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ABSTRACT 

A broadband, multichannel, single mode, planar waveguide based ATR 

spectrometer was developed. A sensitivity enhancement of three orders of magnitude 

compared to the conventional transmission spectroscopic technique has been 

experimentally achieved. Applications to protein submonolayers adsorbed on glass 

surfaces provided the first results on the spectral characterization of those molecular films. 

The increased information content and the higher sensitivity response allowed us to 

experimentally determine the molecular orientation of organic films over a broad spectral 

range. The work developed here is a research tool that allows the investigation of some 

fundamental problems of molecular assemblies and a platform to develop new 

technological devices of high sensitivity and selectivity, such as biosensors. 



15 

CHAPTER 1 

INTRODUCTION 

1.1 MOTIVATION AND RELEVANCE 

Molecular layers, organic film structures in the thickness range of a few 

nanometers, have been a subject of increasingly interest in recent years, as reported in the 

critical review of Swalen et ai, (1987). Potential technological applications in optical and 

electronic devices, electroanalytical chemistry, and biological interfaces illustrate the 

intense attention on organic monolayers (Parikh and Ailara, 1992). Areas promising most 

significant technological applications include: layers exhibiting special behavior for 

modulation, switching, or amplification of optical signals; sensors and transducers, 

especially biological sensors for immunoassays; pattemable materials such as self-

assembled molecular films for electron-beam nanolithography; surface preparation and 

modification by adlayers to increase adhesion, wetting, and biological response; and 

chemically modified electrodes for selective electrochemical probing. 
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To fully exploit the technological possibilities offered by organic films a number of 

scientific problems need to be addressed. Among them are the relationship between the 

structure and orientation of molecules and its physical, chemical and biological fianction, 

and the collective properties of aligned molecular arrays. The fiiture for thin molecular 

films lies in designing organized assemblies to perform new and unique fimctions, which 

demands experimental tools able to perform in situ analysis, non-destructive sampling, and 

high sensitivity response for monolayer detectability. Existing surface science tools need to 

be refined and tested on organic films and new characterization methods and techniques 

suitable for molecular monolayer analysis need to be developed. 

The work presented here focuses on the characterization aspects of molecular 

monolayers. We report a novel optical technique to spectroscopically probe films in the 

molecular monolayer and submonolayer regime. It is well recognized that several 

biotechnologically important areas, such as transduction in biosensors, afiBnity-based 

separations, and materials biocompatibility, are governed by the structural and fimctional 

properties of organic molecules accumulated in a thin fitoi at a solid-liquid interface. These 

properties (i.e. conformation, orientation, bioactivity) are in turn known to be dependent 

on the physical and chemical properties of the interface (Andrade and Hlady, 1986), but 

these relationships are not well understood, primarily because in situ study of biomolecule 

fihns is a technically difficult challenge. Elucidating these relationships is a prerequisite to 

the projected use of such films in molecular device technologies. The work developed here 
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is a research tool that allows the investigation of some fundamental problems of molecular 

assemblies and a platform to develop new technological devices of high sensitivity and 

selectivity, such as biosensors. 

1.2 SCOPE OF WORK 

The single mode planar waveguide, a substrate-supported dielectric layer, is an 

inherently sensitive geometry for probing molecular films. At visible wavelengths, a single 

mode planar waveguide supports up to several thousand reflections per cm of beam 

propagation using a ray optics model. This reflection density is at least 3 orders of 

magnitude greater than using bulk optical elements in conventional attenuated total 

reflection (ATR) techniques, and yields a concomitantly much higher sensitivity. 

Multimode optical fibers have been applied for evanescent-wave spectroscopy of 

interfacial films and optically based chemical sensing (Wolfbeis, 1987, Dessey, 1989, 

Arnold, 1992). However, besides exhibiting a much lower sensitivity than the single mode 

counterpart, multimode fibers suffer firom an attenuation loss coefficient that is mode-

dependent, which imposes serious experimental difficulties in relating measured quantities 

to adsorbed film properties. An alternative configuration that has seen increasing use is the 

planar waveguide with a few modes for research in thin film structure and surface 

characterization (Saavedra and Reichert, 1991, Plowman et al., 1994). A major factor that 

has limited wider use is the difficulty of measuring broadband spectra. A conventional 
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planar waveguide coupler is only efficient for a very narrow range of wavelengths at a 

particular launch configuration. Consequently, aknost all previous waveguide ATR based 

studies have utilized monochromatic sources. We have extended the technique to the 

polychromatic regime based on the development of achromatic waveguide couplers. The 

design and implementation of a broadband, multichannel, single mode, planar waveguide 

based ATR spectrometer are described here. Applications to a protein submonolayer 

adsorbed onto a glass surface produced the first results on the spectral characterization of 

those molecular films, which exhibit a typical thickness of /i » 3 nm and a maximum 

extinction coefficient of A:« 0.01. The higher sensitivity response and the spectral data 

over a wide range allowed us to experimentally investigate the molecular orientation of 

organic films with a much increased information content. 

In the following Chapters of this dissertation we address the key points toward the 

development of broadband ATR in the waveguide regime. In Chapter 2, the theoretical 

fi-amework to describe the attenuation coefficient of a lossy waveguide structure is 

developed. First a ray optics model is implemented to provide analytical expressions, 

define sensitivity factors, and investigate the influence of construction parameters on the 

instrument response. The formalism is derived for absorbing species in the cladding bulk 

media and/or in a layer adsorbed on the waveguide surface. The treatment includes the 

case of dichroic and isotropic adsorbed layers. Then a fijll electromagnetic wave model is 

described for a rigorous determination of the attenuation coefficient in waveguide 
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structures. The wave model encompasses birefringent and dichroic multilayer stacks. 

Comparison between the wave model and the ray optics model is implemented for the 

common waveguide structures of interest. Appendix A gives the relationship between the 

formalism adopted here and that used in the literature to describe the simplest cases. 

Appendix B relates the molecular orientation distribution to the optical properties. 

Chapter 3 establishes a general approach to the design of achromatic waveguide 

couplers in terms of correcting chromatic orders. The formalism was applied to two 

different coupler configurations. First an input coupler system, which contains two 

diffi-action gratings and a prism, was designed, fabricated, and tested to correct up to the 

second chromatic order. Next, the optical properties of a prism-coupler were derived to 

provide achromatic coupling and experimental results validated the design. 

In Chapter 4 the issues of incoupling and outcoupling a polychromatic beam of 

light into a waveguide are addressed. First we consider the source, the optical system and 

the waveguide coupler for the broadband coupling of a beam of light into a planar 

waveguide. Appendix C describes how the usual formalism of coupling efficiency can be 

extended to treat polychromatic sources with generic degrees of coherence. Next, a 

multichannel detection system composed of an integrated outcoupler diffraction grating, 

an imaging lens, and an array detector have been analyzed to describe the relevant optical 

parameters: spectral resolution and full spectral range. 
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Chapter 5 shows the first experimental results of the absorption spectra of a 

protein film. A submonolayer of cytochrome c adsorbed on a glass surface is 

spectroscopically characterized by the waveguide based ATR spectrometer. Next 

molecular orientation is experimentally determined using the linear dichroism of 

orthogonal polarized waveguide modes over a broad spectral range. 

Chapter 6 provides a summary of the work and addresses points to be investigated 

in the future. A list of relevant references is also included. 
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CHAPTER 2 

ABSORBANCE CALCULATIONS IN WAVEGUIDE STRUCTURES 

The attenuation coefiBcient of a guided mode in a variety of lossy waveguide 

structures is calculated in this chapter. We derive the equations that will be needed later in 

the treatment of our experimental measurements in ATR waveguide spectroscopy. Of 

particular interest is the absorbance due to the presence of absorbing species in the 

cladding region. 

Because our field of investigation evolved fi-om Internal Reflection Spectroscopy 

(IRS), several researchers use IRS expressions in their original format, which are 

unnecessarily cumbersome and inconvenient when applied to a waveguide experiment. My 

efiforts have been to establish a direct link between the experimentally available parameters 

and the quantities under investigation. Although the expressions to be presented here are 

in agreement with other derivations for the cases available in the literature, the effort 

described here to create a unified picture for different experimental situations, to simplify 

the notation, and to eliminate some of the disagreements present in the literature should be 



valuable to other investigators. Also, figures of merit defined for IRS, but less suitable for 

the description of our experimental situation, have been redefined here to produce a better 

understanding of our experiment. 

As a motivation to write this chapter, I list a few of the problems that I have 

recently found in the literature. Absorbance expressions reported for dichroic layers are 

typically derived fi"om the electric dipole and electric field interaction. In the isotropic 

limit, these expressions do not converge to those equations derived in the ray optics 

model, which is traditionally used to describe the isotropic cases. Another point of concern 

is the validity of approximate models used in the calculations. As Internal Reflection 

Spectroscopy often deals with strongly absorbing films, there seems to be no clear 

understanding among investigators when the approximate models, that assume weakly 

absorbing materials, lose their validity and require the employment of exact models. 

In this chapter, a ray optics model is first developed to establish straightforward 

expressions to determine the influence of waveguide parameters on the mode attenuation 

coefficient. The approach taken here is based on the calculation of Fresnel reflection 

coefficient employed by Stewart and Culshaw, 1994, to describe the simplest case of bulk 

absorption. We extend the approach to calculations in the case of thin adsorbed layers, for 

both isotropic and dichroic layers. The equivalent pathlength and the sensitivity parameters 

are defined and calculated for the configurations of interest. Then a fiiU wave vector model 
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is described for eigenvalue calculation in a waveguide structure formed by birefiingent 

and/or dichroic layers. Comparisons between the approximate and exact approaches are 

presented to verify the limits of validity of the ray optics model for typical cases. 

Besides the ray optics model that we describe here, other approaches exist in the 

literature to produce direct expressions for the attenuation coefficient in lossy waveguide 

structures. A complex index of refraction has been assumed in the waveguide 

characteristic equation to be solved for particular cases and limits (Mitchell, 1977, 

Nishihara, 1989). Another approach, frequently employed in cylindrical fiber 

configurations, has been the perturbation analysis (Midwinter, 1971b, Kapany and Burke, 

1972, Polky and Harris, 1972, Reisinger, 1973), which calculates the waveguide loss by 

the fraction of the modal power inside the absorbing region, normalized by the 

propagating total power. The connection between the ray optics model and the 

perturbative approach is given in Appendix A 

Among the exact approaches for the calculation of the attenuation coefficient, we 

find early work on the exact solution of simplest cases, as in Burke, (1970), that produced 

a graphical solution for the symmetric, 3-media, lossy waveguide in the TE polarization. 

The extension to asymmetric configurations, TM modes and automatic computer 

calculation has been described by Kaminow et al., (1974). Recent work has been 

dominated by the application of the transfer matrix method to the description of multilayer 
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waveguides and the root-finding problem for a particular matrix element to the 

determination of bound modes. Such a procedure can be found in Chilwell and 

Hodgkinson, (1984), and Offersgaard, (1995). An interesting alternative for solving the 

eigenvalue problem has been given by Ghatak et al., (1987), by introducing a prism-

coupler and scanning the coupling angle to find the resonant eigenvalues of the multilayer 

waveguide structure. It is also worth mentioning the integral approach taken by Li, 

(1994), to guarantee the calculation of all bound modes. The approach implemented here 

follows the work of Oflfersgaard, (1995), and has been our choice because of its 

convenient extension to birefiingent and dichroic layers. 

2.1 RAY OPTICS MODEL 

Figure 2.1: Schematic representation of the waveguide configuration. 
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The important experimental quantity in spectral measurements is the absorbance, 

A, defined as 

where Im and Iom are the input and output intensity, respectively, as indicated in Figure 2.1. 

After subtraction of undesirable losses {e.g., surface and volume scattering, residual 

absorption fi-om waveguide fihn), the propagation loss of a waveguide mode is due 

essentially to the presence of an absorbing medium surrounding the waveguide structure, 

which fiiistrates the original total internal reflection. Here, using the ray optics model, the 

analysis is restricted to either an absorbing cladding material (bulk absorption), or an 

absorbing layer on top of the waveguide (adsorbed layer absorption). The model assumes 

total internal reflection on the substrate-waveguide interface and computes the loss by the 

intensity reflection coeflBcient, /?, on the cladding-waveguide interface 

(2.1) 

(2.2) 
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where t] is the total number of reflections on the cladding-waveguide interface. In the case 

of weakly absorbing media in the cladding region, the intensity reflection coefiBcient is 

close to unity, ^ = 1, and the Equation 2.1 can be written as 

As seen by the Equation above, the ray optics approach requires the calculation of the 

intensity reflection coefiBcient, R, and the number of reflections, TJ, to determine the total 

absorbance. 

From the ray picture of light propagating inside the waveguide, the total number of 

reflections is given by 

where L is the distance between the input and output couplers, is the waveguide index 

of refraction, Neff is the waveguide effective index of refraction, and is the waveguide 

effective thickness. The expression of the waveguide effective thickness, which includes 

the Goos-Hanchen shift effects, is described by (Nishihara et al., 1989): 

(2.4) 
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UlTt Xt ln  
(2.5) 

for the IE polarization, and 

A / 2 j r  X/2TC 

" «x)"' 
(2.6) 

for the TM polarization, where «c and «, are the refractive indices of the cladding and the 

substrate respectively, and the following definition was used: 

N. 
\2 

tfJM 
\ "y, y \ J 

- 1 .  (2.7) 

The calculation of the intensity reflection coeflBcient, R, follows fi"om the 

application of the Fresnel reflection coefficient for the corresponding interface. Before we 

present these results a few comments are necessary. The notation adopted here uses the 

imaginary part of the index of refraction, k, also known as the extinction coefficient. 

Readers  wi th  background in  Chemist ry  usual ly  use  the  molar  absorpt iv i ty  coeff ic ient ,  s ,  

and the molar concentration, c. The connection is established by the following relation: 
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^Tdc Q.  = ec. (2.8) 
A In 10 

The absorbance in a conventional transmission experiment is given by Beer's law: 

^ =8cb^, (2.9) 
AlnlO 

where btr is the pathlength of the light beam across the sample. 

In close analogy, we define the equivalent pathlength, b^, in a waveguide 

experiment by: 

^ — scb (2.10) 
AlnlO 

to get: 

^ ^1 R) (2.11) 
ATdclX • 
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For those readers familiar with Harrick's work in ATR (Harrick, 1967, Mirabella, 

1985), it is important to note that his definition of evanescent pathlength, de, is related to 

the equivalent pathlength, b^g, by the number of reflections, 77,: 

A, = r,d.. (2.12) 

In the analysis of sensitivity to be developed in Section 2.2, it will become clear that the 

key parameter to describe the sensitivity of ATR waveguide experiments is neither the 

number of reflections, 7, nor the evanescent pathlength, de, but their product, by^g. Here, it 

is emphasized that once the expression for the equivalent pathlength is determined, the 

absorbance can be easily calculated firom Equation 2.10. Most importantly, b^g contains all 

the information regarding the waveguide mode that affects the absorbance, i.e., the 

intensity of the electric field at the cladding interface, the evanescent depth of penetration, 

the effective index of refi'action, and the wavelength dependence (modal and material 

dispersion) of all these parameters. Therefore, in the remaining part of this Section, 

attention is focused on the calculation of the equivalent pathlength for the configurations 

of interest. First the calculation is performed for a bulk absorbing media. Next, the case of 

an adsorbed layer is examined, for both an isotropic and a dichroic absorbing layer. 

