was collected, as shown in Figure 4.4b.  The spectral maxima at 518.9 nm and

550.0 nm correspond to visible transitions in the DiI chromophore only (total DiI solution
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Figure 4.5.  Sectional cut-away view of DiI incorporated into a unilamellar vesicle of
DOPC.  Incorporation occurs through insertion of the DiI-C18 chains into the hydrophobic
tail region of the DOPC lipid bilayer.
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concentration = 0.9 :M), as the DOPC vesicles are transparent in the visible region.  Prior

experimental evidence suggests that the spectrum measured corresponds to DiI moieties that

have inserted their C18 carbon chains into the hydrophobic region of the DOPC bilayer

vesicle wall.  One feature of note in Figure 4.4 is that the absorption bands for both the Rh-B

dextran and the DiI / DOPC occur in the same spectral region (i.e., ~ 515-575 nm).

To form an anisotropic film, the aforementioned DiI / DOPC lipid dispersion was

injected into the waveguide flowcell and incubated for ca. 10 minutes.  During this period,

a waveguide-supported lipid bilayer was formed by vesicle fusion and spreading, depicted

in Figure 4.6.  Vesicle fusion is a well-known self-assembly technique.  Upon adsorption at

a hydrophilic substrate / buffer interface, fluid bilayer vesicles spontaneously fuse to produce

an extended, continuous bilayer.140-143  After the incubation period, TE0 and TM0 polarized

ATR spectra were collected for the newly formed DOPC lipid bilayer, referenced against

blank spectra recorded with the flow cell filled with only buffer (prior to injection of lipid

dispersion).  A 50 mM buffer was then used to flush the flowcell and remove any non-fused

vesicles, and polarized spectra were again collected.  Finally, as a check of the durability of

the DOPC bilayer, several vigorous flushes with 500 mM buffer were performed, followed

by collection of the associated spectra.
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a)

b)

Figure 4.6.  a) Vesicle fusion and spreading of DiI / DOPC unilamellar vesicles onto a
planar surface, resulting in b) a planar supported lipid bilayer film.



198

4.4  RESULTS AND DISCUSSION

4.4.1  Polarized Spectral Response for Rh-B Dextran

The IOW-ATR spectral response for Rh-B dextran adsorbed to the surface of the

broadband sol-gel IOW spectrometer is shown in Figure 4.7.  A significant decrease in

absorbance occurs when the initial incubation solution is flushed from the flowcell with 50

mM buffer (Figure 4.7a).  This decrease in absorbance might be explained by considering

the highly absorbing nature of the 6 :M incubation solution (A571nm = 1.87, Figure 4.4a).

Even though the evanescent field of the sol-gel IOW extends only ca. 200 nm into the

aqueous medium, it may experience an appreciable attenuation due to the presence of such

a highly absorbing solution.  Therefore, it is reasonable to attribute this decrease in

absorbance to removal of both non-adsorbed dextran in solution and also any weakly

adsorbed dextran molecules.  After initially flushing with 50 mM buffer, a 500 mM buffer

was injected into the flowcell, producing very little change to the collected spectrum.  This

fact would suggest that the primary mode of dextran adsorption is through hydrophobic

interactions with the sol-gel waveguide surface, and not through hydrophilic or electrostatic

interactions.  This provides significant evidence that the mode of Rh-B dextran binding was

not occurring via electrostatic interaction between the Rh-B moieties and the sol-gel glass

surface, which could potentially result in some degree of molecular ordering of the

measurable chromophores, thus destroying the isotropic assumption made about this sample.

As previously mentioned, the random assumption for the Rh-B dextran sample is validated

in Section 4.4.4.
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a)

b)

Figure 4.7.  Experimental IOW-ATR spectra of a film of Rh-B dextran adsorbed to the
surface of a sol-gel glass waveguide.  a) TE0 polarized absorbance spectra collected in the
following order: i) with the flowcell filled with the 6 :M incubation solution (——), ii)
after flushing the flowcell with 50 mM buffer (– – –), and iii) after flushing with 500 mM
buffer (CCCC).  The inset shows the TM0 spectra collected in the same fashion as the TE0
response in a).  b) Absorbance spectra for TE0 (#) and TM0 (solid line) polarizations,
collected for the adsorbed Rh-B dextran film after flushing with 50 mM buffer. 
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Polarized incident light used to collect IOW-ATR spectra of the Rh-B dextran film

produced the results in Figure 4.7b.  The absorbance in the TM0 polarization is higher as

compared to the TE0 response.  Since the Rh-B dipoles in the dextran film are assumed to

be isotropically oriented, the difference in absorbance intensity is attributed to differences

in the effective TE0 and TM0 pathlengths for the particular waveguide structure employed,

not to actual molecular absorbance differences.  The polarized spectra were used to calculate

the isotropic dichroic ratio, , at each wavelength in the 480-580 nm( )ρ λiso
TE iso

TM iso

A
A

= ,

,

spectral window, which is the same window used for all calculations below.  The average

dichroic ratio (and standard deviation) calculated over this spectral window for the randomly

oriented Rh-B dextran film is  = 0.71 ± 0.08, which represents the dichroism associatedρ iso

solely with effective pathlength differences between the two polarizations.

One item of note regarding the polarized spectra shown in Figure 4.7b is that an

alignment procedure between the TE and TM spectra was required to allow for comparison

of the Rh-B spectral features, and thus calculation of the dichroic ratio.  The wavelength

calibration procedure used to convert the pixelated CCD-images into the associated TE and

TM spectral responses (see Chapter 3) resulted in slight differences in the locations of the

Rh-B spectral maxima.  Thus to compensate for the inaccuracies of the wavelength

calibration procedure, the spectra were aligned with each other by adjusting the wavelength

location of the TM maxima to the same position as the TE maxima, located at ca. 538 nm

(max), 552 nm (min) and 574 nm (max).  
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4.4.2  Polarized Spectral Response for a DiI / DOPC Lipid Bilayer

IOW-ATR spectra for a DiI / DOPC lipid bilayer adsorbed to the surface of a sol-gel

glass waveguide are displayed in Figure 4.8.  As opposed to the Rh-B dextran case, the

initial TE0 spectral response collected for the flowcell filled with DiI / DOPC incubation

solution is virtually identical to subsequent spectra collected after repeated buffer flushes

(Figure 4.8a).  In this case, the spectrum of the initial DiI / DOPC incubation solution

demonstrates fairly weak absorbance (A550nm = 0.19) when measured with the conventional

transmission spectrometer (Figure 4.4b).  As a result, the DiI / DOPC vesicles that did not

fuse to the waveguide surface (i.e., remained in the bulk solution) did not significantly

attenuate the propagating TE0 waveguide mode and therefore did not account for any

significant absorbance.  Therefore, it is difficult to visibly differentiate between the four

separate spectra plotted in Figure 4.8a.  The post-flush spectra were measured after the

flowcell had been flushed with: i) ~ 5 mL of 50 mM buffer, ii) ~ 5 mL of 500 mM buffer,

and iii) a vigorous flush with ~ 15 mL of 500 mM buffer (Note: the total volume of the

flowcell and associated tubing was ~ 1 mL).  The conclusions drawn from these results are:

a) no significant bulk absorbance is measured from the DiI /DOPC vesicle solution, b)

because no significant desorption occurs when flushed with the high ionic strength buffer,

it appears that the DiI is not adhering to the IOW surface via electrostatic interactions, and

c) the DiI / DOPC films are fairly rugged and capable of withstanding some degree of

mechanical stress. 

Figure 4.8b shows the spectral response measured for the TM0 polarization.  As in

the TE0 case, the absorbance does not decrease significantly when flushing the incubation
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Figure 4.8.  Experimental IOW-ATR spectra of DiI incorporated into a DOPC lipid
bilayer deposited via vesicle fusion on to the surface of a sol-gel glass waveguide.  a) TE0
absorbance spectra prior to flushing with buffer (thin solid line), after a 50 mM buffer
flush (thick solid line), after flushing with 500 mM buffer (– – –), and after multiple
vigorous flushes with 500 mM buffer (CCCC).  b) TM0 absorbance spectra collected in the
same order as in part a).  c) Absorbance spectra for TE0 (#) and TM0 (——)
polarizations, collected for the waveguide-supported fused vesicle bilayer after flushing
with 50 mM buffer.  

b)
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solution from the flowcell with 50 mM buffer, further demonstrating the lack of a bulk

solution absorbance contribution to the measured IOW-ATR spectra.  However, a significant

decrease in intensity is observed when a 500 mM buffer flush is performed, which is

opposite to the response observed for the TE0 spectra.  This result suggests that a small

population of DiI molecules were electrostatically adsorbed to the waveguide surface, and

that these molecules were preferentially oriented perpendicular to the waveguide surface

plane (otherwise they would have resulted in a decrease in the TE0 spectra as well).  The

final vigorous 500 mM buffer flush did not significantly alter the spectra, which again

demonstrates the rugged nature of the DiI / DOPC bilayer.

The polarized spectral response for the DiI /DOPC bilayer (Figure 4.8c) displays a

significantly higher TE0 absorbance relative to TM0, opposite to the data obtained on the

isotropic film (Figure 4.7b).  Because the DiI molecular dipole is thought to be oriented in

the plane of the lipid bilayer,16 its dichroic ratio is expected to be higher compared to the

isotropic case (i.e., it should preferentially absorb TE polarized light).  However, there are

two effects that contribute to the differences between the TE and TM spectra: i) waveguide

pathlength differences between the two polarizations, and ii) an anisotropic orientation

distribution of DiI molecules.  The sample dichroic ratio, , incorporatesρ sample
TE sample

TM sample

A
A

=
,

,

both effects, whereas the normalized dichroic ratio, Dnorm, factors out the pathlength

difference and provides a clear quantification of the dichroism due solely to the anisotropic

molecular orientation.

Calculation of the mean sample dichroic ratio for the ordered DiI / DOPC film

(spectral window = 480-580 nm) gives  = 1.61 ± 0.08.  As with the Rh-B dextranρ sample
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film, the polarized spectra required alignment with each other.  In this case, the TM maxima

were aligned to match the TE maxima at 518 nm (max) and 550 nm (max), however the

degree of adjustment required for this system was very minor.  

4.4.3  Determining Molecular Orientation

To implement the new method for determining the mean orientation angle described

herein, the normalized dichroic ratio Dnorm is calculated by combining the dichroic ratio of

the DiI / DOPC system (Dsample) with the dichroic ratio of the isotropic Rh-B dextran system

(Diso) over the chosen spectral window, which gives  = 2.3 ± 0.2.  This “normalized”ρnorm

dichroic ratio truly represents the dichroism of the DiI molecular system without the

influence of waveguide pathlength differences between TE0 and TM0 waveguide modes, as

the response has been normalized for this pathlength difference. 

Proceeding further with the prescribed method, the effective refractive index of the

waveguide structure for the TM0 mode, NTM, and the refractive index of the cladding

medium, nc, were determined.  NTM was determined by measuring the incident angle of a

light beam impinging on a grating coupler that resulted in a bound TM0 mode.  This

measurement was performed at several wavelengths produced by an Ar+ ion laser with the

waveguide flow cell filled with the same cladding solution (50 mM phosphate buffer) used

in the dichroic ratio measurements.  As described in Chapter 1, waveguide coupling occurs

when the effective index of the coupling element (e.g., grating or prism) is equal to the

effective index of the waveguide structure (i.e., Ncoupler = Nwaveguide).  For a grating coupler,

NTM is given by22
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(4.21)
N nTM TE air air, sin= +θ

λ
Λ

where NTM or NTE correspond to the effective index of TM or TE waveguide modes,

respectively, nair is the refractive index of air, 2air is the incident coupling angle (i.e., the

angle between the incident light beam and the waveguide surface normal), 8 is the

wavelength of the incident light, and 7 is the grating period.  From the incident coupling

angle measurements, NTM values were calculated and plotted as a function of wavelength.

A second order polynomial fit to the data was used to generate a dispersion curve

approximated by NTM = 1.473 + 18,000 nm2 /82 (R2 = 0.976).  The optical dispersion of the

cladding (buffer solution) was estimated from tabulated values for the refractive index of

water117 with a Cauchy fit given by nc = 1.32384 + 3,117 nm2 / 82.  A planar supported lipid

bilayer composed of DOPC doped with DiI is expected to have in-plane symmetry due to

the molecular structure of the associated film.  Therefore, we can use Equations (4.13 - 4.16)

to solve for the in- and out- of-plane dipole moments, which gives

. (4.22)( ) ( )
µ
µ

µ
µ

ρ
ρ

in out norm TM

TM c norm TM c

N
N n N n

2

2

2

2

2

2 2 2 2

1
2 2 2

= − =
− + +

The measured values for Dnorm , NTM , and nc at each wavelength (292 points equally spaced

in the 480-580 nm spectral region) were used to calculate the in- and out-of-plane dipole

moments, giving  = 0.43 ± 0.01 and  = 0.13 ± 0.02.  As expected, theµ
µ

in
2

2

µ
µ

out
2

2

molecular absorption dipoles show a preferred orientation towards the film plane as affirmed
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by the relationship  = 3.3.
µ

µ
in

out

2

2

 In the next step, a mean orientation angle, , was determined by invoking theθ

commonly used assumption of a delta function for the molecular orientation distribution.

Since the DiI molecule in a DOPC bilayer can be considered as an ensemble of linear

absorption dipoles, the mean angle can be solved either by Equation (4.17) or (4.18) using

the calculated values for  or , respectively.  The result,  = 69° ± 2°, agreesµ
µ

in
2

2

µ
µ

out
2

2
θ

well with previously published results of  = 75° ± 4° for DiI doped into an arachidic acidθ

(AA) bilayer deposited via the Langmuir-Blodgett technique.  The small difference in mean

tilt angle between DiI dispersed in DOPC and AA films is likely due to differences in film

structure and film deposition techniques.16,146  As pointed out by Edmiston et al.,16 it is

important to note that the standard deviation value reported for the average tilt angle of the

DiI molecule is for the linear dichroism measurement, not for the angular distribution of the

dipoles about the mean orientation angle.  This information cannot be extracted from a linear

dichroism experiment alone, but requires a different measurement.15-20

The orientation angle calculated from this new approach was performed using a well

characterized sol-gel glass IOW.  However, none of these calculations required a vigorous

characterization of the waveguide structure to arrive at a meaningful result.  It is important

to emphasize that the information required to determine the absorption dipole components

and the mean orientation angle of the DiI molecules were: (a) the measured dichroic ratio

of the sample under investigation (DiI / DOPC), (b) the measured dichroic ratio of a

randomly oriented sample (Rh-B dextran), (c) measurement of the waveguide effective

index, NTM, and (d) the refractive index of the cladding medium, nc.  All of  these parameters
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are obtainable by relatively simple experimental measurements.  Considering that the

theoretical derivation described in Section 4.2 is general, meaning that it does not assume

a particular waveguide structure, the new approach presented here provides a straightforward

and simple procedure to treat more complex guiding configurations such as gradient-index

and multilayer waveguides for similar studies of molecular film orientation. 

4.4.4  Comparison to an Existing Method 

To validate the new approach of determining molecular orientation presented in this

chapter, it is beneficial to compare to a method previously applied to films deposited on

single-layer, step-index waveguides.43  This earlier approach requires full characterization

of the waveguide structure, including the refractive index (nwg) and thickness (twg) of the

guiding layer, the refractive indices of the cladding (nc) and substrate (ns) media, and the

waveguide effective refractive index at both polarizations (NTE, NTM).  In the case of a single-

layer, step-index waveguide, like the sol-gel IOW used for this study, these quantities can

be determined with good accuracy.  Since this simple waveguide structure was also used to

test the new method described in this chapter, a comparison of both approaches for

extraction of molecular orientation information can be performed.  To describe the earlier

approach, it is necessary to refer to equations (15) and (16) in Reference (43) which describe

the equivalent waveguide pathlengths (bwg) for guided TE modes

(4.23)
( )
( )b h

n f n N

N n n

L
twg TE

l in wg TE

TE wg c eff TE
,

,
=

−

−

2 2 2

2 2
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and for guided TM modes

(4.24)
( ) ( ) ( )[ ]

( ) ( )[ ]b h
n n n N N n f n n N f

N n N n n n N

L
twg TM

l wg wg TM TM c in c l TM out

TM wg TM c c wg TM eff TM
,

,

/
=

− − +

− + −

2 2 2 2 2 2 4 2

4 2 2 4 2 2

where , ,  and  have their usual meanings,  and  are the thicknessnwg nc NTE NTM
h nl

and refractive index of the thin film, respectively, L is the distance between the

incoupling and outcoupling elements,   and  are the waveguide effectiveteff TE, teff TM,

thicknesses for TE and TM modes, and fin and fout are order parameters defined as43

(4.25)f i
i≡

µ
µ

2

2

3

where i denotes either in- or out-of-plane components.  The expressions for the

equivalent TE and TM pathlengths can be used to determine the dichroic ratio of a thin

film adsorbed onto the surface of a single-layer, step-index  waveguide.  Incorporating

the expression for fin and fout into this dichroic relation gives

.
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Using the relation between  and  in Equation (4.22) allows for expressing
µ
µ

out
2

2

µ
µ

in
2

2

Equation (4.26) in terms of the in-plane dipole transition component

(4.27)
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where x and y are given by

(4.28)( ) ( )x N n n n t n Nsample TE wg c wg eff TE wg TM= − ⋅ −ρ 2 2 2 2 2
,

. (4.29)
( ) ( )[ ] ( )y N n N n n n N t n NTM wg TM c c wg TM eff TM wg TE= − + − ⋅ −4 2 2 4 2 2 2 2

,

The effective refractive index for the TE mode, NTE, of the sol-gel waveguide was

measured using the grating coupling condition as described above, and was determined to

follow a dispersion curve approximated by NTE = 1.473 + 20,700 nm2 /82 (R2 = 0.988).   The

refractive index (ns) for the soda lime glass substrate, used for determination of  teff,TE(TM) ,

was approximated by ns = 1.51.  All remaining parameters in Equation (4.26) were stated

above.  Using the polarized absorbance spectra for the DiI / DOPC film (Figure 4.8c),

Equation (4.26) was solved for the molecular dipole components assuming in-plane

symmetry, as described above.  The calculated average value over the 480 nm - 580 nm

spectral bandwidth for the in-plane component was  = 0.436 ± 0.005, from which anµ
µ

in
2

2

average tilt angle of  = 69.1° ± 0.9° was calculated.  These values for  and 2 agreeθ µ
µ

in
2

2

well with those calculated using the new approach.  Consistency between the two methods

further establishes the validity of the new approach for determining molecular orientation.



210

It may be noted that the standard deviations reported for the orientation parameters

are not of the same magnitude, with the new method displaying values that are ~ 2x larger

than the existing approach.  In theory, one can not assume that the two methods of

measurement will have the same standard deviation for the quantities being determined (i.e.,

absorption dipole components and mean angles).  Each method uses a different set of

variables, where some variables are the same, but not all variables are the same.  Differences

in standard deviation between the two methods may occur in particular due to those variables

that do not overlap, such as Dnorm (new approach), and  ,  ,  ,  (existingNTE teff TE, teff TM, nwg

approach).  A precise analysis of the error propagation through each approach was not

performed to determine which is theoretically more accurate.  A topical comparison of

relative error values associated with the enumerated variables (Table 4.2) shows that the

largest error contributions come from the independent parameters associated with each

approach ( Dnorm, , ).  However, simply observing the variables contributingteff TE, teff TM,

the most error is insufficient to make a determination of which approach is more accurate.

Finally, it is important to emphasize a critical point regarding implementation of the

new approach.  In order to “normalize” for waveguide pathlength differences, a truly

isotropic molecular ensemble must be characterized on the same waveguide platform used

to perform measurements of the film of unknown (but presumably anisotropic) structure.

Here, the use of a single-layer, step-index waveguide platform, described by Equation (4.26),

is useful for assessing whether a molecular film satisfies the isotropic requirement.  Using

the polarized spectra for the Rh-B dextran film shown in Figure 4.7b and solving Equation

(5.26) gives a value of  = 0.33 ± 0.01, which results in an orientation angle of µ
µ

in
2

2
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Table 4.2: Statistical parameters of variables used for calculating dipole
components and surface angles with the new and existing approaches.

Variables Averagea

( )x
Standard Deviationa

(SD)
Relative Error 

(SD / )x

New Approach Diso 0.71 0.08 0.1

Dsample 1.61 0.08 0.05

(shared)b NTM 1.536 0.008 0.005

nc 1.335 0.001 0.001

NTE 1.548 0.008 0.005

Existing Approach nwg 1.62 0.01 0.006

(nm)teff TE,
610 50 0.08

(nm)teff TM,
660 70 0.1

aAverage and Standard Deviation were calculated for the 480-580 nm spectral region. 
bVariables used in both the new and existing approaches.
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 = 55° ± 1°.  These values agree very well with the theoretically predicted values of  = 1/3θ

and 2 = 54° for a truly isotropic film.  These results validate the assumption of an isotropic

orientation distribution for an adsorbed Rh-B dextran film, and therefore make it a useful test

system for characterizing pathlength differences between TE and TM modes in an arbitrary

waveguide structure.

4.4.5  Information Content Advantage of the Broadband Sol-Gel IOW Spectrometer

The capability of the broadband sol-gel IOW spectrometer to measure broadband

spectra allows dichroic parameters to be calculated over a broad spectral range.  Averaging

the dichroic response over a molecular absorption band rather than only at the peak maxima

reduces the likelihood that artifacts associated with performing measurements at single

wavelengths (e.g., poor throughput, intensity spikes, etc.) will produce erroneous results.

As a graphical demonstration of this, Figure 4.9 contains the dichroic ratio values for the Rh-

B dextran film (Diso), the DiI / DOPC bilayer (Dsample) and the normalized dichroic ratio (Dnorm)

calculated at every wavelength over a spectral window from 480-580 nm.  Because Dnorm is

the quotient of Dsample and Diso (vide supra), it contains “artifacts” from both sets of data.  For

example, Dnorm displays strange features in the 480-500 nm region which can be attributed

to features present in both Dsample and Diso.  However, the artifacts present in the 557-560 nm

spectral range are mainly the result of features in both the TE0 and TM0 absorbance spectra

of the DiI / DOPC bilayer (Figure 4.8c), whereas those present in the 560-565 nm region can

be linked to features in only the TM0 spectrum of Rh-B dextran (Figure 4.7b).  The

conclusion from this data is that measuring the dichroic ratio in any of these regions could
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Figure 4.9.  Dichroic ratios for an adsorbed film of Rh-B dextran (#, Diso), and a DiI
doped DOPC lipid bilayer (L, Dsample) calculated at multiple wavelengths from data
collected with the broadband sol-gel IOW spectrometer.  These two dichroic ratios are
combined to calculate the normalized dichroic ratio (•, Dnorm), which thus contains
artifacts from both Diso and Dsample.
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result in data unrepresentative of the true dichroism of the system.  However, averaging over

a large spectral window allows for a better statistical sampling (i.e., better representative

measurement) of the system under investigation.

4.4.6  Waveguide Fluorescence Capability

On a final note, the potential capability of the broadband sol-gel IOW spectrometer

for collecting fluorescence from the adsorbed DiI / DOPC molecular system was briefly

tested.  Fluorophore excitation was accomplished using TE0 and TM0 guided modes for both

HeNe (543.4 nm) and Ar+ ion (all lines) laser lines.  An attempt to observe the fluorescent

signal captured by the waveguide from the adsorbed DiI molecules was performed by

measuring the outcoupled spectral response from the waveguide.  Figures 4.10a - b

demonstrate the outcoupled intensity versus the IOW-ATR absorbance spectra for the DiI

/ DOPC bilayer.  The similarities between the waveguide collected spectra and conventional

excitation / emission spectra for a DiI / DOPC lipid dispersion solution (Figure 4.10c),

collected using a conventional spectrofluorometer (ISA Spex Fluorolog 3-11), suggest that

the outcoupled light is most likely a result of DiI molecular fluorescence.  Another piece of

corroborating evidence is that the magnitude of the TE0-excited fluorescence is significantly

larger than the TM0 response, which should be expected because of the preferential

orientation of DiI in the waveguide surface plane.

Although these results seem convincing, much more work needs to be performed to

truly understand the nature of the results plotted in Figure 4.10.  For example, when this

same experiment was attempted for the Rh-B dextran film, no emission was detected, which
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Figure 4.10.  Waveguide collected fluorescence intensity of an adsorbed DiI / DOPC
lipid bilayer excited with a) TM0, and b) TE0 guided laser lines, compared to IOW-ATR
absorbance spectra.  These spectra can be referenced to c) the excitation and emission
spectra of DiI / DOPC vesicle dispersion solution collected with a conventional
fluorometer.

a)

b)

c)
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is odd for a fluorophore as strong as Rh-B.  Also, even though the emitted light was

dispersed by the outcoupling grating, there is no evidence suggesting that the light was truly

collected by the waveguiding layer and not simply outcoupled through a substrate mode.

Thus, these results are interesting and worth noting, but would require some specific testing

to allow for a more in-depth commentary than what has been given.

