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ABSTRACT 

An integrated optical waveguide is described that can 

measure surface concentrations of ions while immersed in an 

ionic solution, especially the commercially interesting 

case of ionic copper. Several such sensors were 

manufactured and tested. The theory behind this 

measurement technology is described. Techniques for the 

manufacture and experimental measurement are described. 

The devices made were able to measure surface 

concentrations on the order of 10^^ atoms per square 

centimeter. Several potential methods for improving the 

performance are given. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Inteoduc^xon 

In a variety of applications, the exact charge 

concentration on critical test surfaces immersed in 

solution is of crucial importance, whereas the bulk 

concentration of the solution is of less interest. One 

such application is the detection of copper ions in aqueous 

solution after the chemical and mechanical polishing (CMP) 

phase in the manufacture of semiconductor wafers. In the 

manufacturing of such wafers, trenches are lithographically 

produced in the silicon and copper is deposited across the 

wafer. This copper is then chemically and mechanically 

polished so that only the desired copper wires remain. 

However, a significant amount of copper inevitably adheres 

to the silicon and must be rinsed away with water due to 

the ability of such extraneous copper to cause fatal flaws 

in circuitry. 

Unfortunately, there is currently no sufficiently 

sensitive way to accurately measure in situ the 

concentration of ionic copper on the surface to know at 

which point it has been sufficiently rinsed. A new method 

capable of sensitive detection of surface concentration in 
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situ would reduce the cost and additional time spent in 

superfluous rinsing, as well as the negative environmental 

impact associated with the manufacturing process' producing 

copper-laden water. 

1.2 The In^egra'ted Op'ti.cal Wav«guxd« S«nsor 

It is well known that surfaces immersed in liquids 

develop an electrostatic charge through a variety of 

processes [1] . If the liquid in question is an 

electrolytic solution, the surface charge can cause a 

redistribution of dissolved charge in the liquid, resulting 

in a region of potentially much higher charge concentration 

immediately near the surface, the Helmholtz layer and 

electric double layer collectively, while leaving the 

change in bulk concentration essentially unchanged. 

A possible means of taking advantage of the presence 

of this high-charge region is the introduction of a system 

which includes a single-mode optical waveguide in lieu of 

the surface in question [2,3,4,5,6,7]. Laser light, 

coupled into such an integrated optical waveguide (lOW) 
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FIGURE 1 The Evanescent Wave in the Integrated Optical 

Sensor 

sensor, would interact with the high concentration regions 

via the evanescent wave, as shown in Figure 1. The extreme 

thinness of the waveguide would make it orders of magnitude 

more sensitive than testing methods that are based on 

transmission or classical attenuated total reflection (ATR) 

geometries. Were the wavelength of the light to be chosen 

to coincide with a maximum for the ions' molar 

absorptivity, the ions near the surface would maximally 

absorb such light, and a detector measuring the out-coupled 

beam would measure attenuation. The ions in bulk solution 

would only increase the attenuation by a negligible amount 

at small bulk concentrations. The degree of attenuation, 

in turn, could be used to back-calculate the concentration 
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near the surface. The simplest in- and out-coupling of the 

laser would be accomplished through diffraction gratings 

between the substrate and waveguide, giving the added 

advantage of detection at-a-distance without any physical 

contacts between the measurement system and the lOW device 

itself. The addition of multiple wavelengths which 

coincided with absorptivity maxima of other materials would 

allow the same device to determine their individual 

amounts. 

1. 3 Compe'bing Technologxas 

Before discussing the strengths of the lOW sensor, it 

might be useful to examine several competing technologies 

presently used in the measurement of surface concentration, 

namely ellipsometry, quartz crystal microbalance (QCM) and 

total reflection x-ray fluorescence (TRXF). 