Finally, the absorbance is described when absorbing species are present in both the bulk 

phase and in an adsorbed layer. 
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2.1.1 Bulk absorption 

Figure 2.2: Schematic representation of the waveguide structure with a cladding 
absorbing medium. 

An absorbing cladding media surrounding a waveguide structure is illustrated in 

Figure 2.2. By applying the Fresnel reflection coefficient in the limiting case of a weakly 

absorbing medium, (kc^n^ « 1, we calculate the term (1 - R) for each polarization. By 

inserting this result into Equation 2.11 and using Equation 2.4, we get the following 

expressions for the equivalent pathlength in each polarization: 

TE modes 

. /I 2n^(nl-N'jp^) 

-  n f j  ~  " c )  
(2.13) 
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TM modes 

^«tf3aAQj33w[^w(^qjOJ/ '^c)'^'^c(''w ^«jJ3w)] 
(2.14) 

The equivalent pathlength, as described in Equation 2.13 and 2.14, incorporates an 

explicit and implicit wavelength dependence. Spectral measurements taken from a guided 

mode may exhibit differences from corresponding spectra obtained in a transmission 

geometry. A direct comparison of those measurements may incorrectly suggest spectral 

shifts that are simply related to the wavelength dependence of the waveguide mode. 

Therefore it is necessary to consider these dispersion effects in any spectral analysis. 

It is also worth noting that the equivalent pathlength is independent of the 

imaginary part of the cladding refractive index (kc). This result is a direct consequence of 

the linear dependence of the term (/ - R) on the extinction coeflBcient (kc), as calculated 

from the Fresnel reflection coefiBcient. Obviously this conclusion is restricted to the 

condition of weak absorption per reflection. 
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2.1.2 Adsorbed layer absorption 

\ / 

n , - i  k ,  h  

n .  

Figure 2.3: Schematic representation of the waveguide structure with an adsorbed layer 
on top of the guidingfilm. 

As indicated in Figure 2.3, the absorbance is due to the presence of an absorbing 

layer on top of the guiding film. The ray optics model assumes a weakly absorbing 

medium (ki /n i) « 1 and a very thin layer (h / X) « 1, conditions that are perfectly 

satisfied in typical experiments probing organic monolayers (Ay / n i ~ 10'̂ , h / X » 10'̂ ). 

Under these assumptions, the reflectivity of a layer surrounded by two semi-infinite media 

(Macleod, 1986) is calculated for each polarization to determine the equivalent pathlength: 
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TE modes 

, _ 2n,{ni N]g )̂ 

"  '  "  H'" i )  t N ^€ffrE"effTE\ 
(2.15) 

TM modes 

(2.16) 

As discussed earlier, the equivalent pathlength, described in Equation 2.15 and 

2.16, exhibits a wavelength dependence. This dependence is emphasized because many 

investigators aim to apply ATR waveguide spectroscopy to study the interactions between 

molecules and surfaces through possible spectral changes. Therefore, an accurate analysis 

including waveguide dispersion effects is necessary to achieve valid conclusions. 

Similar to the bulk case, the equivalent pathlength is independent of the extinction 

coeflBcient (ki) of the adsorbed layer as long as the conditions employed for its derivation 

are valid. Another interesting point to note is the relationship between the equivalent 

pathlength for the adsorbed layer and the bulk media: 
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(2.17) 

where and are the previously described bulk and adsorbed layer equivalent 

pathlength, respectively, and for simplicity, we have assumed Wc = w/. Equation 2.17 is 

valid for both polarizations and shows the proportionality of the bulk absorption to the 

depth of penetration, and the layer absorption to the layer thickness. 

2.1.3 Dichroic layer absorption 

Figure 2.4: Schematic representation of the waveguide structure with an adsorbed 
dichroic layer on top of the guiding film. 

The calculation of the extinction coeflBcients in each cartesian direction, kx,y.z, in 

terms of the molecular dipole distribution is outlined in Appendix B. The calculation of the 
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reflection coefBcients, indicated in Figure 2.4, follows the analysis in Macleod, (1986), but 

the anisotropic admittance and phase coefBcients are taken from Horowitz and Mendes 

(1994). Assuming the same conditions of layer thickness and extinction coefiBcient as in 

the case of an isotropic adsorbed layer, the following equivalent pathlength in each 

polarization is obtained; 

TE modes 

(2.18) 

TM modes 

2ninl{nl - )X + K' njf ^  
(2.19) 

where the factors/ defined in Appendix B are the ratio between the extinction coefficient 

along a coordinate axis and the extinction coefficient obtained at random molecular 

orientation. The isotropic case is established for^ = 1. 
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Equations 2.18 and 2.19 reduce to Equations 2.IS and 2.16, respectively, in the 

isotropic limit. Expressions frequently used in the literature (e.g., Lee and Saavedra, 1996) 

fail with respect to this simple consistency test. These equations were adapted from the 

original work of Cropek and Bohn, (1990), who treated the case of a bulk internal 

reflection element with a dichroic adlayer. To be correctly applied to the waveguide 

configuration those expressions need a polarization-dependent cosine factor. Ironically, 

these expressions have always been used in the dichroic ratio (ratio of TE and TM 

absorbances) where the correction factor, although still present, gives only a small 

correction. Any attempt to calculate the absorbance from a single polarization (TE or TM) 

using their expressions would show inconsistent results. 

2.1.4 Bulk and adsorbed layer absorption 

When both the cladding and the adsorbed layer contain absorbing species the total 

absorbance is simply the sum of each term under the assumption of weak absorption. The 

proof is implemented by using the perturbation approach of the guided mode as described 

in Appendix A. Therefore the total absorbance can be written as; 

A = s,c, bi^+e, c, b'̂ . (2.20) 
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2.2 SENSITIVITY FACTOR 

To quantify the sensitivity that can be accomplished by performing ATR 

measurements in a waveguide configuration, we define the sensitivity factor as the ratio of 

the absorbance measured in a waveguide experiment to the absorbance measured in a 

transmission experiment; 

A b 
Sensitivity s — = —^5-. (2.21) 

t̂r bg. 

Many articles have described the sensitivity as the number of reflections in a waveguide 

geometry. However this approach neglects the effects of the electric field intensity on the 

absorbance. Other works have used the area of the electric field intensity under the 

absorbing medium to describe the sensitivity. This approach lacks the information on the 

eflfective index that also influences the absorbance. Both approaches, despite giving 

qualitatively correct results, are mathematically incomplete descriptions. Our definition 

according to Equation 2.21 incorporates all the relevant factors and should be the 

parameter used when trying to optimize device response. In the following, we graphically 

show the calculated sensitivity factor for a bulk medium and an adsorbed layer as a 

fiinction of the waveguide parameters. As we already mentioned the waveguide equivalent 

pathlength is independent of the extinction coeflScient of the absorbing medium (bulk 
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absorption or adsorbed layer absorption), consequently the same follows for the sensitivity 

factor. Therefore the results of the sensitivity factor to be presented next are independent 

of the extinction coefficient of the absorbing media, as long as the condition of low loss 

per reflection is not violated. 

2.2.1 Bulk absorption 

To investigate the sensitivity factor in bulk absorption, we have used typical 

waveguide parameters. Fused silica is the substrate and water is cladding media where the 

absorbing species are dissolved. The distance of mode propagation along the guide, L, has 

been taken to be equal to the pathlength, b», in a transmission spectrophotometer, which is 

the typical cuvette size (1 cm) in a solution experiment. The assumptions appear 

reasonable by experiment and the results to be presented in Figure 2.5 and 2.6 can be 

scaled directly for different ratios of (Z, / Z>n-). 

The influence of the waveguide thickness on the sensitivity is calculated first and 

the results are shown in Figure 2.5. 
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Figure 2.5: Sensitivity vs. waveguide thickness. For the calculations, it was assumed btr = 
L, wavelength = 550 nm, waveguide index of refraction = 1.56, substrate index of 
refraction = 1.46, real part of the cladding index of refraction = 1.33, lowest-order 
mode. 

It is not unusual to suggest that reducing the thickness of the guiding element will 

increase the sensitivity, an argument often employed to explain why it is advantageous to 

bring ATR from classical bulk optics to the integrated optics configuration. The argument 

holds for a broad range of thickness but fails close to the cutoflf thickness. Approaching 

this point, efifects due to the Goos-Hanchen shift sharply increase the waveguide effective 

thickness. Consequently the sensitivity curve shows a drastic drop. Therefore, there is an 

optimum thickness to maximize the device response which is different for each 

polarization. Similar results have been reported by Polky and Harris, (1972), Mitchell, 

(1977), and Saavedra and Reichert, (1990). 
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A similar analysis has been performed for the effects of waveguide index of 

refraction on the device sensitivity, as described in Figure 2.6. Again, an optimum index of 

refraction to maximize the device response is observed. 

Bulk absorption 
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Figure 2.6: Sensitivity vs. waveguide refractive index. For the calculations, it was 
assumed bo- = L, wavelength = 550 nm, waveguide thickness = 400 nm, substrate index 
of refraction = 1.46, real part of the cladding index of refraction = 1.33, lowest-order 
mode. 

Both Figures 2.5 and 2.6 show that only a few percent of the absorbance measured 

in transmission experiment can be detected in a typical waveguide ATR experiment. This 

suggests a few conclusions. The propagation length in a waveguide should be substantially 

longer to produce measurable signals when probing weakly absorbing bulk media, which 
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can be implemented by using optical fibers. Applications of evanescent-wave absorption 

should search for adlayers to increase analyte concentration close to the evanescent tail. 

On the other hand, highly concentrated solutions of strong absorbing materials, which can 

not be measured in a transmission spectrophotometer because of poor light throughput, 

can be measured directly in a waveguide configuration. 

2.2.2 Adsorbed layer absorption 

Similar investigations on the influence of waveguide parameters on the sensitivity 

factor are performed for an adsorbed layer. For the calculations, we assume fused silica as 

the substrate and water as the cladding material. The adsorbed layer was modeled by a 3 

nm layer and the real part of the refiractive index was assumed to be w/ = 1.33. The key 

point to emphasize is that the pathlength, btr, in a transmission measurement now 

corresponds to the adsorbed layer thickness of 3 nm (normal angle of incidence bemg 

assumed). As before, the propagation, L, along the waveguide is taken as 1 cm. Figures 

2.7 and 2.8 show the effects of waveguide thickness and refi-active index, respectively, on 

the sensitivity factor. 
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Figure 2.7: Sensitivity vs. waveguide thickness. For the calculations, it was assumed L = 
I cm,, wavelength = 550 nm, waveguide index of refraction = 1.56, substrate index of 
refraction = 1.46, real part of the adsorbed layer index of refraction = 1.33, thickness h 
= 6  ̂ cladding index of refraction = 1.33. 
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Figure 2.8: Sensitivity vs. waveguide refractive index. For the calculations, it was 
assumed L = I cm, wavelength 550 nm, waveguide thickness = 400 nm, substrate index 
of refraction 1.46, real part of the adsorbed layer index of refraction = 1.33, thickness h 
= btr, cladding index of refraction = 1.33. 

Again, we find similar results regarding the presence of an optimum thickness and 

index of refi-action which is essential information to maximize device response. Also, we 

observe that the sensitivity curves of an adsorbed layer are approximately a scaled version 

of the curves corresponding to the bulk sensitivity, a result that could be anticipated fi"om 

Equation 2.17. Therefore, the same set of parameters optimizes both cases simultaneously. 

The important point to note in Figures 2.7 and 2.8 is the magnitude of the 

sensitivity factor, which is 3 to 4 orders of magnitude higher than a transmission 

measurement. This quantifies the attractiveness of measuring ATR of thin films in the 
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waveguide regime. Using transmission measurements, the limitation imposed by very thin 

layers, typically in the order of a few nanometers, makes extremely diflScult, if not 

impossible, to measure a statistically valid absorbance. As an example, we have set ki = 

0.01 to find an absorbance of 1.6 in the TE waveguide configuration, which falls into an 

experimentally detectable range. In contrast, its counterpart in the traditional transmission 

configuration would require the detection of an absorbance of 0.0003, which is 

experimentally problematic. 

2.3 WAVE MODEL 

The approach taken here follows the work of OflFersgaard, (1995). For 

completeness, the following describes the major steps in the development of his technique. 

For detailed information, the reader should refer to the original article. Our goal is to 

implement an exact procedure to calculate the eigenvalue of bound modes in a multilayer, 

dichroic, and birefiigent waveguide structure to verify the accuracy of the expressions 

given in the ray optics picture. 

In Figure 2.9 we indicate the coordinate system and the notation used to model the 

waveguide configuration. 
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Figure 2.9: Coordinate system and multilayer representation. 

The electric and magnetic fields are decomposed into two traveling waves: a 

positive (El, Hi) and a negative (E2, H2) propagating wave along the z-direction. Thus, for 

each medium j we write 

E^^'(r, t )  =  / )  +  E ^ \ T, t), (2.25) 

= li\'\r,t) + H \̂r,t). (2.26) 
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Each traveling component is described by: 

EuC""' 0 = ^ exp|/|K[f].(r - z^^'e,) - iar]|+c. c., (2.27) 

HuC'"' 0 = ^ V^u^lu exp|/|K^/].(r - z^^'e J - Grfjj+c.c., (2.28) 

where ^ represents the wave amplitude, p and q are the polarization vectors, K is the 

wave veaor, and Cz is the unit vector along the z-axis. Maxwell's equation relates the 

polarization vectors through the wave vector: 

1/2 

n^-'^ = 
41,2 

-K« X 
CO " 

(2.29) 

From boundary conditions for the tangential field components and assuming 

propagation in the x-z plane, the wave vectors can be written as: 

K« = 
ffi] 

0 
c = 0 0 
Q) 

WV 

(2.30) 



By combining the E and H boundary conditions, we get; 

with: 
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= 0 
c_ 
(O 

r p ^ 

0 (2.31) 

= M (2.32) 

(2.33) 

= 

,-^sin(A:</d<") 
fit  

H\t 

cosl 

(2.34) 

D'-"'' = 

QnJ 
(2.35) 
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In Equations 2.34 and 2.35, the subscript t refers to the tangential component of the 

corresponding vector. 

