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CHAPTER I 
 

INTRODUCTION 
 

 Methods for the structural characterization of samples in small quantities have 

gained significant interest over the past years.  Fourier transform infrared (FT-IR) 

spectroscopy is one of the most often used spectroscopic tools to resolve structural 

compositions, due to highly molecular specific fingerprints present in vibrational 

spectra.  The instrumental evolution of the FT-IR technique, accompanied by the 

developments of both new accessories and auxiliary optics, is continually being 

advanced in order to allow one to access a wide range of different samples [1].  

However, the relatively high limits of detection in most general systems obtained by 

the traditional infrared (IR) technique have been insufficient for characterizing a tiny 

amount of sample (i.e., ≤ ng level).  As a consequence, methods for increasing the 

sensitivity are of substantial interest.   

 

1.1 Mid-IR Optical Sensors: Promising Tools for Microanalysis   

 

 Chemical sensor technology is one of the fastest growing research fields and can 

be identified as a key technological area in modern analytical chemistry.  Attempts to 

develop compact chemical sensors based on optical fibers and other types of 

miniature waveguides have been driven by increasing demands to handle very small-

sized samples in microanalysis and trace analysis.  In modern technology, the 

greatest progress in the development of waveguide sensors based on vibrational 

spectroscopy has been focused in the near infrared (NIR), due to greater 

manufacturing experience with silica and other optical glasses that transmit in the 

visible and NIR regions [2–4].  Because of the minimal loss of light during 

transmission and their superb flexibility, these silica-based glasses have contributed 

to success of NIR and Raman spectroscopies, particularly in the fields of process 

analytical chemistry and remote sensing applications.  As compared to the overtones 

and combination bands in the NIR spectral range, the significantly stronger and more 

readily interpreted fundamental absorption bands in the mid-infrared (MIR) region 
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turn out to provide a substantial advantage for chemical sensing analysis.  In general, 

the fundamental vibrational bands in MIR range are 10–1000 times stronger than 

those in NIR spectra.  With this in consideration, various kinds of MIR optical 

sensors have been demonstrated to be a potentially powerful chemical sensing tool 

with applications ranging from environmental monitoring to process analysis and 

clinical diagnostics, as seen in many publications over the past few years [5–18].  

Nevertheless, further improvements in the design and optical configuration of 

alternative MIR waveguide sensors are still desirable in order to meet current needs 

in trace analyses.   

 

1.2 Evanescent-Wave Spectroscopy: A Basic Sensing Principle   

 

 Whether a cylindrical optical fiber or a planar waveguide in various shapes is 

utilized as a chemical sensor, the technique can generally be referred to as either 

attenuated total reflection (ATR) or evanescent-wave spectroscopy (EWS) [19].   

The phenomenon of total internal reflection (TIR) was first experimentally and 

theoretically explored by Harrick in 1960 [20].  Since then, the theory has been 

continually developed, and practical usage of ATR accessories in various 

configurations has grown enormously.  To date, the technique has successfully 

become a widespread method in MIR spectroscopy, for both qualitative and 

quantitative measurements.   

 

 With this technique, the waveguide can be regarded as an internal reflection 

element (IRE) wherein the incident light experiences TIR conditions at the interface 

of two media with different refractive indices.  In theory, TIR occurs when light 

traveling in an optically denser waveguide approaches into a rarer medium (i.e.,      

n1 > n2) with an incident angle larger than the critical angle of which equals to 

( )1 2
c

1
sin n

nθ −= , as depicted in Figure 1.1.   
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Figure 1.1 Simple illustration of TIR condition present inside a planar waveguide 

used as an IRE.  The respective symbols n1, n2 refer to refractive indices of the 

corresponding waveguide and sample; θ  is angle of incidence;  l, t are length and 

thickness of the waveguide, respectively.   

 

 At each reflection, the evanescent wave penetrates a fraction of the wavelength 

beyond the high-index waveguide into the lower-index sample layer.  It decays 

exponentially within a shallow region, defined as the penetration depth (dp).  For 

MIR light, the penetration depth is generally in the range of 0.5–5 µm depending on 

both experimental conditions (e.g., angle of incidence) and material characteristics 

(i.e., refractive indices of waveguide and sample) [21].  As the name ‘ATR’ implies, 

the measured absorption spectrum under this certain condition is the result of 

attenuation of the evanescent wave accompanying an incident IR beam traveling 

through the high-index waveguide.  In consequence, only a thin layer of the sample 

is probed.  The mechanism of evanescent-wave sensors therefore relies on the 

electromagnetic component of the reflected light at the sensing surface of a 

waveguide to excite only the signal events localized at that surface.  The nature of 

the surface evanescent field makes the ATR technique (or EWS) a powerful surface-

sensitive chemical sensor.   

 

 Based on simple geometrical considerations, the number of total internal 

reflections inside a planar waveguide can be estimated by the following expression.   
 

   cotlN
t

θ=   (1.1) 

 

where N  is the calculated number of internal reflections observed for a planar 

waveguide having the length l and thickness t.  The angle of incidence, θ, 

corresponds to that shown in Fig. 1.1.   

θ > θc

n1 > n2n1

n2θ

l
t θ > θcθ > θc

n1 > n2n1

n2θ

l
t
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 Equation 1.1 implies that decreasing the waveguide thickness increases the total 

number of reflections at the sensing surfaces.  This results in an increase in the 

effective path length of the evanescent, and the sensitivity observed by the 

waveguide is consequently enhanced.  Therefore, miniaturization of the waveguide 

permits smaller amounts of samples to be detected.  This advantage arises from the 

fact that, although the sampling area is smaller, the light experiences a larger number 

of reflections per unit length of the waveguide.  It would be desirable to observe how 

far this advantage could be extended (i.e., how thin a waveguide could be made) and 

how strong the absorbance can be enhanced.   

 

1.3 Basic Considerations on Mid-IR Sensing Systems   

 

1.3.1 Materials for Mid-IR Optics   

 

Development of MIR waveguides imposes strong requirements on the high-

quality light-guiding materials.  In principle, the desired optical and physical 

characteristics of MIR waveguides include transparency over the IR spectral region 

of 400–4000 cm-1 (i.e., 2.5–25 µm), mechanical strength, chemical and thermal 

stabilities, as well as flexibility.  Despite the large number of IR-transparent 

substances, there is yet no commercial material that answers all these demands, and 

its fabrication is in practice extremely difficult.  Therefore, a study of the potential of 

existing materials prior to the manipulation process is strongly recommended in 

order to achieve certain specifications of waveguide design.   

 

In fact, MIR optical sensors have been reportedly fabricated from several IR-

transparent materials with high refractive index and low attenuation values, such as 

germanium (Ge), zinc selenide (ZnSe), thallous bromide iodide (KRS-5), and 

chalcogenide [22–33].  Fragility and comparatively low hardness and thermal 

stability are in practice the most essential drawbacks of these vitreous materials, and 

thereby cause significant difficulties in fabrication process.  The properties of 

hardness and brittleness thus play a significant role in the preparation procedure of 

these materials, and in the resistance to surface damage through usage and breakage 
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due to misuse.  Accordingly, the strategy for waveguide fabrication turns to be the 

most important aspect for implementing these vitreous materials.   

 

Regarding this research study, single-crystalline Ge, with a relatively high 

refractive index (nGe = 4.0), has been the material of interest.  As mentioned above, 

the relevant difficulties in fabricating Ge as a thin waveguide are its brittleness and 

the lack of sufficient mechanical strength, which together seem to prelude fabrication 

of a freestanding Ge waveguide <1 mm in thickness.  However, its excellent property 

of chemical inertness, particularly with biochemical molecules in picomolar 

quantities, is an impetus for choosing this substance.  For development studies, an 

additional advantage of this material is the presence of characteristic high- and low-

frequency Ge cut-offs at 5200 and 670 cm-1, respectively.  These cut-off frequencies 

provide useful evidence for the propagation of broadband IR light genuinely through 

the waveguide.   

 

1.3.2 Design for the Optical Configuration   
 

 The performance of an optical system can be indicated in terms of signal-to-

noise ratio (SNR) of an acquired spectrum.  The SNR is typically defined as the 

signal level of a blank “100% line” divided by the noise level.  In most 

circumstances, users are rather interested in SNR performance when the absorbance 

of analyte is compared to the noise level of the system.  In theory, the SNR of a 

spectrum measured using a commercially available FT-IR spectrometer can be 

evaluated based on a formula given by Griffiths and de Haseth [1]: 
 

 ( )
( )

1 2

1 2
D

. . . . .
SNR  

U T t D
A

ν ν ξ ∗Θ ∆
=   (1.2) 

 

where ( )U Tν  represents the spectral energy density at wavenumber ν  from a 

blackbody source at a temperature T.  This energy is received at a detector through 

an interferometer in a measurement time t (in seconds) having a throughput Θ , a 

resolution ν∆ , and an efficiency ξ , in unit wavenumber interval.  The variables D∗  

and DA  are the specific detectivity and the detector area, respectively.   
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 In accordance, one strategy to gain an optimum SNR for a sensing system is to 

maximize the amount of optical throughput detected.  This strongly requires 

advances in design of optical configuration for a particular coupling method.           

In principle, the optical configuration of a MIR sensing system depends on two 

fundamental factors—overall optical throughput and the magnitude of the chemical 

signature (i.e., absorbance signal achieved by a particular waveguide sensor).     

From a practical point of view, these parameters can be categorized into several 

schemes including the specifications of the light source and detector, as well as the 

dimensions of the waveguide.   

 

 1.3.2.1 Intensity of IR Light Sources   

 

An optical scheme for the waveguide’s setup requires a source of intense 

multi-wavelength IR radiation to provide adequate intensity incident into the 

waveguide.  For this particular application, an ideal source of IR radiation 

should have a high intensity distributed over a small area and a narrow range of 

input angles.  In general, the most commonly used source in modern FT-IR 

spectrometers is a standard blackbody IR source made of a silicon carbide rod 

(i.e., frequently known by the trade name GlobarTM).  The radiated power 

produced by a GlobarTM source is constant with time.  This component thus 

causes a small effect on the relative performance between the two instruments, 

and thereby limits the throughput improvement that can be made by sources.   

 

However, a distinct improvement is available because of the intrinsic high 

brightness of the synchrotron IR radiation (i.e., 10–1000 times greater than the 

GlobarTM).  Because the synchrotron-generated IR light is by nature emitted into 

a narrow range of angles due to its small effective source size, sample areas as 

small as a few µm2 can be potentially probed.  Using synchrotron radiation, the 

entire input beam is expected to pass through the small input end of thin 

waveguides (~1 mm2), resulting in a substantial increase in total throughput 

detected.  With this in consideration, a combination of the synchrotron IR 



  7   
 

radiation and thin waveguides becomes a prospect for improving waveguide’s 

performance.   

 

 1.3.2.2 Selection of Mid-IR Detectors   

 

One of the most important elements of an IR spectrometer is the 

component responsible for detecting IR energy.  The responsive element inside 

an IR detector works by changing the incoming radiation into an electrical 

signal.  The sensitivity of IR detectors is fundamentally expressed in terms of the 

specific detectivity (D*), which is often used as the first criterion in a 

comparison of the performance of difference IR detector types.  Briefly, D* is 

equivalent to the SNR of a detector of unit area in a unit bandwidth when a 1 W 

radiant power is incident onto the detector element.  The basic type of detectors 

equipped in most commercial FT-IR spectrometers is a deuterated triglycine 

sulfate (DTGS) pyroelectric detector that responds directly to temperature 

changes due to exposure to the incoming radiation.  Nonetheless, a more 

sensitive detector is often required, particularly for the low-throughput 

conditions that apply with thin waveguides.  A mercury cadmium telluride 

(MCT) photoconductive detector measuring the mobility of free-charged carriers 

therefore becomes a good detector choice.  Basically, photoconductive detectors 

have two significant advantages over pyroelectric (thermal) detector.  Firstly, 

they respond over a narrower part of the spectrum, resulting in lower thermal 

background noise and thereby a higher D*.  Secondly, the photoconductive 

detectors have much faster response times (i.e., typically 1 µs) as compared to a 

pyroelectric detector, which is restricted to slower than 1 ms [34].   

 

Due to the fact that IR photons produced by a typical GlobarTM source are 

low in energy and only a small amount of light can pass through a thin 

waveguide, a liquid-nitrogen-cooled MCT detector must be utilized for 

acquiring the maximum possible D*.  For an even further improvement of the 

waveguide performance, use of a MCT detector with a smaller detector element 

in theory would give rise to a better spectral SNR.   
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 1.3.2.3 Dimension of the Waveguide   

 

Among a various shapes of IREs commercially available, the horizontally 

mounted ATR accessory is in wide use due to its ease in sampling procedure for 

both liquids and solids.  MIR prisms having trapezoidal or parallelogram cross-

sections, and dimensions on the order of 50 mm × 20 mm × 2 mm, are thus 

chosen for most ATR measurements.  These macroscopic waveguides typically 

have throughputs matched to commercial FT-IR spectrometers.  On the other 

hand, miniature waveguides and IR fiber optics have much lower throughputs 

than those of macroscopic prisms.  The throughput restriction somewhat 

complicates the application of thin waveguides with commercial FT-IR 

spectrometers.  Nevertheless, when properly coupled to a small-area (low-noise) 

MCT detector, these thin waveguides apparently display the advantage of 

permitting minute amounts of sample to be sensed.  This advantage arises from 

the fact that, although the surface-sensing area is smaller, the light experiences a 

larger number of internal reflections per unit length of waveguide, and this 

yields a concomitant increase in evanescent path length.  Therefore, the low 

throughput can be compensated by an increase in number of internal reflections, 

and also the use of a suitable MCT detector.  An additional improvement in 

spectral quality can be obtained simply by increasing acquisition time.   

 

The main purpose of this study is focused on enhancing the sensitivity of a 

sensing system by optimizing the waveguide design.  Reducing the cross-

sectional area of a planar waveguide tends to increase the fraction of the total 

energy carried in the evanescent wave by means of increasing the number of 

total internal reflections.  Superior sensitivity is thus expected for thinner 

waveguides.  As mentioned above, such a strategy causes a certain decrease in 

amount of light detected.  The additional challenge for achieving an optimal 

performance of the thin waveguide is also to maintain an adequate energy 

throughput of the thin waveguides as their thickness is reduced.   
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1.4 Historical Developments of Thin Tapered Ge Waveguides 

 

 Methods of fabricating supported thin planar Ge waveguides have been reported 

by Braiman and his co-workers [22–29].  Starting in 1997, Braiman et al. 

theoretically developed a model, based on the optical theory of the miniature planar 

slab Ge waveguide, in order to estimate the optimal dimensions for Ge performing as 

a multiple-reflection IRE with high sensitivity [23–24].  Later on, the ~50-µm-thick 

supported planar Ge waveguides were practically introduced as a chemical tool with 

applications for biomolecules [25–27].  Figure 1.2 schematically presents the 

proposed design of the thin planar waveguide supported by a ZnS substrate, and also 

a diagram of the optical layout that was used to achieve the direct broadband 

coupling.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2 (A) Design of the supported planar Ge waveguide used for evanescent-

wave sensing.  The relative thickness of the different layers is not to scale.             

(B) Optical diagram of the microscope and waveguide, showing ~12-mm separation 

of focal points of the objective and condensing optical elements.   
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 The observed spectral results clearly revealed a significant increase in surface 

sensitivity achieved by such thin waveguides, but the use of an IR microscope as a 

focusing optic required mounting of the waveguide in a vertical direction, providing 

a substantial restriction on sample handling.  Furthermore, the maximum adjustable 

distance between the focal points of objective and condenser in commercial FT-IR 

microscopes limited the waveguide length to the range of <12 mm. 

 

 In order to get rid of an IR microscope, Braiman et al. further created the new 

configuration of 30–50-µm-thick tapered Ge waveguide [28].  As seen in Figure 1.3, 

the top surface of the waveguide is a cylindrical sector, while the bottom is flat with 

a thin ZnS cladding layer.  With this design, the waveguide was cemented onto a 

rigid quartz substrate.  Comparing to the previous scheme, the development clearly 

made the sample handling easier in horizontal arrangement.  The setup could be 

simply operated in the same manner as those commercial ATR accessories.   

 

 

 

 

 

 

 

 

 
 

Figure 1.3 Schematic diagram of a modified planar Ge waveguide and its coupling 

to an MCT detector located at right.  Focused input light shown at left is typically 

from an FT-IR spectrometer.   

 

 However, this type of a modified planar waveguide presented some 

disadvantages.  Special care is required because the waveguide is very susceptible to 

damage during grinding and polishing.  Samples also have a tendency to fall “off” 

the elevated waveguide.  In the end, the observed sensitivity was still inadequate to 

be considered as a technique for trace analysis.   
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1.5 Scope of the Research 

 

 In this work, we have proposed and developed a new design of symmetrically 

tapered Ge waveguides with the central minimum in the range of 7–30 µm, as 

demonstrated in Figure 1.4 [33].  Tapering in this manner allows the use of common 

focusing optical elements without an IR microscope.  Substantially higher total 

energy throughput, compared to previous studies, could be expected with very simple 

optical alignment procedures.  As can be seen, the tapered waveguides have a planar 

upper surface and a gently curved lower surface that is parallel to the upper surface 

only near the line segment corresponding to the thinnest region of the waveguide.  

Due to the lack of a planar lower surface, these waveguides do not meet the standard 

definition of planar waveguides.  But because of the near-parallelism at the sensing 

region, we refer to them as “quasi-planar”.   

 

 

 

 

 

 

 
Figure 1.4 Proposed dimension of a novel MIR evanescent-wave sensor.  Left 

shows the side projection of the symmetrically tapered <30-µm-thick waveguide 

supported by an epoxide substrate, with its end view depicted at right.   

 

 With such a thin dimension, the central minimum with a thinnest thickness (i.e., 

7–30 µm) is expected to result in enhanced absorption intensity of small-sized 

samples, through an increase in the detected absorption intensity per unit area of 

sample-waveguide contact.  These include a number of potential new applications for 

the waveguide sensors: light-dark difference spectroscopy of picomolar quantities of 

the purple membrane protein, bacteriorhodopsin (bR); as well as the non-destructive 

sampling of surface layers of short pieces of human hair.   
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 Because of the inferior spectral SNR that results from a substantial decrease in 

total throughput, another goal addressed in the current work was to maintain 

adequate energy throughput of IR light, in order to take a full advantage of the high 

surface sensitivity.  In this regard, a combination of synchrotron-based IR 

spectroscopy with the symmetrically tapered Ge waveguides would create a new 

opportunity for analyzing tiny samples with improved spectral quality.  

Understanding how the thin waveguides functions with a high throughput of 

synchrotron light source turned to be of crucial interest.   

 

 The reasons for the discrepancy between the theoretical and observed 

performance of such waveguides were theoretically investigated in more detail.       

In an attempt to accomplish the goal, a systematic approach was carried out both 

using ray-tracing calculations and by using broadband synchrotron IR radiation to 

perform mode-specific measurements. In addition, future directions for the 

development of waveguide sensors could be predicted according to results with the 

ray-optic calculations.   

 

1.6 Objectives of the Research 

 

 1. To develop symmetrically tapered <30-µm-thick Ge waveguides as chemical 

sensors for very small-sized samples using FT-IR spectroscopy.   

2. To investigate the discrepancy between the theoretical and observed 

performance of the waveguides through a ray-optics calculation, using MATLAB® 

software.   

3. To determine how the tapered waveguides function under the high-intensity 

illumination of the synchrotron IR radiation, in comparison to a standard GlobarTM 

source, in order to improve throughput of the thin waveguides.   

 



     

CHAPTER II 
 

THEORETICAL BACKGROUND 
 

 The study of light is perhaps one of man’s oldest scientific endeavors.  Ancient 

philosophers speculated about its nature and were familiar with the concepts of 

reflection, refraction, as well as the rectilinear propagation of light.  However, the 

early studies of light, up to the time of Galileo Galilei (1564–1642), were more 

philosophical than scientific [35].  The power of the experimental method in optics 

was subsequently demonstrated and the field of classical optics was elevated to the 

level of a science.  Nowadays, there have been numerous scientific milestones 

achieved in the process of developing modern light-wave technology.  In an effort to 

motivate a significant development in the area of integrated optics, the fundamental 

concepts are essentially crucial to gain an insightful understanding of 

electromagnetic field theory at optical frequencies.   

 

2.1 Fundamentals of Light Propagation   

 

 Light is by nature an electromagnetic wave produced by the vibration of an 

electric charge.  In its simplest monochromatic form, light can be represented as 

polarized, oscillating electric and magnetic fields that propagate in space, as depicted 

in Figure 2.1 [36].   

 

 

 

 

 

 

 

 

Figure 2.1 Propagation of a linearly polarized electromagnetic wave in the 

direction of propagation.   
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The electric (E) and magnetic (H) vectorial components are orthogonal to each other 

and to the direction of propagation.  In unpolarized light, the electric component E is 

randomly oriented in an infinite number of directions, but remains always 

perpendicular to the direction of propagation.   

 

2.1.1 Snell’s Law: A Principle of Light Reflection and Refraction   

 

 When an electromagnetic radiation strikes a boundary between two media with 

different refractive indices (i.e., a dielectric interface), refraction and reflection 

occurs.  The law that governs the reflection process requires that the angle of 

incidence be equal to the angle of reflection.  In this case, reflection is specular.       

If electromagnetic radiation passes from one medium to another that has a different 

refractive index, a sudden change of beam direction takes place because of the 

differences in propagation velocity through two media.  If light propagates through 

an incident medium with refractive index n1 and enters a medium with refractive 

index n2 (see Figure 2.2), the light path will be changed and the extent of refraction is 

given by the following expression, known as Snell’s law [36]:   
 

 1 1 2 2sin   sinn nα α=   (2.1) 

 

where 1α  and 2α  are the angles of incidence and refraction, respectively.  

 

 

 

 

 

 

 

 

 

Figure 2.2 Reflection and refraction of a plane wave at a dielectric interface based 

on Snell’s Law.   
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2.1.2 The Evanescent Field at Total Internal Reflection   

 

 The phenomenon of total internal reflection (TIR) occurs when light traveling in 

an optically dense medium strikes the boundary of a second medium with a relatively 

lower refractive index (i.e., n1 > n2), at a certain angle greater than the critical angle.  

Based upon the definition of angles in Figure 2.2, the critical angle with respect to 

the normal of a dielectric interface (α1c) is defined by Eq. 2.2.  Under this 

circumstance, the refracted angle α2 equals 90o, indicating that no light beam 

emerges on the opposite side of the optically rarer medium 2.  Therefore, only light 

incident on a high-index prism at angles exceeding the critical angle will be totally 

reflected.  However, α2 can never reach 90o if the values of n1 and n2 are 

interchanged (i.e., n1 < n2).  In another word, there is no critical angle when the wave 

is incident from the low-index side.     
 

 ( )1 2
1c

1
sin n

nα −=   (2.2) 

 

 In practice, a variety of MIR optical materials with high refractive indices have 

been utilized as an IRE for supporting light propagation (or the so-called waveguide). 

When light undergoes the TIR condition, an electromagnetic component of the light 

extends from the surface of high-index waveguide (n1) into the lower-index medium 

(n2). This electromagnetic field, known as the evanescent wave, decays exponentially 

within a limited region into the adjacent lower-index sample, as illustrated in    

Figure 2.3.   

 

 The penetration depth (dp) of the evanescent wave is defined as the depth at 

which the amplitude of the radiation drops to 1/e of its initial value at the interface, 

as given by Eq. 2.3 [19].  It should be noted that the penetration depth is about one-

tenth the wavelength in the denser medium near grazing incidence (α ~ 90o) for high-

index materials, but becomes infinitely large as α approaches α1c.  At a fixed angle, 

the penetration depth is larger for a closer index matching (i.e., as 2 1 1n n → ).      

The penetration depth is also proportional to wavelength and hence is greater at 

longer wavelengths.   
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( )( )p 1 222

1 2 1

1  
2 sin

d
n n nπν α

=
−

  (2.3) 

 

where p( , )d α ν  is the penetration depth which depends on both experimental 

conditions (e.g., angle of incidence α) and material characteristics (i.e., refractive 

indices  n1 and n2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3 Schematic illustration of an evanescent-wave sensor under the TIR 

condition (n1, n2, refractive indices of the respective waveguide and sample; α, angle 

of incidence; E, exponentially decaying evanescent field; dp, penetration depth).   

 

 In accordance, any absorbing species locating in close proximity to the dielectric 

interface will interact with the evanescent field, resulting in wavelength-dependent 

light loss of the guided light.  Changes in the intensity of the guided light provide the 

qualitative and quantitative information about species present at the interface.       
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The technique, known as either ATR or EWS, is thus capable of detecting optical 

events at the boundary with relatively little interference from the bulk solution.  

Because of the surface-selective nature of the evanescent wave, ATR spectroscopy 

has become a powerful analytical technique for surface analysis.   

 

2.2 An Introduction to Slab Waveguides   

 

The principle of optical confinement using a high dielectric material is based 

upon the phenomenon of TIR.  Figure 2.4 demonstrates schematically the features of 

an optical dielectric slab waveguide in the form of a three-layer planar guide.          

As shown, a thin core region of the guiding material is assumed to have refractive 

index n1, and is supported on a thicker, lower-index substrate with refractive index 

n2.  The refractive index of the medium above the core is indicated as n3.               

The refractive index n3 may be unity if the region above the core is air (nair = 1.0), or 

it may have some other value if the guiding region of index n1 is covered by an 

additional low-index layer.  The difference in refractive indices between the 

waveguide and surrounding media enables both the upper and lower interfaces to 

effectively act as a mirror to propagate the light through TIR condition.  In order to 

achieve true mode guidance, it is necessary that n1 must be larger than n2 and n3 (i.e., 

1 2 3n n n> ≥ ). Under certain circumstances, the light will continually bounce between 

two interfaces for the full length of a waveguide.   

 

 

 

 

 

 

 

 

 

Figure 2.4 A typical dielectric slab waveguide.  Guidance occurs through TIR 

condition when the entering angle of the light is within a range of the acceptance 

cone angle (θm).   
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If n2 = n3, such a model is commonly referred to as a symmetric slab waveguide.  

In case 2 3n n≠ , this geometry is on the other hand described as an asymmetric slab 

guide.  By a comparison, the lowest-order mode of a symmetric waveguide does not 

have a cut-off frequency, indicating that this mode in principle can propagate at 

arbitrarily low frequencies (long wavelengths).  On the contrary, all modes of 

asymmetrical slabs become cut-off if the frequency of operation is sufficiently low.   

 

 It is noteworthy that light undergoes TIR at the dielectric interface only if two 

basic conditions are fulfilled: (1) the light from high-index medium strikes the 

interface at an angle greater than the critical angle; and (2) the angles of the light 

entering the waveguide should be within the acceptance cone, as given in Figure 2.4.  

The acceptance cone angle (θm)—the maximum input half-angle that could support 

light propagation into a waveguide—is generally referred to its numerical aperture 

(NA), which is defined by Eq. 2.4.  This parameter indicates the efficiency of light 

collection into a waveguide.  A high NA suggests a wide acceptance cone and 

thereby a better light gathering capabilities of a waveguide.  Note that a typical NA 

value for a high-quality glass fiber is 0.55, nevertheless most sensing fibers possess 

values in a range of 0.22–0.66 [37].   
 

 2 2
0 m 1 2NA  sin   n n nθ= = −   (2.4) 

 

where n0 is the refractive index of the external medium from which the light enters; 

θm is acceptance cone angle; and n1, n2 are the refractive indices of the waveguide 

and its cladding, respectively.   
 

 Another crucial variable in an evanescent-wave sensor is the dimensionless 

waveguide parameter V, as expressed in Eq. 2.5.  The V-number determines the 

number of modes of each polarization (TE, transverse-electric; or TM, transverse-

magnetic) capable of propagating at the longest wavelength in the desired spectral 

region inside a waveguide.   
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 2 2
1 2

0

  2 tV n nπ
λ

= −  

 
0

 2   NAtπ
λ

= ×   (2.5) 

 

where t is the thickness of the waveguide, and λ0 is the free-space wavelength of the 

light.   

 

2.2.1 Ray Optics and Guided Modes in Slab Waveguides   

 

Dielectric slabs are the simplest optical waveguides.  Guided and radiation 

modes of slab waveguides can thus be described by simple mathematical 

expressions.  The study of slab waveguides thus serves as a valuable fundamental to 

the entire field of dielectric optical waveguides, and is often useful in gaining an 

understanding of the waveguiding properties of more complicated dielectric 

waveguides used for light guidance in integrated optics applications.  Consider an 

incident coherent light at an angle α between the wave normal and the normal to the 

interface in a slab waveguide, as defined by Figure 2.4.  The critical angles at both 

upper and lower interfaces, are respectively,  
 

 ( )1
upper 3 1sin n nα −=   (2.6) 

 

 ( )1
lower 2 1sin n nα −=   (2.7) 

 

 On the basis of these two critical angles, three possible ranges of the incident 

angle α exist: (1) o
lower 90α α< < , (2) upper lowerα α α< < , and (3) upperα α<  [38].  