Ellipsometry is the oldest of the competing 

technologies, practiced as early as the late nineteenth 

century. Briefly put, in this method linearly polarized 

light is generally made incident at a known angle upon the 

surface in question, and a phase shift is thereby 

introduced in the reflected light. This phase shift can be 

detected with a combination of a quarter wave plate and 

analyzer. From these phase shifts, surface parameters. 
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including the thickness of a thin film atop a substrate of 

known index, can be calculated. Ellipsometry is useful in 

that it can be used In situ and requires readily available 

components. It is sensitive to sub-monolayer thicknesses, 

although at this lower end, surface irregularities often 

limit accuracy [8]. 

QCM as a process used to measure the growth rate of 

films has existed for decades, but it is only with recent 

improvements that it has become a viable measurement 

technology for use with liquids and therefore in measuring 

copper solutions in the semiconductor industry. This 

method takes advantage of crystal oscillations by mounting 

a very thin crystal between two electrodes which drive the 

oscillations within the crystal. When particles 

agglomerate on an electrode surface, the fundamental 

parameters of the oscillator are altered, thereby changing 

the frequency. This frequency shift can easily be measured 

in the sub-hertz range (with an oscillation frequency in 

the megahertz range) and the mass of the accumulated 

particles can be determined. This method can be performed 

in situ and is sensitive to the nanogram per square 

centimeter range, and in this respect is much more 

sensitive than ellipsometry, and comparable to lOW 

technology [9], as will be shown later. However, it must 
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be said that QCM cannot be used to determine the ratios of 

materials present in solution - only the total mass of the 

materials can be determined. Also, in situations in which 

the exact surface chemistry of the system under test needs 

to be mimicked, it may difficult for QCM to accomplish 

this, as the electrodes are of necessity metallic. 

TRXF is the newest and by far the most sensitive means 

of detecting surface concentration. In this method, the 

surface is removed from the solution and dried and placed 

within a vacuum chamber. X-rays are made incident on the 

surface so as to cause the accumulated particles to 

fluoresce. The fluorescence is then measured and 

spectrally analyzed to determine the amount of 

accumulation. The primary strength of this method is its 

extremely low detection limits of less than 10® atoms/cm^. 

However, it requires expensive machinery and, as it depends 

on absorption of x-rays, cannot be administered in situ. 

The low sensor has several strengths of its own and 

advantages over the preceding detection methods. Because 

the waveguide is a single-mode device, the thinness of the 

waveguide allows for a high degree of interaction with the 

solute. Additionally, as the absorbance of the solute is 

wavelength-dependent, this method offers high chemical 

selectivity with the introduction of more than one test 
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wavelength. Furthermore, a thin layer of silicon (or 

alternate material if appropriate) deposited on top of the 

waveguide would allow it to imitate the surface chemistry 

of the surface of interest, thereby giving more reliable 

measurements concerning the surface concentration on the 

non-test surface. These strengths, as well as low cost, 

compact size, ease of manufacture and, very importantly, 

the ability to conduct in situ measurements pose to make 

the low sensor a commercially viable measurement technique. 
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CHAPTER 2 

THEORY 

Although a thorough analysis would include a wave-

based approach, for the step-index single-mode waveguide, 

the ray-optics approach gives essentially identical results 

[10]. Following analysis by Mendes and Saavedra, it is 

useful to use the idea of equivalent pathlength, bwg, over 

which the input light is absorbed. This quantity is 

related to the more familiar absorbance A, molar 

absorptivity s and molar concentration c by the following: 

and to evanescent pathlength by: 

b.f,=ndc (2: 

where TJ is the number of internal reflections, 

L 
n = - . 

2iV 

where N is the effective index and Uu the actual index of 

the waveguide. The absorbance can be related to TJ by 
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/l = -log,o(/f'') = ^7(1-/?) 

InlO 
(4) 

where R is the reflection coefficient (R = 1 in the weak 

perturbation assumption). We can use the Fresnel 

reflection coefficient at the waveguide-solution interface 

in the appropriate case of a weakly absorbing medium (Jtc / 

He « 1) to obtain [10] : 

for TE modes: 

A.hT,' 
-n/) 

(5) 

and for TM modes: 

-"c'\ 

- )(2Nj^, * - w/) 
( 6 )  

where teff,TE and teff^m are the effective thicknesses which 

account for the Goos-Hanchen shift: 

^eJf.TE — I + 
XHk kHrc 

Ph-"] * 4"I 
(7) 

A/2;r ^./27t 
(8) 
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where: 

^c..v = 
N. TK! 

