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lthough the term “waveguide” may not be familiar to many people, applications of
waveguiding technologies, such as fiber-optic-based communications, are widespread. Spec-
troscopists routinely use attenuated total reflection (ATR) to obtain FTIR spectra of thin
films and the surfaces of bulk materials. The confinement of a light beam according to the
principle of total internal reflection (TIR) occurs in both fiber-optic cables and internal reflec-
tion elements (IREs), which are used for data transmission and collecting IR spectral informa-
tion, respectively. The cylindrical optical fiber and the planar IRE function as waveguides, a
general term for structures that transport electromagnetic radiation via repeated TIR. Al-
though waveguides can be created in numerous geometries, this article focuses on waveguides
with a planar geometry that are used to study thin films and interfaces.

The fundamental work of Harrick and Fahrenfort is the basis for modern internal reflec-
tion spectroscopy (1, 2). They obtained IR-ATR spectra of absorbing materials brought into
“optical contact” with an IR-transmitting IRE; this allows the evanescent field that extends
just beyond the IRE surface to penetrate the sample. Because the penetration depth is com-
parable to the wavelength, the ATR spectrum is representative of the near-surface composition
of the material. A large body of work followed shortly thereafter and provided the foundation
for waveguide spectroscopy to develop into a distinct and still-evolving field (3, 4).

Most of the early experiments were performed with relatively thick IREs, typically >1 mm,
which is much larger than the wavelength of the propagating light. In this type of device, the
beam is totally reflected only a few times per centimeter of propagation along the length of the
waveguide, and thus the beam interacts with the sample only a few times, or maybe only once.
Consequently, the optical path length is relatively small, and low sensitivity results. However,
because the number of reflections per centimeter is inversely proportional to IRE thickness, the
path length can be greatly increased if a thinner waveguide is used (Figure 1; 5). A path length
enhancement >103 can be achieved by reducing the thickness of the waveguide to dimen-
sions comparable to the wavelength of the propagating light. This type of structure, known
as an integrated optical waveguide (IOW), supports the equivalent of 103–104 reflections/cm
of beam propagation and exhibits a proportionally larger path length relative to thick wave-
guide devices (6, 7 ).

©  2 0 0 5  A M E R I C A N  C H E M I C A L  S O C I E T Y

Improvements make it feasible to obtain 

absorbance spectra of thin films and 

submonolayers for thin-film characterization 

and chemical and biochemical sensing.

John Thomas Bradshaw
Sergio B. Mendes
S. Scott Saavedra
University of Arizona

AA

Waveguide SpectroscopyWaveguide Spectroscopy



3 0 A A N A LY T I C A L  C H E M I S T R Y  /  J A N U A R Y  1 ,  2 0 0 5

The propagating electromagnetic radiation in a planar IOW
and the evanescent field that penetrates into the adjacent cladding
can be used to perform ATR, waveguide Raman (WRS), and wave-
guide fluorescence spectroscopies (WFS; 7 ). In ATR, the intensi-
ty of the guided light is attenuated because of the absorbing com-
ponents present in the cladding. In WRS and WFS, the guided
light is used as a source to excite Raman scattering or fluores-
cence emission of species in the IOW or cladding. Waveguide in-
terferometry is the basis of a separate class of highly sensitive tech-
niques in which the phase of the guided light is altered by
changes in the physical structure of the IOW, such as adsorption

of a film of protein molecules to the waveguide surface (8, 9).
Major developments in planar IOW spectroscopy began in

the 1980s (7, 8, 10, 11). Seminal work by Swalen, Rabolt, and
others demonstrated the power of WRS for measuring the vi-
brational spectra of submicrometer-thick polymer thin films
and monolayers of molecules adsorbed to waveguide surfaces
(12). Further advances in waveguide design have made it feasi-
ble to acquire normal, unenhanced Raman spectra of submono-
layer protein films (13). Notable applications of WFS include
diffusion behavior of molecules in thin polymer films and IOW-
based transducer platforms for biochemical and chemical sensing
(14–17 ). Thick planar waveguides printed with arrays of bio-
recognition molecules have been used for fluorescence detec-
tion of clinical analytes and toxic agents (18). IOW-based, UV–vis
absorbance techniques, including IOW-ATR, have been applied
to a wide variety of condensed-phase problems, such as monitor-
ing molecular adsorption processes, measuring molecular orienta-
tion in immobilized protein films, and biochemical and chemical
sensing (19–24). ATR configurations with thick planar wave-
guides have also been used to study various types of molecular
films (25, 26).