4.5  CONCLUSIONS

We have developed a straightforward, simple procedure for determining the mean

angular orientation in thin film molecular assemblies deposited on the surface of planar

optical waveguides of arbitrary structure.  The method presented here can be applied to

planar optical waveguides of any number of layers, including gradient refractive index

media, and any number of modes.  This approach overcomes previous difficulties in the

application of many important waveguide platforms used to study the molecular orientation

in surface immobilized assemblies.  The experimental demonstration of this theory shows

the simplicity of the approach for determining the dichroic attributes of a linear dipole

system.  Although not experimentally demonstrated here, this approach can easily be applied

to many commonly used waveguide structures of more complex architecture than the single-

layer, step-index waveguide used, and can also be used for molecular systems composed of

circular absorption dipoles.
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CHAPTER 5

APPLICATION OF A BROADBAND COUPLING APPROACH TO A SINGLE-

MODE, ELECTROACTIVE INTEGRATED OPTICAL WAVEGUIDE FOR

SPECTROELECTROCHEMICAL ANALYSIS OF SURFACE CONFINED

REDOX COUPLES 

5.1  INTRODUCTION

Pushing the sensitivity of spectroelectrochemical techniques to routinely monitor

changes in spectral properties of thin molecular films (i.e. monolayer or sub-monolayer)

adsorbed on an electrode surface has been a goal of many investigators since the earliest

developments in this field.72  It was initially recognized that exploiting the evanescent field

generated by total internal reflection at the interface of an optically transparent electrode

(such as a thin film of tin oxide or indium tin oxide (ITO) on glass or quartz) has the inherent

advantage of selectively probing only the near surface region, as opposed to bulk sampling

with transmission based techniques.  Furthermore, by utilizing the multiple reflections in an

attenuated total reflectance (ATR) geometry, an enhancement in sensitivity can be realized,

and as the thickness of the ATR element is decreased, and the number of reflections

increases, an even greater enhancement in sensitivity is achieved.73-77  Itoh and Fujishima

were the first to show the advantages of reducing the thickness of an ATR element
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overcoated with a transparent conductive oxide to the integrated optical waveguide (IOW)

regime.  Using a four mode, gradient index waveguide (produced by ion-diffusion into glass)

coated with a transparent, conductive tin oxide layer (doped with SbCl3, ca. 100 nm thick),

they demonstrated a sensitivity enhancement of ca. 40x, relative to a single pass transmission

experiment, for spectroelectrochemical measurements of methylene blue.78  A further

sensitivity enhancement of ca. 150x was later reported by this same group for a single mode

waveguide of similar structure.79  Other research groups subsequently described similar

gradient index, multilayer, electroactive waveguide structures, but they did not make use of

the technology to explore the spectroelectrochemistry of (sub)monolayer coverage films.80-84

Dunphy et al. recently described a single mode, electroactive planar IOW (the EA-

IOW) having a step refractive index profile.  This device, depicted in Figure 1.17, was

fabricated by sputtering a Corning 7059 glass layer (400 nm) over a soda-lime glass or

quartz substrate, followed by a 200 nm layer of SiO2, followed by a 25-50 nm layer of

ITO.85,86  Coupling of light into and out of the waveguide was achieved with integral

diffraction gratings.  Characterization of this device demonstrated a 103-104 fold sensitivity

enhancement in spectroscopic measurements of adsorbed redox couples versus a

conventional single pass transmission measurement.  This high degree of sensitivity, which

results from the step index nature of the multilayer EA-IOW design, was subsequently

shown to be useful for exploring the redox chemistries of submonolayer molecular films,

including films of horse heart cytochrome c, methylene blue, and rod-like molecular

assemblies based on axially polymerized or aggregated phthalocyanines.85,86

The original EA-IOW was implemented as a monochromatic device, which is an
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inherent limitation of single mode, step index, planar waveguides.  This limitation arises

from the dependence of the effective index of a bound mode on the wavelength of

propagating light, as described in detail elsewhere (Chapter 1).37,41  The practical

consequence is that for a given experimental configuration (i.e. optical alignment), an EA-

IOW-ATR measurement can be performed at only a single wavelength, or at best over a very

narrow spectral window, which limits the information content available to this device, as

compared to broadband spectral measurements.

The first successful solutions to overcoming the narrow spectral bandwidth of planar

IOWs were reported by Mendes et al.42,66,67, and are described in depth in Chapters 1 and 2.

Additionally, a more recent and much simpler broadband coupling approach based on a

commercially available, high refractive index prism coupled to a sol-gel glass, single mode

planar IOW is described in Chapter 3.70  Although not as efficient as the coupling approaches

developed by Mendes et al.42,66,67, the simplified approach allowed multichannel ATR spectra

of IOW-supported, submonolayer molecular films to be measured with high sensitivity.

The application of the simplified broadband coupling approach to the EA-IOW,

which allows a 210 nm band of visible light to be incoupled and guided at one incident angle

is reported in this chapter.  Potential-dependent characteristics of broadband coupling into

an EA-IOW are described, and the optical performance of an EA-IOW-ATR spectrometer

is characterized and compared to that of a commercially available, transmission-based

spectrometer.  Finally, the utility of this apparatus for measuring potential-dependent ATR

spectra of molecular films is demonstrated using adsorbed, submonolayer films of horse

heart cytochrome c and ferrocene-dicarboxylic acid.
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5.2  EXPERIMENTAL

5.2.1  Waveguide Fabrication

Design and construction of the EA-IOW has been previously described in detail.85,86

It is a multilayered waveguide structure consisting of: i) a soda lime glass substrate

containing an integral diffraction grating for outcoupling the “waveguided” light, ii) a 400

nm layer of Corning 7059 glass, iii) a 200 nm layer of silicon dioxide, and iv) a 25 nm

indium tin oxide (ITO) electrode layer.  The integral diffraction grating was fabricated prior

to waveguide deposition via a holographic process as described in Appendix B.58,70,138  Glass

substrates with a grating coupler already in place (vide infra) were coated with the Corning

7059 layer, followed by deposition of the SiO2 and finally the ITO, using a Perkin-Elmer

2400 rf diode sputtering system.  The sputtering chamber conditions for deposition of each

layer have been described.85  EA-IOW structures were experimentally determined to support

both TE0 and TM0 modes by assessing guiding characteristics using various laser lines

ranging from 514.5 nm to 632.8 nm (see Chapter 3).  The estimated propagation loss was 5

dB/cm at 633 nm.85  Grating period was determined to be ~ 400 nm by measuring the

diffraction angle in the Littrow configuration and confirmed by atomic force microscopy

(AFM).

5.2.2  Optical Layout / Electrochemical Cell

Broadband coupling into the EA-IOW was achieved in the same fashion as the design

recently reported from our lab for sol-gel glass planar waveguides.70  The incoupling element



221

used for all experiments was a truncated, right angle (45°-45°-90°), Schott glass prism (SF6,

Karl Lambrecht).  Black silicon adhesive was used to mount the incoupling prism into a

custom spectroelectrochemical flowcell made from black plexiglass (Figure 5.1).  This

flowcell is a modification of the design presented in Chapter 3, Figure 3.3.  The EA-IOW

was mounted into the flowcell, electrolyte solution was then injected in order to fill the gap

between the prism base and the waveguide surface, and pressure was applied to the top of

the prism via a mounting clamp to achieve coupling.70  Maintaining a constant mode profile

across the entire waveguide (i.e. from the incoupling prism to the outcoupling grating)

requires that the prism-waveguide gap be filled with solution.102,104

The optical layout for all experiments was identical to the layout previously

described in Chapter 3,70 except that a mirror was used in place of the long pass dichroic

filter (see Figure 3.4).  To minimize stray light, the entire rotary stage was placed inside a

light-tight enclosure, and the entire back surface of the waveguide was coated with a black

strippable paint (X-59 Strip Coating, Universal Photonics), except for a small window over

the outcoupling grating.  Use of the black paint also aided in the suppression of spurious

substrate modes.

Silicon sheeting was used as the gasket material in the spectroelectrochemical flow

cell (Figure 5.1), providing an active electrode area of ~7.5 cm2.  Reference and counter

electrodes were mounted directly opposite the critical electroactive region of the waveguide

(as shown in Figure 5.1).  The pseudo Ag/AgCl reference electrode was fabricated by

switching potentials between a silver wire and a platinum wire immersed in a saturated KCl

solution, using a 9 V battery as a power supply.  This electrode was periodically remade and
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UV-Enhanced CCD
(1100 X 330 Pixels)
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Figure 5.1.  Device schematic of the broadband EA-IOW spectrometer.  Light is
focused into the SF6 prism, coupled into the multilayer EA-IOW, guided along its long
axis via total internal reflection, and outcoupled through the glass substrate by a surface
relief grating (grating period = 400 nm).  The outcoupled light is collimated with a 33
mm focal length (f.l.) cylindrical lens onto a CCD camera.  Incoupler to outcoupler
distance for experiments reported herein ranged from 5-7 mm.  Two electrode ports
accommodate reference and counter electrodes, while a thin piece of brass sheeting acts
as a contact to the thin ITO working electrode.  Note: EA-IOW layer thicknesses are not
drawn to scale.   
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calibrated against the Fe(CN)6
-3/Fe(CN)6

-4 redox couple.  The counter electrode consisted of

a coiled platinum wire.  The EA-IOW potential was controlled using an EG&G potentiostat

(Princeton Applied Research, model 263A).  

5.2.3  Broadband EA-IOW Spectrometer Characterization

Prior to any experimentation, waveguides were cleaned as follows: i) sonication for

20-30 minutes in absolute ethanol (200 proof, AAPER Alcohol); ii) light scrubbing with

cotton soaked in a 1% Liqui-Nox solution; iii) sonication in 1% Liqui-Nox solution; iv)

rinsing, sonication, and rinsing again in deionized water (obtained from a Barnstead

Nanopure system with a resistivity of 18 MS-cm and total organic content specified as less

than 10 ppb).  Cleaned waveguides were stored in a solution of supporting electrolyte (5 mM

sodium phosphate in deionized water, pH 7, unless specified otherwise) for a period of at

least 24 hours.

Various experiments were performed to characterize the broadband response of the

EA-IOW.  Initially, broadband coupling was visually verified (vide infra) with the flowcell

filled with supporting electrolyte solution without controlling the applied potential.  As

performed with the previously described sol-gel planar IOW spectrometer,70 upon achieving

broadband coupling, the peak throughput of several narrow bandpass filters was used for

alignment and wavelength calibration of the CCD camera.  Collinear alignment of various

laser sources with the optical axis of the broadband source (a 150 W xenon arc lamp)

allowed for assessment of spectral resolution.  Image integration times were determined by

measuring CCD response at successively longer exposure times, with ~80% of the full well
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capacity used for the integration time in all experiments.  All spectra consisted of at least

three summed acquisitions.

Bandpass filter throughput was also measured with the EA-IOW under potential

control versus a pseudo Ag/AgCl reference electrode.  Prior to any spectral measurements,

the flow cell was filled with supporting electrolyte solution and the EA-IOW was

electrochemically equilibrated by cycling the applied potential at least 20 times at 200 mV/s

between +400 mV and -400 mV, followed by 20 times at 100 mV/s, and finally 10 times at

20 mV/s. Previous work has shown that electrochemical equilibration with electrolyte is

crucial for suppression of hysteresis in the optical background.85,86,33  After equilibration, the

ITO was scanned to the desired potential and held for several minutes until the measured

current reached an apparent plateau.  Upon achieving a “steady” current, optical filter

throughput spectra were measured versus background spectra at applied potentials of -400

mV, 0 mV, and +400 mV.

Waveguide incoupling profiles (i.e. intensity of light outcoupled from the EA-IOW

as a function of the incident angle of the source beam on the coupling prism) were measured

for various laser lines as a function of applied potential.  The rotary stage was translated

incrementally through an arc of approximately 3 degrees and the outcoupled intensity was

measured with a laser power meter (Metrologic 45-540) at ca. 15 positions within the

angular range.  
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5.2.4  Protein Adsorption Protocol 

EA-IOWs were cleaned as described above prior to initiating protein adsorption

experiments.  With the flow cell filled with supporting electrolyte solution and without

controlling the applied potential, raw throughput intensities (i.e. flatfield spectra) for both

TE and TM polarizations were measured as a function of incoupling angle (over a ca. 3°

range centered about the initial coupling angle) in order to maximize throughput in the 500-

550 nm region, which is the region in which the alpha  and beta  absorbance bands( )α ( )β
of horse heart cytochrome c occur.112-116  Electrochemical equilibration was performed and

flatfield spectra were collected at -400 mV and +400 mV.  Background cyclic

voltammograms were collected at scan rates of 20 mV/s and 100 mV/s.  Without controlling

the applied potential, 35 :M horse heart ferricytochrome c (ferricyt c, 99%, Sigma), freshly

purified by separation on a carboxymethyl cellulose column (CM-52, Whatman),110 was then

injected into the flow cell and incubated at room temperature for 30 minutes.  Previous

experience has shown that this results in adsorption of ca. 30% 150 of a theoretically full

packed monolayer17 on an EA-IOW surface.  The potential of the EA-IOW surface was then

scanned (20 mV/s) from rest potential to -400 mV and held for ~ 2 minutes, at which point

the ATR spectrum was collected.  The potential was then scanned to +400 mV, held for

approx. 2 minutes and an ATR spectrum was again collected.  Cyclic voltammograms at

sweep rates of 20 mV/s and 100 mV/s were collected without flushing the flowcell.  The

flowcell was then flushed with supporting electrolyte solution, and the potential scanning

procedure was repeated, with ATR spectra collected at -400 mV and +400 mV.  



226

5.2.5  Adsorption Protocol for Ferrocenedicarboxylic Acid

1,1'-ferrocenedicarboxylic acid (Fc(COOH)2, Aldrich) was adsorbed to EA-IOW

surfaces from ethanol.  For these experiments, the cleaning procedure described above was

performed, supplemented with a final sonication step in ethanol, followed by incubation in

supporting electrolyte solution (0.1 M LiClO4 / ethanol) for ~ 24 hours.  Waveguide coupling

was achieved and optimized in the same manner as described for the cyt c experiments,

followed by the electrochemical equilibration steps and collection of flatfield spectra.  The

potential window was 0.0 V to +1.40 V.  Background cyclic voltammograms were collected

at scan rates of 20 and 100 mV/s.  The Fc(COOH)2 solution (either 5, 10 or 100 :M) was

then injected into the flow cell and incubated at room temperature for 10 minutes.  The

spectroelectrochemical response was measured in the same manner as in the cyt c

experiment excepting the potential window.  The system was flushed with supporting

electrolyte and the spectral response to the potential end points was measured again.  Timed

acquisition spectra were also collected after flushing the flowcell by synchronous spectral

collection during a slow voltammetric sweep (20 mV/s).

5.3  RESULTS AND DISCUSSION

5.3.1  Broadband Coupling Approach

Chapter 2 describes the two different achromatic design approaches developed by

Mendes et al.42,66,67; one involving a multi-component incoupler design (single-prism / dual-
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grating), the second involving a single prism designed for a “tailored” waveguide.  For the

sol-gel IOW, the second approach, in which the optical parameters were “matched” for a

given IOW and a commercially available glass material from which a single prism incoupler

was made, was deemed more practically feasible because of the ability to iteratively modify

the optical properties of the sol-gel layer.   However, the optical parameters of the EA-IOW

are not “matched” by any commercial glass, and altering the optical parameters of the EA-

IOW was not deemed feasible, given that a significant amount of “tailoring” was required

to develop the monochromatic version of this device.85,86  Hence, the first approach (single-

prism / dual-grating incoupler) was pursued initially in an effort to create a broadband

coupled EA-IOW.  The optical dispersion of the EA-IOW was measured and theoretical

design of an achromatic incoupling element was initiated.  However, prior to significant

progress towards this design, we developed a much simpler approach to broadband

coupling.70

Although this simpler approach was developed for a sol-gel glass, planar IOW, it was

also found to result in broadband coupling when applied to the EA-IOW.  As shown in

Figure 5.1, a single prism is clamped to the surface of the EA-IOW and an incident beam,

with a relatively large numerical aperture (N.A.), is focused onto the hypotenuse face.  Using

a large N.A. produces numerous angles of incidence for all wavelengths from a broadband

source.  Assuming the N.A. is large enough, an incident angle that produces a resonant

waveguide mode should exist for each wavelength within a broad spectral range.  At all

incidence angles that do not correspond to resonant mode excitation, each wavelength will

be rejected (i.e., reflected; see Figure 3.1).  The principle issue with this simpler approach
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is not if multiple wavelengths can be simultaneously incoupled, but how much energy from

each wavelength can be incoupled, versus the amount rejected by off-angle incidence.  As

described below, sufficient light can be coupled into the EA-IOW to make it a viable tool

for performing broadband IOW-ATR spectroscopy of electrochemically-active molecular

films.

 The general procedure followed in developing a broadband EA-IOW-ATR

spectrometer was very similar to that previously described for the sol-gel glass-based IOW-

ATR spectrometer (Chapter 3).70  Broadband coupling using the “all lines” mode of an argon

ion laser (Coherent, I70-5) was first attempted.  Several Ar+ lines (514.5 nm, 501.7 nm,

496.5 nm, 488.0 nm, 476.5 nm) were focused into the incoupling prism (at a single incident

angle), observed to guide along the length of the EA-IOW, then outcoupled and spatially

dispersed at the diffraction grating.  Incoupling white light from a 150 W xenon arc lamp

was also visually confirmed; outcoupling was observed for most of the visible spectrum,

with the violet end of the spectrum noticeably absent, which is attributed to absorbance by

the ITO layer.  This observation contrasts with broadband coupling into a sol-gel glass-based

IOW, from which all visible wavelengths were observed to outcouple (Chapter 3, Figure

3.9).70 

The two procedures described in Section 3.3.1 were utilized to verify that light

outcoupled at the diffraction grating originated from white light propagating in the

waveguide modes of the EA-IOW, rather than in the substrate modes that extend across the

entire thickness of both the EA-IOW and the microscope slide substrate.  First, collinearly

aligned laser sources (5.0 mW HeNe laser at 543.4 nm, a 30 mW HeNe laser at 632.8 nm
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and a 6 W Ar+ laser in the “all lines” mode) were coupled into the waveguide simultaneously

with the white light source.  Outcoupling of the visually observed waveguide “streaks” for

the laser and white light sources occurred at approximately the same angle, which indicates

that light from these sources was guiding in the same mode.  Second, a small spot of black

ink was applied to the waveguide surface such that it extinguished the guided streak.  If the

white light was guiding in a resonant waveguide mode, it would propagate until it

encountered the black spot, at which point it was extinguished.  In contrast, the black ink had

a negligible effect on white light propagating in a substrate mode, thereby providing a way

to distinguish between the two mode types.

Waveguide incoupling profiles measured for laser lines at 514.5 nm, 543.4 nm and

632.8 nm are shown in Figure 5.2a.  Although the widths of the three profiles varied, they

overlapped to a significant degree, which is attributed to the dispersion in incident angles.

A conservative estimate of the N.A. of the incident beam required to achieve simultaneous

coupling of all three lines can be obtained from the dashed line plotted in Figure 5.2a.  The

angular width defined by this dashed line is 1.32°, which can be achieved using an incident

beam with a N.A. of 0.012 (N.A. . sine [1.32 / 2]).  The data also show that at an incident

angle of ~22.1°, all three laser lines were incoupled at >60% of their maximum coupling

efficiency due to the angular overlap.  It is important to note that this estimate is for

incidence precisely at 22.1° (i.e., N.A.= 0); the efficiency should therefore be greater when

the N.A. of the incident beam is taken into consideration.  A separate coupling experiment

over an even broader spectral region ranging from 488.0 nm to 632.8 nm demonstrates a

similar result (Figure 5.2b).
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Figure 5.2.  a) Normalized outcoupling intensity profiles for laser lines 514.5 nm (  ),
543.4 nm (  ) and 632.8 nm ( • ), measured as a function of incident beam coupling
angle, for the broadband coupled EA-IOW.  Individual curves were normalized to their
respective maximum intensity.  These profiles were measured with no potential applied
to the EA-IOW.  The dashed lines indicate the half maximum intensity of the 514.5 nm
and 632.8 nm profiles in a) and are shown as a representation of the approximate
incident beam N.A. that would be required to achieve simultaneous incoupling of all
three laser lines.  b) Adding coupling profiles for the 488.0 ( L ) and 501.7 nm (  ) laser
lines does not increase the required N.A. significantly.

a)

b)
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Flatfield spectra (i.e., raw throughput intensities), collected at open-circuit potential

in the TE0 and TM0 modes, are shown in Figure 5.3a.  The incident angle was adjusted in

order to maximize throughput in the 500 nm region.  Adjusting the incident angle had a

greater effect on throughput of wavelengths <580 nm, whereas for wavelengths >580 nm,

throughput varied little over an incoupling angular range of ca. 3°.  It should be noted that

spectral throughput is dependent on the particular waveguide used and on coupling

conditions (e.g., coupling angle, intimacy of prism / waveguide contact, position and optical

properties of the incident beam, etc.).  However, the variability among individual EA-IOWs

was found to be significantly less than that observed for sol-gel planar IOWs (Chapter 3).70

Ten separate spectroelectrochemical experiments were performed using five different EA-

IOWs; the optimum incident coupling angle for throughput in the 500-550 nm region ranged

from 22.2° to 22.7° (  = 22.4° ± 0.16°).  This small variability, relative to the much greaterθ

variability of sol-gel derived IOWs,70 is attributed to the more reproducible nature of vacuum

deposition methods used to produce EA-IOWs.

Spectral throughput of the EA-IOW has also been shown to be strongly dependent

upon incident beam polarization.86  Numerical modeling of the optical properties of the EA-

IOW, based on solutions to Maxwell’s equations, produces calculated mode profiles (i.e.,

electric field intensity as a function of distance along the axis normal to the waveguide

surface plane), showing that a much higher percentage of the total light is guided in the ITO

layer in the TE0 mode relative to the TM0 mode.86  This produces a fourfold sensitivity

enhancement in TE0 versus TM0, but also a higher propagation loss.  The practical result is

that the TE0 mode, while theoretically more sensitive, exhibits a much lower total throughput
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Figure 5.3.  a) Flatfield spectral throughput of the broadband EA-IOW spectrometer for
TE (- - -) and TM (——) polarizations.  b) Potential-dependent throughput for TM
polarized light at 0 (——), -400 (– C –), and +400 mV (CCC).  Intensity values are plotted
in arbitrary units registered by the CCD camera.  These spectra were collected using a
flowcell filled with aqueous buffer; spectra collected with ethanol in the flowcell were
very similar.  A 150 W Xe arc lamp was used as the source.
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than the TM0 mode.  Furthermore, measurements in TE0 are more subject to interference by

stray light.  As a consequence, the TE0 response shown in Figure 5.3a required a 350 msec

acquisition time, whereas the TM0 response was acquired in only 75 msec.  It should be

noted that the stray light limit was not explicitly measured for either polarization.  

The spectral performance of the broadband EA-IOW spectrometer was compared to

that of a conventional UV-Vis instrument (Spectral Instruments, Model 440 CCD

Spetrophotometer; holographic grating period = 3077 nm, spectral bandwidth < 1 nm) by

measuring transmission spectra of bandpass filters on both instruments.  For the EA-IOW

spectrometer, the filters were placed in the beam path and the intensity propagated through

the optical train (I) was ratioed to the background flatfield spectrum (i.e., spectrum with no

filter in the beam path, Io).  Figure 5.4 shows a comparison of spectra of four filters that span

~ 200 nm of the visible spectrum.  Close inspection of the data presented for these filters in

Table 5.1, along with visible inspection of Figure 5.4 shows that the EA-IOW spectrometer

produced spectral profiles nearly identical to those obtained from the conventional

spectrometer.  A small difference in EA-IOW response, on the blue side of the 500 nm filter

spectrum, indicates the onset of limited throughput in this spectral region due to the optical

loss associated with the 25 nm ITO layer.  The limited throughput in turn caused systematic

errors in this spectral region due to the greater influence of stray light (vide infra).  The

spectral comparison also shows that the bandwidth of the EA-IOW spectrometer extends

from ~495 nm to ~705 nm.  This 210 nm bandwidth is comparable to that observed for the

broadband sol-gel IOW spectrometer (Chapter 3) .
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Table 5.1: Comparison of filter spectra collected with the EA-IOW and a conventional,
transmission based spectrometer

Bandpass Filtera 500 nm 550 nm 633 nm 700 nm

EA-IOW Peak Abs. (%T) 23.6 48.6 63.6 8.9

8max
b (nm) 501.2 545.8 636.4 700.0

FWHMc (nm) 9.0 9.7 10.3 10.8

Conventional Peak Abs. (%T) 27.2 50.4 65.4 11.1

Spectrometer 8max (nm) 500.0 545.6 636.7 700.1

FWHM (nm) 9.7 9.6 10.4 11.1
aFilter wavelengths are nominal.  bMeasured center wavelength of filter.  cFull width at half
maximum.

Table 5.1: Comparison of filter spectra collected with the EA-IOW and a conventional,
transmission based spectrometer

Wavelength (nm)

c)

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

d)

b)a)

Figure 5.4.  Spectra of bandpass filters acquired using the EA-IOW spectrometer (—)
in the presence of aqueous buffer, and a conventional, transmission based
spectrometer (– C –): a) 500 nm filter, b) 550 nm filter, c) 633 nm filter, and d) 700
nm filter.  Although not shown here, very similar spectra were collected with the EA-
IOW flowcell filled with an ethanol / LiClO4 electrolyte solution.

234
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Spectral resolution was assessed by measuring the peak widths at half maximum for

multiple Ar+ and HeNe laser lines.  The measured FWHM for three of the Ar+ laser lines

was: 0.70 nm for the 496.5 nm and 514.5 nm lines, and 0.63 nm for the 501.7 nm line.

FWHM values for the HeNe lines were 0.74 nm and 0.84 nm for the 543.4 nm and 632.8 nm

lines, respectively.  This range in FWHM values (0.63-0.84 nm) is smaller than the ranges

reported for both the broadband sol-gel IOW spectrometer (0.5-1.3 nm, Section 3.3.2, Table

3.2) and for the conventional UV-Vis spectrometer (1.5-2.4 nm).  Thus, the resolving power

of the broadband EA-IOW spectrometer is comparable to that of a commercial transmission

instrument, demonstrating its adequacy for measuring and resolving molecular absorbance

bands in the visible region.

The experimental limit of detection (LOD) for the EA-IOW spectrometer was

determined by measuring the spectral throughput multiple times with the waveguide flow

cell filled with organic electrolyte solution.  The mean and standard deviation of these

flatfield intensity values (Io) were then calculated at every wavelength.  Since the LOD

applies to measurements of very small absorbance values, the standard deviation of a sample

intensity value (I) was assumed to be approximately equal to the standard deviation of Io.

The standard deviations were propagated through absorbance = log (Io / I ), and the limit of

detection was taken to be three times the standard deviation of the absorbance.  The mean

of all LOD values in the TM0 mode from 500 nm to 700 nm was determined to be 15 ± 7

milliabsorbance units (mAU).  By way of comparison, an alternate approach was performed

by assuming that the calculated average for all flatfield spectra was a good estimate for Io.