\ ~  / \-

V y V"- y 
- 1  o: 

and ris is the index of the substrate. The introduction of 

an absorbing region with higher solute concentration can be 

approximated by the addition of an adlayer of thickness h 

and refractive index ni - i ki on top of the waveguide 

layer. Under the assumptions that the adlayer is thin (h/A 

<< 1), weakly absorbing [ki/rii « 1) and isotropic, the 

equivalent pathlength in the adlayer system can be 

calculated as [11]: 

for TE modes: 

^c) 
(10) 

and for TM modes: 

(111 

The equivalent pathlength is also a measure of lOW 

sensitivity. A normalized measure of sensitivity, S, can 

be derived from equations (10) and (11), as the ratio of 
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the waveguide-based effective pathiength to that of a 

transmission-based geometry [10]: 

for TE modes: 

^ TF — ^ 
^eff.TE^TE ~ 

12) 

and for TM modes: 

The absorption experienced by the guided mode is the 

combination of Ataik and A^aiayer- Since the bulk and adlayer 

concentrations are different, a distinction will be made 

between Cbuik and c^diayer' Total absorption for both TE and 

TM modes is then: 

~ ̂i^aJlayvr^l.wg ^bulk^b.wg\ * ( 14 ) 

From this equation, it is possible to arrive at the desired 

quantity, the actual surface concentration Csurfacer through 

the measured quantity, Ar, as 

^surface ~ ̂ ' ̂adlayer (15) 

and all other quantities are known. Thus, 
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_ 1 (^butk 
^surfacc r L i i \ ' (-LD; 

^ (b,_^/h) 

With the assumption of isotropy, both TE and TM data will 

return identical calculated surface concentrations. 

Concerning the calculation of these quantities, it should 

be noted that, since we are concerned with the number of 

particles and not their mass, Ctuik is measured in units of 

moles per volume and not the more common ppm or ppb. In 

the case of ionic copper, the two can be mathematically 

related by: 

^bulk ~ Ci •ppm 

= C, 
ppm 

g mol 1000 cm^ 

cm^ _ 63.546 . g 1 L 

^ 15 
_ ̂  ̂ mol 

.131 
. 

cm^ 

L 
(17: 

If, on the other hand, the adlayer is taken to be 

anisotropic, the anisotropy is manifested in the effective 

pathlength as follows [10]: 

for TE modes: 

hffJE ̂ TE ~ ̂c) 
(18) 
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and for TM modes: 

where of fx, fy and f- are the anisotropic coefficients. 

Sensitivities S are similar to those given in equations 

(12) and (13), with the inclusion of fx, fy and f as in 

equations (18) and (19). Surface concentration 

calculations in systems with anisotropic adlayers will 

differ between TE and TM, and it is necessary to fit fx, fy 

and f to the results in order to obtain both a single 

surface concentration and the anisotropic coefficients. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3 .1 Memufackurxng tiie Corning 7059-Waveguide Sensor 

The primary constraints on the manufacture of lOW 

sensors were the necessity of the waveguide index being 

greater than the indices for the substrate and the 

thickness meeting the constraint: 

where m is an integer for the mode order, in order to 

thicknesses (for a wavelength of 820 nm) were 456 nm for 

the 7059 sensor (n^, = 1.546) and 68 nm for the Si3N4 sensor 

(n„ = 2.065). Additionally, since only single mode devices 

were desired, the thickness had to be limited so as not to 

allow m = 1. The maximum thicknesses were 1.63 jim for the 

7059 device and 347 nm for the Si3N4 one. 