A brief introduction is presented on the theory of waveguide
spectroscopy, with an emphasis on ATR measurements. For more
comprehensive information, such as waveguide fabrication, cou-
pling, and other types of spectroscopy, other sources should be
consulted (6, 7, 10, 27, 28).

Fundamentals
Consider an interface between a waveguide and cladding with re-
fractive indices (RIs) of nwg and nc, respectively (nwg > nc). A
light beam incident on this interface from the waveguide layer at
an angle larger than the critical angle [�cr = sin–1(nc/nwg), Snell’s
law] will have its optical power totally reflected, if both media are
transparent. Repeated total reflection at the boundaries between
a planar waveguiding layer and the adjacent media propagates
the beam with minimal loss. The zigzag beam path in IREs rep-
resents a ray-optics model of light propagation (Figures 1a and
1b). When this path is projected along the guiding element, the
beam propagation is described by an effective RI, given by Nwg
= nwg sin �wg, in which �wg is the angle of TIR. This is a concep-
tual definition because a priori knowledge of �wg is not possible;
in practice, Nwg is determined by solving specific requirements.
The beam is phase-shifted for each upward and downward tra-
verse as well as upon reflection at the upper waveguide–cladding
interface and the lower waveguide–substrate interface. For con-
structive interference to be achieved, the total phase shift during
one “round-trip” should equal an integral multiple of 2π. For
those values of Nwg that satisfy this resonance condition, a prop-
agating field (mode) along the waveguide is established (27, 29).
The effective RI of all allowed modes must fall within the bound-
aries defined by the indices of the three layers, expressed as nc, ns
< Nwg < nwg (s for substrate), which applies to planar waveguides
of any thickness. For a waveguide with a thickness twg >> � (e.g.,
visible light propagating in a 1-mm-thick glass microscope slide
surrounded by air), thousands of modes are allowed at each wave-
length. In contrast, only a few modes (or a single one) are allowed
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FIGURE 1. Waveguides basics.

A three-phase (media) planar waveguide is composed
of the cladding material, the waveguiding layer, and the
substrate material, with respective RIs nc, nwg, and
ns, in which nwg > ns, nc. The thickness of the wave-
guiding layer is twg; the cladding and substrate are usu-
ally assumed to be infinitely thick. In a step-RI wave-
guide shown here, nwg is constant across twg. (a) The
guided light propagates along a zigzag path via repeat-
ed TIR. (b) As twg is decreased, the number of reflec-
tions per centimeter along the length of the waveguide
(the x axis) increases. (c) In the IOW regime, when twg
≈ �, individual reflections are no longer physically dis-
cernible and the evanescent fields in the substrate and
cladding are continuous along the x axis. (d) A guided
mode entrapped in a single-mode, step-RI planar IOW,
composed of a silica–titania sol–gel glass layer, ~300-
nm thick, deposited on a soda lime glass microscope
slide. A prism was used to couple the 488-nm output
of an Ar+ laser into the waveguide. The white arrow
shows the approximate path of the laser beam direct-
ed toward the prism hypotenuse.
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in the IOW regime, where twg ≈ �. When twg is
less than the “cutoff ” thickness of the wave-
guide, usually a fraction of �, no guided modes
are supported.

Up to this point, we have considered beam
propagation in a waveguide primarily from the
perspective of ray optics, which provides an ac-
curate description when twg >> �. However, the
ray-optics model becomes increasingly approx-
imate in the IOW regime. Here, the discrete re-
flections depicted schematically in Figures 1a
and 1b overlap and become indistinguishable,
as shown in Figure 1c. Figure 1d is a photo-
graph of light propagating in a single-mode
IOW with twg ≈ 350 nm; for this waveguide,
the ray-optics model predicts several thousand
reflections per centimeter. Although the ray-
optics model is still a useful approximation of
waveguide performance in the IOW regime
(30), an exact description requires a much
more rigorous approach known as the full-wave
model, which is based on a solution to Max-
well’s equations (27 ). The full-wave model al-
lows calculation of electric field amplitudes
across IOW structures by the development of
relationships between the electric and magnet-
ic field components of the propagating light.