We assume a diagonal tensor for the dielectric constant, which can describe most 

of the experimental configurations of interest: 

g s 
0 o' 

— 0 
") 

n' 0 
y 

.0 0 

(2.37) 

By inserting Equation 2.37 into the wave equation. 

e„ \co & K" E + l-J (K-E)K = 0, (2.36) 

we can relate both components of the wave vector. For the TE polarization, we get 

(2.38) 

where the root, to provide decaying fields far fi-om the guide, should be chosen according 

to: 
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lm(a)>0. (2.39) 

As the tangential components of the p polarization vector, in the TE case, is given by 

(2-40) 

the application of Equation 2.29 give us: 

~ ^x2 ~ 
r 
£2. a. (2.41) 

For the TM polarization we find 

n. ̂  ' 
(2.42) 

and the root should be chosen according to Equation 2.39. The tangential components of 

the polarization are then given by: 
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P.L =-PX2 = 
a 

+H') 

(2.43) 

~ ^yl ~ 

( \"2 
£0 " 

1/2 
(2.44) 

The determination of P, the only remaining unknown, is provided by solving 

fnn{co,0) = ̂ . (2.45) 

to produce a bound mode in the waveguide region; /W// is an element of the matrix defined 

in Equation 2.33. By denoting the solution to Equation 2.45 as 

(2.46) 

then the absorbance is calculated by: 

A  =  ̂ N ,  
yllnlO '  

(2.47) 
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2.4 COMPARISON 

In this Section, calculation of the absorbance of a guided mode propagating in a 

lossy waveguide structure using the ray optics model and the exact full wave model are 

compared. 

2.4.1 Bulk absorption 

Figures 2.10 and 2.11 show the results for TE and TM polarization, respectively, 

in the case of bulk absorption. The absorbance per unit length of propagation along the 

waveguide (waveguide absorbance / cm) is plotted against the transmission absorbance 

measured across a 1-cm cuvette size (transmission absorbance / cm). The abscissa 

corresponds to an extinction coeflBcient, k, varying from 0 to 0.001. 
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Figure 2.10: Ray and wove model comparison for bulk absorption. TE polarization, 
wavelength = 550 nm, waveguide thickness = 400 nm, waveguide index of refraction = 
1.56, substrate index of refraction = 1.46, cladding index of refraction - 1.33 - i k, with 
k varying from 0 to 0.001. 
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Bulk absorption - TM polarization 
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Figure 2.11: Ray and wave model comparison for bulk absorption. TM polarization, 
wavelength = 550 nm, waveguide thickness = 400 nm, substrate index of refraction = 
1.46, cladding index of refraction = 1.33- i k, with k varyingfrom 0 to 0.001. 

No significant cliange is observed between the two approaches, even at extremely 

high values (« 4 - 5) of the waveguide absorbance / cm, demonstrating agreement between 

the models. These results should help to eliminate concerns about the adequacy of the ray 

optics model for dealing with evanescent-wave absorption in the waveguide regime (see, 

for example, the comments that appeared in Qing et al., 1996). Certainly, at extreme high 

values of the extinction coefficient, deviation between the results obtained with these two 

models should be expected because the assumptions for derivation of the ray optics model 

are violated. Those results are exemplified in Figure 2.12, where the relative difference 

between wave and ray optics calculations (relative error) is plotted against the 
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transmission absorbance / cm. The abscissa extends now over a much larger range. The 

discrepancy only appears at extremely high values of the transmission absorbance. 
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Figure 2.12: Relative error of the ray optics model compared to the wave calculation for 
bulk absorption. Waveguide configuration is the same as described in Figures 2.10 and 
2.11. 

2.4.2 Adsorbed layer absorption 

The waveguide structure under investigation here is similar to the previous one, 

except that the absorbing bulk material is replaced by an adsorbed layer. The adsorbed 

layer is described by a 3-nm thick layer and a complex index of refraction =1.33- / k, with 

k varying from 0 to 0.033. In the plots of Figures 2.13 and 2.14, the ordinate is the 
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waveguide absorbance / cm and the abscissa is the transmission absorbance, which is a 

function of both the adsorbed layer thickness and the extinction coefficient in the range 

specified above. To illustrate we consider some typical figures. A fixU monolayer of a 3-

nm-diameter molecule corresponds to a surface coverage of about 2 x 10'" moles/cm^. 

Typical molar absorptivities are in the range of 1,000 to 50,000 NT'cm"'. Using these 

values the transmission absorbance is found in the range of0.00002 to 0.001. 

Adsorbed layer absorption - TE polulzation 
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Figure 2.13: Rc  ̂atid wave model comparison for an absorbing layer. TE polarization, 
wavelength = 550 nm, waveguide thickness = 400 nm, waveguide index of refraction = 
1.56, substrate index of refraction = 1.46, adsorbed layer index of refraction = 1.33 - i k, 
with k varying from 0 to 0.033, thickness h = 3 nm, cladding irukx of refraction = 1.33. 
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Adsorbed layer absorption - TM polarization 
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Figure 2.14: Ray and wave model comparison for an absorbing layer. TM polarization, 
wavelength = 550 nm, waveguide thickness = 400 nm, waveguide index of refraction = 
1.56, substrate index of refraction = 1.46, adsorbed layer index of refraction = 1.33 - i k, 
with k varying from 0 to 0.033, thickness h = 3 nm, cladding index of refraction = 1.33. 

As shown in Figures 2.13 and 2.14, the results produced by the ray optics model 

are in good agreement with the exact calculation in the range of interest. To demonstrate 

the discrepancy of the ray optics model compared to the wave calculation, we calculate 

the relative error over a broader range in the abscissa. The results are shown in Figure 

2.15. The disagreement in the region of interest (k < 0.033) is about 2%. At very large 

values of the transmission absorbance (or extinction coefiBcient) the relative error sharply 

increases for the TM polari2ation as the lowest-order mode degenerates into a surface 

plasmon (Oflfersgaard, 1995). 
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Figure 2.15: Relative error of the ray model compared to the wave calculation for 
adsorbed layer absorption. Waveguide configuration is the same as described in Figures 
2.13 and 2.14. 

2.4.3 Dichroic layer absorption 

To compare the ray optics and wave model results for a dichroic layer, we 

consider the same waveguide structure as before: a fused silica substrate, a Coming glass 

7059 film, and water as the cladding material. The dichroic layer is modeled by a 3-nm 

layer and a complex refi"active index = 1.33 - / kx,y^. Molecules with a linear dipole can be 

immobilized to the waveguide surface (x-y plane) to form a layer. A rotationally 

symmetric distribution is assumed for the dipole orientation in the waveguide plane. The 

dichroism comes from a non-random distribution in the polar angle 0: the angle between 
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the electric dipole and the axis perpendicular to the waveguide surface (z-axis). As 

described in Appendix B, each cartesian component of the extinction coefiBcient can then 

be written in terms of the extinction coeflBcient, k, of the isotropic case and the mean 

orientation angle, 0,by; 

At the magic angle, 9 = 54.74°, we recover the isotropic condition. In the following 

simulations, we assume k = 0.01 and investigate the absorbance in the TE and TM 

polarizations as the mean angle is varied. The calculations performed using both the exaa 

wave method and the approximate ray optics method are shown in Figures 2.16 and 2.17. 

As before, the discrepancy in the absorbance calculations of the ray optics model is about 

2.5% compared to the exact results over the full range of the mean orientation angle and 

for both polarizations. 

(2.48) 

and 

(2-49) 
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Figure 2.16: Ray and wave model comparison for an absorbing dichroic layer. TE 
polarization, wavelength = 550 nm, waveguide thickness = 400 nm, waveguide index of 
refraction = 1.56, substrate index of refraction = 1.46, adsorbed layer index of 
refraction = 1.3S - i 0.01, thickness h = 3 nm, cladding index of refraction = 1.33. 



60 

Linear dipole - TM 

6 

e 
^ 4 
« U s 
•8 2 0 2 
n 
5 

0 -I 1 1 1 i 1 1 1 i 1 

0 10 20 30 40 50 60 70 80 90 

Dipole orientation angle (degrees) 

Figure 2.17: Ray and wave model comparison for an absorbing dichroic monolayer. TM 
polarization, wavelength = 550 nm, waveguide thickness = 400 nm, waveguide irtdex of 
refraction = 1.56, substrate index of refraction = 1.46, adsorbed layer index of 
refraction = 1.33- i 0.01, thickness h = 3 nm, cladding index of refraction = 1.33. 

Next we consider the dichroic ratio defined as the ratio of TE and TM absorbance. 

Unlike the expressions for absorbance, the dichroic ratio no longer includes the molecular 

concentration, c, and can be used to determine the mean orientation angle of molecules on 

a particular surface. Again, we have implemented the calculations for both the wave and 

the ray optics models. The results are displayed in Figure 2.18 and they demonstrate the 

excellent agreement (relative error < 0.05%) of the ray optics model in the calculation of 

the dichroic ratio. In the same plot we have included the results calculated by the 

expressions given by Cropek and Bohn, (1990), which are under current use in the 

Wave model 

Ray model 
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literature (Lee and Saavedra, 1996). Their results show a 5% discrepancy compared to the 

exact calculation. Because the absorbance expressions of Cropek and Bohn lack a cosine 

factor related to the reflection angle inside the waveguide, it is emphasized that the relative 

error on the dichroic ratio incurred by using their equations will be higher as the difference 

in the effective indices of TE and TM polarization increases. 
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Figure 2.18: The wave, the ray optics, and the Cropek & Bohn results of the dichroic 
ratio for an adsorbed layer. 
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CHAPTERS 

ACHROMATIC WAVEGUIDE COUPLERS 

The major disadvantage of measuring ATR with single mode planar waveguides is 

spectral bandwidth. In a given configuration (i.e., launch angle), planar waveguide 

incouplers are usually eflBcient for only a narrow spectral range. Lens coupling or butt 

coupling on the waveguide endface impose tight tolerances in component alignments. 

Thus all planar waveguide ATR measurements reported to date have employed either a 

monochromatic source or a narrow spectral band isolated fi"om a polychromatic source. 

3.1 REVIEW OF THE PROBLEM 

Different configurations to increase the spectral bandwidth of planar waveguide 

couplers have been proposed. Spaulding and Morris (1991, 1992), suggested two different 

approaches to the problem: (a) a surface-relief transmission grating on top of a prism 

coupler and (b) a grating coupler combined with a transmission grating tilted at a specific 

angle. The reported experimental full-widths at half maximum (FWHM's) were 41 nm and 
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13 nm for prism-grating and double-grating couplers, respectively. By using a 

transmission-volume hologram tilted at an angle with respect to a grating coupler, 

Hetherington et. aL, (1993), were able to get a 5-nm bandwidth; Strasser and Grupta, 

(1994), achieved a 17-nin bandwidth by combining a grating coupler with a tilted 

reflecting grating. Recently Li and Brazas, (1995), obtained a 45-nm bandwidth by 

employing a prism and a pair of parallel gratings, which greatly sunplifies alignment 

between elements. All experimental demonstrations above rely on canceling the first 

derivative of input-coupling angle with respect to wavelength. 

A different approach to the design of achromatic couplers is introduced here. 

Instead of working with coupling angles, we describe the achromatization problem as an 

eflfective-index-matching process. The effective index of reflection, N, is defined as the 

projection of the wave-vector onto the waveguide plane divided by 27j/X, for either the 

waveguide, or the coupler, Nc. As usual, X is the vacuimi wavelength. The mismatch 

function, defined in Equation 3.1 as the difference between waveguide and coupler 

effective indices, is directly related to the coupling efficiency (Brazas and Li, 1995). 

F{X)^NM-N,{X). (3.1) 

To search for a solution over a broad spectral range, the mismatch function F is 

expanded into a Taylor series centered at the wavelength of interest (/Iq): 
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f(A.)= 
a A. • 

d'F 
dX- , 2 

+ 0(AA'), (3.2) 

and the coeflBcients are defined as chromatic orders. The achromatization process takes 

place through correction of increasingly higher orders. The method is general and can be 

applied to any specific configuration with the appropriate description of the effective index 

for each coupler. 

We present two approaches to the design of an achromatic waveguide coupler. 

First, the configuration of Li and Brazas, (1995), was followed, but we searched for a 

design that corrected not only the first but also the second chromatic order by making use 

of available parameters that have not been previously exploited in the configuration. On 

the second approach, we demonstrated that a single prism coupler can be designed to 

correct the first chromatic order, thereby avoiding the employment of any extra dispersing 

component. Both approaches have been experimentally tested and their advantages and 

limitations will be discussed. 
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3.2 SECOND CHROMATIC ORDER COMPENSATION 

3.2.1. Design 

The structure shown in Figure 3.1, which combines two gratings and a prism, has 

simplicity and sufficient degrees of freedom. The two gratings are parallel to the 

waveguide, avoiding the critical aligimient required in previous designs, and can be 

fabricated on a single slide. As we will show below, the gratings are designed with slightly 

different spatial frequencies to fimction as an equivalent long-period grating, and their 

linear wavelength dependence is used to correct the first chromatic order. The prism offers 

the degrees of freedom (choices of glass and base angle) needed to correct the second 

chromatic order. From an improved design we were able to extend the input-coupling 

spectral bandwidth much beyond that of previously reported experiments. 
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Achromatic Input Coupler 

A Z. substrate 

waveguide 
cover 

Figure 3.1: Schematic representation of overall structure and symbols used for each 
element 

The mismatch function for the particular configuration shown in Figure 3.1 

becomes: 

F{X) = (3.3) 

where each term on the right-hand side is defined, referring to Figure 3.1, as follow: 

(a) is the waveguide effective index obtained fi"om the well-known characteristic 

equation 
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A 
2 \ 1 "w" ~^w ) = ntTT+xan 

f « 
\nj 

172 

+ tan -I 
u. 

,N 1/2 (3.4) 

where p = 0 applies to TEm modes and p = 1 applies to TMm modes. We note that 

Equation (3.2) has an explicit wavelength dependence and an implicit dependence due to 

the dispersion of materials involved. 

(b) The eflfective index Ng for the two gratings, A and 5, which are aligned parallel with 

the waveguide, is described by 

\T k X k = ' n ^ — + ' " 6 — =  — ,  
A, A' 

(3.5) 

where yl* is an equivalent grating period. We restrict ourselves below to the first 

diffraction orders by assuming = -1 and mjj = +1. Note that the grating term gives 

only a linear wavelength contribution. 

(c) From simple geometry and Snell's law, the eflfective index Np of the prism is given by 
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N , =  / 2 'J sincos<p +[np - nf sin ^,1 sin<p (3.6) 

Setting the zero-, first-, and second-order coeflBcients to zero yields 

) = N ^- w, sin cosg )  - -  n . '  sin^ j sin ^ —r = 0. (3.7) 

dJL dX 

n sin q> 

(«/-«/sin'0.) 

dn 1 ^ - —  =  0  
dk /L 

(3.8) 

d'F 

dX- dX  ̂

n^smq) d^n^ ^ sin ' s i n y  dn^ 

{n; - nr sin- sin' 0^ ̂  dX 
=  0 .  (3.9) 

Equation 3.7 is the usual resonance-couplmg condition for a particular wavelength. 