Three difference zig-zag ray-optical pictures, based upon the incident angle α, are 

illustrated in Figure 2.5.  When o
lower 90α α< < , the light is confined in the guiding 

layer by the TIRs at both upper and lower interfaces and propagated along the       

zig-zag path (Figure 2.5a).  If the waveguide material is lossless, the light can 

propagate without attenuation.  This case corresponds to a guided mode, which plays 

an important role in integrated optics.  On the other hand, when upper lowerα α α< <  
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(Figure 2.5b), the light is totally reflected at the upper interface while it escapes from 

the guiding layer through the cover, according to Snell’s law, because lowerα α< .  

This light is a substrate radiation mode whose amplitude decreases significantly 

along the propagation direction.  The case of upperα α<  also leads to a substrate-clad 

radiation mode that radiates to both the cover and the substrate (Figure 2.5c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Zig-zag ray-optical trajectory of “modes” propagating along a dielectric 

slab waveguide.   

 

2.2.2 Geometrical Optics Treatment of Slab Waveguides   

 

 The simplest description of the propagation of light in a waveguide is in terms of 

ray-optics.  Geometrical (or ray) optics describes the propagation of light fields by 

defining rays as the lines that follow a straight path across the surfaces of constant 

phase of the light field (in homogeneous optical medium) at right angles.  Light rays 

have intuitive appeal since a narrow beam of light is a good approximation to the 

more abstract notion of light rays.   

 

 As previously mentioned in Eq. 2.1, Snell’s law was introduced to relate the 

angles with respect to the normal to a dielectric interface.  For ray-optic calculations, 
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it turns to be more general to use the angle between the ray and the dielectric 

interface, as indicated by the symbol θ.  Using the definition of the angles shown in 

Figure 2.2, the formulas of Snell’s law and the critical angle can be transformed into 

the following expressions, respectively [39].   
 

 1 1 2 2cos   cosn nθ θ=   (2.8) 

 

 1c 2 1cos   n nθ =   (2.9) 

 

If 1 2n n> , it is apparent from Eq. (2.8) that there is no real angle θ2 if 1 1 2cosn nθ > .  

The absence of a real angle can be interpreted as the TIR condition.   

 

 In fact, a straight light ray is associated with a plane wave.  Ray optics does not 

include the description of the phase of the light field.  However, the notion of the 

optical path length, which is defined by the actual length times the refractive index of 

the medium, provides an option to combine a phase to the light ray.  A ray of length s 

has traveled an optical path length n1s in the guiding layer (medium 1).  Its phase 

relative to the starting point at s = 0 can be defined as 1  n ksφ = −  (the minus sign is 

required since the time dependence i te ω ) with the free space propagation constant of 

plane waves,   
 

   2k π λ=    (2.10) 

 

 Nevertheless, a plane wave or a ray accumulates a phase shift not only by 

traveling in space but also by reflection from a dielectric interface.  For a plane wave 

that is polarized with its electric-field vector parallel to the interface, the reflection 

coefficient r at the dielectric interface is defined by the following equation:   
 

 
( ) ( )
( ) ( )

1 2 1 22 2 2 2 2 2
1 2

1 2 1 22 2 2 2 2 2
1 2

    
n k n kBr

A n k n k

β β

β β

− − −
= =

− + −
   (2.11) 

 

where 1 1  cosn kβ θ=    (2.12) 
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 For 1 1cθ θ> , the reflection coefficient r given by Eq. 2.11 is real and positive.  

Therefore, no additional phase change occurs on reflection from the medium with 

index n2.  For 1 1cθ θ< , TIR takes place at the dielectric interface.  In this case, r is 

complex because the second square root in numerator and denominator of Eq. 2.11 is 

negative imaginary.  The negative sign is necessary since a decaying instead of a 

growing wave must result in medium 2.  Under TIR condition, a wave that is 

polarized with its electric-field vector parallel to the waveguide surface but 

perpendicular to the direction of propagation (TE; transverse-electric incidence), 

suffers a phase shift:  
 

TE mode: ( ) ( )1 2 1 22 2 2 2 2 2
2 12arctan n k n kφ β β = − − −  

   (2.13) 

 

For a wave polarized with its magnetic vector parallel to the waveguide surface (TM; 

transverse-magnetic incidence), the phase shift is given by: 
 

TM mode: ( )( ) ( )1 2 1 22 2 2 2 2 2 2 2
1 2 2 1  2arctan n n n k n kφ β β = − − −  

   (2.14) 

 

 The combination of ray optics and the theory of plane wave reflection at 

dielectric interfaces enables us to discuss mode guidance in the slab waveguide and 

derive the eigenvalue equation for propagation constants of the guided modes.  

Figure 2.6 shows the phase fronts of the plane waves as represented by dashed lines.  

The ray AB is assumed to have suffered no reflection.  In contrast, the longer ray CD 

belonging to the reflected wave has suffered two TIRs as it travels from the phase 

front through A and the phase front through B.   

 

 

 

 

 

 

Figure 2.6 Illustration of the phase condition that leads to the eigenvalue equation.  

All rays that travel in the same direction belong to the same plane wave.   
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The two TIRs result in phase changes φ3 and φ2 that represent the reflections from the 

interface with region 3 and region 2, respectively.  The condition that both rays 

contribute to the same plane waves can thus be expressed by the following 

relationship.   
 

 ( )1 2 1 2 3   2n s s k Nφ φ π− + + =    (2.15) 

 

where s1, s2 are the distances between AB and CD, respectively; N is an integer 

number.  Such a relation is known as an eigenvalue equation, which determines the 

allowed ray angles or the value of eigenvalue β through Eq. 2.12.  The derived 

eigenvalue equations for two possible polarizations are expressed as follows [39].   
 

TE wave:  ( ) ( )2tan   dκ κ γ δ κ γδ= + −    (2.16) 

 

TM wave:  ( ) ( )2 2 2 2 2 2 4
1 3 2 2 3 1tan   d n n n n n nκ κ γ δ κ γδ= + −    (2.17) 

 

where,  ( )1 22 2 2
1 1 1    sinn k n kκ β θ= − =  

 ( ) ( ) 1 21 22 2 2 2 2 2 2
2 1 2    n k n n kγ β κ = − = − −   

and  ( ) ( ) 1 21 22 2 2 2 2 2 2
3 1 3    n k n n kδ β κ = − = − −   

 

2.3 Realistic Calculation for Design of the Supported Planar Ge Waveguide   

 

 Although the theory of optical waveguides, as described in Section 2.2, is of 

importance to gain an understanding of the waveguiding properties, those complex 

mathematical expressions however are unlikely to allow one to perceive its uses in 

practice.  It would thus be very useful to demonstrate the application of the optical 

theories for designing and evaluating the performance of a particular waveguide 

sensor.  The theoretical design of a model planar Ge waveguide described herein is 

based upon calculations published by Braiman and Plunkett in 1997 [16].  Such 

miniature planar waveguides were intended to detect evanescent-wave spectra of 

small areas of biomolecular films.   
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 A generalized planar waveguide design is as shown previously in Figure 2.4.  

The waveguide itself is a layer of Ge (n1 = 4.0) sandwiched between materials of 

lower refractive indices.  At the sensing region of the waveguide (of length l, width 

w, and thickness t), these outer materials consist of aqueous solution (used as a 

sample) on the sensing side (n3 = 1.35), and ZnS (n2 = 2.26) on the substrate side.  

Therefore, this model waveguide can be considered as an asymmetrical slab.         

The NA of this waveguide can be determined, according to Eq. 2.4, to be 

( ) ( )2 24.0 2.26 3.3− = .   

 

2.3.1 Calculation of Cut-off Thickness of Ge Waveguide   

 

 The cut-off condition for a slab waveguide is derived from the critical angle at 

which TIR is lost at a plane dielectric interface.  Because the width of the sensing 

region is much greater than its thickness (i.e., 1–2 mm vs. 10 µm), such a waveguide 

can be treated as an infinite planar slab.  Due to its asymmetrical characteristics, we 

must confirm that the waveguide is sufficiently thick to allow the propagation of 

every wavelength in the region of interest (i.e., MIR light should not be completely 

cut off).  Cut-off occurs only when N, the number of modes of each polarization (TE 

or TM) capable of propagating at the longest wavelength in the desired spectral 

region, becomes 0.  N can be calculated in terms of the dimensionless waveguide 

parameter V (see Eq. 2.5), by the following equation [39]:   

 

 
( )

( )

2
32

2
12

11  arctan
1

n
N V

n

η
π

  −    ≅ −      −   

   (2.18) 

 

where 32 3 2n n n=  (n3 is equal to the lower outside index of refraction, which is 

~1.35 for H2O); and 12 1 2n n n= .  The variable η equals 1 for TE modes, while η 

equals ( )2
13n  for TM modes.  Note that the number of allowed modes must be 

integral; the value given by the right side of Eq. 2.18 must simply be raised to the 

next higher integer to give the exact value of N.   
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 The cut-off thickness is determined by setting   0N ≤  in Eq. 2.18.  For a Ge 

waveguide sandwiched between an aqueous solution (H2O) and ZnS, the cut-off 

thickness for light with a wavelength (in vacuo) for λ0 = 10 µm, or 1000 cm-1, will be 

0.14 µm for TE modes and 0.36 µm for TM modes.  Thus, at a thickness above 0.36 

µm, both TE- and TM-polarized lights are capable of propagating through the 

waveguide.  Equation 2.18 additionally indicates that NTE and NTM each increase by 1 

for every increment of ( )2 2
0 1 32 n nλ × −  in thickness.  It is noteworthy that 

analogous formulas for numbers of modes propagating through a ‘non-infinite’ 

waveguide are more complicated [39], but lead to qualitatively similar results.         

In particular, the total number of allowed modes of a slab waveguide at a particular 

frequency is approximately proportional to the product of ( )  w t× , even when one 

of the dimensions is somewhat smaller than the wavelength in vacuo.   

 

2.3.2 Investigation of the Transmitted Throughput   

 

 The maximum amount of light that can be transmitted from the broadband 

(blackbody) source through a waveguide is expected to be proportional to the 

number of allowed propagation mode.  To investigate this behavior, consider a 

transparent waveguide with both planar endfaces in contact with blackbodies of 

infinite surface area.  Assume that both blackbodies have refractive index n1 

matching to that of the waveguide, and that both are at a high temperature T.  

Generally speaking, this direct-coupling arrangement would be expected to transmit, 

in both directions through the waveguide, the maximum possible amount of 

broadband power for any coupling of a blackbody source at the same temperature to 

the same waveguide.  A standard quantum-field theoretical extension of Plank’s 

principle states that a fixed amount of energy, ( )1h kTh e νν − , will be present in each 

electromagnetic mode having a particular frequency ν.  The maximum blackbody 

power that can be transmitted by a waveguide with N propagation modes at a 

frequency ν is then ( )ave 1h kTh Nu e νν − , where aveu  is the average group velocity of 

all the allowed propagation modes.  The latter quantity is roughly constant with 

waveguide thickness, even down to the single-mode regime.  As a consequence,    
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the maximum light power at each wavelength that can be transmitted from a 

blackbody source through a Ge dielectric waveguide should be proportional to the 

waveguide’s cross-sectional area, even down to a little below 1 µm for MIR light.  

This statement is thus equally true for miniature waveguides as for the in-air sample 

beam focus of traditional IR spectrometers [1].  Its accuracy depends, of course,     

on the assumption that an optical coupling method between broadband source and 

waveguide is used that is equally efficient for all allowed propagation modes of the 

waveguide.   

 

2.3.3 Feasibility Calculation A: Size of Relative Absorption Changes   

 

 To ascertain the feasibility of the proposed waveguide, the fractional absorption 

of light propagating through the waveguide by IR-absorbing species in contact with 

the sensing surface, and its dependence on the waveguide thickness, were estimated.  

The temporal rate of energy absorption per molecule is proportional to the square of 

the dot product of a molecular vibrational transition dipole moment and the electric 

field vector E.  Alternatively, it is equal to ( ) 2 21 4 cosc Eπ σ φ , where 2E = ⋅E E  is 

expressed in cgs units (erg cm-3), φ is the angle between the transition dipole moment 

and E, and σ is the cross section for a particular IR absorption band of the absorbing 

species.  Assuming that all N molecules are at the same distance from the sensor 

surface, the same value of E can be applied to the equation of total temporal rate of 

energy absorption in a TE mode, as expressed in Eq. 2.19.  The variable θ represents 

the angle that the transition dipole moment makes with the waveguide normal.   
 

 2 2  1 8  sinP Nc Eπ σ θ∆ =    (2.19) 

 

If these molecules absorb only weakly (e.g., less than 1% of the total power passing 

through the waveguide), the fractional loss of optical power is given by ∆P divided 

by the input power transmission P0 through the Ge waveguide and surrounding 

dielectrics.  The resulting expression includes the ratio 2
0E P .  This ratio depends on 

what types of mode(s) are carrying the light intensity.   
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 For the lowest-order TE mode, the final result for the power attenuation due to N 

absorbing molecules located at a distance x from the sensor surface is,   
 

 
( )

( ) ( )

2
0 p2

1 22
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2 2 2 20
p p 1 3 3
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λπ
π

−∆

  
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   (2.20) 

 

where w and t are the width and thickness of the sensing region, and dp is the 

penetration depth of the evanescent field into the sensed medium, defined by 

( ) 1
2

p   1 1d t V
−

+ − .  As a waveguide gets thicker ( 1V ), this formula is reduced 

to 2 2
p 0 1 3    2d t V n nλ π= − .  Since the lowest-order mode in a thick 

waveguide corresponds to glancing internal reflection ( o90θ → ), the preceding 

formula for dp coincides with that obtained from the standard formula for ATR 

spectroscopy in Eq. 2.3 [19].   

 

 For the highest-order mode (i.e., modes propagating near to the critical angle) 

where the attenuation is expected to be the greatest, only the thick waveguide limit is 

considered.  By assuming that the light is propagating right at the critical angle,     

Eq. 2.20 must be replaced by the following, derivable either from Marcuse [39] or 

from the standard ATR equations in Harrick [19]:   
 

 
( )p2

0 3

2 exp 2
  sin

x dP V
P n wt

σ
θ

−∆    (2.21) 

 

 It is well established that, for ATR spectroscopy, the measured absorption due to 

a thin-film coating on a multiple-reflection ATR prism is expected to go as 1/t, 

because of the increase in the number of reflections as t decreases.  Indeed, the 

appearance of several factors of t in the denominator of Eq. 2.20 indicates that ∆P/P0 

can be made to increase monotonically without limit as t is reduced to 0.  However, 

this assumption does not take into account that V depends on t, and therefore, so does 

dp.  In fact, it is expected that as p0,  t d→ →∞ , even for the lowest-order mode.   
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 Taking into account this dependence of dp on t, it is found that, for the lowest-

order TE mode, the fractional absorption function ∆P/P0 has a limit of 0 as the 

waveguide thickness t approaches either 0 or ∞.  This observation is shown in  

Figure 2.7, which gives the calculated value of ∆P/P0 due to attenuation of ~6-µm 

light by amide (I) absorption of protein molecules, which is assumed to be within 

several nm of the water-sensor interface and oriented parallel to it.  The attenuation 

∆P/P0 was calculated under the assumption of a Ge waveguide 200 µm in width.  

Curves represent both the lowest-order TE mode (Eq. 2.20) and the TE light 

propagating at the critical angle in the thick-waveguide limit (Eq. 2.21).                

The absorption cross section σ was assumed to be 4 × 10-10 µm2 on the basis of an 

approximate value of ε = 1000 M-1 cm-1 for the amide (I) vibration.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 A plot of power attenuation (log(∆P/P0N)) by amide (I) absorption as a 

function of the waveguide thickness t (in µm).   

 

 The curves reveal the limits for the lowest- and highest-order TE modes that can 

be propagated through a waveguide of any particular wavelength.  The actual 

fractional attenuation is expected to be an average of the attenuations of all allowed 

individual modes, and thus to lie somewhere between the two plotted curves.          

As can be seen, a maximum in the average attenuation occurs within the single-mode 
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regime, where curves for the lowest- and highest-order modes must coincide.        

For a Ge waveguide in contact with aqueous medium, this maximum occurs for a 

thickness of t ≈ 0.5 µm.  Assuming N protein molecules are present within ~10 nm of 

the sensing surface, Eq. 2.20 gives an expected value of 3 × 10-13 N for attenuation of 

the TE portion of the light passing through a 1-µm-thick Ge sensor.  In contrast, for a 

macroscopic 1-mm-thick, 10-mm-wide ATR plate, Eq. 2.21 predicts an attenuation 

of 6 × 10-17 N, which is ~5000-fold less than that obtained with a waveguide of 

optimal thickness.   

 

 Equations for TM modes are more complicated [39].  Indeed, Harrick showed 

that, in the case of a simple dielectric interface, the field right at the critical angle for 

TM mode exceeds that of TE mode by exactly a factor of 1 3n n  (i.e., 2.2) [19].    

This condition results in a nearly 5-fold increase in ∆P/P0 relative to the lowest-order 

TE mode.  This observation implies that almost a 5-fold greater absorbance is 

expected for groups with transition dipole moments oriented perpendicular to the 

waveguide surface. An additional 2-fold enhancement is expected for such 

perpendicular groups, because the free rotation in the plane of protein membrane 

does not cause any of their transition moments to become unaligned with the electric-

field vector.  Accordingly, the fractional absorption ∆P/P0 of the TM portion is then 

given by 3 × 10-12 N, for N protein molecules oriented perpendicular to the 

waveguide surface.   

 

 If the light traveling through the waveguide is unpolarized (i.e., equal power is 

carried in TE and TM modes), then a transient change in orientation of protein 

molecules at the surface should be accompanied by a change in total IR transmission.  

For N protein molecules undergoing a full 90o rotation from perpendicular to parallel 

to the molecular plane, the signal should be: 
 

 ( ) ( )12 13 -12

0

1  3 10 3 10   1.5 10
2

P N N
P

− −∆  × − × ×   
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2.3.4 Feasibility Calculation B: Detection of Signals   

 

 In an effort to evaluate the efficiency of using such a waveguide in combination 

with a commercially available FT-IR spectrometer under extensive signal averaging, 

the parameter SNR should be determined based on the formula given by Griffiths 

and de Haseth [1].   

 

 Referring to Eq. 1.2, the blackbody radiation intensity ( )U Tν  for a source 

temperature T = 1500 K in the range of 1650 cm-1 (i.e., amide (I) vibration) is 1.4 

mW/(cm2 sr cm-1); the throughput Θ  for our model waveguide is 7.5 × 10-5 cm2 sr 

(the product of the input area for a 5-µm-thick, 1000-µm-wide planar waveguide and 

the solid angle of the NA = 0.5 focusing optic); the resolution ν∆  is set at 8 cm-1; 

the detectivity D∗  of our cooled MCT detector is 5 × 1010 cm W-1 Hz1/2 with its 

active area DA  of (100 µm)2.  If a realistic spectrometer efficiency ξ  is assumed to 

be 0.1, then the estimated SNR should be 3 × 107 after a measurement time t of 103 s.  

This estimate readily suggests an adequate margin to detect signals of several parts 

per million.   

 

2.4 A Brief Description of Synchrotron Radiation   

 

2.4.1 Origin of the Synchrotron   

 

 Electron-particle accelerators can produce very bright beams of IR radiation 

[40].  The passing of an electron produces an electric field varying in time.             

As illustrated in Figure 2.8 (A), an electron is circulating relativistically in a storage 

ring with a velocity close to the speed of light in vacuum (i.e., ~3.0 × 108 m s−1), 

generating a sharp pulse of ∆t.  Owing to the relativistic motion, the electric field is 

pointed in a forward direction into an angle of 1/γ, where γ is a ratio of the mass of 

the electron to its rest mass.  As a consequence, a directional and concentrated 

radiation, so-called synchrotron radiation, is emitted.  By using the Fourier transform 

theorem, the intensity as a function of 1/time (or frequency) can be obtained in terms 

of a broadband spectrum (see Figure 2.8 (B,C)).  In principle, the wavelength 



  31      

indicated by the vertical dashed line, in Figure 2.8 (C), can be estimated by the 

product of the light velocity in vacuum and the pulse width (∆t).  It is also 

noteworthy that the spectrum extends to longer wavelengths with only a slow falloff.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Schematic of synchrotron radiation produced by a relativistic particle.  

(A) An electron is accelerated in a magnetic field with a circular motion. (B) Electric 

field as a function of time t at the observer.  (C) Fourier transform of (B) which 

yields a broadband spectrum.   

 

2.4.2 Synchrotron Facility at National Synchrotron Light Source   

 

 Nowadays, facilities for synchrotron IR radiation can be found around the globe, 

serving to produce light for scientific communities. The National Synchrotron Light 

Source (NSLS) of Brookhaven National Laboratory (BNL) in Upton (NY) presently 

operates six IR beamlines, making it a premier synchrotron facility for IR 

investigations.  For a practical point of view, Figure 2.9 depicts the NSLS 

synchrotron facility.  Electrons from an electron source (A) are initially accelerated 

by the radio-frequency cavities in a linear accelerator (B), to energy of ~75 MeV, 

prior to entering into a booster ring (C).  At the booster ring, they are continually 

accelerated to a higher energy state of ~750 MeV, and then injected into either an   

X-ray storage ring or, for the IR region, a vacuum ultraviolet (VUV) storage ring.   
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Figure 2.9 Diagram of the synchrotron at NSLS/BNL showing the (A) electron 

source, (B) linear accelerator, and (C) booster ring, as well as the VUV storage ring 

and beamlines.   

 

 Bunches of electrons orbiting in a VUV storage ring emit radiation that is 

directed from the ring port into beamlines in proximity to various bending magnets.  

The emitted light is given by incoherent superposition of the emissions from 

individual electrons.  The total output is proportional to the number of electrons in 

the bunch, which is as high as 1012 at NSLS [40].  In fact, the radiation extracted 

from the VUV ring to the beamlines contains soft X-rays and vacuum ultraviolet 

radiation in addition to that in the IR region.  In consideration of this, the optical 

system between the synchrotron beam port and IR instruments necessarily includes a 

standard plane copper-coated laser mirror as a first reflecting optic.  The mirror 

absorbs X-rays and the VUV flux, and reflects the IR beam at the right angles from 

the incident radiation to several mirrors prior to entering an evacuated tube at the end 

of the interface.  At the Albert Einstein Center of Synchrotron Biosciences’s U2B 
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beamline (NSLS), a special interface of the ring and an evacuated tube allows an 

introduction of the synchrotron beam into FT-IR instruments by a total angular 

acceptance of 45 mrad horizontally by 45 mrad vertically [41].  This angular aperture 

meets (or exceeds) the natural opening angle for IR frequencies down to 250 cm-1, 

and thus delivers the highly collimated synchrotron radiation across the overall MIR 

spectral range without degrading the brightness.   

 

2.4.3 Synchrotron Characteristics   

 

 To specify the intensity level emitted by an IR source, the term “brightness” 

(also called brilliance, or spectral radiance) is in general the proper parameter, which 

can be defined as power/(area × solid angle).  The product of the beam area and its 

solid angle in steradians (sr) is known as étendue.  According to this definition, the 

brightness of a 1200 K thermal source (e.g., GlobarTM) having a beam area of 10 × 1 

mm, which emits into an angle of 2π sr, is roughly 30 µW cm mm-2 sr-1 for 20 W 

total IR power.  In contrast, a synchrotron radiation source emits 100 mW into the 

same bandwidth (namely 10,000 cm-1), but from a source size of 330 × 330 µm into a 

solid angle of 1 msr, which consequently produces a brightness in the range of 100 

mW cm mm-2 sr-1.  By a comparison, the synchrotron brightness is a factor of 3000 

higher than that generated by a thermal source [40].  Regarding the power through a 

10-µm pinhole illuminated with f/1 optics, a GlobarTM source provides about 1 nW 

cm onto a sample with respect to that of 1 µW cm from the synchrotron [42].  

Therefore, the primary advantage of a synchrotron IR radiation is its high brightness, 

which is apparently 100–1000 times greater than the conventional sources.  Such a 

source is absolutely free of thermal noise.  Given typical MCT detector noise 

characteristics of 10−11 W, the SNR advantage of the synchrotron is distinctively 

clear.  Accordingly, high-quality spectra can be achieved without excessive co-

addition of scans, in relatively short acquisition time.   

 

 Of note is that the superior brightness is not because the synchrotron produces 

more power, but because the effective source size is small and the light is emitted 

into a narrow range of angles as highly collimated rays.  This non-divergent 

characteristic of the synchrotron beam with a high flux greatly improves the spatial 
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resolution at the diffraction limit, enabling inhomogeneous areas as small as a few 

µm2 to be efficiently probed and resolved.  Although a laser IR source is also bright 

and can supply a high photon flux onto a small aperture, the synchrotron source on 

the other hand is broadband in nature allowing the broadband spectroscopy to the far-

IR region to be readily performed.  As a result, synchrotron IR sources are an ideal 

solution for measurements with a limited throughput, meaning either a small sample 

area, the requirement of a narrow beam, or the combination of both.   

 



CHAPTER III 
 

EXPERIMENTAL SECTION 
 

3.1 Fabrication of the Tapered Quasi-Planar Waveguides and Its Optics  

 

3.1.1 Materials and Equipment   

 

1. Single-crystalline germanium (Ge) disk with a diameter of 70 mm, and 

3 mm in thickness  (Lattice Materials Corp., Bozeman, MT);  see Table 

3.1 for physical and optical properties of the material   

2. Zinc sulfide (ZnS) with nZnS = 2.2   

3. Epothin® epoxide resin (Buehler Ltd., Lake Bluff, IL) 

4. Optical polishing kit including: 

4.1 Silicon carbide (SiC) grinding compounds of 400 and 600 grit   

4.2 Aluminum oxide (Al2O3) abrasive powders of 25- and 12.5-µm 

particle sizes   

4.3 Al2O3 grinding discs and diamond lapping films with particle 

sizes of 9, 6, 3, 1, 0.5, 0.3, and 0.1 µm  

4.4 Ground glass plates and self-adhesive polishing pads   

 

Table 3.1 Physical and optical properties of crystalline Ge. 

Physical Properties   

Atomic mass average  72.61  

Boiling / melting points  2830 oC / 937.4 oC  

Density  5.323 g/cm3 at 300 K  

Hardness (Knoop #)  550  

Appearance  hard brittle grayish-white metal  

Optical Properties   

Transmission range  5500–600 cm-1  

Useful range for ATR  5500–830 cm-1  

Refractive index  4.0  
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3.1.2 Instruments   

 

1. Automated grinding/polishing machine equipped with a cylindrical 

aluminum grinding tool of 600-mm curvature diameter  (K & S Optics, 

Binghamton, NY)   

2. Vertical band saw  (Materials Facility, Cornell Center for Materials 

Research, Cornell University, Ithaca, NY)   

3. Chemical vapor deposition (CVD) instrument   

4. IR-PlanTM Infrared Microscope Accessory  (Spectra-Tech, Stamford, 

CT)   

5. FT-IR interferometer  (Illuminator, Midac Corp., Irvine, CA)   

6. HgCdTe (MCT) immersion detector  (MOD-O2S1, Remspec Corp., 

Sturbridge, MA)   

7. Single off-axis paraboloid mirror with 19.1-mm focal length (Melles 

Griot, Irvine, CA)   

 

3.1.3 Fabrication Procedure   

 

 Fabrication of the tapered quasi-planar waveguides was previously reported 

[33].  A schematic procedure is illustrated in Figure 3.1.  Briefly, the disk was first 

symmetrically tapered and polished on a grinding machine with a cylindrical 

aluminum grinding tool of 600-mm curvature diameter (i.e., R = 300 mm), to 

produce a curved surface on one side of the disk.  The polished curved surface was 

then coated with a 2-µm-thick ZnS cladding layer by using a CVD process at a 

relatively low temperature (<150 oC).  This proprietary deposition method (by 

Hughes-Santa Barbara Research Corporation, Santa Barbara, CA) was found to be 

necessary to provide an adequate mechanical adhesion of the ZnS layer on Ge 

surface particularly for the subsequent grinding and polishing to the minimum 

thickness of <30 µm.  The cladding layer essentially prevents IR light from being 

absorbed by the supporting epoxide substrate.  The ZnS-coated round Ge disk was 

then diced into 2-mm-wide strips using a vertical band saw.  Each of these strips was 

ground on its two parallel planar sides, to a final width of 0.5–1 mm.   
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Figure 3.1 Experimental outline of the fabrication procedure of the symmetrically 

tapered <30-µm-thick quasi-planar Ge waveguides.   

 

 In the next step, each ZnS-coated tapered Ge strip was individually embedded 

into a specific epoxide resin (Epothin®).  The epoxide resin and hardener was mixed 

in the manufacturer’s recommended proportion prior to pouring a well-blended 

mixture onto the Ge strip which was held, flat side down, in a disk-shaped mold.  