Absorbance spectra were then calculated from each flatfield spectrum collected (i.e., by
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assigning the flatfield spectra as I).  The standard deviation of all absorbance spectra was

taken as the noise level, with the LOD calculated as three times this noise level.  This

alternate approach resulted in an LOD of 8.2 ± 0.6 mAU over the same spectral region as the

former approach.  Although this alternate approach provided better results, both LOD values

are high relative to typical LOD values of commercial transmission spectrometers, but

comparable to the LOD of 10.1 mAU determined for the broadband sol-gel IOW

spectrometer.70  This high LOD is attributed primarily to source fluctuation noise, which

could be reduced by monitoring the incident and transmitted beam intensities

simultaneously.111

5.3.2  Potential-Dependent Waveguide Performance

The waveguide incoupling profiles shown in Figure 5.2 were measured without

application of potential to the EA-IOW.  Results from previous studies suggested that the

guiding characteristics of the waveguide might change significantly as the potential was

scanned, which could make it difficult to simultaneously couple multiple wavelengths into

the waveguide.85,86  Thus, incoupling profiles were also measured at applied potentials of 0

mV, -400 mV and +400 mV.  Figure 5.5 shows minor differences between these potential

dependent coupling profiles.  As a quantitative comparison, the region defined by the dashed

lines ranged from an angular width of 1.32° (at no applied potential) to 1.71° (at 0 mV); the

angular widths at -400 mV and +400 mV fell between these values as shown in Table 5.2.

The midpoint of the dashed line region deviated from the no applied potential case by a

maximum of 0.34° (at -400 mV).  Hence, the incoupling profiles changed very little over a
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Figure 5.5. Potential dependent normalized outcoupling intensity profiles for laser lines
514.5 nm (—) and 632.8 nm (- - -), measured as a function of incident beam coupling
angle for the broadband coupled EA-IOW.  These profiles were measured with a) no
applied potential, and at potentials of: b) 0, c) -400, and d) +400 mV.  The dashed lines
indicate the angular spread between the 514.5 and 632.8 nm lines at half maximum
intensity, and represents the incident beam N.A. that would result in simultaneous
incoupling of both laser lines.  Table 5.2 contains tabulated data from each graph
presented above.
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Table 5.2: Comparison of potential dependent outcoupling intensity profiles for
laser lines 514.5 nm and 632.8 nm measured with the broadband coupled EA-
IOW.

Applied Potential None 0 mV -400 mV +400 mV

Width at Half Maximum
Intensity (degrees)a

1.35 1.71 1.62 1.32

Midpoint (degrees)b 22.38 22.61 22.72 22.57

Midpoint Shift from No Applied
Potential (degrees)

0 +0.23 +0.34 +0.19

Required N.A.c 0.012 0.015 0.014 0.012

aMaximum width between the 514.5 and 632.8 nm lines at half maximum intensity. 
This is the region encompassed by the dotted lines in Figure 5.5.  bAngular midpoint of
the width at half maximum.  cNumerical aperture necessary to encompass angular
width at half maximum.
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potential window of 800 mV.  Over this window, an incident beam with a N.A. of only 0.015

would be required to achieve broadband coupling for wavelengths ranging from at least

514.5 nm to 632.8 nm. 

In contrast, Figure 5.3b shows that the flatfield spectrum is dependent on applied

potential, and that the dependence is more pronounced at wavelengths >550 nm.  These data

are consistent with previous observations.86  Since the throughput changes with applied

potential, background flatfield spectra (Io ) must be collected at a variety of applied

potentials in order to calculate absorbance values at those potentials (vide infra).  

The optical properties of the ITO layer are described by its complex refractive index

(n*), given by n* = n - ik, where n is the real refractive index and k is the imaginary

component that defines the extinction coefficient of the material.  ITO is highly transparent

over most of the visible spectrum due to the predominance of a relatively flat n value

coupled with a negligible k value.  This transparency diminishes at wavelengths <500 nm

due to a sharp increase in k caused by proximity to the band-edge absorption.86,135,151  Since

the crystal structure of ITO is complex (and only partially understood), the band-edge

absorption is not a discrete transition, but extends over a spectral region extending from the

ultraviolet to ca. 400-450 nm.  These optical transparency changes are also dependent on free

carrier concentration in this nearly degenerate semiconductor, and on the applied potential.151

Theory would predict that changes in free carrier density caused by changes in applied

potential would be a probable explanation for the differences in the flatfield spectra plotted

in Figure 5.3b.151  However, the trend shown in these flatfield spectra is opposite the

described theory.151  This same flatfield trend was observed by Dunphy who proposed that
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the cause for this observed trend was better explained by the potential dependence of the

imaginary portion of the refractive index, k.135  

The effective refractive index of a waveguide (Nwg), defined as the projection of the

wave vector onto the waveguide plane, is a function dependent on the respective n* and

thickness (t) of each layer in the waveguide, the indices of refraction of the substrate (ns
*)

and cover layers (nc
*), and the wavelength of light (8).25  Because n* of a material is

composed of both real and imaginary portions, the effective index can be separated into both

real and imaginary components as well (Nwg = NR - iNI).  The imaginary component NI is

composed of the absorptivities of all the waveguide layers; thus Nwg is complex when at least

one layer absorbs light, which is the case for the ITO layer in the EA-IOW.  The relation

between the ITO band gap energy and the number of free carriers predicts that NI should be

dependent on applied potential.

To further explore the effect of applied potential on the guiding characteristics of the

EA-IOW, transmission spectra of a narrow bandpass filter centered at 514 nm were

measured at 0, -400 and +400 mV.  The spectra were plotted versus outcoupling position

(i.e., pixel in Figure 5.6) to observe how the outcoupling properties of the waveguide were

affected.  Minimal differences were observed (i.e., changing the applied potential did not

produce a shift in the outcoupled image position).  Thus, despite the predicted dependence

of NI on applied potential, Nwg appears to be relatively unaffected over an 800 mV potential

window.  Consequently, the changes in outcoupled intensity shown in Figure 5.3b can be

entirely attributed to waveguide loss caused by the band-gap absorptivity of the ITO layer,

and not due to a “de-tuning” of the coupling angle caused by a change in Nwg. 
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Figure 5.6.  Spectra of a 514 nm bandpass filter collected using the EA-IOW
spectrometer at applied potentials of 0 (——),-400 (—  C  —), and +400 mV (CCCC). 
The x-coordinate is pixel position of the outcoupled light in the image plane of the
CCD camera.  The negligible differences between these spectra show that the
effective refractive index (Nwg) of the EA-IOW varied little over an 800 mV potential
window.
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5.3.3  Protein Adsorption Experiments

Horse heart cytochrome c (cyt c) was chosen as a test sample for assessing the

capabilities of the broadband EA-IOW spectrometer for measuring ATR spectra of a redox-

active submonolayer film because: i) the electrochemistry of cyt c adsorbed to electrode

surfaces, including ITO, has been studied extensively;152-157 ii) the absorbance spectra of

ferricyt c and ferrocyt c are easily distinguishable in the 500-600 nm spectral region;112 and

iii) at dissolved concentrations of >10 :M, the protein adsorbs very strongly to ITO,

producing ca. 30% of a theoretical close packed monolayer.17

Figure 5.7 displays the EA-IOW-ATR spectral response of an adsorbed layer of horse

heart cytochrome c at potentials necessary to keep the protein either in its fully reduced (i.e.,

scan to -0.400 V vs. Ag/AgCl, hold for 2 minutes) or fully oxidized state (i.e., +0.400 V vs.

Ag/AgCl).  Reduction of the cyt c layer caused a blue shift of the $ band and the appearance

of the " band, consistent with expectations based on the spectral properties of native

(dissolved) cyt c and other related hemoproteins.112-116  Re-oxidization caused a red shift of

the $ band and the disappearance of the " band.

It is significant to note that these spectra were acquired in the TM0 mode, and that

the entire spectral range from 500 nm to ~600 nm was interrogated simultaneously.

Although not shown here, spectra of this sample could also be acquired readily in the TE0

mode.  Thus, the EA-IOW spectrometer can be used to measure broadband dichroic ATR

spectra, which makes this technology a useful research tool for studying molecular

orientation in thin films.17
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Figure 5.7.  ATR spectra of a submonolayer of cyt c adsorbed to the surface of the EA-
IOW.  The spectra were collected in the following order: i) electrochemically reduced
ferrocyt c (——), after scanning the potential from 0 to -400 mV and holding at -400
mV for ~2 min, ii) after scanning the potential to +400 mV to produce ferricyt c (– – –). 
Each spectrum was referenced to a phosphate buffer blank collected at the respective
potential endpoint (i.e., -400 mV and +400 mV).
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5.3.4  Spectroelectrochemical Characterization of Adsorbed Fc(COOH)2 

To assess the sensitivity of the EA-IOW, experiments were also performed using a

chromophore, Fc(COOH)2 (shown in Figure 5.8a), having a significantly lower molar

absorptivity (g) than cyt c.  For both the oxidized and reduced forms of ferrocenes, g values

are typically 500-1000 M-1cm-1.158  Substituted ferrocenes have been shown to adsorb to ITO

from polar organic solvents (e.g., ethanol, acetonitrile), and undergo a reversible one

electron redox reaction in the adsorbed state.159  Donley et. al have recently shown that

voltammetric characterization of the redox chemistry of adsorbed Fc(COOH)2 can be used

to monitor changes in surface composition of ITO electrodes, as a function of different

chemical and physical cleaning steps prior to immersion into the electrolyte.160  Adsorption

may occur through hydrogen bonding of the carboxylic acid groups to the numerous

hydroxide sites on the ITO surface, through ionic salt formation between Fc(COOH)2

carboxylate anions and metal cation defect sites in the near surface region, through

coordination of these carboxylic acid groups with near surface metal atoms resulting in ester

formation, or most likely through a combination of all three (as depicted in Figure 5.8b).159,160

Donley et al. reported that for all types of electrode surface pretreatment, it was found that

a maximum of ca. 40-50% of a close packed monolayer of Fc(COOH)2 was

electrochemically active (i.e., a considerable fraction of the adsorbed mono/multilayer is

redox inactive).160

Prior to this work, all EA-IOW experiments had been carried out in aqueous

solutions.85,86,135,150  Hence, the performance characteristics of the EA-IOW in ethanol were

untested.  Therefore, prior to studying the voltammetric / spectroelectrochemical behavior
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a)

b)

Figure 5.8.  a) Chemical structure of 1,1'-Ferrocenedicarboxylic acid (Fc(COOH)2), and
b) an illustration of the proposed surface adsorption processes of Fc(COOH)2 to an ITO
surface resulting in formation of a multilayer film.  Adsorption is proposed to occur
through initial hydrogen bonding and/or coordination of the carboxy groups to the ITO
surface, with further hydrogen bonding between Fc(COOH)2 molecules resulting in
greater than monolayer surface coverages.

+++ + + + +
ClO4

- ClO4
-ClO4

-
ClO4

-

ClO4
- ClO4

-

ClO4
-

ClO4
-



246

of adsorbed Fc(COOH)2, all of the waveguide performance characterization procedures

described above (i.e., broadband coupling with laser and Xe sources, spectral comparison

using bandpass filters, assessment of spectral resolution, characterization of potential-

dependent waveguiding, etc.) were performed with the flowcell filled with 0.1 M LiClO4 in

ethanol.  In general, the waveguiding properties of the EA-IOW were observed to be

superior (e.g., incoupling was much easier to accomplish, the waveguide streak was better

defined visually, outcoupling was visibly more intense)  than when the flowcell was filled

with water or aqueous buffer.  The spectral performance with the flowcell filled with ethanol

was also at least equal to the performance in aqueous buffer, as evidenced by a comparison

of bandpass filter spectra (data not shown) and FWHM values of 0.75 nm and 0.68 nm for

the 543.4 nm and 632.8 nm HeNe laser lines, respectively (vide supra). 

An ethanolic solution of Fc(COOH)2 was equilibrated with the EA-IOW, followed

by a rinse of the flowcell with supporting electrolyte, followed by voltammetric

characterization of the remaining adsorbed material.  For adsorption from 5:M solution, the

responses collected at scan rates of 20 and 100 mV/s produced the voltammograms in Figure

5.9.  The modified EA-IOW showed a reversible redox response at formal potential (E° N)

values summarized in Table 5.3.  The 20 mV/s scan rate produced a voltammetric response

(Figure 5.9a) similar to previous reports about adsorbed Fc(COOH)2 films on ITO.159,160

However, increasing the scan rate to 100 mV/s produced a voltammogram with two apparent

reversible redox events; one with an E° N = 660 mV and a peak separation ()ip  = ip,c - ip,a)

of 236 mV, the other with E° N . 652 mV and )ip  .770 mV.  This data suggests that the

adsorbed Fc(COOH)2 exists in two distinct electrochemical environments, one of which  
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Figure 5.9.  Cyclic voltammograms collected with the EA-IOW by scanning between 0.0
and +1.4 V versus Ag/AgCl for adsorbed layers of Fc(COOH)2 deposited from 5 :M
incubation solution at a scan rate of: a) 20 mV/s, and b) 100 mV/s.  The inset in graph a)
contains background scans collected from 0.1 M LiClO4 supporting electrolyte at 20
mV/s (—) and 100 mV/s (- - -).

a)

b)
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Table 5.3: Electrochemical response of adsorbed layers of Fc(COOH)2 deposited
from different incubation solutions on to the EA-IOW.

Incubation
Solution

Concentrationa

Voltammetric
Sweep Rate

(mV/s)b

E° N

(V)

)ip

(mV)

Surface 
Coverage

(x 10-10 mol/cm2)c

Fraction of
Monolayerd

5 :M 20 0.660 220 0.63 0.16

100 0.652 236 1.1 0.28

10 :M 20 0.664 140 2.3 0.58

 100 0.664 231 1.2 0.30

100 :M  20 0.649 282 16 4.0

 100 0.648 644 15 3.8
aCyclic voltammograms were measured for adsorbed films after flushing the
incubation solution from the flowcell with supporting electrolyte.  bAll potentials are
versus Ag/AgCl.  cCalculated by integrating the anodic peak area of background
corrected and baseline corrected voltammograms.  dAssuming a theoretical monolayer
surface coverage of 4.0 x 10-10 mol/cm2.
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displays kinetically “sluggish” electron transfer to the ITO surface at the faster scan rate.

Donley et al. proposed that Fc(COOH)2 molecules adsorbed to electrochemical “dead spots”

on the ITO surface may not be in intimate electrical contact with the ITO lattice.160  These

molecules may in turn show slow electron transfer rates as compared to Fc(COOH)2

adsorbed to electrochemical “hot spots” on the same ITO surface.160 

For adsorption from the 10 :M solution, the voltammetric responses, shown in

Figure 5.10, were similar to previous reports.159,160  The integrated charge from the current

/ voltage curves for the films adsorbed from both the 5 and 10 :M solutions gave estimated

electroactive surface coverages of 6.3 x 10-11 and 2.3 x 10-10 mol/cm2 , respectively, versus

the theoretical coverage of 4 x 10-10 mol/cm2 for a close packed monolayer on a smooth

surface159,160.  These surface coverages are comparable to previously reported values (i.e., 5-

44% of theoretical monolayer coverage) for Fc(COOH)2 films adsorbed from ethanol onto

ITO electrodes, but electrochemically interrogated using a tetrabutylammonium / acetonitrile

supporting electrolyte.159,160  Note: the 5 :M surface coverage was calculated by integrating

the total charge under the entire anodic peak (i.e., the two peaks encompassing both redox

events).

Although the film deposited from the 5 :M solution produced easily measurable

electrochemical signals, the spectral changes exhibited by such a low coverage of weakly

absorbing chromophores were barely resolvable above the background absorbance changes

of the waveguide as the potential was scanned through the oxidation region for the adsorbed

ferrocene (data not shown).  However, the spectral response measured for the higher 
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Figure 5.10.  a) Cyclic voltammograms collected with the EA-IOW by scanning
between 0.0 and +1.4 V versus Ag/AgCl for adsorbed layers of Fc(COOH)2 deposited
from 10 :M incubation solution, collected at scan rates of 20 mV/s (—) and 100 mV/s
(- - -).  These voltammograms were background corrected using the scans collected from
0.1 M LiClO4 supporting electrolyte presented in Figure 5.9.  b) EA-IOW-ATR spectra
collected from the same thin film of Fc(COOH)2 at 0 (CCCC) and +1.4 V (—).
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coverage film deposited from the 10 :M solution was measured and is displayed in Figure

5.10b.  The spectral features include a peak maximum of 645 nm for the oxidized ferricinium

moiety, along with two isosbestic points at ~629 and ~656 nm (vide infra). 

Higher surface coverages  of Fc(COOH)2 were obtained by equilibrating the EA-

IOW with a 100 :M solution, followed by flushing the flowcell with supporting electrolyte.

Higher peak currents and a slightly distorted voltammetric response (Figure 5.11a) were

observed relative to that measured for the films produced by adsorption from the 5 and 10

:M solutions.  The average value for the formal redox potential of the adsorbed Fc(COOH)2

films calculated from the data presented in Table 5.3 gives = +0.656 ± 0.007 V, whichE o '

agrees closely with the redox potentials previously obtained from similar films.159  It is also

worthwhile to note that the peak separation values for the films reported herein are, in most

cases, similar to previous values.159  This implies that the departure from an ideal Nernstian

response (i.e., )ip = 59/n mV) is expected for this system.  It is also worthwhile to point out

that the )ip for the 100 :M film collected at 100 mV/s is close to the value measured for the

kinetically slow portion of the film adsorbed from 5 :M solution (Figure 5.9b).

The surface coverage of the Fc(COOH)2 film deposited from a 100 :M solution,

estimated from integration of the voltammogram, was ~ 1.6 x 10-9 mol/cm2, equivalent to

adsorption of about four monolayers.  The rms surface roughness of the EA-IOW is ~ 0.8 -

1.0 nm (from atomic force imaging on a ~ 1 :m2 area)135, which is not significant enough to

account for adsorption of ca. four monolayers.  Therefore, it is likely that H-bonding

between Fc(COOH)2 layers is responsible for multilayer adsorption (i.e., the first monolayer
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Figure 5.11.  Voltammetry and EA-IOW-ATR spectroscopy of a Fc(COOH)2 film
adsorbed from a 100 :M incubation solution.  a) Cyclic voltammogram collected by
scanning between 0.0 and +1.40 V versus Ag/AgCl.  Scan rate = 20 mV/s.  b) EA-IOW-
ATR difference spectra measured at applied potentials of: I = 200 mV, II = 400 mV, III
= 600 mV, IV = 700 mV, V = 800 mV and VI = 900 mV.  The arrows indicate the
direction of change for the spectral bands observed.
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is adsorbed through one carboxy group per molecule, leaving an exposed carboxy group

available for interaction with a dissolved Fc(COOH)2 molecule).  Although multilayer

adsorption of Fc(COOH)2 films onto ITO was not reported in previous studies159,160, one

reason that may explain the observed multilayer film formation is the fact that the solvent

used in this case was ethanol, whereas the solvent used in the previous studies was

acetonitrile, which poorly solvates Fc(COOH)2 and inhibits multilayer formation.159  In this

case, before flushing the Fc(COOH)2 incubation solution, a voltammogram was collected

to check for film adsorption, which may have resulted in inadvertent multilayer formation

through H-bonding of dissolved Fc(COOH)2 as it diffused to the electrode surface during the

potential scan.  Unfortunately, the peak currents of each cycle during the voltammetric

experiment were not saved (i.e., a minimum of three scans was collected, with only the last

being saved for data analysis), as the peak current from one cycle to the next could be used

to determine if potential scanning was causing film growth beyond the expected

submonolayer coverage.

After multilayer adsorption, extensive flushing of the flow cell multiple times with

clean supporting electrolyte solution generated little observable change in the voltammetric

response, showing that desorption did not occur.  However, Fc(COOH)2 was completely

desorbed, at all surface coverages, by flushing the flowcell with aqueous buffer.  Figure 5.12

demonstrates the voltammetric response of the Fc(COOH)2-modified ITO surface upon

addition of 0.5 M, pH 7 sodium phosphate buffer, followed by a scan collected after re-

filling the flowcell with 0.1 M LiClO4 in ethanol.  Both scans show no significant

electrochemical signal above the background response of the supporting electrolyte systems,
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Figure 5.12.  Cyclic voltammograms collected after flushing the flow cell with 0.5 M
phosphate buffer (—) followed by flushing with 0.1 M LiClO4 in ethanol (- - -).  Scan
rates were 100 mV/s in both cases.
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demonstrating complete desorption of the previously adsorbed Fc(COOH)2 film.  This data

supports the proposed mode of film formation through: i) H-bonding and ionic salt formation

between Fc(COOH)2 molecules and the ITO surface, and ii) H-bonding between Fc(COOH)2

molecules, resulting in multilayer formation.  

Differential EA-IOW-ATR spectra of a Fc(COOH)2 multilayer film are plotted in

Figure 5.11b.  Spectra were collected at successive potentials during a voltammetric scan,

starting with adsorbed Fc(COOH)2 in the neutral state at 0.0 V and scanning to +1.40 V

versus Ag/AgCl.  Oxidation of the Fc(COOH)2 film caused the absorbance to decrease in the

wavelength region below 575 nm, accompanied by growth of a new absorbance band with

a 8max near 645 nm, which is the ligand-to-metal charge transfer band of the ferricenium

cation.51  The decreased absorbance at <575 nm, relative to neutral ferrocene, should actually

be observed as a band with a 8max near 450 nm,158 but the limited transparency of the EA-

IOW below 525 nm only allowed a shoulder from that band to be observed.  Well-defined

isosbestic points near 620 nm and 670 nm were expected in the difference spectra presented

in Figure 5.11b.  Although present, they were not well resolved.  This is attributed to shifts

in the optical background, caused by environmental drift, including the changing potential

of the ITO layer (see below and References (85), (86), (135)).  This problem could be

minimized by implementing a dual-beam instrumental arrangement, although this would be

a significant engineering challenge.

The potential-dependent spectra used to create the differential response in Figure

5.11b can also be used to monitor the response of the Fc(COOH)2 film at individual

wavelengths, as shown in Figure 5.13.  Each spectrum was background corrected from a
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potential scan collected before any Fc(COOH)2 was introduced into the flowcell.  The

background scan used to correct the 690 nm data, shown only for instructional purposes,

clearly shows the potential-dependent response of the ITO layer, which is also wavelength

specific.  The 690 nm spectra, which were collected throughout the 20 mV/s voltammetric

scan, was used to generate the reconstructed cyclic voltammogram (dA/dV) shown in Figure

5.13d.  The cause of the lagging nature of the optically reconstructed cyclic voltammogram,

as compared to the current-detected cyclic voltammogram (same Figure), is not apparent.

It would seem that the these two data sets are not being produced by the same population of

Fc(COOH)2 molecules (vide infra).  A few proposed reasons for this observation might be:

i) the presence of “dead spots” on the surface of ITO is limiting the electrochemical

interrogation of the adsorbed Fc(COOH)2 to only a fraction of the full population, while the

optical data is sampling the full population (or a bigger portion of the full population),160,249

and ii) the electrochemical data presented in Figure 5.9b may demonstrate two distinct redox

environments which are probed differently by each technique.  A future experiment to test

this observed “lag” would be to repeat the same timed voltammetric sweep, but increase the

spectral sampling frequency to produce a better reconstructed voltammogram.  Another

experiment would be to increase both the spectral sampling frequency and the sweep rate of

the electrochemical scan to see if the optically reconstructed voltammogram favors one of

the two redox events present in the fast scan rate, current-detected voltammogram (see

Figure 5.9b).  Suffice to say that the data in Figure 5.13 demonstrates the ability of the EA-

IOW to monitor both the optical and electrochemical events which occur in the Fc(COOH)2

film in response to the controlled potential sweep. 
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Figure 5.13.  The potential-dependent absorbance response of a Fc(COOH)2 film
adsorbed to the surface of the broadband EA-IOW from a 100 :M incubation solution,
monitored at wavelengths: a) 575 nm, b) 652 nm, and c) 690 nm.  These wavelength
specific responses were collected at a scan rate of 20 mV/s, and were generated from
the same potential-dependent data set used to produce Figure 5.11.  Each curve was
background corrected using the response collected at the appropriate wavelength from a
potential scan with the flowcell filled with only supporting electrolyte.  The background
scan used to correct the 690 nm data is shown in c) (— • —).  d) A reconstructed cyclic
voltammogram (dA/dV) from the 690 nm data set in c) is calculated as the differential
of the measured absorbance versus potential.  This voltabsorptammogram (•) is
compared to the current-detected cyclic voltammogram (——) used to generate this
data set (i.e., the absorbance measurements and the electrochemical measurements
were both made during this 20 mV/s potential sweep).
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Although only the reconstructed voltammogram for the 690 nm spectral response is

reported in Figure 5.13, one could be created for any wavelength over the 500-700 nm

spectral range collected for this data set by the broadband EA-IOW.  Thus, the data

presented for the adsorbed Fc(COOH)2 molecular system nicely demonstrates the

capabilities of the broadband EA-IOW.  The ability for this device to collect broadband

spectra strongly complements the previously demonstrated ultra-sensitive

spectroelectrochemical measurement capabilities, thereby strongly improving upon this

already powerful surface analysis tool.  

5.3.5  Comparison of EA-IOW Response to Theoretical Calculations

Theoretical calculations of the expected absorbance values for films of cyt c and

Fc(COOH)2 adsorbed to the EA-IOW surface were performed using a computer program

called Beta.45,14  Beta uses a numerical approach to model multilayer planar waveguides,

solving for all eigenvalue solutions to Maxwell’s equations, which correspond to all bound

waveguide modes for a defined waveguide structure.  In order to define the stratified

structure of the EA-IOW, various input parameters are required for each waveguide layer.