Making the first chromatic order zero (Equation 3.8) gives a stable solution around the 

design wavelength, and setting the second-chromatic-order coefficient (Equation 3.9) to 

zero enlarges the coupling region. 

Thus the problem of designing an achromatic coupler for a specific waveguide 

consists of searching for values of the angle of incidence ^/, equivalent grating period A*, 

index of refi"action np of prism, and base angle <p that simultaneously cancel the first three 
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coefficients in the Taylor series. We used a simple approach for solving the system of 

coupled equations by initially selecting a specific glass and neglecting the grating term (Ng 

= 0 or yl* = oo). The incident coupling angle Oj and the prism base angle <p were then 

calciilated by simultaneously solving Equations 3.7 and 3.9. The grating parameter A' v/as 

then obtained fi-om the first-order Equation 3.8. Of course when a nonvanishing grating 

term (Ng ^ 0) is introduced we must recalculate. However, as the grating contribution is 

generally small, usually one or two additional iterations are sufficient for the variables to 

converge to the achievable experimental precision. Several glass materials were tested, and 

only certain choices with the appropriate index of refi^action and Abbe number yielded a 

solution for our particular waveguide. 

On correction up to the second chromatic order, the eflFective-index mismatch 

fimction exhibits a cubic wavelength dependence. We then define a merit function to be 

the sum of squares of the mismatch function over the spectral region of interest and 

minimize the fimction by refining the variables. Basically the final procedure compensates 

the cubic contribution by reintroducing a small amount of the first-order term with the 

opposite sign. This is analogous to the usual procedure in lens design that is used to 

initially correct third-order aberrations (Seidel aberrations); when fifth-order terms 

subsequently become dominant, small amounts of the third order with the opposite sign 

are reintroduced for balancing. 
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The procedure was implemented into a computer code for an automatic search of 

solutions. The dispersion of all the materials involved has been taken into account as well 

as the explicit wavelength dependence of the grating and waveguide effective indices. As 

usual in the waveguide case, was calculated by a numerical routine. 

Examples of the eflFective-index mismatch function for four different couplers are 

given in Figure 3.2; a single-grating coupler, a prism coupler, the achromatic design 

specified in Li and Brazas, (1995), and our achromatic design, which is corrected up to the 

second chromatic order. For the grating and prism couplers where no achromatization has 

been attempted, a strong linear dependence rapidly increases the mismatch function for 

small detunings of the design wavelength. In the design of Li and Brazas, (1995), where 

the first order has been canceled, a quadratic behavior is observed. The mismatch function 

of our design shows a weak cubic dependence and is kept to small values over a much 

broader region. 
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Figure 3.2: Comparison of effective index mismatch function for different incoupler 
designs: (a) grating coupler A = 313.4 nm; (b) prism coupler: LaSF^ glass, base angle 

= 52.206(c) Li andBrcaas, 1995: double grating = 309.5 nm and Afj - 308.8 nm, 

prism: SFj glass, base angle = 60°: (d) present design: double grating A  ̂= 305.4 nm 

and Ajj = 313.4 nm, prism: LaSF  ̂ glass, base angle = 52.206°. For all designs, the 

waveguide material is Coming glass 7059 with a thickness of 400 nm, cover is air and 
TEpolarization is assumed Designs (a), (b) and (d) are centered at Xq = 550 nm and the 

substrate is fused silica; for design (c) Aq = 685 nm and substrate is pyrex. 

Our condition for canceling the first derivative of the mismatch flmction with 

respect to wavelength can be related to the condition given by Spaulding and Morris 

(1991), which imposes a zero derivative of the incident coupling angle with respect to 

wavelength (dO/dX = 0). This can be verified by taking our mismatch function as an 

implicit flmction of wavelength and coupling angle and setting it equal to zero. 
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F{X,e,) = 0, (3.10) 

so we can write the following relation; 

^ = (3.10 
DX DFLDE. 

We conclude that, if the angular variation against wavelength is zero, the first derivative of 

the eflfective-index mismatch fimction with respect to wavelength is also zero. 

From the eflfective-index mismatch function F we calculate the normalized 

coupling eflBciency, following Brazas and Li (1995). The functional form is simple when 

one of the length parameters involved (grating length Lg^ beam size COQ, or LQ = 1/a, 

where a is the waveguide leakage rate) is much smaller than the others. In Table in.I the 

expressions for each limiting case are given, where we have used Ap{X) = ^^F{X). 
A 

Unlike previous studies that used the incident coupling angle, here there exists a 

straightforward connection between the design fimction F(?.) and the variable T](X) that is 

experimentally determined. 
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Condition Normalized Coupling EflBciency (jj) 

sinc^ (Aft Lg/ 2) 

LQ /(a^ + 

exp[-(l/2) (Afi(Oo)^J 

Table ///./; Normalized coupling efficiency for each limiting case of the length 
parameter. 

3.2.2 Experimental demonstration 

A prism satisfying our conditions was manufactured from LaSF3 Schott glass 

= 1.80801 and vy = 40.61) with a base angle of 52.206°. 

The grating fabrication follows the procedure reported in Li et al., (1988). We 

used the 441.65 nm line of a Kimmon He-Cd laser that was expanded, spatially filtered, 

and collimated. The intensity for the expanded beam was 0.38 mW/cm^, and the 

photoresist was exposed for 45 s. A real-time control of diffraction efficiency gave an 

optimum time of 90 s for the development process. The photoresist grating pattern was 

transferred to the fused-silica substrate by the use of a reactive-ion-milling process that 

uses freon gas. 
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On the fused-silica slide that was to be coated with the waveguide, two gratings 

separated by 12.5 mm were fabricated; one grating was part of the input achromatic 

coupler (see Figure 3.1), and the other was used as a simple output coupler for power 

measurements. We determined the grating period of the input coupler to be /l^ = 313.4 

nm by measuring the diffraction angle in Littrow configuration. 

The waveguide was Coming glass 7059 deposited on a fused-silica substrate (2x1 

in.) with a Perkin-Elmer 2400 RF diode-sputtering system. The bias voltage on the 

material target was set to 1150 V, and a power of 250 W was established for a pressure of 

3.9 X 10"3 Torr in the chamber. The predeposition vacuum was 2 x 10"^ Torr, and a 

reactive atmosphere of Ar (70%) and O2 (30%) was dynamically controlled during 

deposition by the use of an MKS two-channel flowmeter. We measured a 400 ± 2 nm 

thickness for the waveguide employed in our experiment and estimated an average 

deposition rate of 49.5 A/min. Many samples have been prepared under the same 

condition for a precise characterization of the material dispersion as required for design 

purposes. In Figure 3.3 we present the dispersion results for several 7059 waveguides 

obtained from prism-coupler measurements, from which a standard deviation less than ± 

0.001 in the characterization of the index of refraction was determined. Typical loss was 2 

dB/cm at /I = 633 nm. 
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Figure 3.3: Measured index of refraction vs. wavelength for several Coming glass 7059 
films fabricated by the use of sputtering deposition. 

On a second flised-silica slide another grating with a spatial period Aq = 306.2 nm, 

which closely approximates the design value (yl^ = 305.4 nm, as indicated in Figure 3.2), 

was fabricated. 

The two slides were brought into contact from the unworked sides by an index-

matching liquid of refractive index 1.46. After the grooves were optically aligned the two 

slides were glued together, creating a laminate structure, as shown in Figure 3.1, with 

overall thickness of 2.0 mm. The equivalent grating period A* obtained from the 

combined pair was 13,328 nm. A liquid with a high index of refraction (1.80) was used to 

bring the prism and the grating A into contact. 
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Figure 3.4 illustrates the experimental setup used in the coupling-efficiency 

measurements. To cover a broad spectral range, a Coherent Innova 70 argon-ion laser, a 

Coherent CR-599 dye (Couramin C6) laser scanning from 525 nm to 580 nm, and a 

Melles-Griot He-Ne laser were employed as sources. Special attention was paid to 

guarantee that beams from different sources reached the input coupler at the same position 

and direction by sending them through two irises separated by 1.05 m. Transverse electric 

(TE) polarization was selected with a Glan-Thompson polarizer. The waveguide and the 

coupler were mounted on a rotary stage driven by a stepper motor, and angular 

measurements were digitally controlled. After being coupled in and propagated through 

the waveguide, the guided mode was coupled out by a single-grating outcoupler and 

projected on a screen. A reference signal was collected from the beam with a spectrally 

neutral beam splitter and directed to the same screen. Both spots were simultaneously 

photographed with a CCD camera (Photometries CH210 with Tektronix TK512CB/AR 

chip). 
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Figure 3.4: Experimental setup for coitpling-efficiency measurements. 

We initially measured the dependence of the coupling eflBciency on the angle of 

incidence for several discrete wavelengths. Two different incouplers were investigated: the 

achromatic coupler designed and fabricated as described above and a conventional grating 

coupler with spatial frequency A = 313.4 nm. Figure 3.5.A shows the results for the 

achromatic coupler; the angular dependence of coupling efficiency was measured at 525, 

550, and 580 nm. Strong overlap between all three curves is observed, with the 525- and 

580-nm curves intersecting at 87% of the normalized coupling efficiency. An otherwise 

equivalent measurement was made for the single-grating coupler at 545, 550, and 555 nm. 
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In contrast. Figure 3.S.B illustrates that a spectral separation of only 5 nm can split apart 

the coupling-efficiency curves, and the overlap is negligible. 

—- (a) 525 

> 
0 (b) 550 nm (b) s •H —^ (c) 580 

0.6 (c) 

0.4 

N fi H 
1 0 . 2  
o z 

11.5 11.3 10.9 11 11.2 11.4 11.1 

Angle of Ineidsnce (degzees) 

Figure 3.5.A: Dependence of coupling efficiency on angle of incidence for achromatic 
waveguide coupler at three particular wavelengths: X = 525, 550, and 580 nm. 
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Figure 3.5.B: Dependence of coupling efficiency on angle of incidence for conventional 
grating coupler at three particular wavelengths: A, = 545, 550, and 555 nm. 

From the measured angular separation of these lines (dO/dA) and the angular 

bandwidth {Ad^o%)^ spectral bandwidth is estimated from; 

•^50% ~ ^^50% 
dFlde^ 

dFldX 

A0 50% 

\dejdX\ ' 
(3.12) 

yielding = 1.1 nm for the conventional grating coupler. 

A direct measurement of coupling eflBciency over the spectral range of interest was 

also performed. The procedure here was to initially adjust beam location and to tune the 
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angle of incidence for a maximum of the coupled power into waveguide at the center 

wavelength (550 nm). We then performed all measurements by tuning the wavelength 

without any further change in the configuration. The measured input-coupling angle 6i 

was 11.25° ± 0.12°, in excellent agreement with the expected theoretical value (11.26°). 

The estimated absolute input-coupling efficiency was 0.04%, because of the low 

diffraction efficiency of grating A that was used in the present demonstration and the 

mismatch between the grating-coupler leakage rate (a) and the spot size of the input 

beam. 

Figure 3.6 shows the measured normalized coupling efficiency for the achromatic 

coupler as a function of wavelength. A spectral bandwidth (FWHM) of 70 nm was 

obtained. Also plotted is the coupling efficiency predicted from the effective-index 

mismatch function F when the inverse of the waveguide leakage rate {Lq = l/d) is 

estimated to be the shortest length parameter (see Table in.I). 
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Figure 3.6: Normalized coupling efficiency for the achromatic coupler as a function of 
wavelength. Experimental results (u) and theoretical calculation (solid line) without 
consideration of lateral shift effects. 

Although the results are satisfactory for the region close to the central wavelength, 

they clearly disagree at the side-bands. However, as pointed out by Strasser and Gupta 

(1994), lateral shift of the beam as a fUnction of wavelength (illustrated in Figure 3.7) 

plays an important role for large deviations from the central wavelength. 



82 

A A>q 

A>  ̂ A>q 

y. substrate 7, 

waveguide 

cover 

Figure 3.7: Schematic representation of lateral shift for different wavelengths. 

The expressions in Table in.1, which are used for the theoretical calculation of coupling 

efiBciency, take into account only the effect of phase mismatch and do not consider lateral 

displacement of the beam with respect to the central wavelength. We calculate for our 

achromatic coupler a lateral shift of ± 0.12 mm for detuning ± 25 nm from the central 

wavelength, mainly because of grating A and a negligible contribution from the prism. 

Shorter wavelengths are shifted toward a region without grating modulation, and longer 

wavelengths are moved inside the grating and far from the edge. In the former case the 

coupling efBciency is reduced because only part of the beam is di£B:acted into the 

waveguide; in the later case a longer propagation length inside the grating increases losses 

as a result of outcoupling. Both cases tend to reduce coupling efiBciency and become the 

dominant effect, rather than phase mismatch, at substantial deviations from the central 
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wavelength. However, this lateral shift can be substantially reduced by the use of a much 

thinner substrate and longer spatial frequencies for the gratings (with the same equivalent 

grating period A*). 

Based on programmatic considerations, we have focused our attention on 

increasing the bandwidth of the waveguide coupler, leaving the absolute coupling 

efficiency aside. Such an approach is justified because the absolute efficiency of the 

proposed coupling device can be improved without affecting its bandwidth. Additionally, 

for many applications in chemical sensors, the eflSciency that we report here is adequate. If 

necessary, a higher absolute eflBciency can be obtained by choosing appropriate groove 

depths of gratings A and B for maximum diffraction efficiency and optimum matching 

between beam size and leakage rate, respectively. 

3.3 ACHROMATIC PRISM-COUPLER 

To the best of my knowledge only two designs using a single optical component, 

both employing a prism-coupler, have been proposed for broadband coupling into a planar 

waveguide. Hammer, (1979), patented a prism design that would couple light into a 

waveguide for the whole visible spectrum. However, one can easily demonstrate that his 

Equation 2 is incorrect because of a conceptual mistake: the refractive index of the 

waveguide film was used instead of the effective mdex of the waveguide. Therefore his 
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prescription for prism and waveguide index of refraction is invalid. Midwinter (1971a) was 

able to produce a solution to the waveguide achromatic coupling problem under certain 

assumptions: A) waveguide film and prism glass have exactly the same optical properties, 

B) different wavelengths of the input beam impinge on the base of the prism-coupler with 

the same angle of incidence, and C) the angle of reflection inside the waveguide is 

stationary with respect to the wavelength at a particular point. Conditions A) and B) were 

assumed for the sole purpose of simplifying the analytical calculations. Once those 

conditions were assumed then condition C) was needed for achromatically coupling light 

into the waveguide. However, to simplify the calculations. Midwinter required 

experimental conditions that are di£5cult to fulfill. Usually prisms and waveguide films are 

made of different materials, and even films that could be fabricated from the same optical 

glass would exhibit different properties from the original bulk material due to differences 

in packing density and stoichiometry. Although condition B) is important and useful for 

another reason that we will explain later, condition C) is unnecessary and condition A) is 

very restrictive and inconvenient. As far as we know, no attempts have been made to 

experimentally implement this approach. 