Although the power of a light beam under-
going TIR is totally reflected back into the in-
cident medium, solution of Maxwell’s equa-
tions shows that an electromagnetic field will
also be present in the lower-RI media (both
cladding and substrate) surrounding the wave-
guide. Thus, some of the electromagnetic en-
ergy of the propagating beam is stored in the
cladding and substrate. This evanescent field
decays exponentially with distance from the
waveguide surface; the distance at which it de-
creases to 1/e of its value at the interface is the
penetration depth, dp, which is typically a frac-
tion of � and is given by

in which c and s refer to the cladding and substrate, respectively.
The evanescent field is therefore localized near the waveguide–
cladding and waveguide–substrate interfaces; at distances a few
times dp, the field strength is negligible.

Typically, only the volume penetrated by the evanescent field
on one side of the waveguide, usually the upper cladding side, is
used to perform waveguide spectroscopy. Changes in the optical
properties of the material(s) occupying the evanescent volume of
the cladding can be detected as changes in the power or the phase
(usually both) of the propagating beam. For example, the intro-
duction of light-absorbing molecules into the evanescent volume

alters the imaginary part of the RI of the evanescent volume, and
this change can be detected as attenuation of the power of the
propagating beam—this is the basis of IOW-ATR spectroscopy
(30). The introduction of material(s) with a real part of the RI
different than that of the cladding material can be detected as a
change in the phase of the propagating beam—this is the basis of
waveguide interferometry (8, 9).

If the electric field intensity distribution provided by the full-
wave model is known, then the evanescent optical path length
in an IOW-based spectroscopic experiment can be calculated
exactly. However, when analyte molecules introduced into the
evanescent volume cause only a small perturbation in the elec-
tric field distribution of the mode, the ray-optics model is suffi-
ciently accurate (30). For a monolayer of molecules supported
on a single-mode planar IOW that has a step-RI profile (i.e., nwg
is constant across twg), both models predict that the tightly con-
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FIGURE 2. First-generation broadband IOW-ATR spectrometer.

(a) Light from a xenon lamp was spatially filtered and focused onto the achromatic incoupler,
which consisted of a prism (base angle �) and two gratings (G1 and G2). (b) Spectra of an
adsorbed cytochrome c film measured with the IOW-ATR instrument in (a). Spectra were
collected after the protein film was reduced with dithionite (ferrocytochrome c, red line)
and again after it was oxidized with ferricyanide (ferricytochrome c, blue line). (Adapted
from Ref. 34.)
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fined field provides a path length enhancement of 103–104 rela-
tive to either single-pass transmission geometry or single-reflection
ATR geometry.

This sensitivity enhancement also theoretically applies to ATR
measurements performed using a single-mode optical fiber. How-
ever, the power that can be coupled into a single-mode fiber from
a typical broadband light source is very limited; only one mode in
each polarization is allowed because of both lateral and transverse
confinement. If a thermal source (3000 K, emissivity = 0.33, vis-

ible) is used, the coupled power is theoretically limited to ~0.02
nW/nm for each polarization (31, 32). Such low powers are
problematic for absorbance measurements, which typically rely on
a few decades of power attenuation for dynamic range.

In contrast, a planar waveguide only confines light in the trans-
verse direction (i.e., normal to the waveguide plane) and thus
supports more modes, typically 100–1000, in the lateral dimen-
sion. All of these modes can potentially be excited by a broad-
band light source. Coupling a 100–1000-fold higher power into
the waveguide simplifies signal detection. Thus, performing ATR
spectroscopy using single-mode planar waveguide geometry is
equivalent to performing hundreds of similar measurements in
parallel with single-mode optical fibers.

The major methods used to launch light into the bound
mode(s) of an IOW are prism, grating, endfire, and taper coupling
(7, 28). Because prism and grating coupling provide better con-
trol over mode selection and polarization than endfire or taper
coupling, they are used more frequently for IOW-based spec-
troscopy. Regardless of the method used, the effective RI of the
light propagating in the coupling element must match nwg of
the mode for light to be launched into the waveguide.