The first series of lOW sensors was made using 

standard 3"xl"xlmm soda-lime microscope slides as the 

waveguide substrate. The slides were first cleaned using 

soap and water and a series of sonic baths, then baked at 

(20) 

conduct both TE and TM modes. The necessary minimum 
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100° C for thirty minutes. They were then spin-coated with 

Shipley 1805 photoresist at 4500 rpm for thirty seconds and 

then heated to 95° C for half an hour. Two separated 

semicircular diffraction gratings were produced 

holographically on each sensor using a 441.6 nm Helium 

Cadmium laser system, with an exposure time of thirty 

seconds, and developed using Shipley 351 developer diluted 

4 to 1 with DI water. Development time was usually between 

30 seconds and 1.5 minutes, depending on the exact dilution 

of developer and the beam intensity. These gratings were 

then etched into the surface using reactive ion milling 

with hexaf luoroethane, and a thin layer of Corning 7059 

glass was sputtered onto the substrates to produce the 

higher-index waveguide. 

The first several sensors were unsuccessful, due 

primarily to process considerations such as uneven spin-

coating, a non-uniform beam in the Argon laser, poor vacuum 

control for the ion milling machine and less-than-necessary 

waveguide layer thickness. These difficulties were 

eventually overcome, predominantly through trial and error 

and improved calculations. The most successful 7059-

waveguide lOW sensor used in our experiments is shown in 

Figure 2. 



The waveguide refractive index and thickness for the 

7 059-waveguide sensor were measured using a prism coupler. 

The sensor parameters were as follows: 

Diffraction grating periodicity: 394.1 nm 

Waveguide thickness: 691 nm 

Waveguide index: 1.546 

Substrate index: 1.506 

3 .2 Measureman^ ExperiiMn'ts 

The first sensor device to be tested was the 7059-

waveguide device. This sensor was used to construct a test 

setup similar to that in Figure 3, and was mounted in a 

flow cell as in Figure 4. A wavelength of 820 nm was 

chosen to nearly coincide with the peak absorbance of ionic 

copper (at 830 nm) , and a diode laser at this wavelength 

was used to provide the analyzer beam. A 633 nm HeNe laser 

was aligned collinearly with the diode laser, using a 

dichroic mirror, in order to visually track the path of the 

analyzer beam through the experimental system up to the 
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2.69 cm 2.54 cm 

>7. 62 cm-

1 
figure 2 The 705 9-Waveguide Sensor 

flow cell; the tracker beam was not coupled into the lOW, 

but the angle of its reflection was used to help locate the 

out-coupled test beam. The sensor was mounted into a flow 

cell on rotary and XYZ translation stages. The coupling 

angle ©coupling was determined by: 

^caupiu,^ = sin -1 (21) 

A Newport model 818-SL detector was connected to a 

digital lock-in amplifier (LIA), which, in turn, was 

connected to a chopper through which only the analyzer beam 

passed. 



HeNe Lase 
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FIGURE 3 The Experimental Setup 
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FIGURE 4 The Flow Ceil 

A series of aqueous copper sulfate solutions, of 

concentrations 500 ppb, 10 ppm, 300 ppm, 1000 ppm, 3000 

ppm, 10000 ppm and 30000 ppm, was prepared for the 

experiment. Due to the question of large pH changes 

affecting surface adhesion, pH was measured for the each 

concentration, as shown in Table 1. A baseline was 

determined for each data point by initially measuring the 

outcoupled light while the flow cell was filled with 

deionized water. The absorbance of each solution was found 

by: 

A-j. = log 
J 

(22) 
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where Im is the solution measurement and is the preceding 

baseline measurement. 

The initial experiments using the 7 059-waveguide lOW 

devices were fraught with various sources of error and 

other problems. Vibrations caused a high degree of noise, 

making differentiation between the baseline and solution 

measurements difficult at lower concentrations. The large 

number of mirrors used to confine the experimental space on 

the optical table unacceptably reduced the power of the 

analyzer beam by the point at which it in-coupled, and 

distinguishing the outcoupled waveguide mode beam from 

direct reflections and outcoupled substrate mode beams was 

especially difficult. These were gradually overcome by 

introducing vibration dampers in the form of rubber washers 

to all susceptible components, reconfiguring the system 

layout to require fewer mirrors, and adding a long tube to 

the detector for improving angular selectivity and 

decreasing stray light. The final experimental setup is 

shown in Figure 3. Calculations were refined to eliminate 

the possibility of mistaking substrate modes for the 

desired waveguide mode. The most successful 7059-waveguide 

device as shown in Figure 2, as well as having a high 

degree of diffraction grating uniformity and etch depth. 
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had a considerably lengthened distance between the 

gratings, making beam differentiation much more 

straightforward. 