We present here a generalization of Midwinter's article in the sense that his work is 

a particular case of our analysis, but we describe a much broader range of solutions. We 

do not assume Midwinter's conditions and we are able to obtain designs that are easily 

achievable in practice. Our calculation deals with the practical situation of specifying a 
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prism for broadband coupling into a particular waveguide. For each waveguide structure, 

as described by the film thickness and the optical properties of the film, substrate, and 

cover, we derive the prism dispersion characteristics to achieve broadband waveguide 

coupling. Employing our analysis we designed and fabricated an achromatic prism-

coupler, and broadband coupling was experimentally demonstrated. 

cover 

^ film 
/ 
\ 1 substrate / 

Figure 3.8: Schematic representation of the prism-coupler and symbols used in the 
derivations. 

As already reported (Strasser and Gupta, 1994, Mendes et al., 1995) the spectral 

bandwidth coupled into a waveguide is limited not only by the broadband matching of the 

effective index but also by the position at which the light beam impinges on the coupler 

(either comer of prism, or edge of grating). All designs that add an extra dispersing 
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component to adjust the incoupling angle cause the light beam to be shifted from its 

optimum coupling position for wavelengths detuned from the center line. Our 

configuration avoids this problem by setting the angle of incidence for the light beam to be 

normal to the first prism surface; therefore all wavelengths impinge on the base of the 

prism at the same spot, which can be adjusted for a high coupling efiBciency. Moreover, 

the absolute coupling eflBciency of the achromatic prism-coupler, which can theoretically 

achieve 80% for a gaussian beam (Tamir, 1975), is intrinsically higher than previous 

schemes (Spaulding and Morris, 1991, 1992, Hetherington et ai, 1993, Strasser and 

Gupta, 1994, Li and Brazas, 1995) because the addition of extra dispersing elements 

generally introduces additional losses. Likewise simplicity favors our approach because the 

critical alignment necessary for previous schemes is not required here. 

3.3.1 Design 

For the case of a single prism-coupler, as shown in Figure 3.8, Equation 3.8 

becomes; 

dX 

dN^ dN, p _ 

dX dX 
= 0 (3.13) 
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To obtain an analytical expression for the waveguide dispersion, the characteristic 

Equation 3.4 is rewritten as 

= KT - An;r - ̂  tan" 
j=s^c 

f \ 
V 

2p f \T1 2^ K - n -
1/2 

UJ W f - K )  
= 0. (3.14) 

From Equation 3.14 we can write 

dN^ ^ A —^ = a+ y b,— 
dX ^ dX 

(3.15) 

with 

a = d<i)iax 
(3.16) 

which accounts for waveguide modal dispersion. 

^ d^l dn. 

'  "  -diSfldN^ ' 
(3.17) 

which accounts for waveguide material dispersion, and j =f, s, c. 
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The denominator in Equations 3.16 and 3.17 is calculated to be 

_ 27C n 18^ 

where is the waveguide effective thickness for the corresponding polarization, and the 

numerator in Equation 3.16 is given by 

(319) 

For the TE polarization, the numerator in Equation 3.17 becomes 

im 
1/2 

(3.20. A) 

and 

^S.C [n}-n])^Nl-n],) 
1/2 

(3.2 LA) 



89 

The corresponding expressions for the TM polarization are 

n, im ^ 

A PS.C\n][n} - - «;)] 
(3.20.B) 

and 

at> __ n , . c n)[2Nl-n]J)[n}-Nl)'^ 

^s,c [NI - - Nl) + n)[Nl - A7^^)] 

The dispersion of the prism-coupler is written as 

dN 

dX 
- = c dn̂  

dX ' 
(3.22) 

with 

c = 
n smq) 

(/2j-«fsin'^,)'" 
(3.23) 
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At this point we have the equations needed to calculate the dispersion 

characteristics of waveguide and prism. Depending on the application under consideration, 

a prism can be selected to match a particular waveguide configuration, or the waveguide 

parameters can be selected to match a particular prism-coupler, or the characteristics of 

both components can be allowed to vary to produce a solution to the achromatic coupling 

problem. In general, each polarization will require its own set of design parameters to 

satisfy that condition. 

A few conclusions can be drawn fi^om the expressions above: 

a) The modal contribution to the waveguide dispersion is always negative (a < 0). 

b) Due to the guided mode condition, ns.c < < «/, and under the assumption that 

> rif for the TM polarization, we have that bj is strictly positive; therefore the 

contribution of each material to the overall waveguide dispersion is nonpositive (bj dn/dX 

c) The dispersion of the waveguide effective index is always negative {dNy, /dX < 0). 

d) The dispersion of the prism effective index is always negative {dNp /dX < 0). 

We have assumed, for conclusions b-d, that all media exhibit normal dispersion {dn/dX < 

0, for j =/, s, c, p) in the wavelength range under consideration. 

The conclusions above allow us to rewrite Equation 3.13 as 
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H + Z  
dn. dn„ 

c ' 
^ dl dX 

(3.24) 

which shows how strong the dispersion of the prism should be in order to match the modal 

and material dispersion of the waveguide. If materials with high dispersion are used in the 

waveguide structure (film, substrate, cover), or if the spectral region of interest is on the 

short wavelength side, then it is possible that no glass may be available to match the 

waveguide dispersion. 

Up to this point we have allowed the light beam to strike the first surface of the 

prism at any angle of incidence (0,). At oblique angles of incidence, the light beam is 

refi-acted at different angles for different wavelengths. As our derivation has included this 

dispersion, the coupling angle will be automatically satisfied when we solve Equation 3.13. 

However the dependence of the coupling efficiency on the position of the beam with 

respect to the comer of the prism (Tamir, 1975) must be considered. For non-normal 

incidence, different wavelengths will have the coupling eflBciency reduced because the 

beam is shifted outside its optimum coupling position. To avoid this effect, fi^om now on, 

we assume normal angle of incidence = 0) for the beam at the first surface of the 

coupler. This can be accomplished using either a prism with a base angle that satisfies the 

relation 
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^3 = sin ' (3.25) 

or a hemispherical lens-coupler. 

Under the condition above, let us take the example of identifying the glass material 

for a prism to couple light achromatically into a waveguide when the region of interest is 

the visible part of the spectrum. In this case we relate the prism dispersion to the Abbe 

number vby 

with^- A/r= 170.1 nm. 

Once the waveguide parameters are specified. Equation 3.24 determines the 

required dispersion properties of the prism. Equation 3.26 translates this solution into the 

common terminology found in lens design and glass catalogs to identify the possible glass 

candidates. As Equation 3.26 is just an approximate relation, the exact prism dispersion 

should be used to accurately test each available choice. 

(3.26) 
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3.3.2 Experimental demonstration 

The waveguide used for the demonstration was a Coming glass 7059 film with a 

424 nm thickness, deposited on a fused silica substrate. The film deposition process and 

dispersion characteristics were previously described in Section 3.2. The cover medium was 

air («c= 1.00). 

Table 111.11 summarizes the calculations of the waveguide effective index and the 

contribution of each term to the overall waveguide dispersion. Although the values listed 

here are dependent on the waveguide parameters, on the wavelength, and on the 

polarization, they are typical numbers that illustrate the relative importance of each term. 

a (nm*') bfdnf/dX (nm'^) bs dns/dX (nm'^) dNJdXijam^) 

1.502 -1.116i 10-^ -0.4141 lO"' -0.0671 10-^ -1.709110-^ 

Table ///.//; Effective index of refraction, and the contribution of each term to the 
overall waveguide dispersion, dNJdX, are listed 

In Table LQ.III, for each index of refi^action of the prism, we list the required Abbe 

number to satisfy Equation 3.26, as well as the range of Abbe number with available 

materials. There is no optical glass of low refi"active index {np » 1.6 - 1.7) available to 
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satisfy the achromatic coupling condition. However, the Schott glass SFL6, with rip = 

1.80518 and v= 25.4, closely matches the solution. 

np V Av 

1.60 21 38 4^66 

1.70 23 30 <->57 

1.80 25 25 <^45 

Table ///.///; For different values of the prism index of refraction, np, we list the required 
value of the Abbe number, v, to approximately match the waveguide dispersion. We also 
list the range of Abbe numbers, Av, of readily available optical glasses. 

The exact description of the dispersion process was then obtained by calculating 

the effective index mismatch between the waveguide and the prism-coupler, AN(X) = 

N^X) - Np(X), which was implemented from Equations 3.4 and 3.6. In Figure 3.9, the 

effective index mismatch between waveguide and coupler is plotted for the achromatic 

prism-coupler designed above, as well as for a conventional prism-coupler with the same 

index of refraction and base angle but with a different Abbe number, v = 25.4, to 

emphasize the importance of the glass material on the process of dispersion cancellation. 
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Figure 3.9: Mismatch of the effective index of refraction (AN = Ny, - Np) for: (a) the 
achromatic prism-coupler: Schott glass SFL6, np = 1.805, v = 25.4; (b) a conventional 
prism-coupler: Schott glass LaSF3, np = 1.808, v = 40.6. Both prisms have the same 
base angle (p = 56.5°. Waveguide film is Coming glass 7059 with a 424 nm thickness, 
deposited on a fused silica substrate, and air is the cover medium. The waveguide mode 
considered is TEo. 

In our experiment, a set of five collinear gaussian beams, the 514.5 nm line of an 

argon-ion laser and four lines (543.5, 594.1, 604.0, and 632.8 nm) of a He-Ne laser, were 

sequentially coupled into the waveguide by the achromatic prism-coupler. The guided 

mode was outcoupled by a dif&action grating and a lens was used to focus the beam into a 

detector. Figure 3.10 shows the angle of incidence for the excitation of the TEo waveguide 

mode, at each wavelength. 
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Figure 3.10: Experimental angle of incidence for the excitation of the TEo waveguide 
mode by the achromatic prism-coupler for a set of wavelengths. The solid line represents 
the theoretical prediction. Waveguide parameters are the same as described in Figure 
3.9. 

The solid line describing the theoretical prediction exhibits a quadratic wavelength 

dependence because of the cancellation of the first-order dispersion, with a turning point 

located at /I = 535 nm and 6i = - 0.25°. 

Broadband coupling was confirmed by measuring the relative coupling eflBciency 

against the angle of incidence for the set of wavelengths. The experimental results of the 

relative coupling eflBciency, defined as the outcoupled power divided by its peak value at 

the angle of maximum coupling, are shown in Figures 3.1 LA and 3.1 LB. We have 
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separated the presentation into two plots and repeated the line 543.5 nm in both Figures to 

emphasize the presence of a turning point. 
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Figure 3.1 LA: Experimental relative coupling efficiency against angle of incidence, by 
the achromatic prism-coupler, at two wavelengths: 514.5 and 543.5 nm. 
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Figure 3.1 LB: Experimental relative coupling efficiency against angle of incidence, by 
the achromatic prism-coupler, for a set of wavelengths: 543.5, 594.1, 604.0, and 632.8 
nm. 

A strong overlap between the curves demonstrates that, at a fixed angle of incidence, high 

coupling efficiency could be achieved for a broad spectral range. In particular, at the 

turning point angle 6i = - 0.25°, the spectral full-width at half-maxinia (FWHM), AX, was 

estimated by the expression: 

[ 2Ae, ) 
^d-ejdl\ 

(3.27) 
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Adi is the angular FWHM, which was approximately 0.3°, mainly due to the angular width 

of the incident gaussian beam. The spectral bandwidth then obtained was Al = 120 nm. 

The relative coupling efi5ciency against the wavelength, at a fixed angle of incidence, is 

shown in Figure 3.12. Although the experimental results are limited to a few spectral lines, 

a similar spectral bandwidth, Al = 110 nm, was obtained fi'om a gaussian fit. 

ffavalangtli (no) 

Figure 3.12: Experimental relative coupling efficiency versus wavelength using the 
achromatic prism-coupler, for a set of wavelengths and at a fixed angle of incidence. The 
corresponding gaussian curve fitting is also shown. 

The maximum absolute coupling efficiency, even though it was not a point of major 

concern in the present demonstration, was above 10% and certainly can be increased by 

fine adjusting the prism-waveguide air gap and the spot size of the incident light beam. 
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In summary, analytical expressions have been derived to describe the wavelength 

dispersion of a waveguide. The modal contribution to the overall dispersion as well as the 

contribution of each waveguide component (film, substrate and cover) are calculated. A 

prescription for designing a prism that achromatically couples light into a waveguide has 

been established and experimentally tested showing a bandwidth of 110 nm. 

3.4 COMPARATIVE ANALYSIS 

The two previous approaches for broadband waveguide coupling represent an 

important improvement over those that have been reported in the literature. Spectral 

bandwidth is broader in both schemes and significant simplicity in the configuration has 

been achieved. 

The achromatic coupler employing two gratings and a prism (Mendes et al., 1995) 

has sufficient degrees of fireedom to correct up to the second chromatic order. It has 

flexibility in the coupler parameters, specifically in the choice of grating periods, to 

achromatize the dispersion of any waveguide. 

The approach proposed here for broadband coupling by a single prism (Mendes et 

al., 1997), even though it does not guarantee the existence of an optical glass that matches 
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the dispersion of any given waveguide, eliminates the use of extra dispersing elements, 

avoids elaborate alignments and simplifies device fabrication, in those cases when it can be 

applied. Most important, the limitation on the coupled bandwidth by beam shifting at the 

edge of the coupler can be eliminated in the achromatic prism-coupler approach. 

Moreover, the absolute coupling eflSciency of the achromatic prism-coupler, which 

theoretically can achieve 80% for a coherent gaussian beam (Tamir, 1975), is intrinsically 

higher than previous schemes because the addition of extra dispersing elements generally 

introduces additional losses. 
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CHAPTER 4 

BROADBAND INCOUPLING AND OUTCOUPLING 

IN WAVEGUIDES 

In this chapter we investigate some basic issues in the implementation of ATR in 

the waveguide regime. The instrument concept is described by an achromatic coupler 

launching a wide spectral bandwidth from a polychromatic source into a slab waveguide. 

Light propagating along the guide interacts with an adsorbed layer over a long distance. 

Then an output coupler extracts the signal from the waveguide. The use of a dififraction 

grating as the waveguide outcoupler sends each spectral component into a different 

direction. An optical system takes the outcoupled light and images it into an array detector 

to simultaneously detect each spectral component. Essentially we have an input coupler 

multiplexing a broad spectral width into the waveguide and an outcoupler demultiplexing 

it into each spectral component. 

In the following we investigate the two major parts of the overall instrument, 

namely the relations between the source, the optical system and the input coupler for 
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eflBcient broadband coupling, and the spectral characteristics of the output coupler, the 

optical system, and the detector. 