After the epoxide resin was completely polymerized and fully hardened, the 

minimum thickness of the waveguide was subsequently reduced from its initial value 

(~2 mm) down to the final tapered thicknesses of <30 µm, by grinding and polishing 

its exposed flat surface.  When the fabrication process was accomplished, the top flat 

surface of the finished waveguide performs as a sensing area, while its ZnS-coated 
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curved bottom helps increase the number of total internal reflections resulting in 

enhanced sensitivity particularly in the middle part of the waveguide.  Of note is that 

the quality of spectra taken with these tapered Ge waveguides depends strongly on 

the quality of the final polished sensing surfaces, because surface scratches cause 

light scattering and thereby result in less total energy throughput and a 

correspondingly poor SNR.   

 

 In case of the experiments to determine the effect of surface-finish quality on 

waveguide transmittance, hand grinding and polishing were performed by utilizing 

various polishing compounds and polishing disks manufactured by Buehler Ltd.      

A careful fine-polishing down to a 0.1-µm finish was crucial for minimizing light 

scattering from imperfections in the planar surface.  For all other experiments, on the 

other hand, this procedure was performed at a commercial optics house equipped 

with automated grinding/polishing machines, in order to obtain a high-quality finish.   

 

3.1.4 Thickness Determination Based on Interference Fringes  

 

 Towards the end of this process, the thickness of the supported waveguide was 

determined periodically during grinding and polishing by rinsing and drying the 

waveguide prior to a measurement of the interference pattern (“channeling”) that 

appears on the single beam spectrum (vide infra).  In practice, the incident IR beam 

was transmitted perpendicular onto the planar (flat) surface of central part of the 

waveguide, using an IR-PlanTM microscope connected to a Midac FT-IR 

interferometer.  Spectra were then measured in reflectance mode.  The instrumental 

parameters used for data acquisition are as listed below.  An estimate of the thickness 

can be obtained based upon the principle of interference in thin films caused by 

reflections from the front and back surfaces of the Ge waveguides, as depicted in 

Figure 3.2 [43].  Using particular expressions below, the thickness of a waveguide 

can be calculated either from spacing of the interference pattern in a single-beam 

spectrum (Figure 3.3), or from the distance between the centerburst to spikes 

obtained in the observed interferogram (Figure 3.4).   

 

 



  39 

Instrumental Setup   

Source  Standard GlobarTM  

Beam splitter  KBr  

Detector  MCT  

Acquisition Parameters   

Spectral resolution  1 cm-1  

Number of coadded scans  256 scans  

Signal gain  1  

Spectral format  Reflectance  

 

 

 

 
Figure 3.2 Reflections at the front and the back of a thin Ge film resulting in the 

oscillatory interference fringes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 FT-IR single-beam spectrum obtained from IR microscopy, by 

impinging the incident IR beam transverse the thinnest central part of the 

waveguide’s sensing surface.  Inset: Expanded range of the periodic oscillatory 

interference pattern.   
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( )
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n ν ν
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−
  (3.1) 

 

where t is the thickness (in cm) of the Ge waveguide having refractive index nGe, and 

nfringes is the number of full fringes in the wavenumber range between ν2 and ν1.  

Note that the precision will be improved if nfringes is as large as possible.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Symmetrical spikes in a FT-IR interferogram used for determination of 

the waveguide thickness.  
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where t is the thickness (in µm) of the Ge waveguide having refractive index nGe, and 

x is the distance between the centerburst to spike (in unit of data point) as shown in 

Figure 3.4.  The number “0.6328” is the reference wavelength of a He-Ne laser, in 

µm.   
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3.1.5 Optical Alignment of the Tapered Waveguide   

 

 As illustrated in Figure 3.5, broadband IR light from the spectrometer’s external 

beam port is focused onto the entrance end of the waveguide.  The output end of the 

waveguide is butt-coupled against the window of a liquid-N2-cooled (Remspec) 

MCT immersion detector.  The collimated beam exiting the external output port of 

the spectrometer is simply focused onto the entrance end of the waveguide by using a 

single off-axis paraboloid mirror with 19.1-mm focal length.   

 

 

 

 

 

 

 

 

 

Figure 3.5 Optical layout of a symmetrically tapered <30-µm-thick Ge waveguide 

with respect to IR source and detector.  Incident light, indicated at left, is typically 

generated from a standard GlobarTM source of an FT-IR spectrometer, and the output 

is coupled onto a liquid-N2-cooled MCT immersion detector placed as close as 

possible to the exit end of the waveguide.  The detector window, outside the lens, is 

not shown. 

 

3.2 Potential Applications of the Tapered Quasi-Planar Ge Waveguides   

 

3.2.1 Samples of Interest   
 

1. Volatile solvents in analytical grade:  methanol, ethanol, i-propanol, 

acetone, hexane, and double-distilled water   

2. Non-volatile thin film:  Nujol   

3. D96N mutant of protein bR (D96N-bR) in the form of purple membranes   

4. Single human hairs   
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3.2.2 Instruments for Data Acquisition   

 

1. Bruker IFS66 FT-IR spectrometer equipped with a standard internal 

GlobarTM source   

2. Out-of-Compartment Contact SamplerTM with 45o Ge Trough Plate Kit  

(Spectra-Tech, Shelton, CT, USA)   

3. MCT immersion detectors with different active areas: 

3.1 Kolmar (internal) MCT detector with an active area 0.785 mm2, 

and a specified D* value at 10 kHz of 3.23 × 1010 cm Hz1/2 W-1  

(Model KMPV11-1-LJ2/239, Kolmar Technologies Inc., Conyers, 

GA)   

3.2 Remspec (portable) MCT detector with an active area of 0.50×0.50 

mm2 and a specified D* value at 10 kHz of ≥ 4 × 1010 cm Hz1/2 W-1  

(MOD-O2S1, Remspec Corp., Sturbridge, MA)   

3.3 Graseby MCT detector with an active area of 0.15 × 0.15 mm2 and 

a specified D* value at 10 kHz of ≥ 4 × 1010 cm Hz1/2 W-1  (FTIR-

M 16-0.10, Graseby Infrared)   

4. Single off-axis paraboloid mirror with 19.1-mm focal length (Melles 

Griot, Irvine, CA)   

5. Shimadzu UV/Vis Spectrometer   

6. Standard 150-Watt quartz-halogen fiber-optic illuminator  (Model 180, 

Dolan-Jenner Industries Inc., Lawrence, MA)   

 

3.2.3 Default Instrumental Parameters   

 

Instrumental Setup   

Source  Standard GlobarTM  

Beam splitter  KBr  

Detector  MCT  
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Acquisition Parameters   

Spectral resolution  8 cm-1  

Number of coadded scans  as mentioned in each figure  

Signal gain  1  

Spectral format  Absorbance  

Advanced Parameters   

Bandwidth  7800 cm-1  

Mirror velocity*  3.164 cm s-1  

Zero filling  2  

Apodization  Blackman-Harris 3-Term  

Phase correction  Mertz  

 

*giving optical retardation velocity (ORV) of 100 kHz for the HeNe reference beam. 

 

 3.2.4 Experimental Procedure   

 

 The ATR measurements obtained with the tapered Ge waveguides were 

compared with those obtained by using a commercially available macroscopic ATR 

accessory (Out-of-Compartment Contact SamplerTM with 45o Ge Trough Plate Kit).  

For experiments with the commercial ATR accessory, an internal (Kolmar) MCT 

detector was utilized, instead of the externally mountable (Remspec) one which was 

utilized with the tapered waveguides.  In order to maximize absorption intensity, as 

well as to increase reproducibility, every sample applied onto the tapered waveguides 

must be carefully placed in contact with the sensing surface at the thinnest (center) 

point on the waveguide.   

 

 For purposes of spectral comparisons between waveguide and commercial ATR 

accessory, the same experimental parameters were utilized on a Bruker IFS66 FTIR 

spectrometer.  Data collection was performed under Opus software with parameters 

mentioned above.   
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3.2.4.1 Preparation of D96N-bR Films for Light-Dark Experiments   

 

The D96N mutant of bacteriorhodopsin (D96N-bR) was used in the form 

of purple membranes.  The concentration measurement was acquired by UV-

visible spectroscopy using the absorption intensity at 560 nm (ε560  60,000 M-1 

cm-1) as a reference peak.  For the ATR-IR measurements, 1 µL of unbuffered 

D96N-bR suspension with a protein concentration of 1.3 mg/mL was placed on 

the central 2–3 mm portion of the waveguide and completely air-dried for ~20 

min prior to pH adjustment.  A droplet of 25 mM TRIS buffer at pH 9.5 was 

subsequently applied on the thin purple film and dried again.  The sample 

preparation was the same for both the commercial ATR accessory and the 14-

µm-thick tapered Ge waveguide.  Only the total volume of sample solution 

applied was different in each experiment.   

 

Infrared spectra were collected with either the commercial ATR accessory 

or the 14-µm-thick tapered Ge waveguide, always using the Bruker IFS66 FT-IR 

spectrometer.  The D96N purple membrane film was illuminated with a standard 

150-Watt quartz-halogen fiber-optic illuminator.  The illumination and data 

collection were automatically controlled by rapid-scan time-resolved 

spectroscopy mode under Opus software.  The loop started by taking a 

background spectrum in dark conditions for 30 s (= 192 scans), and then turning 

on the illuminator to expose the D96N purple membrane film to bright light for 

20 s.  A sample spectrum, representing D96N-bR in the so-called M state, was 

initiated ~1 s after the lamp was turned off, and lasted for a duration of 10 s      

(= 64 scans), to complete one loop.  The next loop was started after a 1-minute 

delay in order to let the sample relax back to the unphotolyzed state.  Averaging 

many dark/light cycles was necessary to obtain an adequate SNR in the 

difference IR spectrum.  After finishing all the loops, the alternately collected 

single-beam spectra of background (i.e., unphotolyzed bR state) and sample (i.e., 

photolyzed M state) were coadded separately.  The final static FT-IR difference 

spectrum is the ratio of coadded sample and background spectra, converted to 

absorbance units.   
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3.3 Characterization of the Waveguides with Synchrotron IR Radiation   

 

3.3.1 Sample of Interest:  Double-distilled water   

 

3.3.2 Instruments for Data Acquisition   

 

1. FT-IR spectrometers:   

1.1 Bruker IFS66 FT-IR spectrometer   

1.2 Nicolet 860 FT-IR spectrometer   

2. Remspec MCT detector with an active area of 0.50 × 0.50 mm2 and a 

specified D* value at 10 kHz of ≥ 4 × 1010 cm Hz1/2 W-1  (MOD-O2S1, 

Remspec Corp., Sturbridge, MA)   

3. Single off-axis paraboloid mirror with 19.1-mm focal length (Melles 

Griot, Irvine, CA)   

 

3.3.3 Default Instrumental Parameters   

 

Instrumental Setup   

Source  GlobarTM / Synchrotron IR  

Beam splitter  KBr  

Detector  MCT  

Acquisition Parameters   

Spectral resolution  8 cm-1 

Number of coadded scans  5-minute scans  

Signal gain  1  

Spectral format  Absorbance  

Advanced Parameters   

Bandwidth  7800 cm-1  

Mirror velocity*  3.164 cm s-1  

Zero filling  2  
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Advanced Parameters (contd.)   

Apodization  Blackman-Harris 3-Term  (Bruker) 

Happ-Genzel  (Nicolet) 

Phase correction  Mertz  
 

*giving optical retardation velocity (ORV) of 100 kHz for the HeNe reference beam. 

 

 3.3.4 Experimental Procedure   

 

 Two different FT-IR spectrometers equipped with different IR sources were 

employed for spectral collections with the same tapered Ge waveguide, in order to 

determine how the waveguide functions under different throughput conditions.     

The first was a Bruker IFS66 FT-IR spectrometer with the standard internal 

GlobarTM source. The second was Nicolet 860 FT-IR spectrometer interfaced with a 

synchrotron light source (U2B Beamline at National Synchrotron Light Source, 

Brookhaven National Laboratory, Upton, NY). The latter spectrometer was 

additionally equipped with a standard internal GlobarTM source that could be selected 

by switching a single computer-controlled mirror.   

 

 With both spectrometers, it was possible to configure the optical system to allow 

use of the tapered Ge waveguide either outside the spectrometer (i.e., via the external 

output port) or inside the main sample compartment as a traditional ATR accessory.  

In case of the out-of-compartment setup, the incident light exiting the external output 

port of the spectrometer was simply focused onto the entrance end of the waveguide, 

by using a single off-axis paraboloid mirror with 19.1-mm focal length.  It should be 

noted that, in case of the in-compartment setup, use of a ZnSe lens for directly 

focusing the light onto the waveguide’s input end helps us to simplify the optics but, 

on the other hand, results in substantial energy loss due to reflections from the high-

index ZnSe lens surfaces.  Alternatively, several mirrors could be utilized to function 

as a periscope inside the sample compartment of the spectrometer, in order to 

efficiently focus the light onto the input end of the waveguide.   
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 With either in-compartment or out-of-compartment setup, a liquid-N2-cooled 

Remspec MCT immersion detector, with an active area of 0.50 × 0.50 mm2, was 

mounted with its window directly against the output end of the waveguide.  For some 

experiments investigating mode-specific behavior, the Graseby MCT immersion 

detector, with an active area of 0.15 × 0.15 mm2 and similar D*, was utilized.  The 

detector’s angle was always fixed perpendicular to the top and side surfaces of the 

waveguide (i.e., its immersion lens optical axis was parallel to the waveguide axis), 

while its position was adjusted both horizontally and vertically to maximize the 

measured throughput of broadband IR light.   

 

3.4 Ray-Tracing Calculations 

 

3.4.1 Software and Requirements   

 

1. MATLAB® version 5.3.1 (The Mathworks Inc., Natick, MA)   

2. Minimum system specifications   

2.1 Operating system: Microsoft Windows 95, Windows 98 (original 

and Second Edition), Windows Millennium Edition, Windows NT 

4.0 or Windows 2000   

2.2 Processors: Pentium, Pentium Pro, Pentium II, Pentium III, Pentium 

IV or AMD Athlon-based personal computer   

2.3 RAM:  64 MB (minimum), 128 MB (recommended)   

2.4 Disk space: 340 MB (depending on size of partition and 

installation)   

 

3.4.2 Strategic Approach   

 

 A series of input rays impinging on the end of the waveguide through its entire 

length was traced.  This required calculating many reflections (typically several 

hundreds) for each input ray.  The analytical geometry required is rather simple, but 

solution of this type of problem (multiple internal reflections between a planar and 

cylinder surface) is not included in commercial ray-tracing programs. Therefore we 

wrote our own program using MATLAB®.   
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 We simplified the problem by limiting ourselves to two dimensions.  The 

trajectories of all incoming rays are assumed to be confined to a plane that is 

perpendicular to the waveguide’s upper planar surface as well as to the (axis of) the 

lower cylinder surface.  The traced rays that are restricted to this plane are then 

calculated as a series of reflections from a line and a circular arc.  Each input ray, 

impinging on the end of the waveguide at angle θ  with respect to the waveguide axis 

and at a depth y below the planar surface, first has its refraction angle θ′  into the 

high-index waveguide calculated according to Snell’s law (Eq. 2.1).   

 

 The program then propagates the ray (by setting the reflected angle equal to the 

incident angle at each internal reflection point) until it reaches the exit end of the 

waveguide, or else exceeds the critical angle for reflection from the upper or lower 

surfaces.  The program reduces the problem to a very elementary treatment with ray 

optics, omitting features (such as the displacement of the reflected ray along the 

dielectric boundary) that have been shown to be required for a more accurate 

treatment of the ray-tracing problem for a multi-reflection waveguide.   

 

 The main output of the routine is the maximum sensing angle ϕ achieved inside 

the waveguide for each pair of input parameters (y, θ).  One of the additional inputs 

required for the program is a subroutine defining the height and slope of the lower 

curved surface as a function of horizontal distance from the center of the waveguide.  

In this study, this subroutine was set to define only a circular arc in order to compare 

results with those obtained by experiments, but it could alternatively be set to other 

functional forms of curve of interest. Almost any differentiable function gives 

accurate ray-trace calculations with the routines, as long as the function is 

sufficiently smooth (i.e., having no point with a radius of curvature less than           

~2 mm).   

 

 



 

CHAPTER IV 
 

RESULTS AND DISCUSSION 
 

4.1 Symmetrically Tapered <30-µm-thick Quasi-Planar Ge Waveguides and 

Their Coupling Efficiency   

 

 As predicted by theory, the large differences in refractive indices enable the thin 

Ge layer (nGe = 4.0), sandwiched between ZnS cladding (nZnS = 2.2) and air           

(nair = 1.0) or sample (e.g. water, nwater = 1.34), to serve as a waveguide for 

broadband MIR light.  Previous theoretical calculations, based on a planar waveguide 

extending to infinity in two dimensions and with a finite thickness in the third, 

indicate that the highest absorbance sensitivities should be achieved from 

waveguides with a thickness in the range of 0.5–1 µm [23].  Such waveguides are not 

yet realized due to the brittleness of Ge and other fabrication difficulties.   

 

However, we have now successfully fabricated <30-µm-thick symmetrically 

tapered Ge waveguides, which are the thinnest direct-coupled IREs demonstrated    

to date.  These waveguides are designated as quasi-planar—more specifically, as 

cylinder-planar—because while one surface is planar, the other is ground and 

polished as a cylinder surface, resulting in a gradual, symmetrical taper away from 

the central minimum in thickness (see Figures 1.4 and 3.5).  The fabrication and 

coupling methods differ somewhat from those described in our historical 

developments of thin Ge waveguides [24–28], in order to eliminate several 

difficulties.  The particular advantages of the present quasi-planar waveguides can be 

categorized as follows.   

 

9 Using a waveguide with symmetrical tapering helps simplify the alignment 

of the beam and detector when using a direct coupling method, as illustrated 

in Figure 3.5.   
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9 The taper yields sufficient throughput energy to come close to saturating a 

0.25 mm2 (Remspec) MCT immersion detector without requiring an IR 

microscope as a focusing optical element.   

9 The 1-mm2 ends of the waveguide are large enough to make initial 

alignment by eye possible.   

9 The taper simultaneously keeps high the number of reflections in the middle 

sensing region, where the waveguide is thinnest, yielding an excellent 

improvement of surface sensitivity (vide infra).   

9 The flat and flush horizontal sensing area of the epoxide-embedded tapered 

waveguides results in easy sampling and cleaning.   

9 Completely embedding the Ge strip in the epoxide substrate, instead of 

cementing just one surface onto a quartz substrate as described previously 

[24–28], provides more mechanical support for the waveguide—it reduces 

the possibility of damage to the waveguide during grinding and polishing 

procedures.   

 

 Comparing to other kinds of miniature waveguides, there are three particularly 

novel aspects to our fabrication and use of the thin supported quasi-planar IR 

waveguides.  First, we have generated the waveguides by mechanically whittling 

away at a macroscopic piece of highly transparent single-crystalline Ge, rather than 

by attempting either to deposit or to modify chemically a thin film of transmissive 

material.  The latter are the most common approaches for producing thin-film 

waveguides, in part because they can more easily provide reproducible waveguide 

thicknesses than a subtractive hand grinding-polishing process such as which 

described herein.  To our knowledge, sputtering was the only method used 

previously to fabricate thin-film Ge light guides for wavelengths in the range of 2–10 

µm [44].  However, this approach resulted in a waveguide with a rather high 

attenuation of ~20 dB/cm, caused by scattering from the non-uniformly deposited Ge 

layer.  Although it was possible to detect transmission of CO2 laser light through 

such a waveguide, combining this sputtered thin-film Ge waveguide (i.e., on a CaF2 

substrate) to a broadband light source in practice failed to generate an observable 

transmission.  This is most likely because of the much lower luminosity of the 

broadband light source, relative to the CO2 laser.   
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 A second innovation is that we have added a cladding for the waveguide’s 

supported cylindrical surface, in the form of a rather thick vacuum-deposited layer of 

ZnS.  This turns out to be a crucial for fabrication and use, because this cladding 

layer prevents the broadband IR light from being absorbed by the supporting epoxide 

substrate.  A significant amount of light is thereby capable of propagating throughout 

the Ge strip, which is embedded in the epoxide resin.   

 

 The final novel aspect of our waveguides is the direct method operated to couple 

light into and out of the waveguide’s ends.  Such direct coupling is generally not 

performed for monochromatic (e.g., laser) light; prism or grating coupling schemes 

are instead ideal for coupling monochromatic light into waveguides.  In contrast, our 

attempts to perform broadband IR spectroscopy utilized a single off-axis paraboloid 

mirror having a suitable focal length (i.e., f = 19.1 mm) to focus the collimated 

broadband light from a commercial FT-IR spectrometer along a horizontal optical 

axis, into the 1-mm2 entrance aperture of the waveguide.  In particular, alignment at 

the output end of the waveguide is greatly simplified by using a Remspec immersion 

detector that is composed of an IR-transmitting lens, having a relatively short focal 

length, in a direct contact to its active element.  In most respects, this optical scheme 

is the useful means of coupling a broad bandwidth of light, which is similar to those 

of macroscopic IREs in EWS.   

 

4.1.1 Dependence of Total Throughput on Coupling Efficiency   

 

 The evanescent-wave absorption properties of symmetrically tapered Ge 

waveguides were always investigated after careful optical alignments, to ensure an 

optimal coupling efficiency for individual experiments.  In general, the coupling 

quality can be simply determined by measuring the transmitted intensity present in 

the collected single-beam spectrum.  Although the coupling method is simple in 

description, adjusting the optics in practice is very delicate.  A small shift in position 

of any component (e.g., paraboloid mirror, waveguide, or detector) may give rise to a 

drastic change in total energy throughput.  To maximize all broadband IR light 

coming through the waveguide, the detector mount was positioned with the lens’s 

optical axis along the waveguide, and the Dewar window in front of the lens within 
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~100 µm of the output end of the waveguide.  Continual careful adjustment of the 

overall optical alignment is required to ensure the optimal amount of output light, 

prior to repeated measurements.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 FT-IR single-beam spectra observed during an alignment procedure of a 

symmetrically tapered 14-µm-thick Ge waveguide.  All spectra were collected with 

1-minute scans.  The y-axis scale stands for arbitrary intensity units, which are the 

same for all plots shown here.   

 

 Figure 4.1 shows levels of the throughout observed with a 14-µm-thick 

waveguide, during adjustments of the optical alignment.  Higher intensities represent 

a better coupling efficiency.  As indicated by the circle, an unusual absorption in the 

spectral range of 6500–7700 cm-1 is evident when the propagating beam leaks 

through the epoxide substrate by the lateral surfaces.  This feature is commonly 

present in association with a substantial decrease in total intensity detected, 

indicating an insufficient coupling quality (see the thin line). Maximizing the optical 

throughput, along with a proper propagation of the light ray through the waveguide, 

is thus of crucial requirement to optimize the waveguide performance.  It is 
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noteworthy that even after assuming a ~ 40% reflection loss at the Ge/air interface, 

the transmitted light obtained with this waveguide configuration exhibits an exquisite 

increase in total transmission energy, which allows measurements with a satisfactory 

spectral SNR in a shorter length of time, as compared to those previously obtained in 

conjunction with an IR microscope [25–27].   

 

 In addition, the single-beam spectra reveal the characteristic frequency cut-offs 

of Ge at 5200 and 670 cm-1, indicating that light is genuinely guided through the thin 

Ge layer.  The lower frequency cut-off demonstrates a benefit of using Ge 

waveguides.  In contrast, there is a lack of transparency with silicon (Si) waveguides 

in the IR region 1500–700 cm-1, where there is rich spectral information for most 

organic compounds.  The spectral feature centered at 1550 and 3700 cm-1 obviously 

comes from gaseous water, while the narrow broken peak at 2350 cm-1 is an 

absorption band caused by carbon dioxide.   

 

4.1.2 Variation of Waveguide Thickness 

 

 We subsequently analyzed the throughput as a function of decreasing waveguide 

thickness.  Figure 4.2 displays several FT-IR single-beam spectra acquired from thin 

symmetrically tapered Ge waveguides with different thicknesses in the range of 7–27 

µm.  As can clearly be seen, the observed throughput diminishes with decreasing 

thickness, due to cut-off of higher-order modes (i.e., modes propagating near to the 

critical angle) [39, 45–46].  The inset illustrates plots of the detected intensity at 

1850 cm-1 as a function of the waveguide thickness with a correlation coefficient of 

R2 = 0.9999 and 0.9956 for quadratic and linear relationships, respectively.  

Regarding the R2 value, the plot suggests a (almost) perfect fitting with the quadratic 

equation of y = – 0.0002x2 + 0.0292x – 0.1352.   
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Figure 4.2 FT-IR single-beam spectra of symmetrically tapered Ge waveguides 

with different thicknesses (i.e., 7, 14, 22, and 27 µm from lower to upper lines, 

respectively).  All spectra were collected with 1-minute scans and under identical 

conditions.  The y-axis scale stands for arbitrary intensity units, which are the same 

for all plots shown here.  Inset: Plot of the detected intensity at 1850 cm-1 as a 

function of the waveguide thickness.   

 

 In order to investigate the effect of the tapered thickness on waveguide 

sensitivity, a 1-mm-diameter (= 1 µL) water droplet covering the 1 × 1 mm2 sensing 

area was carefully sampled at the same (thinnest) part of each of several waveguides.  

Original single-beam sample spectra were converted to absorbances by ratioing to 

the corresponding background spectra shown in Figure 4.2 at the same thickness with 

the same experimental parameters.  The resulting absorbance spectra are presented in 

Figure 4.3.   
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Figure 4.3 ATR FT-IR Spectra of 1-µL water droplet, covering an ~1 mm2 sensing 

area, acquired by using symmetrically tapered Ge waveguides with different 

thicknesses (i.e., 7, 14, 22, and 27 µm from upper to lower lines, respectively).  

Inset: Plot between the logarithm of the absorption intensity at 3400 cm-1 

(log(A3400)), due to the O-H stretching vibration, vs. the logarithm of waveguide 

thickness (log(t)).   

 

 It can be seen that the waveguide’s sensitivity, in terms of absorbance for a 

particular small-area liquid sample, increases as waveguide thickness decreases.  

This enhanced sensitivity with decreasing thickness is due both to the increase in 

number of internal reflections per mm of waveguide length, and to the increase in the 

average evanescent-wave surface intensity of the transmitted modes.  The inset of 

Figure 4.3 indicates a drastic increase in absorption intensity when the waveguide 

thickness is <10 µm.  On the other hand, a very thin waveguide (i.e., <10 µm) results 

in distinctively lower total throughput (see Figure 4.2) and a noticeable increase in 

spectral noise level.  To improve the spectral quality, a higher number of scans must 

be used.   
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4.1.3 Variations in Optical Coupling with Sample   

 

 4.1.3.1 Sampling Length of the Sample   

 

We additionally observed the dependence of absorption intensity on 

sampling length by varying the size of a water droplet placed on the central part 

of the sensing surface.  A successive data collection was performed under 

identical conditions for both waveguides with different thicknesses.  Figure 4.4 

shows spectra with increasing the droplet size, observed for a 7-µm-thick and a 

27-µm-thick waveguides.  It should be noted that data plotted on each graph 

coincide with the value of absorption intensity at 3400 cm-1 (i.e., O–H stretching 

vibration) appearing on each sub-figure.   

 

With a planar waveguide, absorbance is expected to increase in direct 

proportion to sample contact length.  With a tapered waveguide, on the other 

hand, the increase in absorbance as a function of contact length is expected to be 

sub-linear because the average number of reflections per unit length of sample 

contact decreases as sample is added to regions of the waveguide away from its 

central minimum.  This was observed, as shown in the inset of Figure 4.4.  Each 

plot of absorption intensity at 3400 cm-1 (A3400) as a function of contact length (l) 

was fitted to a quadratic relationship.  The optimized quadratic coefficients gave 

A3400 = – 0.0009l2 + 0.0316l + 0.3218 for the 7-µm-thick waveguide and       

A3400 =  – 0.0001l2 + 0.0073l + 0.0533 for the 27-µm-thick waveguide.  The 

quadratic fit is good only up to ~2 cm of contact length, after which point the 

absorbance approaches an asymptotic value monotonically.  This observation 

elucidates that one advantage of using these <30-µm-thick tapered Ge 

waveguides is that only molecules in contact with the thinnest part of the 

waveguide significantly influence the absorbance spectrum.   
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Figure 4.4 ATR FT-IR Spectra of water droplets with different lengths contacting 

the sensing surface of the waveguide.  (A) Spectra were obtained by using a 7-µm-

thick Ge waveguide, with sampling lengths of 1, 4, 7, 9, and 12 mm from lower to 

upper lines, respectively; (B) spectra acquired with 27-µm-thick waveguide with 

sampling lengths of 1, 3, 5, 7, 10, 12, 15, 18, and 20 mm from lower to upper lines, 

respectively.  All spectra were taken with 1-minute scans.  Insets: Plot of the 

absorption intensity at 3400 cm-1 (A3400), vs. the sampling length (mm) with a 

constant width of the waveguide (i.e., 1 mm), for different waveguide thicknesses.   
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 4.1.3.2 Quality of the Polished Sensing Surface   

 

In an attempt to further improve the waveguide’s sensitivity, we explored 

several additional variations in optical coupling through the waveguide and 

sample.  Effect of the surface quality was also investigated by hand 

grinding/polishing rather than the machine polishing.  Each spectrum in Figure 

4.5 represents the same waveguide with progressively smaller particle sizes  

(i.e., 15, 3, and 0.1 µm from lower to upper lines, respectively).  All polishing 

compounds used are manufactured by Buehler Ltd., as described in Chapter 3 

(Experimental Section).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Effect of the surface quality on absorbance spectral features observed 

from a 1-cm-diameter water droplet sample.  These spectra were collected by using a 

100-µm-thick tapered Ge waveguide with 45o bevel angle at both ends with 1-minute 

scans.   