Eventually, a high degree of confidence in the 

experimental system and the obtained data was attained. 

For the final presented data, multiple TE and TM pairs of 

measurements were taken for the entire solution series over 

several weeks, with the lOW sensor being cleaned with 

acetone between the TE and TM measurements and with soap 

and water and a sonic bath between consecutive series 

pairs. Several attempted measurements using metallic 

copper rather than ionic were made, resulting in no 

attenuation whatsoever and confirming the method's 

selectivity between the two species. Similarly, when the 

diode laser was replaced with a 633 nm HeNe laser, the 

metallic samples resulted in significant attenuation and 

the ionic in none at all. Additionally, a series of 

measurements at 500 ppb was made to test the repeatability 

of the measurements. Throughout the measurements, care was 

taken to eliminate stray light, and when the out-coupled 

beam alone was blocked so as to allow measurement of any 

stray light, it was found to be negligible. 

It should be noted that the finite thickness of the 

device inevitably contributed to some uncertainty in the 
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measurements, as injecting fluid after measurements 

introduced a pressure differential across the device and 

caused it to bend, thereby slightly increasing the 

effective attenuation of the beam. This effect gradually 

disappeared once the flow rate returned to zero, although 

in some instances, it appeared to result in some long-term 

effect in the device geometry, and therefore the 

attenuation. This caused no difficulty when it occurred 

before a baseline measurement, but possibly introduced an 

unknown amount of error when it occurred between the 

baseline measurement and the following solution 

measurement. 

3 . 3 Manufacturing the SiaN4-Waveguide Sensor 

After a full set of experiments was run with the 7059-

waveguide sensor, a second-generation device was conceived 

to take advantage of an higher-index waveguide layer. 

Silicon Nitride (Si3N4) was chosen as the waveguide material 

due to its bulk index of refraction around two. Several 

devices were manufactured in a manner similar to that 

described for the 7 059-waveguide devices up through the ion 

milling stage, except that the substrate was made of fused 

silica rather than soda-lime glass. Unfortunately, the 

Si3N4 films sputtered at Optical Sciences were not of 
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sufficiently high quality, and had a formidably high 

absorption coefficient at 820 nm. As a result, two silica 

wafers with a pre-existent thin film of silicon nitride 

were obtained from VTT Electronics in Finland. The 

presence of the Si3N4 waveguide layer was necessitated by 

manufacturing constraints which did not allow the 

substrates to be processed at Optical Sciences prior to 

sputtering. 

The fact that the in- and out-coupling diffraction 

gratings could not be etched directly onto the substrate 

meant that they had to be etched into the waveguide layer-

After optical measurements were made using the prism 

coupler, one of the wafers was cut into two pieces of 

dimensions 3"xl". These were prepared similarly to the 

7 059-waveguide devices as described earlier, up through the 

exposure and development stage. 

Early photoresist films had very distinctive non

uniform features and the correspondent gratings appeared 

highly non-uniform. To enhance bonding between the 

waveguide layer and the photoresist film, and thus 

hopefully to minimize non-uniformities, a primer layer of 

hexamethyl disilazine (HMDS), made by Shipley, was spin-

coated onto the waveguide layer at 4500 RPM for 30 seconds, 

prior to the spin-coating of the photoresist. Although the 
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addition of the primer did not remove all non-uniformities, 

it decreased their severity sufficiently for exposure and 

development to produce acceptable photoresist gratings. 

The gratings had to be located considerably closer to the 

center of the device (thereby decreasing the distance 

between the two) than with the 7 05 9-waveguide device in 

order to further minimize non-uniformity effects. The ion 

miller was calibrated for use with HMDS and silicon 

nitride, and the gratings were etched into the waveguide. 