Broadband IOW-ATR spectroscopy
Although the single-mode IOW platform is significantly more
sensitive than thicker IREs, it does present some significant tech-
nical challenges. A major one is the typically narrow spectral band-
width of operation. For a single-mode IOW, each wavelength of
a particular mode propagates (from a ray-optics perspective) at a
unique �wg, which in turn corresponds to a unique incoupling
angle for a beam impinging on a prism or grating coupler (6, 7,
27 ). Therefore, for a broadband light beam to be launched into
a single-mode IOW, each wavelength must be incident at its cor-
responding “correct” angle to yield a propagating mode.

Because achieving this condition is technically difficult, almost
all IOW-ATR measurements reported have been performed over
a very narrow spectral bandwidth. Monochromatic IOW-ATR
spectroscopy has been used extensively for surface analysis and

chemical sensing (19–22, 24). However, measuring a broad-
band ATR spectrum potentially offers considerably more infor-
mation about the physicochemical properties of the sample and
thus was recognized early on as a technologically useful enhance-
ment (33). Numerous attempts to address the spectral bandwidth
problem have been reported but had limited success (29).
Mendes reported the first truly successful solutions when he test-
ed two different approaches for achieving achromatic coupling
into a single-mode, planar IOW (29, 34, 35).

The first-generation broadband IOW-ATR spectrometer (Fig-
ure 2a) contained a novel multicomponent incoupler made of a
prism and two gratings. It dispersed a ~100-nm-width band of
visible light from a xenon arc lamp at the corresponding propa-
gation angles appropriate for each wavelength constituent, yield-
ing a spectrum of bound waveguide modes (29, 34). After prop-
agating for up to several centimeters, the light was outcoupled
and dispersed by a third diffraction grating onto a CCD array de-
tector. Broadband operation was achieved because the incoupler
matched the chromatic dispersion of the step-RI IOW, a 400-nm
Corning 7059 glass layer deposited on a fused silica substrate. In
the design phase, several physical parameters of the incoupler (e.g.,
grating periods, prism material, incident angle) were iteratively op-
timized to “match” the IOW to achieve achromatic incoupling.
Broadband IOW-ATR spectra were obtained of a hydrated sub-
monolayer of a protein, horse-heart cytochrome c, adsorbed to the
7059 glass waveguide surface (Figure 2b). These spectra clearly
demonstrate the unprecedented combination of spectral band-
width and path length enhancement (>1000 relative to a trans-
mission geometry) provided by this spectrometer.

A much simpler design was the basis of a second-generation
spectrometer with a 110-nm spectral bandwidth (35). In this case,
a commercially available glass material with optical parameters that
matched the 7059 IOW structure was used to fabricate a prism
incoupler. This single-component incoupler was technically much
simpler to fabricate than the prism/dual-grating incoupler used in
the first-generation spectrometer and required less precise align-
ment to achieve achromatic coupling.

The broadband coupling approaches developed by Mendes and
co-workers demonstrated the technical feasibility of multichan-
nel planar IOW-ATR spectroscopy over a 100-nm bandwidth.
However, practical disadvantages have hampered implementation
of both approaches. First, both the single-prism and multicom-
ponent incouplers required custom fabrication to match a par-
ticular IOW. Thus, if the structure of the IOW was altered (e.g.,
the composition of the waveguiding layer was changed), then a
different incoupler would be required. Second, the optical prop-

Notable applications of waveguide fluorescence include 
diffusion behavior of molecules in thin polymer films 
and IOW-based transducer platforms for biochemical and 
chemical sensing.
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agation loss (primarily due to scattering) of the
sputtered 7059 glass IOWs is 1 dB/cm. This
value is acceptable for ATR measurements. How-
ever, 7059 glass IOWs are readily etched when
they are cleaned with strong oxidizing solutions;
this greatly increases propagation loss.