 

As clearly seen in Figure 4.5, the overall spectral quality obtained from 

tapered Ge waveguides depends strongly on the quality of the polished sensing 

surfaces.  A better optical-finished surface gives not only a higher absorbance 
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due to the better optical contact between sample and waveguide’s surface.      

The spectral quality is also distinctively improved because of lower scattering 

losses caused by surface scratches, resulting in substantially greater throughput. 

Conclusively, the more thoroughly the surface was polished, the lower the 

spectral noise (and therefore the better the limit of detection) of the waveguide.   

 

 4.1.3.3 Effects of Central Beam Blocking   

 

Substantially greater detected absorption intensity can sometimes be 

achieved as a consequence of beam blocking of the on-axis waveguide modes.  

In this study, such an approach was demonstrated by using a ~6-mm-diameter 

aluminum rod held horizontally transverse to the IR beam where it fills an 

aperture of ~30 mm, in order to partially obstruct the beam.  Light rays with low 

propagation angles (i.e., lower-order modes) in the vertical direction are thus 

blocked by the aluminum rod.  At the selected distance from the waveguide, this 

rod eliminates rays that would enter the waveguide at an approximate angle of   

<17o away from horizontal, relative to the waveguide axis.   

 

Blocked-beam spectra shown in Figure 4.6 were recorded after the beam 

path was obstructed by the same rod, regardless of the waveguide thickness.  

With both waveguide thicknesses investigated, the spectra taken with the 

centrally blocked beam gave higher absorbance readings than those with an open 

beam, substantially so in the case of the 22-µm-thick Ge waveguide.               

The increase in absorption intensity results from selection of the only higher-

order modes (i.e., light propagating closer to the normal of the waveguide 

interface at the points of internal reflection).  This is theoretically expected to 

increase (1) the average number of reflections per unit length; (2) the average 

evanescent field strength at the sensing area; and (3) the effective average 

penetration depth into the media beyond the interface.   
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Figure 4.6 Effect of central beam blocking on absorption intensity of 1-mm-

diameter (= 1 µL) water droplet investigated by (A) 14- and (B) 22-µm-thick Ge 

waveguides with 5-minute scans.  Thick lines represent results with the blocked 

beam in comparison to those with unblocked one (thin lines).   

 

The improvement in absorption intensity is nevertheless greater with the 

22-µm-thick waveguide than the 14-µm-thick one.  This is probably because the 

coupling efficiency of the highest-order modes to the detector is always 

decreased with the thinner waveguide, whether or not the central beam is 

blocked.  This observation indicates that blocking even more of the central rays 

might further increase the absorbance enhancement factor, but it would likely 

give rise to a higher noise level due to the lower total throughput, particularly 

with thinner waveguides, as clearly seen by comparing the spectral quality in 

Figures 4.6 (A) and 4.6 (B).   
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 4.1.3.4 Effects of Detector Dimensions   

 

There are a number of changes in optical coupling that are likely to afford 

substantial additional improvement in sensitivity, but that we have been unable 

to investigate so far.  Ultimately, the most important of these is likely to be 

optimization of the detector dimensions.  Using a MCT immersion detector with 

a smaller-area rectangular active element whose aspect ratio is more closely 

matched to the thinnest part of the waveguide is in theory expected to give 

somewhat better results than we have so far obtained.  By limiting ourselves thus 

far to a square detector, we were faced with the tradeoff between going to the 

smallest possible detector, leading to an expected noise reduction in proportion 

to the square-root of the detector area (see Eq. 1.2 in Chapter 1); and keeping the 

output of the entire width of the waveguide imaged onto the detector, which is 

necessary for maintaining the largest response.   

 

Accordingly, an alternative approach that we additionally investigated for 

improving the spectral SNR was to use a smaller-area detector, since the 

manufacturer’s specifications sheet of the current (Remspec) detector indicated 

that the optical design of the (0.5-mm)2 detector element was optimized for 

collecting light from the output of an optical fiber somewhat larger than 1 mm2.  

Therefore the same experimental procedure was carried out with the Graseby 

MCT detector, equipped with a (0.15-mm)2 detector element and the same 

immersion lens as the former detector.  Results obtained for both detectors are 

demonstrated in Figure 4.7 under the same scale for a comparison purpose.   

 

The observation shows that use of a smaller (Graseby) MCT detector 

failed to produce absorbance spectra with a higher SNR.  Furthermore, the use of 

this detector resulted in the observation of a stronger periodic oscillation pattern 

on the spectrum as compared to the larger immersion detector (i.e., Remspec).  

This oscillatory interference pattern is similar to what was observed for the 

synchrotron-generated spectra (vide infra).  From these observations, we 

conclude that the smaller detector area results in detection of only a selected 

portion of the IR throughput of the waveguide.  The smaller detector appears to 
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be functioning as a spatial filter, selectively observing a limited range of the 

optical modes that are transmitted through the waveguide.  The particular 

vertical alignment of the detector determines which modes are detected.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Effect of size of the detector element on spectral SNR measured from a 

1-mm-diameter (= 1 µL) water droplet.  Both spectra were collected by using          

5-minute scans with a 14-µm-thick Ge waveguide, but with different lensed detectors 

carrying MCT active elements either 0.50 or 0.15 mm on a side, as indicated.   
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4.2 Applications and Comparisons with a Commercial Ge ATR Accessory 

 

 To evaluate the sensitivity improvement achieved by use of the tapered Ge 

waveguides, a commercial macroscopic ATR accessory, i.e., (*) Out-of-

Compartment Contact SamplerTM with 45o Ge Trough Plate Kit, was employed for 

comparison purposes.  In case of the tapered waveguide, every sample used in this 

study was carefully applied at the central part of its sensing surface to ensure the 

maximum sensitivity and reproducibility.   

 

4.2.1 Small Volumes of Volatile Solvents   

 

 Figure 4.8 is the evanescent-wave IR spectra of a 1-mm-diameter (= 1 µL) water 

droplet in contact with a 14-µm-thick tapered Ge waveguide, compared to that 

observed with a macroscopic ATR accessory shown in the same figure.  The sample 

covered the sensing surface with a total area of 1 mm2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Comparison of absorption intensities of 1-mm-diameter (= 1 µL) water 

droplet observed by 14-µm-thick tapered Ge waveguide to that with a commercial 

macroscopic ATR accessory.  Both spectra represent 5-minute scan times.   
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 By comparison, the absorption intensity of the O–H vibration at 3400 cm-1 

acquired with the thin tapered waveguide is enhanced by a factor of >50 folds, due to 

the increase in total internal reflections achieved by tapering method.  Thus, small 

volumes of volatile solvents such as water that cannot easily be spread out in a thin 

film on a macroscopic ATR prism can still be sampled using the waveguide.   

 

 Accordingly, volatile organic solvents are particularly applicable samples for the 

thin tapered waveguides.  Figure 4.9 sequentially demonstrates a variety of volatile 

organic solvents investigated by a 14-µm-thick tapered Ge waveguide, with only a 

few µL sample volume applied.  Although these solvents by nature evaporate rapidly 

at room temperature, the characteristic features of individual solvents can be readily 

distinguishable using the waveguides with 64 scans only (i.e., ~50 s).  In contrast, 

with similarly small samples of these volatile samples the macroscopic Ge ATR 

accessory does not afford any spectral information, other than from the water vapor 

contaminant at ~1550 and ~3700 cm-1, which is similar to that shown in Figure 4.8.  

Because of their rapid evaporation that can be completed within less than a minute, 

an optimum scanning time must be found that represents a compromise between the 

increased SNR and the loss of sample that both occur with longer measurement 

times.  Nevertheless, these spectra perceptibly demonstrate the convenience, speed, 

and sensitivity of such thin tapered waveguides for obtaining spectra of 

microvolumes of volatile organic liquids.   
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Figure 4.9 ATR FT-IR spectra of some volatile solvents in a few µL of applied 

volume.  Data were acquired by a 14-µm-thick tapered Ge waveguide with 64 scans.   
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4.2.2 Small Quantities of Non-Volatile Thin Films   

 

 Figure 4.10 shows spectral results of 850 and 85 ng Nujol deposited as thin films 

from hexane solution onto the sensing surfaces of either the commercial ATR 

accessory or the 14-µm-thick tapered Ge waveguide.  The spectra were recorded    

>1 h after the hexane was visibly evaporated and the films were left exposed to room 

air.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 ATR FT-IR spectra of Nujol thin films with different quantities 

deposited on the sensing surface, i.e., (A) 850 ng and (B) 85 ng.  The thick lines 

represent the results observed by a 14-µm-thick tapered Ge waveguide, while the 

thin one was collected with the commercial ATR accessory.  All spectra were taken 

after hexane was completely evaporated, and with 5-minute scan times.   
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 Once again, the 14-µm-thick tapered Ge waveguide exhibits substantially higher 

sensitivity than the commercial ATR accessory.  The relative absorbance factor 

observed at 2922 cm-1 was 13.6 for the 85-ng Nujol sample.  This clearly 

demonstrates the advantage of the thin tapered waveguides for measuring sample-

limited thin films.  With the traditional Ge ATR accessory, the 85 ng sample size 

gives absorbance signals that are barely above the noise with a 5-minute scan time, 

whereas with our thin tapered waveguides the SNR of the strongest bands in the 

absorbance spectrum substantially exceeds 20.  Characteristic peaks of Nujol can 

therefore be easily identified.  The estimated detection limit with a 5-minute scan 

time is 85 ng Nujol deposited on the waveguide’s sensing surface.  This is of course 

substantially higher than the detection limit for a droplet of pure Nujol measured in 

transmission mode by a microscope.  Nevertheless, for small quantities of poorly-

soluble samples that can only be deposited uniformly as films under ~1 µm in 

thickness, the miniature waveguide is likely to afford a superior sampling method.   

 

4.2.3 Light-Dark Difference Spectra of Biological Film Samples   

 

 FT-IR spectroscopy is particularly well suited for studying biological 

membranes, which are often not amenable to study with other currently available 

techniques.  Even for proteins with known atomic-resolution structures, FT-IR 

difference spectroscopy can provide useful information about changes in the local 

environment for chemical groups that would not likely be detected by 

crystallographic techniques.  Much FT-IR work on membrane proteins has involved 

difference spectroscopy, since the absorptions of the numerous residues within even 

a moderately sized protein are rarely resolved from one another in the unsubtracted 

IR absorption spectrum.  However, careful FT-IR difference spectroscopy can 

resolve individual vibrational bands, which correspond to structural changes 

occurring in the parts of a protein that are directly involved in its physical function.   
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 Bacteriorhodopsin (bR) is a transmembrane protein complex that functions as a 

light-driven proton pump in the plasma membrane of the archaebacterium 

Halobacterium salinarium.  The photocycle of bR is in nature initiated by absorption 

of a photon, producing a proton transfer from the inner side of the cell membrane to 

the outer medium.  This process subsequently induces a sequence of transitions, 

which can be distinguished by means of transient changes in vibrational difference 

bands [47–49].  In this study, the D96N-bR in the form of purple membranes was 

chosen as a model sample for studying the triggered structural change of the protein 

conformation.  This mutant was selected because it has a greatly slowed photocycle 

when dried from a buffer at an elevated pH, permitting light-dark difference 

measurements at room temperature simply by using a fiber-optic illuminator.   

 

 With our experimental design described in Chapter 2 (Experimental Section), a 

thin tapered Ge waveguide is able to detect the structural conformation of the purple 

transmembrane protein of D96N-bR, in the form of a dried film, covering only 1 

mm2 on the thinnest middle part of its sensing surface.  Figure 4.11A clearly presents 

the strong bands centered at 1650, 1550 and 1160 cm-1, which are assigned to the 

respective amide (I), amide (II), and amide (III) vibrations of the predominantly      

α-helical peptide backbone in the purple membrane of D96N-bR.  As expected, these 

characteristic spectral features of the peptide backbone can be detected by using a 

14-µm-thick waveguide with just 1.25 pmol (37.5 ng) of protein sample.   

 

 Light-dark difference measurements on D96N-bR require somewhat larger 

samples (50 pmol bR) deposited as a thin film on a 14-µm-thick waveguide.  

However, this amount is 3000 times less than the 1.5 × 105 pmol of D96N-bR 

required for similar light-dark difference measurements using a macroscopic Ge 

ATR accessory.  The light-dark difference spectrum obtained with a 14-µm-thick 

waveguide (Figure 4.11B) is ultimately very similar to that observed for a much 

larger sample with a macroscopic ATR accessory (Figure 4.11C), supporting the 

reliability of spectral changes detected by the waveguide.  Note that a poor SNR of 

the final averaged difference spectrum, due to a small quantity of protein sample, can 

be improved by increasing the number of data sets used in the averaging process.  
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Figure 4.11 (A) ATR FT-IR spectrum of D96N-bR film with a total amount of 1.25 

pmol (37.5 ng) of protein.  The spectrum was acquired with a 14-µm-thick tapered 

Ge waveguide with 5-minute scan times.  (B,C) ATR FT-IR difference spectra of 

D96N-bR using light-dark subtraction at room temperature (25oC): (B) 128 averaged 

data sets, total measurement time ~4 h, using 14-µm-thick tapered Ge waveguide and 

50 pmol protein; (C) 64 averaged data sets, total measurement time  ~2 h, using the 

commercial ATR accessory and 15 nmol protein.   
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4.2.4 Hair analysis   

 

 Vibrational spectroscopy is a crucial tool in hair analysis since the structure and 

chemical composition of hairs are the main focus for numerous fields of research and 

development.  Due to their relatively small size (i.e., 50–100 µm in diameter), single 

human hairs represent a challenging type of IR sample that has been investigated 

mainly with ATR and FT-IR microspectroscopic techniques [50–51].  On the other 

hand, we performed the single-hair analysis simply by uses of the thin tapered 

waveguide, with no sample preparation required.   

 

 In our measurements, a single hair obtained from either an African-West Indian 

female or a Caucasian male was squeezed against the center of the waveguide 

sensing area with a ratcheting micrometer, in order to obtain reproducible sample 

contact.  Typical results are shown in Figure 4.12.  Each spectrum observed shows a 

broad band at 3250 cm-1 attributable to water absorption.  The predominant 

absorption bands centered at 1650 and 1550 cm-1 on both single-hair spectra in the 

figure arise from amide (I) and amide (II) vibrations, respectively.  The amide (I) 

band is particularly diagnostic for secondary structure, and in this case is at a 

wavenumber characteristic of the known α-helical structure of hair keratin [50].   

 

 By comparing the spectra of each individual’s hair with pure samples of the 

respective styling gels each had applied several hours previously, it is clearly seen 

that even a tiny amount of chemicals deposited on a 2-mm length of hair surface can 

be detected.  In each case, there are several peaks on the measured hair spectrum 

corresponding to the strongest bands in the spectrum of the corresponding pure 

styling gel.  This indicates the potential utility of the <30-µm-thick tapered 

waveguides as a new tool for forensic analysis.   
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Figure 4.12 Baseline-corrected ATR FT-IR spectra of single hairs (upper thin line) 

taken from two different people: (A) an African-West Indian female, and (B) a 

Caucasian male.  The lower (thick line) spectrum in each sub-figure represents the 

styling gel applied earlier in the day by each person (i.e., Magnificent® Hair Food 

manufactured by Magnificent Products Division, Memphis, TN, for donor A; and 

Aussie Mega Styling Gel® manufactured by Redmond Products, Inc. Dist., Stamford, 

CT, for donor B).  Films were dried ~1 h prior to spectral measurement.  All spectra 

were acquired with a 14-µm-thick tapered Ge waveguide with 5-minute scans.  
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4.3 Ray-Tracing Calculations of Supported Ge Waveguides   

 

Regarding the overall observations reported above, we have successfully 

accomplished a substantial improvement in sensitivity achieved by symmetrically 

tapering Ge waveguide evanescent-wave sensors and decreasing their central 

thickness to 7–15 µm [33].  Absorption intensities of spectra acquired with thinner 

waveguides are enhanced as an inverse function of the waveguide thickness raised to 

a power greater than 1, due to increases both in the number of internal reflections per 

unit length and in the amount of electromagnetic energy contained within the 

evanescent wave at each reflection.  Tapering also simplifies the optical alignment 

since only common focusing optics (i.e., off-axis paraboloid mirrors) are needed.   

As a consequence, spectral absorption measurements on even tiny (nanogram) 

samples are simple and quick.   

 

 Nevertheless, the absorption intensities observed corresponded only to those 

expected for 3–5 reflections, rather than >25 reflections expected for a 20-µm-thick 

waveguide with an average internal propagation angle of 45° and a sensing length of 

~1–2 mm.  Furthermore, these thin tapered Ge waveguides have in practice not 

afforded as high spectral SNR in observed broadband FT-IR spectra as was predicted 

theoretically by using standard approximations and simplifying assumptions in order 

to predict the range of modes that would be excited [23].  In an attempt to evaluate 

how light focused onto the end of the waveguide is coupled into modes with varying 

propagation angles, we have now performed both ray-tracing calculations and 

measurements at selected angles using the highly-collimated broadband light 

available from a synchrotron IR radiation to carry out mode-specific measurements 

[52]. Reasons for the discrepancy between the theoretical and observed performances 

have thus been investigated in more detail towards results obtained with both the 

calculations and experimental investigations.   

 

4.3.1 Ray Tracing of Cylinder-Planar Waveguides 

 

 A series of input rays impinging onto the waveguide’s end face were traced by 

using the program written in MATLAB® (see Appendix C for the program routines).  
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A typical traced ray is shown in Figure 4.13 for a cylinder-planar Ge waveguide with 

a total length L of 70, an entrance/exit height ratio of 1 (i.e., symmetrical tapering), 

and a minimum thickness t of 0.010 (i.e., 10 µm).  This corresponds to a circular 

radius R of 300.  These dimensions (assuming units of mm) match quite closely to 

those of the physically realized waveguides we have utilized for evanescent-wave 

sensing measurements.  Note that the vertical scale in Figure 4.13 is greatly 

exaggerated relative to the horizontal scale.  This creates the illusion that wherever 

the curved waveguide surface is sloped (i.e., non-horizontal), the incident and 

reflection angles are unequal.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Typical calculated reflection pattern of a light ray propagating through 

a symmetrically tapered cylinder-planar waveguide with a total length L of 70 mm, a 

circular radius R of 300 mm for the cylinder surface, and a minimum thickness t of 

10 µm.  Note that the exaggerated vertical scale in both the main figure and the inset 

results in distorted apparent reflection angles.   

 

 As shown in Figure 4.13, this particular ray was assumed to impinge 

perpendicular onto the waveguide’s  ~2-mm-high entrance face (θ = 0°), at a distance 

y of 0.20 mm from the flat surface.  Near the center of the waveguide, the particular 

ray propagates very close to the critical off-axis angle of ϕ = 56.6° for propagation of 

light through a ZnS-clad Ge waveguide, (n21 = 2.2/4.0), indicating total internal 
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reflection at the Ge-ZnS interface.  For this critical ray, there are a very large number 

of internal reflections (133 per mm of travel; 67 per mm for only the sensing surface) 

at the thinnest central sensing region, as shown in the expansion (inset) of the 

centermost 0.10 mm of the waveguide.  At  x = 0  (i.e., the entrance end of the 

waveguide), this ray has a y value of 0.20 mm and an initial angle inside the 

waveguide of θ′ = 0°.  Using Snell’s law (nGe sinθ′  =  nair sinθ ), this also 

corresponds to an impinging angle of θ = 0°  (i.e., perpendicular to the entrance face) 

for the ray propagating in air prior to entering the waveguide.  Generally speaking, 

the calculated reflection patterns schematically illustrate that off-axis light rays 

entering the waveguide at left undergo multiple internal reflections at successively 

steeper angles due to the convergent taper.  The maximum angle ϕ (with respect to 

the waveguide axis) is reached at the thinnest central part of the tapered waveguide.  

In principle, this maximum angle ϕ largely defines the sensitivity of the measuring 

light to evanescent-wave absorption by materials in contact with the upper sensing 

surface of the waveguide, since most internal reflections occur where the propagation 

angle is greatest.   

 

 Figure 4.14 shows the variation of number of total internal reflections within the 

0.010-mm-thick cylinder-planar waveguide as a function of y, holding the impinging 

angle θ constant at 0°.  As clearly seen, there is a substantial increase in number of 

total internal reflections as y is increased.  However, propagation via total internal 

reflection is allowed only for y ≤  0.20 mm, i.e., only for rays entering the waveguide 

along the 10% of its entrance face closest to the planar surface.  For an on-axis ray 

entering farther than this from the waveguide’s flat sensing surface (i.e., y > 0.20 

mm, as indicated by �), the propagation angle exceeds the critical angle for a        

Ge-ZnS interface before the ray reaches the center of the waveguide.  As a 

consequence, for θ = 0°, only light rays entering within 0.20 mm of the flat surface 

contribute to the detected light.  At this y value, the number of total internal 

reflections in the model waveguide described is ~400, and this turns out to be 

(approximately) the maximum number of internal reflections allowed for this tapered 

waveguide at any combination of y and θ.   
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Figure 4.14 Plot of the calculated number of total internal reflections vs. vertical 

distance (y) of the impinging ray from the upper planar surface of a 70-mm-long, 

symmetrically-tapered, cylinder-planar waveguide with a minimum thickness of 10 

µm.  The light rays are assumed to enter the waveguide on-axis (θ = 0°).   

 

 By calculating ray-traces such as those in Figure 4.13 while varying both θ and 

y, it was possible to determine all possible combinations of these two parameters for 

which light can propagate through a particular waveguide.  As mentioned previously, 

the sensing angle ϕ, defined as the maximum angle that the ray makes with respect to 

the planar surface of the waveguide at the thinnest (sensing) portion of the 

waveguide, is the crucial indicator for the sensitivity of an incoming ray (in terms of 

evanescent-wave absorption).  Therefore, the ray-trace program was also instructed 

to provide the sensing angle ϕ(θ, y) for each of the allowed rays.  These results are 

schematically demonstrated in Figure 4.15 for various central thicknesses of 

cylinder-planar waveguide (including several that match those used in experimental 

measurements).   
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Figure 4.15 Summary of results of 10,251 ray-trace calculations on each of three 

different cylinder-planar waveguide sensors, all having a circular radius R of 300 mm 

but different minimum thicknesses t (i.e., 14, 27, and 50 µm) as indicated.   
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 According to Figure 4.15, the contour plots show on the horizontal and vertical 

axes the initial conditions for each calculated ray (respectively θ, the entrance angle 

in air prior to entering into the waveguide; and y, the distance measured downward 

from the top planar surface).  The z-axis corresponds to the maximum angle ϕ at 

which the ray is calculated to propagate in the thinnest (sensing) region of the 

waveguide.  Contours are given at 5° intervals.  The z-levels are also color-coded 

according to the key at right.   

 

 A somewhat surprising result is that the dependence of this sensing angle ϕ on 

the impinging angle θ of a light ray is not close to linear.  In fact, it is not even 

monotonic.  It is also strongly dependent on the height (y) of the ray on the input face 

of the waveguide.  The contour plots, based on thousands of individual ray-trace 

calculations, show just how nonlinear this dependence is.  Colors close to red 

represent the highest sensing angles, i.e., closest to the critical angle ϕcrit = 

arccos(2.2/4.0) for reflection at the Ge-ZnS interface.  The grey regions, on the other 

hand, correspond to all initial conditions that result in the ray exceeding the critical 

angle for a Ge-ZnS interface of the waveguide, i.e., rays that fail to propagate all the 

way through the waveguide.   

 

 As expected, with decreasing waveguide thickness there is a corresponding 

decrease in the range of allowed (θ, y) pairs, corresponding to a decrease in total 

throughput.  However, there is also the evolution of fascinating structure in the 

contour plots as the waveguides get thinner, including the gradual pinching-off of 

isolated “islands” at very specific combinations of θ and y, and the clear appearance 

of a thumb-like protrusion that indicates a large throughput allowed for light entering 

the waveguide from a specific angle just above 0°.  We speculate that these regions 

may be the characteristics of mathematical “attractors”, and therefore signs of 

chaotic (or near-chaotic) behavior for rays reflecting from such closely apposed non-

parallel surfaces.   
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 The optical invariant (one-dimensional version of the étendue) of a cylinder-

planar waveguide in the vertical direction is normally calculated as the product of the 

numerical aperture (NA) and the thickness t.  In order to estimate a value of the 

numerical aperture, let us consider the waveguide configuration.  In brief, the Ge 

stripe (nGe = 4.0) is adjacent to materials of lower refractive indices.  The outer 

material on the sensing side consists of either the sample used in the study (norganic ≅ 

1.5) or air (nair = 1.0), while it faces a ZnS layer (nZnS = 2.26) on the substrate side.  

According to Eq. 2.4, the ZnS possesses the higher of the two outer refractive indices 

and therefore determines the numerical aperture of the waveguide.   

 

 NA = 2 2
Ge ZnS  n n−  = 2 2(4.0)   (2.26)−  = 3.3  (4.1) 

 

 For a simple planar waveguide, the étendue value is equal to:   

 

 étendue  =  2 2
1 2  t n n−   =    NAt ×   (4.2) 

 

where n1 and n2 are the refractive indices of the waveguide (nGe) and cladding 

materials (nZnS), respectively.   

 

 In more general terms, and in particular at the entrance end of the waveguide, 

the optical invariant should be given by the following integral over the thickness t of 

the waveguide:  

 

 étendue = { }max

min

2mm ( )

0 ( )

1 . [ cos  d  ] d
2

t y

y
y

θ

θ
θ θ

=

∫ ∫   (4.3) 

 

In Eq. 4.3, θmax and θmin are the extreme values of impinging angle θ  that can 

successfully propagate through the entire waveguide from a vertical position y within 

a cross-section at a specific horizontal position x where the optical invariant is being 

calculated.  In this case, the étendue value was calculated at the entrance of the 

waveguide (i.e., x = 0).  The refractive index n should in most generality appear 

inside the integral, but it is assumed in Eq. 4.3 to be 1.0 at the entrance of the 
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waveguide, which faces air.  It can readily be seen that if all entering rays in a range 

of  ±ψ are allowed to propagate through a waveguide of constant thickness t, this 

formula gives  étendue =  t sinψ  (i.e., the thickness times the numerical aperture, as 

it should).   

 

 Using Eq. 4.3 and setting the integral limits according to the allowed rays from 

the ray-tracing calculations, the étendue value of the 0.014-mm-thick Ge waveguide 

for the data matrix in Figure 4.15 is 0.0510 mm (~51.0 µm).  This is remarkably 

close to that given by the simple formula for planar waveguides in Eq. 4.2, which 

gives the value of 46.7 µm.  The closeness of the two values suggests that light 

illuminating the end face uniformly and then propagating to the center of the 

waveguide could be accurately represented as a bundle of rays filling the numerical 

aperture of 3.3 (i.e., according to Eq. 4.1), at uniform density. 

 

 However, the hypothesis that the numerical aperture of the sensing region of the 

waveguide gets filled uniformly is contradicted by a more careful analysis based on 

the contour plots calculated.  Figure 4.15 clearly shows that the distribution of 

intensity as a function of angle is far from uniform.  In particular, rays that approach 

close to the critical angle (red-green colors) are somewhat under-represented.  This is 

undesirable behavior for an evanescent-wave sensor, because the on-axis rays 

undergo relatively few internal reflections and have a lower evanescent-wave 

electric-field strength than rays near the critical angle.  Unfortunately, it is 

completely consistent with the experimental results on the cylinder-planar 

waveguides, which show substantially lower evanescent-wave absorption intensities 

than would be predicted for modes evenly distributed over all the “allowed” angles 

for the cylinder-planar sensing region at the center of the waveguide (vide infra).   

 

 For a more advanced treatment of waveguide design, it is of interest to consider 

how changes in the shape of the waveguide might affect this result.  In particular, we 

examined how it depends on the curvature radius R of the cylindrical bottom surface, 

at a constant waveguide center thickness t of 14 µm.  We hoped this might provide 

some useful clues for improving waveguide’s performance.   
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Figure 4.16 Sensing-angle plots for rays impinging on the entrance faces of 14-µm-

thick cylinder-planar waveguides with different values of circular radius R (i.e., 300, 

600, 1200, 2400, and 4800 mm) as indicated.  As in Figure 4.15, z-axis contours are 

always calculated at 5° intervals.  The color bar shown at right is applicable to all 

plots.   
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 Figure 4.16 presents contour plots of cylinder-planar waveguides having the 

same length (70 mm) and center thickness (14 µm) as the top plot in Figure 4.15, but 

with various values of R.  By holding the waveguide length constant at 70 mm, a 

larger R results in thinner end faces, as indicated in the figure by the correspondingly 

smaller range for the y-axis scale.  Although increasing R causes a reduction of the 

end heights of the 70-mm-long waveguides, our calculations indicate that 

waveguides with R values in a range of 1200–2500 reveal only a small decrease in 

throughput relative to that for R = 300 mm.  Of note is that a waveguide with a larger 

radius of the curvature reveals a wider range of incoming angles with allowed 

sensing angles.  This consequently leads to excitation of the far-off-axis modes in the 

sensing region of the tapered waveguide—the modes that are in fact useful for 

evanescent-wave absorptions.  Thus we can in theory obtain a significant 

improvement in the waveguide performance, simply by increasing the circular radius 

of waveguides’ curved bottom.   