FIGURE 5 The SiaN^-Waveguide Sensor 

using hexaf luoroethane, for 2.5 minutes. The etch rate 

appeared to be considerably less than the calibration 

measurements would indicate, but was sufficient. The final 

Si3N4-waveguide sensor, as shown in Figure 3, had the 

following optical parameters: 
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Diffraction grating periodicity: 401.5 nm 

Waveguide thickness: 165 nm 

Waveguide index: 2.065 

Substrate index: 1.452 

The Si3N4-waveguide sensor was tested in a manner 

similar to that used for the 7 059-waveguide device. 

Unknown instabilities plagued these measurements. It may 

be surmised that a considerable portion of them was a 

result of the much-decreased thickness of the second 

device, and the much greater resultant susceptibility to 

the previously described pressure variations. It must be 

noted that such pressure-induced attenuation could be seen 

to be much greater than that observed during measurements 

of the 7 059-waveguide device, by perhaps a factor of three 

or four, although little could be done to prevent these 

variations from inducing long-term effects. Additionally, 

the lower-profile gratings, although necessary with such a 

thin waveguide, decreased the total out-coupled light so as 

to make measurements noisier and more difficult. 

Unfortunately, one of the two samples was destroyed 

during the manufacturing process. After only a few 

preliminary tests and a single measurement of all the 

solutions, the greatly increased pressure caused the other, 
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the successfully made silicon nitride device, to break. 

Although several attempts were made to repair it, none were 

fully successful, and so only a single data set from this 

device was recorded. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

Table 1 displays the pH measured for the various 

solution concentrations. Table 2 shows i) the measured 

absorbance for both TE and TM coupled modes, and ii) the 

absorbance expected were the coupled light only interacting 

with the bulk concentration, both for the 7059-waveguide 

sensor. The measured absorbances translate to the surface 

concentrations (for TM and TE) via Equation 16, and the 

surface concentration data are shown in Tables 3 through 6, 

with various units of concentration. Table 3 is of data at 

all concentrations, whereas Tables 4 through 6 are only for 

concentrations up through 3000 ppm. Table 7 displays i) 

the measured absorbance for the TM coupled mode, and ii) 

the absorbance expected were the coupled light only 

interacting with the bulk concentration, both for the Si3N4-

waveguide sensor. The related surface concentration data 

are shown in Table 8. Finally, Table 9 displays the 

repeatability measurement series for the 7059-waveguide 

device. 
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CHAPTER 5 

DISCUSSION 

The lOW sensor has been successfully tested in the 

measurement of the surface concentration of ionic copper. 

The experimental results correspond well to expectations, 

as although the measured absorption at high bulk 

concentrations is very close to bulk absorbance, at low 

concentrations the measured absorbance is much higher. 

As shown in Figure (5), the current lOW configuration 

(and accompanying experimental setup) is able to measure in 

the 10^^ atoms per cm^ range. These data appear to be 

reliable, and the absorbing adlayer is shown to be 

isotropic within the standard deviation of the data, as 

separate calculations for both TE and TM give very similar 

results, with the average measurements for both modes lying 

well within each other's standard deviation. The 

absorption coefficient k as measured is several orders of 

magnitude than the index n, vindicating the initial 

assumption of low absorption. At high bulk concentrations, 

the measured absorbance is lower than that predicted by 

bulk alone. The curve matches what would be expected were 

a large amount of stray light interfering with the 

measurements, but a careful analysis of the experimental 
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setup revealed the presence of stray light only on the 

magnitude of a percent or less of the total signal, much 

less than the 40-50 percent necessary to actually force the 

measured absorbance below predicted. The possibility of 

some sort of electrostatic screening was also considered, 

but the probe depth into the material is much greater than 

any electrostatic interaction length. As such, it can only 

be said that this feature of the data is not well 

understood. 