These parameters include the n, k, and t for each layer (including the adsorbate film, which

is considered to be one layer of the multilayer waveguide), along with the wavelength and

polarization of the propagating light.  The n and t values used for each layer of the EA-IOW

were taken from previously published work.85,86  Exceptions were t = 25 nm for the ITO

layer, and a cover layer of ethanol (n = 1.36) for the structure containing adsorbed



259

Fc(COOH)2.  Initial calculations assumed that all layers, including the ITO layer, were

nonabsorbing (i.e. k = 0), except the adsorbate layers.  A value of n = 1.5 was used for both

the protein and dicarboxyferrocene films.  While this is a reasonable estimate for the

refractive index of a protein film, it may be somewhat less than the actual value for

Fc(COOH)2, which is unknown.  However, the solutions provided by Beta are insensitive

to small differences in refractive index of a thin (<< 8) adsorbate layer.45,14  For the

Fc(COOH)2 and cyt c layers, k is related to the respective molar absorptivities (g) and molar

concentrations [C]  through:43,46

(5.1)
k C= ⋅

ln10
4π

ελ

where 8 is the wavelength of light.  Note that k is a dimensionless, solid state expression for

a given material.  Beta was used to calculate both real (NR) and imaginary (NI) portions of

the effective refractive index for the waveguide structure.  NI was then used to calculate the

absorbance of the waveguide structure using:43

(5.2)
A N LI= ⋅

4
10

π
λ ln

where L is the distance between the incoupler (front edge of the prism) and outcoupler

(grating).  Without the term L, equation 2 essentially calculates the loss per unit distance (in

terms of absorbance) of the waveguide structure, which should correspond to the absorbance

of the thin adsorbate layer.
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For the cyt c layer, a surface coverage of 30% of a theoretically close packed

monolayer (vide supra, ca. 6.6 x 10-12 mol/cm2)150 was assumed to calculate k at 520.5 nm,

528 nm and 550.25 nm.  These wavelengths correspond to peak maxima for the ,β ferrocyt c

, bands, respectively.  The calculated absorbance values were 0.036β ferricyt c α ferrocyt c

(520.5nm), 0.025 (528 nm), and 0.069 (550.25 nm).  These values are 5-8 times less than the

experimental data shown in Figure 5.7.  This deviation of theoretical absorbance values is

larger than that previously reported for comparable adsorbate films.85   A few plausible

explanations which may account for this deviation are: i) an improper assumption of the

surface coverage of cyt c was made, ii) molar absorptivity values for native cyt c were

used,112 which most likely do not accurately reflect the response for an adsorbed layer of the

same, or iii) an inaccurate model was used to define the EA-IOW (e.g., the assumed

refractive index and/or thickness of one or more layers was incorrect).  While all three cases

might be contributing factors to the observed deviation, the first case was assumed to be the

most probable.  A test of the first case was performed by repeating the calculations using an

assumed full monolayer surface coverage (vide supra, 2.01 x 10-11 mol/cm2), which brought

all three theoretical absorbance values to within a factor of 1.7 of the experimentally

observed data.  While this finding does not assure that a full monolayer of cyt c was

adsorbed to the EA-IOW surface, it demonstrates that a higher surface coverage than

previously reported150 may be present.248  The approximated surface coverage of 30% of a

monolayer was based on electrochemical measurements,150 which may have sampled only

a fraction of the total surface coverage (vide supra).248



261

Similar calculations were performed for adsorbed Fc(COOH)2.  A surface coverage

of 2.3 x 10-10 mol/cm2 was assumed, which corresponds to the electrochemically measured

coverage for Fc(COOH)2 adsorbed from a 10 :M solution (Table 5.3).  The molar

absorptivity of the ferricenium cation was assumed to be 750 M-1cm-1, which is similar to

values reported for various oligo- and polymeric ferrocenes with similar absorption maxima

(i.e., ~640-650 nm).1  However, as with the cyt c data, the calculated theoretical absorbance

values were smaller than the experimental values.  Assumptions similar to those proposed

for the root cause of the cyt c deviation may be proposed here as well, with the most

probable candidate being an inaccurate surface coverage.  A surface coverage of 5.6 x 10-10

mol/cm2 is necessary to produce a theoretical absorbance that is equal to the experimental

data, which is ca. 2.5x larger than the electrochemically measured surface coverage.  This

finding agrees with the proposed explanation (vide supra) for the lagging nature of the

optically reconstructed cyclic voltammogram versus the electrochemically measured cyclic

voltammogram presented in Figure 5.13d.  Namely, this calculation seems to corroborate the

proposal that only a fraction of the entire surface coverage is electrochemically active, while

a greater portion of the surface coverage (if not the entire coverage) can be probed

spectroscopically.  This proposal seems to agree with recent evidence for the electroactive

nature of ITO surfaces,160,249 as well as measured differences between optically active versus

electrochemically active molecular films.248

Finally, it is useful to compare the sensitivity of the broadband EA-IOW technology

to a conventional transmission geometry.  By combining pathlength b with concentration C,



262

which gives surface coverage F, and recasting g in units of cm2/mol, the standard Beer’s law

expression (A = gbC) can be used to calculate the absorbance of a cyt c film measured in

transmission geometry.  For a ferrocyt c film with a surface coverage of 6.6 x 10-12 mol/cm2,

the calculated absorbance is 1.83 x 10-4 AU, assuming g550.25 nm = 27,700 M-1cm-1.  Thus the

EA-IOW-ATR spectrometer provides a sensitivity enhancement of approximately 1800

relative to a transmission geometry.  The same calculation performed for a Fc(COOH)2 film

(assumed surface coverage and thickness of 2.3 x 10-10 mol/cm2 and 5 Å, respectively)

produces a theoretical absorbance of 0.17 mAU; thus EA-IOW-ATR geometry provides a

sensitivity advantage of approximately 1400.  For both cyt c and Fc(COOH)2 , the calculated

advantage agrees well with previously reported results.85,86

5.4  CONCLUSIONS

Application of a simplified broadband coupling approach to the single mode, step

index, EA-IOW has been employed to create a broadband, electroactive planar waveguide

spectrometer.  The optical performance of this spectrometer compares well with that of a

commercially available, transmission-based instrument and with the recently reported

broadband sol-gel planar IOW-ATR spectrometer.70  The capability of this device to measure

broadband ATR spectra of thin molecular films over a visible wavelength range from ca.

500-700 nm, coupled with the capability to electrochemically modulate the redox state of
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the adsorbed film, makes the EA-IOW spectrometer a multi-dimensional measurement tool

with an unprecedented combination of sensitivity and spectral information content.

Application of a surface confined molecular recognition layer (e.g., polythiophene, as

discussed in Appendix C) would further improve the multi-dimensional features, with

potential applications in chemical sensing.84,161-163  Furthermore, since light propagating in

the EA-IOW is polarized (in either TE0 or TM0), this technology should allow the molecular

orientation of adsorbed molecules to be characterized as a function of redox state.17  
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CHAPTER 6

SUMMARY AND FUTURE DIRECTIONS OF INTEGRATED 

OPTICAL WAVEGUIDE BROADBAND COUPLING

6.1  SUMMARY OF BROADBAND COUPLING WORK

This dissertation has reported the development of broadband spectral capabilities for

two planar waveguide formats, both of which were tested as broadband IOW-ATR

spectrometers.  ATR spectroscopy using step-index, single-mode planar waveguides offers

some unique measurement capabilities, especially when applied to substrate-supported

organic thin films, which are unmatched by other methods. The inherent sensitivity of

monochromatic, IOW-ATR spectrometry is well known.  The addition of broad spectral

bandwidth capabilities has added to the information content available to this already

sensitive instrument platform.

Although the previously reported achromatic coupling designs42,66-68,89 were not

implemented here, the simple broadband approach that was used produced a sol-gel IOW-

ATR spectrometer with a spectral bandwidth of ca. 250 nm.  Spectral measurements of

narrow bandpass filters demonstrate that performance of this instrument compares favorably
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to a commercially available, transmission-based spectrometer.  The ability of this device to

measure the entire visible spectrum (395 - 645 nm) of a thin film of horse heart cytochrome

c, adsorbed at an estimated coverage of 5% of a full monolayer, not only demonstrates the

broadband capabilities of this IOW-ATR spectrometer, but also the sensitivity of the single

mode sol-gel waveguide implemented.  Furthermore, this platform was used to

experimentally demonstrate a new theoretical approach for normalizing dichroic ratios of

adsorbed molecular films.  Although not required for this dichroic experiment, the

broadband spectral information collected proved useful in avoiding anomalous spectral

regions (caused by poor throughput, intensity spikes, etc.) when calculating the dichroic

results.  With a monochromatic device, some of these spectral artifacts could be

inadvertently incorporated into such calculations.

The sensitivity of monochromatic EA-IOW measurements to changes in

spectroelectrochemical events of molecular species adsorbed at submonolayer surface

coverages has been previously demonstrated.85,86,135  The ability to collect broadband spectra

of these same spectroelectrochemical events through application of the simplified broadband

coupling approach significantly enhances the multidimensional nature of this EA-IOW-ATR

spectrometer.  Performance of the broadband EA-IOW-ATR spectrometer compares well

with that of a conventional transmission-based instrument over a spectral region from ca.

500 nm to 700 nm.  The unprecedented combination of sensitivity and spectral information

content was demonstrated through electrochemically modulated spectral changes collected

for an adsorbed film of horse heart cytochrome c, and for a multilayered film of 1,1'-

ferrocenedicarboxylic acid.
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The advances in waveguide performance presented in this dissertation, along with

new developments over the past decade, have added multidimensional information content,

specifically broad spectral bandwidth and electrochemical capabilities, to the single mode,

planar waveguide platform.  The result provides an array of powerful, more widely

applicable measurement capabilities available to surface and interface scientists.

6.2  FUTURE WORK

6.2.1  An Achromatic Coupler for Sol-Gel Waveguides

The focus of the work presented in this dissertation was to develop broadband

coupling capabilities for sol-gel based IOWs, as well as for the electroactive EA-IOW.

While this goal was accomplished, it was done so using a simpler approach243,244 which

deviated from the designs reported by Mendes et al.42,66-68,89  Even though an ‘exact’ coupling

design was not calculated for the sol-gel formulations tested, the final formulation seemed

to provide a potentially achievable match using the multi-component coupler design.  A test

of this dual-grating, single SF57 prism incoupling design would be worth pursuing.

Additionally, the promise of improved throughput provided by an achromatic incoupler

suggests that additional effort in re-formulating the sol-gel recipe to better match available

glass materials would be worthwhile.
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6.2.2  Spectral Probing of Thin-Film Systems and Molecular Orientations

The tools and approaches that were developed in this dissertation were tested with

a few different molecular systems.  While these molecular systems are of interest, they were

used here solely as test cases to demonstrate device performance, or approach validity in the

case of the dichroic normalization technique.  Now that these test systems have established

the performance capabilities of the sol-gel IOW-ATR spectrometer, properties of different

thin-film molecular systems can be probed.  Of particular interest are systems which examine

controlled molecular architecture, such as lipid bilayer mimics of a cell membrane.  One

example of such a system would include incorporation of the transmembrane protein

cytochrome c oxidase into a lipid bilayer and testing for native activity.203-207  Other such

systems might include incorporation of rhodopsin, or other opsin-like G protein-coupled

receptors that contain visible chromophores, into cell membrane mimics.208-210

The dichroic normalization technique discussed in Chapter 4 was nicely

demonstrated using an ordered molecular model adsorbed to the surface of a well

characterized IOW.  While this normalization theory was tested by the linearly polarized

dipole of DiI incorporated into a DOPC lipid bilayer system, it was also developed for and

should be equally applicable to a molecular system containing circularly polarized

molecules.  One such system that could be used to validate the theory would be the

electrostatically adsorbed layer of horse heart cytochrome c that was used to test the

performance of the sol-gel IOW-ATR spectrometer.  Additionally, the real benefit of this

approach comes through the ability to use a waveguide whose structure has not been

rigorously defined (e.g., a gradient-index waveguide produced by ion exchange), or is
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complex (e.g., a multi-layered waveguide such as the EA-IOW).  A full test of this theory

could be accomplished by repeating the experiments defined in Chapter 4, but using an

undefined waveguide in place of the sol-gel IOW-ATR spectrometer.

6.2.3  Adding a Selective Dimension to the EA-IOW

The multidimensional information content of broadband ATR

spectroelectrochemistry provides a means to potentially discriminate among multiple

analytes, on the basis of differences in absorbance spectra and reduction potential.  This

discrimination power can provide selectivity in chemical sensing applications, particularly

when the ITO is overcoated with a chemically selective adsorption layer, as demonstrated

by Seliskar, Heinemann, and coworkers.84,161-163  In one example, they applied an anion

exchange polymer (Nafion) which selectively rejected cation partitioning into the film.161-163

In a related example, a porous sol-gel glass layer, doped with a polycation, was deposited

on to an ITO-coated IRE; anionic analytes partitioned into the sol-gel layer where they were

selectively detected by ATR spectroelectrochemistry using an appropriate combination of

wavelength and potential.84  

Other materials, which have shown some degree of selective interaction with certain

analytes, may provide a level of discrimination as well.  Some examples that should be

considered are: 1) conductive polymer films including polyaniline,211-212 polypyrrole,213-215

and polythiophene216-225 which exhibit electrochromic behavior in their absorbance spectra

due to changes in local potential,226-234 2) a specific class of substituted porphyrazine

heterocycles which have reportedly demonstrated chemical selectivity in their electronic
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spectra due to the presence of cations including Ag+, Pb2+, Cd2+, Cs+, and Ni2+.235  Although

each of these aforementioned systems has shown promise, formidable experimental work

will need to take place to properly couple a thin film of each system to the ITO surface

without significantly altering the guiding properties of the EA-IOW.  However, despite the

potential experimental challenges associated with coupling one of these films to the EA-

IOW, each of these systems provides a promising direction for future development of the

multidimensional broadband EA-IOW into a unique chemical sensor platform.  Preliminary

work with polythiophene adsorbed to ITO is reported in Appendix C.

6.2.4  Alternative Electroactive Structures

While the EA-IOW has been shown to be an ultrasensitive waveguide platform with

the unique ability to collect potential-controlled spectra of submonolayer assemblies, it does

suffer from a few handicaps.  The production of this multilayered planar waveguide is non-

trivial and requires multiple nano-fabrication and vacuum deposition steps by someone

skilled in this arena.  Also, it employs a semi-transparent ITO electrode as the outer-most

layer.  While ITO is considered to be a “transparent” electrode material for conventional

transmission experiments, Chapter 5 clearly presents some of the challenges associated with

using this material in a waveguide format.  

A better scenario might be achieved by incorporating a thin diamond film, deposited

via chemical vapor deposition (CVD), as either an outer electrode material, or as the

waveguiding medium itself.  Swain et al.236-238 have studied CVD-deposited diamond for

several years, with recent reports using such electrodes to perform spectroelectrochemistry.
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Although the true “transparency” of diamond films is not necessarily known when used in

a waveguide format, the potential to improve upon the lossy guiding characteristics of ITO

make it worthwhile to study the use of this material.  Field profile calculations14,45 using the

reported optical properties of CVD-diamond (n591 nm = 2.41)239 deposited onto quartz

theoretically produce a single mode waveguide, which supports both TE0 and TM0 modes,

at a film thickness of only 150 nm.  Even though a waveguide made from such material

would still require vacuum deposition, the ability to reduce the structure to a single layer,

step index waveguide would be favorable.  Also, if the optical properties of diamond do not

allow its use as the main waveguiding layer, it would still be worthwhile to test this material

as the outer electrode layer as it may improve upon the currently employed ITO.
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APPENDIX A

SOL-GEL WAVEGUIDE FABRICATION: FORMULATIONS,

ENVIRONMENTAL CONTROLS AND PROCEDURES

A.1  INTRODUCTION

The sol-gel waveguides used for the work presented in this dissertation were

fabricated using formulations and procedures that are variants of those developed and

reported by Yang et al.71,100-101,108  Modifications were introduced by Álvaro Mendoza 164

while performing undergraduate research in the Saavedra Lab, and by Peter Skrdla,109 all of

which influenced the procedures followed herein.  

Manufacturing sol-gel solutions into high quality waveguides requires two general

steps: i) mixing of chemical precursors to create a sol-gel solution, and ii) casting a thin film

of the sol-gel solution onto a substrate to create an optical quality waveguide.  This appendix

provides a brief overview of the sol-gel process, as well as an overview of the specific

procedures used to produce the high quality sol-gel films used in the research reported in this

dissertation.  
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A.2  OVERVIEW OF SOL-GEL CHEMISTRY AND THIN FILM DEPOSITION

A.2.1  Sol-Gel Chemistry: Controlling the Sol-Gel Transition

The sol-gel process has been the focus of significant research for the past several

years, as evidenced by the vast number of publications presented on this subject.90-101,165-181,187-

189  This research topic has expanded beyond its Material Science roots into various sub-

disciplines of Chemistry, Biochemistry, Physics and Engineering.  This wide-spanning

interest arises mainly from the almost limitless material, physical and optical properties

which a sol-gel material may possess, which properties are based upon various controllable

parameters.  In other words, by controlling parameters such as the chemical inputs and/or

the manufacturing parameters used, a sol-gel material may be “tailored” to possess certain

desirable traits.  Hence, the great interest in sol-gels lies in the moldable nature of this

material.

As introduced in Chapter 2, the term “sol-gel” describes a process used to

manufacture glass or ceramic which does not require the high-temperature melt process

typically used to make these materials.  Instead, solution-based chemical precursors are

mixed to form a “sol”.  With time, this precursor sol undergoes a sol-gel transition wherein

the precursor solution becomes a rigid, porous mass or “gel”.  The form that this gel assumes

(e.g., material, optical and physical properties) is highly dependent on parameters such as

the type of precursor materials used, the manufacturing steps followed, the environmental

conditions during manufacturing, etc.
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Some examples of the various types of sol-gel materials developed, and their

potential uses are: 1) incorporation of organic molecules, either by entrapment in pores or

through chemical modification of the starting alkoxide, which have been used to study the

internal events occurring during various stages of sol-gel processing, or as optical indicator

dyes used to measure pH, water vapor, gaseous iodine, etc.96,100,108-109,165-168  Sol-gel entrapped

organic dyes have also been used as active lasing media for dye laser experiments.169  2)

Encapsulation of biomolecules to create complex meso-structures for potential use as

recognition sites and catalytic surfaces has been investigated.170  Other biomolecular work

includes encapsulation procedures that allow the biomolecule to maintain its native

activity.171  3) Use of sol-gels for size-specific adsorption, molecular sieving and catalysis

has been pursued.98  Of particular interest in this area are highly porous structures known as

aerogels, which are constituted by < 2% sol-gel material per volume (i.e., most of the volume

is occupied by open pore space which is filled by another medium such as air or water).172

4) Synthesis of novel photoluminescent sol-gels created by reactions involving various

organic acids has produced materials that function as highly emissive broadband phosphors,

which may provide a feasible alternative to mercury vapor fluorescent lighting.173  5) The

use of sol-gel films in electrochemistry has produced modified electrodes, solid electrolytes,

coatings for corrosion protection and electrochromic devices.174-177  Additionally, novel ion-

selective devices have been reported, including a field-effect transistor (FET) used as a

chemical sensing device.178  6) Finally, as introduced in Chapter 2, sol-gel mixtures have

been deposited as thin films for use in various optical applications including integrated

optical waveguides.35,70-71,179-181
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Although the sol-gel process has been used to create a wide array of glass materials

with different physical and optical characteristics, the same general processing steps occur

for any formulation.  The general sequence of events has been described as: a) sol formation,

b) gelation, c) aging, d) drying, and e) densification.98  Each step provides an alterable

control point which can be used to adjust the material characteristics of the resulting glass

formed from the process.  The key to the entire process is the sol-gel polymerization step,

which occurs through a two-step chemical reaction; i) hydrolysis of the starting metal

alkoxide species to form metal hydroxides and alkoxy alcohols,

(a.1)( ) ( )M OR H O RO M OH ROHn n− + → − − +−2 1

and ii) a polymeric condensation reaction between the metal hydroxides, or between a metal

hydroxide and an unreacted metal alkoxide, forming oxo-linkages which proliferate to form

a cross-linked network,92-94,98,99 

(a.2)− − + − − → − − − − +M OH XO M M O M XOH

where X = H or R.  Thus this reaction step results in the formation of a glass-like linkage

between the metal centers by removal of either the alkoxy alcohol or water.

Prior to the hydrolysis and condensation reactions, the solution is generally referred

to as a “sol”.  As these reactions proceed throughout the sol, colloidal particles are formed

and held in suspension.  In time the colloidal particles react with one other, forming the three

dimensional clathrate network typical of glass materials, as depicted in Figure 2.3 for a sol-
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gel formed from a silicon alkoxide precursor.  As more colloidal particles condense into the

extended polymer network, the viscosity sharply increases and the sol becomes a “gel”.98,99

Both the rate and degree of hydrolysis and condensation experienced within a given

formulation, as well as the material characteristics of the resulting sol-gel are dependent

upon: a) the type of metal center used (e.g., Si, Ti, In, Sn, etc.), b) the type of alkoxide

species coordinated to the metal center (e.g., methoxy-, ethoxy-, butoxy-, carboxy-, etc.), c)

the number of alkoxide groups coordinated to the metal center, d) other groups bonded to

the metal center, and e) the type of solvent, or solvent mixture used.187  Also, in many cases

the hydrolysis and condensation reactions are mediated by either acidic or basic catalysts,

which alter the specific mechanism by which sol-gel polymerization occurs.99  Use of these

catalysts significantly affects the rate and degree of hydrolysis and condensation, as well as

the material properties of the resulting sol-gel.99  

A.2.1a  Silica-Titania Composite Sol-Gel Formulation

Table 2.1 presents the various sol-gel mixtures used to fabricate thin film waveguides

for this work.  These formulations are all based upon the root sol-gel recipe developed by

Yang et al.71 for manufacturing composite silica-titania thin film waveguides.  The root sol-

gel recipe uses a mixture of a titanium alkoxide with a novel methylated silicon alkoxide to

produce sol-gel films with a homogenous dispersion of silica and titania sites.  A commonly

observed feature for SiO2-TiO2 sol-gels is a resulting gel-network possessing heterogeneous

aggregates of titania-rich and silica-rich sites.  However, the novel sol-gels created by Yang

produced uniformly distributed TiO2 sites throughout the modified silica network, which in
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turn greatly reduced the optical loss due to scattering in thin films deposited from these sol-

gels and resulted in premium waveguide films.71

The sol-gel formulations used to fabricate the waveguides presented in Chapters 2-4

are governed by the same general sequence of events followed by all sol-gels (i.e., sol

formation, gelation, aging, drying, and densification).  However, the root sol-gel formulation

developed by Yang et al.71 produces a bulk solution which does not proceed beyond the sol

formation step until thin-film deposition is carried out.  This root formulation, upon which

all formulations presented in Table 2.1 are based, is carried out in anhydrous conditions by

using 100% ethanol as the bulk solvent, and silicon tetrachloride (SiCl4) as the catalyst

species.  Under the same reaction conditions, Yang demonstrated that superior thin films

were produced when using the previously unreported SiCl4 catalyst versus the commonly

used HCl catalyst.71

As described by Equation (a.1), water is required for metal alkoxide hydrolysis to

occur.  Because anhydrous conditions are used, the methylated silicon alkoxide

(methyltriethoxysilane, MTES) and the titanium alkoxide (titanium (IV) butoxide, Ti-But)

remain largely unreacted in the ethanol solvent, even after the SiCl4 catalyst is introduced.

Evidence for this fact lies in the unreacted state which this mixture will maintain for several

months (> 12 months) if properly sealed from the environment.

Although the alkoxide species do not react under the anhydrous ethanol conditions

of the precursor mix, the SiCl4 does.  This species is known to react with alcohols, producing

protonated forms of the alcohol (EtOH2
+ in this case).  Yang and coworkers proposed a

mechanism for the alkoxide hydrolysis reaction involving a nucleophilic attack on the metal
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alkoxide by a water molecule, which is mediated by stabilization of the leaving alcohol by

the EtOH2
+ species (see Chart 1, Reference (71)).  However, except for the trace amounts of

water introduced from the atmosphere, no water is present in the precursor mixture that

would allow the hydrolysis reaction to occur.  Hence, once the precursor components are

mixed to form the sol, the sol-gel transition does not proceed until water is introduced during

the thin film deposition step. 

A.2.2  Sol-Gel Manufacturing Parameters: Deposition as Thin Films

The parameters associated with sol-gel manufacturing are as varied as those

associated with sol-gel chemistry.  Various bodies of research have been conducted solely

to understand the different physical phenomena that control the morphology of sol-gel

media.179-181,187-189  For example, temperature has been shown to significantly effect both bulk

sol-gel monoliths,188 as well as thin sol-gel films used as waveguides.180-181  While there are

many other parameters that commonly affect both bulk and thin film sol-gel morphology,

the techniques used to deposit thin films provide many unique control points which are

unavailable to bulk sol-gel monoliths.

While thin sol-gel films can be produced by various methods including spin coating,

slip casting and blade gap forming (a.k.a. doctor blade), the dip coating process is perhaps

the most technologically important.  This thin film deposition technique is amenable to

substrates of large dimensions, and has been used for commercial sol-gel applications for

many years.96,101  In the dip coating process, a substrate is immersed and slowly withdrawn

from a liquid sol.  As the substrate is withdrawn, a thin film of the liquid sol is entrapped on
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the substrate surface and experiences various physical phenomena (including: solvent

evaporation, gravitational draining, liquid-vapor surface tension, etc.) as it undergoes the

transition to a thin sol-gel film.96,168,189  The thickness of the liquid sol film deposited( )h

onto the substrate is strongly affected by the rheological properties of the bulk sol, as

described by

(a.3)
( )
( )
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where  is the viscosity of the liquid sol,  is the speed with which the substrate isη U

withdrawn from the sol,  is the liquid-vapor surface tension,  is density of  the liquidγ ρ

sol, and  is gravitational constant.  This relation shows that although various parametersg

are involved, the film thickness is most strongly affected by the liquid sol viscosity and

dipping speed (i.e., the rheology of the sol defines how rapidly it can wick off the moving

substrate).