 

 In order to investigate how the total étendue varies with R values, we performed 

étendue calculations, based on Eq. 4.3, to the entire data matrix of individual 

waveguides at different radii of curvature which correspond to those contours in 

Figure 4.16.  A summary of calculations of the étendue obtained with these 

waveguides is illustrated in Figure 4.17.  In practice, each value of total étendue was 

calculated from Eq. 4.3, by taking appropriate limits for the double integral from the 

data matrix that gave the corresponding plot in Figure 4.16.  Because cos θ ≈ 1 for 

most of the allowed input rays, each calculated total étendue (�) roughly equals the 

total colored (non-gray) area of the plot in Figure 4.16.  For the high-sensing-angle 

étendue (z), on the other hand, the range of the double integral was limited to just 

those plotted elements that correspond to sensing angles in the range of 25° to the 

critical angle (56.6°), giving roughly the green-to-red area of the each plot in Figure 

4.16.   

 

 

 

 

 



82    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 (Upper) Plot of calculated total étendue (�) and high-sensing-angle 

étendue (z) of a 14-µm-thick cylinder-planar waveguide vs. curvature radius R of the 

bottom cylinder surface.  (Lower) Ratio of the high-sensing-angle étendue to the total 

étendue as a function of the curvature radius R, based on plots in the upper part of the 

figure.   

 

 The plot shows the largest total étendue at the smallest R value (300 mm) as a 

result of the largest entrance aperture (2 mm2) into the waveguide.  In fact, it is 

impressive that the calculated étendue for all the R values indeed end up being so 

close to each other, because this is a clear demonstration of the validity of the 

étendue as an optical constant.  However, the étendue is not monotonic with R—it 

rises again at R = 4800 mm and drastically goes down afterwards.   
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 In addition, we determined the fraction of the étendue associated with light rays 

that propagate at high angles in the sensing area.  Therefore, a filter based on 

maximum sensing angle was applied to the data matrices in order to exclude those 

elements containing sensing angles less than an arbitrary angle (i.e., 25° for this 

present work), from the calculation.  The result of high-sensing-angle étendue,         

as represented by (z) in Figure 4.17, approaches the maximum theoretical value at   

R = 4800 mm, instead of the value of R = 300 mm obtained by the full calculation 

without filtering the data matrix.  By ratioing the high-sensing-angle étendue to the 

total étendue, the lower curve (�) in the same figure reveals that waveguide sensors 

have optimum performance at radius of curvature in a range of 2000–3000 mm, 

rather than 300-mm-radius waveguide sensor used in the practical measurements.  

This can be attributed to two reasons: (1) somewhat higher fractional throughput for 

higher-sensing angles, i.e., above 25°, with no loss of total throughput; and (2) an 

ability to selectively excite modes with high sensing angles by illuminating the end 

face of the waveguide with off-axis rays.  By comparison, the calculations show that 

there was a little or no selective excitation possible with the 300-mm-radius 

waveguide, in contrast to the contour lines of the 4800-mm-radius waveguide, which 

are almost perfectly vertical.  This suggests that we could obtain exclusive light 

propagation with sensing angles greater than 25° by limiting input angles to be larger 

than 10°.  As a consequence, sensitivity of the waveguide should be significantly 

improved.   

 

 4.3.1.1 Contour Features of Cylinder-Planar Waveguides at Higher 

Resolution    

 

In the later time, we have performed the contour calculations using a 

higher resolution of the incoming angle θ on the x-axis.  Based on the program 

input “RayTraceWG_Data.m” as seen in Appendix C, the actual resolution of 

the input angle θ for calculation process depends on two variables (ThetaRange 

and Theta_Res), and can be simply determined by (2 × ThetaRange)/Theta_Res.  

In fact, the contour calculations in Figures 4.15 and 4.16 were previously carried 

out at 1o interval for the x-axis.  On the other hand, the following contour 

features shown in Figures 4.17 and 4.18 are the re-calculated plots at a higher θ 
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resolution of 0.25o using all other similar conditions as those in Figures 4.15 and 

4.16, respectively.  By comparison, the higher-resolution calculations apparently 

reveal the interesting new information that slightly conflicts with those contours 

at low resolution.  Of interest is that the separate "islands" of allowed ray 

parameters (θ, y) are not really islands, but instead a long connected "isthmus" or 

"sandbar".  In addition, the anomaly at small negative angle is actually a very 

tall, narrow peak, indicating that the low-resolution plot truncates these features 

a third of the way to its top.  However, both figures of the high-resolution give 

rise to the similar conclusions as those at lower resolution.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.18 Ray-trace calculations at the higher resolution of incoming angle θ on 

each of cylinder-planar waveguides, having a circular radius R of 300 mm, with 

different minimum thicknesses t (i.e., 14, 27, and 50 µm) as indicated.   
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Figure 4.19 Sensing-angle plots at the higher resolution of incoming angle θ for 

rays impinging on the entrance faces of 14-µm-thick cylinder-planar waveguides 

with different values of circular radius R (i.e., 300, 600, 1200, 2400, and 4800 mm) 

as indicated.   
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4.3.2 Ray Tracing for Waveguides with a More Complicated (Gaussian) 

Curved Surface   

 

The ray-tracing computational method clearly reveals significant information 

about light propagation inside particular waveguide designs.  With the modification 

of a subroutine in the ray-tracing program, the shape of the curved bottom of a 

waveguide sensor can be simply altered to other functional forms besides circular.  

This procedure allows ones to study changes in distribution of sensing angles at the 

tapered center of the waveguide, which might lead to the optimization of the 

waveguide design in order to achieve better performance than other devices currently 

on the market.   

 

In particular, the subroutine “curve.m” (see Appendix C) was originally set to 

define a circular arc for a cylinder-planar waveguide, using a simple equation of 

circle (i.e., 2 2  i iy R x= −  at any specified radius).  We hypothesized that changes 

in shape of the curved bottom of the waveguide could improve the throughput of 

light rays that propagate close to the critical angle at the center of the tapered region.  

This would subsequently enhance its sensitivity both by increasing the total 

throughput, and by increasing the strength of evanescent wave absorptions.         

With this regard, our initial hypothesis was that a curve that included both concave as 

well as convex surfaces (i.e., curvatures both upward and downward) might provide 

an improved performance.  Therefore, we replaced the bottom circular curve with an 

equation of Gaussian curve-shape, as follows:  

 

   ( )

( )
( )

( )
2

2 2

1exp
1 1 21 exp 1 exp
2 2

e t e t x Liy t
wLi Li

w w

   
     − − − = + − −                 − − − −            

  (4.4) 

 

 Here y represents the waveguide thickness as a function of horizontal distance x 

from the entrance face of the waveguide.  The thickness of the waveguide at the 

entrance face is given by the fixed parameter e, while the minimum (center) 

thickness is given by t.  The other two fixed parameters, Li and w, represent the 
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horizontal distances from the center of the Gaussian curve to the end of the 

waveguide, and to the inflection point of the curved surface, respectively.  

 

Prior to the investigation of sensing angle, it is desirable to verify the definition 

of the Gaussian curved surface in the subroutine “curve.m”.  On a basis of the 

fundamental geometry, the Gaussian curve-shape should gradually transform to be 

indistinguishable from a circular arc when the Gaussian half-width w value gets very 

large.  Accordingly, the contour plot observed for a Gaussian-planar waveguide at a 

large w would give rise to a similar angular distribution to that of the cylinder-planar 

one with the same thinnest (center) thickness t, and other identical variables.   
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Figure 4.20 Changes in Gaussian curvatures of the bottom surface observed for   

14-µm-thick waveguides with increasing w values (i.e., 16, 64, 256, and 1024 mm) 

from lower to upper lines, respectively, at a fixed e of 2 mm.  The circular arc of      

R = 300 mm with the same center thickness t = 14 µm is shown as a reference curve 

on the top.  The ray traces were simulated using the distance away from the flat 

sensing surface (y) of 0.2 mm and an impinging θ = 0°.   
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 Figure 4.20 reveals changes in the Gaussian curve-shape with increasing values 

of w by a factor of four (i.e., 16, 64, 256, and 1024 mm), in comparison to the 

circular arc shown on the top of the figure.  Every curve in the figure has the same 

center thickness t of 14 µm with its length L and entrance height e held constant at 70 

and 2 mm, respectively.  The Gaussian curve-shape at the smallest w clearly reveals 

its characteristics of both upward and downward curvatures.  Increasing w causes a 

longer distance from the waveguide center to the inflection point of the curved 

bottom surface.  As a consequence, the entire length of the Gaussian-shaped 

waveguide at 16w ≥  has only a downward curving surface, which is almost identical 

to a circular arc.  With 256w ≥ , the Gaussian curves are essentially superimposable 

on the circular arc of R = 300 mm.   

 

 To test the subroutine “curve.m”, the calculations of sensing angle were 

subsequently performed as a function of both the incoming angle (in air) θ, and the 

distance measured from the flat surface y, by using the corresponding variables to 

those in Figure 4.20.  As predicted, the contour results in Figure 4.21 clearly 

demonstrate the validity of the program by obtaining a very similar contour feature 

for the Gaussian-planar waveguides with 64w ≥ , in which only downward curvature 

is composed, relative to that of the cylinder-planar waveguide.  In addition, the 

contours in Figure 4.21 suggest that most of the sensing angles observed for w as 

small as 16 mm are nearly close to 0o (i.e., the blue regions), which is not the 

desirable mode for evanescent-wave spectroscopy.  Therefore, the combination of 

both upward and downward curvatures likely results in insignificant improvement in 

waveguide performance for both means of throughput energy and its sensitivity.  

Accordingly, we performed the consecutive calculations on Gaussian-shaped 

waveguide using only a large value of w.   
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Figure 4.21 Contour plots of Gaussian-planar waveguides with identical variables 

as those in Figure 4.20, in comparison to that of cylinder-planar waveguide with        

R = 300 mm shown on the top.  The z-axis contours are calculated at 5° intervals as 

represented by the color bar at right.   
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 In an attempt to gain more off-axis rays from a Gaussian-planar waveguide,    

the variation of the thinnest center thickness t was investigated by holding the 

Gaussian half-width w constant at 1024 mm for all cases.  The thicknesses were 

defined in accordance with those used in the experimental measurements.  As shown 

in Figure 4.22, plots at the left side correspond to Gaussian-planar waveguides 

having the same 2-mm-high entrance face (e) as the plots for the cylinder-planar 

waveguides in Figure 4.15.  Comparison of these two figures shows that use of an 

identical entrance height (e = 2 mm) for Gaussian-shaped waveguides results in 

similar contour patterns to those for the corresponding cylinder-planar waveguides.  

These similar features suggest no variance in waveguide performance.   

 

 On the other hand, the Gaussian-shaped waveguide with a shorter end height of 

e = 1 (see the right column) interestingly exhibits a throughput enhancement by 

means of a substantially larger angular distribution of sensing angles of light being 

able to propagate through the tapered region of the waveguide, although a narrower 

range of incoming angles is allowed.  Nevertheless, the fraction of high-angle rays 

(red-to-green regions) leading to excitation of the far-off-axis modes (i.e., the most 

useful modes for the evanescent-wave sensing) is insignificantly improved, relative 

to either waveguides with the entrance height of 2 mm.  Only by use of a thinner 

entrance face (i.e., a vertically shrunken Gaussian shape for the curved surface with 

less extreme values), it is thus possible to achieve high-quality spectra (i.e., better 

SNR) with a reduced number of co-added scans, even though it would in practice 

turn out to be extremely difficult to fabricate a waveguide with such a shape.        

The computational ray-tracing method nevertheless demonstrates herein a crucial 

role in waveguide’s design for a better performance.   
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Figure 4.22 Sensing-angle plots of rays impinging on each of three different 

Gaussian-planar waveguides, having the same length and half-width but different 

central thicknesses (i.e., 14, 27, and 50 µm) as indicated.  Contours in each column 

reflect Gaussian-planar waveguides with (left) 2-mm-high and (right) 1-mm-high 

entrance ends, which correspond to the respective ray-trace pattern shown on the top.  

The 5°-interval color bar at right is applicable to all plots.   
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4.4 Characterization of Supported Cylinder-Planar Ge Waveguides with 

Synchrotron IR Radiation 

 

4.4.1 Throughput Measurements with Synchrotron IR Radiation 

 

 As mentioned in Section 4.1, the SNR in absorbance spectra acquired by the 

waveguides is limited by the total throughput detected.  Because of the high 

brightness (flux per unit area) of the synchrotron radiation, it turns to be of interest to 

determine how the waveguide functions under higher-throughput condition of 

synchrotron IR radiation.  In an effort to improve the waveguide performance, the 

waveguides were investigated under the intense-throughput condition of synchrotron 

light source in comparison to those using the standard internal GlobarTM source.  

Figure 4.23 compares single-beam spectra of symmetrically tapered 14- and 27-µm-

thick Ge waveguides obtained both with synchrotron IR radiation and with a 

standard blackbody (GlobarTM) source.  Throughput in each case was maximized by 

shifting the relative horizontal and vertical positions of the IR beam, waveguide,   

and detector.   

 

For the synchrotron beam, the optics were aligned in two different setups 

utilizing the Nicolet 860 FT-IR spectrometer: (1) using the external output port with 

an out-of-compartment setup; or (2) with the Remspec immersion detector and 

waveguide both mounted inside the internal sample compartment.  The spectral 

series in Figure 4.23 demonstrate that the synchrotron radiation input beam does not 

exceed the numerical aperture of even the smallest of our waveguides, because the 

detected throughputs are independent of waveguide thickness.  As expected, the 

small effective source size of the synchrotron can totally pass through the minimum 

46-µm étendue of the 14-µm-thick waveguide.  The calculated one-dimensional 

étendue of the output of the U2B beamline at the National Synchrotron Light Source 

(NSLS) is far below 14-µm; in fact, it is somewhat under 0.1 µm, based on the 

published VUV parameters at NSLS as of December 2002 [53].   
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 The results in Figure 4.23 show that indeed there is a higher total energy 

throughput when using the synchrotron radiation, as compared to a blackbody 

GlobarTM source, for both 14- and 27-µm-thick waveguides.  For the thicker (27-µm-

thick) waveguide, the increase in throughput intensity for the synchrotron, relative to 

the GlobarTM, is significant only above 2500 cm-1 (and up to 5000 cm-1 where the 

cut-off due to the Ge bandgap blocks all transmission in either case).  In contrast, for 

the 14-µm-thick waveguide, the synchrotron affords higher throughput over all MIR 

frequencies.   

 

 Therefore, using synchrotron radiation can clearly help to increase the total light 

energy throughput with such thin waveguides.  Furthermore, the use of synchrotron 

IR radiation allows a simple in-compartment set-up configuration using only flat 

mirrors, with no loss of energy.  This is because the ~100-mm-focal-length mirror 

that the spectrometer uses to focus the beam into the sample compartment is 

adequate to focus the highly collimated synchrotron beam into the ~1-mm2 end of the 

waveguide.  On the other hand, it can only focus a small portion of the GlobarTM 

intensity into such a minute aperture.   
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Figure 4.23 FT-IR single-beam spectra of (A) a 14-µm-thick and (B) a 27-µm-thick 

Ge waveguides observed with synchrotron IR radiation, compared to those observed 

with a standard blackbody (GlobarTM) source.  With each waveguide thickness, two 

different on-axis setups were examined: (i) using the external output port; and (ii) 

using the internal sample compartment.   
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4.4.2 Angle Dependence of Throughput and Absorbance Signals with 

Synchrotron IR Radiation 

 

 We also measured the total synchrotron-generated IR energy throughput of the 

27-µm-thick waveguide, and the water absorbance signal at 3400 cm-1 for a standard    

1-mm-diameter droplet of water, at different external incident angles.  Figure 4.24 

presents a summary of integrated energy throughputs and absorption intensities of 

the water droplet as a function of external incident angle θ.  Note that the 

throughputs mentioned on the x-axis are relative values of the observed throughput at 

a certain input angle to that of total transmission acquired when the light was 

directed on-axis (θ = 0o).   

 

 As can be seen, the results apparently revealed a great variability.  In particular, 

the energy throughput and the absorption intensity are clearly sensitive to the input 

angle θ.  Nevertheless, these experimental observations are consistent with the ray-

tracing computations summarized in Figure 4.15.  They confirm that at any value of 

the external incident angle θ, widely different results can be expected depending on 

other aspects of the optical alignment of the waveguide relative to the synchrotron 

beam, specifically, entrance height y on the waveguide end face and the relative 

vertical displacement of the output end of the waveguide and the detector’s 

immersion lens.  This displacement determines the efficiency of coupling light to the 

detector.  There is thus a significant error in the y values in this plot arising from 

uncertainty in knowing that the alignment was fully optimized.  At the time that 

measurements were made at the synchrotron (prior to performing the ray-trace 

calculations), we did not suspect such a strong dependence of throughput and 

absorbance signal on these beam height parameters.   
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Figure 4.24 Correlation of changes in % total energy throughput and absorption 

intensity of a 1-mm-diameter water droplet observed at different external incident 

angles by using the synchrotron IR radiation with a 27-µm-thick Ge waveguide.   

The +/− signs indicated on the x-axis represent the direction from where the input 

light was focused, i.e., below (−) and above (+) the waveguide plane, as presented in 

black and white columns, respectively.  The throughput value observed at each input 

angle was ratioed to the reference value of the total transmission detected with no 

input angle (0o) when the light was directed on-axis shown in the last (shaded) 

column.  Numbers indicated over the columns are the actual absorption intensities.   

 

 Nevertheless, we made enough measurements on both 14- and 27-µm-thick 

waveguides (at ~10 different beam angles in the range −20° to +20°) to draw some 

useful generalizations that both support the ray-tracing calculations, and are 

explained (a posteriori) by them.  In particular, we observed that for any absolute 

value of the incident angle θ, the energy throughput obtained when light is directed 

from a small but substantial angle below the waveguide surface (−10° < θ  < −3°) is 

substantially greater than the near-zero throughput obtained when the light is directed 

at a similar angle from above the waveguide surface plane, and typically up to ~20% 

greater than the throughput obtained when the synchrotron light is directed strictly 
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on-axis (θ  = 0°).  However, it was also found that the detected throughput drops off 

gradually as the input angle increases in the negative direction (θ > −10°).  On the 

other hand, almost no transmission is obtained if the input angle is more than just a 

few degrees positive from above the waveguide’s plane.  This empirical observation, 

which was very confusing at first, makes perfect sense in light of the subsequent ray-

trace calculations shown in Figure 4.15.  This calculation demonstrates that negative 

values of θ in the range of −3° to −10° contribute far more to the total throughput of 

the waveguide than similar-magnitude positive angles, and slightly more than on-axis 

rays.  As a consequence, the optimum vertical position of the detector element 

changes with input angle, but is always below the waveguide (i.e., displaced towards 

its curved surface). 

 

 Furthermore, the absorption intensities of a 1-mm-diameter water droplet are 

also variable even for any particular input angle (see Figure 4.24).  The observation 

shows that the absorbance of a standard sample (e.g. the 3400-cm-1 peak for a 1-mm-

diameter water droplet at the center of the waveguide sensing region) was only up to 

~50% larger when the measuring synchrotron IR light impinged on the waveguide 

entrance face from 4° − 10° below the waveguide plane, than for light impinging   

on-axis, as evidenced in Figure 4.24.  We had qualitatively expected that we would 

selectively excite high-angle modes at the sensing region of the waveguide by using 

light impinging off-axis onto the end face.  However, the graphs in Figure 4.15 

contradict this expectation, and instead support our empirical observation that it 

becomes only slightly easier to excite off-axis modes as the impinging angle is 

increased.   

 

 This explains why we found no input angle conditions for which we could get 

the water absorbance signal to approach that expected for light propagating at the 

critical angle.  Figure 4.15 indicates that we might have been able to do this only if 

we had tightly focused the synchrotron beam at just the right entrance height (one of 

a few ~10-µm-high “sweet spots”) on the entrance face of the cylinder-planar 

waveguide.   

 

 



99    

4.4.3 Oscillatory Signal on Absorbance Spectra Measured with 

Synchrotron IR Radiation 

 

 In general, the absorption intensity and band shape measured for the broad νΟΗ 

band at 3400 cm-1 by using synchrotron radiation is similar to that measured by using 

a standard GlobarTM source (Figure 4.25).  However, the spectra observed with the 

synchrotron show intense oscillatory interference patterns, regardless of the 

waveguide thickness.  These oscillations arise from a fixed frequency separation 

between the allowed waveguide modes when the light is required to propagate 

between two planar surfaces with a well-defined propagation angle (vide infra).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.25 Comparison of evanescent-wave absorbance spectra measured with      

a 14-µm-thick Ge waveguide, by using either synchrotron IR radiation (bold lines) or 

a standard blackbody (GlobarTM) source (thin lines).  Samples were water droplets 

covering either (A) 1 mm or (B) 10 mm of the central part of the waveguide’s 

sensing surface.   
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 The strength of the interference phenomenon is greatly increased for the 

synchrotron-produced light, due to its much greater spatial coherence (i.e., its ability 

to be simultaneously well-collimated and focused to a narrow beam diameter), 

relative to blackbody-generated irradiation.  As a result, the entire synchrotron IR 

beam is propagated through the thinnest part of the waveguide at a single well-

defined angle θ ′ , which can be determined from the following formula giving the 

separation between allowed frequencies:  

 

 
( )

1  
2 sinnt

ν
θ

∆ =
′

  (4.5) 

 

where n is the refractive index (4.0 for Ge) and t is the separation between the 

(approximately) planar surfaces.   

 

 As described in Chapter 2 (Experimental Section), the thickness of each 

waveguide was initially measured using a variant of Eq. 4.5, with IR light directed 

vertically through the waveguide from above, corresponding to θ ′  = 90°.  For the 

oscillating interference pattern in Figure 4.25A, the calculated value of θ ′  

corresponding to the measured ∆ν = 125 cm-1 was 45.6°.  This is a reasonable value, 

and indicates that the propagation of the synchrotron IR light through the Ge obeys 

well-understood equations.   

 

 In addition, the oscillating patterns observed with synchrotron light in Figure 

4.25 are very different from the much smoother baselines obtained with blackbody 

light, which propagates through the thinnest part of the tapered waveguide with a 

wide range of angles as shown in Figures 4.13 and 4.15.  This can be explained based 

on a fixed frequency separation between allowed waveguide modes [16,27].  

Generally speaking, such small spot size of the synchrotron radiation can only excite 

a small fraction of the allowed modes of the waveguides.  When the synchrotron is 

coupled into the waveguide, it covers only an extremely limited range of angles, and 

the propagation angle of the propagating light is subsequently fixed.  The fixed 

propagation angle is identical to an allowed waveguide mode only for the set of 

evenly spaced light frequencies.  In contrast, the standard GlobarTM source consists 
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of a wide range of propagation angles, which result in a superposition of continuous 

oscillating patterns over a wide range of different periods.  This consequently 

produces a smooth baseline on the observed GlobarTM spectra.  Nevertheless, it 

seems a bit strange at first glance that the oscillation of Figure 4.25 is not as marked 

in the single-beam spectra from which it was calculated (e.g., Figure 4.23).  

Presumably this is because in single-beam spectra measured with the waveguide, 

there is a superposition of different oscillation frequencies resulting from its tapered 

shape.  This taper creates a wide range of separations between the two surfaces of the 

waveguide as the light propagates down to its length.   

 

 In the case of absorbance measurements, however, the effects of the sample are 

concentrated in the region of minimum thickness, where the vast majority of the 

internal reflections occur (see Figure 4.13).  The main effect of the sample on the 

oscillation is simply a phase shift (without any frequency shift).  The size of the 

phase shift is proportional to the number of internal reflections at the Ge-water 

interface.  Thus, the oscillation frequency corresponding to the propagation angle at 

the minimum waveguide thickness is selected out of the superposition of oscillations 

corresponding to a range of greater thicknesses and shallower propagation angles.  

The superposition of the latter obscures the oscillations, which must nevertheless be 

present in the single-beam spectrum (Figure 4.23).   

 

 From a practical point of view, the sharp oscillatory feature in the collected 

spectrum could be easily mistaken for absorption bands of a material present at the 

waveguide surface.  This indicates an advantage of using the waveguide sensors with 

a standard blackbody GlobarTM source, rather than with synchrotron IR radiation.  

However, in some circumstances, the wide range of propagation angles at the sensing 

region produces a fundamental disadvantage.  The presence of multiple propagation 

angles in the waveguide results in a non-logarithmic response to increasing numbers 

of absorbing molecules, i.e., the absorbance non-linearities deviated from Beer’s law.  

The more complicated (but still monotonic) spectral response, as seen in Figure 4.4, 

makes the waveguide generally inappropriate for quantitative analysis over wide 

ranges of analyte surface concentration.  However, such nonlinear behavior may be 
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an insignificant aspect in some experiments in which a single known analyte and a 

calibration curve can be established in practice.   

 

 



   

CHAPTER V 
 

CONCLUSIONS 
 

 FT-IR spectroscopy has proven itself to be a valuable contributor to the study of 

material characterization, due to the molecular specific fingerprints provided on 

vibrational spectra.  Uses of FT-IR spectroscopy coupled with the thin waveguides 

have enabled spectroscopists to probe even smaller, and thinner, samples in the ways 

that were unthinkable decades ago.   

 

5.1 Symmetrically Tapered <30-µm-thick Quasi-Planar Ge Waveguides as 

Chemical Sensors for Microanalysis 

 

Symmetrically tapered Ge waveguides with thicknesses down to ~7 µm have 

been successfully fabricated and utilized as MIR evanescent-wave sensors.  Tapering 

in this way helps eliminate several problems previously discussed [16–20].  Firstly, a 

high total throughput can be achieved with an uncomplicated optical alignment 

procedure and without requiring an IR microscope, by using only a single off-axis 

paraboloid mirror.  The larger cross-sectional area at the waveguide ends provides an 

ease to achieve an optimal coupling efficiency of the waveguide, with respect to both 

the focused IR beam and the detector.  In addition, a flat horizontal sensing area 

provides convenience in sampling—the most useful for typical sensing applications.  

It allows for better contact of solid samples such as human hairs, resulting in higher 

sensitivity and better spectral SNR.  As expected, reducing the tapered thickness of 

the waveguide to <30 µm produces substantially higher absorbance per unit weight 

of sample, particularly as compared to a macroscopic Ge ATR accessory.  However, 

this measured increase in absorbance is not yet as great as that which was predicted 

for waveguides of this thickness; and it must also be balanced against the 

significantly lower total throughput that is also not yet close to that which was 

predicted to be theoretically achievable [16].   
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Nevertheless, we have demonstrated that these <30-µm-thick tapered Ge 

waveguides have the potential to become a useful technique for at least 3 types of 

application that are currently difficult with commercial ATR accessories: (1) sub-

microliter quantities of volatile liquids; (2) ng-quantity thin-film samples; and (3) 

coatings and surface layers on small fibrous samples such as individual human hairs.  

The last application especially indicates the possible utility of these miniature Ge 

waveguides in non-destructive forensic analysis.   

 

5.2 Characterization of Supported Cylinder-Planar Ge Waveguides with 

Synchrotron IR Radiation 

 

 Combining synchrotron-based IR spectroscopy with thin cylinder-planar Ge 

waveguides does not yet result in any overall improvement in the sensitivity of either 

technology for sensing small quantities of samples.  However, there is clearly a 

throughput increase available with the synchrotron source, which is greater for 

thinner waveguides.  Of course, for a sufficiently thick waveguide, a blackbody 

source can provide a greater total light energy flux than the synchrotron.  The exact 

crossover thickness is dependent on the size of the detector element and focusing 

optics, but is typically somewhere in the range of 30–50 µm.  Unfortunately, with 

waveguides in the range of 14–30 µm in thickness, the closer one approaches to 

single-angle operation (by using either highly-collimated source such as a 

synchrotron or a very small detector), the more deleterious is an oscillatory 

interference pattern that appears in the spectrum.  This limits the applications of 

synchrotron light source to investigate samples with such thin Ge waveguides.  Thus, 

even for cylinder-planar waveguides as thin as 10 µm, a standard GlobarTM source 

turns out to be more useful than the synchrotron, even though it cannot achieve quite 

such a high total energy throughput.  However, for cylinder-planar waveguide 

sensors that are thinner than 10 µm or that have a non-cylindrical shape for their 

curved surface, the synchrotron may yet turn out to have important uses.   
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5.3 Ray-Tracing Calculations of Supported Ge Waveguides   

 

 The ray-tracing computational method clearly presents a potential to use as a 

tool for optimizing the waveguide performance.  The calculations suggest that the 

better performance (i.e., both for improved spectral quality and enhanced sensitivity) 

can be achieved by the cylinder-planar waveguides with a radius of curvature, at its 

bottom surface, in the range of 2000–3000 mm.  This would consequently give rise 

to more powerful evanescent-wave sensors, particularly for microanalysis, in the 

near future.   