The present data also shows that the lOW sensor can be 

used in the study of surface chemistry. From the Grahame 

equation (1): 

Y.Po, = 2ss^kT 

where pooi is the volume concentration of ions in the bulk, 

Poi is the volume concentration near the surface and CT is 

surface charge per area, we can determine CT, the surface 

charge concentration. The third term is equal to the 

charge concentration due to the adlayer; however, it is a 

volume concentration, and Csuzface is area concentration. 

We can arrive at a volume concentration if some assumption 

is made concerning the thickness of the high-concentration 

layer. Assuming that all of the charge is within a region 
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one Debye length, the length over which volume charge 

concentration drops to 1/e, deep is a good assumption, and 

we need only enter the volume concentration to arrive at 

the surface charge: 

cr = (19) 

From Israelachvili, we find that for 2:2 electrolytes, the 

equation for che Debye length is [1]: 

\lK = ̂ ^^(nm) (20) 
VtS] 

Table 10 displays the surface charge versus Csucface and Table 

11 shows it versus bulk charge. 

The reversibility measurements show that the 

measurement process is indeed reversible, at least at the 

sensitivity level at which the 7 059-waveguide device was 

operating at. The discrepancies among the data are typical 

of those present during other measurement series, as the 

concentration being measured is the high sensitivity limit 

for the experimental setup as is, and show no general 

trend. 

What little data there are from the Si3N4-waveguide 

sensor are encouraging, even if not statistically valid. 

As can be seen from Table 8, the absorbance measured using 
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this device is, as expected, considerably higher than that 

measured using the 7 059-waveguide device. It is uncertain 

why the calculated surface concentration is considerably 

different between the two; it may be due to different 

surface chemistries (7059 vs. Si3N4), or to experimental 

error. However, since only one data set is available, the 

lack of standard deviation information leaves any possible 

explanations to speculation. It is regrettable that both 

Si3N4 devices were broken - more data likely could have shed 

light on this fact. 
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CHAPTER 6 

COMCLUSIOMS 

Although the measurements encountered various 

experimental difficulties, we feel that they lie well 

within the realm of difficulties associated with scientific 

research and, in all likelihood, derive from i) the 

thickness of the lOW sensors, and the functional necessity 

of modulating the fluid flow rate and, consequently, the 

pressure, and ii) the electronics utilized. As such, we 

must state that we are optimistic concerning the future 

possibilities of lOW sensor technology, and recommend its 

further development and use by the semiconductor industry. 

Additionally, the single-chemical tests involved in these 

experiments have been fundamental to proving the validity 

of the theoretical concept, and we recommend further 

development of waveguide sensors in multiple-wavelength 

integrated systems which provide spectroscopic data, 

thereby greatly increasing the usefulness of this 

technology to sectors outside of the semiconductor 

manufacturing industry. 

Immediate recommendations towards improving the 

devices used here are as follow. Several quantities can be 

optimized to drive the measurable surface concentration an 
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order of magnitude lower than at present. The interaction 

distance can be lengthened, through either larger devices 

or the use of routing structures with channel waveguides in 

order to maximize interaction with the ionic solute, 

necessitating optical fiber rather than grating in- and 

out-coupling. Additionally, the index of refraction of the 

waveguide material can be further increased above that of 

silicon nitride, thereby allowing for an even thinner 

v/aveguide layer and a better-confined mode, resulting in 

higher sensitivity. Tables 12 and 13 illustrate the 

dependence of lOW sensitivity Ste and Stm on the thickness 

and refractive index of the waveguide layer (Table 12 

assumes the index of Si3N4, 2.065, and Table 13 assumes a 

thickness of 400 nm) . In the case of Si3N4 devices, a 

thicker substrate (like that of an ordinary microscope 

slide) needs to be used, or a experimental method which 

does not vary the pressure needs to be implemented in order 

to prevent device damage. Finally, the simple replacement 

of the 820nm diode laser with a more powerful one would 

greatly increase the ability to measure the outcoupled 

laser beam, and would increase the effectiveness of 

increasing the distance between gratings, as attenuation 

due to overall length would less limit the beam. 
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