4.1. COUPLED POWER AND COUPLING EFnCIENCY 

What is required of the optical system to maximize the coupled power? What are 

the characteristics of the incident beam that maximize the coupling eflSciency over a broad 

spectral bandwidth? These are the questions that we address here. It is well known that, 

for a monochromatic, totally coherent beam, it is desirable to have an incoming beam that 

matches exactly the waveguide mode, both in phase and amplitude. But what happens for 

a partially coherent beam? As an example, suppose that we use a totally incoherent source 

to couple light into a waveguide and, for simplicity, we consider the butt coupling scheme. 

If the source is close to the entrance face of the waveguide, the irradiance (power per unit 

area) is high but the coherence area is small. By increasing the waveguide-source 

separation we gain coherence (coherence area becomes larger) at the entrance face of the 

guide but the irradiance is then reduced. The effects of coherence and irradiance in the 

coupling process should then be investigated to determine the separation for optimum 

coupling. In the lens coupling scheme we will search for the optical system, magnification 

and numerical aperture, that is needed to maximize the coupling efiBciency. 
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Carpenter and Pask, (1976), analyzed the coupling efficiency of a source with 

different degrees of coherence placed at the entrance face of an optical fiber. Their results 

show that each waveguide mode receives the same amount of power, as long as the source 

is sufficiently large. No attempt was made to include the effects of an optical system and 

to relate to the coherence properties of the source. Marcuse, (1975), investigated the 

situation of a totally incoherent source coupling light into a parabolic-index fiber. The 

dependence of the injected power on the source-guide separation and on the source lateral 

displacement were studied. His results show that the coupled power does not vary with 

the source-fiber separation, provided the source is sufficiently large. The coupling 

efficiency depends only on the brightness of the source and on the wavelength under 

consideration. 

First we will show, by using coherence properties of lambertian sources, that the 

previous result is valid for any kind of waveguide, independent of its configuration or its 

mode profile. Then we will determine the characteristics of the optical system for efficient 

broadband coupling. 

The power coupled into a waveguide mode is calculated by projecting the source 

field U onto the waveguide modal field E 
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/</V|£| 

(pr££rf) 
1 ' (4.1) 

The denominator accounts for the mode normalization and the bracket in the numerator 

accounts for the time average, which in an ergodic process equals the ensemble average. 

The integral can be performed at any plane in between the source and the waveguide. 

However, the waveguide mode is a spatially coherent mode and the source field will be 

treated with diflferent degrees of coherence. Due to simplicity in propagating totally 

coherent fields, instead of those that are partially coherent, we have chosen to perform the 

overlap integral at the source plane. Referring to Figure 4.1, the leaky wave field just 

outside the waveguide has the form (Tamir, 1975) 

for Xr > 0, and vanishes outside this region; 6a is the wavelength-dependent incoupling or 

outcoupling angle measured fi"om the normal to the waveguide surface, and a is the 

leakage rate which is implicitly assumed to be small (oA << 1) to avoid diffraction effects 

and to allow the use of a single plane wave approximation in Equation 4.2. The coordinate 

transformation of the leaky field to the plane Zq = 0 gives us: 

(4.2) 
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£ = exp|-/y sin(^^ - 6) - ca^ • (4-3) 

where Gi is the angle between the optical system axis and the normal to the waveguide 

surface. 

Figure 4.1: Optical system and waveguide orientation. 

A confocal system (4f-system) is used to image the waveguide leaky field into the 

source plane, which is assumed to be perpendicular to the optical system axis, giving us 

the following expression for the field: 

£ = (4.4) 
ylm y ^ m mcQS\d^) J 
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As indicated in Figure 4.1 the direction of x-axis has been reversed between the object and 

image plane to simplify the notation. The magnification, m, is calculated by; 

Next we consider sources with different degrees of coherence and investigate the coupled 

power for each case. 

4.1.1 Coherent and uniform beam 

A totally coherent source, polarized parallel to the electric field of the leaky wave, 

with a constant amplitude within the region [0, b], and a flat wavefi-ont, is assumed to 

approximately simulate the beam waist of a gaussian beam; 

fz m = — 
X 

(4.5) 

(4.6) 

By inserting Equations 4.4 and 4.6 into 4.1, we find that the maximum coupled 

power (81.4% of the source power) is achieved for 6a = di and for a magnification of 



108 

m = ^^7—r to match the waveguide leaky mode and source sizes (Tien, 1971, 
126cos(0„j 

Tamir, 1975). The angular full-width at half-maximum is given by (Brazas and Li, 1995): 

Ad, = . (4.7) 
;rcos0„ 

The coupled spectral bandwidth is determined by the wavelength content within 

the above angular width. The achromatic input coupler, by increasing the spectral content 

in a given angular width, plays an important role in the integration of waveguides and 

coherent sources. For instance the coupling efficiency between a waveguide and a 

semiconductor laser, which usually suffers from wavelength variations due to temperature 

and injection current fluctuations, can be kept close to its peak value by the use of an 

achromatic coupler; conventional couplers show a sharp drop in the coupling eflBciency for 

small wavelength changes. Nowadays, tunable coherent sources are becoming popular and 

the achromatic coupler offers an alternative to the traditional butt- or lens-coupling 

schemes, which impose tight tolerances on the alignment procedure. 

4.1.2 Lambertian sources 

Next we consider an incoherent source. A planar lambertian source, which exhibits 

an intensity (power per unit solid angle) that is axially symmetric about the normal to the 
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source and falls with the cosine of the polar angle, is a suitable representation of several 

thermal sources. As described in Carter, (1995), Carter and Wol^ (1975), and Mandel and 

Wol^ (1995), for a planar, quasi-homogeneous source to have a radiant intensity in 

agreement with Lambert's law it is necessary for the cross spectral density to have the 

form: 

where I(r) is the emittance (power per unit area). Inserting Equations 4.8 and 4.4 into 4.1 

gives us 

As stated in Carter, (1995), "no field can be incoherent over dimensions smaller than the 

order of a light wavelength." If we use the symmetries of a lambertian source to write the 

emittance in terms of the radiance, L, (power / area • solid angle) 

(4.8) 

2̂  \cC-r\E!\ 
(4.9) 

7(r) = 7±{t)  (4.10) 
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and if we also assume that the waveguide mode is imaged into a source region of uniform 

radiance, then we get: 

P = (4.11) 

which is the power coupled into each waveguide mode by a Lambertian source. It is worth 

mentioning that the coupled power is independent of the mode profile and its 

magnification, as long as the mode is imaged completely inside a region of constant 

radiance. The coupled power just depends on the brightness (radiance) of the source and 

on the wavelength. This result has a simple interpretation. For a quasi-monochromatic 

thermal source, the area associated with a coherence region in the far field is given by; 

, , 1 ^ {distance Jromsourcef 1 A" 
ATSQ Of cohsfSTicc %  ̂ ' •— M 

2 Area of source 2 Solid angle subtended by source^ 

(4.12) 

therefore the ^/3-product (the area of coherence, A, times the solid angle subtended by the 

source, H) relative to a coherent region is proportional to the square of the wavelength. It 

is independent of the distance between the source and the observation plane, and also 

independent of the source area. By multiplying the AO by the radiance, L, we get the 
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same power as in Equation 4.11. Hence, the coupled power into each waveguide mode by 

a thermal lambertian source is the power collected within the coherent region. 

Expression 4.9 can also be explained in terms of physical arguments. For that we 

consider the outcoupled mode of a waveguide and an extended source. The assumption of 

an extended source is simply to avoid any truncation of the mode, as it will become clear 

later. To simplify the analysis, we take the most simple optical system; free space. We 

consider a plane at the far field in between the source and the guide. At this plane, each 

coherent contribution from the source is given by 

which, after being weighted by the modal field intensity, adds incoherently in the 

calculation of the total coupled power; 

The same result as in Equation 4.11 was encountered by Marcuse, (1975), when 

investigating the power of an incoherent source coupled into a parabolic-index fiber 

(4.13) 

\\E\'d'r 2 j|£|W 2k ^\E\'d'r ' 
(4.14) 
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through a Laguerre-gaussian decomposition of the fiber modes. As we see, the result is 

general and independent of the mode profile, in the sense explained above. Carpenter and 

Pask, (1976), calculated the coupled power into a fiber as a fimction of the beam 

coherence area for a source of the same size as the core of the guide. If they had 

introduced the coherence properties of a thermal lambertian source and considered 

extended sources in their calculations, they should have found the results derived above. 

In Appendix C we generalize the results of Equation 4.11 to polychromatic sources. 

Equation 4.11 provides a simple approach to calculate the coupled power fi-om a 

lambertian source into any waveguide geometry, such as cylindrical, channel or slab 

waveguides. This is the approach that we will adopt here to calculate the coupling 

eflBciency. For a given incident beam, specified by the radiance and the numerical aperture, 

we count the number of modes that can be excited within the incident beam and multiply 

by the amount of power associated with each mode. Then, the coupling eflBciency is 

determined by the ratio of the coupled power to the total incident power. 

^ ^ Coupled power 

Incident power' 

where the incident power is calculated fi^om 



dP  ̂ = L{6,(p)cos!î 0)dDdA. 
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(4.16) 

First the approach is applied to the familiar cases of single and multimode fibers to 

illustrate our procedure. Then we apply the same steps to the slab waveguide structure. 

Single-mode optical fiber 

Obviously, as we just have one mode, the total coupled power is 

simplyP = . The fiber mode is described by a gaussian function with a waist of 

radius ao. The incident power is given by the numerical aperture, NA, of the beam and its 

radiance, L, by 

= (4.17) 

The coupling efficiency becomes 

= (4.18) 
2 L7t{NAf 7tci)\ 



114 

where we have used the relation between the waist radius and the acceptance angle of the 

X 
fiber, = . It has also been assumed that the NA of the incident beam is broader 

than the acceptance angle of the fiber {NA > $o). 

Multimode optical fiber 

To simplify the analysis we describe a multimode fiber by its acceptance angle, 

Omax, and a core radius po. Following Snyder and Pask, (1973), we count the number of 

modes by 

Area(x,y)Area(k ,̂kJ 
Number of modes = 2 —, (4.19) 

(2^)-

where the factor 2 accounts for two orthogonal modes. Thus in the multimode cylindrical, 

step-index waveguide, we get 

Number of modes = 2 ^ (4.20) 
(2;r) X 

for the number of modes, and the total coupled power becomes 
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J^P'o — = nO  ̂KP„ L. (4.21) 

The incident power is written in terms of the numerical aperture of the beam and 

the radiance as 

under the assumption that NA > dmax. 

Slab waveguide 

The slab waveguide structure is illustrated in Figure 4.2. We consider the single 

mode case in the transverse direction (z'-direction) and count the number of modes inside 

the numerical aperture of the incident beam due to mode propagation in x'y' plane. 

= Ln(NA)-7tpi. (4.22) 

The coupling eflBciency is then given by 

(4.23) 
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Waveguide 

Figure 4.2: Slab waveguide and incident light beam. 

The range in the azimuthal angle, A(p, is determined by the numerical aperture as 

sm(^J 

where, for simplicity, we have implicitly assumed 6 = Oa = Oi (see Figure 4.1 for the 

definition of these angles). The number of modes calculated fi-om Equation 4.19 can be 

expressed by 
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Number of modes = 
Ay ks\n9A<p _ Ay NA 

(4.25) 
2n X ' 

where Ay' is the lateral spot size of the incident light beam. The coupled power becomes 

We observe that the slab waveguide behaves as a bulk optical element in the y'-lateral 

direction. The collected power increases as the Ay 'NA product is increased, in the same 

fashion as the A£2 product of classical optics. In the limiting case of the slab waveguide 

becoming a channel waveguide, the Ay NA product is on the order of the wavelength and 

the amount of light that can be coupled into the channel waveguide is very low. However, 

for the slab configuration, where the AyNA product can be much larger than the 

wavelength, the coupled power can be much higher. 

As before, the incident power is given by 

p _ Ay NA _ Ay NAXL 

~ ~ ~ l  2 ~ ~  2  
(4.26) 

^Ay . (4.27) 

From the ratio of Equations 4.26 and 4.27 we get the coupling efficiency 
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, = ^ ^ (4,28) 
2 Lcos{d )̂n{NA) Ay NA 

where AOa was obtained from Equation 4.7. 

For a given incident beam, only that portion of the numerical aperture that is 

within the acceptance angle of the waveguide will be coupled. Increasing the NA beyond 

the acceptance angle will not change the coupled power per mode and will therefore 

reduce the coupling eflBciency. However, as each wavelength has its own coupling angle 

6a, a certain NA will be required when attempting to couple a broad spectral bandwidth. 

To illustrate, we consider the NA needed for different waveguide couplers to launch a M 

bandwidth of Al = 200 mn, centered at A = 550 nm. The numerical aperture required by 

the achromatic prism-coupler of Section 3.3 is only NA = 0.005. However, a grating 

coupler of spatial period A = 400 nm needs a numerical aperture ofNA = 0.250 to couple 

the same bandwidth. If we assume in Equation 4.7 a typical value of a = 1/(100 |im), then 

the waveguide acceptance angle is 1.75 mrad. From Equation 4.28 we calculate a coupling 

efficiency of 35% for the achromatic coupler and only 0.7% for the conventional grating 

coupler. Since the achromatic coupler needs 50 times less incident power to couple the 

same amount of light at each wavelength, it provides a much superior coupling efficiency. 

Analogously, for a given amount of power collected from the source (for a given NA), a 
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much broader bandwidth can be coupled by working with an achromatic coupler than with 

a conventional coupler. 

Returning to Equation 4.9, we find that to image the waveguide mode inside the 

source, the magnification should be chosen according to 

m < 
baco%{d^ -6i) 

cosi R) 
(4.29) 

where b is length size of the source. Unlike the coherent case that requires a perfect match 

between the waveguide mode and the source, in the incoherent case the coupled power 

will not change much, actually will slightly increase, as the imaged waveguide mode gets 

smaller and smaller in the source plane (by using a lower magnification, m). 

4.1.3 Commonly used sources 

For polychromatic sources such as arc lamps or LEDs, the radiance is not perfectly 

uniform as defined in a lambertian source. The radiance typically exhibits high values in a 

small area of the overall source and an angular dependence that is usually stronger for 

angles close to the normal of the source plane. 
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According to Equation 4.9, the maximum coupled power will occur when the 

waveguide mode is imaged into the brightest spot of the source. Therefore, in the 

calculation of the maximum value for the magnification. Equation 4.29, we should use the 

length b corresponding to the brightest spot. By defining as u' the half-angular width that 

the source emits at higher values, then the NA at the waveguide side for efiBcient coupling 

is given by 

sinu = msinu . (4.30) 

When attempting to couple a broad spectral band, we should consider this angular width 

to determine the input coupler. Wavelengths that have coupling angles beyond the limit 

specified by Equation 4.30 will have the coupled power drastically reduced. Here, the 

achromatic coupler, by reducing the angular width for a given spectral range, will not only 

increase the coupling efficiency but will also allow a broader bandwidth to be coupled. 

4.2 MULTICHANNEL SPECTRAL DETECTION 

To perform fast spectroscopy measurements and to avoid any inaccuracy of 

moving mechanical parts, we have opted for a multichannel spectral detection system. 