 

 Finally, the additional results of ray-tracing calculations indicate that even for 

thicker tapered waveguides, changes in the waveguide shape may lead to increased 

utility.  For example, a Gaussian shape for the bottom surface is expected to result in 

an increase in the average off-axis angle of propagation at the waveguide center, as 

compared to the cylinder-planar waveguides fabricated so far (which have a standard 

cylindrical surface).  If such a waveguide shape can be fabricated, it is expected to 

lead to improved spectral quality (i.e., spectral SNR) by giving higher evanescent-

wave absorption signals due to the presence of a larger average number of internal 

reflections.  Such ray-trace calculations is substantially crucial in explaining the 

properties of evanescent-wave absorption spectra measured with a particular Ge 

waveguide sensors using multimode light as well as with synchrotron radiation.   
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Symmetrically tapered planar IR waveguides have been fabricated
by starting with a ZnS coated concave piece of single-crystal Ge,
embedding it in an epoxide resin as a supporting substrate, and
then grinding and polishing a planar surface until the thickness at
the taper minimum is ,30 mm. Such tapering is expected to enhance
a waveguide’s sensitivity as an evanescent wave sensor by maxi-
mizing the amount of evanescent wave energy present at the thin-
nest part of the waveguide. As predicted by theory, the surface
sensitivity, i.e., the absorbance signal per molecule in contact with
the sensing region, increases with decreasing thickness of the ta-
pered region even while the total energy throughput decreases. The
signal-to-noise ratio obtained depends very strongly on the quality
of the polished surfaces of the waveguides. The surface sensitivity
is superior to that obtained with a commercial Ge attenuated total
re�ection (ATR) accessory for several types of sample, including
thin � lms (,10 ng) and small volumes (,1 mL) of volatile solvents.
By using the waveguides, light-induced structural changes in the
protein bacteriorhodopsin were observable using samples as small
as ;50 pmol (;1 mg). In addition, the waveguide sensors can reveal
the surface compositions on a single human hair, pointing to their
promise as a tool for forensic � ber analysis.

Index Headings: Tapered Ge waveguides; Evanescent wave sensor;
Throughput; Sensitivity; Nujol; D96N mutant; Bacteriorhodopsin
(bR); Hair analysis.

INTRODUCTION

Attempts to develop compact chemical sensors based
on optical � bers and other types of miniature waveguides
have been driven by increasing demands to handle very
small-sized samples in microanalysis and trace analysis.
The greatest progress on development of waveguide sen-
sors based on vibrational spectroscopy has been in the
near-infrared (NIR), due to greater manufacturing expe-
rience with silica and other optical glasses that transmit
in the visible and NIR. Due to signi� cantly stronger and
more easily interpreted fundamental absorption bands in
the mid-infrared (MIR) region, as compared to the over-
tones or combination bands appearing in the NIR region,
it is desirable to develop alternative waveguides for the
MIR spectral range. MIR optical waveguides have been
fabricated from IR-transparent materials with high re-
fractive index such as germanium (Ge), zinc selenide
(ZnSe), and chalcogenide.1­ 11 MIR optical sensors have
been demonstrated to be a potentially powerful chemical

Received 13 May 2002; accepted 18 August 2002.
* Current address: Bruker Optics Inc., Manning Park, Billerica, MA
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sensing tool, as seen in many publications over the past
few years.12­ 18

Whether a cylindrical optical � ber or a planar wave-
guide in various shapes is utilized, the technique can gen-
erally be referred to as either attenuated total re�ection
(ATR) or evanescent wave absorption. This phenomenon
is well known in MIR spectroscopy and has successfully
become a widespread technique for both qualitative and
quantitative measurements. In this case, the measured ab-
sorption spectrum is the result of attenuation of the ev-
anescent wave accompanying an incident IR beam trav-
eling through the high-index waveguide. At the interface
of two media with different refractive indices, the eva-
nescent � eld penetrates a fraction of a wavelength beyond
the waveguide into the lower-index sample layer. It de-
cays exponentially within a shallow region, de� ned by
the penetration depth (dp). For MIR light, the penetration
depth is generally in the range of 0.5­ 5 mm depending
on both experimental conditions (e.g., angle of incidence)
and material characteristics (i.e., refractive indices of
waveguide and sample).19 In general, the limits of detec-
tion for various MIR sensing systems have been too high
for use as a trace method. Hence, there is substantial in-
terest in improvements in the design and optical con� g-
uration of waveguide sensors in order to enhance their
sensitivity.

Use of some optical � bers made of IR-transmitting
glasses have been published.2­ 11 More recently, methods
of fabricating supported thin planar germanium (Ge)
waveguides have already been published by our labora-
tory.2­ 8 These ;50-mm-thick supported planar Ge wave-
guides have also previously been presented as chemical
tools for applications with biomolecules,3,4 but the use of
IR microscopes with the waveguide created a substantial
restriction on sample handling and also limited the wave-
guide length to the range of ,12 mm, the maximum ad-
justable distance between the focal points of objective
and condenser in commercial FT-IR microscopes. In or-
der to eliminate the IR microscope, several new designs
of thin Ge waveguides have been presented that rely on
particular fabrication processes.7,8

One dif� culty in fabricating Ge waveguides as thin as
,30 mm is the poor mechanical stability of Ge, i.e., it
can be easily broken during a grinding or polishing pro-
cess. However, its property of chemical inertness, partic-
ularly with biochemical molecules in picomolar quanti-
ties, is a continued impetus for choosing this material.
For development studies, an additional advantage is the
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FIG. 1. Schematic con� guration of the ,30-mm-thick symmetrically
tapered Ge waveguide supported by epoxide substrate and used as min-
iature internal re�ection element (IRE). The top planar surface of the
waveguide acts as a sensing area, while its bottom is a cylindrical sector
with a diameter of 600 mm, coated with a 2-mm-thick ZnS cladding
layer. Incident light, indicated at left, was typically generated from the
IR source of an FT-IR spectrometer, and the output was coupled onto
a liquid N2 cooled HgCdTe immersion detector placed as close as pos-
sible to the exit end of the waveguide. The detector window, outside
the lens, is not shown.

presence of characteristic high- and low-frequency Ge
cut-offs at 5200 and 670 cm21, respectively. The presence
of these cut-off frequencies provides useful evidence for
propagation of broadband IR light through the wave-
guide.

In the work described here, we reduce the sensor-re-
gion thickness of symmetrically tapered Ge waveguides
(see Fig. 1) to 7­ 30 mm in order to achieve further sen-
sitivity enhancements. Tapering allows the use of com-
mon focusing optical elements without an IR microscope.
Substantially higher total energy throughput can then be
achieved with very simple optical alignment procedures,
as illustrated in Fig. 1. The tapered waveguides have a
planar upper surface and a gently curved lower surface
that is parallel to the upper surface only near the line
segment corresponding to the thinnest region of the
waveguide. Lacking a planar lower surface, these wave-
guides do not meet the standard de� nition of planar
waveguides; but because of their near-parallelism at the
sensing region, we refer to them as quasi-planar.

Tapering to such a thin dimension is expected to result
in enhanced sensitivity through an increase in the de-
tected absorption intensity per unit area of sample­ wave-
guide contact. The challenge addressed in the current
work was in maintaining adequate throughput of light to
be able to take advantage of the high surface sensitivity.
We present a number of potential new applications for
the waveguide sensors, including light­ dark difference
spectroscopy of picomolar quantities of the purple mem-
brane protein, bacteriorhodopsin (bR), and the nonde-
structive surface layers of short pieces of human hairs.

EXPERIMENTAL

Waveguide Fabrication. The raw material utilized for
fabrication of waveguides was a 70-mm-diameter, 3-mm-
thick single-crystalline Ge disk (Lattice Materials Corp.,
Bozeman, MT). The disk was � rst symmetrically tapered
and polished on a grinding machine (K & S Optics, Bing-
hamton, NY) with a cylindrical aluminum grinding tool
with a 600-mm curvature diameter, producing a curved

surface on one side of the disk as depicted in Fig. 1. The
polished curved surface was then coated with a 2-mm-
thick ZnS cladding layer by using a chemical vapor de-
position (CVD) process. This cladding layer prevents IR
light from being absorbed by the supporting substrate.
The ZnS coated round Ge disk was then diced into 2-
mm-wide strips using a vertical band saw (Materials Fa-
cility, Cornell Center for Materials Research, Cornell
University, Ithaca, NY). Each of these strips was ground
on its two parallel planar sides, to a � nal width of 0.5­ 1
mm.

In the next step, each ZnS coated tapered Ge strip was
individually embedded into epoxide resin (Epothin t ,
Buehler Ltd., Lake Bluff, IL) by pouring a well-blended
mixture of epoxide resin and hardener in the manufac-
turer’s recommended proportion onto the Ge strip held,
�at side down, in a disk-shaped mold. After the epoxide
resin was completely polymerized and fully hardened, the
bottom (�at) side of the Ge and epoxide was ground and
polished to the desired thickness, i.e., ,30 mm. For ex-
periments to determine the effect of surface-� nish quality
on waveguide transmittance, hand grinding and polishing
utilized various polishing compounds and polishing disks
manufactured by Buehler Ltd. (Lake Bluff, IL). For all
other experiments, in order to obtain a high-quality � nish,
waveguides were sent to a commercial optics house (K
& S Optics, Binghamton, NY) equipped with automated
grinding/polishing machines.

The quality of spectra taken with these tapered Ge
waveguides depends strongly on the quality of the � nal
polished sensing surfaces because surface scratches cause
light scattering and thereby result in less total energy
throughput and a correspondingly poor signal-to-noise
(S/N) ratio. The thickness of the waveguide was deter-
mined periodically during grinding and polishing by rins-
ing and drying the waveguide, then measuring the inter-
ference pattern (``channeling’’) that appears on the single
beam spectrum taken transverse to the thinnest part of
the waveguide with an IR microscope (IR-Plan Infrared
Microscope Accessory, Spectra-Tech, Stamford, CT)
connected to an FT-IR interferometer (Illuminator, Midac
Corp., Irvine, CA) in re�ectance mode with a 1 cm 21

spectral resolution and 256 scans. 20

Waveguide Optical Alignment. Figure 1 shows a
schematic of a ,30-mm-thick symmetrically tapered Ge
waveguide. The top �at surface of the waveguide acts as
a sensing area, while its ZnSe coated curved bottom helps
increase the number of total internal re�ections, resulting
in enhanced sensitivity, particularly in the middle part of
the waveguide.

Broadband IR light from the spectrometer’s external
beam port is focused onto the entrance end of the wave-
guide. The output end of the waveguide is butt-coupled
against the window of a liquid N2 cooled HgCdTe im-
mersion detector (MOD-O2S1, Remspec Corp., Stur-
bridge, MA). The collimated beam exiting the external
output port of the spectrometer was simply focused onto
the entrance end of the waveguide by using a single off-
axis paraboloid mirror with a 19.1-mm focal length. In
order to maximize absorption intensity as well as to in-
crease reproducibility, every sample applied in the ex-
periment must be carefully placed in contact with the
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sensing surface at the thinnest (center) point on the wave-
guide.

Comparisons to Standard Attenuated Total Re�ec-
tion Measurements. Attenuated total re�ection measure-
ments obtained with the tapered Ge waveguides were
compared with those obtained by using a commercially
available macroscopic ATR accessory (Out-of-Compart-
ment Contact Sampler y with 458 Ge Trough Plate Kit,
Spectra-Tech, Shelton, CT). For experiments with the
commercial ATR accessory, a photodiode HgCdTe detec-
tor (Model KMPV11­ 1-LJ2/239 with 0.785 mm2 active
area, Kolmar Technologies Inc., Conyers, GA) internal to
the spectrometer was utilized. The manufacturer’s speci-
� ed D* value of this detector at 10 kHz was 3.23 3 1010

cm Hz1/2 W21, compared to $4 3 1010 cm Hz1/2 W21 for
the Remspec immersion detector.

For purposes of spectral comparisons between wave-
guide and commercial ATR accessory, the same experi-
mental parameters were utilized on a Bruker IFS66 FT-
IR spectrometer. All IR spectra shown below were ac-
quired by using an 8 cm21 resolution and a 7800 cm21

bandwidth. The mirror velocity was 3.164 cm s21, giving
an optical retardation velocity (ORV) of 100 kHz for the
HeNe reference beam. The number of coadded scans is
mentioned individually in each � gure. Blackman-Harris
3-Term apodization, Mertz phase correction, and zero-
� lling of 2 were set as default acquisition parameters with
the gain of 1 under Opus software.

Preparation of Bacteriorhodopsin Film for Light­
Dark Experiments. The D96N mutant of bacteriorho-
dopsin (D96N-bR) used was in the form of purple mem-
branes. This mutant was selected because it has a greatly
slowed photocycle when dried from a buffer at an ele-
vated pH, permitting light­ dark difference measurements
at room temperature. For the ATR-IR experiment, 1 mL
of unbuffered D96N-bR suspension with a concentration
of 1.3 mg/mL was placed on the central 2­ 3 mm portion
of the waveguide and completely air-dried for ;20 min
prior to pH adjustment. A droplet of 25 mM TRIS buffer
at pH 9.5 was subsequently applied on the thin purple
� lm and dried again. The sample preparation was the
same for both the commercial ATR accessory and the 14-
mm-thick tapered Ge waveguide. Only the total volume
of sample solution applied is different in each experi-
ment.

Infrared spectra were collected with either the com-
mercial ATR accessory or the 14-mm-thick tapered Ge
waveguide, always using the Bruker IFS66 FT-IR spec-
trometer. The D96N purple membrane � lm was illumi-
nated with a standard 150 watt quartz­ halogen � ber-optic
illuminator (Model 180, Dolan-Jenner Industries Inc.,
Lawrence, MA). The illumination and data collection
were automatically controlled by rapid-scan time-re-
solved spectroscopy mode under Opus software. The loop
started by taking a background spectrum in dark condi-
tions for 30 s (5192 scans), and then turning on the il-
luminator to expose the D96N purple membrane � lm for
20 s. A sample spectrum, representing D96N-bR in the
so-called M state, was initiated ;1 s after the lamp was
turned off and lasted for a duration of 10 s (564 scans)
to complete one loop. The next loop was started after a
1-min delay in order to let the sample relax back to the
unphotolyzed state. Averaging many dark/light cycles

was necessary to obtain an adequate S/N ratio in the dif-
ference IR spectrum. After � nishing all the loops, the
alternately collected single-beam spectra of background
(i.e., unphotolyzed bR state) and sample (i.e., photolyzed
M state) were coadded separately. The � nal static FT-IR
difference spectrum is the ratio of coadded sample and
background spectra, converted to absorbance units.

RESULTS AND DISCUSSION

Previous theoretical calculations, based on a planar
waveguide extending to in� nity in two dimensions and
with a � nite thickness in the third,2 indicate that the high-
est absorbance sensitivities should be achieved from
waveguides with a thickness in the range of 0.5­ 1 mm.
Such waveguides are not yet realized due to the brittle-
ness of Ge and other fabrication dif� culties.

However, we have now successfully fabricated ,30-
mm-thick symmetrically tapered Ge waveguides, which
are the thinnest direct-coupled IREs demonstrated to date.
The fabrication and coupling methods differ somewhat
from those described in previous publications2­ 7 in order
to eliminate several dif� culties. First, using a waveguide
with symmetrical tapering helps simplify the alignment
of the beam and detector when using a direct coupling
method, as illustrated in Fig. 1. In particular, the taper
yields suf� cient throughput energy to come close to sat-
urating a 0.25 mm 2 HgCdTe detector without requiring
an IR microscope as a focusing optical element. The 1-
mm 2 ends of the waveguide are large enough to make
initial alignment by eye possible. Simultaneously, the ta-
per keeps high the number of re�ections in the middle
sensing region, where the waveguide is thinnest. In ad-
dition, the �at and �ush horizontal sensing area of the
epoxide-embedded tapered waveguides results in easy
sampling and cleaning. Furthermore, completely embed-
ding the Ge strip in the epoxide substrate, instead of ce-
menting just one surface to a quartz substrate as de-
scribed previously,3­ 7 provides more mechanical support
for the waveguide. In particular, it reduces the possibility
of damage to the waveguide during grinding and polish-
ing.

Variation of Waveguide Thickness. The evanescent
wave absorption properties of symmetrically tapered Ge
waveguides were investigated after careful alignment, as
determined by detected throughput. We � rst analyzed the
throughput as a function of decreasing waveguide thick-
ness. Figure 2 displays several FT-IR single-beam spectra
acquired from thin symmetrically tapered Ge waveguides
with different thicknesses. As can clearly be seen, the
observed throughput diminishes with decreasing thick-
ness, due to cut-off of higher-order modes.21­ 23

The single-beam spectra (Fig. 2) reveal the character-
istic frequency cut-offs of Ge at 5200 and 670 cm21 and
demonstrate that light is genuinely guided through the
thin Ge layer. The lower-frequency cut-off demonstrates
a bene� t of using Ge waveguides. In contrast, there is a
lack of transparency with silicon (Si) waveguides in the
IR region 1500­ 700 cm21, where there is rich spectral
information for most organic compounds.

In order to investigate the effect of the tapered thick-
ness on waveguide sensitivity, a 1-mm-diameter (;1 mL)
water droplet covering the 1 3 1 mm 2 sensing area was
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FIG. 2. FT-IR single-beam spectra of symmetrically tapered Ge waveguides with different thicknesses (i.e., 7, 14, 22, and 27 mm from lower to
upper lines, respectively). All spectra were collected with 1-min scans and under identical conditions. The y-axis scale stands for arbitrary intensity
units, which are the same for all plots shown here. As clearly seen, the throughput diminishes with decreasing thickness, with a correlation coef� cient
of R2 5 0.9999 and 0.9956 for quadratic and linear relationships, respectively (see Inset). The plot � ts with the quadratic equation ofy 5 20.0002x2

1 0.0292x 2 0.1352. Inset: Plot of the detected intensity at 1850 cm21 as a function of the waveguide thickness.

FIG. 3. ATR-IR spectra of a 1-mL water droplet, covering an ;1 mm 2 sensing area, acquired by using symmetrical ly tapered Ge waveguides with
different thicknesses (i.e., 7, 14, 22, and 27 mm from upper to lower lines, respectively). Original single-beam sample spectra were converted to
absorbances by ratioing to the corresponding background spectra shown in Fig. 2 at the same thickness with the same experimental parameters.
The spectra with higher absorbances correspond to measuremen ts using thinner waveguides. Inset: Plot between the logarithm of the absorption
intensity at 3400 cm21 [log(A3400)], due to the O­ H stretching vibration, vs. the logarithm of waveguide thickness [log(t)].

carefully sampled at the same (thinnest) part of each of
several waveguides. The resulting absorbance spectra are
presented in Fig. 3. It can be seen that the waveguide’s
sensitivity, in terms of absorbance for a particular small-
area liquid sample, increases as waveguide thickness de-
creases. This enhanced sensitivity with decreasing thick-
ness is due both to the increase in number of internal
re�ections per mm of waveguide length and to the in-
crease in the average evanescent wave surface intensity
of the transmitted modes.2 The inset of Fig. 3 indicates
a drastic increase in absorbance when the waveguide
thickness is ,10 mm. On the other hand, a very thin
waveguide (i.e., ,10 mm) results in distinctly lower total
throughput and an increase in spectral noise level. To

improve the spectral quality, a higher number of scans
must be used.

Variations in Optical Coupling with Sample. We ad-
ditionally observed the dependence of absorption inten-
sity on sampling length as shown in Fig. 4. With a planar
waveguide, absorbance is expected to increase in direct
proportion to sample contact length. With a tapered
waveguide, on the other hand, the increase in absorbance
as a function of contact length is expected to be sub-
linear because the average number of re�ections per unit
length of sample contact decreases as sample is added to
regions of the waveguide away from its central minimum.
This was observed, as shown in the inset of Fig. 4. Each
plot of absorbance at 3400 cm21 (A3400) as a function of



1556 Volume 56, Number 12, 2002

FIG. 4. ATR-IR spectra of water droplets of different lengths contacting the sensing surface of the waveguide. (A) Spectra were obtained by using
a 7-mm-thick Ge waveguide, with sampling lengths of 1, 4, 7, 9, and 12 mm from lower to upper lines, respectively; (B) spectra obtained with a
27-mm-thick waveguide with sampling lengths of 1, 3, 5, 7, 10, 12, 15, 18, and 20 mm from lower to upper lines, respectively. All spectra were
taken with 1-min scans. Both data sets over this limited range could easily be � t to quadratic relationships between absorption intensity at 3400
cm21 (i.e., O­ H stretching) and sampling length covered by the water droplet. Insets: Plot of the absorption intensity at 3400 cm21 (A3400) vs. the
sampling length (mm) with a constant width of the waveguide (i.e., 1 mm), for different waveguide thicknesses. Data plotted on each graph coincide
with the value of A3400 appearing on each sub-� gure.

contact length (l ) was � tted to a quadratic relationship.
The optimized quadratic coef� cien ts gave A 3400 5
20.0009l 2 1 0.0316l 1 0.3218 for the 7-mm-thick wave-
guide and A3400 5 20.0001l 2 1 0.0073l 1 0.0533 for the
27-mm-thick waveguide. The quadratic � t is good only
up to ;2 cm of contact length, after which point the
absorbance approaches an asymptotic value monotoni-
cally. This observation shows that one advantage of using
these ,30-mm-thick tapered Ge waveguides is that only
molecules in contact with the thinnest part of the wave-
guide signi� cantly in�uence the absorbance spectrum.

In an attempt to further improve the waveguide’s sen-
sitivity, we explored several additional variations in op-
tical coupling through the waveguide and sample. First,
the overall spectral quality obtained from tapered Ge
waveguides depends strongly on the quality of the pol-
ished sensing surfaces (see Fig. 5). A better optical-� n-
ished surface gives not only a higher absorbance due to
the better optical contact between sample and wave-
guide’s surface, but the spectral quality is also distinc-
tively improved because of lower scattering losses caused
by surface scratches, resulting in substantially greater
throughput. The more thoroughly the surface was pol-
ished, the lower the absorbance noise (and therefore the
limit of detection) of the waveguide.

Substantially greater detected absorption intensity can
sometimes be achieved as a consequence of beam block-
ing of the on-axis waveguide modes (see Fig. 6). This
was demonstrated by using an ;6-mm-diameter alumi-
num rod held horizontally transverse to the IR beam
where it � lls an aperture of;30 mm, in order to partially

obstruct the beam. Light rays with low propagation an-
gles in the vertical direction are thus blocked by the alu-
minum rod. At the selected distance from the waveguide,
this rod eliminates rays that would enter the waveguide
at an angle of ,178 away from horizontal.

With both waveguide thicknesses investigated, the
spectra taken with the centrally blocked beam gave high-
er absorbance readings than those with an open beam,
substantially so in the case of the 22-mm-thick Ge wave-
guide. The increase in absorption intensity results from
selection of only the higher-order modes (i.e., light prop-
agating closer to the normal of the waveguide interface
at the points of internal re�ection). This is theoretically
expected to increase (1) the average number of re�ections
per unit length; (2) the average evanescent � eld strength
at the sensing area; and (3) the effective average pene-
tration depth into the media beyond the interface. The
improvement in absorption intensity is greater with the
22-mm-thick waveguide than with the 14-mm-thick one,
probably because the coupling ef� ciency of the highest-
order modes to the detector is always decreased with the
thinner waveguide whether or not the central beam is
blocked. This observation indicates that blocking even
more of the central rays might further increase the ab-
sorbance enhancement factor, but would likely give rise
to a higher noise level due to the lower total throughput,
particularly with thinner waveguides, as clearly seen by
comparing the spectral quality in Figs. 6A and 6B.

There are a number of changes in optical coupling that
are likely to afford substantial additional improvement in
sensitivity, but that we have been unable to investigate
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FIG. 5. Effect of the surface quality on absorbance spectral features observed from a 1-cm-diameter water droplet sample. These spectra were
collected by using a 100-mm-thick tapered Ge waveguide with 458 bevel angle at both ends with 1-min scans. Data were obtained by hand-polishing
the same waveguide with progressively smaller particle sizes (i.e., 15, 3, and 0.1 mm from lower to upper lines, respectively).

FIG. 6. Effect of central beam blocking on absorption intensity of 1-mm-diameter (51 mL) water droplet investigated by (A) 14- and (B) 22-mm-
thick Ge waveguides with 5-min scans. Blocked-beam spectra were recorded after the beam path was obstructed for rays deviating ,178 vertically
away from the waveguide axis. In both cases, the spectra exhibit substantially greater absorption intensity enhancement with blocked beam (thick
lines) as compared to those with unblocked one (thin lines).

so far. Ultimately, the most important of these is likely
to be optimization of the detector dimensions. Using a
HgCdTe detector with a smaller-area rectangular active
element whose aspect ratio is more closely matched to
the thinnest part of the waveguide is in theory expected
to give somewhat better results than we have so far ob-
tained. By limiting ourselves thus far to a square detector,
we were faced with the tradeoff between going to the
smallest possible detector, leading to an expected noise

reduction in proportion to the square-root of the detector
area, and keeping the output of the entire width of the
waveguide imaged onto the detector, which is necessary
for maintaining the largest response.

Applications and Comparisons with a Commercial
Ge ATR Accessory. Small Volumes of Volatile Solvent.
Figure 7 is the evanescent wave IR spectra of a 1-mm-
diameter (51 mL) water droplet in contact with the 14-
mm-thick tapered Ge waveguide, compared to that ob-
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FIG. 7. Comparison of absorption intensities of a 1-mm-diameter water droplet (51 mL) observed by the 14-mm-thick tapered Ge waveguide to
those with a commercial macroscopic ATR accesso ry (*Out-of-Compartment Contact Sampler y with 458 Ge Trough Plate Kit, Spectra-Tech). The
sample covered the sensing surface with a total area of 1 mm 2 at the central point. Both spectra represent 5-min scan times.

FIG. 8. ATR FT-IR spectra of Nujol thin � lms with different quantities deposited on the sensing surface, i.e., (A) 850 ng and (B) 85 ng. The thick
lines represent the results observed by the 14-mm-thick symmetrically tapered Ge waveguide, while the thin one was collected with the commercial
ATR accessory (*Out-of-Compartment Contact Sampler y with 458 Ge Trough Plate Kit, Spectra-Tech). All spectra were taken after hexane was
completely evaporated and with 5-min scan times.

served with a macroscopic ATR accessory shown in the
same � gure. By comparison, the absorption intensity of
the O­ H vibration at 3400 cm21 acquired with the thin
tapered waveguide is enhanced by a factor of 37 due to
the increase in total internal re�ections achieved by the
tapering method. Thus, small volumes of volatile solvents
such as water that cannot easily be spread out in a thin
� lm on a macroscopic ATR can still be sampled using
the waveguide.

Small Quantities of Non-volatile Thin Films. Figure
8 shows spectral results of 85 ng Nujol deposited as a
thin � lm from hexane solution onto the sensing surfaces
of either the commercial ATR accessory or the 14-mm-
thick tapered Ge waveguide. The spectra were recorded
.1 h after the hexane was visibly evaporated and the
� lm was left exposed to room air. Once again, the 14-

mm-thick tapered Ge waveguide exhibits substantially
higher sensitivity than the commercial ATR accessory.
The relative absorbance factor observed at 2922 cm21

was 13.6 for the 85-ng Nujol sample. This clearly dem-
onstrates the advantage of the thin tapered waveguides
for measuring sample-limited thin � lms. With the tradi-
tional Ge ATR accessory, the 85 ng sample size gives
absorbance signals that are barely above the noise with
a 5-min scan time, whereas with our thin tapered wave-
guides, the S/N ratio of the strongest bands in the absor-
bance spectrum substantially exceeds 20. Characteristic
peaks of Nujol can therefore be easily identi� ed. The
estimated detection limit with a 5-min scan time is 85 ng
Nujol deposited on the waveguide’s sensing surface. This
is, of course, substantially higher than the detection limit
for a droplet of pure Nujol measured in transmission
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FIG. 9. (A) ATR FT-IR spectrum of D96N mutant of bacteriorhodopsin (D96N-bR) in the form of a dried � lm with a total amount of 1.25 pmol
(37.5 ng) of protein. The spectrum was acquired with a 14-mm-thick tapered Ge waveguide with 5-min scan times. The strong bands centered at
1650, 1550, and 1160 cm21 represent amide(I), amide(II), and amide(III) vibrations, respectively, which are the characteristic spectral features of
the peptide backbone. (B, C ) ATR FT-IR difference spectra of D96N-bR using light­ dark subtraction at room temperature (25 8C). (B) 128 averaged
data sets, total measurement time, ;4 h, using the 14-mm-thick tapered Ge waveguide and 50 pmol protein. (C ) 64 averaged data sets, total
measurement time, ;2 h, using the Out-of-Compartment Contact Sampler y with 458 Ge Trough Plate Kit, Spectra-Tech (*) and 15 nmol protein.

mode by a microscope. Nevertheless, for small quantities
of poorly soluble samples that can only be deposited uni-
formly as � lms under ;1 mm in thickness, the miniature
waveguide is likely to afford a superior sampling method.