Bradshaw et al. recently described a third-
generation IOW-ATR spectrometer that uses a
technically simpler approach to broadband cou-
pling than its achromatic predecessors and can
be applied to a broader range of IOWs (36). In
this case, the IOW was a sol–gel derived, silica–
titania glass layer, 300–400-nm thick, deposited
on soda lime glass. The propagation loss of this
type of waveguide is ~0.2 dB/cm, which is ~5�
less than that of a 7059 IOW (37 ). Further-
more, the surface of the silica–titania glass IOW
can be repeatedly cleaned in strong acids with-
out significant degradation.

However, the most significant departure from
the work of Mendes et al. was that the incou-
pling method was not achromatic. An incident
light beam was focused on the prism incoupler
(Figure 3a) with a numerical aperture (NA) suf-
ficiently large to ensure that all wavelengths were
incident at all angles that launched a propagating
mode. Thus, for each wavelength a small frac-
tion of the incident light was coupled into the
IOW over a small angular range centered at the
corresponding correct incoupling angle; outside
this range, the incident light was rejected. Kato
et al. used an IOW-ATR spectrometer construct-
ed around a planar IOW with a gradient-RI pro-
file to demonstrate the potential of the large-NA
approach (38). They used an optical fiber to di-
rect light to the incoupling prism, a second fiber
to collect light from the outcoupling prism, and
a scanning monochromator for single-channel
spectral acquisition.

Success in implementing the large-NA ap-
proach depends on the amount of light per nano-
meter coupled into the waveguide versus the
amount rejected by “incorrect” angular incidence.
Figure 3b shows white light being guided and
then dispersed at an outcoupling grating; the
spectral bandwidth of the outcoupled light is
clearly visible on a sheet of paper placed a few cen-
timeters from the grating.

The spectra in Figure 3c illustrate the signifi-
cant improvement in bandwidth and perfor-
mance of the third-generation spectrometer relative to the older
first- and second-generation instruments (36). In those cases,
achromatic incoupling was unsuccessful at wavelengths <500
nm because of the “steep” dispersion of a 7059 glass IOW in
this region of the spectrum (29, 34, 35). In contrast, incoupling
white light with the large-NA approach extends the bandwidth

down to at least 390 nm; the total bandwidth exceeds 200 nm,
twice that of the spectrometers based on achromatic coupling.
The coupling efficiency in the large-NA approach is inherently
low because only a small spectral width is coupled into the IOW
for each angle. Much of the remainder is directed into radiation
and substrate modes; this may pose a significant problem if
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FIGURE 3. The large-NA approach.

For each wavelength component (colored �), a fraction of the incident light is coupled
into the waveguide. (b) A commercially available SF6 glass prism was used as the incou-
pler to launch light from a xenon lamp into the same type of planar IOW shown in Figure
1d. Two helium–neon lasers emitting at 543.4 and 632.8 nm were collinearly aligned
with the xenon lamp and launched simultaneously into the waveguide. Scattering from
the spectrum of propagating modes produces the white streak on the left. Black paint
was applied to the underside of the substrate to “strip” modes propagating in the sub-
strate; consequently, the streak arises only from modes propagating in the waveguide
layer. The streak disappears when the guided light encounters the diffraction grating, at
which the light is outcoupled and dispersed. The spectral bandwidth of the outcoupled
light is visible on a sheet of paper placed a few centimeters from the grating. Blocking
the xenon source produces an outcoupled spectrum (not shown) containing only 543.4
and 632.8 nm light; the positions of these lines are used for wavelength and position
calibration. (c) Spectra of a submonolayer of chemically oxidized (blue) and chemically
reduced (red) cytochrome c adsorbed to a sol–gel glass waveguide surface measured
with the IOW-ATR instrument in (a).



measures are not implemented
to eliminate stray light before it
reaches the detector. The achro-
matic approach can be used to
reduce the angular width
needed for broadband cou-
pling, thereby improving cou-
pling efficiency, but it may not
be technically feasible to create
an achromatic solution for all
IOW structures. A combina-
tion of both approaches, partic-
ularly if the single-prism cou-
pler is used (35), can potentially
enhance the coupled bandwidth
and minimize any stray-light
problems.