Unlike previous work in multiwavelength waveguide experiments (Piraud et al., 1992, 

Kato et al., 1995) that performed spectral measurements by employing an on-line 
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monochromator, we have taken fiill advantage of the spectral dispersion characteristics of 

the output coupler and implemented an optical imaging system to allow simultaneous 

measurements in a large spectral bandwidth. Contrary to the input coupler, where a wide 

spectral bandwidth should be compacted into a small angular width to increase the 

coupling efficiency, in the outcoupling process it is desirable to have a high angular 

dispersion to achieve high spectral resolution. Of course, a high angular dispersion will 

limit the whole spectrum that can be detected in a given array detector, so this should be 

included in the choice of the maximum dispersion to be used. 

Next we examine, for a particular optical system, the spectral resolution and the 

fiiU spectral range that can be achieved. The effects of the decay rate and spatial period of 

the outcoupling grating, as well as the effective focal length and aperture of the imaging 

lens are related to those spectral quantities. Later we report the experimental 

determination of the spectral resolution. 

4.2.1 Theoretical analysis 

The schematic representation of the telecentric If-If optical system is shown in 

Figure 4.3. At the back focal plane of the imaging system, the field profile is the Fourier 

transform of the field at the firont focal plane. 
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Figure 4.3: Outcoupler and If-If optical system. 

E(x) = 3 £oexp 
•2^ • fn n\ COs(0,-0,) (4.31) 

v=x,Ky) 

Therefore the intensity at the image plane is a Lorentzian fiinction, which is centered at 

X. = fsin(e^-e,). (4.32) 

and has a width of 



123 

^ ̂  yacos(g.-g,) 

;rcos(0J 

Let us specify the waveguide outcoupler to be a diflfraction grating. In this case the 

outcoupling angle for each wavelength is written as: 

= (4.34) 

From Equation 4.32 and 4.34 we get 

^ a \ ^ /cOS(0a-&,) Ai /.I Ax, = /cos(da -e,) - = , (4.35) 
COSC^a )A COS(0a) A 

which describes how much the center of the beam changes for a given wavelength 

variation. By setting this spatial variation equal to the broadening of the Lorentzian 

fimction. Equation 4.33, we get the spectral resolution at the back focal plane 

(4.36) 
A, K 
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similar to the usual relation of grating resolution. Better resolution is achieved for low 

decay rates (shallow gratings) and small periods. 

The fiill spectral range that can be detected is determined either by the linear size 

of the array detector at the back focal plane or by the numerical aperture of the imaging 

lens. The limit imposed by the detector linear size, /, can be estimated from Equation 4.35. 

If we assume that the axis of the optical system is aligned perpendicularly to the 

waveguide, 6i = 0°, which is the most convenient alignment to overcome spatial 

mechanical limitations, then the measurable full spectral range is given by 

(4.37) 
/ 

The detectable bandwidth will thus increase by reducing, as much as possible in practice, 

the focal length of the imaging lens. A large grating period will also increase the full 

spectral range. However the trade-ofiF between resolution (better resolution for small 

period) and fiill spectral range (large spectral range for large period) should be taken into 

account in the choice of the grating period. In an If-If system, it also required that the 

lens diameter should be larger than the linear size of the detector. Inserting typical figures 

in Equation 4.37, / = 13.8 mm, A = 380 nm, and/= 25.4 mm, we find a full spectral range 

in the order of 200 nm. 
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The Expression 4.36 for the spectral resolution was derived under the assumption 

that the detector pixel size was not the limiting factor in the wavelength resolution. 

However we should consider that the spectral resolution has a lower limit given by the 

wavelength content in a single pixel, Ai > — . 
number of pixels 

4.2.2 Experimental characterization 

We show below a typical plot characterizing the spectral resolution. Two laser 

lines selected from a dye laser {X = 568, 580 nm) were coupled into a waveguide by an 

achromatic coupler. The outcoupler was a diffraction grating of period yl = 383 nm. The 

outcoupled beam was imaged into a CCD screen by a cylindrical lens with 25.4 mm focal 

length in a If-If configuration. The axis of the optical system was perpendicular to the 

waveguide surface, 9i = 0°, and the outcoupling angles for those wavelengths were also 

close to the waveguide normal, 9a(X) « 0°. The CCD pixel size was 27 fim and the total 

linear dimension of the detector was 13.8 mm. The plot shows the normalized intensity 

against the wavelength and each point corresponds to a single pixel. The wavelength 

content of a single pixel was 0.3 nm and the measured full-width at half-maxima was 0.7 

nm. 
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Figure 4.4: Output intensity of two laser lines for spectral resolution characterization. 
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CHAPTERS 

EXPERIMENTAL RESULTS OF WAVEGUIDE SPECTROSCOPY 

The previously developed analysis and tools are applied here to perform ATR in 

the waveguide regime. First we provide an overall description of the instrument and show 

typical results of accuracy tests that are performed prior to any spectral measurement. 

Next, the developed instrument is employed to investigate the spectral properties of an 

organic monolayer adsorbed on the waveguide surface. Spectra at two dififerent oxidation 

states are acquired and compared with theoretical calculations performed accordmg to the 

analysis of Chapter 2. Then the orientation of molecules adsorbed on surfaces is studied by 

applying the linear dichroism technique in the polychromatic waveguide configuration. 

5.1. INSTRUMENT DESCRIPTION AND PERFORMANCE TESTS 

A few previous attempts have been made to implement broadband ATR waveguide 

spectroscopy. Swalen, (1978), reported a point-by-point measurement of several laser 

lines to obtain the absorption spectra of LB films. Piraud et ai, (1992), examined a highly 
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absorbing phthalocyanine film, typically 20 monolayers with transmission absorbance of 

0.2, deposited on the surface of a channel waveguide. White light was launched into the 

guide using a single mode optical fiber butt-coupled to the waveguide endface. Kato et al., 

(1995), used a 500-W-xenon lamp and a multimode optical fiber to deliver light over a 

broad range of input angles to a prism-coupled slab waveguide, on which was deposited a 

Langmuir-Blodgett fihn doped with a Cu-porphyrin. Both systems used a scanning 

monochromator for sequential wavelength selection and a single charmel detector, an 

arrangement that negates the inherent advantages of multichannel detection. Equally 

important is that in both systems, the scheme employed for incoupling and outcoupling a 

broad spectral bandwidth was optically ineflBcient, requiring high power sources, high 

electronic gain amplification, and synchronous detection. 

Here we report a multichannel, planar waveguide spectrometer that is capable of 

measuring broadband visible absorbance spectra of weakly absorbing molecular films at 

the solid-liquid interface. The system is schematically represented in Figure 5.1. 
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CCD 

XeLamp 

Ir2 

L2 

Figure: 5.1: Schematic of broadband ATR waveguide spectrometer. Xe lamp of 150 W, 
LI = 10 cm focal length lens, Irl, Ir2 = iris, PI = polarizer, L2 = 17 cm focal length 
lens, Pr = prism of LaSFs and (p = 52.2°, G1-G3 = diffraction gratings, S = fused silica 
substrate, CCD = thermo-electrically cooled, charge-coupled array detector, L3 = 25.4 
mm focal length cylindrical lens. Grating parameters: 01, period = 1.921 fim, depth = 
0.34 fim; G2, period = 2.252 fim, depth = 0.12 fxm; G3, period =0.3 ̂ m, depth = 0.12 
fim. The distance between the input and output grating couplers is 8 mm. 

The input coupler, which consists of a prism and a pair of diflfraction gratings to 

cancel the chromatic dispersion up to the second order, is a modified version of the 

achromatic coupler described in Section 3.2. The spatial periods of the diffraction gratings 

G1 and G2 produce the same equivalent grating period as those used in Section 3.2. 

However an analysis of diffraction efficiency, shown in Figure 5.2 and performed by 

employing the computer code Lambda (Li, 1993), demonstrates that light throughput is 

improved for Gl: period =1.921 |im, depth = 0.34 ^ira, and G2: period = 2.252 jim, depth 

= 0.12 nm. 



130 

Figure 5.2: Diffraction efficiency vs spatial period and groove depth. The dot symbol • 
represents the diffraction efficiency of the grating configuration described in Section 3.2. 
The cross symbol X represents the diffraction efficiency of the grating configuration 
specified in Figure 5.1. 

The light source was a Melles Griot 150-W Xe-lamp. A 10 cm focal length lens 

(LI) focused the light source into an iris (Irl) used to control the beam spot size in the 

waveguide input &cet. A Glan-Thompson polarizer was employed to select the 

polarization. A second iris (Ir2) worked as the stop of the optical system to control the 

mmierical aperture, consequently the amount of power incident on the waveguide input 

coupler. Lens L2 with 17 cm focal length was used to image the aperture frl into the 

waveguide entrance face. 
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The waveguide film was Corning glass 7059, 400 mn thick, deposited on a fiised 

silica substrate by the sputtering deposition process. The outcoupler was a dif&action 

grating (G3) of period = 0.3 nm and depth = 0.12 jim. A cylindrical lens of 25.4 mm focal 

length and working in an If-If configuration was used to image the outcoupled beam on a 

Tektronics, thermo-electrically cooled CCD detector (512x512 pixels). 

Prior to any spectral measurement a set of narrow-band filters was employed for 

wavelength calibration and verification of accuracy on intensity measurements. After 

collecting a reference signal, each calibration filter was sequentially inserted in the beam 

path (between iris Irl and Ir2) to perform intensity measurements in a transmission mode. 

After application of stray light correction and normalization by means of the reference 

signal, the transmittance of each filter was obtained. Figures 5.3 to 5.5 below compare the 

typical instrument response to the results obtained with a state-of-art transmission 

spectrophotometer (Gary 5-G). 
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Figure 5.3: Intensity and wavelength calibration with 580-nm narrow band filter 
measured in a transmission mode. 
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Figure 5.4: Intensity and wavelength calibration with 600-nm narrow band filter 
measured in a transmission mode. 
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Figure 5.5: Intensity and wavelength calibration with 660-nm narrow hand filter 
measured in a transmission mode. 

The results of Figures 5.3 to 5.5 demonstrate the instrument accuracy in the 

determination of spectroscopic measurements. Prior to each spectral measurement a 

similar procedure was performed for wavelength calibration of the CCD array. 

5.2 SPECTRA OF ADSORBED ORGANIC MOLECULES 

Next we describe experiments intended to demonstrate the potential of performing 

ATR in the waveguide regime. The sensitivity aspect is demonstrated by probing a 
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monolayer of a weakly absorbing protein, which is barely detected by conventional 

spectroscopic techniques. 

Heme-containing proteins have been frequently utilized as model for studying 

structure and fimction in immobilized protein films Visible absorbance spectroscopy is 

one of several experimental techniques that have been employed and is a potentially 

powerful approach, since the position, shape, and intensity of the heme absorption bands 

in the 350-600 nm range are markers of ligand binding, the oxidation state of the central 

metal ion, and protein conformation. However, in the transmission geometry commonly 

used for proteins films supported on planar substrates, low sensitivity is an inherent and 

significant limitation. The experimental results described here for cytochrome c (cyt c) 

adsorbed to a hydrophilic glass waveguide surface show that our waveguide ATR system 

circumvents this limitation. 

To the system shown in Figure 5.1 a flow cell was clamped to the waveguide side 

to allow the liquid solution, in contact with the waveguide surface, to be exchanged. After 

the flow cell was filled with a transparent phosphate buffer solution and a reference 

spectrum collected, a ferricyt c solution was injected into the cell and allowed to incubate 

for 30 min. The cell was then flushed with fresh buffer and a spectrum of the protein 
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adsorbed to the waveguide surface was acquired. An 8 mM solution of sodium dithionite 

in buffer was then injected to reduce the adsorbed protein, and another spectrum was 

acquired immediately. 

The adsorbed protein spectra are shown in Figures 5.6 and 5.7. A broad, 

featureless absorption band is observed for adsorbed ferricyt c (Figure 5.6); two narrower 

bands centered at 520 and 550 nm are present in the spectrum of ferrocyt c (Figure 5.7). 

2 
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Figure 5.6: Spectrum of cyt c adsorbed to the waveguide glass surface acquired before 
the injection of sodium dithionite into the flcnv cell plotted as solid lines). Also shown is 
the calculated spectra of ferricyt c (plotted as dashed line). The theoretical calculation 
was performed from published molar absorptivity data in Margoliash and Frohwirt, 
(1959), and corresponds to a monolayer. 
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Figure 5.7: Spectrum of cytc adsorbed to the waveguide glass surface acquired after the 
injection of sodium dithionite into the flow cell (plotted as solid lines). Also shown is the 
calculated spectra of ferrocyt c (plotted as dashed line). The theoretical calculation was 
performed from published molar absorptivity data in Margoliash and Frohwirt, (1959), 
and corresponds to a monolayer. 

Both adsorbed spectra closely resemble the spectra calculated for the native 

protein. The ratio of the experimental absorbances at 550 nm in the absorbed spectra 

(ferro/ferri) is 2.8, which matches the corresponding ratio of 3.1 in the calculated spectra. 

To provide a comparison with the sensitivity produced by the waveguide configuration, 

we calculated the corresponding absorbance in a transmission mode measurement. The 

absorbance of the ferrocyt c predicted at the peak wavelength {X = 550 nm) is .4 = 0.0004 

in a single path transmission measurement through a monolayer. 
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5.3 MOLECULAR ORIENTATION BY LINEAR DICHROISM 

Experimentally observed dififerences in biofimctional activity of proteins 

immobilized on surfaces have been frequently attributed to differences in their molecular 

orientation. Although its linear size is only a few nanometers, a typical protein is still a 

heterogeneous molecule that exhibits sites with distinct chemical and physical properties. 

The particular orientation of an immobilized protein molecule may affect its ability to 

participate in an electron transfer reaction or to bind to a dissolved ligand. However, 

studies on the relationships between adsorbent surface chemistry and molecular orientation 

have been limited by the experimental difficulty of measuring molecular orientation in 

mechanically soft materials, as is the case with a protein layer. Polarized total internal 

reflection fluorescence, polarized Raman scattering, and second harmonic generation are 

techniques that have been employed for that purpose. Nonetheless, when the flhn 

thickness is in the monolayer or submonolayer regime, instrument sensitivity may become 

problematic. Cropek and Bohn, (1990), performed polarized ATR spectroscopy 

measurements in a microscopic cover slip (150 |im thick) to determine the molecular 

orientation of an adsorbed and dried film. Saavedra and Reichert, (1991), suggested that 

absorbance linear dichroism (LD) in the planar waveguide configuration could be used to 

determine molecular orientation of submonolayer films. Walker et al., (1993), and Lee and 
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Saavedra, (1996), have employed absorbance LD in the waveguide configuration to study 

a variety of surface-film combinations. 