Once a thin sol film is deposited onto the substrate, the transition to the final sol-gel

film occurs as the solvent evaporates, and the sol to gel transition occurs.96,168,189  For the sol-

gel formulation developed by Yang et al., the hydrolysis and condensation reactions

(Equations (a.1) - (a.2)) do not begin until the deposited thin sol films are exposed to air

during the dipping process.71  At this point, the high surface area of the thin sol film drives

the hydrolysis and condensation reactions, simultaneously.  Evaporation of the EtOH

solvent, and the capillary forces experienced within the film cause a shrinkage of the
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deposited film thickness.96,168,189  Additional shrinkage and densification occurs as the film

is cured at high temperatures, which is attributed to collapse of the porous cavities within the

film.168,180,181

A.2.2a  Silica-Titania Thin Film Waveguides

Although the sol-gel transition for the formulation developed by Yang occurs when

the sol is exposed to air while dip coating, the necessary component is actually the water

content of that air.  The rate of the sol-gel transition for this formulation is determined by the

amount of water present in the air, and the temperature of the air.  Hence, it is important to

control the relative humidity and temperature of the air to which the deposited sol-films are

exposed.  If the amount of water available is too high, the hydrolysis and condensation

reactions allow rapid formation of aggregated microstructures.  The resulting sol-gel films

have an opaque appearance, strongly scatter light, and are unusable as waveguides.  Thus,

dip coating must proceed in a controlled atmosphere when manufacturing waveguides from

this formulation.

In addition to controlling the processing atmosphere, sol-gel films from the

formulations in Table 2.1 also require the high-temperature densification step discussed

above.  A freshly deposited sol-gel film must undergo a curing process at an elevated

temperature to collapse the internal pores, which causes a densification of the film and a

significant increase in the refractive index of the film.180-181  This increase in refractive index

molds the sol-gel film into a waveguide structure capable of guiding light.  
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Because the high temperature curing process causes pore collapse and additional

shrinkage of the sol-gel films, stress fractures may result in the films if the structures are too

rigid and if excessive shrinkage occurs; which would create unwanted scattering sites.  One

of the novel features of the sol-gel formulation used by Yang et al. was the incorporation of

a methylated silane (MTES) as a precursor.71,101  By occupying one of the binding sites of

the central silicon atom with an unreactable methyl group, only three sites are available to

form siloxane bonds with neighboring silica or titania moieties.  Thus, one could hypothesize

that the resulting cross-linked silica-titania network is more flexible than is a network

formed from a fully coordinated silane species.  Regardless of the validity of this

hypothesized flexibility, waveguides created from this type of sol-gel formulation have been

shown to be of exceptional optical quality.70,71,100,101,108,109

A.3  PROCEDURES

A.3.1  Preparing the Sol-Gel Formulation

The instructions given here are for manufacturing any of the sol-gel formulations

given in Table 2.1.  These formulations are prepared as follows:

1. The silica-titania formulations to be fabricated require the following components: i)

anhydrous ethanol (200 proof, AAPER Chemical), ii) methyltriethoxysilane (99%,

Aldrich), iii) titanium (IV) butoxide (97%, Aldrich), and iv) silicon tetrachloride

(99.998%, Aldrich).
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2. The sol-gel mixture is made in a clean, dry, disposable glass jar, and requires the use

of 1-2 graduated cylinders.  If non-disposable glassware is to be used, the sol-gel

solution should be stored for no longer than one week in the reaction vessel,

otherwise unremovable sol-gel particulate will build up on the vessel walls.  Ideally

the jar should be sealable from the environment, otherwise the sol-gel mixture will

only last for a number of days before significant changes occur (e.g., significant

increase in viscosity, partial gelation of the mixture forming aggregated particulate,

full gelation, etc.).  The glass jar and graduated cylinders can be cleaned by vigorous

scrubbing with a brush using a 1% Liqui-Nox surfactant solution (Alconox),

followed by liberally rinsing with 18.1 MS-cm deionized water (Barnstead

Nanopure).  To ensure all traces of surfactant are removed, the glassware may be

filled with either Chromerge (Manostat) solution or a freshly made Piranha solution

and left to soak for a minimum of 30 min (but ideally overnight), followed by rinsing

with copious amounts of deionized water.  Cleaned glassware are dried in an oven,

then allowed to cool to room temperature before use.

3. To ensure unwanted water is not added to the sol-gel mixture, the cleaned, dried

glassware should be rinsed 2-3X with the 200 proof EtOH. 

4. With the EtOH-rinsed jar on a magnetic stir plate, add the required amount of EtOH

along with a clean, dry magnetic stir bar.  If a long shelf-life is desired for this sol-

gel mixture, a larger volume should be manufactured.  A typical mixture volume of
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~ 450 mL will produce a sol-gel solution that can be used to fabricate waveguides

for > 12 months, so long as the jar is properly sealed.  Smaller mixture volumes

typically do not last as long.

5. While stirring at a moderate speed, measure the required amount of Ti-But with a

clean, dry graduated cylinder and add to the EtOH; stir until all visible particulate is

dissolved (~ 5-20 minutes, depending on the age of the Ti-But).  Careful inspection

of the solution at this point should reveal a single phase, with no visible particulate.

6. Once the Ti-But has been sufficiently mixed into the EtOH, measure the required

amount of MTES, add to the mixture and stir for ~ 5 minutes.

7. Finally, the SiCl4 is added using a syringe.  Because of the highly reactive nature of

this reagent, it is stored under nitrogen in a septum-sealed bottle, requiring the use

of a syringe to measure the needed amount.  Add the measured amount to the mixture

by submerging the needle and slowly dispensing into the stirring solution.  The

reaction mixture rapidly heats up due to the exothermic reaction of the SiCl4 with the

EtOH; thus the reaction mixture should be allowed to stir until it cools to room

temperature (~ 30-45 minutes).

8. Once the sol-gel mixture has cooled to room temperature, it is ready for use.  The

glass jar should be sealed when not is use, and stored in an inert location such as a

chemical fume hood, or ideally under a nitrogen atmosphere.  If stored in any type

of steel enclosure, corrosion of the steel surfaces will develop in time.
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A.3.2  Cleaning and Preparing Substrates

A sol-gel waveguide fabrication instruction was written by Álvaro Mendoza which

describes cleaning substrates through sonication in a 2% (v/v) PCC-54 surfactant solution,

followed by rinsing with deionized water.164  Although this procedure can work, it depends

directly upon the ability to fully remove any trace amounts of surfactant from the substrate

by rinsing thoroughly with water, as well as full removal of any hydrophobic contaminants.

Because removal of all surfactant is at times difficult to achieve, a cleaning procedure using

an oxidizing acid is preferred (described below and in Appendix B).

1. The waveguide fabrication procedures described herein should be amenable to

substrates made from almost any type of silica-based glass.  These procedures have

specifically been applied to soda lime glass, BK7 glass, fused silica or quartz

substrates.  The majority of the sol-gel waveguides  used in this dissertation were

deposited on soda lime glass microscope slides (Gold Seal).  Substrates should be

carefully chosen, ensuring no significant scratches, pits or blemishes are present.

2. Once selected, the substrates should be labeled and cleaned as described in Appendix

B (Section B.3.1a).  Substrate cleaning is crucial to sol-gel deposition and should be

fastidiously carried out.  Cleaned substrates should be hydrophilic, which is observed

while rinsing as a uniform, smooth layer of water which “sheets” off the surface

when tilted.  The presence of “un-wettable” spots, or spots that produce small,

beaded droplets indicates hydrophobic regions to which sol-gel films will not adhere.

If such regions persist, the substrates may be re-cleaned or discarded.  Note: because

of the hygroscopic nature of the sulfuric acid used in Chromerge, slides may be
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desiccated and become hydrophobic if they are allowed to sit for too long in the

heated bath.  If this occurs, the slides may be made hydrophilic again by soaking in

a 1 M  nitric acid solution  for 30 minutes (Section 3.2.4).  Precaution: because

hygroscopic H2SO4 is the main component of both Chromerge and Piranha

solutions, care should be taken that these acid baths are not left unattended

during humid seasons.  Otherwise, significant water uptake can cause these

strongly acidic solutions to overflow their containers onto surrounding areas.

3. The cleaned, rinsed substrates are blown dry with a nitrogen stream, as described in

Appendix B, and placed in a clean Coplin jar, which is then placed into a oven at 75-

100 °C to dry.  Once dry, the substrates should be allowed to cool to room

temperature before sol-gel films are deposited.  The cleanliness of these substrates

may be maintained for several weeks if the Coplin jar is tightly sealed with Parafilm-

M (Pechiney Plastic Products).

A.3.3  Preparing the Environmental Conditions of the Controlled Atmosphere Box

Although the procedures used to manufacture sol-gel waveguides can be carried out

in any lab environment (if environmental conditions are satisfactory), they are best

performed under controlled-atmosphere, cleanroom conditions.  Previous instructions

published by L. Yang describe thin film deposition in the controlled atmosphere of a class

100 cleanroom.101  The waveguide deposition steps described here are for execution in a

controlled atmosphere glove box maintained by the Saavedra laboratory in the Department

of Chemistry, University of Arizona.
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Figure A.1 contains a depiction of the various components of the controlled

atmosphere glove box (Series 300, Terra Universal),182 as well as the tube furnace used for

sol-gel waveguide manufacturing.  If properly maintained, the box should provide an

environment similar to a class 100 cleanroom.  This is accomplished by maintaining a

positive pressure inside the box with a continuous flow of cleaned, dried air into the box,

thereby providing a barrier against inflow of contaminants from the surrounding lab

environment (e.g., dust, moisture, etc.).  An air lock inlet port allows components to be

entered into and removed from the box while still maintaining the necessary positive air

pressure; two glove ports and two iris ports allow access to components once inside the box.

The air is supplied by a ~ 60 p.s.i. compressed house air line which is cleaned and

dried using various filters, along with a regenerative desiccant air dryer (Hankison).

Condensed water droplets are removed from the house air as it passes through a 1 :m first

stage pre-filter, which also removes 70% of oil aerosols from the compressed air.183  A

second stage pre-filter removes > 99.999% of the remaining oil aerosol, as well as any

particulate larger than 0.025 :m.183  The cleaned air is passed through one of two activated

alumina towers in the compressed air dryer, followed by 1 :m, and 0.2 :m post-filters to

remove any particulate that may have escaped the desiccant beds.  The compressed air

drying system periodically regenerates the desiccating capacity of the activated alumina by

switching air flow between its two towers.  While the on-line tower dries the compressed air,

the off-line tower uses a portion of the dried air to remove any water adsorbed within its

desiccant bed, thereby regenerating the adsorption capacity of the activated alumina in that

tower.  An electric valve connected to a timer controls this switching function.183  Note: the



288

Figure A.1.  Sol-gel formulations are deposited onto substrates as thin films to create
high quality waveguides in the controlled atmosphere of the glove box depicted here. 
This glove box consists of a stainless steel shell, with a plexiglass window.  Access to
the internal work space is provided through two glove ports, and two iris ports.  Samples
may be introduced or removed through an air lock.  The ~ class 100 cleanroom
environment of the glove box is maintained by a constant flow of compressed house air 
(~ 60 p.s.i.) through: i) a 1 :m first stage pre-filter Î to remove any water droplets, ii) a
0.025 :m second stage pre-filter Ï to remove oil aerosols, iii) a desiccating tower to
fully dry the air, iv) a 1 :m post-filter Ð to remove any activated alumina desiccant
particles,  and v) a 0.2 :m post-filter Ñ to remove any remaining particulate.  The
cleaned, dried air passes through the “Dual Purge” flow controller and into the glove
box, where a constant flow is used to maintain a positive pressure which keeps dust
particles and moisture (from the surrounding lab environment) from entering the box,
thus maintaining a clean environment.  The relative humidity of the clean environment
is adjusted by injecting steam from a humidifier (not shown) through a dispersing
element (C), and is monitored by sensors connected to the humidifier and the
“NitroWatch” humidity controller.  A closed-loop refrigeration (A/C) unit helps to cool
the box environment once the tube furnace is adjusted to 500 EC, thereby maintaining
satisfactory environmental conditions for waveguide fabrication.  The tube furnace
temperature is adjusted using control box (A).  Dip-coating is carried out inside the box
using an automated linear translational stage (not shown), controlled with box (B).
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1 :m pre-stage filter uses an automatic drain valve to bleed off any removed water droplets,

but should be periodically checked for proper drainage.

Air flow into the box, and into the air lock, is controlled by a dual-purge flow

controller (Terra Universal).182  This controller monitors the pressure within the box and

within the air lock.  When the pressure inside the box or inside the air lock drops below a

set-point (e.g., by opening the external air lock door to insert samples into the box), a valve

within the dual-purge controller opens to allow a high flow of air into the box and air lock

environments.  This increased air-flow helps to maintain the positive pressure within the box,

and helps to quickly purge the air lock of contaminants and moisture which may have been

introduced by opening to the lab environment.  Once the pressure is stabilized, the dual-

purge controller reduces the air-flow back to the original state.

Because the glove box is directly connected to the tube furnace, and because the tube

furnace vents mainly into the glove box, temperature control is maintained almost

exclusively with a closed-loop air conditioning unit (Terra Universal) mounted to the top of

the box.183  However, an in-line process gas heater (Terra Universal) can also be used to

warm the flow of gas from the dual-purge controller before it enters the box, if necessary.184

The percent relative humidity (%RH) inside the box can be adjusted using a

humidifying unit (Humex, Terra Universal).183  This device operates by rapidly heating a

kettle of water to produce steam, which is injected into the box through a diffuser bar.  The

humidifier produces steam when the %RH of the box environment drops below a specified

set-point, which is monitored by a sensor mounted inside the box.  A second sensor, which

is connected to a “NitroWatch” humidity controller (Terra Universal), is also used to monitor



290

%RH inside the box.185  If the %RH exceeds the set-point specified on the “NitroWatch”, a

signal is sent to the dual-purge flow controller which opens the flow valve to the high flow

state.  This flow rate is maintained until the %RH drops below the “NitroWatch” set-point,

at which point the dual-purge system reduces the air-flow to the low flow state.  Thus, these

two units (“Humex” humidifying unit and “NitroWatch” humidity controller) work in

tandem to control the humidity level of the box environment.

Although the various components of the box allow for a controlled environment,

temperature control is more easily achieved than humidity control.  Because the humidifying

unit operates by rapidly heating water, thereby injecting steam into the box, the %RH

actually fluctuates over a controllable range, rather than holding at the desired humidity

level.  A more stable %RH may be achievable by redesigning the way in which the steam

is injected into the box (e.g., control water flow into the heating chamber,186 or incorporate

an expansion chamber into which the steam is first injected, followed by diffusion into the

box), or through use of a different humidifying technology (e.g., evaporative humidifier,

ultrasonic humidifier).

The controlled atmosphere box, and the various components associated with it, are

readied for waveguide fabrication in the following way:

1. Prepare the tube furnace for the deposition procedure by switching on, and ensuring

a set temperature of 500 °C.  The tube furnace will require about 30-45 minutes to

come to temperature and stabilize.

2. Prepare the controlled atmosphere box by: a) ensuring proper airflow exiting the iris

ports (i.e., ensure a slight positive pressure can be felt pushing air out of the iris 
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ports), b) turning the air-conditioning unit on and adjusting the set temperature to 25

°C, c) filling the water reservoir of the humidifier with tap water, turning it on and

setting the humidity controller to 10 %RH, and d) adjusting the “NitroWatch”

humidity controller to 20 %RH.  Note: deionized water was used with the initial

humidifier received with the box.  However, after corrosion of a “supposed” stainless

steel ferule, the manufacturer sent a new unit and recommended the use of tap water

in place of deionized water.

3. At this point it is recommended to inspect the work space inside the box and clean

as needed.  Although the positive pressure inside the box blocks inflow of dust

through the iris ports, etc., moving equipment in/out of the box and

inserting/removing gloved hands through the iris ports potentially allows for

introduction of contaminants.  Cleanroom  wipers dampened with EtOH can be used

to wipe up and remove dust particles which have settled on to the working spaces.

4. Switch-on the dip-coating apparatus (stepper-driven “UniSlide”, Velmex) and ensure

proper “dip-depth” for the substrates and the volume of sol-gel solution that will be

used (i.e., check that the stepper reverses at the proper height to ensure the substrate

is dipped far enough into the sol-gel solution, but not so far that the substrate clamp

is submerged).  Adjust the dip-speed to 0.3 cm/sec using the relation:  

(a.4)( )DialSetting DipSpeed= × +9 6 2 0. .
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This dip-speed calibration was determined using the data in Figure A.2a.

Precaution: care should be used when setting the travel height for this

apparatus.  The reverse-switching mechanism provides no safety feature to

prevent from driving the carriage into the base of the device, potentially causing

damage to the carriage, worm-screw and stepper motor.

 5. Because the tube furnace vents into the controlled atmosphere box, it must be

allowed to fully heat to 500 °C before thermal equilibrium can be achieved in the

box.  Hence, once the tube furnace has reached temperature, allow the entire system

to stabilize for an additional 30 minutes.

6. While the tube furnace is heating, and the system is equilibrating, the sol-gel solution

and the cleaned substrates should be placed into the box through the air lock port.

This allows both components to thermally equilibrate with the box environment.

A.3.4  Dip-Coating the Sol-Gel Formulation onto Substrates

Once thermal equilibrium is established between the sol-gel solution, cleaned

substrates and the controlled environment of the box, dip-coating may begin.  However,

because the humidifier uses steam to adjust the %RH in the box, the humidity level

fluctuates over a range of ~ 10-40 %RH.  Also, because the steam is injected directly into

the box, localized pockets of very high %RH occur directly after steam injection and

dissipate only after diffusion and convection allow the water vapor to homogeneously mix

throughout the box environment.  While this at least provides a controllable %RH range, it

does not represent a continuously controlled environment.  Rather, steam injection must be
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Figure A.2.  A thin film of liquid sol is deposited onto the surface of a cleaned substrate
using a specially designed dipping apparatus whose dipping speed is defined by the
calibration curve presented in a).  The calibrated dipping speed of the Velmex dip
coating apparatus was determined by measuring the time required for the substrate
mount to move a defined distance at dial settings of: 3, 5, 7 and 10.  The data points
correspond to the mean of six speed measurements per dial setting; error bars for the
data points are small enough to be undiscernable, indicating little variation for a given
setting.  Much larger variation would be expected if attempts to set the radial dial to the
same setting multiple times were made.  b) Once sol-gel films have been dipped onto the
substrates, they are placed into the grooves of the quartz sled and slid to the center of the
tube furnace for curing.  

a)

b) Substrate 
w/ sol-gel film

side viewfront view

Quartz
Sled
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monitored while dipping sol-gel films.  If a substrate is being dipped when a shot of steam

enters the box, the local humidity can cause the fresh sol-film to rapidly undergo the sol-gel

transition, which results in opaque, highly scattering films, even after curing.  Previous

instructions have discouraged sol-gel waveguide manufacturing at humidity levels of > 50-

60 %RH and temperatures of > 80 °C.101,164

Although the box temperature is more readily controlled than the humidity level

(fluctuations of < 2 °C should be expected), significant drafts occur inside the box when the

A/C unit “kicks on”, as well as vibrations to the work space.  These vibrations can cause

non-uniformities in the dipped films when using smaller containers where the substrates are

held close to the sidewalls.  In such circumstances, it is recommended to turn the A/C unit

off right before dipping a substrate.  

After taking the above precautions into consideration, dip coating of the prepared sol

solution proceeds as follows:

1. Remove a cleaned substrate from its sealed container and affix it to the dip-coating

apparatus.  It is advised to keep the substrate container closed during processing of

individual samples.

2. Place the sol-gel solution onto the dip-coating pedestal and remove the lid.  It is

advised to keep the sol-gel solution covered when not in use.

3. When the humidity is at an acceptable level (ideal is 15-20 %RH),  dip coating may

proceed by depressing the dipper control button.  Allow the substrate to dip into, and

be fully removed from the sol-gel solution.  Note: if the diameter of the sol-gel

container is not significantly wider than the substrate being dipped, then it is 
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advisable to turn the A/C unit off during the dipping process to avoid fluctuations in

film thickness (vide supra).  Also, when using such containers, extreme care must be

taken in aligning the container with the moving substrate, especially when the

substrate is being withdrawn.  Any contact between the container sidewall and the

substrate will produce undulating ripples in the sol-gel films.  These oscillatory

thickness features are caused by vibrations from the dipper worm-screw as it rotates

in its carriage.

4. Once a sol-gel film has been deposited, the substrate is carefully removed from the

dipper with tongs and transferred to the quartz sled, as depicted in Figure A.2b.  The

substrates are placed into the grooves cut in the sled.  Care should be used not to

disturb the deposited sol-gel film surface with the tongs.  If desired, additional

substrates may be dipped and placed on the sled, so long as the humidity remains in

an acceptable range.  In practice, it is difficult to dip more than three substrates

before the humidity drops below the 10 %RH set-point of the humidifier, which

causes steam injection to occur.  Also, it is difficult to fit more than three substrates

onto the sled at one time.  Hence, three is the recommended maximum.

5. At this point, the quartz sled is carefully loaded into the mouth of the tube furnace,

and a quartz rod is used to slide the sled to the furnace center.

6. The substrate(s) is allowed to cure in the oven for 20-30 minutes.
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7. After the prescribed curing time, the quartz sled is carefully pulled to within 1-2

inches from the mouth of the tube furnace and allowed to cool for 3-4 minutes.  This

initial cooling period is important to prevent stress fractures in the substrate caused

by super-cooling.  

8. After the initial cooling period, pull the sled to the edge of the tube furnace, remove

the sol-gel waveguides, and allow them to cool for an additional 5-10 minutes.

9. If desired, additional substrates may be dipped at this point.

10. When the manufacturing procedure is complete, the tube furnace, dip-coating

apparatus, humidifier, and “NitroWatch” humidity controller are all switched off.

If the box will be used in the immediate future, the A/C unit can be left on.  The

compressed air supply to the dual-purge controller should remain on at all times,

thereby maintaining the cleanliness of the box environment.

11. The work spaces inside the box should be cleaned, and all sol-gel solutions should

be removed and stored in an appropriate location.  Precaution: if sol-gel solutions

are stored in the box, corrosion of metal surfaces may occur.

A.3.5  Testing Waveguides During Manufacturing 

Although the sol-gel formulations presented in Table 2.1 can produce waveguides

with exceptional optical qualities, in-process testing is always recommended during

manufacturing, especially for the first samples produced, and when new formulations are

being employed.  Such testing is easily accomplished by screening samples for the ability
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to successfully guide light.  A procedure for performing such testing simply entails coupling

a prism to the sol-gel waveguide surface, mounting the device onto a rotary stage, and

attempting to incouple a laser-light source into a bound waveguide mode, as described in

Section 2.4.2.  The presence of a guided mode(s) provides good evidence that production

should proceed, whereas the inability to find a mode suggests procedural changes should be

considered.
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APPENDIX B

FABRICATION OF HOLOGRAPHIC GRATINGS AND MEASUREMENT OF

THE RESULTING GRATING PERIOD

B.1  INTRODUCTION

A process for creating high quality holographic gratings was reported by Li et al.65,138

This grating fabrication process occurs in three distinct steps; i) deposition of a uniform

photoresist film onto a glass substrate, ii) exposing and developing a holographic grating

pattern in the photoresist film, and iii) milling a surface relief grating into the glass substrate

through the holographic photoresist grating mask.  The fabrication procedures presented

herein are variations of those described and established by Li et al.138, with further

modifications reported by L. Yang101 and D. Dunphy135.  Descriptions of an optical technique

used for measuring the grating period, along with confirmation of the optically measured

periodicity using atomic force microscopy (AFM) are also given in this appendix. 
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B.2  OVERVIEW OF GRATING FABRICATION AND MEASUREMENT

B.2.1  Exploiting Photoresist Chemistry for Grating Fabrication

The holographic grating fabrication process is based upon the well established nano-

fabrication techniques of photolithography and reactive plasma etching.  Both of these

techniques have an extensive history in the semiconductor industry and are widely used.  The

core technique, photolithography, is based upon controlled removal of defined portions of

a polymer film.  The regions to be removed are selected by either illuminating with, or

protecting from an incident beam of light, depending on the type of polymer film used.  The

polymers are collectively known as photoresists and are classified as either “positive” (P-

type) for those that are chemically removed after illumination, or “negative” (N-type) for

those that are fixed by the incident light and made resistant to removal.  P-type photoresists

are the most widely used and are employed in the grating fabrication process described

herein.

The P-type resist used for processing gratings is a Novolak resin /

diazonaphthaquinone (DNQ) system dissolved in propylene glycol monomethyl ether acetate

(PGMEA, Figure B.1).190-193  The grating fabrication process begins with dispensing

photoresist onto a clean substrate (e.g., glass, quartz) and evenly dispersing into a thin film

(~ 200 nm in this case) via a spin coating process.  The PGMEA solvent is evaporated by

curing in an oven, leaving a thin  polymer film of Novolak impregnated with DNQ.  As

shown in Figure B.1a., the phenol functionalities of the Novolak polymer are susceptible to

acid-base equilibria and are thus deprotonated under basic conditions and become slightly
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Figure B.1.  Photoresist chemistry of a Novolak / diazonaphthaquinone polymer
system.  a) The Novolak polymer has a pKa similar to phenol and can be deprotonated
to a soluble form at high pH values.  b) When irradiated, diazonaphthaquinone (DNQ)
undergoes the photochemical “Wolff rearrangement” to form a carboxylic acid, which
is easily deprotonated and becomes very soluble at high pH values.  c) The Novolak
resin and DNQ  molecules are dissolved in propylene glycol monomethyl ether acetate
(PGMEA), which allows for processing into well-controlled, uniform thin films.
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soluble in aqueous solutions.  The DNQ molecules are photo-reactive to light from the 300-

450 nm region which corresponds to assigned absorbance transitions of  andn → ∗π

.  Photo-excited DNQ molecules undergo a “Wolff rearrangement” to formπ π→ ∗

carboxylic acid functionalities, which are highly soluble in basic aqueous environments

(Figure B.1b).  Through a poorly understood mechanism, the photo-reacted DNQ also

significantly increases the solubility of the nearby  Novolak resin.  This allows for controlled

illumination of desired regions which, when subjected to basic solutions, are etched much

faster than non-illuminated regions of the polymer film.  Thus, complex patterns can be

“written” into the photoresist film by exposure to incident light, followed by development

of these patterned regions to reveal portions of the underlying substrate surface. 

The optical assembly used to create the reported gratings is shown in Figure B.2. 

The grating pattern is written into the spun-cast photoresist film via a Lloyd’s Mirror

arrangement.  This occurs by focusing a laser through a pinhole spatial filter, followed by

expanding and re-collimating to a ~ 1 cm beam diameter with uniform power.  The

wavefront of the expanded beam is then divided in half by centering the incident beam onto

the vertex between a mirrored surface and the photoresist-coated slide (held normal to each

other), thus folding half of the incident (expanded) beam onto itself.  The split beams

recombine to form an interference pattern at the photoresist surface, as shown in Figure B.3.