IOW-ATR spectro-
electrochemistry
Combining spectroscopy and
electrochemistry to study mo-
lecular films at electrode surfaces
offers several major advantages
(39, 40). Background from non-
faradaic processes is largely elim-
inated; thus, detecting faradaic
electrochemical processes is
possible under conditions that
would be problematic with con-
ventional cyclic voltammetry
(CV) techniques. In addition,
the spectral response provides
information that is complemen-
tary to that obtained from the
conventional current or voltage
response, such as the structure
of the molecular film. Howev-
er, transmission spectroelectro-
chemistry, in which the light
path is perpendicular to the op-
tically transparent electrode, may
lack sufficient sensitivity to probe
thin films of redox-active chro-
mophores because of the inher-
ently small optical path length
(39, 40).

The significant advantages of
performing spectroelectrochem-
istry with an ATR geometry
were established in the 1960s
(41–43). The evanescent field
allows optical changes at the
electrode–solution interface to
be probed selectively without
interference from the bulk so-
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FIGURE 4. Single-mode EA-IOW-ATR spectroscopy.

(a) Schematic of the EA-IOW structure. A pair of diffraction gratings (not shown) was fabricated in the
substrate prior to deposition of the Corning 7059/SiO2 /ITO layers and was used to couple light into and
out of the waveguide. The normalized electric field intensities along the z axis, calculated using the full
wave model for an EA-IOW with a 50-nm ITO layer, are plotted for TE (red) and TM modes (blue). The
evanescent field that extends into the cladding is used to perform ATR of molecular films at the ITO–
cladding interface as a function of the potential applied to the ITO (working) electrode. (b) Conventional
CV of ~4% of a monolayer film of MB adsorbed to the EA-IOW, which was used as the working elec-
trode. The black arrows indicate the direction of the scan; the red arrows indicate the region of scan in
which faradaic current is observed. (c) Absorbance measured at 633 nm in TE and TM modes during CV
of adsorbed MB. The experimental conditions are identical to those in (b). (d) Optical CV of adsorbed
MB, reconstructed by taking the derivative of absorbance measured as a function of potential. The ab-
sorbance was measured in TM mode at 633 nm under experimental conditions identical to those in (b).
(e) ATR spectra of a submonolayer of ferricytochrome c adsorbed to the EA-IOW from a neutral buffer.
Broadband light was coupled into the TM mode using the large-NA method and outcoupled with a dif-
fraction grating. A spectrum was collected after the cytochrome c film was electrochemically reduced
(red) and then again after the film was electrochemically oxidized (blue). (Adapted with permission from
Ref. 48.)
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lution. In addition, a multiple-reflection
arrangement can provide a substantial
enhancement in sensitivity. For exam-
ple, using a SnO2-coated/glass IRE
that supported 5 reflections, Winograd
and Kuwana observed a ~7-fold in-
crease in sensitivity relative to a single-
pass transmission experiment (41).

Itoh and Fujishima were the first to
demonstrate the advantages of perform-
ing ATR spectroelectrochemistry in the
IOW regime (44, 45). They fabricated
IOWs that had a gradient-RI profile
and were coated with an electroactive
antimony-doped SnO2 layer. For ad-
sorbed films of methylene blue (MB),
sensitivity enhancements ranging from
20 to 150 were seen, depending on the
waveguide mode measured. Other re-
search groups created similar multilayer,
gradient-index, electroactive IOW (EA-
IOW) structures, although in these
cases the electroactive layer was com-
posed of indium–tin oxide (ITO; 22,
46). Overcoating the ITO layer with an-
other chemically selective layer created sensors for chlorine and
ferricyanide.

The electric field intensity distribution in an IOW with a
step-RI profile is more tightly confined than in an IOW with a
gradient-RI profile; thus, the step-RI IOW is inherently more
sensitive. To maximize the sensitivity of spectroelectrochemical
ATR, Dunphy et al. created a single-mode, EA-IOW with a
step-RI profile (47 ). The multilayer structure of this device is
shown in Figure 4a, along with electric field intensity distribu-
tions calculated for transverse electric polarized light (TE) and
transverse magnetic polarized light (TM) modes. The sensitiv-
ity of the step-RI EA-IOW to redox-induced absorbance
changes in surface-confined films is at least 104

� greater than
that obtained in a transmission geometry, far surpassing any
previous spectroelectrochemical waveguide ATR device. This
level of sensitivity makes it possible to explore the redox
chemistries of submonolayer molecular films, including films of
cytochrome c, MB, and rod-like molecular assemblies contain-
ing phthalocyanines (47, 48). Examples of data obtained on a
film of MB with a surface coverage of 4% of a close-packed
monolayer are shown in Figure 4, which illustrates some key
features of EA-IOW-ATR spectroelectrochemistry.