Light­ Dark Difference Spectra of Biological Film
Samples. A thin tapered Ge waveguide is able to detect
a structural conformation of biological sample covering
only 1 mm 2 on the thinnest middle part of its sensing
surface. The D96N mutant of bacteriorhodopsin (D96N-
bR) was chosen as a model sample for studying the trig-
gered structural change of the protein conformation. As
expected, the characteristic spectral features of the pep-
tide backbone (i.e., amide(I), (II), and (III) vibrations) in
the purple membrane of D96N-bR can be successfully
sensed by using a 14-mm-thick waveguide with just 1.25
pmol (37.5 ng) of protein sample (see Fig. 9A). Light­
dark difference measurements on D96N-bR require
somewhat larger samples (50 pmol bR) deposited as a
thin � lm on a 14-mm-thick waveguide. However, this
amount is 3000 times less than the 1.5 3 105 pmol of
D96N-bR required for similar light­ dark difference mea-
surements using a macroscopic Ge ATR accessory. The
light­ dark difference spectrum obtained with a 14-mm-
thick waveguide (Fig. 9B) is very similar to that obtained
on a much larger sample with a macroscopic ATR ac-
cessory (Fig. 9C).

Hair Analysis. Single human hairs represent a chal-
lenging type of IR sample that has been investigated with
both ATR and FT-IR microscope methods.24,25 In our

measurements, a single hair obtained from either an Af-
rican-West Indian female or a Caucasian male was
squeezed against the center of the waveguide sensing area
with a ratcheting micrometer in order to obtain repro-
ducible sample contact. Typical results are shown in Fig.
10. Each spectrum observed showed a broad band at
3250 cm21 attributable to water absorption. The predom-
inant absorption bands centered at 1650 and 1550 cm21

on both single-hair spectra in Fig. 10 arise from amide(I)
and amide(II) vibrations, respectively. The amide(I) band
is particularly diagnostic for secondary structure and in
this case, is at a wavenumber characteristic of the known
a-helical structure of hair keratin.24

By comparing the spectra of each individual’s hair with
pure samples of the respective styling gels each had ap-
plied several hours previously, it is clearly seen that even
a tiny amount of chemicals deposited on a 2-mm length
of hair surface can be detected. In each case, there are
several peaks on the measured hair spectrum correspond-
ing to the strongest bands in the spectrum of the corre-
sponding pure styling gel. This indicates the potential
utility of the ,30-mm-thick tapered waveguides as a new
tool for forensic analysis.

CONCLUSION

Symmetrically tapered Ge waveguides with thickness-
es down to ;7 mm have been successfully fabricated and
utilized as MIR evanescent wave sensors. Tapering in this
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FIG. 10. Baseline-corrected ATR FT-IR spectra of single hairs (upper thin line) taken from two different people, (A) an African-West Indian
female, and (B) a Caucasian male. The lower (thick line) spectrum in each sub-� gure represents the styling gel applied earlier in the day by each
person (i.e., Magni� centt Hair Food manufactured by Magni� cent Products Division, Memphis, TN, for donor A, and Aussie Mega Styling Gelt
manufactured by Redmond Products, Inc. Dist., Stamford, CT, for donor B). Films were dried ;1 h prior to spectral measurement. All spectra were
acquired with a 14-mm-thick tapered Ge waveguide with 5-min scan times. The strong bands centered at 1650 and 1550 cm21 on both single hair
spectra arise from amide (I) and amide (II) vibrations, respectively

way helps eliminate several problems previously dis-
cussed.2­ 6 First, a high total throughput can be achieved
with an uncomplicated optical alignment procedure and
without requiring an IR microscope by using only a sin-
gle off-axis paraboloid mirror. In addition, a �at horizon-
tal sensing area provides convenience in sampling. It al-
lows for better contact of solid samples such as human
hairs, resulting in higher sensitivity and better spectral
S/N ratio. As expected, reducing the tapered thickness of
the waveguide to ,30 mm produces substantially higher
absorbance per unit weight of sample, particularly as
compared to a macroscopic Ge ATR accessory. However,
this measured increase in absorbance is not yet as great
as that predicted for waveguides of this thickness; and it
must also be balanced against the signi� cantly lower total
throughput that is also not yet close to that predicted to
be theoretically achievable.2

Nevertheless, we have demonstrated that these ,30-
mm-thick tapered Ge waveguides have the potential to
become a useful technique for at least three types of ap-
plication that are currently dif� cult with commercial ATR
accessories: (1) sub-microliter quantities of volatile liq-
uids; (2) ng-quantity thin-� lm samples; and (3) coatings
and surface layers on small � brous samples such as in-
dividual human hairs. The last application especially in-
dicates the possible utility of these miniature Ge wave-
guides in nondestructive forensic analysis.
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Waveguide Sensors with Synchrotron Infrared Radiation
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Cylinder–planar Ge waveguides are being developed as evanescent-
wave sensors for chemical microanalysis. The only non-planar sur-
face is a cylinder section having a 300-mm radius of curvature. This
confers a symmetric taper, allowing for direct coupling into and out
of the waveguide’s 1-mm2 end faces while obtaining multiple re� ec-
tions at the central ,30-mm-thick sensing region. Ray-optic calcu-
lations indicate that the propagation angle at the central minimum
has a strong nonlinear dependence on both angle and vertical po-
sition of the input ray. This results in rather inef� cient coupling of
input light into the off-axis modes that are most useful for evanes-
cent-wave absorption spectroscopy. Mode-speci� c performance of
the cylinder–planar waveguides has also been investigated experi-
mentally. As compared to a blackbody source, the much greater
brightness of synchrotron-generated infrared (IR) radiation allows
a similar total energy throughput, but restricted to a smaller frac-
tion of the allowed waveguide modes. However, such angle-selective
excitation results in a strong oscillatory interference pattern in the
transmission spectra. These spectral oscillations are the principal
technical limitation on using synchrotron radiation to measure ev-
anescent-wave absorption spectra with the thin waveguides.

Index Headings: Tapered waveguides; Evanescent wave absorption
spectroscopy; Synchrotron IR radiation; Blackbody IR source;
Throughput.

INTRODUCTION

Development of mid-infrared (MIR) waveguides fab-
ricated from various IR-transparent materials has been
driven by the goal of performing surface-sensitive chem-
ical analysis. The general approach is known as attenu-
ated total re� ection (ATR) or evanescent-wave spectros-
copy (EWS).1 With this technique, the waveguide can be
regarded as an internal re� ection element (IRE) wherein
the incident light experiences total internal re� ection at
the interface between media of different refractive indi-
ces. At each re� ection, the evanescent wave penetrates a
fraction of wavelength beyond the high-index waveguide
into the lower-index medium (i.e., the sample). The pen-
etration depth of the evanescent wave is typically in the
range of 0.5–5 mm for MIR light propagating through
useful IREs. As a consequence, only a thin layer of the
sample is probed.

The detection limit of ATR spectroscopy is as yet in-
suf� cient for it to be considered generally suitable as a
trace method. Hence, there is substantial interest in novel
methods for improving the surface sensitivity of MIR
waveguides. One approach, for both � ber optics and pla-
nar waveguides, has been to reduce the cross-sectional

Received 21 August 2003; accepted 2 October 2003.
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area of the sensor. This tends to increase the fraction of
the total energy carried in the evanescent wave, but has
the limitation of reducing the optical power available for
detection.

The greatest achievements in developing chemical sen-
sors for tiny samples have been carried out with silica-
based � bers and planar waveguides, which are useful in
the near-infrared (NIR) spectral region.2–4 However, much
useful chemical information is lost due to the opacity of
silica composites in the MIR spectral range (i.e., 400–
4000 cm21), where speci� c molecular fundamental vibra-
tional � ngerprints are more readily interpreted, compared
to the overtone and combination bands at NIR frequen-
cies.

We have instead focused on single-crystal germanium
(Ge) as an IRE for the MIR region because of its rela-
tively low cost, its transparency from 5000–800 cm21,
and its high refractive index (4.0), as well as its excellent
chemical and biochemical inertness. A signi� cant draw-
back of Ge is its brittleness and relatively low mechanical
strength, leading to signi� cant challenges in fabrication.
However, several types of thin planar Ge waveguides un-
der 50 mm in thickness have now successfully been fab-
ricated and applied in EWS analysis of sub-mL volatile
liquids, ng-quantity thin � lms, coatings on � brous sam-
ples, and single- and multilayer biological membranes
covering small (,1 mm 2) areas.5–12 These studies dem-
onstrated a signi� cant improvement in sensitivity for
such small samples as a result of the larger number of
internal re� ections per unit length.

Most recently, the development of tapered cylinder–
planar Ge waveguides has simpli� ed the coupling of
broadband IR light from the blackbody source of com-
mercial FT-IR spectrometers into the waveguide.10–12

These waveguides are designated as cylinder–planar be-
cause while one surface is planar, the other is ground and
polished as a cylinder surface, resulting in a gradual,
symmetrical taper away from the central minimum in
thickness (see Fig. 1). The larger cross-sectional area at
the ends of the waveguides makes it easy to align them
with respect to both the focused IR beam and the detector,
eliminating the need for an IR microscope and permitting
the use of the waveguides in a horizontal con� guration,
the most useful for typical sensing applications.12

However, these thin tapered Ge waveguides have in
practice not afforded as high a spectral signal-to-noise
(S/N) ratio in observed broadband FT-IR spectra as was
predicted theoretically by using standard approximations
and simplifying assumptions in order to predict the range
of modes that would be excited.5 In the current work, the
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FIG. 1. Schematic con� guration of cylinder–planar tapered Ge wave-
guide used as a miniature evanescent-wave sensor. The waveguide is
mechanically supported by a cast epoxide substrate. The top � at surface
near the ,30-mm-thick central region of the waveguide is the sensing
area. The bottom surface of the waveguide is a cylindrical sector with
a radius of 300 mm, coated with a 2-mm-thick ZnS cladding layer.
Incident light indicated at left is generated from a broadband IR source,
either a standard blackbody (Globar y ) internal to the spectrometer, or
an external synchrotron (U2B beamline at NSLS, Brookhaven National
Laboratory). A liquid-N2-cooled HgCdTe immersion detector, placed as
close as possible to the exit end of the waveguide, is used to measure
the transmitted IR radiation.

reasons for the discrepancy between the theoretical and
observed performances have been investigated in more
detail, both with calculations and by using broadband
synchrotron IR radiation to carry out mode-speci� c mea-
surements.

Our original hope was that a combination of synchro-
tron-based IR spectroscopy with the symmetrically ta-
pered ,30-mm-thick Ge waveguides would create a new
opportunity for analyzing tiny samples with improved
spectral quality. This goal has not yet been realized due
to the strong interference patterns produced by combining
highly spatially coherent synchrotron light with thin
waveguides. Nevertheless, the results with the synchro-
tron radiation lead to useful conclusions that are likely to
result in improved designs for MIR waveguide sensors.

EXPERIMENTAL

Waveguide Fabrication. Fabrication of cylinder–pla-
nar tapered waveguides was carried out as described pre-
viously.12 In brief, a 70-mm-diameter, 3-mm-thick single-
crystalline Ge disk was � rst cylindrically ground and pol-
ished to a 600-mm-diameter curvature at a commercial
optical polishing house (K & S Optics, Binghamton,
NY), producing a curved surface on one side of the disk
(see Fig. 1). The curved surface was then coated with a
2-mm-thick ZnS cladding layer using chemical vapor de-
position. The ZnS-coated Ge disk was diced into 2-mm-
wide strips, and the parallel-diced sides were ground to
give a � nal width of 1–1.5 mm. A single Ge strip was
embedded into an ;1-cm-thick epoxide substrate by cast-
ing it, planar-side down, into the freshly mixed resin and
hardener (Buehler Ltd., Lake Bluff, IL). The minimum
thickness of the waveguide was subsequently reduced
from its initial value (;2 mm) down to the � nal tapered
thicknesses of ,30 mm, by grinding and polishing its
exposed � at surface. Towards the end of this process, the
thickness was periodically measured by using the inter-
ference pattern appearing on the re� ectance spectrum13

obtained with the IR beam perpendicular to the wave-
guide’s planar (� at) surface. This re� ectance spectrum
was obtained by using an IR microscope (IR-Plan Infra-

red Microscope Accessory, Spectra-Tech, Stamford, CT)
coupled to an FT-IR spectrometer (Midac Illuminator)
operating with 1-cm21 resolution and 256 scans.

Optical Alignment and Conditions for Spectral
Data Collection. Figure 1 shows schematically the op-
tical con� guration of the cylinder–planar Ge waveguide
with respect to the IR source and detector. The large dif-
ferences in refractive indices enable the thin Ge layer (nGe

5 4.0), sandwiched between ZnS cladding (nZnS 5 2.2)
and air (nair 5 1.0) or sample (e.g., water, n 5 1.34),H O2

to serve as a waveguide for MIR light.
Two different FT-IR spectrometers equipped with dif-

ferent IR sources were employed for spectral collections
with the same cylinder–planar Ge waveguide in order to
determine how the waveguide functions under different
throughput conditions. The � rst was a Bruker IFS66 FT-
IR spectrometer with the standard internal Globar y
source. The second was a Nicolet 860 FT-IR spectrometer
interfaced with a synchrotron light source (U2B Beam-
line at National Synchrotron Light Source, Brookhaven
National Laboratory). The latter spectrometer was addi-
tionally equipped with a standard internal Globar y
source that could be selected by switching a single com-
puter-controlled mirror.

With both spectrometers, it was possible to con� gure
the optical system to allow use of the tapered Ge wave-
guide either outside the spectrometer (i.e., via the external
output port) or inside the main sample compartment as a
traditional ATR accessory. For the out-of-compartment
setup, the incident light exiting the external output port
of the spectrometer was simply focused onto the entrance
end of the waveguide by using a single off-axis parabo-
loid mirror with a 19.1-mm focal length (Melles Griot,
Irvine, CA). Alternatively, several mirrors could be uti-
lized inside the sample compartment of the spectrometer
in order to focus the light onto the input end of the wave-
guide.

With either in-compartment or out-of-compartment set-
up , a liquid-N 2-cooled HgCdTe immersion detector
(MOD-O2S1, Remspec Corp., Sturbridge, MA), with an
active area of 0.50 3 0.50 mm 2 and D* (10 kHz) $ 4 3
1010 cm Hz1/2 W21, was mounted with its window directly
against the output end of the waveguide. For some ex-
periments investigating mode-speci� c behavior, an alter-
native immersion detector (FTIR-M16-0.10, Graseby In-
frared), with an active area of 0.15 3 0.15 mm 2 and sim-
ilar D*, was utilized. The detector’s angle was always
� xed perpendicular to the top and side surfaces of the
waveguide (i.e., the immersion lens optical axis was par-
allel to the waveguide axis), while its position was ad-
justed both horizontally and vertically to maximize the
measured throughput of broadband IR light.

The same spectrometer parameters were utilized in
comparisons between measurements with the standard
Globar y source and those with synchrotron IR radiation.
All spectra shown below were acquired at a gain of 1,
resolution of 8 cm21, and measurement bandwidth of
7800 cm21. The moving mirror of the interferometer had
its optical retardation velocity set to give a modulation
frequency of 100 kHz for the HeNe reference beam. The
coadded scan time was 5 min for all measurements.
Mertz phase correction and zero-� lling of 2 were set as
default acquisition parameters. Happ–Genzel and Black-
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FIG. 2. Typical calculated re� ection pattern of a light ray propagating
through a symmetrical ly tapered cylinder–planar waveguide with a total
length of 70 mm, a circular radius of 300 mm for the cylinder surface,
and a minimum thickness t of 10 mm. This particular ray was assumed
to impinge perpendicular onto the waveguide’s ;2-mm-high entrance
face (u 5 08), at a distance y of 0.20 mm from the � at surface. This
results in this ray’s propagation through the thinnest part of the wave-
guide near the critical angle for total internal re� ection at a Ge–ZnS
interface. Note that the exaggerated vertical scale in both the main � g-
ure and the inset results in distorted apparent re� ection angles.

man–Harris three-term apodization functions were ap-
plied for Nicolet and Bruker instruments, respectively.

Ray-Tracing Calculations. We traced a series of input
rays impinging on the end of the waveguide through its
entire length. This required calculating many re� ections
(typically several hundreds) for each input ray. The an-
alytical geometry required is rather simple, but solution
of this type of problem (multiple internal re� ections be-
tween a planar and cylinder surface) is not included in
commercial ray-tracing programs. Therefore, we wrote
our own program using MATLAB t (The Mathworks
Inc., Natick, MA, version 5.3.1).

We simpli� ed the problem by limiting ourselves to two
dimensions. The trajectories of all incoming rays are as-
sumed to be con� ned to a plane that is perpendicular to
the waveguide’s upper planar surface as well as to the
(axis of) the lower cylinder surface. The traced rays that
are restricted to this plane are then calculated as a series
of re� ections from a line and a circular arc (see Fig. 2).
Each input ray, impinging on the end of the waveguide
at angle u with respect to the waveguide axis and at a
depth y below the planar surface, � rst has its refraction
angle u9 into the high-index waveguide calculated ac-
cording to Snell’s law. The program then propagates the
ray (by setting the re� ected angle equal to the incident
angle at each internal re� ection point) until it reaches the
exit end of the waveguide or else exceeds the critical
angle for re� ection from the upper or lower surfaces. Our
program reduces the problem to a very elementary treat-
ment with ray optics, omitting features (such as the dis-
placement of the re� ected ray along the dielectric bound-
ary) that have been shown to be required for a more
accurate treatment of the ray-tracing problem for a multi-
re� ection waveguide. The main output of the routine is
the maximum sensing angle w achieved inside the wave-
guide for each pair of input parameters (y, u). One of the
additional inputs required for the program is a subroutine
de� ning the height and slope of the lower curved surface
as a function of horizontal distance from the center of
the waveguide. In the present work, this subroutine was
set to de� ne only a circular arc in order to compare re-
sults with those obtained by experiments, but it could

alternatively be set to other functional forms of curves of
interest. Almost any differentiable function gives accurate
ray-trace calculations with the routines, as long as the
function is suf� ciently smooth (i.e., having no point with
a radius of curvature less than ;2 mm).

RESULTS AND DISCUSSION

We have recently reported a substantial improvement
in sensitivity achieved by symmetrically tapering Ge
waveguide evanescent-wave sensors and decreasing their
central thickness to 7–15 mm.12 Absorption intensities of
spectra acquired with thinner waveguides are enhanced
as an inverse function of the waveguide thickness raised
to a power greater than 1, due to increases both in the
number of internal re� ections per unit length and in the
amount of electromagnetic energy contained within the
evanescent wave at each re� ection. Tapering also simpli-
� es the optical alignment since only common focusing
optics (off-axis paraboloid mirrors) are needed. As a re-
sult, spectral absorption measurements on even tiny
(nanogram) samples are simple and quick.

Nevertheless, the absorption intensities observed 12 cor-
responded only to those expected for 3–5 re� ections,
rather than .25 re� ections expected for a 20-mm-thick
waveguide with an average internal propagation angle of
458 and a sensing length of ;1–2 mm. In an attempt to
evaluate how light focused onto the end of the waveguide
is coupled into modes with varying propagation angles,
we have performed both ray-tracing calculations and
measurements at selected angles using the highly colli-
mated broadband light available from a synchrotron.

Ray Tracing of Cylinder–Planar Waveguides. A
typical traced ray is shown in Fig. 2 for a cylinder–planar
Ge waveguide with a total length of 70, an entrance/exit
height ratio of 1 (i.e., symmetrical tapering), and a min-
imum thickness of 0.010. This corresponds to a circular
radius of 300. These dimensions (assuming units of mm)
match quite closely to those of the physically realized
waveguides that we have utilized for evanescent-wave
sensing measurements. Note that the vertical scale in Fig.
2 is greatly exaggerated relative to the horizontal scale.
This creates the illusion that wherever the curved wave-
guide surface is sloped (i.e., non-horizontal), the incident
and re� ection angles are unequal.

Near the center of the waveguide, the particular ray
shown in Fig. 2 propagates very close to the critical off-
axis angle of w 5 56.68 for propagation of light through
a ZnS-clad Ge waveguide, (n21 5 2.2/4.0). For this crit-
ical ray, there are a very large number of internal re� ec-
tions (133 per mm of travel; 67 per mm for only the
sensing surface) at the thinnest central sensing region, as
shown in the expansion (inset) of the centermost 0.1 mm
of the waveguide. At x 5 0 (i.e., the entrance end of the
waveguide), this ray has a y value of 0.2 mm and an
initial angle inside the waveguide of u9 5 08. Using
Snell’s law (nGe sin u9 5 nair sin u), this also corresponds
to an impinging angle of u 5 08 (i.e., perpendicular to
the entrance face) for the ray propagating in air prior to
entering the waveguide.

Figure 3 shows the variation of number of total internal
re� ections within the 0.010-mm-thick waveguide as a
function of y, holding the impinging angle u constant at



146 Volume 58, Number 2, 2004

FIG. 3. Plot of the calculated number of total internal re� ections vs.
vertical distance (y) of the impinging ray from the upper planar surface
of a 70-mm-long, symmetrically-tapered, cylinder–planar waveguide
with a minimum thickness of 10 mm. The light ray is assumed to enter
the waveguide on-axis (u 5 08). Values of y above 0.20 mm ( M ) give
re� ections that exceed the critical angle for a Ge–ZnS interface. There-
fore, the maximum number of total internal re� ections in a ZnS-clad
Ge waveguide of these dimensions is approximately 400, and is
achieved at y 5 0.20 mm.

08. There is a substantial increase in number of total in-
ternal re� ections as y is increased. However, propagation
via total internal re� ection is allowed only for y # 0.20
mm, i.e., only for rays entering the waveguide along the
10% of its entrance face closest to the planar surface. For
an on-axis ray entering farther than this from the wave-
guide’s � at surface, the propagation angle exceeds the
critical angle for a Ge–ZnS interface before the ray reach-
es the center of the waveguide. As a consequence, for u
5 08, only light rays entering within 0.20 mm of the � at
surface contribute to the detected light. At this y value,
the number of total internal re� ections in the model
waveguide described is ;400, and this turns out to be
(approximately) the maximum number of internal re� ec-
tions allowed for this tapered waveguide at any combi-
nation of y and u.

By calculating ray-traces such as those in Fig. 2 while
varying both u and y, it was possible to determine all
possible combinations of these two parameters for which
light can propagate through a particular waveguide. For
each of the allowed rays, the ray-trace program also pro-
vided the sensing angle w(u, y), which is the maximum
angle that the ray makes with respect to the planar surface
of the waveguide at the thinnest (sensing) portion of the
waveguide. These results are shown schematically in Fig.
4 for various thicknesses of the cylinder–planar wave-
guide (including several that match those used in exper-
imental measurements). As expected, with decreasing
waveguide thickness there is a corresponding decrease in
the range of allowed (u, y) pairs, corresponding to a de-
crease in total throughput. However, there is also the evo-
lution of fascinating structure in the contour plots as the
waveguides get thinner, including the gradual pinching-
off of isolated ‘‘islands’’ at very speci� c combinations of
u and y and the clear appearance of a thumb-like protru-
sion that indicates a large throughput allowed for light
entering the waveguide from a speci� c angle just above
08. We speculate that these regions may be mathematical

‘‘attractors’’, and therefore signs of chaotic (or near-cha-
otic) behavior for rays re� ecting from such closely ap-
posed non-parallel surfaces.

The optical invariant (one-dimensional version of the
étendue) of a cylinder–planar waveguide in the vertical
direction is normally calculated as the product of the nu-
merical aperture (NA) and the thickness t. For a simple
planar waveguide, this is equal to tÏn 2 n , where n1

2 2
1 2

and n2 are the refractive indices of the waveguide and
cladding materials, respectively. In more general terms,
and in particular at the entrance end of the waveguide,
the optical invariant should be given by the following
integral over the thickness t of the waveguide:

t52 mm u (y)max1
étendue 5 · cos u du dy (1)E E5 6[ ]2 0 u (y)min

In this formula, umax and umin are the extreme values of u
that can successfully propagate through the entire wave-
guide from a vertical position y within a cross-section at
a speci� c horizontal position x where the optical invariant
is being calculated, in this case, at the entrance of the
waveguide. The refractive index n should in most gen-
erality appear inside the integral, but it is assumed in Eq.
1 to be 1.0 at the entrance of the waveguide, which faces
air. (It can readily be seen that if all entering rays in a
range of 6c are allowed to propagate through a wave-
guide of constant thickness t, this formula gives étendue
5 t sin c, i.e., the thickness times the numerical aperture,
as it should.)

Using Eq. 1 and setting the integral limits according
to the allowed rays from the ray-tracing calculations, the
étendue value for the 0.014-mm-thick Ge waveguide for
the data matrix in Fig. 4 is 0.0510 mm (;51.0 mm). This
is remarkably close to that given by the simple formula
for planar waveguides (étendue 5 tÏn 2 n ), which2 2

1 2

gives the value of 46.7 mm. The closeness of the two
values suggests that light illuminating the end face uni-
formly and then propagating to the center of the wave-
guide could be accurately represented as a bundle of rays
� lling the numerical aperture of 3.3 (i.e., according to the
formula NA 5 Ïn 2 n 5 Ï(4.0)2 2 (2.26)2 for a2 2

Ge ZnS

Ge–ZnS interface), at uniform density.
However, the hypothesis that the numerical aperture of

the sensing region of the waveguide gets � lled uniformly
is contradicted by a more careful analysis, which shows
that the distribution of intensity as a function of angle is
far from uniform (Fig. 4). In particular, rays that approach
close to the critical angle (red-green colors) are somewhat
under-represented. This is undesirable behavior for an ev-
anescent-wave sensor, because the on-axis rays undergo
relatively few internal re� ections and have a lower eva-
nescent-wave electric-� eld strength than rays near the
critical angle. Unfortunately, it is completely consistent
with the experimental results on the cylinder–planar
waveguides, which show substantially lower evanescent-
wave absorption intensities than would be predicted for
modes evenly distributed over all the ‘‘allowed’’ angles
for the cylinder–planar sensing region at the center of the
waveguide12 (see below).

It is of interest to consider how changes in the shape
of the waveguide might affect this result. In particular,
we examined how it depends on the curvature radius R
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FIG. 4. Summary of results of 10 251 ray-trace calculations on each
of three different cylinder–planar waveguide sensors, all having a cir-
cular radius of 300 mm but different minimum thicknesses (14, 27, and
50 mm) as indicated. These contour plots show on the horizontal and
vertical axes the initial conditions for each calculated ray (respectively,
u, the entrance angle in air prior to entering into the waveguide; and y,
the distance measured downward from the top planar surface). The z-
axis corresponds to the maximum angle w at which the ray is calculated
to propagate in the thinnest (sensing) region of the waveguide. Contours
are given at 58 intervals. The z-levels are also color-coded according to
the key at right, with gray indicating all initial conditions that result in
the ray exceeding wcrit 5 arccos(2.2/4) for a Ge/ZnS interface of the
waveguide.

FIG. 5. Sensing-angle plots for rays impinging on the entrance faces
of 14-mm-thick cylinder–planar waveguides with different values of cir-
cular radius R (300, 600, 1200, 2400, and 4800 mm) as indicated. A
larger radius of curvature results in thinner end faces, as indicated by
the correspondingly smaller range for the y-axis scale. As in Fig. 4, z-
axis contours are always calculated at 58 intervals. The color bar shown
at right is applicable to all plots.

of the cylindrical bottom surface, at a constant waveguide
center thickness t of 14 mm. We hoped this might provide
some useful clues for improving the waveguide’s perfor-
mance. Figure 5 presents contour plots of cylinder–planar
waveguides having the same length (70 mm) and center
thickness (14 mm) as the top plot in Fig. 4, but with
various values of R. Figure 6 presents a summary of cal-
culations of the étendue of these waveguides. Although
increasing R results in a reduction of the end heights of
the 70-mm-long waveguides, our calculation indicates
that waveguides with R values in a range of 1200–2500
show only a small decrease in throughput relative to that
for R 5 300 mm. In addition, a wider range of incoming
angles with allowed sensing angles, achieved by a wave-
guide with a larger radius of curvature, leads to excitation
of the far-off-axis modes in the sensing region of the
tapered waveguide, the modes that are in fact useful for
evanescent-wave absorptions. Thus we can in theory ob-
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FIG. 6. (Upper ) Plot of calculated total étendue ( m ) and high-sensing-
angle étendue ( v ) of a 14-mm-thick cylinder–planar waveguide vs. cur-
vature radius R of the bottom cylinder surface. Each value of total
étendue was calculated from Eq. 1 (see text), taking appropriate limits
for the double integral from the data matrix that gave the corresponding
plot in Fig. 5. Because cos u ø 1 for most of the allowed input rays,
each calculated étendue roughly equals the total colored (non-gray) area
of the plot in Fig. 5. For the high-sensing-angle étendue, on the other
hand, the range of the double integral was limited to just those plotted
elements that correspond to sensing angles in the range of 258 to the
critical angle (56.68), giving roughly the green-to-red area of each plot
in Fig. 5. (Lower ) Ratio of the high-sensing-angle étendue to the total
étendue as a function of the curvature radius R, based on plots in the
upper part of the � gure.

tain a signi� cant improvement in the waveguide perfor-
mance, simply by increasing the circular radius of the
waveguide’s curved bottom.