All reported investigations of molecular orientation using polarized ATR in the 

waveguide regime have utilized monochromatic laser light to probe a particular electronic 

transition. Here we describe the first results of broadband ATR in the waveguide regime 

to determine molecular orientation. Broadband measurements oflfer the inherent advantage 

of wider information content. Equally important, it can be used to simuhaneously probe 

the alignment of different dipoles that are spectrally separated. 

For the experimental demonstration, a hydrated ferricytochrome c layer adsorbed 

on a waveguide glass surface was considered. The experimental conditions of solution 

preparation and data acquisition followed the steps aheady described in Section 5.2. The 

absorbance spectra obtained with the two orthogonal waveguide modes, TEo and TMo, 

are displayed in Figure 5.8. Also shown are the results predicted using an isotropic model 

for the adsorbed layer (78% of a full monolayer). We observe that, in the case of the TE 

polarization, the experimental absorbance is higher than the results of the isotropic model. 

The opposite occurs for the TM polarization where the experimental results are lower than 

the theoretical isotropic prediction. 
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Figure 5.8: Absorbance spectra of oxidized cytochrome c. Strong lines represent 
experimental results. Light lines represent calculations performed using an isotropic 
model of the monolayer (78% of a full monolayer). 

The above results are better illustrated by the dichroic ratio p, defined as the ratio 

of the absorbances obtained at the TE and TM polarization. 
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Figure 5.9: Dichroic ratio over a broad spectral range for cytochrome c on a glass 
surface. Dashed lines (A) and (B) refer to the results of two independent experiments. 
Solid line describes the results calculated for an isotropic layer. A mean orientation 
angle of 47° between the plane of the molecular dipoles and the waveguide is calculated 
from the experimental curve. 

In Figure 5.9, experiment (A) corresponds to the data shown in Figure 5.8; also 

shown are the results of another independent but similar experiment (B). The calculated 

dichroic ratio does not require any assumption on the surface coverage and can be directly 

compared with the experimental results. Over the whole spectral range the dichroic ratio is 

consistently higher (p = 0.93) than the one predicted by the isotropic model {p = 0.69). 

The inadequacy of the isotropic model suggests that the molecules are not randomly 

oriented when immobilized on the waveguide glass surface. A preferential alignment 
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appears to be present. By applying the Equations developed in Chapter 2 and in Appendix 

B for the case of a circular polarized dipole, a value of 47® was found for the mean 

orientation angle between the plane of the dipoles and the waveguide surface. The angle 

corresponding to random orientation is 54.7®; thus the experimental results indicate that 

the molecular dipole plane is aligned preferentially closer to the waveguide surface, which 

increases the TE absorbance and reduces the TM counterpart. 

The approach described here demonstrate the potentials of using polarized ATR 

spectroscopy in the waveguide regime to study dipole orientation of molecules 

immobilized on surfaces. The technique will certainly find applications in the 

characterization of more complex systems such as multilayer Langmuir-Blodgett films and 

self-assembled molecular arrays. 
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CHAPTER 6 

CONCLUSION 

6.1 SUMMARY OF RESULTS 

In this dissertation I have reported the development of a multichannel, single 

mode, planar waveguide based spectrometer that is capable of measuring broadband 

visible absorbance spectra of weakly absorbing molecular films. The concept was 

successfiiUy demonstrated by measuring spectra of a hydrated film of cytochrome c 

adsorbed to a glass surface. The instrument sensitivity is at least three orders of magnitude 

higher than that of conventional ATR with bulk optical elements. The ability to measure 

broadband visible spectra of molecular films should have a significant impact ui several 

areas, including; /) spectral characterization of structure-property relationships in thin film 

molecular assemblies and //) chemical and biochemical sensing for multiple analytes that 

can be spectrally resolved and thus detected simultaneously. The work developed here is a 

research tool that allows the investigation of some fimdamental problems of molecular 
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assemblies and a platform to develop new technological devices of high sensitivity and 

selectivity, such as biosensors. 

Toward the implementation of ATR spectroscopy in the waveguide regime, we 

have developed a straightforward approach to the design of broadband waveguide 

couplers based on correcting chromatic orders of the effective index mismatch function. 

The formalism was successfully applied to two different waveguide coupling schemes and 

we reported experimental results of the spectral bandwidth that is substantially greater 

than any previous reported value. Two methods to calculate the absorption loss in 

waveguide structures have been developed. Analytical expressions of absorbance have 

been derived according to the ray optics model for the usual experimental situations. A full 

electromagnetic wave model has been implemented to investigate the accuracy of the ray 

optics model in the parameter range of interest. The incoupling and outcoupling of 

incoherent polychromatic light into planar waveguide have been studied to describe the 

coupling eflSciency, the spectral resolution, and the measurable spectral range. 

6.2 FUTURE WORK 

The technique described here is expected to unfold into a variety of applications to 

investigate molecular arrays and surface interactions through spectroscopic analysis. 

Studies of molecular orientation may provide important information towards the 
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understanding of molecular biofimctionality. The ongoing research (Dunphy, 1996) using 

electro-active waveguide structures, which combines spectrometric and electro-chemistry 

analysis to investigate organic monolayers, will certainly benefit fi'om the extension to the 

polychromatic regime. Applications of the broadband ATR waveguide technique to 

perform time-resolved spectroscopy of biochemical reactions is also expected to help 

elucidate the kinetics of several process involving organic fihns. 
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APPENDIX A 

ATTENUATION COEFHCIENT 

A. 1 PERTURBATION MODEL 

From the perturbation theory developed in Kogelnik, (1990), we have 

= , (A.1) 

where Aft is the perturbation in the propagation constant due to a small perturbation Ae in 

the optical constants of the waveguide structure. Here we are interested in the 

perturbation introduced by a weakly absorbing medium, so we write: 

- «L)̂ o s - links ,̂ (A.2) 
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which, in a first-order approximation, only gives a contribution to the imaginary part of 

the propagation constant. As the power attenuation of a guided mode is given by: 

-dPIdx 
P 

(A-3) 

then Equation A. 1 is rewritten as 

-dP/dx 
P 

2 J J«|E|̂ £ir 

(A-4) 

which has been widely employed in the literature (Kapany and Burke, 1972, Snyder and 

Love, 1983), especially in cylindrical waveguides, to calculate the attenuation coeflBcient 

by the fraction of modal power inside the absorbing region. 

A.2 RAY OPTICS MODEL 

From Maxwell's equations, the power absorbed in a certain volume can be 

described by: 

•g(S)-dn = JJj2«too(|E|'yV. (A.5) 
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Figure A. 1: Representation of the incident, reflected, and transmitted rc^s 

Taking the volume of integration as described in Figure A.1, and normalizing by the 

incident power intensity, we get: 

(•^inc.r) COS0, |̂E, |̂ 

The left-hand side of Equation A. 6 is the absorptance (not to be confused with absorbance 

defined in Chapter 2) and describes the power absorbed in a single reflection. Under total 

internal reflection, the power lost in reflection equals the power absorbed. The number of 

reflections, TJ, occurring in a propagation length dx along the waveguide is given by: 



n^cosd^dx 
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(A-7) 

By multiplying Equation A.6 by tiie number of reflections, we then obtain 

2AVjE,^r 

which is equivalent to Equation A.4. Therefore the power attenuation in the waveguide 

structure can be consistentiy described by either the ray optics model or the perturbation 

model, at least in a first-order approximation. We note that the consistency of both 

approaches requires the use of the effective thickness in the ray optics picture of the 

waveguide, as suggested by Burke, (1971). 
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APPENDIX B 

DICHROIC EXTINCTION COEFFICIENTS 

Following Hopf and Stegeman, (1985), the induced dipole, p, associated with a 

normal mode is written as 

p  =  q l ,  (B.l) 

with 

l = le, (B.2) 

where / is the eflfective charge separation per unit length of q and e is a unit vector in the 

direction of the induced dipole. The molecular polarizability tensor is given by 
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where Oo is the resonance frequency, /'is the damping constant, and m is the characteristic 

mass. The extinction coefBcient is linearly proportional to the imaginary part of the 

polarizability tensor through the relation 

(B.4) 

where p represents the volume molecular density and the brackets indicate an average 

over the molecular distribution. Due to the symmetries to be described below, it is 

preferable to represent the ensemble average in the polar coordinate system. 

\\N{e,(l>)sm{e)ded(f> 

B.l LINEAR POLARIZED DIPOLE 

In the case of a linear dipole, as indicated in Figure B.l, we represent the cartesian 

components by; 
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(B.6) 

We assume isotropic orientation of tlie dipole in the x-y plane by setting 

N{e.^) = N(e), (B.7) 
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to obtain 

/,2\ _ l,2\ 1 ,= Jsin'(«W«)sin(eVe 

2' me)sin(0)cie • ^ 

, . fcos'(0W^)sin(0W^ 
(/') = /' •' ^ ^ ^ ^ , (B.9) 

JiV(^)sin(^)i/0 

and 

{l,l}l^QJoriitj. (B.IO) 

It is common practice in the literature of polarized spectroscopy to identify the 

dichroism by an equivalent mean angle. This is done by assuming a Dirac delta distribution 

for the dipole orientation along the polar angle; 

N{d) = 5[d-e), (B.ll) 

which gives us 
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(B.12) 

and 

(/.?) = /'cos'(0). (B.13) 

For a random molecular orientation in the polar angle, we insert 1^6) = 1 into 

Equations B.8 and B.9 to get 

i'l) ' i'l) = {'')'l''- (B '") 

The results above allow us to write the extinction coeflBcient for each cartesian 

component in terms of the extinction coeflBcient, k, of the randomly oriented dipoles by: 

=k^ = jksm-(0), (B.I5) 

k, = S^cos^^^). (B.16) 
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At 54.7°, the so called "magic angle", the components of the extinction coefficient 

correspond to an isotropic medium. Values of the mean angle far from the magic angle 

indicates strong dichroism. 

B.2 CIRCULAR POLARIZED DIPOLE 

For a pair of two orthogonal dipoles, // and 6, their general spatial orientation is 

properly described by a set of independent angular rotations called Euler angles. 

Figure B.2: Circular polarized dipole and coordinate system. 
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(B.17) 

In the right hand side of Equation B.17, the first matrix applied to the dipoie vectors 

represents a rotation along the plane of the dipoles. In experiments utilizing cytochrome c 

molecules, this represents a rotation of the dipoles in the plane of the porphyrin. The 

subsequent matrix implements a rotation on the polar angle 0. The last matrix applied to 

the vectors is a rotation on the azimuthal angle cp. Each cartesian component is then given 

by 

ro 
/ 

— 

V 

/j (cos ^ cos a - sin ̂  sin a cos 0) + /, (- cos ̂  sin a - sin <j> cos a cos 0) 

/ ,  ( s i n  ̂  c o s  a  +  c o s  ̂  s i n  a  c o s  0 )  +  4  ( -  s i n  ̂  s i n  a  +  c o s  ̂  c o s  a  c o s  0 )  
/, (sin a sin 0) + /j (cos a sin 0) y 

(B.18) 

The assumption of circularly polarized molecules is described by a uniform 

distribution along a. We also assume a uniform distribution in the x-y plane. Under those 

assumptions, the molecular distribution becomes 

N{0,(t,,a) = N{0), (B.19) 
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which gives us 

(r-) ̂  /;2\ 1^2 jM^)[l + cos^(g)]sin(^yg 

4 |A^(^)sin(^y^ 
(B.20) 

^ I ^jN{d)sin'{e)sin{0)d0 

2 jN{e)sm{e)d0 
(B.21) 

( U y )  =  U )  =  { I  A )  =  0 ,  (B.22) 

and we have used the definition = /,* + ll. 

The corresponding expression published by Fraaije et al., (1990), violates the 

simple consistency test for a random distribution, where all directions should be 

equivalent. In our expressions, under the condition of randomly oriented dipoles we 

obtain; 

(B.23) 

Again, by expressing the dichroism in terms of an equivalent mean angle: 
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N { 0 )  =  s ( e - 0 ) .  

we get: 

For the extinction coefficient we obtain 

=ky =|a|I + cos-(^)], 

k. = . 

(B.24) 

(B.25) 

(B.26) 

(B.27) 

(B.28) 

As a final note to this Appendix, we define the factor / as the ratio between the 

extinction coefficient in each cartesian direction and the extinction coefficient in the case 

of random oriented dipoies: 
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k 
(B.29) 

The definition is applied to both the linear and circular polarized dipoles, and these factors 

are used in the calculations of dichroic absorption in Chapter 2. 
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APPENDIX C 

POLYCHROMATIC SOURCE COUPLED INTO WAVEGUIDE 

A polychromatic source field is represented by a sum of spectral components 

written as 

U{R, t) = ]da) u{R, o))e-''. (C. 1) 

We assume a set of orthonormal waveguide modes (bound-discrete and radiation-

continuous modes) to decompose each spectral component of the source field by 

u{R, ty) = 2^ ap{a))Ep{r, + J dqa{q, Q))E(r, q, . (C.2) 

The power carried by the discrete mode p and crossing the plane z = 0 is given by 
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1=0 \o 0 ^ " / 

By employing Equation C.2, we obtain 

= J|̂ ''' (JJJ(i'r'vir',(o)E'Xr',a})E^{r,cAe'" 
--=0 \o U=0 ^ J 

Jdffl'̂ 4 |̂/| </V ^ <»')£X''̂  V'"'). 
0 <y /i I j_Q J / 

where we have used the normalization condition of a discrete mode given by 

JJdV£,(r,a)£;(r,<B) = 5,,. (C.5) 
r=0 

For a stationary field, we have 

^4^(«(r'.fi>K(r",6j')) = fV{r',r",co)S(6}-a}'), (C.6) 
0} pi 

where W is the cross-spectral density, which equals the temporal Fourier transform of the 

mutual coherence function. Inserting Equation C.6 into C.4 give us 
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CO 

= fdcojjd'r'E'Xr\a)jjd'r''E^{r'',co)fV{r',r'',o}). (C.7) 
0 r=0 r=0 

Equation C.7 establishes that the total coupled power for a particular waveguide mode is 

the incoherent sum over each spectral frequency. It reduces to Equation 4.1 for 

monochromatic or quasi-monochromatic sources by inserting 

fV{r' ,r",Q}) = r(r', r", r = O)S(p) -(Oq) into the previous Equation to obtain 

P, = (C.7.A) 
1=0 1=0 

From Equation C.7 and following the procedure described in Section 4.1, we find 

that for a polychromatic lambertian source the power coupled into each waveguide mode 

is given by 

^ = (C.8) 
da 2 do) 

Now, if we assume that the lambertian source is a perfect blackbody radiator and insert 

the expression for spectral radiance (Wyatt, 1987) into Equation C.8, then we obtain 
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dP hv 

The expression above corresponds to the average energy of a single radiation mode for 

light in thermal equilibrium with matter at temperature T. As an example, we take a 

tungsten filament at 3000 K to couple light at = 550 nm into a waveguide. Equation C.9 

gives the limit of 0.06 nW/nm per waveguide mode. 
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