The spectroscopic data are complementary to those obtained
with conventional CV measurements. For example, in Figure 4c,
the variation between the TE and TM signals arises from two
sources: a difference in the optical path lengths of these modes and
an anisotropic distribution of absorbance transition dipoles in the
MB film. Thus, EA-IOW-ATR provides information about mo-
lecular orientation in films of redox-active chromophores. A com-
parison of Figures 4b and 4d clearly shows that the significant
contribution from nonfaradaic background that interferes with

CV measurements is eliminated when
optical detection is used; this makes it
possible to probe electrochemical phe-
nomena in very thin molecular films.

The first version of the step-RI single-
mode EA-IOW was a monochromatic
device. Matsuda, Doherty, and co-work-
ers demonstrated the enhanced spectral
information content provided by broad-
band ATR spectroelectrochemistry, al-
though these groups used considerably
less sensitive electroactive waveguide de-
vices (IREs coated with ITO) to study
thin films of redox-active dyes (49, 50).

Bradshaw et al. used the large-NA
approach implemented for sol–gel
IOWs (Figure 3a) to create a broadband
EA-IOW spectrometer that combined
the multidimensional information con-
tent of broadband ATR spectroelectro-
chemistry with the inherent sensitivity
of the step-RI single-mode planar wave-
guide geometry (51). The spectrometer
throughput was minimal at wavelengths
<500 nm because of the limited trans-

mission of the ITO electrode layer in this spectral region; how-
ever, the bandwidth still exceeded 200 nm (i.e., from 500 to 700
nm). The optical performance of the spectrometer is demon-
strated in Figure 4e. About 30% of a monolayer of ferricyto-
chrome c was adsorbed to the ITO surface, and spectra were ac-
quired after direct electrochemical reduction followed by direct
oxidation. The combination of the newly developed broadband
and ultrasensitive spectroelectrochemical capabilities demon-
strates a powerful tool for studying the structural and electro-
chemical properties of thin, redox-active chromophores.

Future directions
The step-RI single-mode planar waveguide offers some unique
ATR measurement capabilities—especially when applied to sub-
strate-supported organic thin films—that are unmatched by other
methods. The inherent sensitivity of monochromatic IOW-ATR
spectrometry is well known. New developments over the past
decade have added multidimensional information to this instru-
ment platform—specifically, broad spectral bandwidth and elec-
trochemical capabilities, which are especially useful to surface and
interface scientists.

The multidimensional information offered by broadband ATR
spectroelectrochemistry provides a means to potentially discrim-
inate among multiple analytes on the basis of differences in ab-
sorbance spectra and reduction potential. This discrimination
power can provide selectivity in chemical sensing applications,
particularly when the ITO is overcoated with a chemically se-
lective adsorption layer (22).

The most significant practical disadvantage of single-mode IOW
spectroscopy is the difficulty of coupling light into the waveguide.
Grating and prism coupling require precise alignment to gen-

Planar geometry offers

better control over

mode selection and

polarization, and it is

more compatible with

organic and inorganic

thin-film deposition

technologies, most of

which were designed for

planar substrates.
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erate reproducible results; consequently, the
types of measurements we have described have
thus far been performed primarily in research
laboratories. Because of engineering advances
accompanying the development of fiber-op-
tics-based telecommunications, coupling light
into cylindrical waveguides, including single-
mode fibers, is technically much simpler.
However, much less power can be coupled
into a cylindrical waveguide than into a pla-
nar waveguide. In addition, planar geometry
offers better control over mode selection and polarization, and it
is more compatible with organic and inorganic thin-film deposi-
tion technologies, most of which were designed for planar sub-
strates. Current research into hybrid structures, in which fiber
coupling is used to direct light into and out of a central, planar
section of the waveguide that functions as the spectroscopic
platform, may offer an alternative that circumvents the difficul-
ties associated with planar IOW incoupling.
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