A standing wave of light intensity is established in the photoresist film, causing the DNQ

molecules to photochemically react (Figure B.1b) in the high intensity regions (regions of

constructive interference) which “writes” a sinusoid pattern into the photoresist film.  The

period of the sinusoid is tuned by adjusting the incident angle of light according to the 
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Figure B.2.  Optical layout used to form a holographic grating pattern in a substrate-
supported photoresist film via a Lloyd’s Mirror arrangement.  The incident laser beam
is focused through a 0.65 mm f.l. microscope objective, spatially filtered with a 5 :m
pinhole and expanded through a 250 mm f.l. lens.  The uniform center of the expanded
beam is selected using an iris and is incident upon the vertex between a mirrored block
and the substrate, resulting in reflection of half of the incident beam onto the substrate. 
The reflected beam combines with the direct beam to form an interference pattern
which exposes a periodic structure into the photoresist film.
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Figure B.3.  Holographic grating formation in a photoresist film using a Lloyd’s Mirror
arrangement.  The incident wavefront is separated into “read” and “write” beams, which
recombine at the photoresist surface to form an interference pattern.  Since the “read”
beam carries information from a featureless surface (i.e., the mirrored block), the two
beams simply recombine into a standing wave, thus exposing a sinusoid pattern into the
photoresist film.  The period of the sinusoid pattern is tuned by adjusting the angle
between the incident beam and the substrate surface normal (2 ).
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grating equation for a first-order Littrow mounting138

(b.1)
Λ =

λ
θ2sin

where 7 is the grating period, 8 is the wavelength of incident light and 2 is the angle of

incidence.  After a timed exposure to the incident laser beam, the exposed grating pattern is

developed by immersion in an aqueous sodium hydroxide developer solution which

chemically removes the exposed photoresist regions.  Grating development is monitored in

real time using a separate laser whose wavelength is unreactive to the Novolak / DNQ

photoresist, which is  incident upon the region of grating formation through the clear

sidewall of the developing chamber (Figure B.4).  By measuring the diffracted beam

intensity in the Littrow configuration, the development is stopped when the intensity of the

negative first-order diffracted beam crests and drops slightly to 90-95% of the maximum

intensity.  Allowing the development to proceed past the maximum diffraction efficiency

allows the exposed photoresist regions to be completely removed, thus uncovering the

underlying substrate, which is necessary to effectively transfer the grating pattern into the

glass substrate.1

B.2.2  Reactive Ion Milling of the Grating Pattern into the Substrate

The grating pattern is transferred into the substrate through the previously developed

photoresist mask by a freon plasma milling process, which is another widely used technique

in the semiconductor industry.194-197  This is accomplished by exposing the prepared 
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Figure B.4.  Optical setup for monitoring real time development of a holographic
grating in a photoresist film deposited on a glass substrate.  A HeNe laser is incident
on the grating region while the features of the exposed pattern are being formed by the
developing solution.  The substrate is aligned with the incident laser near the Littrow
configuration and the diffracted transmission beam (negative 1st order diffraction) is
measured with a photodiode.  Exact Littrow alignment is not used to avoid back
reflection into the laser tube; the presence of the R-1 beam on the blocking screen also
provides a nice visual confirmation of alignment.
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substrates to a high voltage C2F6 plasma created in a vacuum chamber.  In this environment,

the C2F6 molecules react to form many different species, some of which are described by

(b.2)C F e C F F e2 6 2 5 2+ → + ⋅ +− + −

(b.3)C F e C F F e2 6 2 5+ → + +− + − −

(b.4)C F e C F F e2 6 2 5+ → ⋅ + ⋅ +− −

The mechanisms in Equations (b.2 - b.4) represent only a portion of the many different

molecular pathways that may be present in the energetic environment of a freon plasma.

However, despite the many possible molecular species produced, the most important with

respect to plasma etching of SiO2 are the radical species (e.g., F@, C2F5@).  Although the ions

generated in the plasma are important to the process, their main function is to carry energy

to the near surface molecules through physical bombardment, allowing for generation of yet

more radicals.  The actual etching occurs through adsorption of radical species to the glass

surface.  In the case of SiO2, the freon and fluorine radicals react to form SiF4, CO, CO2 and

COF2, all of which are gaseous molecules which rapidly desorb from the surface in the low

pressure environment.  These same radical species also react with any carbon containing

molecules.  However, in this case the radicals are reduced and form C-F polymers that

remain adsorbed to the surface, blocking further etching.  Hence, the freon plasma

selectively etches glass versus a carbon-based photoresist polymer.  In the case of a

photoresist grating mask on a glass substrate, the exposed glass regions are selectively

etched by the plasma, leaving a “permanent” surface relief grating engraved into the glass.
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B.2.3  Macroscopically Measuring the Grating Period with an Optical Technique

The grating period for either the photoresist grating or the milled surface relief

grating can be measured with the same optical technique used for monitoring grating

development.  Using the principle described by Equation b.1, the period of the surface relief

grating may be determined by measuring the diffraction angle in the Littrow configuration.202

This is accomplished by measuring the angle (2 ) between the zero-order reflected beam and

the first-order diffracted beam with a simple optical set-up, similar to that shown in Figure

B.4.  The basic grating equation defines two angles of interest;  and 198,199α β

(b.5)
Λ =

+
mλ

α βsin sin

where  is the angle of the incident beam with respect to the surface normal,  is theα β

angle of the diffracted beam with respect to surface normal, and m is the diffraction order.

By using the Littrow configuration, the incident beam coincides with the diffracted beam

(i.e. ).  Also, because these holographic gratings contain no blaze angle, both  andα β= α

 are measured with respect to the surface normal; hence the basic grating equationβ

(Equation b.5) is reduced to Equation b.1, and the process requires measurement of only one

angle.

B.2.4  Microscopically Measuring the Grating Period with Atomic Force Microscopy

Optically measured grating periods can also be confirmed by measuring the peak

spacing with atomic force microscopy (AFM).  As with the optical measurement procedure
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(vide supra), both photoresist and surface relief gratings can be measured with this

technique.  However because of the small instrument size, AFM measurements require a

destructive sample preparation and can only be used on “sacrificial” samples.  Despite this

limitation, AFM provides an excellent method for confirming the spacing between individual

grating peaks, thus allowing for comparison to the macroscopic spacing determined by the

optical method.

B.3  PROCEDURES

Many of the procedures reported here were demonstrated by Dan Frayer and Sergio

Mendes, both of the Optical Sciences Center (OSC) at the University of Arizona.

B.3.1  Photoresist Film Deposition

The photoresist film deposition and curing procedures are described for execution

using the equipment in the cleanroom facilities located in the OSC, whereas the substrate

cleaning steps are described for performance in the Saavedra laboratory facilities.  Although

these procedures could be adequately reproduced, they are specifically described for

performance in said facilities.

B.3.1a  Substrate Cleaning

Clean substrates are crucial to fabrication of high quality gratings; attention to detail

in this regard is highly advised.  
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1. Prior to photoresist film deposition, select and label substrates free of obvious

defects or inclusions.  The labeling convention used to mark all slides includes

scribing a label in the lower right-hand corner of the face opposite the side intended

for surface relief gratings, as depicted in Figure B.5 (i.e., the “bottom” carries the

label, the “top” becomes the working surface for fabricating surface relief gratings

and subsequent waveguide deposition).  

2. Labeled glass substrates are cleaned by vigorous scrubbing with cotton soaked in a

1% Liqui-Nox surfactant mixture (Alconox), followed by liberally rinsing with 18.1

MS-cm deionized water (Barnstead Nanopure).  

3. Immerse the freshly washed slides into either a heated (60-80°C) Chromerge

(Manostat) bath or a freshly made Piranha solution (room temperature) for 20-30

min, followed by rinsing with copious amounts of Nanopure water.  The slides

should by hydrophilic at this point, as witnessed by a smooth sheeting action of the

rinse water over the entire surface.  If portions of the slide do not properly “wet”, this

is an indication of the presence of hydrophobic regions, which will cause non-

uniform photoresist deposition.  If such areas persist, the slide may be re-cleaned or

discarded.

4. Cleaned, rinsed substrates are blown dry with a stream of nitrogen.  To ensure water

spots do not occur, slightly tilt the wetted substrate and use the nitrogen to “chase”

the water spots to the bottom edge of the slide.  Turn the slide over and repeat until

all visible water droplets are removed, then place the slide into a clean staining dish.
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Figure B.5.  Convention used in labeling substrates for grating and waveguide
fabrication.  a) The lower right-hand corner of the substrate bottom is labeled,
with subsequent grating fabrication and waveguide deposition to occur on the side
opposite the label.  b) Spin-coating a photoresist film produces a uniform film
over ~ 2/3 of the substrate surface.  The dark lines depict the interference fringes
that bound the uniform region of the photoresist film.

a)

b)

Substrate Bottom
(label placed in lower
right-hand corner)

Substrate Top
(photoresist to be
deposited on side
opposite of label)

A10

Interference Fringes 
(on tailing edge of spin
direction)

Spin
Direction
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5. The filled staining dish is placed into a 100°C oven for a minimum of 30 minutes.

To limit particulate adhesion, as well as gaseous contaminant adsorption, to the

cleaned substrates, they are kept in the sealed dish until grating fabrication occurs

(ideally within 2-3 days, although a tightly sealed container may protect the cleaned

slides for weeks).  Soda lime glass (Gold Seal Microslides), fused silica or quartz

substrates are all amenable to this grating fabrication process, and should be cleaned

prior to grating fabrication.

B.3.1b  Depositing Photoresist and Preparing for Exposure

To prevent particulate contamination, photoresist films are deposited on the cleaned

substrates in a Class-100 cleanroom.  Yellow room lights are used to prevent exposure of

photoresist films, which are susceptible to blue light.  

1. Prior to depositing photoresist films, ensure that the aluminum block is placed in the

curing oven and that the thermostat is set at 95°C.  Allow at least one hour for the

oven to reach thermal equilibrium.

2. Clean glassware by rinsing with acetone, followed by a substantial rinse with Shipley

Type P photoresist thinner.  

3. Prepare a 1:1 mixture (v/v) of Shipley Microposit 1805 photoresist and Type P

thinner in the cleaned glassware and ensure adequate mixing.

4. After filling a disposable syringe with the photoresist mixture, place a 0.2 :m Teflon

filter on the syringe-end and dispense a small portion of the photoresist through the

filter into a waste container.
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5. Substrates are removed individually from the sealed staining dish, blown with a

nitrogen stream and placed on a programmable spinner (label side down).  Mount the

substrates as centered as possible on the spinner vacuum chuck. 

6. Using the filled syringe, flood the surface of the substrate with the photoresist

mixture,  taking care to not allow the solution to overflow and drip from the substrate

edge.

7. Spinning the substrate at 4000 r.p.m. for 30 seconds will form a ~ 200 nm film over

the entire surface.  However, only ~ 2/3 of the middle portion of this photoresist film

will be uniform and is visibly distinguished by an oval arc pattern that forms a

boundary on the trailing edge of the spin direction (Figure B.5b).  This rainbow

pattern is caused by optical interference due to a variation in the film thickness.

8. Remove the substrate from the vacuum chuck and wipe any excess photoresist from

the bottom (labeled side) using a wiper and a small amount of acetone.

9. Place the freshly coated slides, film side up (i.e., labeled side down) in a foil oven

tray.  Deposit photoresist on the remaining substrates until all have been coated.

10. Cure the photoresist films in a 95°C oven by placing the foil tray directly on top of

the aluminum oven block and baking for 30 minutes.

11. Remove the cured photoresist coated substrates and allow them to cool for ~ 30

minutes.

12. Paint the bottom side of the coated substrates with strippable black paint (X-59 Strip

Coating, Universal Photonics), as depicted in Figure B.6a, ensuring a uniform,

pinhole free coating, while not allowing any paint to wick to the photoresist coated
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Figure B.6.  a) After curing the photoresist, black strippable paint is applied to the
substrate bottom over the area represented in black.  Care is taken in allowing the
paint to sufficiently dry by placing the substrates face down (photoresist side down)
in an open air environment.  b) To protect the “soft” photoresist films, the substrates
are held above the lab surface with two lab swabs spaced as depicted.

A10

a)

b)

Black Strippable Paint
(applied to substrate bottom)

A10

B13

C25

Swabs spaced to touch only the
substrate edges
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surface.  The black paint serves as a “beam stop” for any refracted light reaching the

bottom surface of the substrate during the photoresist exposure process (vide supra).

Freshly applied black paint must be allowed to sufficiently dry by placing the

substrates face-down for > 30 min. in an open air environment (DO NOT place in a

sealed container such as a staining dish because the evaporating paint solvent will

adversely effect the freshly cured photoresist films).  Care must also be taken not to

contaminate or damage the freshly cured photoresist films; although cured, they are

still “soft” polymer films and are easily scratched.  This may be accomplished by 

13. spacing two lab swabs to hold the substrates away from the bench top (Figure B.6b).

(Note: black electrician’s tape may be applied to the substrate bottom as a “beam

stop” instead of black paint.  However, the tape does not appear to adhere to the

substrate as intimately as does the black paint and may result in visibly inferior

gratings.  This may be a result of incomplete suppression of back reflection from the

substrate bottom interface.) 

14. Once the black paint is dry, the substrates are ready for holographic exposure of the

cured photoresist films.  If properly stored, these prepared substrates can be kept for

several weeks (if not longer).  Care must be taken to protect the photoresist films

from non-yellow lights while storing or transporting.

B.3.2  Exposure and Development of Holographic Gratings

The OSC cleanroom facility maintains a dedicated optical bench which contains  set-

ups for exposing and developing photoresist gratings.  One of the most crucial parts of the
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exposure and development process is quality of the incident laser beam used for exposing

the holographic grating pattern.  Therefore, care should be taken to ensure that a good

quality, well controlled incident beam is prepared.

B.3.2a Incident Beam Preparation

1. Prior to grating exposure, prepare the optical assembly by “floating” the optical

bench, turning on the helium cadmium laser (HeCd, Kimmon) and allowing for ~ 1

hour warm up to achieve optimum laser thermal stability.

2. After a 30 min warm-up, open the He-Cd laser shutter to check for beam alignment.

It is important to note the shutter position (Figure B.2) as the dedicated laser

possesses two fundamental wavelengths (441.6 nm, 325 nm) both lasing at the

TEM00 mode.  The optical components used are not UV-grade nor is the particular

photoresist used here intended for development below ~ 350 nm.  Shipley Microposit

1805 photoresist can be exposed with light from the spectral range of 350 - 450 nm,

with the optimal excitation wavelength occurring at 436 nm.200  Therefore, ensure

that the shutter is opened to the position that allows ONLY the 441.6 nm line to lase

(the shutter also allows for selecting only the 325 nm line, or both lines

simultaneously).  Incident UV radiation has a degradative effect on the optical

components, especially the microscope objective.  Misuse of the 325 nm line has

previously resulted in needed replacement of this optic.

3. The components used in the optical path are shown in Figure B.2.  Significant

adjustment for laser alignment through the optical components should not be
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required.  However, an iterative fine adjustment of the spatial filter / beam expander

assembly is always required.  The microscope objective (X45, f.l. = 0.65 mm) is

mounted on an XYZ-translational stage, which allows for optimization of light

passing through the 5 :m pinhole, and thus the uniformity of the expanded beam.

This is best accomplished by placing a screen before the collimating lens (F5, f.l. =

250 mm) and adjusting the objective position to maximize the uniformity of the

center portion of the beam.  The collimated, expanded beam (i.e., the beam exiting

the collimator lens) is ~ 6 cm in diameter, but only the center ~ 2 cm are used for

grating exposure, thus maximization of the uniformity over this center region is key.

Final beam power should be 0.38 mW/cm2 over the uniform center region.

4. The rotary stage is also mounted on an XYZ-translator and needs to be aligned with

the incident beam.  This is best accomplished with a paper covered microscope slide

mounted in the substrate position.  The iris in the beam path is centered on the

incident beam and closed to ~ 2 cm.  The rotary stage translator is adjusted (both

horizontally and vertically) such that the prepared beam is incident directly on the

vertex between the mirrored block and the slide (which are held perpendicular to

each other).  Finely adjust the translator until the incident and reflected beams

overlap perfectly, which appears as a “half-moon” image on the microscope slide.

This “half-moon” image corresponds to the physical size and shape of the photoresist

gratings that will be developed, and can be adjusted to the desired size using the iris

(typical size = 10-15 mm diameter).

5. The rotary stage should be rotated to the desired angle as described by Equation
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(b.1).  Angular adjustment is verified by replacing the paper covered slide with a

mirrored slide (aluminum or silver coated slide).  The iris is closed to < 5 mm and

the rotary stage is turned until the mirrored slide is perpendicular to the incident

beam.  This results in back reflection of the incident beam, which is easily visible on

the pinhole spatial filter.  Iterative rotation to the point of exact back-reflection is

taken as 0° and used as a point of reference for angular adjustment.  (Note: typical

grating period of 400 nm is achieved with an angular setting of 33.5° from surface

normal).

6. Although the dedicated holographic exposure laboratory possesses yellow lights,

optimum grating fabrication is achieved by limiting as much room light as possible.

To do this, the sash should be lowered over the gowning room “viewing” window,

and the room lights extinguished.  Sheet metal blocking shields are also placed on

either side of the opaque plexiglass box near the rotary stage (Figure B.2).

7. The timed shutter is set for a 30 second exposure time and its alignment with the

incident beam is checked.

8. Once the HeCd laser and all optical components are aligned, close the shutter on the

laser until a substrate is mounted and ready for exposure.  Closing the shutter in

between each substrate will help in protecting against unintentional exposure.

B.3.2b  Developing Chamber Preparation

9. Prepare the developing solution by mixing 1 part Shipley Microposit 351 Developer

with 4 parts deionized water (v/v) and pouring into the developing chamber.  Note:



319

this mixture is only approximate and is extremely dependent upon the age of the

developer solution.  It is best to assume the first sample developed will be a

sacrificial sample, as the prescribed recipe may be overly concentrated (resulting in

rapid development) and may need to be re-adjusted.  Because the 351 Developer is

a sodium hydroxide solution, one suggested improvement would be to

experimentally determine the pH for optimum developing conditions.

10. The developing process is best regulated by ensuring fresh developer is circulating

over the photoresist surface.  For this, the developing chamber is mounted on a stir

plate.  To limit vibrations of the dedicated optical bench during the exposure process,

turn the stir plate on only when developing a slide.

11. Fill a rinse container with DI-water and place near the developing chamber.  Once

the photoresist gratings are sufficiently developed, the chemical reaction is stopped

by plunging the substrate into this rinse container.  A container that allows for

immersion of the substrate while still mounted to the developing chamber lid is

advised as this provides the quickest method for stopping the chemical reaction. 

12. A helium neon (HeNe, 632.8 nm) laser is used to monitor beam development in real

time.  Turn on the HeNe laser and align the developing chamber such that the

incident beam passes directly through the chamber center (horizontally).  The

exposed substrates will be mounted into the slide holder such that the grating region

is held in the HeNe beam path, as depicted in Figure B.4.  Grating development is

monitored using the Littrow configuration, where the intensity of the transmitted,

negative first-order diffracted beam (T-1) is measured with a photodiode.  
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13. Because the inserted substrates will not initially possess diffraction gratings , it is

helpful at this point to insert a previously fabricated substrate with a surface relief

grating of similar period into the slide-mount on the development chamber lid.  Once

inserted, the development chamber can be better aligned with the incident HeNe to

ensure that the beam passes through the chamber and grating centers.  Because the

previously fabricated substrate possesses a grating of similar period, the developing

chamber can be rotated to the Littrow configuration to aide in aligning the

photodiode with the diffracted beam.  Performing this step prior to actual

development of photoresist gratings is very helpful in ensuring alignment of the

HeNe with the grating center, and especially in alignment of the photodiode so that

the correct beam is monitored.  The alternative is to insert an exposed photoresist

grating into the developing chamber, rapidly find the negative first-order diffracted

beam, align the photodiode with this beam, and monitor the beam intensity to

completion.  The approximate recipe used for the development solution adds another

challenge to this alternative approach, as the mixture can result in very rapid

development, which may not provide sufficient time to find the diffracted beam

before the exposed photoresist is completely removed.

B.3.2c  Exposing and Developing Photoresist Gratings

14. Mount a photoresist-coated, painted substrate in the desired horizontal position on

the rotary stage.  Check that the spring-mount properly holds the substrate tightly

against the bottom of the mirrored block.  It is advised to pre-mark the desired
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grating location on the side of the substrate with a felt tip pen, thus aiding in proper

positioning during the development.

15. After opening the HeCd laser shutter, use the timed shutter to expose the mounted

substrate-supported photoresist film for 30 seconds.  Upon exposure, a standing wave

of light intensity is established in the photoresist film, as depicted in Figure B.7a.

Proper film exposure occurs when the standing wave is allowed to fully penetrate

through the complete thickness of the photoresist film in the regions of maximum

intensity.  Under-exposure may result in a grating pattern that does not extend to the

substrate surface, which will not allow for transfer of the grating into the underlying

substrate.  Over-exposure may result in the complete removal of all photoresist in the

grating region.  

16. After exposing one end, the substrate can be removed, turned end-for-end and

exposed in a different spot if two gratings are desired.  

17. Close the HeCd laser shutter to protect unexposed regions of the photoresist film

from inadvertent exposure to scattered HeCd light.

18. Remove the exposed substrate from the rotary stage and peel the removable black

paint from the substrate bottom.

19. Using the positioning mark placed on the substrate’s side, fasten the exposed

substrate to the slide-mount on the underside of the developing chamber lid, ensuring

that the exposed region is centered.

20. Turn the stir plate on to a rapid spin and immerse the mounted substrate into the

developing solution by placing the lid on the developing chamber.  Monitor the 
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Figure B.7.  a) The intensity pattern formed in a photoresist film during exposure to a
holographically produced standing wave and b) the patterned photoresist remaining on
the glass substrate after development.  The incident laser intensity forms an interference
pattern approximated in a) for the case of an under-exposed film (dashed line) and for
an exposure that has sufficiently penetrated the photoresist layer (solid line).  Exposure
and development are optimized and allowed to proceed until the photoresist is etched
deep enough to uncover the substrate in the regions of maximum exposure (i.e., the
valleys).  The photoresist pattern that remains after development acts as a mask for
transferring the grating pattern into the substrate.
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intensity of the diffracted beam incident on the photodiode.  The intensity should

increase steadily, reach a peak and then begin to descend.  Grating development

should proceed until the beam intensity decreases by 5-10% from the maximum

value (i.e., just beyond the crest, as the signal begins to drop).  The intensity

increases as the diffraction efficiency improves, which is directly related to the

grating groove depth, which in turn increases as more photo-reacted photoresist

dissolves into the developer solution.  These gratings are intended to be used as

masks for transferring the grating pattern directly into the substrate, so it is crucial

that the photoresist be etched deep enough to uncover the buried substrate surface,

as depicted in Figure B.7b.  If the grating grooves do not extend to bare glass, then

it becomes impossible to transfer the grating into the underlying substrate.

Therefore, proper development is critical.

21. The development step should be complete in ~ 60 seconds.  Faster development

times can result in accidental over-developing.  Because even the unexposed

Novolak resin is slightly soluble when deprotonated, slower development times may

result in non-uniform gratings.  Based on the time required for developing the first

substrate, adjust the developer concentration accordingly.  (Determining optimum

pH may be helpful here.)

22. Once the beam intensity has decreased by 5-10% from the maximum value, rapidly

remove the developing chamber lid and immerse the substrate into the container

filled with DI-water and gently “swish”.  After rinsing for several seconds, remove

the substrate from the slide-mount and liberally rinse with DI-water.
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23. Dry the substrates with a stream of nitrogen.  Tip the slides on an angle and chase the

water droplets to the bottom of the substrate, turn and repeat on the opposite side.

Continue blowing with nitrogen until all water droplets are gone.  Care in drying will

aide in preparing spot-free substrates.

24. Inspect the quality of the developed grating by holding the substrate flat and tipping

to a steep angle away from the point of view.  A strong, uniform diffraction should

be visible over the entire “half-moon” grating pattern.  Assess the quality of the

grating and determine if any exposure or development parameters need to be

changed.  Some parameters are not adjustable within a given batch of prepared

substrates (e.g., photoresist film quality, pin-hole free paint layer), while others are

(e.g., exposure time, developing solution concentration, etc.). 

25. Although the photoresist films are still relatively “soft” polymer films, the developed

grating masks can be stored in a dust-free, sealed container for many months without

noticeable degradation.   

B.3.3  Ion Milling through a Photoresist Grating Mask

Previously described ion milling procedures3,4 were performed using an old vacuum

system in the Peyghambarian lab in the OSC.  This aged system became very inefficient for

milling gratings, therefore we constructed a new vacuum chamber for milling glass

substrates (also located in the Peyghambarian lab).  This ion milling system, depicted in

Figure B.8, consists of a vacuum chamber covered by a glass bell jar, connected to a water
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cooled, oil diffusion pump which is  backed by a roughing pump.  The heavy glass bell jar,

which is lifted by a counter balanced hoist system, covers the high voltage ion source and

the substrate mounting stage. 

B.3.3a  Loading Samples and Establishing Vacuum

1. Ensuring that the vacuum valves are appropriately closed and the chamber is vented,

lift the bell jar off the base plate and load the substrates into the milling chamber.

The substrates are glued to a copper cooling block with enough silver paste (SPI

Silver Paste PlusTM) to spread wider than the grating area when pressed into place

(i.e., glue bead . ½ the size of a pea).  If too little silver paste is used, the substrates

may overheat and crack due to poor heat dissipation through the substrate into the

cooling block, whereas too much silver paste is difficult to clean and can result in

contamination of the milling chamber.  Although the copper block is big enough to

hold four substrates, optimum milling occurs when only two substrates are

processed.