In order to investigate how the total étendue varies
with R values, we performed étendue calculations, based
on Eq. 1, on the entire data matrix of individual wave-
guides at different radii of curvature, which correspond
to those contours in Fig. 5. The calculated total étendue
are represented by ( n ) in Fig. 6. The plot shows the larg-
est total étendue at the smallest R value (300 mm) as a
result of the largest entrance aperture (2 mm 2) into the
waveguide. In fact, it is impressive that the calculated
étendue for all the R values indeed end up being so close
to each other because this is a clear demonstration of the
validity of the étendue as an optical constant. However,
the étendue is not monotonic with R: it rises again at R
5 4800 mm and drastically goes down afterwards.

In addition, we determined the fraction of the étendue
associated with light rays that propagate at high angles
in the sensing area. Therefore, a � lter based on maximum
sensing angle was applied to the data matrices in order
to exclude those elements containing sensing angles less
than an arbitrary angle (i.e., 258 for the present work)

from calculation. The result of high-sensing-angle éten-
due, as shown in Fig. 6 ( c ), approaches the maximum
theoretical value at R 5 4800 mm, instead of the value
of R 5 300 mm obtained by the full calculation without
� ltering the data matrix. By ratioing the high-sensing-
angle étendue to the total étendue, the lower curve ( l )
in the same � gure reveals waveguide sensors have opti-
mum performance at a radius of curvature in a range of
2000–3000 mm, rather than the 300-mm-radius wave-
guide sensor used in practical measurements, for two rea-
sons: (1) somewhat higher fractional throughput for high-
er-sensing angles, i.e., above 258, with no loss of total
throughput; and (2) an ability to selectively excite modes
with high sensing angles by illuminating the end face of
the waveguide with off-axis rays. By comparison, the cal-
culations show that there is little or no selective excitation
possible with the 300-mm-radius waveguide, in contrast
to the contour lines of the 4800-mm-radius waveguide,
which are almost perfectly vertical. This suggests that we
could obtain exclusive light propagation with sensing an-
gles greater than 258 by limiting input angles to be larger
than 108. As a consequence, the sensitivity of the wave-
guide should be signi� cantly improved.

Throughput Measurements with Synchrotron Ra-
diation. Figure 7 compares single-beam spectra of sym-
metrically tapered 14- and 27-mm-thick Ge waveguides
obtained both with synchrotron IR radiation and with a
standard blackbody (Globar y ) source. For the synchro-
tron beam, the optics were aligned in two different setups
along with the Nicolet 860 FT-IR spectrometer: (1) using
the external output port with an out-of-compartment set-
up; or (2) with the Remspec immersion detector and
waveguide both mounted inside the internal sample com-
partment. The results demonstrate that the synchrotron
radiation does not exceed the numerical aperture of the
waveguides, because the detected throughputs are inde-
pendent of waveguide thickness. As expected, the small
effective source size of the synchrotron can totally pass
through the minimum 46-mm étendue of the 14-mm-thick
waveguide. The calculated one-dimensional étendue of
the output of the U2B beamline at the National Synchro-
tron Light Source is far below 46 mm; in fact, it is some-
what under 0.1 mm, based on the published VUV param-
eters at NSLS as of December 2002.14

The results in Fig. 7 show that indeed there is a higher
total energy throughput when using the synchrotron ra-
diation, as compared to a blackbody Globar y source, for
both 14- and 27-mm-thick waveguides. For the thicker
(27-mm-thick) waveguide, the increase in throughput in-
tensity for the synchrotron, relative to the Globar y , is
signi� cant only above 2500 cm21 (and up to 5000 cm21

where the cutoff due to the Ge bandgap blocks all trans-
mission in either case). In contrast, for the 14-mm-thick
waveguide, the synchrotron affords higher throughput
over all MIR frequencies.

Therefore, using synchrotron radiation can clearly help
to increase the total light energy throughput with such
thin waveguides. Furthermore, the use of synchrotron IR
radiation allows a simple in-compartment set-up con� g-
uration using only � at mirrors, with no loss of energy.
This is because the ;100-mm-focal-length mirror that the
spectrometer uses to focus the beam into the sample com-
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FIG. 7. FT-IR single-beam spectra of (A) a 14-mm-thick and (B) a 27-
mm-thick Ge waveguide observed with synchrotron IR radiation, com-
pared to those observed with a standard blackbody (Globar y ) source.
With each waveguide thickness, two different on-axis setups were ex-
amined: (i) using the external output port; and (ii) using the internal
sample compartment. Throughput in each case was maximized by shift-
ing the relative horizontal and vertical positions of the IR beam, wave-
guide, and detector.

partment is adequate to focus the highly collimated syn-
chrotron beam into the ;1-mm 2 end of the waveguide.
On the other hand, it can only focus a small portion of
the Globar y intensity into such a minute aperture.

Angle Dependence of Throughput and Absorbance
Signals with Synchrotron Radiation. We measured the
total synchrotron-generated IR energy throughput of the
27-mm-thick waveguide and the water absorbance signal
at 3400 cm21 for a standard 1-mm-diameter droplet of
water as a function of the external incident angle u. How-
ever, the results showed great variability. The ray-trace
calculations in Fig. 4 help to explain this. They show that
at any value of u, widely different results can be expected
depending on other aspects of the optical alignment of
the waveguide relative to the synchrotron beam, speci� -
cally, entrance height y on the waveguide end face and
the relative vertical displacement of the output end of the
waveguide and the detector’s immersion lens. At the time
that measurements were made at the synchrotron (prior
to performing the ray-trace calculations), we did not sus-

pect such a strong dependence of throughput and absor-
bance signal on these beam height parameters.

Nevertheless, we made enough measurements on both
14- and 27-mm-thick waveguides (at ;10 different beam
angles in the range 2208 to 1208) to draw some useful
generalizations that both support the ray-tracing calcula-
tions and are explained (a posteriori) by them. In partic-
ular, we observed that for any absolute value of the in-
cident angle u, the energy throughput obtained when light
is directed from a small but substantial angle below the
waveguide surface (2108 , u , 238) is substantially
greater than the near-zero throughput obtained when the
light is directed at a similar angle from above the wave-
guide surface plane, and typically up to ;20% greater
than the throughput obtained when the synchrotron light
is directed strictly on-axis (u 5 08). This empirical ob-
servation, which was very confusing at � rst, makes per-
fect sense in light of the subsequent ray-trace calculations
shown in Fig. 4. This calculation demonstrates that neg-
ative values of u in the range of 238 to 2108 contribute
far more to the total throughput of the waveguide than
similar-magnitude positive angles, and slightly more than
on-axis rays.

We also observed that the absorbance of a standard
sample (e.g., the 3400 cm21 peak for a 1-mm-diameter
water droplet at the center of the waveguide sensing re-
gion) was only up to ;50% larger when the measuring
synchrotron IR light impinged on the waveguide entrance
face from 48–108 below the waveguide plane than for
light impinging on-axis. We had qualitatively expected
that we would selectively excite high-angle modes at the
sensing region of the waveguide by using light impinging
off-axis onto the end face. However, the graphs in Fig. 4
contradict this expectation and instead support our em-
pirical observation that it becomes only slightly easier to
excite off-axis modes as the impinging angle is increased.

This explains why we found no input angle conditions
for which we could get the water absorbance signal to
approach that expected for light propagating at the critical
angle. Figure 4 indicates that we might have been able
to do this only if we had tightly focused the synchrotron
beam at just the right entrance height (one of a few ;10-
mm-high ‘‘sweet spots’’) on the entrance face of the cyl-
inder–planar waveguide.

Oscillatory Signal on Absorbance Spectra Mea-
sured with Synchrotron Radiation. In general, the ab-
sorption intensity and band shape measured for the broad
nOH band at 3400 cm21 by using synchrotron radiation is
similar to that measured by using a standard Globar y
source (Fig. 8). However, the spectra observed with the
synchrotron show intense oscillatory interference pat-
terns. As discussed previously for planar waveguides,6

these oscillations arise from a � xed frequency separation
between the allowed waveguide modes when the light is
required to propagate between two planar surfaces with
a well-de� ned propagation angle.

The strength of the interference phenomenon is greatly
increased for the synchrotron-produced light due to its
much greater spatial coherence (i.e., its ability to be si-
multaneously well-collimated and focused to a narrow
beam diameter), relative to blackbody-generated irradia-
tion. As a result, the entire synchrotron IR beam is prop-
agated through the thinnest part of the waveguide at a
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FIG. 8. Comparison of evanescent-wave absorbance spectra measured
with a 14-mm-thick Ge waveguide, by using either synchrotron IR ra-
diation (bold lines) or a standard blackbody (Globar y ) source (thin
lines). Samples were water droplets covering either (A) 1 mm or (B)
10 mm of the central part of the waveguide’s sensing surface. These
spectra were all collected with the in-compartment setup. The oscilla-
tory interference pattern appears only with the synchrotron radiation,
regardless of the waveguide thickness.

FIG. 9. Effect of size of the detector element on spectral signal-to-
noise ratio observed for evanescent-wave absorbance measured from a
1-mm-diameter (;1 mL) water droplet. Both spectra were collected by
using 5-min sample and background scans, with the same standard Glo-
bar y source and 14-mm-thick Ge waveguide, but with different lensed
detectors carrying HgCdTe active elements either 0.50 or 0.15 mm on
a side, as indicated.

single well-de� ned angle u9, which can be determined
from the following formula giving the separation between
allowed frequencies: Dn 5 1/(2nt sin u9), where n is the
refractive index (4.0 for Ge) and t is the separation be-
tween the (approximately) planar surfaces. As discussed
in the Experimental section, the thickness of each wave-
guide was previously measured using a variant of this
equation, with IR light directed vertically through the
waveguide from above, corresponding to u9 5 908. For
the oscillating interference pattern in Fig. 8A, the cal-
culated value of u9 corresponding to the measured Dn 5
125 cm21 was 45.68. This is a reasonable value and in-
dicates that the propagation of the synchrotron IR light
through the Ge obeys well-understood equations.

In addition, the oscillating patterns observed with syn-
chrotron light in Fig. 8 are very different from the much
smoother baselines obtained with blackbody light, which
propagates through the thinnest part of the tapered wave-
guide with a wide range of angles as shown in Figs. 2
and 4. It seems a bit strange at � rst glance that the os-
cillation of Fig. 8B is not as marked in the single-beam
spectra from which it was calculated (e.g., Fig. 7). Pre-
sumably this is because in single-beam spectra measured
with the waveguide, there is a superposition of different
oscillation frequencies resulting from its tapered shape.
This taper creates a wide range of separations between
the two surfaces of the waveguide as the light propagates
down its length.

In the case of absorbance measurements, however, the
effects of the sample are concentrated in the region of
minimum thickness, where the vast majority of the inter-
nal re� ections occur (see Fig. 2). The main effect of the
sample on the oscillation is simply a phase shift (without
any frequency shift). The size of the phase shift is pro-
portional to the number of internal re� ections at the Ge–
water interface. Thus, the oscillation frequency corre-

sponding to the propagation angle at the minimum wave-
guide thickness is selected out of the superposition of
oscillations corresponding to a range of greater thick-
nesses and shallower propagation angles. The superpo-
sition of the latter obscures the oscillations, which must
nevertheless be present in the single-beam spectrum (Fig.
7).

An alternative approach that we additionally investi-
gated for improving signal/noise ratio in our spectra was
to use a smaller-area detector, since the manufacturer’s
spec sheet of the current detector indicated that the op-
tical design of the 0.5-mm 2 detector element was opti-
mized for collecting light from the output of an optical
� ber somewhat larger than 1 mm 2. However, use of a
different HgCdTe detector (FTIR-M16-0.10, Graseby In-
frared), equipped with a 0.15-mm 2 detector element and
the same immersion lens as the other detector, failed to
produce absorbance spectra with a higher signal-to-noise
ratio, at least when a Globar y source was used (Fig. 9).
Furthermore, the use of this detector also resulted in the
observation of a stronger oscillation pattern on the spec-
trum as compared to the larger immersion detector, sim-
ilar to what was observed for the synchrotron-generated
spectra (Fig. 8). From these observations, we conclude
that the smaller detector area results in detection of only
a selected portion of the IR throughput of the waveguide.
The smaller detector appears to be functioning as a spatial
� lter, selectively observing a limited range of the optical
modes that are transmitted through the waveguide. The
particular vertical alignment of the detector determines
which modes are detected.

CONCLUSION

Combining synchrotron-based IR spectroscopy with
thin cylinder–planar Ge waveguides does not yet result
in any overall improvement in the sensitivity of either
technology for sensing small quantities of samples. How-
ever, there is clearly a throughput increase available with
the synchrotron source, which is greater for thinner wave-
guides. Of course, for a suf� ciently thick waveguide, a
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blackbody source can provide a greater total light energy
� ux than the synchrotron. The exact crossover thickness
is dependent on the size of the detector element and fo-
cusing optics, but is typically somewhere in the range of
30–50 mm. Unfortunately, with waveguides in the range
of 14–30 mm in thickness, the closer one approaches to
single-angle operation (by using either a highly colli-
mated source such as a synchrotron or a very small de-
tector), the more deleterious is the oscillatory interference
pattern that appears in the spectrum. This limits the ap-
plication of synchrotron source light to the investigation
of samples with such thin Ge waveguides. Thus, even for
cylinder–planar waveguides as thin as 10 mm, a standard
Globar y source turns out to be more useful than the syn-
chrotron, even though it cannot achieve quite such a high
total energy throughput. However, for cylinder–planar
waveguide sensors that are thinner than 10 mm or that
have a non-cylindrical shape for their curved surface, the
synchrotron may yet turn out to have important uses.

Furthermore, the ray-tracing computational method
may potentially be used as a tool for optimizing the
waveguide performance. The calculations suggest that the
better performance (i.e., both for improved spectral qual-
ity and enhanced sensitivity) can be achieved by the cyl-
inder–planar waveguides with a radius of curvature, at
its bottom surface, in the range of 2000–3000 mm. This
would consequently give rise to more powerful evanes-
cent-wave sensors, particularly for microanalysis, in the
near future.
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APPENDIX C 
 

RAY-TRACING PROGRAM 
 

 RayTraceWG_Data.m 

% FILENAME: RayTraceWG_Data.m 

% MAINFILE: RayTraceWG_Plot.m (for a reflection pattern of the ray) 

%    PlotAngles.m (for a contour plot) 

% This is the data file for a one-side-curved waveguide. 

% Parameters:  

% file_out: filename for output 

% L: full length of the waveguide 

% LRatio: ratio of the length (before center)/(after center) 

% t: minimum thickness of the waveguide 

% n_2: refractive index of the waveguide 

% n_21: ratio of refractive index of waveguide to index of cladding 

% y_In: distance from flat surface where ray enters the one-side-curved waveguide 

% m_In: initial slope of the ray inside the waveguide 

% Theta_In: input angle of a ray in air prior to entering the waveguide 

% ContourInt: interval of contours in plot of sensing angle, in degrees 

% y_In_Res: number of points plotted along y_In-axis of a contour plot 

% Theta_Res: number of points plotted along Theta-axis of a contour plot 

% ThetaRange: Range of Theta values, in degrees, for a contour plot 

% Minimum of contour plot will be (-ThetaRange), maximum will be (ThetaRange). 

% Notes: 

% 1. Lengths are all assumed to be in mm. 

% 2. The curved surface is assumed to be symmetric about the x-value defined to be  

% the center. 

% 3. Number of elements of array used in contour plot will be given by  

% Theta_Res*y_In_Res. 
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file_out='RayTrace.'; 

L=70; 

LRatio=1; 

t=0.014; 

n_2=4.0; 

n_21=4.0/2.2; 

y_In=0.20; 

m_In=-0.0; 

ContourInt=5; 

ThetaRange=25; 

Theta_Res=50; 

y_In_Res=201; 

y_In_Range=2.01; 
 

******************************************************************** 

 RayTraceWG_Plot.m 

% This is the routine for calculating propagation of a beam within a one-side-curved  

% waveguide. The waveguide is symmetry with the thickness at center of t mm. 

clear; 

RayTraceWG_Data; 

[tracegood,xi,yi,thetai,delta_x]=RayTraceWG(L,LRatio,t,n_21,y_In,m_In); 

disp('Plotting')          %Plot the results. 

clf; 

xarray=[0:0.01:L]; 

yarray=xarray; 

for i=1:size(xarray,2) 

     [yarray(i),deriv]=curve(xarray(i)); 

end 

subplot(2,1,1); plot(xi,yi,'-',xarray,yarray,'b-.'); 

title ('impinge position on waveguide'); 

subplot(2,1,2); plot(xi,thetai); 

title ('angle of incidence'); 
 

******************************************************************** 
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PlotAngles.m 

function [ThetaSensing]=PlotAngles 

% This is the routine for making a contour plot showing the sensing angle at the  

% thinnest part of the waveguide, as a function of y_In and Theta_In.  

clear; 

RayTraceWG_Data; 

Theta_Step=2*ThetaRange/Theta_Res; 

[y_In_max,slope]=curve(0); 

if  y_In_Range>y_In_max; 

    y_In_Range=y_In_max; 

end 

y_In_Step=y_In_Range/y_In_Res; 

Theta_Crit=(acos(n_21))*180/pi; 

v= 0:ContourInt:Theta_Crit ; 

v= [v ; Theta_Crit ] ; 

theta= -ThetaRange:Theta_Step:ThetaRange; 

y= 0:y_In_Step:y_In_Range-y_In_Step; 

[Theta,Y]=meshgrid(theta,y); 

ThetaSensing=maxthetai(Theta,Y); 

save SensingAngles ThetaSensing -ascii   % Angle at sensing region of waveguide. 

                                                                   % It's the highest angle during propagation. 

contourf(ThetaSensing,v);                         % Do the contour plot. 

xlabel('Input angle in air') 

ylabel('Distance of input ray from planar surface') 
 

******************************************************************** 

 RayTraceWG.m 

function [tracegood,xi,yi,thetai,delta_x]=RayTraceWG(L,LRatio,t,n_21,y_In,m_In) 

[yIn_max,slope]=curve(0);    % Thickness and slope of the waveguide at entrance. 

m_crit=sqrt(n_21^2-1);          % Absolute value of slope of ray at critical angle. 

thetaIn=atan(m_In)*180/pi;  % Angle of entering ray (in degrees). 

% Determine if bogus data was entered for starting position. 
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if  y_In > yIn_max 

    disp('Invalid Beam Entrance Position: Too far from planar surface'); 

    disp('Press CTRL-c'); 

    tracegood=0; pause; 

end 

if  m_In >= m_crit 

    disp('Invalid Initial Beam Angle: Exceeds critical angle'); 

    disp('Press CTRL-c'); 

    tracegood=0; pause;  

end 

% Start the arrays that hold the final data. 

if  m_In<=0 

    deltax=0; 

else 

    deltax=(yIn_max-y_In)/m_In;% Estimate for how long it will take to reach the  

 % curved surface, 

end                                         % assuming m_In is positive. 

xi=[0;0];                               % Same values repeated twice at start to define an array. 

yi=[y_In;y_In];   

thetai=[abs(thetaIn);abs(thetaIn)]; 

delta_x=[0;0]; 

x1=0; 

y1=y_In; 

m1=m_In; 

tracegood=1;    % Tracegood is set to 0 if ray fails to propagate all the way  

 % through the waveguide. 

% Determine whether a planar horizontal surface is the first encountered by the ray. 

if  m_In >= 0                     % If the slope of incoming ray is positive,  

    FirstReflFlat=0;            % flat surface can't be the first encountered. 

else 

    FirstReflFlat=1;            % But if the slope is negative, it may be. 

     x=0;                              % To make sure, start at end of waveguide. 

     y=y_In; 
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    while  y>0 

       [ycurve,slope]=curve(x); 

     if  y>=ycurve;        % See if ray penetrates above curved surface. 

           FirstReflFlat=0; 

           deltax=x-0.01;   % This first penetration point should be  

                                           % where the intersection is sought using fzero. 

            y=-1;                 % It did penetrate, so stop the test. 

     else 

            x=x+0.01;         % Go a little further into the waveguide. 

                 y=y_In+m_In*x; 

            end                          % And check again to be sure. 

    end 

end 

% First reflection from flat surface, if needed to get to curved surface. 

if  FirstReflFlat==1; 

    tracegood=dotests(x1,y1,m1,m_crit); % See if critical angle was exceeded, 

    y2=0;                                                   % trace ray to its intersection with line y=0. 

    x2=x1-y1/m1; 

    m2=-m1;                                              % Reflect the ray upwards. 

    [deltax,xi,yi,thetai,delta_x]=writearrays(x1,x2,y2,m2,xi,yi,thetai,delta_x); 

    x1=x2;                                                 % Reset the values for next point. 

    y1=y2; 

    m1=m2; 

end 

% Further propagation down the waveguide. 

while  x1<L 

         while  x1+deltax/10<L; 

                   OPTIONS=OPTIMSET('display','off','MaxIter',100); 

                    x2=fsolve('curvdist',x1+deltax/10,OPTIONS,x1,y1,m1);  

                    % Find the intersection of the ray with the upper curved surface nearest  

     % to x1+deltax (most recent displacement). 
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                    if  abs(x2-x1)< 0.001;     % Only found the same point over again. 

                        deltax=deltax+10; 

                    else  

                        break;                         % Found a different point; get out of loop! 

                    end 

                    x2=L+1;                         % Get out of both "while" loops. 

         end 

         if  abs(curvdist(x2,x1,y1,m1)) > .0001; % In this case, ray apparently  

             % doesn't intersect 

              x2=L+1;                                           % upper surface at all. 

              y2=m1*(x2-x1);                               % So just show the ray exiting past x=L. 

             doublehit=-1;                   % It won't hit upper surface twice (not even once!). 

         else                       

              [y2,yprime]=curve(x2);                     % yprime is the slope of the curve. 

              denom=1-yprime^2+2*yprime*m1;  % Denominator of slope calculation. 

              if  denom==0; 

                   tracegood=0; break;                % Means ray escaped waveguide. 

              end; 

              if  abs(m1-yprime)<0.01               % If ray is tangent to waveguide, 

                   tracegood=1; break;                % stop trying to trace it; assume it's good. 

              end; 

              m2=(2*yprime-m1+m1*yprime^2)/denom;  

 % From formulas for adding tangents. 

              [deltax,xi,yi,thetai,delta_x]=writearrays(x1,x2,y2,m2,xi,yi,thetai,delta_x); 

              doublehit=sign(m2);   % If ray comes off curved surface with positive slope,  

                                              % then it will not hit flat surface next; keep track of this. 

              x1=x2;                    % Reset the values for next point. 

              y1=y2; 

              m1=m2; 

              tracegood=dotests(x1,y1,m1,m_crit);  % See if critical angle was exceeded. 

              if  tracegood==0 

                  break; 

              end                                        % Assuming it wasn't, 
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              y2=0;                                    % trace ray to its intersection  

              x2=x1-y1/m1;                       % with the planar surface (y=0). 

         end 

         if  doublehit==-1 

              m2=-m1;                               % Reflect the ray upwards. 

              [deltax,xi,yi,thetai,delta_x]=writearrays(x1,x2,y2,m2,xi,yi,thetai,delta_x); 

              x1=x2;                                   % Reset the values for next point. 

              y1=y2; 

              m1=m2; 

         end 

end 

maxthetai=max(thetai); 
 

******************************************************************** 

curve.m (for Cylinder-Planar Waveguide) 

function [y,yprime]=curve(x) 

% This function must define the upper curved surface of the waveguide as a function 

%     of x, the horizontal distance from the entrance end of the waveguide, and the  

%     function includes no features smaller than about 1 mm (i.e., the radius of  

%     curvature never gets close to 1 mm). 

% The values of y and yprime should be defined in a way that makes yprime(x)  

%     equal to the derivative of the function y(x), using the rules of calculus. 

% Parameters used for a “Circular Arc”: 

% Li: length of the waveguide before the center 

% t: minimum thickness of the waveguide 

% R: radius of curvature 

t=0.014; 

R=300; 

Li=35;  

xcirc=x-Li; 

ycirc=sqrt(R^2-xcirc^2); 

y=R+t-ycirc;                       % yIn_max 

yprime=xcirc/ycirc;            % Slope 
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curve.m (for Gaussian-Planar Waveguide) 

function [y,yprime]=curve(x) 

% Parameters used for a “Gaussian curve”: 

% Li: length of the waveguide before the center 

% t: minimum thickness of the waveguide 

% e: maximum thickness of the waveguide at the entrance 

% w: distance to inflection point from the waveguide center 

Li=35; 

t=0.014; 

e=2; 

w=1024; 

Lratio=Li/w; 

Lixponent=-0.5*Lratio^2; 

Amax=(e-t)/(1-exp(Lixponent)); 

xcent=x-Li; 

xscaled=xcent/w; 

xponent=-0.5*xscaled^2; 

yinvert=Amax*exp(xponent); 

y=t+Amax-yinvert; 

yprime=yinvert*xcent/(w^2); 
 

******************************************************************** 

curvtest.m 

function delta_y=curvtest(x) 

yvalue=cos(x)          % [yvalue,deriv]=curve(x); 

delta_y=yvalue-.2   % y1-m1*(x-x1);   

       % delta_y is the vertical distance between the current ray and 

       % the curved upper surface. 
 

******************************************************************** 
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curvdist.m 

function delta_y=curvdist(x,x1,y1,m1) 

[yvalue,yprime]=curve(x); 

delta_y=yvalue-y1-m1*(x-x1); 
 

******************************************************************** 

maxthetai.m 

function maxthetai=maxthetai(theta_array,y_In_array) 

% This function determines the maximum propagation angle inside a waveguide  

%    using the function RayTraceWG. Besides an input angle (in air) of Theta_In and  

%    an input vertical position of y_In that are parameters of the function call,  

%    maxthetai, depends on being able to pass several other parameters to the  

%    subroutine RayTraceWG, that are determined from a shared data file  

%    RayTraceWG_Data, as well as a pre-defined function "curve(x)" for the curved  

%    surface of the waveguide. 

RayTraceWG_Data;                           % Read the shared data file. 

disp('Allowed values of y and theta, and resulting sensing angle.') 

y_In_array=[]; 

theta_array=[]; 

for  j=1:size(y_In_array,1); 

      for  i=1:size(theta_array,2); 

            y_In=y_In_array(j,i) 

            theta=theta_array(j,i) 

            m_In=tan(asin(sin(theta*pi/180)/n_2))  

  % Initial slope of the ray INSIDE the waveguide. 

  % Must use Snell's law to calculate this from the input angle. 

            [tracegood,xi,yi,thetai,delta_x]=RayTraceWG(L,LRatio,t,n_21,y_In,m_In); 

            if  tracegood==0; 

                maxthetai(j,i)=90 

            else 

                 y_In  

                 theta 

                max(thetai) 
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                maxthetai(j,i)=max(thetai); 

            end 

      end 

end 
 

******************************************************************** 

AcceptAngles.m 

function [zeta_min,zeta_max]=AcceptAngles(y_In) 

% This is the routine for calculating the maximum and minimum angles for external 

% rays impinging at position y_In. 

clear; 

RayTraceWG_Data; 

[tracegood,xi,yi,thetai,delta_x]=RayTraceWG(L,LRatio,t,n_21,y_In,m_In); 

if  tracegood=1; 

    zeta=thetai; 

end 
 

******************************************************************** 

dotests.m 

function tracegood=dotests(x,y,m1,m_crit) 

% This function determines if the trace is still a valid raytrace for a total internal  

% reflection.  The outputs are tracegood=1 if the trace is OK 

%                                              tracegood=0 if the critical angle has been exceeded. 

tracegood=1; 

if  abs(m1)>=m_crit; 

    tracegood=0;       % It's all over. 

end 
 

******************************************************************** 

writearrays.m 

function [deltax,xi,yi,thetai,delta_x]=writearrays(x1,x2,y2,m2,xi,yi,thetai,delta_x) 

% This function adds the most recent values to the arrays containing the x and y  

%    values for the reflection points, the slopes m and angles theta for the rays, and  

%    the values of delta_x for the separation between successive reflections. 
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xi = [xi; x2];                                              % Append values onto the existing arrays. 

yi = [yi; y2];   

thetai = [thetai; atan(abs(m2))*180/pi];  % theta is the arctan of the slope. 

deltax=x2-x1; 

delta_x = [delta_x; deltax];                   % delta_x is the distance between successive  

              % reflections along the x-axis. 
 

******************************************************************** 
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