2. If starting with a cold system (i.e., the system is completely shut down), ensure that

the high vacuum baffle between the milling chamber and the diffusion pump is

tightly closed (close with the HV lever, labeled as Ø).  Close all gas supply lines and

the system vent valve (labeled as Ú).  Lower the bell jar into place on the top plate

and ensure proper alignment (or a poor vacuum seal may occur).  Turn on the

roughing pump and open the 3-way vacuum valve to the milling chamber (labeled

as Ù); pull a “rough” vacuum in the milling chamber to about 100 mTorr (ca. 5-10
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minutes).  Once the milling chamber has been “roughed”, switch valve Ù to the

“backing” position, which opens the line between the diffusion pump and the

roughing pump and allows the diffusion pump to be evacuated.  While continually

pumping with the roughing pump, open the cooling water line to the diffusion pump

and turn on the heating element.  Allow the diffusion pump to properly heat for 1-2

hours before using.

3. Once the diffusion pump is warm and the substrates are loaded, open valve Ù

between the roughing pump and the milling chamber and pull a “rough” vacuum (to

~ 100 mTorr).  

4. Switch valve Ù so that it is again backing the diffusion pump.

5. Open the high vacuum valve Ø between the diffusion pump and the milling chamber

and allow to pump down for 30-45 mins.  Turn on the ion gauge and measure the

vacuum level.  Milling should start only after achieving a chamber pressure of ~ 2-3

x 10-5 Torr.  To maintain the life of the ion gauge, energize only for short periods of

time while checking the vacuum level.

B.3.3b  Igniting a Plasma and Milling Substrates

6. Once the milling chamber has been pumped down, open the cooling water lines to

the high voltage ion source and substrate cooling block.  Note: the high voltage

power supply has an interlock switch that will not allow it to be energized without

a flow of cooling water through the ion source.

7. Ensure that the mechanical blocking plate is covering the mounted substrates from
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the ion source.  If a plasma is ignited without this shutter in place, unintentional

substrate milling will occur while the ion beam is warming. 

8. Open the freon (C2F6) gas line starting at the tank, followed by the regulator valve,

then finally the needle valve (labeled as Û).  There is also an argon gas supply line

connected through needle valve Û.  Double check that the Ar supply is closed, as this

will create a plasma with different characteristics than desired.

9. Open needle valve Û slowly until the chamber pressure (measured with the ion

gauge) is 6 x 10-4 Torr.  This chamber pressure corresponds to a needle valve Û

micrometer setting of ~ 2.1.

10. Turn on the ion power supply main power switch.  Once the main unit is energized,

turn on the High Voltage.  This applies a very large potential between the cathode

and anode in the ion source and should ignite a purplish plasma that is directed

towards the substrate mounting stage.  If a plasma does not light, then slowly turn

the needle valve Û either up or down, depending on the pressure indicated by the ion

gauge, until a plasma ignites.

11. Finely adjust needle valve Û until the High Voltage gauge measures 1.9 kV.  The

plasma current on the ion source power supply should be set at 160 mA.  Note: 1.9

kV is right on the system operating edge (of extinguishing the plasma), so it is

important to be precise in adjusting the freon supply pressure in order to achieve a

stable plasma.

12. Allow the ion source to warm up for 5-10 mins. until the plasma stabilizes (i.e.,

flickering is minimized).  The freon plasma (main ionized species is C2F5
+) should
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be purple in color, as compared to a more blue colored plasma that would result from

using the Argon supply gas.  If the plasma looks “bluish”, then triple check the gas

supply lines to the Argon tank.  Note: turning off the room lights will aide in visually

observing the plasma and monitoring the progression of substrate milling.

13. Once the plasma is stabilized, open the mechanical shutter blocking the substrates

from the plasma and expose for 2 ½ mins.  Exposing the photoresist grating mask

region to the freon plasma allows the selective milling chemistries previously

described to reactively etch the exposed substrate regions, thereby transferring the

grating pattern, as depicted in Figure B.9.

14. This procedure should form surface relief gratings in the glass substrate with a mill

depth of 100 nm (etching rate . 40 nm/min.).101,201  For properly exposed and

developed photoresist grating masks deposited on a soda-lime glass substrate, an

orange glow defining the grating region should begin within the first 30 sec. of

exposure to the ion beam (Note: due to the absence of sodium atoms, the orange

glow is not seen for quartz or fused silica substrates.).  If an orange glow occurs

within ~ 2½  minutes of ion beam exposure, note the initial appearance of the glow

and continue milling for ~ 1½ to 2 minutes.  Although this longer prescribed milling

procedure can produce reasonable gratings for slow milling substrates, it should be

noted that the previously described plasma / photoresist chemistries may result in C-

F polymer deposition on neighboring surfaces within the milling chamber.  Absence

of an orange glow within ~ 2½ minutes of beam exposure is most likely a result of

improperly prepared photoresist gratings which will be unusable for milling.  
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Figure B.9.  Ion milling a grating pattern into a glass substrate through a photoresist
grating mask.  a) Radical species of Freon and fluorine created in an ionizing plasma
preferentially etch the exposed glass channels versus the photoresist polymer.  b) The
resulting channels milled into the glass substrate have a groove depth of ~ 100 nm.  c)
After removing the remaining photoresist, the substrate is left with a periodic grating
pattern etched into the surface (i.e., surface relief grating); the period is approximately
equal to that of the photoresist mask .  
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15. When milling is complete, stop the process by turning off the high voltage power.

16. Move the sample stage to the next sample, cover with the shutter, re-ignite the

plasma (no warm-up should be necessary) and mill accordingly.  Note: if milling

four substrates, the last set of gratings will not proceed as ideally described, as it

takes a lot longer for the orange glow to begin.  In this case, it is reasonable to

hypothesize that C-F polymer deposition in the grating mask regions has occurred

(while milling the previous samples).  Therefore, it takes a while for the plasma to

reach the underlying substrate.  In these cases, the rate of milling will not occur as

previously stated, but may require a longer milling time, not to exceed 5 mins.

Although the rate of milling is not known for these cases, this procedure is still

capable of producing excellent surface relief gratings.

17. Once ion milling is complete, turn the ion power supply source off and allow the

source and cooling block to cool for 10-15 mins. (Note: exposing a hot cathode from

the ion source to oxygen greatly reduces its life, so it is important to properly cool).

Close needle valve Û and the gas supply lines and turn off the ion gauge.  Once the

source has had time to cool, turn off the cooling water and prepare for venting the

milling chamber.

18. Close the high vacuum valve Ø between the diffusion pump and the milling

chamber, but continue “roughing” the diffusion pump.  The roughing pump should

always be used to back the diffusion pump while it is on.

19. Slowly vent the milling chamber to atmosphere by opening valve Ú.  Note: if the

“pitch” of the roughing pump ever audibly changes while venting the milling
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chamber, it may mean that the high vacuum valve Ø is not tightly closed.  This

changing sound means that the roughing pump is actively pumping a significantly

different pressure than before, which occurs when roughing the milling chamber for

example.  Exposing a hot diffusion pump to large volumes of oxygen degrades the

pump oil and is not a good idea.  Therefore, immediately close the venting valve Ú

and try to re-seat the high vacuum valve Ø until it closes tightly.

20. Once the milling chamber has been vented, lift the bell jar and carefully pry the

substrates from the copper block by sliding a razor blade under the edge.  Carefully

scrape the silver paste from the copper block and wipe with acetone and lab wipers

(cleanliness of the system ensures optimum milling conditions).  The chamber is now

ready to mill more samples if desired.

21. When all milling is complete, place the bell jar back onto the base plate and open

valve Ù between the roughing pump and the milling chamber.  Once a pressure of

100 mTorr has been achieved in the milling chamber, switch valve Ù to open the line

between the roughing pump and the diffusion pump (i.e., place valve Ù in the

“backing” position).  The system should be left in this state.

22. The milled substrates require cleaning by manually rubbing with acetone and lab

wipers to remove the silver paint and hardened photoresist.  Wipe until all paint and

yellow photoresist has been removed.

23. Substrates are further cleaned by sonication in acetone, followed by sonication in

ethanol or methanol.  Finally the substrate cleaning procedure previously described

is repeated. 
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B.3.4  Measuring Grating Period

B.3.4a  Optical Measurements of Grating Period

A simplified version of the optical procedure used for monitoring the real-time

development of photoresist gratings can be employed to measure grating period.202  In this

case, a rotary stage is required for measuring the angle between the zero-order reflected

beam and the first-order diffracted beam.  The procedure described herein will work for

almost any sample containing a holographic grating (e.g., photoresist gratings, surface relief

gratings on bare substrates, surface relief gratings buried by a sol-gel waveguide layer,

surface relief gratings buried by the multi-layer EA-IOW).

1. Mount the desired substrate on a rotary stage with angular measurement capabilities.

Position the grating directly over the center of axis of the rotary stage, as depicted

in Figure B.10.  Ensure that the substrate is held perpendicular to the plane of

incidence, defined by the surface normal vector and the incident beam.

2. Define the grating zero angle by rotating the substrate until the specular reflected

beam (zero-order beam) is perfectly back-reflected upon the incident beam (Figure

B.10a).  This may be easier to visually verify by placing an iris between the laser

source and the rotary stage.  Because the holographic gratings described herein

possess no “blaze” angle, the zero-order specular reflection should occur exactly

perpendicular to the surface plane (i.e., it will occur at 0° with respect to the surface

normal vector).



R0

R-1
Laser

2

R0

R-1

Laser

334

Figure B.10.  Optical setup for measuring the angle 2  between the zero-order specular
reflection and the first-order diffraction of a holographically fabricated grating structure. 
A laser is incident on the grating region, which is centered on a rotary stage.  a) The
substrate is aligned with the incident laser such that the specular reflection is back
reflected onto the incident source beam (angle = 0E with respect to the surface normal). 
b) The substrate is aligned to the Littrow configuration and the angle of the 1st order
diffracted beam (angle = 2 ) is measured with respect to the surface normal.  As opposed
to the grating development procedure, exact Littrow alignment is used in this case.

a)

b)
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3. Next, determine the angle (2 ) between the zero-order reflected beam and the first-

order (negative or positive) diffracted beam by rotating the substrate until the first-

order diffracted beam is perfectly back-reflected onto the incident beam (Figure

B.10).  By knowing the wavelength of the laser source used, and through the

measurement of 2, Equation b.1 can be used to determine the grating spacing of the

sample under investigation.

B.3.4b  AFM Imaging of Gratings

Measuring grating spacing with the optical method described above provides a

macroscopic assessment of the grating period.  This is necessarily so because the cross

sectional diameter of the incident laser beam (typically 2-3 mm) will interact with ~ 5,000

individual grating lines for a grating with a period of 400 nm.  By way of comparison,

Atomic Force Microscopy (AFM) provides a microscopic measurement of the spacing

between individual grating lines.  Although the optically measured grating period is all that

is required for defining the grating structure for typical use, AFM provides a complimentary

method for identifying microscopic features that may effect the overall grating performance.

Several examples of AFM data used to identify grating features are provided below. 

Figure B.11 contains AFM data collected for a photoresist grating.  Because the

photoresist films are relatively “soft” surfaces, tapping-mode AFM is used to image this

grating structure.  Many interesting points can be drawn from the AFM image collected for

this surface.  For example, a line scan of the 2D image (Figure B.11a) is used to determine

the peak to peak separation between two adjacent peaks.  In this instance, the microscopic
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a)

b)

Figure B.11.  Tapping-mode AFM images of a holographic grating mask developed in
a substrate-supported photoresist film.  a) A line scan reveals an approximate grating
spacing of 400 nm (horizontal distance between – markers is 412.11 nm).  The
vertical distance of 111.27 nm measured between the L markers is most likely not an
accurate representation of the true grating depth, as the lack of a “flat” valley bottom
would indicate that it was not “touched”. b) A three dimensional representation of the
1.0 x 1.0 :m2 scan area of this photoresist grating mask.
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spacing of 412 nm between two adjacent peaks agrees reasonably well with the desired

spacing of 400 nm selected during grating development (Note: the peak spacing

measurement is approximated by manual selection of the peak center).  The vertical distance

(i.e. valley depth) of ~ 100 nm measured for this photoresist grating is only an approximate

measure of the true grating depth.  However, even though the  cross sectional image of the

grating does not suggest that the tip “touched bottom”, photoresist gratings from this same

batch were successfully fabricated into surface relief gratings, suggesting that the photoresist

had developed long enough to expose the substrate.  Therefore, the valley depth must not be

significantly deeper than the measured 111 nm.

By way of comparison, Figure B.12 contains AFM data for a surface relief grating

that was manufactured from the same batch of photoresist gratings as the one imaged in

Figure B.11.  A striking difference between these two images is the “flat” peaks associated

with the surface relief grating as opposed to the “rounded” peaks of the photoresist grating.

Considering the fabrication steps associated with each type of grating structure, this feature

is not surprising.  The photoresist grating is created by a sinusoidal interference pattern,

hence a curved top to the peaks would be expected (Figure B.7).  The surface relief grating,

on the other hand,  is etched into the glass surface through the photoresist mask which would

lead to the observed flat peaks (Figure B.9).  The peak spacing of ~ 419 nm determined for

this surface relief grating agrees with the desired grating spacing, and with the spacing

measured for the photoresist grating in Figure B.11.  The vertical distance between the

grating peak and adjacent valley of 112 nm agrees with the depth attributed to the ion

etching procedure followed for these gratings (40 nm/min for 2.5 min).  
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Figure B.12.  Tapping-mode AFM images of a grating milled into the surface of a
soda-lime glass substrate through a previously deposited holographic photoresist
grating mask.  The photoresist has been cleaned from the substrate surface, revealing
the underlying surface relief grating.  a) A line scan reveals an approximate depth of
100 nm (vertical distance between L markers is 112.10 nm) and a grating spacing of ~
400 nm (horizontal distance between – markers is 418.95 nm).  b) A three
dimensional representation of the 1.5 x 1.5 :m2 scan area of this surface relief grating.

a)

b)
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A larger scan area (4 x 4 :m2) of the surface relief grating provides the data for

Figure B.13.  This image demonstrates the uniform grating pattern over a larger area, and

yields data that coincides with that already presented.  The vertical distance between the two

white arrows (Figure B.13a) indicates a valley depth of ~ 100 nm.  Spacing between the most

distant peaks indicated by the black arrows is ~ 3.25 :m, which would correspond to an

average grating period of 406 nm between each peak.  Frequency analysis of the most

commonly occurring surface features reveals a spectral period of ~ 400 nm (Figure B.13b

inset), which would be expected for the repeating pattern produced by the grating.  All these

data are in good agreement with the optical measurements performed for this batch of

gratings (7 . 399 nm ± 1.5 nm).

Finally, as a demonstration of the potential problems that AFM imaging can be used

to address, Figure B.14 contains data from the leading edge of a surface relief grating.

Previous assumptions about this front grating edge, which is the edge used for launching

waveguide modes, suggested that the transition between the undulating grating pattern and

the flat substrate was abrupt.  It was assumed that the mirror block used in the photoresist

exposure process (Figures B.2 and B.3) was providing a “sharp” edge to the photoresist

grating, which was subsequently transferred into the surface relief grating.  However,

experimental use of these gratings required spacial optimization of the incident beam in

order to achieve optimum grating performance (as witnessed by optimal waveguide

coupling).  The images collected for this front edge grating region clearly demonstrate that

the transition is not abrupt, but occurs more gradually than expected.  These results helped
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Figure B.13.  Tapping-mode AFM data from a 4 x 4 :m2 surface relief grating milled
into the surface of a soda-lime glass substrate through a previously deposited
holographic photoresist grating mask.  a) A line scan reveals an approximate depth of
100 nm (vertical distance between L markers is 106.46 nm) and a grating spacing of ~
400 nm (horizontal distance between – markers is ~ 3.25 :m, which corresponds to
an average spacing of 406 nm).  b) A three dimensional representation of the 4 x 4
:m2 image.  The inset in b) contains a frequency analysis of the most common
surface features for this image, which is the expected grating period.

a)

b)

Spectrum

399.22 nm
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Figure B.14.  Tapping-mode AFM images of the “front” edge of a surface relief grating
(flat side of the half-moon shaped grating).  3-D images of a) a 1.5 x 1.5 :m2 scan area,
and b) a 4 x 4 :m2 scan area from different regions of the same surface relief grating. 
Previous to this experiment, it was assumed that the front edge of the photoresist grating
provided an abrupt end to the grating pattern (i.e., a “sharp” edge).  These images
provide evidence that a sharp edge is not successfully transferred into the milled surface
relief grating; instead a gradual transition occurs.

a)

Grating

Substrate
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to explain the observed need for optimizing incident beam position when performing

waveguide coupling experiments.  They also demonstrated the need for using a physical

mask (e.g., microscope cover slip, aluminum block) to define the desired sharp edge when

milling these photoresist patterns into the substrate surface. 
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APPENDIX C

EXPERIMENTAL STUDIES OF POLYTHIOPHENE 

AS A SELECTIVE SENSING FILM

C.1  INTRODUCTION

The discovery that conjugated polymer systems can reach high electrical

conductivities has lead to a significant research effort in this field since the mid-

1970s.222,224,225  This phenomena holds promise for advances in next generation electronic and

optical devices.240-241  Various polymer types have been studied, such as polyaniline,211-212

polypyrrole,213-215 polythiophene,216-234,240-242 etc.  Of the polymer types tested, polythiophenes

represent one of the more-studied systems, and have been used in a wide-range of

technologies ranging from  electrical conductors, nonlinear optical devices, polymer LEDS,

electrochromic windows, antistatic coatings, batteries, sensors, etc.222,224-225,233,240  

Of particular interest to the work presented in this dissertation are the observed

ionochromatic properties of polythiophenes which have been exploited for chemical sensing

purposes.218,221,222,224,233  This ionochromatic behavior stems from the electrochromic nature

of the conducting polythiophene network.  The conductivity, as well as the observed optical
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effects, are achieved through a conjugated planar backbone, which creates a B-bond that

extends over long regions of the polymer network (depicted in Figure C.1).  The observed

electrochromic effects arise from planar/non-planar conformational changes that occur along

the polymer backbone.  Ionic interactions between the polymer backbone, or with attached

side chains, have been shown to predictably change the electronic and optical properties of

various polythiophenes.  It is this property that makes polythiophene a good candidate for

chemical sensor development.

As reported in Chapter 5 of this dissertation, the broadband EA-IOW spectrometer

is a multi-dimensional measurement tool with an unprecedented combination of spectral

information content and sensitivity.  As demonstrated by Heineman et al.,84,161-163 applying

a surface confined molecular recognition layer would further improve the multi-dimensional

features by adding a level of selectivity.  The ionochromatic properties of polythiophene

could provide this additional selective layer to the already multi-dimensional capabilities of

the EA-IOW.  With this purpose in mind, the ultimate goal of the work reported in this

appendix is the addition of a polythiophene layer to the broadband EA-IOW to create a truly

unique chemical sensing platform.  However, prior to arriving at this end, significant proof-

of-concept work with polythiophene is required to properly justify the potentially formidable

effort needed to optically couple such a layer to the surface of the EA-IOW.

This appendix reports on the preliminary testing of thick polythiophene films

adsorbed to ITO electrodes, but not to the EA-IOW.  Experimental testing of the chemical

selectivity of these “thick” polythiophene layers, as measured by the photometric and

potentiometric responses, is reported herein.
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Figure C.1.  a) Molecular structure of poly(3-dodecylthiophene-2,5-diyl), regioregular. 
b) and c) depict the proposed mechanism for the observed electrical conductivity of this
electrochromic polymer.  b) In the neutral state, bonds between thiophene moieties
become twisted away from planarity, resulting in a discontinuity of the extended B-
bonding between each moiety.  c) When oxidized, the molecular backbone becomes
planar, thereby establishing a degenerate B-bond that extends over many anisotropic
thiophene units.  Conductivity results from movement of holes, as in p-type conductors.

- e- + e-

twisted
bond

a)

b)

c)
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C.2  EXPERIMENTAL

C.2.1  Polythiophene Film Deposition

While electrochemical polymerization of various thiophene monomers has been

reported,233 the ability to deposit pre-polymerized polythiophene as films was chosen as a

starting point.  Various polythiophene types have been reported in the literature,216-234,240-242

including a water soluble blend of poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate),224,242 commercially sold as Baytron P (Bayer AG), as well as an

organic poly(3-dodecylthiophene-2,5-diyl), regio-regular (> 98.5% head-to-tail regiospecific

conformation, Aldrich).  While some initial testing was performed with Baytron P, the work

reported herein was carried out using ITO-deposited films of the dodecyl-substituted

polythiophene shown in Figure C.1a.

Prior to polythiophene deposition, commercially available pieces of ITO-coated glass

(Donnelly Applied Films) were cleaned by sonication for 15 min in a ~1% Triton X-100

solution.  The ITO was liberally rinsed with 18.1 MS-cm deionized water (Barnstead

Nanopure), followed by a 15 min sonication in ethanol.  A final 15 min sonication step in

deionized water completed the cleaning step, followed by blowing the ITO dry with a stream

of compressed nitrogen.

Films were spin-cast onto the samples after flooding the surface of a freshly-cleaned

piece of ITO with a 9 :M polythiophene/chloroform solution.  The ITO substrates were spun

at 2500 RPM for 30 seconds, and the films were cured at 100°C for 10 minutes to evaporate

any residual CHCl3.  The polythiophene/CHCl3 solutions appeared faint yellow in color, as
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did the freshly-spun films.  However after curing, the films took on a dark (but transparent)

purple hue.

In addition to spin-coating, films deposited via the Langmuir-Blodgett-Schafer

technique were also made.  This process was carried out by adding ca. 2 mL of a 2 :M

polythiophene in CHCl3 solution to the surface of a Langmuir-Blodgett trough, compressing

the sample into a film on the water’s surface and horizontally dipping an ITO substrate

through the air/water interface.  The samples were removed from the water and blown dry.

C.2.2  Spectroelectrochemical Testing

Three types of measurements occurred during testing: i) voltammetric measurements,

ii) potentiometric measurements, and iii) spectrophotometric  measurements.  All three

measurement-types were collected for polythiophene/ITO samples retained in a Teflon

spectroelectrochemical cell.  This specialized cell held the ITO in place by compression

between the outer and inner cell walls, and against a Teflon rubber o-ring, in a sandwich

fashion.  A brass foil tab provided electrical contact to the ITO working electrode (WE),

whereas two ground glass ports were used to insert a pseudo Ag/AgCl reference electrode

(REF) and a Pt wire counter electrode (CE).  The voltammetric response of the deposited

ITO films was measured and controlled using an EG&G potentiostat (Princeton Applied

Research, model 263A).  The potentiometric measurements were made between the ITO WE

and the REF using a digital voltmeter (Fluke).  Finally, the spectrophotometric response was

collected for samples contained in the Teflon cell held normal to the incident light beam of

a commercially available transmission based UV-Vis spectrophotometer (Spectral
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Instruments, model 440).  A matched cell filled with the test solution was used to collect the

background spectrum for each test case.

C.3  RESULTS AND DISCUSSION

C.3.1  Observed Electrochromism

The electrochromic response of a polythiophene film is readily produced and

observed by collecting spectra during a voltammetric sweep, as shown in Figure C.2.  As

discussed in the experimental section, the spun-cast dodecyl-substituted polythiophene (dPT)

films possess a transparent dark purple color once removed from the drying oven.  This

purple color is attributed to a B-B* transition of the electrons in the conjugated polymer

backbone.218,222  As the potential is scanned in the positive direction, the film is oxidized, its

conductivity increases, and the purple color fades.  The spectral measurement collected for

the oxidized film (1000 mV, Midpoint of the cyclic voltammogram) shows a featureless

spectrum from 400-950 nm.  The visually observed film appears colorless at this potential.

Once the potential is reversed and scanned in the negative direction, the purple color returns

to its original state, as shown by the agreement between the Start and Finish spectra in

Figure C.2a (Note: Start spectrum collected at 0 mV, Finish spectrum collected at -200 mV).

The currently accepted mechanism for the observed electrochromism of dPT (Figure

C.1b, C.1c) indicates that as the film is oxidized, the anisotropy increases as longer sections

of the polymer align and the main polymer backbone becomes planar.218,222,224  The well-
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Figure C.2.  a) The electrochromic response of a polythiophene film, deposited onto
ITO, as a result of the potential sweep in b).  a) Spectra collected every 100 mV along
the voltammetric sweep (inset) demonstrate the reversible electrochromic phenomena
and a well-defined isosbestic point.  b) Cyclic voltammograms collected at sweep rates
of 75 mV/s (dashed) and 100 mV/s (solid) using a 0.1 M LiClO4 electrolyte.

Start

Midpoint



350

defined isosbestic point, shown in the inset of Figure C.2a, indicates the coexistence of large

regions of planar and non-planar thiophene units.218  Thus as the film is oxidized and the

entire polymer backbone becomes more planar, the energy of the B-B* transition decreases.

This causes a red-shift in the observed spectrum as the polymer changes to a predominantly

planar form.218,222  For this sample, the expected red shift may have been more pronounced

had the anodic sweep been carried out to a more positive potential.  Nonetheless, the

presence of the isosbestic point clearly indicates an equilibrium between the planar/non-

planar states, and the ability to modulate this equilibrium with applied potential.

  

C.3.2  Potentiometric Response in the Presence of Metal Cations

While the response shown in Figure C.2 was generated by an externally applied

electric field, the true property of interest is the ability to modulate the spectral response

through changing the potential of the local dPT polymer environment.  Such local potential

changes can occur through incorporation of metal cations with different redox potentials,

which in turn causes a change in the absorbance spectrum of the dPT polymer.  This so

called ionochromatic effect has been reported in the literature and shown to selectively

discriminate between metal cations based on redox potential.218,221,233  Incorporation of the

metal cations into the films has been proposed to occur through their complexation with

side-chains, or formation of dative bonds with B-electrons from the polythiophene

backbone.233  These types of interactions result in “twisting” of the polymer backbone, which

leads to the observed effects associated with changing from a planar to a non-planar

geometry.
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An attempt to measure the ionochromism of dPT in the presence of an increasing

concentration of Cu2+ is shown in Figure C.3.  At first glance, the data collected in the 800

nm region appears to favorably demonstrate the response that would be predicted for a dPT

film that is undergoing oxidation.  As the concentration of Cu2+ increases, the absorbance

at 826 nm also increases, suggesting that the dPT film is becoming more oxidized and the

B-B* transition is experiencing a red-shift.  However, closer inspection of the spectra reveals

that the results from the 500 nm region do not corroborate this finding.  Based on the

proposed theory, the spectra measured at 506 nm (Figure C.3b) would be expected to

decrease in absorbance with increasing Cu2+ concentration.  This decrease was not observed

until the highest concentration of Cu2+ was introduced.  

Repeat testing with Cu2+, as well as further testing with different metal cations (Ni2+,

Pb2+, Cd2+) produced photometric results that were completely unpredictable and

unreproducible from one experiment to the next.  These unexpected results were ultimately

attributed to insufficient background correction of the measured absorbance.  As mentioned

in the experimental section, a second spectroelectrochemical cell was used to collect the

baseline spectra of the ITO and various test solutions.  A special mounting apparatus was

constructed to ensure similar beam paths were presented to the spectrometer.  Preliminary

testing suggested that the two spectroelectrochemical cells used for these experiments were

sufficiently matched for the measurements described herein.  However, in an attempt to

explain the anomalous results of the dPT films, subsequent testing of the

spectroelectrochemical cells demonstrated a strong dependence on cell placement.  Despite

using an apparatus to align the cells in the beam path, multiple repetitions of removing and
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Figure C.3.  Absorbance response of dPT deposited on ITO to different concentrations
of Cu(NO3)2, as measured with a conventional transmission-based spectrophotometer. 
a) These spectra were baseline corrected using scans collected from a matched
spectroelectrochemical cell filled with the test solution.  b) Monitoring the response at
506 nm (—) and 826 nm (‚) suggests that inadequate baseline correction may be
introducing artifacts into the observed results.
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replacing the cell showed a significant bias present in the measured photometric results.

Hence, improper baseline correction has most likely introduced artifacts into the spectral

results demonstrated in Figure C.3.

Potentiometric measurements made for the different concentrations of Cu2+

introduced into the spectroelectrochemical cell are shown in Figure C.4a.  This data

demonstrates an increase in the measured potential of the dPT film with increasing Cu2+

concentration.  By comparison, a similar increase in potential is measured for a bare piece

of ITO.  Because the ITO data tracks the measured dPT response, the observed results for

the dPT film are most likely attributed to the interfacial potential changes of the dPT/ITO

electrode in the presence of Cu2+.  This argues that dPT possesses no greater selectivity for

Cu2+ than does the ITO electrode surface.  In other words, although the dPT shows a

response to increasing Cu2+ concentration, the data presented in Figure C.4 suggests that the

response can be explained by the measured Cu2+ redox potential that would occur at any

electrode surface. 

To further test the response of dPT in the presence of different analytes, a NiCl2

solution was presented to the film.  The potentiometric measurements collected for this test

system are shown in Figure C.4b.  The response of the dPT film to the different metal cations

follows the same response curves collected using a bare ITO electrode.  While this

demonstrates that the dPT may not possess better selectivity for either of these analytes than

an ITO electrode, it does demonstrate that dPT can discriminate between Cu2+ and Ni2+ based

on the redox potentials of these metal cations.  Although the photometric results were 
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Figure C.4.  a) The potentiometric response of a dPT-coated ITO electrode (), and a
bare ITO electrode (~) in the presence of an increasing concentration of Cu(NO3)2.  
b) The response measured by a different dPT film in the presence of Cu2+ () and Ni2+

(–) demonstrates a predicted potentiometric selectivity between these two ions.  The
response of a bare ITO electrode to each analyte is plotted for comparison (Cu2+ = ~ ,
Ni2+ = L).
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collected, the aforementioned baseline correction problems prohibited extraction of

conclusive results.  This is unfortunate because the potentiometric results suggest that a

corresponding spectral response should be present, which would be a useful observation.

 

C.3.3  Langmuir-Blodgett Deposited Polythiophene Films

Several attempts were made to deposit dPT onto ITO from a compressed film on a

Langmuir-Blodgett trough.  None of these films resulted in optical quality samples due to

the presence of aggregated structures.  The dPT/CHCl3 solution used for dispensing onto the

trough had a clear, light-yellow color.  Once deposited onto the surface of the trough, the

dPT rapidly aggregated into purple-colored islands before the bars were compressed.

Compression caused the islands to be pushed together into a more uniform structure across

the surface of the water.  The final film appeared to possess fiber-like strands that were

aligned parallel to the compression bars of the trough.  These strands remained in place when

deposited on to a piece of ITO.  Precedence for polythiophene strands deposited via

Langmuir-Blodgettry has been reported in the literature.241  While such structures are of

interest for potential use as nanowires, their severe inhomogeneity prevented them from

being measured spectroscopically. 

To limit aggregation of the dPT moieties, a dispersion mixture of dPT in arachidic

or stearic acid was very briefly tested.  By introducing a small percentage of dPT into an

arachidic acid solution, it was hoped that dPT aggregation into islands would be avoided.

While preliminary results suggested that more homogenous structures might be achievable,

some aggregation of dPT islands still occurred.
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C.4  CONCLUSIONS

The experiments presented in this appendix provide interesting, although incomplete,

insights into the use of polythiophene as a chemically selective material that may be applied

to the surface of the EA-IOW.  The potentiometric data demonstrates that dPT functions as

an electrode material, and can thereby differentiate between different redox-active species

based on their formal redox potentials.  The spectroscopic data collected also seems to

indicate that a corresponding photometric change occurs for different redox-active analytes.

However, improper background corrections make the spectra impossible to directly compare,

which is very unfortunate because this is the response of most interest to the research

presented in this dissertation.  One way to remedy the background correction problem would

be to deposit the dPT onto a waveguide device and perform ATR spectroscopy, which is

largely unaffected by bulk solution absorbance.  It would be worthwhile to attempt this

approach using the ITO substrates themselves as “thick” waveguide platforms.  Although

this type of waveguide structure is far less sensitive than the single-mode EA-IOW, it may

be sensitive enough to measure the spectral changes associated with dPT transitions.

Although the Langmuir-Blodgett films proved too heterogenous to spectrally

measure, more homogenous dPT films might be achievable through the L-B approach.

Preliminary testing of a dispersion mixture of dPT in arachidic or stearic acid suggested that



357

dPT aggregation might be avoidable.  By using a film composed mostly of one of these

common amphiphiles, it may be possible to create a more uniform sample.  Also, it is

worthwhile to pursue L-B deposition because it may provide a better way to deposit thin,

uniform films of dPT onto the surface of the EA-IOW.

Finally, although dPT was selected as a starting polythiophene system, it is unlikely

to be the best candidate for a selective layer.  Various types of modified polythiophenes have

been reported and would be worth studying.216-234,240-242
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APPENDIX D

EVANESCENT PROBING THROUGH RESONANT 

OPTICAL WAVEGUIDES

D.1  INTRODUCTION 

Conventional surface plasmon resonance (SPR) has been widely used as a

bioanalytical sensor platform for several years.251-258  Its popularity is due to its ability to

measure very small changes in the refractive index caused by the interaction of molecules

adsorbed at the metal film surface with the exponentially decaying evanescent field created

by the surface plasmon.  Sensitivity of this technique is ultimately determined by the

magnitude of the change in coupling angle due to a change in the refractive index.  Another

factor in measuring sensitivity is related to the profile of the resonance curve; slow moving,

fat peaks are not as easily resolved as fast moving, skinny peaks.  

Recently a device related to conventional SPR, but with different attributes, was

described by Salamon et al.259  This device consists of a conventional SPR metallic film

overcoated with a thin dielectric layer,  producing a laminate structure with enhanced

resonance profile characteristics.  The phenomenon upon which this device was based was
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referred to as coupled-plasmon waveguide resonance (CPWR).  This CPWR device was

reported to display narrower resonance peaks, and an  improved sensitivity over

conventional SPR.259  Another enhancement was that the device coupled both TE and TM

polarized resonances, whereas conventional SPR only couples TM (see References 251, 252,

257 for an explanation).  

While the device reported by Salamon et al.259 appears to improve upon SPR, it relies

upon the optical qualities of a Corning 7059 glass layer on silver.  Corning 7059 provides

a reasonable optical medium for such work.  However, sol-gel glass materials can be made

with optical loss coefficients ~1/10 those for Corning 7059 (~ 0.2 dB/cm).69,71  Because the

sensitivity of the CPWR device is directly related to the optical quality of the dielectric layer,

an attempt to recreate this phenomenon with a device employing a sol-gel dielectric

waveguide film was undertaken.260-261  This appendix provides a very brief report on a body

of work focused on creating such a sol-gel coated SPR device capable of producing

waveguide resonance (WGR) peaks. 

(Note: The project discussed in this appendix was worked on by several people over

the course of four years.  Two previous reports260-261 were written on the status of this project

and should be referred to for a clearer understanding of the work embodied herein.  This

appendix provides only a brief and incomplete overview.)
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D.2  THEORY

While a general overview of the theoretical principles behind both SPR and WGR

are provided here, a more complete description can be found in References 251-258, and the

references listed therein.

D.2.1  Surface Plasmon Resonance (SPR)

Surface plasmon resonance is an optical spectroscopic technique used to study near-

surface environments.  This technique is based upon the ability of the surface electrons of

a thin metallic film to absorb light and undergo what has been described as “collective

oscillations” away from the metal surface.  Such oscillations are known as plasmon surface

polaritons, or surface plasmon waves.  As the name indicates, this phenomenon is localized

to the electrons at the surface of the metal film which, when excited by a coupled photon,

establish an exponentially decaying evanescent field that extends only a few hundred

nanometers into the opposing medium.  The electromagnetic field produced by the coupled

light also propagates along the metal surface, but only for a finite distance (as opposed to a

propagating light mode in an optical waveguide).

Figure D.1 provides a pictorial description of a general SPR experiment.  A thin

metallic film, typically a 50 nm layer of silver or gold, is deposited on to the base of a glass

prism.  As in the case of optical waveguides, a coupling element is required to excite surface

plasmons (see description of waveguide coupling in Chapter 1 for a general idea of coupling

requirements).  In general, an external light beam is incident upon the silver film through a
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Figure D.1.  Surface plasmon resonance is an optical technique wherein an external
light beam is coupled into surface electromagnetic modes (surface plasmons) of thin
metallic films.  a) When incident through a prism, an external light beam can be
coupled into a surface plasmon mode, which causes the electrons at the metallic
surface to collectively oscillate out of the film and into the opposing medium.  This
electron oscillation establishes an electromagnetic field very similar to the evanescent
field used in IOW-ATR spectroscopy.  b) Monitoring the intensity of TE light (–  C C –)
reflected from the metallic film, as a function of incident angle, produces a response
which displays high reflectivity at all incident angles.  By comparison, the response for
TM light (solid line) contains a sharp decrease in intensity at the resonance angle,
where the light couples into the surface plasmon.  The location of the resonance angle
is highly sensitive to the optical environment of the near-surface region, which makes
this a useful analytical technique.
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coupling prism (although a grating may also be used) which is centered over the axis of a

rotary stage.  The light reflecting from the silver film is monitored as the incident coupling

angle is scanned.  Figure D.1b depicts the response from such an experiment for both TE and

TM polarized light.  No observed change occurs for the TE polarization (i.e., it experiences

~100% reflection at all angles).  However, the TM polarization displays a sharp dip in

reflectivity at a specific angle.  This angle corresponds to the condition required to achieve

coupling of the external light beam into an SPR mode.

The resonance angle and peak shape of the SPR curve are very dependent upon the

optical properties of the metallic film and its surroundings.  In other words, the SPR curve

is very sensitive to changes in the refractive index at the metal surface.  This property makes

SPR a highly sensitive analytical tool for monitoring surface binding events, and has been

widely used to measure binding interactions between biomolecules.  An example of how

SPR can be used to monitor an immunoassay is depicted in Figure D.2.  A silver SPR film

is prepared by “tethering” an antibody of interest to the surface, and measuring the resonance

angle.  Next, a sample is brought into contact with the prepared surface and allowed to react.

If antigen is present, a binding event will occur which will be detected as a shift in the

resonance coupling angle, the magnitude of which can be used to quantify the amount of

antigen bound.  

D.2.2  From Surface Plasmons to Resonant Waveguide Modes

Working from the basis of surface plasmon modes, Figure D.3a provides a model that

will be used to describe the origin of waveguide resonance modes.  (Note: all curves

displayed in Figure D.3 were generated using the Macleod Thin Film Program).  Starting 
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Figure D.2.  One area in which SPR has found wide application is for measuring
biomolecular interactions in such common experiments as protein immunoassays. 
a) In such an experiment, an antibody molecule is adhered to the silver surface and
the resonance angle is measured prior to introduction of sample.  b) The presence of
antigen in the sample will result in binding at the antibody-modified silver surface,
which results in a shift to a higher resonance angle.  The magnitude of the resonance
shift (d2 ) is used to calculate the amount of antigen which has been bound.  In
addition to the angular shift, the SPR peak is also broadened (i.e., peak width
increases, )2 ) and the reflectivity decreases ()Rf ).

Prism

Silver

a)

b)

Prism

Silver

Angle (2p )

Angle (2p )

100%

100%

0%

0%
)Rf

d2

)2
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with a bare, 50 nm silver film, the theoretical results display the expected SPR curve for TM

polarized light, and no response for TE polarized light.  Gradual layers of dielectric material

were added to the surface (not all data is shown), which caused the SPR curve to broaden

and shift to higher resonance angles, with no apparent change to the TE response.  When the

dielectric reaches a thickness of ~ 150 nm, the SPR curve measured by the TM polarized

light has shifted by almost 25° and is significantly broader than the original curve.  At this

point, the dielectric layer has reached a thickness that will support a TE0 waveguide mode,

and a resonance peak is observed.  This resonance peak cannot be a surface plasmon, as it

arises from TE polarized light which does not possess any electric field components normal

to the surface, making it unable to excite surface plasmons.252,257  This peak is actually a

waveguide mode, which experiences a finite propagation length (due to proximity next to

a very lossy silver film, and the coupling prism).  Carrying the experiment further by adding

yet more dielectric causes the SPR and the TE-WGR modes to broaden and shift to higher

angles (although the WGR peak broadening is much smaller than that experienced by SPR).

At a dielectric thickness of 300 nm, a TM0 waveguide mode is achieved, in addition to the

SPR response already present.

D.2.3  Theoretical Advantage of Waveguide Resonance

As presented by Salamon et al.,259 WGR should be more sensitive than SPR simply

based on the fact that WGR peaks are theoretically narrower.  This can be seen in Figure

D.4.  The peak widths for TE0 (150 nm dielectric) and TM0 (300 nm dielectric) are both

visibly narrower than the original SPR mode (0 nm dielectric).  Based on this data, one could
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Figure D.3.  Theoretical reflectance curves, generated from the multilayer design in a),
demonstrating the origin of waveguide resonance (TM = line +  , TE = solid line). 
The response generated from a bare 50 nm silver film demonstrates b) the expected SPR
peak for TM polarized light, and c) no response for TE polarized light.  d) When a 150
nm dielectric layer is added to the silver film, the SPR peak measured with TM
polarized light shifts to a higher angle and experiences a broadening.  e) This same 150
nm dielectric layer is now thick enough to support a TE0 waveguide mode, which
produces a very narrow resonance peak.  Although not shown here, it is important to
note that no TE response is observed at dielectric thicknesses < 150 nm, as this is not
thick enough to support a guided mode (for a dielectric with nd = 1.4).  f ) When the
dielectric thickness is increased to 300 nm, a TM0 waveguide mode is now supported
and a TM resonance peak is measured, in addition to the SPR peak (which has shifted
by almost 40E from the original SPR peak in b)).  g) The 300 nm dielectric film causes
the original TE0 resonance peak to shift to a higher angle and broaden, although the
broadening is much less than for the original SPR peak.

b)

d)

f )

c)

e)

g)

nAg= 0.07 - i4.01

td = variable

tAg = 50 nm

nd = 1.4

ns = 1.51

nc = 1.00

layer 0 = substrate

layer 1 = silver

layer 2 = dielectric

layer 3 = cover(air)

a)
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argue that WGR is more sensitive because the narrower peaks will allow for better resolution

in angular changes.  However, this argument is not complete as it neglects the speed with

which each curve will change due to a change in refractive index.  This issue was addressed

in the report by Levi and Maeda using the following relation,261

(D.1)∂
θ

∂ θ
∂

n

n
c

c

=
′⎛

⎝⎜
⎞
⎠⎟

∆

where  is the sensitivity limit (i.e., the minimum change in the refractive index of the∂ nc

cover material that will lead to a fully resolved peak at FWHM),  is the defined∆θ

minimum resolution level (i.e., defined as full resolution at FWHM), and ( )∂ θ ∂′ nc

is the speed of change (i.e., how fast  changes due to a change in ).  This equationθ nc

states that the best sensitivity is achieved for very narrow peaks (small ) that move∆θ

rapidly with changing index.

Wendi Maeda used Equation (D.1) to model the WGR design.261  To do this, she

iteratively changed the dielectric thickness for a 50 nm silver film (similar calculations were

performed for a 50 nm gold film as well).  From these calculations, Wendi found that a

dielectric thickness of ~ 150-250 nm would produce TE0 modes in air that were more

sensitive to index changes than was SPR.261  The ideal thickness for measurements in water

was calculated to be ~ 250-350 nm.261
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Figure D.4.  A comparison between i) the SPR response (TM,– u –) of a bare 50 nm
silver film , ii) the WGR response (TE, –   – ) of a 50 nm silver film overcoated with a
150 nm dielectric film, and iii) the WGR response (TM, –  L –) of a 50 nm silver film
overcoated with a 300 nm dielectric film.  All three curves were calculated using the
model presented in Figure D.3.
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D.3  EXPERIMENTAL

D.3.1  Metallic Film Deposition

Although Figure D.1 depicts a metallic film deposited directly onto the surface of a

prism, this approach was not used here (mainly due to the required deposition of sol-gel on

top of the metal film).  Instead metallic films were deposited onto glass substrates, which

were then optically coupled to the prism base with an index matching gel (vide infra).

Prior to metallic film deposition, substrates were cleaned and prepared as described

in Appendix B (section B.3.1a).  Two metallic film types were used, gold and silver.  While

gold films deposited on glass substrates were initially tested, the best results were obtained

for silver films.  Initial work with gold deposition was thought to require the use of 3-MPT

to properly adhere the gold to the glass.260  However, this requirement seemed to go away

when the acid catalyst of the sol-gel was switched from HNO3 to HCl.261  Beyond this point,

no 3-MPT was used and the gold films were either vacuum deposited directly on to the glass

surface, or deposited after a 2 nm layer of titania was deposited.

The most successful samples were produced in vacuum by depositing a 2 nm layer

of Si3N4 on the glass, followed by a 50 nm layer of silver.  While silver seemed to perform

the best, it also had the shortest shelf-life.  Most samples had visibly deteriorated after only

3-4 weeks, whereas gold seemed to retain its quality for 3-4 months (or longer).

D.3.2  Dielectric Sol-Gel Film Preparation and Deposition

Multiple sol-gel films were tested, all were based on a single component silane mix:
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9.32 mL methyltriethoxysilane (MTES), 37.27 mL ethanol, 3.23 mL H2O, 0.186 mL

concentrated HCl.  All MTES solutions were used within 1-2 hours of manufacture,

otherwise they were discarded.  Sol-gel films were deposited in the controlled atmosphere

box (see Appendix A) at 25 °C and 10% relative humidity.  Dipping speed was ~ 3.1

mm/sec.  The films were cured at 75 °C for 12-18 hours.  This process produced films that

were ~ 350 nm thick, with a measured rms surface roughness (as measured by AFM) of 0.2 -

0.3 nm.

D.3.3  Optical Layout and Calculations

Figure D.5a demonstrates the optical layout used for all experiments.  The laser

system used was a HeNe operating at 200-300 mW for the 632.8 nm line.  The prism used

for most experiments was a BK7, 45-45-90 (np = 1.51509 at 632.9 nm).  Most substrates

were Gold Seal Microslides, as reported in Appendices A and B.  An optical coupling gel

(Cargille Optical Gel, nD = 1.46 at 26 °C) was used to optically match the prism base to the

gold-coated substrate.

Figure D.5b depicts the derivation of the equation used to determine the normalized

reflectance from the SPR film.  This equation accounts for the reflection losses experienced

at each air / glass interface, and is expressed as

(D.2)
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where  is the desired resonance reflectivity (e.g., SPR or WGR),  is the reflectedRf I B

intensity exiting the prism surface,  is the intensity of the incident light beam, I0 I REF , 0

is the measured intensity of the reference beam at the start of the experiment (time = 0),

 is the measured intensity of the reference beam at any time throughout theI REF t,

experiment (time = t), and  is the reflectivity coeffecient for the air / glass interface,RS

which is given as

. (D.3)
Rair glass

air glass

air glass
/ =

−

+

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

η η
η η

2

The reflectivity coefficient is dependent upon the admittance  of each medium, which( )η
is a polarization dependent quantity defined as

(D.4)η θi
TE

i in= cos

(D.5)η
θi

TM i

i

n
=

cos

where n is the refractive index of medium i (in this case air or glass), and 2 is the angle of

light traveling through the medium with respect to the surface normal (solved through

Snell’s law, Equation (1.2)).  It should be noted that Equations (D.4) and (D.5) simply

reduce to the refractive index of the different media for a light beam incident at 0°.
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Figure D.5.  a) The optical layout used to perform SPR and WGR experiments, and
b) a description of the light path through the prism, accounting for reflections losses. 
a) Light from a HeNe laser is reflected from two mirrors (M), passes through a
Fresnel Rhomb (FR), a polarizer (P), and is focused by a lens (L) through an iris (Ir)
onto the coupling prism.  A beam splitter (BS) reflects a portion of the beam to a
reference detector (D1 ), which collects IREF.  At the start of an experiment, a detector
(D2 ) is placed in the beam path to collect I0 , and then moved into position to collect
the analytical signal.  b) The equation used to measure the resonance response is
established by accounting for the reflection losses associated with each reflective
surface that the light beam encounters.  The various parameters are defined in the
text.
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An important component that has been included into Equation (D.2) is the ability to

account for fluctuations in the HeNe laser over the course of the experiment.  At the start of

the experiment, detector D2 is moved into the beam path to measure I0.  At this point, a ratio

of the starting beam intensity to the reference beam intensity allows for adjustment of the

output beam for source fluctuations over the course of the experiment.  After I0 is measured,

the detector D2 is removed from the beam path and moved into place for collecting the

analytical signal exiting from the prism.  Also, prior to any experiment, a background

measurement (Bkg) is collected for no incident light at each detector.

Finally, all reflectivity measurements are plotted versus the angle of light at the base

of the prism as per

 (D.6)θ θ φp
a

p
a

n
n

=
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
+−sin sin1

where na is the refractive index of air, np is the refractive of the prism, and all other

parameters are defined in Figure D.5b.

D.4  RESULTS AND DISCUSSION

 Figure D.6a displays the results measured for a 340 nm MTES film deposited on a

50 nm silver film.  By way of comparison, the SPR curve is plotted for this sample before

deposition of the sol-gel layer.  The sol-gel layer is thick enough to support both TE0 and

TM0 waveguide modes, as evidenced by the presence of a resonance peak for both
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polarizations.  When compared to the SPR curve, both WGR peaks are clearly narrower, and

display a reflectivity on par with the SPR response.

Prior to these results with silver films, significant work was performed using gold

films.  It was determined after several attempts that wet-deposition of the 3-MPT to adhere

the gold was unnecessary if the sol-gel formulation that was used employed HCl instead of

HNO3.  The nitric acid seemed to be damaging the gold films, and degrading the SPR

response.  After switching to HCl, and depositing the gold directly onto the glass surface,

the gold substrates began to produce reasonably good SPR curves.  At this point it appeared

that  gold would be the preferred metallic film for further experimentation.  However, Yael

Levi arrived and perfected a method for depositing high quality silver films that made

excellent SPR / WGR samples.261  While gold was used for some experiments beyond this

point, it never performed as well as the silver substrates, and according to theoretical

calculations, silver should give a better response.

Although the results for the WGR resonance in Figure D.6a look very promising in

air, the response decreased dramatically when collected under water.  When this same

sample was placed underwater, the only response measurable was the WGR mode for the

TE polarization; not even an SPR mode was seen.  Both the air and water results were

repeatable, and were discovered to be potentially linked to the prism and substrates used.

It is possible that the poor water results are attributed to the need for a very steep angle of

excitation, which becomes difficult to achieve for low index prisms.  Moving to a higher

index prism will not solve this problem by itself, as the steep angle will still exist in the 
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Figure D.6.  Experimental WGR responses in a) air and b) water, collected for a ~
340 nm sol-gel film deposited on a 50 nm silver layer.  The curves in a) correspond
to TE0 (– O –), TM0 (– L – ) and the SPR response (– " – , collected for the silver
film prior to sol-gel deposition).  b) When immersed in water, only the TE0 mode
was observed for this WGR device.

a)

b)
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substrate.  To overcome this issue both a high index prism and high index substrates, which

are index matched, are needed.

D.5  CONCLUSIONS AND FUTURE DIRECTIONS

The work presented in this appendix demonstrates that a sol-gel based WGR device

can be created.  The actual work reported herein is only a minor portion of the total efforts

that have gone into this project, and the topic has been briefly covered.  However, some

underlying results are: i) silver substrates of excellent quality can be deposited on glass using

a Si3N4 adhesion layer,261 ii) good quality gold substrates can be vacuum deposited directly

onto glass, but the performance is not as good as the silver films, iii) the single component

MTES sol-gel film produces WGR results that look very good compared to the bare SPR

response in air, iv) when placed in water, the WGR response is not nearly as good as it

should be.

The results described herein seem promising for this project.  The main hindrance

for progress has been lack of focus, not things to test.  Continued work on improving gold

substrates would be helpful, as gold films are typically easier to produce in the OpSci Center.

The poor performance of the silver-WGR device in water needs to be tested further.  The

problem could be associated with the prism / substrate combination, with this effect masking

the WGR response.  Higher index substrates and prism should be tested.  Once WGR in

water is improved, a direct experimental comparison to SPR should be made.  Because these

devices represent different surfaces (metallic vs. dielectric), some common surface

modification technique needs to be applied and a common  binding event probed.
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